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Road Vehicle dynamics
Road Vehicle dynamics: PRoblems and solutions
R. Dukkipati, J. Pang, M. Qatu, G. Sheng, Z. Shuguang

The Road Vehicle Dynamics book set is com-
posed of volume dedicated to road vehicle 
dynamics theory and one dedicated to solving 
mathematical problems on the same matter. 
The authors of these two books are designers, 
researchers, reviewers and research students.
The theory volume presents road vehicle dy-
namics theory and the ways in which laws of 
physics together with the human factor create 
influence on variables like handling, braking 
and acceleration. Vehicle dynamics are ana-
lysed by using basic principles and the vehicle 
construction is considered from its fundamen-
tal physical properties, as well as from its func-
tionalities.
The chapters dedicated to stability, braking and 
acceleration consider the driver’s commands 
as communication lines between him and the 
vehicle. A special interest is given to safety due 
to its importance to potential buyers, having 
an entire chapter dedicated to accident recon-
struction. Chapter 1 is a general overview on 
dynamics. The second chapter is focused on 

the analysis of dynamic systems, working with subjects like model 
dynamics and system dynamics, classification of deterministic data, 
linear dynamic systems and systems subjected to vibrations. Chapter 
3 presents the forces acting on vehicles, with focus on the wheels 
and the aerodynamic forces and momentums. Chapter 4 presents the 
rolling dynamics, with subjects like vibration, modelling, seats, com-
fort and passenger modelling. The fifth chapter is focused on rollover 
dynamics, including modelling and testing. Chapters 6 and 7 present 
the handling and braking properties, with transient movement and 
thermic transfer modelling. Chapter 8 is focused on the subject of ac-
celeration and different traction methods, including traction control. 
Chapter 9 presents a general perspective on unitary traction vehicle 
dynamics. Chapter 10 presents the various methodologies and simu-
lations used in accident reconstruction.

The problems and solutions volume is a supplement to the theory volume. It is comprised of 
problems and solutions equally distributed to match the exact contents of the theory volume. 
Applications to the concepts are presented, taking the form of mathematical exercises, repre-
senting an important aid for the dynamics course.
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Seven billion people on the 
planet, one billion cars, over 
70% urban population in 
developed countries, huge 

metropolitan areas in developing 
world: Guangzu/China (25 mil inha-
bitants), Sao Paolo/Brasil (21 mil), 
New Delhi/India (24 mil) – energy 

and emissions becoming the main issues in the subject of 
mobility – more so when forecasts for 2050 show global 
population reaching 9.6 billion and energy requirement 
to double. Electricity is strongly believed to be the soluti-
on – piles, hydrogen cells with fuel obtained in electroly-
tic process powered by photovoltaic energy. Over 80% of 
the electricity generated in US, China, Russia and India is 
currently coming from fossil fuels – coal, oil and gas, with 
the obvious penalty of large carbon dioxide emissions. A 
switch of no less than 80% of this to photovoltaic, wind 
and hydro generation seems for the moment to be an ide-
al scenario. However, a modern Li-Ion battery weighting 
100 kgs can store just the amount of energy equivalent 
to that of 1 liter fuel. Reaching a comparable value of the 
energy density for the two still seems a rather remote pro-
spect. And today we obtain 90% of the hydrogen from 
methane.
Do the cars of the world run in a converging network, or 
on no-issue road, i.e. with no energypumps ? Several ar-
ticles inour publication describe attractive alternatives to 

beused for avoiding the no-issue road. 
The car is in its element on the road from one more per-
spective: a fascinating journey through fields of sunflo-
wer, the most beautiful photovoltaic stations created by 
Nature. Not as beautiful, but more efficient in photosyn-
thesis are sugarcane, beets, rapeseed. In Brazil, the pro-
gram ProAlcool, started in 1975 to gradually replace fossil 
fuels, is an excellent example : on 2% of the agricultural 
land 2000 kms south of the tropical forest, 55% of the su-
garcane is converted to ethanol, which in turn was in 2012 
the main fuel for 12 mil flex-fuel cars. They run on mixes 
of gasoline-ethanol of up to 100% less expensive ethanol 
– the production cost of ethanol is no more than $0.22 
per liter. The main competitors in delivering flex-fuel cars 
on the Brazilian market are VW, Ford, Renault, Toyota, 
Honda, Nissan, Chevrolet.
Endlessenergy ressources withrecyclingcarbondioxidee-
mission, fromnature’schemical stations. 
Let’s follow this Sunny Highway. Rice cultivated for food, 
while the rest of the plant transformed to fuel – on of the 
several feasible solutions: cultivation and full use of plants 
suitable as systems of seed/fruit plus non edible parts. 
More issues than just mobility are solvable on this way.

Prof.Dr.-Ing.habil. Prof.E.h.Dr.h.c. Cornel Stan
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Interview with Mr. Werner Moser
Managing Director Affiliate Group AVL Graz Austria

How does AVL present itself 
today in a globalised automo-
tive industry?

Today, AVL is the world-
wide largest independent 
Engineering Partner for all five 
powertrain elements – internal 
combustion engine, e-motor, 
batteries, gearbox and overall 
system control. In this context, 
AVL also supplies develop-
ment methods, state-of-the-art 
simulation tools and measure-
ment and testing technology 
for powertrain development. 
Our customers are global cor-
porations, which is why AVL 
has also developed into a global 
company. 

How did AVL get to Romania? 

AVL List has long maintained excellent relations with Romanian univer-
sities and companies. Photographs of Prof. Hans List at conferences in 
Romania from the 70s bear witness to this.  Our first step in Romania was 
to open a local office, which we did in 2007, in parallel with Renault’s deci-
sion to open a development centre in Titu.  
Paris had commissioned AVL with planning the test bed centre in Titu – a 
commission that we are still very proud of. However, the economic crisis 
that struck in 2008/2009 meant that the Test Center was realised only in 
part, although the design process had been largely completed.  

How did you gain a foothold in Romania?

I was already responsible for Central and Eastern Europe at the time and 
the contact with Constantin Stroe, Vice President of Automobile Dacia 
S.A. and ACAROM was particularly helpful for me. Mr. Stroe assisted 
us in establishing contact with Romanian universities and specialist in-
stitutes.  
Among young engineers, interest in AVL was encouragingly high and 
their level of education was outstanding, although the universities really 
weren’t particularly well equipped at the time. This way, we succeeded in 
recruiting a small team of engineers very quickly.

How has AVL’s business in Romania and cooperation with third parties 
developed over recent years?  

In a highly positive direction. 
Romanian universities have made 
the effort and looked for more fund-
ing to modernise the equipment 
of their powertrain development 
labs. AVL has done a lot to help 
in this context. We have a vested 
long-term interest in well-equipped 
technological universities as AVL is 
reliant on well-trained, motivated 
engineers. State-of-the-art research 
test beds were installed at the tech-
nical universities in Brasov and Cluj 
and are being used for fundamental 
research in internal combustion en-
gine technology. 
We have also installed several test 
beds at Ford in Craiova – our strong 
presence at Ford in Dunton was de-
cisive in this context. 

What are the challenges and how do you see the future?

There is an urgent need to implement powertrain systems with signifi-
cantly reduced emissions, especially of CO2. This is only possible with 
a basis of technically more complex powertrain systems. We will see an 
ever-greater variety of fuels and technologies while powertrain systems 
must also remain affordable and development times become shorter. 
AVL provides an open development platform for the development of the 
powertrain system to make these goals reality. OEMs are thus in a posi-
tion to use tools and results continuously and consistently, from simula-
tion in the office all the way to the test drive on the proving ground. 
We have armed ourselves for this challenge with the worldwide massive 
expansion of our competence and capacity in the fields of e-motors, power 
electronics and energy management. A new gear box test bay is currently 
being set up in our headquarters and a battery development centre was 
opened in the autumn of 2012. 
The great success we have had so far shows us that we are headed in the 
right direction. 

How can Romania benefit from these technological developments? 
Unlike the established field of internal combustion engine technology, the 
segment relating to the “electrification” of the drive train in the car still has 
space for new players. There are excellent opportunities especially for uni-
versities and start-ups if they acquire specialised know-how in technical 
niches. For instance, we are seeing a great demand for specialists in power 
electronics, an important component of electrified vehicles.  
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IntegRAteD VeHICle DeVeloP
ment As A KeY to suCCess
The combination of different development meth-
ods and the use of new development tools is a key 
factor in the vehicle development. For that pur-
pose AVL has designed a new generation meas-
urement system which allows measuring and 
analyzing development parameters while driving 
the vehicle on the road. The mobile instruments 
of AVL M.O.V.E use the same measurement prin-
ciples as test bed devices. Thus the user is able to 
measure emissions, fuel consumption and com-
bustion parameters with highest possible accu-

racy direct in the vehicle. On the one hand side 
this high data accuracy allows achieving results 
faster during the vehicle application process and 
on the other hand side it supports the verifica-
tion of simulation results. This new methodology 
represents a combination of results from virtual 
and real environments. The virtual world of simu-
lation is based on a physical modeling approach 
for the vehicle components and takes boundary 
conditions such as ambient conditions, driver 
behavior into account. This article describes new 
possibilities of the combination of vehicle testing 
and simulation data. 

Integrated Mobile Measuring Solution
for Vehicle Development

Felix Pfister Dr. techn
Product Manager Control and Simulation

martin rzehorska Dipl. Ing (FH)
Product Manager In-Vehicle measurement

marco schöggl Ing.
Business development Manager In-Vehicle 
measurement

roland Wanker Dr. techn 
Skill Team Leader In-Vehicle measurement 

Hans Wurzenberger Dr. techn 
Manager Multiphysical System Simulation 
Advanced Simulation Technologies
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ComPonents oF tHIs 
metHoDologY 
In this new approach the instruments of AVL 
M.O.V.E and AVL InMotion – a tool for maneu-
ver based simulation – are the key components.  
AVL InMotion was developed in cooperation 
with IPG. These components will be described 
in the following chapter. 
real-life testing
The AVL M.O.V.E system provides a fully in-
tegrated mobile measurement solution for all 
relevant parameters in engine and vehicle de-
velopment, its main focus is on emissions, fuel 
consumption and combustion parameters. All 
devices are integrated into a central unit that 
records the data and controls the devices. This 
high level of integration and the availability of all 
measured parameters in one single file simplify 
the handling of the system, the processing of the 
data as well as the exchange of data with other 
testing environments significantly. 
The AVL M.O.V.E system easily integrates into 
the bus systems onboard a vehicle. It can either 
operate as a data source for INCA from ETAS 
or integrate data from the vehicle bus systems 
itself. 
Powerful data post processing software allows 
the evaluation of the test data in combination 
with video sequences and Google maps in or-
der to account for the effect of the actual driv-
ing situation and the ambient conditions on the 
results. 
real-life simulation 
In order to make a simulation as realistic as 

possible it is required to model the driver’s be-
havior, the track and surrounding conditions 
in combination with the actual vehicle model 
(includes engine, powertrain, exhaust gas after-
treatment system …). AVL InMotion provides 
an appropriate simulation platform, which uses 
physical models for the individual components 
of the vehicle. The use of physical models is a 
prerequisite for the possibility to extrapolate the 
operation conditions outside of the parameter-
ized region, which is required in the develop-
ment process. The models are described in the 
following chapter.
Track, surrounding conditions and dynamic 
events 
The geometry of the track would be incomplete 
without a proper description of the surrounding 
conditions and dynamic events. These can be di-
rectly configured in AVL InMotion or automati-
cally imported from the AVL M.O.V.E measure-
ment data, used as a reference. This functionality 
allows exploring nominal, worst and best cases 
in the simulation phases.
Driver
The driver’s behavior is at least as important for 
the result of a simulation as the actual track and 
the surrounding conditions. In AVL InMotion 
the driver is characterized by the accelerator 
pedal position, the clutch behavior, the gear se-
lection, the steering and the braking behavior. 
AVL InMotion contains a complete library of 
functions to describe the behavior of the hu-
man driver as close to reality as possible from 
a defensive to a sporty driving style, even while 

following the traffic condition. A tool for the au-
tomated generation of a driver type – based on 
measurement values – is under development. 
Vehicle  
AVL InMotion describes the vehicle as multi 
body system. In the given case AVL CRUISE – a 
simulation tool for vehicle system and driveline 
analysis – is used to create a detailed model of 
the powertrain. Still, the powertrain is only 
one – but very important – component of the 
vehicle and therefore needs to be extended with 
additional components (chassis, suspension 
and tires). These components are influencing 
strongly the longitudinal and transverse vehicle 
dynamics and considering the interactions is es-
sential in the simulation. 
Find more details to the driver and vehicle model in 
the AVL InMotion [1] and AVL Cruise Manual [2].
Engine
The engine model uses pre-defined components. 
This allows designing all types of engines for dif-
ferent fuel types, EGR variants and boosting 
concepts. All basic components (filter, cooler, 
pipes …) are simulated in a thermodynamically 
correct manner using the mean value assump-
tion. For the prediction of emissions out of the 
combustion process a detailed model of the in 
cylinder combustion is of central importance. 
The use of data driven surrogates is not possi-
ble because an extrapolation could not be guar-
anteed. Due to this reason a crank angle based 
physical model is used for the combustion and 
the formation of toxic emissions (focused on 
nitric oxides). 

Fig.1.  AVl real life testing approach 
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Exhaust gas aftertreatment
The modeling of exhaust gas aftertreatment 
components is based on a transient 1 D basic ap-
proach. This helps to picture the most essential 
characteristic of catalysts in terms of pressure 
losses, thermal behavior and conversion of toxic 
emissions. Pre-defined components for cata-
lysts (TWC, DOC, SCR …) and particle filters 
(coated and uncoated) are available.
Parametrization of the model

The models of the vehicle, powertrain and ex-
haust gas aftertreatment system require a de-
tailed parameterization and validation. The cor-
responding process is structured in a multi stage 
procedure. In the first step measurement values 
are used for a „stand-alone” parameterization of 
the single model components, e.g. test bed data 
for the parametrization of the engine model, 
light off data for the parameterization of the 
catalyst models and slip data for the parameteri-

zation of the tire model. Then the single model 
components are linked to an integrated vehicle 
model. This „raw” model is then further refined 
using chassis dyno data. This has the advantage 
that under exclusion of uncertainties as the en-
vironment, the track and the driving behavior a 
qualitative and quantitative verification of the 
model quality in comparison with reproducible 
data can be carried out. 
Details of modeling, parameterization and valida-
tion are described in SAE 2011 – 01 – 1438 [3].
PRACtICAl use  
The individual steps of this methodology are 
presented on the basis of a series of test runs in 
Riverside, California. 
recording of real-life measurement data  
The AVL M.O.V.E devices were installed in a VW 
Jetta (1.6l TDCI with DPF, without SCR). The 
system includes devices for gaseous and particu-
late emissions, fuel consumption, environmen-
tal conditions and GPS position. Additionally a 
set of values is recorded from the vehicle’s CAN 
bus.
The identical track was driven by 10 different 
drivers at different times of the day. This ensures, 
that the influence of the environmental condi-
tions (temperature, traffic, traffic lights…), of 
the driver itself and of the vehicle’s status (cool-
ing of engine and exhaust system) on the results 
are reflected in the test results.
Figures 2, 2a and 2b are showing the track and a 
comparison of the transient NOx traces for two 
tests. It`s clearly visible, that the influence of 
the driver and of the environment (traffic lights, 
traffic …) does not allow a direct comparison of 
the data. However, a statistical analysis allows 
the identification of critical maneuvers which 
are leading to higher levels of emissions or fuel 
consumption. Table 1 shows the emission result 
values relative to the average of all 10 tests. The 
trip durations are displayed in the first column. 
The carbon dioxide emissions scatter by ap-
proximately 30% around the mean value. This 
is in good agreement with the common experi-
ence regarding fuel consumption reduction by 
means of look ahead driving. Carbon monoxide 
and hydrocarbon are scattering widely over the 
test drives. This phenomenon can be assigned to 
shorter or longer breaks of the vehicle between 
the test drives. The exhaust aftertreatment sys-
tem cools down quickly, after approximately 
one hour the emissions reach a level close to 
cold start emissions again. Generally the CO 
and HC emissions are very low after the catalyst 
has reached the light-off temperature (marked 

Fig.2. track in los Angeles/riverside, California; representation in google maps

Fig.2a. measurement values for pedal position, engine speed and no/no2 emissions; 
cold vehicle, defensive driving behaviour (test 2 in table 1). note: no und no2 concentrations 

(ppm) are normalized, the ratio of no/no2 is correctly displayed.
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with „low“). The scattering of NO and NO2 
emissions around the mean value is high and is 
mainly influenced by the driver. Aggressive driv-
ing behavior results in higher levels for CO2 and 
NOx emissions immediately.
It can be nicely seen that the ratio of NO and 
NO2 varies significantly. For some tests the 
emissions of NO2 are even higher than the emis-
sions of NO. The underlying reasons are not 
obvious using the available data. Here an even 
more detailed investigation with additional sen-
sors in the exhaust system would be required. 
Data comparison and discussion of results 
A detailed comparison of the vehicle test data 
with simulation results is performed for test 2 for 
which the conditions where close to a cold start.  
Good agreement was achieved for all relevant pa-
rameters, NOx [g/km] was <4% accurate.  Similar 
quality of the comparison could be achieved for 
tests 6 and 8. The very high level of accuracy is a 
key for making the presented technology an in-
trinsic element of the future vehicle development 
process. The new possibilities reach from the vari-
ation of different single components (powertrain, 
gearbox and engine) to the variation of different 
vehicle types. Different legislative emission sce-
narios can be simulated by a variation of the EGR 
strategy and the exhaust gas cooler without hav-
ing real components. This list could be extended 
with far more examples. 
The key idea behind this approach is that the 
adjustment with real measurement data deliv-
ers a high level of validity of the simulation re-
sults. Hence the simulation models can be used 

already in early development process stages and 
deliver high quality results without vehicle tests. 
The flexibility and the high measurement ac-
curacy of AVL M.O.V.E system support this ap-
proach in an optimum way. 
Since 2011 AVL M.O.V.E is successfully 
launched supporting this new approach and the 
recent introduced legislative in-vehicle emission 
testing which will majorly change today’s way of 
vehicle testing.

reFerenCes

[1] AVL InMotion, Manualul utilizatorului, 2011

[2] AVL CRUISE, Manualul utilizatorului, 2011

[3] Wurzenberger J. C., Bardubitzki S., Bartsch P. şi 

Katrasnik T., Real Time Capable Pollutant Formation 

and Exhaust Aftertreatment Modeling–HSDI Diesel 

Engine Simulation. SAE 2011-01-1438 

tabelul 1: Comparison of emissions results for 10 different tests. The emission results are presented relative 
to the average of all tests on a g/km basis.

Fig.2b. measurement values for pedal position, engine speed and no/no2 emissions; 
warm vehicle, aggressive driving behaviour (test 8 in table 1). note: no und no2
concentrations (ppm) are normalized, the ratio of no/no2 is correctly displayed.
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IntroDuCtIon
A recently published global market research 
report [1] presents the trends in the automo-
tive industry. As expected, the current situation 
continues to be characterized by a drop in the 
demand for vehicles on the most competitive 
markets, in the context of the global recession, 
of high fuel costs and of the traffic restrictions in 
urban areas and by the orientation of the auto-
motive industry towards the markets in China, 
India, Brazil, Russia and other areas with grow-
ing economies.
If the short and medium term perspectives are 

not yet very clear for the global players in the au-
tomotive sector due to uncertainties regarding 
the evolution of the economic crisis, it appears 
that every year brings more certainty regarding 
the development of electromobility and of the 
new approaches in the field of urban transporta-
tion in view of the year 2025.
The unlocking of Chinese and Southeast Asian 
markets has led to the convergence of views 
among experts that by 2025, China will be the 
largest market for vehicle sales and exports.
At European level, statistics in the field of trans-
port show a 94% dependency on crude-oil, 
84.3% of which is imported, which emphasizes 
the lack of security and the resilience of EU 
economies [2]. The crude-oil imports in the 
European Union amounted to 1 billion Euros/ 
day (in 2011), resulting in a GDP deficit of 
2.5%. For these reasons the European Union’s 

transport strategy, launched in 2011, proposes 
as target for 2050 the reduction of greenhouse 
gas emissions by 60% [3].
Hydrogen energy technologies and their ap-
plications in the transport sector have a long 
history, but the technological breakthroughs of 
the recent decades have allowed for the develop-
ment of solutions for both motor cars and buses, 
which serves as a credible alternative for future 
automotive development.
Activities in the field of the development and 
promotion of fuel cells have led to the struc-
turing of the Fuel Cells and Hydrogen Joint 
Undertaking, which brings together leading 
companies and research institutes in an effort 
to coagulate the resources and efforts for the 
development and promotion of these technolo-
gies and to offer competitive products on inter-
national markets.

Current Status and Perspectives
on Fuel Cell Electric Vehicles

and the Hydrogen Distribution
Infrastructure in Europe

Professor engineer eden mamut, PhD
“Ovidius” University of Constanta
Member of the Scientific Committee of 
the European Fuel Cells and Hydrogen 
Joint Undertaking – FCH- JU

Fig. 1. Comparative analysis of different propulsion solutions [5]
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Fuel Cells For tRAnsPort 
APPlICAtIons
Fuel cell batteries are the central, strategic com-
ponent of fuel cell propulsion systems. There are 
various fuel cell types, both demonstrated and 
commercially available, which can run on different 
fuels from ethanol to methanol, natural gas, urea, 
ammonia, hydrogen and even hydrogen sulphide.
The operating range for these electrochemical 
conversion systems starts at low temperatures, 
of 60-80o

 C and reaches 700-800o C. The relent-
less research performed in the past 10 years has 
shown that proton exchange membrane hydro-
gen fuel cells are the most suitable for transport 
applications.
Fuel Cells eleCtrIC VeHICles
The use of fuel cells to provide the necessary 
electricity for the propulsion of vehicles is a 

complex problem which addresses aspects re-
garding both energy efficiency, and the security 
of passengers, hydrogen storage and the rational 
use of available space.
Figure 1 presents a synthetic analysis of the types 
of vehicles and operating conditions for which 
fuel cells are the most appropriate propulsion 
solution. The analysis shows that urban trans-
port, with high transported loads and frequent 
stops, as well as motor cars, especially in the in-
terurban transport areas, constitute application 
fields where fuel cells will grow and expand due 
to their characteristics.
The dedicated propulsion solutions using the 
latest generation of fuel cells are shown in Figure 
2. It is important to note that the propulsion sys-
tems with combustion systems have benefited 
from the achievements and development of the 

electric vehicles with batteries, but their specific 
features led to the redefinition of the entire car, 
which means a concept with a unique identity.
The reference configuration of a hydrogen fuel 
cell vehicle must ensure the autonomy of a pas-
senger car over a distance of 400 km and of a bus 
over a distance of 250 km. From this point of 
view, the main technological limitation consists 
in ensuring the fuel stock for those distances. 
Thus, the storage systems for vehicles begin to 
be standardized on the compressed hydrogen 
technology at a pressure of 700 bar for passenger 
cars and 350 bar for buses. The current repre-
sentative vehicle models are showed in Table 1.
In order to provide a competitive autonomy for 
fuel cell vehicles, remarkable achievements have 
been obtained in terms of onboard hydrogen 
storage and in ensuring a full recharge within 
3-5 minutes. Therefore, the new generations of 
hydrogen storage tanks are made of lightweight, 
multi-layered materials, providing secure and 
safe operating conditions.
Figure 3 presents the configuration of a hydro-
gen storage tank at 70 MPa, with the weight of 8 
kg and providing autonomy of 480 km [6].
The introduction of fuel cell vehicles was threat-
ened by the lack of infrastructure of refuelling 
stations. Currently, there are 200 active hydro-
gen fuelling stations worldwide, 120 of which  
are located in European Union countries, while 

Fig. 2. state-of-the-art fuel cell models

tabelul 1. Current performance of fuel cell vehicles

mercedes-benz b Class
Fuel cell type: PEM, 80 kW

Electric drive engine: 70 kW continuum/ 
100 kW   maximum power

Max torque: 320 Nm
Fuel: H2 (70 MPa)
Autonomy: 400 km

Max speed: 170 km/h
Battery: Li-ion

Daimler Citaro bus
Fuel cell type: PEM, 120 kW (cont.)

Electric drive engine: 2 x 80 kW
Fuel:  H2 35 kg (35 MPa)

Autonomy: 250 km
Battery: 250 kW

Average consumption: 10-14 kg/100 km
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another 100 stations are in various stages of 
completion. Since the large corporations, in-
cluding Daimler, Toyota, GM, Hyundai and 
Nissan are preparing the first commercially 
available products for the 2014/2015 horizon 
and the initiation of a critical mass of vehicles in 
2017, many countries have announced programs 
for the development of distribution networks. 
Along with Germany, Japan, South Korea, USA, 
the Scandinavian countries, Great Britain and Italy, 
China and India have recently joined the race. 
Figure 4 shows an example of the German Federal 
Government’s plan for the development of hydro-
gen fuelling stations, with a focus on metropoli-
tan regions and the establishment of corridors to 
ensure the connectivity between these regions. 
The European Union has recently presented a 
series of proposals [3] to expand the supply net-

works for alternative fuels. The proposals of the 
Commission aim to encourage the development 
of infrastructure in the countries concerned with 
the introduction of fuel cell vehicles, in order to 
secure supply networks with the maximum dis-
tance between stations of 300 km, which will al-
low hydrogen powered motor vehicles to circulate 
within the European Union until December 31, 
2020. The estimated costs for the development of 
this infrastructure reach 123 million Euros. These 
initiatives are oriented towards the development 
of actions complementary with the existent plans 
and achievements in the field of the required infra-
structure for the mobility based on hydrogen and 
fuel cells.
ConClusIons
The propulsion technologies of road motor 
vehicles powered by hydrogen fuel cells have a 

rather long history. Perhaps readers recollect the 
setup of a fuel cell vehicle in our country in the 
70s by a group of researchers from Cluj-Napoca. 
But both the scientific and the technological 
achievements in the recent decades have allowed 
for the development of robust, stable solutions, 
fulfilling all the safety and security conditions 
required from the component systems of road 
motor vehicles.
If in the past there was talk about the possibil-
ity of marketing these solutions on a 10-20 years 
horizon, now we are talking about agreements 
and alliances that target the presence of these 
vehicles on the roads and in the dealers’ parks 
starting 2014/2015.

Fig.3. tank for hydrogen storage onboard road motor vehicles [4] reFerenCes
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Fig.4. german plan to expand the hydrogen station distribution network
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The Global Education of Automotive Engineers
to Satisfy the Demands of a Global Industry 

Can this ever become a reality? (Part II)

Universities play a very significant role in the 
areas of research and development and it is this 
post-graduate research collaboration that allows 
automotive engineering to be at the forefront of 
technology. In some instances these activities 
lead to the supply of highly qualified “special-
ist” engineers which industry use to continue 
the process of development. Such binding and 
wholehearted co-operation is not seen at un-
dergraduate level (although institutions refer 
to such work as “underpinning” their courses) 
and as such the automotive industry accepts the 
“output” from university with the knowledge 
that they have to complete the final training 
process through in-house training programmes. 
That “status quo” is should not be accepted and 
educational institutions should be responding 
accordingly. There appears to be a divide be-
tween undergraduate and post-graduate in the 
eyes of both academia and industry. When the 
link is good the system is regarded as envious 
and is termed “the teaching/research nexus”. 
The USA refer to it as the “European System”. 
In a more general sense this has been expressed 
by Michael M Crow [5] where he says about 
American education 
“The modern university is the ideal 
environment for the creation and 
transfer of knowledge that drives 

national competitiveness in an 
increasingly global era. Its most 

effective form is the American 
adaptation of the European model, 

in which teaching, learning and 
research are integrated into a single 

institution”.
He goes on to outline the investment in educa-
tion by India, China and even private citizens. 

The latter reputed to be building a university 
for 100,000 students. In contrast he says that 
since 2000 the USA has lost its dominance on 
scientific discovery, innovation and explora-
tion. He also says that America’s university sys-
tem has ceased to grow and has failed to adapt 
to the demographic shifts occurring as a result 
of social mobility and immigration. Further he 
states that: 

“…the success of the higher 
education system must be measured 
by more than just innovations. Its 

long term performance depends on 
its ability to provide learning to a 
broad cross-section of citizens, to 
advance national proficiency in 

math and science and to create an 
adaptable workforce as well as to 
create a national appreciation for 
discovery, entrepreneurship and 

the creative process”.  He concludes 
by saying “This will require that 

policymakers, business leaders and 
universities rededicate themselves 

to creating comprehensive learning 
and discovery environments; design 

entirely new models and methods 
for teaching, and then take action 

to implement them. It is imperative 
that we get started now”.

Although Crow was talking about education 
in general, the thoughts are more than relevant 
to the automotive industry. It must be recog-
nised that the training of automotive engineers 
to meet the global industry needs demands 
increased collaboration between industry and 
academia - and matching facilities.
The policymakers and industrial leaders need 
to be collaborating with academia to decide the 
type of education they wish their engineers to 
possess. If they do not then they will receive 
what educationalists feel they should get – and 

that may be significantly different. The question 
may be “why should the educational percep-
tions differ from the needs of industry”? The 
answer is that the educational systems have a 
different agenda - they are also a business and 
they design/create courses to appeal to and to 
attract students based on “flavour of the month” 
criteria. Educational institutions are trying to 
meet 2 objectives – to provide a lifelong learn-
ing experience, and a qualification with some el-
ement of specialism, without being too focused 
– a very difficult balancing act. It is conceivable 
that with our expanding technological arena 
that the luxury of diversity is no longer afford-
able and dedicated courses are now a necessity 
if we are to maintain momentum – and that may 
mean starting such specialisation sooner than at 
present.
The responses of our educational systems to 
local and national demands lead to a diversity 
of standards and structures that are difficult to 
transfer across country borders. To inhibit this 
Europe is making some headway towards stand-
ardization, known as the “New European Higher 
Education Area” or the Bologna Agreement (or 
Process). The results of this are outlined in Silvia 
Springs article “U. of Europe” [6]. The path is 
not easy as each country wishes to maintain 
their own systems and in some cases the modifi-
cations have led to student unrest. Again, much 
of the focus is on financial considerations rather 
than elevating standards or meeting the de-
mands of increasing technology or employabil-
ity. Overall there appears to be little considera-
tion of cultural awareness and globalization. 
An additional article by Vartan Gregorian 
“America, Still on Top” [7] refers to China’s abil-
ity to provide unlimited numbers of engineers 
but expresses caution regarding their employ-
ability. This view is reflected in other countries 
where there is significant investment in the 
educational systems – Saudi Arabia being typi-
cal. They have invested in excess of $60billion in 
their educational system but graduate employ-
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ability remains an issue.  Gregorian outlines 
America’s difficulty in attracting quality overseas 
students due to expanding economies abroad 
and as such America has to rely on home grown 
students, a strange and disturbing situation, if 
seen as a problem. The articles state that engi-
neers are becoming increasingly scarce and as 
such America’s engineers are being attracted to 
overseas positions (validated by reference [2]).
In addition to adequate teaching there is a need 
for students to experience real industrial situa-
tions. This cannot be properly administered 
if lecturers are lacking in appropriate experi-
ences themselves. Such a situation is outlined 
by Duncan Hewitt in his paper “Hands-on 
Study” [8] where he exemplifies China’s prob-
lems. A Shanghai advertising consultant had 
to import candidates from the West because 
Chinese graduates from vocational courses were 
simply not good enough, even though they had 
years of work experience. The problem was that 
their initial teaching was poor because their lec-
turers had no real industrial experience them-
selves – they were the blood that had never left 
the environment of the heart. This led to inade-
quate foundation skills and an inability to relate 
theory to practice. In general graduates have to 
be re-educated. Hewitt says it is due to invest-
ment being directed towards academic rather 
than vocational programmes. It is interesting to 
note that Beijing is responding by pledging $2 
billion on 100 new vocational colleges and 1000 
high schools. In other parts of China local insti-
tutes are beginning to offer “made to order” 
training – a reflection on the need for directed 
(specialist) education and training. 
More than ever there is now an increasing need 
for industrial contributions towards the devel-
opment of automotive specific courses. The edu-
cation of engineers to meet the demands of such 
an important, and focused, industry requires 
recognized educational standards to meet such 
needs. Professional Institution accreditation of 
any course is a prerequisite for selection by a 
student; there should be centres of excellence 
in teaching and learning and dedicated facilities, 
worldwide collaboration in the work placement 
of students, positive inter-university collabora-
tion, and the opportunity to experience “state 
of the art” testing facilities for both projects and 
research. Industry needs to accept their role in 
the educational process and offer scholarship 
schemes and inter-country educational & in-
dustrial exchanges. Such moves forward could 
eventually lead to possible globalization of the 

educational process of the automotive engineer. 
Such a network of dedicated centres will instil 
transferability.
More recently, the case of Mann+Hummel is 
typical of a company who has taken individual 
action. Their President and CEO Alfred Weber 
describes in “FISITA Global Viewpoint” how 
they are responding to the skills shortage. They 
have founded their own educational institution 
in Shanghai in co-operation with four partner 
universities – University of Shanghai for Science 
and Technology, the College of Automotive 
Engineering at Tonghi University, the Sino-
German College of Applied Science at Tonghi 
University and the East China University 
of Science and Technology. It is called the 
Mann+Hummel Engineering School and it  
started training engineers in 2010. The process 
is that Mann+Hummel provide grants at the 
universities and guarantee internships in their 
China base as well as engineering departments 
in Germany. The aim is to acquire practical 
knowledge in development, experience of work-
ing abroad and to improve their career prospects 
and social skills. Mann+Hummel believe it en-
sures long term commitment to the company in 
addition to satisfying the skills shortage.
tHe reAlItY
The educational vision recognizes the increasing 
importance placed on, and the move towards, 
“X-by wire” control and vehicle management 
systems on high volume production cars. The 
integrated use of software and the validation 
of modelling for both the sciences and busi-
nesses are essential. To understand the busi-
ness scene disciplines such as marketing, sales, 
procurement, planning, concurrency, sequenc-
ing, design, sustainability, appropriate technol-
ogy, development and testing are a few topics 
that should be embraced in the integrated ap-
proach to educating automotive specific engi-
neers. Educational institutions recognize that 
engineering is “applied science” and if possible 
design their courses accordingly. But it is also fi-
nancially attractive to create engineers with little 
to no practical experience - but that cannot be 
good for the discipline. Automotive engineering 
goes even further with the need for analysis and 
validation running hand in hand – research and 
teaching within the same institution – the teach-
ing/research nexus.
To achieve this it is easy for educational institu-
tions to ask the industry for facilities and money 
– but that does not demonstrate commitment 
nor integration. It is not easy for industry to give 

such substantial funding when they have little 
control or input over its use. The term “give” in-
fers some transfer of authority so why not look 
to the term “reposition”? Such a view requires a 
mindset change on both sides. The principle is 
for industry to relocate some of their research 
facilities and staff to “selected” or “approved” 
higher education institutions. This will give in-
dustry access to the broader university facilities 
& staff without additional cost. Research can be 
true collaboration between university and in-
dustry staff and allow undergraduates to experi-
ence real engineering facilities. The advantages 
cannot be over exaggerated – real examples for 
teaching, on-site industrialists to contribute to 
knowledge transfer, research driven by the real-
istic pressures of industry, true integration, up-
grading the skills of both sides, students emerg-
ing with “state-of-the-art” knowledge – employ-
able students, fit for purpose.
DIsCussIon
It has been shown that the centers of car pro-
duction has changed over the last few years but 
it has also been shown that the problems that 
existed some years ago still exist – and to some 
degree that is why the industry centers have 
shifted. Some countries have responded to the 
problems and survived, some have maintained 
the status quo but others have been complacent 
and now suffer. It is very clear that the automo-
tive industry throughout the World is in need of 
quality engineers. It has also been shown that 
any reliance of supply from overseas and within 
home countries cannot be guaranteed because 
such a supply can be unnervingly variable. In ad-
dition it has been shown through the Bologna 
Agreement that there is a real desire by the aca-
demic fraternity, within Europe, to ensure there 
is some headway towards some form of transfer-
ability of qualification and degree recognition. 
Although a noble gesture it is clear that histori-
cal roots, cultural differences, sheer obstinacy 
and most of all financial considerations stand in 
the way of common agreement. This move is not 
apparent elsewhere and as such countries, and 
private sponsors, are forging ahead with their 
own interpretation of needs – those outside the 
EU. To a large extent it is somewhat disturbing 
that cost, cost, cost is a reverberating theme that 
ripples across academia rather than “fit for pur-
pose” or “appropriate for needs” or “employabil-
ity”. It is also disturbing that industry, and their 
associated societies, appear to be noticeably 
absent from discussions, whether by choice or 
imposition is not quite clear.
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It cannot be right that the suppliers of engineers 
are doing so without extensive and intimate dis-
cussion with their customers. Such consultation 
may be through their relevant institutions, by 
way of the course validation process, but that 
creates a generic engineer in need of specialist 
on-the-job training. Such an approach may pro-
vide a broad platform from which an individual 
may launch them into any engineering discipline 
but in many cases it may be so broad as to lack 
adequate depth to satisfy any discipline – there 
is no spring in the board. It is most certain that 
the automotive industry would not produce a 
car without extensive discussion with their cus-
tomers. Equally, they will not buy material stock 
without extensive specifications being in place 
to ensure quality and “fit for purpose” when 
fitted to the car. It is well understood that the 
industry is not there to rectify their supplier’s 
shortfalls. Why then do they accept their most 

valuable purchase – their engineers – without 
equal rigorous standards being in place?
Automotive engineering is progressive, extreme-
ly broad in its inherent needs, at the forefront of 
modern technology and the most intensive and 
competitive business globally. If any automotive 
organization is to compete in the modern global 
market it can no longer afford to accept “token” 
automotive engineers. At university level, engi-
neers destined for careers as automotive engi-
neers, need to be steeped in the skills, disciplines 
and real life issues of automotive engineering – 
and that can only happen if industry takes on 
the responsibility of working with educational 
institutions to provide such engineers. The insti-
tutions may be academies, universities, centers 
of excellence or any other name that reflects ex-
cellence in automotive engineering education. It 
will happen, it must happen, if the current big 
players wish to progress their industry.       

ConClusIon
The shortage of engineers is not in question – 
the number of quality engineers is. It is not a 
personal opinion; it is a fact that is expressed 
throughout all of the listed references. New uni-
versities are being built, now more than ever, 
but they are supported by inadequate and inex-
perienced teachers. The result is unemployable 
graduate engineers.
Automotive engineering in the West is at steady 
state whereas in the Far East there is an unprec-
edented boom, as suggested by the OICA fig-
ures. The impact may be suppressed for a while 
because of the infrastructure in India but that 
will be overcome as the market shifts. The rea-
son for the shift may be labour costs, and that 
may be true. But automotive manufacture has 
a significant degree of automation, and Ford’s 
plant in India has a high level of manual labour, 
deliberately designed to satisfy contributions 

ACtIons requIreD oF tHe AutomotIVe InDustrY

For the automotive industry to address their dilemma of the shortage of suitably qualified and trained engineers they 

should at a minimum: 

Influence educational institutions in their provision of courses and participate in accreditation of such relevant •	

courses through their appropriate societies.

Insist in making a contribution towards curriculum development including a second principal language and •	

cultural awareness programme.

Insist the subject be taught from a global perspective.•	

Support internship through industrial based training in overseas organizations.•	

Contribute financially and in-kind towards improving in-course facilities.•	

But more preferably to:

Encourage international collaboration in the formation of a commission responsible for overseeing the educa-•	

tion of automotive engineers. This commission should have the authority to award suitable courses a “badge of 

approval” that would be recognized globally. 

Finance the formation of automotive “centers of excellence” throughout the World which observe integrated •	

teaching and research activities – the teaching research nexus.

Establish a global network of institutions dedicated to educating and training professional automotive engine-•	

ers. These institutions could enter into staff, student exchanges and collaborative research.

Provide scholarships for industry approved courses. •	

In essence the automotive industry should take ownership of the education of their engineers.•	
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to the local economy [11] and meet the con-
ditions of appropriate technology. Another 
reason could be that the industry in the West 
has not responded sufficiently to ensure its per-
sonnel supply, and in particular its engineers. 
As such it has not been in a position to ensure 
adequate development to match competition. 
There is a need for the automotive industry to 
practice its policy of sustainability and gener-
ate its own engineers. An effective automotive 
business buys a steel plant to ensure its supply 
of quality material (TATA and Corus) but the 
same industry will rely on others to supply its 
most valuable and rare resource – its engineers. 
This is a most peculiar situation. If a plant in 
a nursery withers and dies, there is little to be 
gained by the nursery blaming the fertilizer 
supplier for not providing it with the best pro-
duce, particularly if it did not communicate its 
specific needs – and also got it for free. It would 
be considered bizarre if the nursery kept going 
back to the same supplier without comment.  
This paper is not seen as a panacea to the edu-

cation of automotive engineers but more of a 
preliminary discussion document that will en-
courage industry to reflect on their role in the 

education of their engineers, and contribute to 
the quality of automotive engineers emerging 
from universities.
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ACtIons requIreD oF ACADemICs

Without industrial support any action will not come from institutions but more from initiatives generated by in-
dividuals or similarly minded groups of academics. Progress will therefore be slow and the overall effect minimal. 
Education is a business and driven by financial targets, but academics are progressive thinkers and have ideas and 
enthusiasm to satisfy a recognized need.  But they do need support, encouragement and the opportunity to conso-
lidate and realize their ideas. As such this can only be done through industrial and governing body initiatives, and in 
particular, national consolidation before “going global”.

National areas of action would be:
The formation of a “National Association of Teachers of Automotive Engineers”. This may be organized thro-•	

ugh national institutions and would serve as a conduit to national governing bodies other “national associati-
ons”.

Lead on to the formation of an “International Association of Teachers of Automotive Engineers”. This would •	
be the academic conduit to industry and international governing bodies.

Solicit automotive industries to support institutions prepared to provide dedicated (not superficial) courses •	
in automotive engineering.

From within institutions to:
Enter into discussion with their national educational bodies and the automotive industry as a means to influ-•	

ence course development.
Establish national and international research groups and researchers conferences. The latter to generate “ne-•	

tworks” at the university level that may be carried across to industry.
Develop globally relevant automotive courses.•	
Solicit their institutions to support the creation of “centers of excellence” in automotive engineering teaching, •	

training and research.
To be proactive, responsive and prepared to meet the needs and initiatives of industry. •	
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AbstRACt
The paper presents the inverse dynamics algo-
rithm, which represents an inverse approach for 
vehicle dynamics as it is treated in the specialty 
literature. It is being presented the main ele-
ments referring to standardized testing cycles. 
The paper also presents the stability of vehicle 
movement equation’s terms by applying the in-
verse dynamics algorithm and the components 
of energy balance are estimated based on experi-
mental data.

IntroDuCtIon
As it is known from specialty literature, in the 
classic approach for longitudinal dynamic of 
vehicles the vehicle speed is unknown, which 
is obtained from the differential equation that 
is usually used to describe vehicle movement 
[1; 7]. This is the classic approach, the direct 
one, where vehicle speed is unknown, so thus 
it is considered the direct approach in study-
ing vehicle dynamics. Otherwise the inverse 
approach we know the vehicle speed, it is im-
posed either by experimental data or afferent 
to a certain standardized driving cycle; thus we 
also know its first derivative (acceleration and 
deceleration). We can conclude that within the 
differential equation of vehicle movement the 
problem is tackled backwards, by applying the 
inverse vehicle dynamics algorithm [3; 5], case 
where the energetic balance parameters need to 
be established such that the vehicle speed is to 
be reached, and so the speed derivate.

InVerse VeHICle DYnAmICs 
AlgorItHm
In the classical study for longitudinal differ-
ential equation vehicle dynamics, the speed is 
unknown and it is calculated from the following 
nonlinear first order equation [1; 7]:
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Where we have: v – vehicle speed; g – gravita-
tional acceleration; δ- coefficient corresponding 
to moving masses; Me – effective engine torque; 
it – total transmission gear ratio; ηt – transmission 
efficiency; rr – wheel radius; Ga – vehicle gravita-
tional force (

a a
G m g= , with ma – vehicle mass); 

f – rolling drag coefficient (afferent to the road); 
α – slope angle; k – aerodynamic coefficient; S – 
vehicle frontal surface. Adopting the known pa-
rameters for a certain vehicle (k, S, rr etc.) and for 
a certain road (f, α) and for a certain functional 
regime (initial speed v0, Me) we determine the un-
known parameter, the vehicle speed v.
Otherwise, tackling the inverse problem the 
vehicle speed is known, as it is imposed, either 
from experimental data or either the one im-
posed and described by a driving cycle [3; 5]. 
Thus in the differential equation (1) the prob-
lem is handled inversely, by applying the inverse 
dynamics algorithm, case in which we have to 
establish the parameters from the right mem-
ber in such a way that the known vehicle speed 
needs to be reached, thus the speed derivate dv/
dt (accelerations and decelerations) from the 
left member. 
Because in what follows from hereon we will 
consider that the movement is taking place on 
a horizontal road, in these conditions we per-
formed the test α=0, from expression (1) we get 
by multiplying with rr:
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In expression (2):

r e t tM M i= η                                               (3)
this represents the wheel torque.
Considering that:
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from (3) we can conclude that:
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Also from expression (2):
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…represents the inertia moment.
Added to that in expression (2):

f a rM G r f=                                              (7)

Represents the moment afferent to the rolling 
resistance, and:

2

a rM kSr v=                                             (8)
and this represents the moment afferent to air 
resistance. 
We can conclude that expression (2) becomes:

0r i f aM M M M− − − =   (9)

…this represents the movement equation that 
has only moments as its terms. 
In order to calculate the moments afferent to re-
lation (9), as the case of the direct approach, cer-
tain parameters are imposed which are known 
for a certain vehicle (k, S, rr etc.) for certain road 
(f, α), for a certain functional regime (v0, Me), 
and for the known vehicle speed v [m/s]. As we 
can see from relations (5), (6) and (8), vehicle 
speed intervenes (or its first derivation); if for 
example the Kühner relation for rolling resist-
ance is being used (ft – of road)

2,5

0, 0125 0,0085
100

t

V
f f= + =  

 
            (10)

Than in expression (7) vehicle speed intervenes, 
respectively V [km/h]. Throughout the paper 
the notion of coefficient afferent to acceleration 
is being introduced, thus the resistance coef-
ficient afferent to inertia fi established from ex-
pression (6):

d

d
i

v
f

g t

δ
=

  (11)

The introduction of acceleration resistance co-
efficient justifies the negative values of torque 
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during gear shifts and decelerations, because in 
these situations the wheels propel the vehicle 
and not the other way around as the normal case 
of traction. 

Proceeding in the mentioned manner, we can 
deduct that the resistance encountered on a 
level road ( 0α = ) has two components, one 
afferent to the ground (to the rolling of wheels 

on the ground) and another corresponding to 
inertia. Thus we can define a global resistance 
coefficient in the case of vehicle progression on 
a level road [5]:

g if f f= +   (12)
In the general case, if the progression is not per-
forming on a level road than:

cos sing if f f= α + α +                   (13)
meaning:

g if f= ψ +                                           (14)

Where ψ  represents the progression resistance 
coefficient afferent to the road: 

cos sinf=ψ α + α  (15)
As a consequence, basing ourselves on the ex-
perimental data (including the values of speed 
and implicitly its derivate) we can establish the 
parameters highlighted by the presented rela-
tions; we remind that the tests were carried out 
on a horizontal road, so α=0 degrees [5].
Figure 1 presents the instantaneous values for 
the progression global resistance coefficient for 
50 test runs which were carried out on a Logan 
Laureate vehicle. According to that in figure 1b 
we present the average values on each test run 
for the progression global coefficient fg. As we 
can see from figure 1a, off the total values of 
8750, approximately 84% are positive and about 
16 % are negative; as a result figure 1b shows that 
all average values for each test run are positive. 
Obviously the introduction of acceleration re-
sistance coefficient (that has instantaneous neg-
ative values) justifies the negative values for the 
global coefficient. Figure 1 highlights the area 
where the values for the rolling resistance coef-
ficient for tarmac is satisfying (f=0,012÷0,022) 
on which the test runs where carried out. Just 
the same we can see that from figure 1 the aver-
age overall 50 test runs is fgm=0,053.
Figure 2 presents added to the instantaneous 
global resistance, the nominal trend for fi and 
for fg. As a result figure 3 presents the trends 
mentioned in figure 2 as well as their analytic 
expressions. 
Just the same figure 2 presents the confidence 
intervals and the confidence ellipse 95% for glo-
bal resistance coefficient fg, the graph presents 
the values for f afferent to Kühner relation (10). 
As we can see from figure 2, the progression 
global resistance coefficient fg and that afferent 
to inertia fi have the tendency to decrease once 
the speed increases; in exchange the rolling re-
sistance coefficient increases as the speed V in-
creases.
Just the same, as an example, figure 3 present the 

Fig.1. Instantaneous values and average values on each test run for the global resistance 
coefficient (for the rolling resistance and acceleration resistance coefficients)

Fig.2. estimation of the overall coefficient of resistance to movement 
(for rolling resistance and inertia), 50 tests logan

Fig.3. Analytical expressions of trends for global coefficient of resistance to displacement,
the corresponding inertia and rolling, 50 tests logan
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values of the three coefficients when moving at 
70km/h. From figure 3 we can deduct the ana-
lytical expressions for the calculus of resistance 
coefficients:

- for progression global resistance coefficients fg:
2

0, 000000044 0,00038 0,079gf V V= − +      (16)
- for the resistance coefficient afferent to inertia 
fi:

2
0, 00000128 0,00032 0,065if V V= − − +  

(17)

- for rolling resistance coefficient f:

2
0, 00000133 0,000057 0,013f V V= − +  (18)

We can conclude that both coefficients, the glo-
bal fg and that afferent to inertia fi decrease once 
the speed is increased. As the rolling resistance 
coefficient f increases as the speed increases we 
conclude that the global resistance coefficient 
decreases due to the fact that the inertia resist-
ance coefficient fi is decreasing much more dras-
tically. Thus the coefficient afferent to inertia 
varies in the same way as inertia momentum J 
of the vehicle once the speed is increased; thus 
it is a confirmation that the resistance afferent to 
inertia is in direct connection with the vehicle 
inertia. 
The graph from fig. 4 contains torque values 
which are components for the vehicle move-
ment equation (9). Based on these we can es-
tablish the afferent power values as well as the 
wheel force... Likewise we can deduct the per-
centages of how much from the wheel available 
power is consumed for overcoming of air resist-
ance, rolling resistance and inertia resistance.
Also it present interest to see just how much of 
the energy introduced via the fuel is used to ac-
tually move the vehicle at a certain speed v. To 
this purpose the graph from figure 5 contains, 
for 50 experimental test runs also carried out on 
a Logan vehicle, the kinetic energy of the vehicle 
Wcin (fig. 5a), that is the real energy used for vehi-
cle progression, as well as the energy introduced 
once with the fuel (fig. 5b) As consequence fig-
ure 6 presents the average values on each test 
run for the ratio of the two energies, calculated 
with expression (3) from the graph. 
As we can see from figure 5a the kinetic energy 
of the vehicle is being calculated with the known 
relation:
 2

2

a
cin

m v
W =   (19)

In addition, as we can see from figure 5b, the 
energy introduced via fuel it is calculated with 
the relation:

3600

h i
i

C Q S
W

v
=  (20)

Where Qi represents the inferior caloric power 
of fuel, and S represents the space covered by 
the vehicle. As we can see from figure 6, test run 

Fig.4. Inverse dynamics algorithm: momentum values which are components for the vehicle 
movement equation, 50 tests logan

Fig.5.  Instantaneous values of the kinetic energy of the vehicle and of the energy introduced 
once with the fuel, 50 tests logan

Fig.6. The ratio between the kinetic energy of the car and introduced with fuel energy, 
50 experimental tests logan
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L46 is the least efficient test, and test run L34 
is the most efficient one. In addition, overall 50 
test runs, only 17.2% from the input of energy is 
used to actually move the vehicle, a value which 
is within the normal span of a vehicle which is 
fitted with electronically engine control unit. 
stAnDArDIzeD DrIVIng CYCles
As it was already mentioned, the vehicle speed 
can be imposed (so it is known) and reverse 
dynamics algorithm is applied based on a stand-
ardized driving cycle. In order to comparatively 
establish vehicle performances (including pol-
luting emissions), various stand driving cycles 
were adopted, some of which are applicable 
only for a group of countries (European Union 
for example), others being applicable only for a 
specific country [8]. A driving cycle is usually 
made up of four series of data that represent time 
t [s], vehicle speed v [m/s], gear and speed deri-
vate dv/dt [m/s2]. An example to this purpose 

is presented in figure 7, where the European 
driving cycle is shown, NEDC (new european 
Driving Cycle); figure 7c also shows the vehicle 
speed V [km/h]. In the presented graphs there 
are also shown the main static characteristics of 
the NEDC driving cycle. The driving cycles are 
of two types: modal, which have periods of con-
stant speeds (figure 7) and transitory, on which 
the speed varies very hard (USA driving cycle 
FTP 75).
Once adopted the testing cycle, the afferent 
performances can be established for a certain 
vehicle, equipped with a certain engine; these 
performances are established by overlaying the 
points which are afferent to the driving cycle 
onto the known targeted engine. Just the same 
by applying inverse algorithm the components 
of motion balance are established (similarly to 
the above presented examples); in addition we 
can estimate the values for the functional pa-

rameters like engine speed n and engine load 
(ξ and/or pa first is the throttle’s position, the 
second is intake air pressure), engine torque Me, 
hourly fuel consumption Ch etc. 
Because the driving cycles are used to establish 
electric hybrid vehicle performance, in what fol-
lows an example is going to be presented to this 
purpose [2; 4; 6; 9]. So in figure 8 four function-
al parameters are presented obtained by apply-
ing the inverse dynamics algorithm in the case 
of NEDC driving cycle from figure 7. 
Similarly we can establish other functional pa-
rameters for any driving cycle that we want; 
these parameters are efferent to the internal 
combustion engine, electric motor, electric gen-
erator, transmission and so on. 
ConClusIons
Applying inverse dynamics algorithm present 
a special practical interest, because its basis is 
represented by real experimental data which are 
gathered during standardized driving cycles that 
are used in all vehicle manufacturing countries. 
By applying the inverse dynamics algorithm, 
which opposes that of classical approach, we 
can study the dynamic behavior of a vehicle and 
its efficiency
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AbstRACt
This paper aims on comparison between virtual 
modal analysis and experimental modal analysis 
of a PWS rotor. A virtual simulation and an ex-
perimental analysis were conducted in order to 
successfully determine the eigen modes of the 
PWS rotor. Those frequencies are a good thing 
to know in case of a new PWS development.
IntroDuCtIon
Pressure-wave supercharger (PWS) is a tech-
nical way to raise engine intake pressure. The 
pressure-wave supercharger (PWS) utilizes the 
energy of the hot cylinder exhaust gas to build 
up the intake air pressure [1, 2] like the conven-
tional turbo charging. However, the operation 
principle of PWS is quite different. As shown in 
Fig. 1, The PWS consists of a set of tiny and nar-
row channels, also called cells, placed on a rotor. 
The rotor rotates between two casings, i.e. the 
exhaust gas housing and the air housing, with 
inlet and outlet for the exhaust gas and the air. 
The PWS works based on the physical fact that if 
two fluids having different pressures are brought 
into direct contact, equalization of pressure oc-
curs faster than mixing. The actual energy trans-
fer occurs in a single cell joining area of different 
states. 
The company Brown-Boveri started the pro-
duction of the PWS somewhere between the 
70s and 80s [3]. At that time, the computing 
capabilities and simulation software were very 
limited. They could only create a PWS using 
casting and testing, and so on. This involves 
high costs during the developing process. The 
PWS of the 80s was mechanically driven by the 
engine crankshaft. The drawback of this type of 
powering is that the PWS is only optimized for a 
particular working area of the engine, let’s say at 

full load. At low and medium loads, the speed of 
the PWS is no longer optimized, and the engine 
performance is not as it should be. The modern 
PWS uses an electrical engine to power the rotor. 
This gives the ability to fully optimize the rotor 
speed at all engine operating points. The electri-
cal drive system involves an individual ECU to 
control the speed. The main challenge comes 
when programing the ECU of the PWS. There 
are some frequencies that must be avoided dur-
ing the functioning of the PWS, because of high 
frequency vibrations. Those kind of frequencies 
can be discovered using the virtual modal analy-
sis or experimental modal analysis.
Modal analysis is the process of determining the 
inherent dynamic characteristics of a system in 
forms of natural frequencies, damping factors 
and mode shapes, and using them to formulate 
a mathematical model for its dynamic behavior 
[5, 6].
Modes are used as a simple and efficient mean of 
characterizing resonant vibration. The majority 
of structures can be made to resonate. That is, 

under the proper conditions, a structure can be 
made to vibrate with excessive, sustained, oscil-
latory motion. Resonant vibration is caused by 
an interaction between the inertial and elastic 
properties of the materials within a structure. 
Resonant vibration is often the cause of, or at 
least a contributing factor to many of the vibra-
tion related problems that occur in structures 
and operating machinery. [4, 5]
VIrtuAl AnAlYsIs AnD exPerIment 
DesCrIPtIon
This paper aims in discovering eigen modes of 
the main part of PWS, the rotor. This is the main 
moving part of the PWS and imposes the big-
gest challenges in terms of designing and manu-
facturing. After discovering eigen modes using 
virtual simulation 
For the virtual analysis a 3D model was created 
using a specialized CAD software. 
In order to complete the simulation, another 
CAE software was used to generate the discre-
tization mesh of the complete rotor. An average 
cell value of 2 mm was chosen, based on the 

Modal analysis of a Comprex
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Fig.1. Pressure wave supercharger description: [2]
A-exhaust gas housing, b-rotor channels, C-belt drive, D-air housing 

1-fresh air, 2-charge air, 3-cylinder exhaust, 4-exhaust gases and air towards the exhaust pipe.
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minimum wall thickness of the rotor. In order 
for a simulation to be accurate, the mesh cell size 
must be as small as possible. In this case, 2 mm 
was optimum also for the computing power. 
Lowering the cell size under 2 mm, the comput-
ing time greatly increases.
The measurements were accomplished using an 
acquisition device LMS Testlab, tri-axial PCB 
sensors with 1mV/m/s2sensitivity and impact 
hammer with 2.24 mV/N sensitivity. Testing 
conditions were free-free, with a bandwidth of 

10240 Hz and a resolution of 10 Hz. The PCB 
sensor was glued at the bottom of the PWS rotor 
and the excitation was induced at the top of the 
rotor for transfer function and for inertance was 
evaluate the response in the measurement point. 
As soon as the measurements repeatability, sig-
nal reciprocity and coherence were assured the 
eigen modes were extracted from the frequency 
response of the PWS rotor.
results
The results were extracted from the LMS Testlab 
software in form of graphs and from the simula-
tion software in form of table. The PWS rotor in 
a modern experimental engine spins with up to 
50.000 rpm. Based on this study, the first 4 eigen 
modes are enough for the determination.
The most popular excitation technique used for 

modal analysis is impact, or hammer excitation. 
The waveform produced by an impact is a short 
duration transient event. The most important 
measurement that is needed for experimental 
modal analysis is the frequency response func-
tion. 
Measurements were performed by applying 7 
hits in each direction. Because the system re-
sponse is measured with a tri-axial accelerom-
eter, measured signal corresponding to the im-
pact direction was considered valid. 
These graphs present two important functions 
that are used for modal data acquisition – the 
frequency response function (FRF) and the 
coherence. The coherence function is used as 
a data quality assessment tool which identifies 
how much of the output signal is related to the 

Fig.2.  CAD and mesh setup
left: CAD model of PWs rotor, right: mesh used for virtual analysis

Fig.3. experimental setup
upper left: impact hammer,

bottom right: sensor

Fig.4. PWs rotor frequency response
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measured input signal. The FRF contains in-
formation regarding the system frequency and 
damping and a collection of FRFs contain infor-
mation regarding the mode shape of the system 
at the measured locations.
As it can be seen in the upper table, the values of 
the simulation and the experimental results are 
close each other, this means the error is pretty 
small. Thus, this can be further improved by 
modifying the density of the material in the vir-
tual simulation.
The difference at certain measuring points be-
tween virtual simulation and experimental anal-
ysis comes from multiple type of errors: 

3D CAD model doesn’t match exactly the - 
real measured PWS rotor;

Material properties of the 3D model doesn’t - 
match exactly the real material;

Mesh is not as fine as it should be. It is lim-- 
ited by the computing power and time;

Missing hanging point of the rotor in the - 
virtual simulation;

The glue that has been used to stick the sen-- 
sor to the rotor is not 100% rigid, at it should be;
ConClusIons
This paper presents a comparison between ei-
gen modes of a PWS rotor determined by exper-
imental testing with the impact hammer and the 
eigen modes determined by virtual simulation 
using specialized software. 
The results summarized and presented in upper 
table indicate that the virtual model developed 
shows the same modal behavior with the real 
measured part, aspect that helps us believe that 
from this moment the PWS rotor will have the 
same vibrational behavior with the real model 
no matter the changes that are made in the vir-
tual model.
The tests conducted in this paper were aimed 
on modal analysis of a PWS rotor, with a main 

goal in mind, to demon-
strate that the PWS rotor 
design can be sometimes 
tricky in terms of eigen 
frequencies. However, the 
analyzed PWS rotor has 
no critical eigen frequen-
cies because its maximum 
spinning speed is around 
30.000 rpm. The first ei-
gen frequency of the PWS 
rotor is around ~2800 Hz, 
which corresponds to a 
spinning speed of 168.000 
rpm, which is way too 
far from the functioning 
point of the rotor.
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Student achievements
Formula Student – TUIasiRACING Team, Technical University ”GheorgheAsachi” Iasi

The largest event of its kind in Europe, 
Formula Student competition was de-
veloped in the ‘80s in U.S. under the 

patronage of SAE and has grown steadily, cur-
rently involving over 400 universities around 
the world. Participation in this event promotes 
excellence in engineering careers by develo-
ping students’ ability to design, produce, single 
place race car and, not least, to compete as a 
team. The participation in this contest of young 
students represents the opportunity to put into 
practice knowledge acquired during the years 
of study and practice to perfect skills in highly 
competitive conditions. On the other hand 
participation in this contest of young students 
represents the opportunity to put into practice 
knowledge acquired during the years of study 
and practice to perfect skills in highly compe-
titive conditions. It puts students face to face 
with the real life engineering problems, design 
and fabrication of self, creating a business plan 
and budget spending, teaching the teamwork 
and respect deadlines. Participating universiti-
es in the competition have the chance to design 
and build the conditions imposed by a highly 
restrictive regulation, single place race car that 
ultimately will participate in a series of static 
and dynamic tests. Static tests are very difficult 
because of the Formula Student judges consis-
ting of experts in motorsports, automotive and 
supplier industries, check any race car compo-
nent because it must pass a series of tests tech-
nical knockout while dynamic tests involving a 
series of tests on the race circuit.
Technical University “Gheorghe Asachi” Iasi 
participated in this competition with a single 

place race car built from scratch by 15 students 
under competent guidance of Professor Ga-
briel Ursescu from the Faculty of Mechanical 
Engineering and Prof. Cyprian Ciofu from the 
Faculty of Machines Design and Industrial Ma-
nagement. The project idea is a dream many 
years ago, but things began to take off in 2010 

when the team was mobilized and after hard 
work, with many lost nights much hassle and 
stress were able to turn the dream into reality. 
A dream to represent Romania in a high-level 
international competition, were many teams 
have stronger sponsors among which famous 
car manufacturers in Europe, such as Mercedes 
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and BMW.
Investment was approximately 23,000 euro, 
money gathered hardly over time sponsorship. 
To Spain competition was the cheapest car.  
Regarding to Score awarded by the jury on the 
prototype, the management accounted for 32% 
and the engineering was the most important. 
Difficult time project development has always 
been, but was watershed moments when they 
had enough money, because nobody believed 
in completing this project and did not want to 
participate too much sponsorship. Sometimes 
they had to put in their pocket to continue the 
project and its timely completion, but the team 
had confidence in each other and in themsel-
ves and has achieved what they wanted. The 
most important achievement to date the team 
has been participating in Formula Student 
competition held at the end of august 2012 on 
the “Circuit de Catalunya” in Spain, where the 
Formula Student judges informed them that 
they are among the few teams that were able 
to successfully pass the static tests on the first 
attempt, even on the most difficult test such as 
tilting at an angle of 60 degrees, the rules regar-
ding engine sound with a decibel limit etc.  A 
member the jury said not even remember since 
never experienced a team to get all technical 
advice at once.
The single place race car is powered by a Honda 
CBR 600 F2 type with 4 in line cylinders, with 
a compression 11.5 / 1ratio, multipoint injecti-
on fueling system that has an output power of 
76 HP/12000 rpm  and 47.8 Nm/10500 rpm, 
torque. The transmission consists of a 6-speed 
gearbox manual powered, rear-wheel drive wi-
thout differential. The chassis is made of steel 
pipe truss type structure of space and double 
wishbone suspension consists of unequal ad-
justable hydraulic shock absorbers and coil 
springs push-rod system that allows ride height 
adjustment.
In the overall standings, TUIaşi Racing team 
ranked 16 (considering that was attended by 
25 teams from around the world), because it 
participated only in the dynamic tests. The sin-
gle place race car is finished “on the last minu-
te” the team had time to do any checks on the 
engine and did not want to risk. Satisfied are 
students who went to the competition and the 
last three months they worked day and night 
in laboratories Internal Combustion Engines 
and Automotive department, objectives for 
this phase have been met, hoping that the next 
competition to get a better place.
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