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Abstract 

Pursuing the different passive and active concepts in a holistic approach, the FP7 project Green City Car demon-
strates the feasibility of applying active systems to NVH-related problems light city cars from a system point-of-
view. During the project, a city car equipped with a small engine has been considered equipped with the latest 
technology in terms of safety aspects related to pedestrian’s impact and car-to-car compatibility, which are of 
major importance in an urban environment. The noise reduction technology developed and implemented in this 
city car addressed the mass reduction of the complete sound packages, the application of new materials, passive 
or active piezo-electric or electro-magnetic patches on vehicle and engine panels, smart Helmholtz resonators 
and broadband active noise cancellation. A complete integration and correct balance of such components should 
be found out, in order to achieve the given objectives of noise and weight reduction. Within this paper selected 
results achieved within Green City Car will be presented and discussed. 
 
Keywords: NVH, lightweight city cars, sound packaging, tires, smart systems 

Résumé 

En poursuivant les différents concepts actifs et passifs dans une approche globale, le projet FP7 “Green City 
Car” (Voiture urbaine écologique) démontre la faisabilité d’application de systèmes actifs à des problèmes NVH 
sur des véhicules urbains légers. Durant ce projet, un véhicule urbain équipé d’un petit moteur a été considéré 
comme équipé des dernières techniques sécuritaires des problèmes principaux urbains, comme collision de pié-
ton ou de voiture. La technique de réduction sonore développée et intégrée dans ce véhicule s’adresse à la réduc-
tion de masse du paquet sonore, à l’application de nouveaux matériaux, de pièces piézoélectriques actifs ou pas-
sifs ou électromagnétiques sur les véhicules et leur tableau de bord, de résonance de Helmholtz et de réduction 
sonore à haut débit. Une intégration complète ainsi qu’une balance correcte de ces composants doivent être dé-
couverts dans l’intention d’atteindre les objectifs de réduction de bruit et de poids. Dans cet article, les résultats 
sélectionnés obtenus dans le projet « Green City car » seront présentés et discuté. 
 
Mots-clé: NVH, véhicules urbains légers, paquet sonore, pneus, systèmes intelligents 
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1. Introduction  

Today’s cars represent a complex compromise between contradictory requirements with regard to safety, exhaust 
emissions, noise, performance and price. In this context, is widely recognized that the quality of life, particularly 
in the urban environment, is heavily influenced by air and noise pollution resulting from road traffic. Thus, one 
of the top priorities for car manufacturers is the reduction of noise and emissions from vehicles, with particular 
attention currently being focused on CO2.  
 
Within a vehicle many components contribute to the overall emitted noise of a vehicle individually radiating 
noise between 60 – 70 dB(A) (see Fig. 1). Having different dominant noise sources of the same order (e.g. within 
4 dB(A)), the treatment of only one sources will not affect the overall radiated noise. Contrariwise, a previously 
masked noise source could become dominant being more annoying than the treated noise source. In order to 
achieve an overall noise reduction for vehicles, all noise sources and their transfer paths to radiating components 
have to be treated simultaneously and in a holistic approach. The problem of multiple noise sources and transfer 
paths will become more and more challenging with the upcoming, lightweight driven multi-material design of 
the vehicle body and envisioned flexibility and modularity of the vehicle power train. The dominant sources and 
their quality (e.g. frequency content) will vary from car to car as well additional transfer paths will occur. 
 

 

Figure 1:   Components with Influence on Noise (Source: Porsche) 

In dealing with noise as environmental pollution, the industry is going to face new noise directives that will de-
mand noise reduction targets of 10 dB(A) or higher over the next 20 years. On the one hand, the industry will be 
forced to emphasize the noise aspect in their research and product development to meet the new standards. A key 
factor will be holistic noise abatement concepts based on new, intelligent material systems. On the other hand, 
the economic cost of noise to society is estimated to be between 0.2 and 2 percent of the gross domestic product 
[COM(96) 540 final]. Taking the lower estimate, this means an annual financial loss due to environ-mental noise 
of more than 12 billion Euros. Several measures ranging from traffic management and regulation to advanced 
product design are proposed and initiated in order to overcome the noise problem. Among these are intelligent 
material systems that will have a significant impact. 
 
Improving vehicle noise and vibrations without affecting other performances has been proven to be extremely 
difficult if not impossible with state-of-the-art technology. Recent technologies in the fields of smart materials 
and active control provide potential solutions but have only been proved in the laboratory. Therefore, the aim of 
the FP7 project Green City Car was the integration of such advanced laboratory-level technologies into conven-
tional solutions with direct application to next generation city-car in order to assess practical feasibility, promote 
industrial development and determine cost-benefit evaluations. The scope was to develop flexible, integrated 
passive and active solutions which will not only permit noise and vibration to be attenuated in new vehicles 
equipped with the next generation of highly fuel-efficient power trains but enable vehicle design guidelines to be 
defined in order to reduce weight without compromising on comfort and safety. On the basis of this application, 
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the project poses a series of specific technical objectives, the fulfilment of which will be demonstrated using a 2-
cyclinder IC vehicle.  
 
Pursuing the different concept such as novel damping materials and acoustic treatments, shunt damping, active 
noise and vibration control and adapted tyres in a holistic approach, Green City Car aimed to demonstrate the 
feasibility of applying those technologies to advanced power trains from a system point-of-view. This holistic 
approach should lead to a reduction in noise and vibrations levels in the order of 10 dB(A) and more measurable 
in the city car provided (not on component level). The overall objectives of Green City Car were as follows: 
• development of an holistic approach of noise and vibration control for city cars 
• validation of the feasibility of an integrated noise & vibration control on vehicle level having 
• same interior noise, possibly reduced exterior noise with significant weight reduction and improved fuel con-

sumption as compared to the state-of-the-art vehicle 
• costs potentially competitive with conventional solutions 
• development of an integrated noise & vibration control on vehicle level resulting in 10 dB(A) less noise and 

vibrations levels at same weight and energy consumption 
• increasing modularity of integrated noise & vibration control 
• increasing acceptance of city cars with energy efficient power trains from comfort point of view. 

2. Selected Results 

2.1. Active Helmholz-Resonator 

Within GCC an actively controlled Helmholtz resonator was developed and implemented for reduction of the 
noise from the intake system of an engine. The resonator was designed allowing for changing the volume of the 
resonator initially using a simple loud-speaker element coupled at the backside of the resonator. For testing pur-
poses a feed-forward control system was implemented. The results showed the functioning and robustness of the 
approach. Figure 2 shows the reduction as function of the error in the control law. 
 

 

Figure 3:   Sensitivity to an erroneously estimated reference signal. Blue: correct estimation, green: 25% relative error,  
red; 50% relative error, black: signal levels at the error microphone without control. 

After validation of the concept, the resonator was re-designed to fit in the engine compartment of the demonstra-
tion car (see Figure 3). For the evaluation a recorded signal inside the opening of an intake system for a run-up 
was used. The recorded signal is played through the primary source. For this an inverse filter of the primary path 
was designed in order to ensure similar levels over the frequency range in the experiment as measured at the 
engine. Some results from the experimental evaluation are shown in Figure 3. 
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Figure 3:   Achieved insertion loss for the active Helmholtz resonator under a simulated run-up.  
The control range was 350 to 550 Hz. 

 

Figure 4:   Photo of active Helmholtz resonator (in red) mounted to inlet pipe. The lower section of the AHR is the resonator, 
the upper section is the loudspeaker enclosure. © Centro Ricerche Fiat 

 

 

Figure 5:   Spectrogram of intake noise, close to inlet. Run up 3rd gear. top without, bottom with control 
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Finally the concept was implemented in the demonstration car. Two conditions were tested: idle, and a slow run 
up from idle to ~5800 rpm. The error is bandpass filtered for 490–600 Hz, which then becomes the working 
range of the controller. The unwanted harmonics are reduced by ~15 dB. The measurement position is close to 
the error microphone, and the bonnet is open. Figures 5 show the resulting sound at the inlet pipe microphone for 
the engine run up (bonnet closed). A bandpass filter of 300–600 Hz is used. For the intake noise, the controller is 
effective, by achieving ~10–25 dB for both run-up and about 10 dB for idle condition. It should be noted that the 
tested controller, could have been further optimized by introducing a normalization filter, and further optimize 
the parameters involved in the controller. 

2.2. Active Engine Mount 

The given task for the active vibration and noise control system is to compensate vibrations excited by the en-
gine of a lightweight city car. It was decided to tackle the vibrations in x-direction of the car, which are mainly 
transmitted through the torque arm. This part connects the engine to the chassis and bears the torque of the en-
gine; while the other mounts mainly bear the static mass. For active engine mount systems, several general de-
sign concepts are known. Actuators might be integrated directly into the mount and carry also static loads or 
mounted in parallel to existing load carrying elements. In GCC, the inertial mass actuator with stroke amplifica-
tion was chosen (example see Fig. 6), since it requires rather small modifications to the torque arm system and 
can be flexibly mounted into various test environments.  
 

     

Figure 6:   Inertial mass actuator based on a stroke amplified piezoelectric actuator – stroke amplification (left)  
and assembled system (right) 

        

Figure 7:   Test rig for excitation by an electrodynamic shaker 

This stroke amplified piezoelectric actuator as seen in Figure 6 as well as a bending beam with applied piezoe-
lectric patches were applied to control the vibrations of the torque rod of the demonstration car. For this purpose 
a test rig was designed reproducing the first three uneven orders of the small engine of the demonstration car. 
Two types of excitation were considered, a generic acceleration signal which amplitude raises with the square of 
the frequency (1st, 2nd, 3rd and 5th order) and measured accelerations on the engine side (1st, 3rd and 5th or-
der). During several run up tests, the parameters of an adaptive FXLMS controller were tuned in order to gain a 
good performance of the system. The stiffer actuators (resonance of about 35 Hz) were tested with generic sig-
nals, while the softer actuators (resonance of about 22 Hz) were tested with the input accelerations. Both the 
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“bending beam” and the “stroke amplified” actuators were able to reduce the vibrations at the error sensor. How-
ever, presumably due to internal resonances of the bending beam, deteriorations at certain frequencies occur. For 
the stroke amplified piezo actuator, vibration reduction was also possible only in some frequency ranges. For 
both actuators, the operation at higher frequencies, i.e. the 5th engine order, does not provide a broad band vibra-
tion reduction, since higher resonances of the actuators prohibit a good performance of the control system. 
 
The softer inertial mass actuators were tested afterwards. As expected, the stroke amplified piezo performed bet-
ter than before, since during the block force measurements no nonlinearities were observed for this actuator 
(Figure 9). The “bending beam” actuator shows less vibration reductions for all engine orders (Figure 10). 
 

 

Figure 9:   Test results of the 22 Hz actuator with stroke amplified piezo 

 

Figure 10:   Test results of the 22 Hz -bending beam actuator 

Summarizing, the more mature concepts are based on a stroke amplified piezo multilayer actuator and on patch 
actuators applied to a bending beam. Both concepts showed dedicated strengths and weaknesses having to be 
improved for an application in actual car: 
• The design space of the actuators is still quite high 
• The reliability was not considered during the developments 
• Higher order resonances will have to be considered in future designs 

2.3. New Materials and Components for Sound Packages 

A new type of constrained layer damping treatment based on a thin aluminium foil applied on a new special type 
of bituminous layer was developed and prototyped. The new type of bitumen has remarkable elongation and 
resilience properties, sufficiently high stiffness to insure proper panel constraining, good formability at room 
temperature, and low weight per unit area. The weight of the new lightweight constrained damping treatment lies 
between 20% and 50% below the average state-of-the art damping treatment, while the vibro-acoustic perfor-
mance is at least the same as a standard single layer damping treatment. 
 
Also new technologies combining low weight with good acoustic and thermal properties (i.e. acoustic absorption 
and/or insulation performance) for engine bay applications were successfully developed and investigated. The 
first technology is a glass-free lightweight foam having good formability and thermal stability properties com-
bined with high acoustic absorption. This material is suitable for non-structural thermo-acoustic engine bay ap-
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plications like hood liner or dash outer components. The new thermo-acoustic lightweight foam outscores the 
acoustic absorption performance of melamine foam, and compares very well to that of glass wool with the same 
thickness and up to 80% less weight. 
 
A second novel technology for engine bay applications successfully developed is a new fibre-based material for 
high temperature applications providing a remarkably good combination of stiffness and acoustic properties, 
together with high durability, thermal stability, and flammability properties. The material is suitable for structur-
al thermo-acoustic engine bay components thanks to its self-carrying properties (stiffness), thus it can be used 
either as a stand-alone layer for thermo-acoustic insulators, like for instance engine-mounted covers, or as a car-
rier for other absorbers for enhanced acoustic performance. A particularly effective combination in this sense is a 
double layer made of the fibre-based material as a lightweight and stiff thermo-acoustic carrier and the thermo-
acoustic lightweight foam as an acoustic absorber. The acoustic absorption of such a double layer is remarkably 
high (above 70% from 630Hz). 
 
For applications in the interior passenger compartment, a novel hybrid concept particularly suited for inner dash 
insulator applications (but also extendable to floor carpets and other interior parts) was developed starting from 
flat layers of raw materials. After an initial material characterization phase, the most promising layer combina-
tion in terms of weight and acoustic performance was selected on the basis of experimental and simulation anal-
ysis at part and vehicle level. A part based on such a hybrid concept combines the typical advantages of a con-
ventional mass-spring multi-layers component (acoustic insulation) at low-mid frequencies combined with those 
of an absorption type multi-layer component (acoustic absorption) at mid-high frequencies. Prototype layers 
made out of the novel hybrid concept were manufactured and made available for sound package component pro-
totyping. A new heat shield special embossment configuration having same durability as standard heat shields 
with up to 20% weight saving was developed. The new embossment pattern could be implemented after exten-
sive experimental and numerical analysis, with particular reference to heat shield fatigue behaviour. Last but not 
least, a new fibre-based concept for underbody application saving up to 50% with respect to the standard state of 
the art was developed and layers made available for underbody shield prototyping. 
 

 

Figure 11:   Firewall that has been replaced with hybrid concept 

 

Figure 12:   New lightweight foam for hoodliner and outer dash 

The new glass-free thermo-acoustic lightweight foam was used for the demo car hood liner and outer dash proto-
type components, saving respectively 35% and 62% weight with respect to the standard original components 
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mounted in the car. The new fibre-based material for high temperature applications combined with the previous-
ly mentioned lightweight foam is the selected technology for engine top and distribution chain cover prototypes. 
These two parts help to save respectively 4% and 75% against the original car components. The novel hybrid 
concept for interior was used for the inner dash wall treatment. The part was extended towards the cowl sides 
and tunnel areas, and the grommet acoustic performance has been improved bringing larger coverage and im-
proved acoustic performance with 38% weight saving with respect to the standard original demo car dash wall 
treatment. The new fibre-based technology was used to prototype the under engine shield (53% weight saving 
against the original component) and the engine side shield (42% weight saving against the original component). 
New formable constrained layer damping treatment patches fitting the areas of the demo car original damping 
package adding a weight saving of 21%. Thus, the demo car prototype sound package brings a weight saving of 
approximately 20% with highly improved component acoustic performance thanks to the new technology con-
cepts. 

2.4. Validation & Demonstration 

The base-line City-Car has been measured on test tracks representing the main road conditions (cobblestone, 
rough road, smooth road, engine run-up) and in semi-anechoic rooms. in terms of noise, frequency response 
functions (FRF) from vehicle suspensions for structure-borne path, frequency response functions from engine-
bay for air-borne path. Such collected data are to be used for the subsequent comparison with the same car pro-
vided with the new technology developed within the project.  
 
The city car was adapted with the new lightweight acoustic package, the new tyres as well with the active Helm-
holtz resonator and cabin active noise control. The adapted city car has been measured using the same proce-
dures followed for the base-line. However, the global effects have been assessed only due to the new tyres and 
the new lightweight acoustic package, whereas the contribution of the active Helmholtz resonator and cabin ac-
tive noise control have been analysed separately. 
 

 

Figure 13:   Microphone at left driver’s ear (right-hand drive); red adapted city car, blue baseline 

A reduction in engine noise of up to 7 dB(A) has been detected at front passengers’ ears during an engine run-up 
in third gear. A similar reduction in Sound Pressure Level is obtained for the rolling noise on pavè and rough 
roads, whereas about 2 dB(A) has been achieved on smooth road, for which the asphalt input is lower. A notice-
able improvement in sound quality has also been achieved, with an increase in Articulation Index of about 5 
counts. 
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Figure 14:   Overall SPL within passenger compartment on various tracks (NP vs GC car) 

 

Figure 15:   Articulation Index within passenger compartment on various tracks (NP vs GC car). 

Offline simulations have predicted that the developed engine noise control system may offer significant levels of 
noise reduction at the first engine order. A real-time controller has been implemented in the demonstration car to 
validate these predictions using a DSpace controller, three control loudspeakers and four error microphones.  
 
The performance of the feedforward active engine noise controller was measured under a number of operating 
conditions and, for example, Figure 16, shows the sum of the squared error sensors at the frequency of the first 
engine order for a fast run-up in 3rd gear with two different convergence coefficient settings. The level of noise 
reduction was objectively significant, however, not subjectively so and future work could improve the subjective 
impression of the attenuation by developing the controller to control multiple engine orders. 
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Figure 16:   The sum of the squared error sensor pressures at the first engine order plotted in decibels relative to 4x10-10 Pa2 
for a fast engine run-up in 3rd gear with active control system off (black line) and on (red lines) with different convergence 

coefficients. 

3. Conclusion 

Pursuing the different passive and active concepts in a holistic approach, Green City Car demonstrated the feasi-
bility of applying active systems to NVH-related problems light city cars from a system point-of-view. During 
the project, a city car equipped with a small engine has been considered. The noise reduction technology devel-
oped and implemented in the demonstration city car addressed the mass reduction of the complete sound pack-
ages, the application of new materials, passive or active piezo-electric or electro-magnetic patches on vehicle and 
engine panels, smart Helmholtz resonators and broadband active noise cancellation. However, a complete inte-
gration and correct balance of such components still need to be realised in order to achieve the given objectives 
of noise and weight reduction. 
 
Following main results with a technology readiness level close to market has been achieved within Green City 
Car: 
• Set of validated stroke-amplified actuators 
• 19% weight reduction on the existing sound package 
• a new design for tires giving a good compromise between low resistance and low noise  
• validated active engine mount  
• assessment of  noise sources intensity of a city car 
• validation of feed-forward active engine noise controller 
• 6-10 dB for idle conditions and more than 20 dB for a run-up at the entrance of the intake system by an active 

Helmholtz resonator 
• a prototype of the wireless sensor system for engine components 
• significant control of the first engine order of around 10 dB is achievable from around 1500 to 6000 rpm by 

cabin active noise control 
• reduction in engine noise of up to 7 dB(A) has been detected at front passengers’ ears during an engine run-up 

in third gear with the adapted car 
 
Nevertheless issues such as cost-effective manufacturing for mass markets and thorough cost-benefit analyses 
taking into account new vehicle architectures still needs to be solved. 
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