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1. Abstract

Looking to worldwide automotive development strategies it must be recognized that de-

velopment targets tend to unify. High vehicle perlormance and a superb quality are the

leading tuture targets tor all car manulacturers. Therefore noise behaviour is undoubtedly

an important topic tor passenger vehicle concepts. Nowadays it is a demand oi product

marketing to tune the in-vehicle noise according to the vehicle type and the driving condi-

tions. This article gives an overview of today’s demands on noise quality. Computational

sound synthesis as well as practical design methods are described. Technical measures

to tulllill these demands will be figured out and examples of ditlerent hardware measures

will be discussed.

2. Demands on noise quality

In the past cars mainly were designed for low interior and exterior noise level. Therelore,

all components emitting noise were signilicantly improved. Based on such low noise lev-

els, car developers have to realize that the customer expects special vehicle interior noise

characteristics. Future vehicles will be developed to a specitic and individual sound. The

sound design work will be focused on the interior sound. Exterior sound will primarily be

developed tor idle and starting up conditions. Legislative restrictions on exterior noise en—

ergy levels must also be fulfilled. The consumer expected interior-sound characteristic de-

pends on the vehicletype as well as on the driving conditions [1], [2]. Therelore. the tar-

get sound has to be comfortable primarily tor luxury vehicles and constant driving

conditions (Fig. 1). and more powertul lor sportive vehicles. namely in acceleration. Espe»

cially in interactive driving conditions, e.g. during overtaking other cars. drivers expect a

powerlul and dynamic sound. Unregular noise components, typically may be misunder-

stood as technical defects. The regularity of the engine sound has to be matched with the

driving conditions. Sound continuity during cruising gives the feeling at good product relia-

bility. Judgements of sound quality during accelerating always show, that noise percep-

tion generally varies between two extrema. Vehicle noise either exposes a pleasant]

luxury or a powerlullsportive character, as shown in the psychometric map (Fig. 2). It is

evident that vehicles in the first quadrant - leaturing a balanced sound characteristic be-

tween luxury and sportiveness, pleasant and powerful. respectively - are only rarely rep-

resented [3]. The sound engineer has to take into account the dilterent aspects ol sound

perception and should balance them to achieve an interior noise characteristic consider-

ing the vehicle‘s image, The sound should express the character at the product. So, it it is

remarkable for a special vehicle. a characteristic sound will assist in marketing and sales.
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3. Sound development process
The sound development process covers two pans elaborated simultaneously:
1) Basic Analysis and Sound Cleaning
2) Sound Design Work
starts by figuring out typical sound pcnions, as they are relevant for the characteristics
like impulsiveness. modulations or engine orders (Fig. 3). lmpulsiveness and outstanding
engine orders mostly create an unpleasant ellect. Modulations in the time history oi the
noise signal, known as roughness, usually also create an unpleasant sound. it the rough-
ness intensity is not too high and not yet disturbing, however, roughness can create a dy-
namic sound perception.
Based upon the relevant signalportions next a target sound has to be defined [4], [5], [6],
[7] (Fig. 3). Therelore, the vehicle interior noise is to be designed synthetically. Sound
manipulation must be basedupon technical experience and powertrain / vehicle hardware
potential. Computer-based tools lor sound manipulation and sound symhesis are used tor
tuning the synthetic sound composition. These systems allow for a simultaneous and en-
gine map related gain the increasing or decreasing of up to 20 individual engine orders.
However, the hardware potential is figured out by vehicle and engine development, origi-
nally aimed at a detailed level reduction on all individual powenrain and vehicle compo
nents. This detailed improvement potential is the data base lor the synthetical manipula-
tions. It is important that NVH Development Sound Synthesising is carried out
simultaneously to ligure out thelull potential ol technical design solutions lor a realistic
setting of target sounds, Only consequent simultaneous engineering will provide success.
Examples shown for sound-related hardware modifications could be modified exhaust or
intake system dampers. stitlnesses oi the crank case structure as well as modifications at
the crank system. The evaluation of the subjective sound impression ol synthesised noise
signals will be determined by audio demonstrations via headphones to representative
evaluators. These persons give their subjective judgement on the noise quality. Thereby,
a statistical delinition of a realistic, hardware orientated target sound is provided [3], [7].

4. Typical sound characteristics
The basis ol the subjective judgements oi the sound quality is classical acoustic signal
analysis to describe those typical signal characteristics, which are relevant for acceptance
and dynamic of the sound e.g.. The interior sound will not be accepted it there are tonal
or impulsive noise shares. Additionally it is important to eliminate roughness and reso-
nances, especially it they are caused by low frequencyengine orders. Impulsive noises
can be caused by the tooth llank impacts of the gearbox (Fig. 4) (gear rattle noise) e.g.
Piston noise, caused by impacts between piston and cylinder liner. is transmitted through
the structures ol the cylinder and ol the engine block. Piston contour, piston top land di-
ameter, piston clearance and piston pin oilset are well known design parameters to influ-
ence piston noise. The combustion rate shaping of diesel engines also leads to impulsive
noise. Modulations causing harshness can originate both in an asymmetric structure
transmission behaviour and unsymmetric combustion lorces. Also specilic low lrequency
engine orders due to valve train excitation can generate harshness. Tonali‘ty noises are
well known lrom the gear box tooth meshing orders (whining noise), timing chain and belt
meshing as well as truth the generator lan. A dynamic sound perception is caused by dy-
namic order levels shaped versus enginespeed (Fig. 5). A powerful sound arises during
acceleration conditions and requires a carelul matching ol the dynamic portion. Extreme
level gradients. however. create uncomfortable sound. It the sound level shape is undy-
namically flat. the subjective impression ol the sound character will only be comlonable.
Such signal characteristics can be generated by carelully balanced resonances at individ-
ual engine components [a] [2]. Additional dynamic may be created by smooth signal mod-
ulations caused by mainorders and their 0.5lh neighbour orders (Fig. 6) [3]. The resulting
sound character depends on the lrequency spacing at these orders on the one hand and
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on their level ratio on the other. To avoid unpleasant sound character it is important to

balance these modulations with regard to modulation ratio.

5. Examples of hardware measures

Concerning sound quality, it is important. that the human hearing is most sensitive in the

frequency range between 500 and 1500 Hz. and roughness phenomena mainly occur in

the lrequenw intervall of 200 - 800 Hz. Therefore. structural sound modifications of the

engine block should be tocused on the bottom end and main bearings. Fig. 7 shows the

effect of structural optimization at the crankcase. The modeling is based upon Finite Ele-

ment (FE) Method [9]. [10]. The balanced reduction of the surface velocity (Fig. 7) lead to

a tuned sound energy in the roughness frequency range. The subiective impression

changed from very unpleasant and powenul to acceptable pleasant and still powerful. For

the sound design of intake systems a desirable intake sound mustbe combined with an

optimized torque and power characteristic of the engine. Therefore, acoustical modeling

and calculations of the volumetric efficiency have to be conducted in parallel. The result

of the computerized modeling is an optimized interior geometry of the intake system. The

size at different volumes and the length of various pipes are tuned and. if necessary, ad-

ditional resonators and quarterwave pipes designed and adapted [11]. [t2] [2]. Figure 8

shows the results ol a GAE supported sound optimization on the intake system [6]. The

modification of the intake system results in a reduction of the system‘s transfer behaviour

between 600 and 800 Hz and increase in the 250 Hz octave. The results of the test cell

measurements of the orifice noise level show that the 500 Hz octave is reduced over the

entire speed range. and the 250Hz octave is increased in the speed range above 4000

rpm. With this modification the unpleasant sound character could be reduced, and a pow-

ertul sound character. still fulfilling the legislations. was created due to the dynamic level

characteristic of the 250 Hz octave. Funher modifications can cover the airtilter attache-

ment. the filter wall stiffness. or the intake orifice orientation. Other typical sound meas-

ures consider the exhaust system. a classil source of sound design. the powertrain

mounts and vehicle base, the cranksystem, the driveshaf't and the ancillary drive system.

Exterior noise may be balanced by modifications of the intake and exhaust. but also of

the oilpan.

6. Conclusion

Future vehictes will be developed to a specific and individual sound. The consumer ex-

pects specific interior-sound characteristics depending on the vehicle-type as well as on

the driving conditions. Especially in interactive driving conditions. eg. during overtaking

other cars. drivers expect a powerful and dynamic sound. The sound development pro-

cess covers two workscopes elaborated simultaneously. the typical Sound Cleaning and

the Sound Design. Work starts by figuring out the origins at typical noise characteristics

like impulsiveness. modulations or engine orders. Next. analytical and hardware modifica-

tions and synthetic manipulations are performed in parallel. Only a consequently simulta-

neous engineering will provide success. The character of sound can be influenced by

some typical signal characteristics according to pleasantness and dynamic. Tonal sound

shares or impulsive noise create uncomfortable sound. Modulation in the time history of

the noise signal. known as roughness. should also not be dominant. but in a balanced

manner it can also create dynamic of sound. Additionally, a dynamic vehicle sound is

created by reasonable order amplitude variations accelerating the vehicle. Examples for

technical measures to design smooth modulations are structure modifications of the bot-

tom end of the engine. Amplitude variations can be generated by smooth resonances of

singular engine components. Background is the technical potential. to be elaborated dur-

ing the detail work of level reduction and also experienced in long term practice. The

sound engineer has to take into account the product-specific sound targets. e.g. concern-

ing pleasantness and dynamic and has to balance the technical measures to achieve an

interior noise characteristic focused on the product image,
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