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In the last few years, the automotive industry is renewed by the coming of the electric
mobility. Moreover, the tremendous progress in efficiency of the internal combustion
engine is accomplished, impacting the NVH refinement, the pollutant emission and the
drivability issues.
In the past, NVH was considered as a secondary performance. However, the rise of high
quality products made carmakers change their point of view. NVH has become a
selective performance, allowing the positioning a car in the upper commercial product
range, which generates the best profits.

The present conference is all about this: “How to reconcile the new efficient powertrain
technologies and NVH refinement?”
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- Mobility is a key factor for social and economic development.
- In many cases, there is no alternative to the use of personal vehicle when individual
mobility needs are considered.
- The use of personal vehicles is a significant source of greenhouse gas and contribute
to global warming and climate changes.
- As a carmaker, “PSA Groupe” participate to the efforts to restore the carbon balance
while still satisfying mobility needs of population.
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Environment friendly car becomes societal objective (CO2, pollutant emission,
recycling).
The ‘ecological conscience’ of consumer, the CO2 reduction imposed by legislation and
the low consumption tax policy adopted by majority of countries, motivate car
manufacturers to develop new generation of low CO2 emission cars.
The design imperatives for low consumption vehicles are the reduction : of rolling
friction (low resistance pneumatics), of air resistance and of overall mass of the vehicle.
Still, the most important reduction of fuel consumption and CO2 emission is to be
achieved by new generation of powertrain. This necessitate the application of different
new technologies which can impact NVH-behavior of engines.
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The increasing environmental awareness of our customers provides an additional
impulse to produce affordable, low CO2 vehicles.
Eco-efficient vehicles, contribute to both: reduction of dependence on the fossil fuels
and improvement of the environment (particularly urban).
The reduction of CO2 emission is required by the actual European legislation.
The objectives are fixed by CAFE index: “Corporate Average Fuel Economy” and
expressed as quantity of CO2 generated by average car in grams per kilometer. The
averaging is performed on total car ensemble sold in all European countries by a
manufacturer. The non-respect of the objectives fixed by EU will lead to financial
penalties proportional to the observed deviation.
PSA Group and low CO2 cars:
- The lowest CAFE index for 2006, 2007 and 2008 and actual first position
- Constant technology improvements: HDi engines, particulate filter, Stop&Start, etc
- The largest market share on the segment of vehicles below 120 g (Europe)
- The current offer includes vehicles emitting less than 100g of CO2 per km (Peugeot
207, Citroën C3)
- The ambition of PSA Groupe is to preserve the leadership in low carbon vehicles
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The most of car market analysts are firmly convinced that internal combustion engine
will power 90 percent of 2020-2030 vehicles.
New and more energy efficient powertrain concepts driven by increased focus and
demands on the reduction of fuel consumption and CO2 are to be developed by the
automotive industry.
New generation powertrains, should be efficient, have to respect the CO2 strategy of
carmaker by minimizing fuel consumption, have to meet high performances concerning
the pollutant emission, while still reaching the drivability and the NVH targets.
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In order to fulfill all the requirements concerning fuel efficiency and drivability, some
engine technology breakthroughs will be introduced :
- cylinder deactivation,
- variable compression,
- efficient thermodynamic cycles (Miller or Atkinson),
- new combustion technologies (ex. stratified),
- variable valve lift and timing,
- advanced turbocharging (ex. twin turbocharging, electric driven charger, etc. ).
The transmissions have to adapt to such technology allowing extreme engine
downsizing by:
- high ratio spreads,
- short 1st gears,
- small gear steps,
- power-shift capability.
Some complementary technological solutions will be added to the IC based powertrain:
- hybridization (electric or other),
- waste energy recover,
- stop & start devices, …
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Since, the internal combustion engine should be dominating propulsion system for at
least next 10 to 20 years, the reduction of C02 emission is one of the most important
issues and a long-term target for car manufacturers.
The fuel reduction target for new generation of internal combustion engines is
extremely high.
The engine development strategy concerning NVH can be resumed as: Fuel-economy
needs shall drive engine noise.
Still, at the end of development the high NVH refinement of vehicles, powered new
generation of engines, is to be reached.
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The basic idea concerning the downsizing consists of putting more air and fuel in a small
engine, in order to generate more power. Since the losses are generally proportional to
the engine size of engine, they are kept constant. As consequence, the downsized
engine, is more efficient and consumes less fuel. Comparing to the standard engines, the
downsized one is also lighter and generates higher torque.
The down-speeding strategy, searches to decrease the fuel consumption by pushing the
engine to run at low speeds. Nowadays, downsizing and down-speeding are reputed to
further extend the vehicles’ fuel efficiency whilst avoiding to compromise safety,
comfort, and fun to drive.
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The trend towards powertrain downsizing will lead to considerable market share gains
for three-cylinder engines in the smaller vehicle segment up to medium-sized cars. The
NVH behavior of 3 cylinder engine is different with respect to: inertial forces and
balancing, torque irregularity, noise perception, etc. The excitation of 3 cylinder engine
is ¾ times lower in frequency than of equivalent 4 cylinder engine. This may amplify the
response of some low modes of vehicle structure/chassis, which are practically not
excited by 4 cylinder engine.
Majority of powertrains for European market are equipped with four cylinder engines.
The omnipresence of such engines got used both, customers and automotive engineers
to its specific NVH behavior.
So, the general engine integration procedures and even NVH design of vehicle became
(naturally) oriented to overcome potential problems inherent to four cylinder engines.
Thus, it is important to re-examine all these engineering rules, when three cylinder
engines are concerned. Three-cylinder engines with carefully designed NVH vehicle
integration will receive high customer acceptance.
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Cylinder deactivation, when engine working in partial loads, is that the fuel for several
cylinders is cut off by some mechanism and the corresponding valves are closed whiles
the rest of the cylinders can run efficiently. The fuel will be saved as much as 20%.
For 4 cylinder engines, the principal mass and gas forces are confined at the 2nd engine
order (EO2). During the deactivation of 2 cylinders (often 2 middle ones) the combustion
occurs less often, the corresponding gas forces create a supplementary excitation at 1st
engine order (EO1).
For 3 cylinder engines, the gas forces corresponding to EO1.5 are the principal
excitation forces. The cylinder deactivation of 3 cylinder engines is a tricky task. A
specific mechanism for ‘rolling cylinder deactivation’ is to be used. The resulting
excitation frequency is very low (EO 0.75).
High torque irregularity (high unevenness) and low frequency exhaust/intake noise are
the most important NVH drawbacks.
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Variable compression ratio (VCR) technology increases global engine efficiency under
varying load. Petrol engines have a limit on the maximum pressure during the
compression stroke, after which the fuel/air mixture detonates rather than burns. To
achieve higher power outputs at the same speed, more fuel must be burned and
therefore more air is needed. This would result in detonation of the fuel/air mixture
unless the compression ratio was decreased. This can be done to greater or lesser
extent resulting in noticeable increase of engine power.
Thus, a small efficient family car engine can turn into a highly tuned. For automotive use,
this needs to be done dynamically in response to the load and driving demands. The VCR
system has a positive influence on the fuel consumption and also optimizes emissions
for diesel engines. In addition VCR allows free use of different fuels besides petrol e.g.
LPG or ethanol.
The VCR systems attain the reduction of CO2 emission and fuel consumption by:
- Optimizing the compression ratio and maximal cylinder pressure
- Using of efficient Miller type cycle (higher expansion work during power stroke)
- Fine adjustment of admitted cylinder volume
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Variable compression engines have existed for decades, but only in laboratories, for the
purposes of studying combustion processes. Earlier variable compression engines have
been highly desirable but technically too complex and difficult to control.
Nowadays, new cost-efficient innovative design solutions are proposed, which may
change the future of VCR engines.
Some of the most promising VCR engine have variable engine kinematics, like Gomecsys’
4 cylinder engine.
The modified kinematics introduces the supplementary low frequency excitation (torque
irregularity and engine vibrations).
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The stop and start systems provide an important contribution in fuel economy with
respect to CO2-reduction and they are mandatory for full hybrid vehicles. The
consumption advantages are considerable: in the NEDC, the stop time totals 240 s,
which is 20 % of the entire cycle.
The event of an engine start/stop becomes a major issue of vehicle NVH refinement.
Since idle time is becoming shorter, it tends to substitute idle comfort in importance
from the NVH point of view.
In this context, automatic engine start/stop systems are more critical from the NVH
point of view compared to key start/stop due to the customer’s expectations. The
engine stop and re-start behavior should be imperceptible.
The potential NVH impacts are:
- Vibrations due to stop/start system
- Noise when functioning (gear drives noise, “clonk”-impact, belt noise, électric
whining)
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A stop-start system is a lead-in technology toward the hybridization. The fuels saving
and CO2 rejection objectives have prompted most vehicle manufacturers to embrace
propulsion technologies with varying degrees and types of hybridization. Nowadays,
many different hybrid vehicle systems are either on the market, or under development,
even up to all-electric vehicles.
Each hybrid vehicle configuration brings unique NVH challenges that result from a
variety of sources. The noise from electric machines such as motors and generators
manifests in the form of whine noise, i.e., tonal noise (typically in the 400 Hz – 2000 Hz
range).
The absence of masking combustion noise leads to a completely different subjective
perception. This impression is even intensified by noise sources with no linear
correlation to speed or demanded load.
The transitions between the different operating modes are generally critical for hybrid
vehicles. For instance, during the transition from a purely electric mode to a mixed
mode with the combustion engine turned on, the starting process should not produce
unpleasant noise and vibration phenomena. In both operating ranges, a capable
powertrain control is needed, to avoid sudden torque changes and torque fluctuations.
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For the years, the automatic transmissions (AT) have been reputed to generate high fuel
consumption due to low efficiency of the hydraulic torque converter. During the last
decade the efficiency of automatic transmissions is tremendously improved. The torque
converter design is upgraded and new efficient lock-up strategies are developed in order
to minimize the dissipation of energy in the drive line (containing transmission).
Double Clutch Transmission (DCT), without hydraulic converter, has entered the market
recently and gained important market share by combining the fuel saving features and
drivability of pemium automatic transmission.
The new generation of automatized transmissions is designed to enable the engine to
run at lower speed (down-speeding), which aids fuel economy, too. The overall
reduction in engine speed improves NVH comfort and therefore the pleasant sense of
well-being on board.
The potential NVH drawback of the automatic transmission is excessive use of engine at
low speed and high torque conditions. Such fuel saving strategy may impact NVH
behavior due to:
- High torque irregularity (torsional vibrations of driveline)
- Vibration of powertrain (high torque and low frequency ‘roll’)
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Here are some of candidates of ‘emerging fuel saving technologies’, which would
potentially impact the NVH behavior of powertrain:
- Control of power train by ADAS
- New type of driving situations/practices generating NVH problems
- Innovative powertrain suspensions
- switchable engine mounts (different mount rigidity)
- Friction minimizing techniques
- generalized DLC (Diamond Like Carbon) coating
- application of rolling bearings (crankshaft, con-rod, …)
- New combustion types (new fuel injection systems and engine control)
- stratified combustion for partial and low load in gasoline engines
- HCCI combustion for diesel engines (Homogeneous Charge Compression
Ignition)
- Innovative and assisted turbocharging
- electric driven turbocharger (high torque at low engine speeds)
- blowers and compressors directly driven (high torque at low speeds)
- multistage and multi-turbocharger system (optimized turbocharging)
- ZE vehicles
- range extender
- Exhaust energy recovery systems
…. and many others
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Potential impacts of new technology breakthroughs concern
-

Vibration generated by powertrain due to:
o Inertial forcing of cranktrain (2 and 3 cylinder engines, cylinder deactivation
…)
o Torque irregulatities of small high torque engines (downsizing)
o Severe low frequency excitation nearing resonances (downspeeding)

-

Sound radiation of engine due to:
o low frequency pulsation in exhaust/intake manifolds
o High level of low frequency vibration of engine
o Excitation by crankshaft dynamics

-

Sound Quality of noise
o Engine roughness due to cranshaft dynamics
o Accessory noise (due to increased torque regularities – downsizing, 3
cylinders, etc)
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The excitation frequency of engines depent on its design.
For 4 cylinder engines the principal excitation corresponds to engin order two – EO2. For
such engine the dominant vibration excitation corresponds to twice of engine speed
expressein in fréquency (rotation per second).
Principal vibration excitation for balanced 3 cylinder en,gine is EO1.5. The excitation
frequency of EO1.5 is only ¾ of engine speed expressed in rotation per second. This
results in lower fréquency vibrations, which are more difficult to attenate.
If a 3 cylinder engine is not equiped with a balancing shaft, the principal excitation
ferquency is due to inertial forcing and it corresponds to the first engine order EO1,
which means that is equal to the rotational speed of engine. Such a low frequency
excitation is extremely difficult to attenuate since it narows the resonances of engine
suspension system and the drive line.
If then, cylinder de-activation is applied to the 3 cylinder engine the lowest excitation
frequency corresponds to EO0.75. Such a low frequency excitation may excite the
existing resonances of suspension systèm, driweline shafts and vehicle structure. The
NVH contrôle of EO 0.75 is a highly tough task.
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One of the most simple attenuator of different type of fluctuations/oscilations is single
degree of freedom system.
The physical realization of such an attenuator corresponds:
- For mechanical vibration, to the mass-spring system
- For pressure pulsations (noise), to the Helmholtz resonator
The mechanical oscillator driven by a harmonic force F responds by a harmonic motion
of the excitation frequency. The response amplitude is proportional to the excitation
force and to the oscillator amplification factor. The amplification factor involves, the
oscillator mass and the relative position of the excitation frequency to the resonant
frequency. Concerning amplification factor, it can be represented by a curve on the slide
as a function of excitation frequency. Three domains can be distinguished: ‘stiffnesscontrolled’, ‘damping-controlled’ and ‘mass-controlled’.
The ‘attenuation’ is effective if the excitation frequency is much higher of resonance
peek (‘mass-controlled’ frequency domaine). When the excitation frequency is narows
the resonance, the excitation is not well attenuated, even it can be amplified –
‘damping-controlled’ domain. The attenuation capacity is deteriorated when:
- the excitation frequency is lower
- the attenuator resonace is higher
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The powertrain noise and vibrations are transmitted to the passenger cabin by:
- resilient mounts (structure borne transfer)
- drive line shafts (structure borne transfer)
- radiated noise (direct and indirect airborne transfer)
- Powertrain (engine & gearbox) commands
The noise transmitted to the passenger cabin is perceived and assessed by customer.
The customer, then judge the acceptability of the resulting acoustic sensation in relation
with his own expectation concerning vehicle (price, quality, type of vehicle, ...).
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The powertrain mounted to the vehicle is excited by multiple sources:
- inertial excitation due to vehicle movement (accelerations, curvilinear movement)
- road excitation (road profile roughness and route irregularity)
- powertrain excitation (different engine orders and sudden torque changes)
In low frequency domain, the vibration is enabled only by elastic mounts, while the
engine behaves as rigid body. The six rigid body degrees of freedom are defined as
follows:
- ‘surge’ lineal longitudinal X axis motion
- ‘sway’ lineal lateral Y axis motion
- ‘heave’ lineal vertical Z axis motion
- ‘roll’ rotation about longitudinal X axis
- ‘pitch’ rotation about lateral Y axis
- ‘yaw’ rotation about vertical Z axis
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The simplest model of piston mechanism consists of lumped masses relied with
infinitely rigid cinematic elements corresponding to crankshaft and piston rod. The 3
masses are generally needed:
- mrec reciprocating mass (piston mass + 2/3 rod mass)
- mrot rotating mass (crankshaft mass + 1/3 rod mass)
- mcw counterweight mass (balancing counterweights)
For the single piston mechanism the rotating mass can be 100 % balanced by the
counterweight mass.
The reciprocating masses at EO1 can be balanced by an additional counterweight mass.
Unfortunately, such supplementary counterweight mass creates a horizontal unbalance
force.
According the known references, ‘the optimal’ balancing consists of 100 % balancing of
rotating masses and 50 % balancing of reciprocating masses. This technique minimize
global unbalance, which is, thus, equal to 50 % of reciprocating masse in both horizontal
and vertical directions.
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Unbalance forces, corresponding to the single piston mechanism, combine when
multicylinder engines are considered. The resulting unbalance force depend on the
number of cylinders. At the slide above, 4, 3 and 2 cylinder in-line engines and their EO1
inertial excitations corresponding to ‘heave’ and ‘pitch’ vibrations are presented.
Due to the symmetry of 4 cylinder engine (two pistons go up, while two go down), there
is no any EO1 excitation (only EO2 vertical excitation).
When 3 and 2 cylinder engine are concerned, the principal inertial forcing is EO1 ‘pitch’
(reciprocating masses).
The balancing of 2 and 3 cylinder engine consists of annihilating the EO1 ‘pitch
excitation’. It should be noted that the optimal balancing of each single piston leads to
the optimal balancing of whole crank train. However, the mass optimum can only be
reached by further optimization of distribution of counterweight masses, while keeping
the same overall effect on the engine.
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In the domain of low frequencies, a powertrain on elastic mounts can be modeled as
rigid body fixed to the grounded springs. Six resonant frequencies, corresponding to the
modes of such system, can be observed. The idea is, that each mode is excited by only
one : torque irregularity (roll), moving masses and road (have, yaw, …). When one force
excites multiple modes, one says that the excited modes are ‘coupled’ with respect to
the given force. As rule, ‘coupling’ of modes should be avoided (ie mode shapes should
match the excitation forces – 6 DOF-s).
The resonance frequencies of suspension modes should be low enough to ensure the
appropriate attenuation. For 4 cylinder engine, the recommended bedding resonances
(modal frequencies) are :
- Horizontal translation modes (‘surge’ and ‘sway’) : ~ 6 Hz (in both directions)
- Vertical translation mode (‘heave’): ~ 8 Hz in order to have anti-resonance at ~ 10 Hz
(force transmission maximum at anti-resonance)
- Mode corresponding to rotation parallel to the crankshaft (‘roll’) : ~ 8 Hz (idle speed
unloaded mounts) to ~ 12 Hz (fully loaded mounts)
- Other rotation modes (‘yaw’ and ‘pitch’): ~15 Hz to ~20 Hz
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The powertain suspension should support all ‘static’ and ‘dynamic’ loads.
The powertrain static ‘load’ corresponds to:
Powertrain weight
Powertrain mean torque
In some specific condition the ‘static load’ is increased by:
Intensive breaking
Important acceleration (high torque demand of driver)
High road excitation (sudden slope change)
which is then addressed as ‘quasi-static load’

The dynamic (vibration excitation) load is superimposed to the loads above.

The ‘static and quasi-static’ loading influences the characteristics of the engine
suspension elements like stiffness or damping, which are essential for the response on
the ‘dynamic’ (vibration) load.
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The principal deformation of elastic element comes from ‘static’ and ‘quasi-static’ load.
The stiffness-displacement caracteristioc of elastic suspension elements is highly nonlinear.
The dynamic stiffnes, corresponds to the derivative with respect to displacement /
deformation evaluated at the static operating point.
For the high static loads, the saturation of elastic elements leads to high values of
dynamic stiffnes and consequently to a low capacity of attenuation of vibration.
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For the full load conditions, the mean engine torque can be expressed as a function of
engine speed. Since it is the principal ‘static’ load, the static deformation of suspension
and resulting dynamic stiffness can be expressed as a function of the engine speed, too.
Once, this is done one can trace the modal eigen-frequencies as a function of engine
speed for full load condition. On the same diagram the excitation (different engine
orders) can be drawn, too.
The resonant behavior, for full load acceleration, with high vibration levels, corresponds
then to the duty points where the resonance curves are crossed by the excitation curves
(particularly when the excitation type/pattern matches to the mode shape)
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The speed/torque irregularity induced by the engine are propagated through drive
line in a form of torsion vibrations. In order to prevent multiple NVH problems,
these are to be minimized.
The driveline can be modeled using simple lumped 4 degrees of freedom system.
The degrees of freedom correspond to masses of flywheel , gearbox, wheel and
car body. These are connected by springs corresponding to: clutch, transmission
shaft and chassis rigidity, respectively.
Three principal modes are :
- Tip-in tip-out mode (jerke, jolt) : frequency 2-8 Hz; generates vehicle
horizontal shaking – ‘vehicle shuffle’
- Booming mode : frequency 35-45 Hz; maximum rotation at wheel, generates
booming noise (~ 1 000 rpm for 4 cylinder engine)
- Gearbox mode : frequency 60-90 Hz; maximum rotation at gearbox, loose
gear shocks, generates ‘rattle’ noise (~ 2 000 rpm for 4 cylinder engine)
The global design of drive line have to take into account the position of modes
(resonances) in frequency domain.
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With the introduction of the dual mass flywheel (DMF), during the nineteen eighties, the
driveline is almost completely isolated from oscillations in the crankshaft speed due to
the combustion process.
The DMF replaces the conventional single-mass flywheel (SMF) previously fitted as
standard to all engines and is installed between the crankshaft and the clutch.
Due to its exceptional ability to reduce torsional vibration of driveline the DMF allows
the vehicle and engine to be driven at lower speeds, thereby reducing consumption and
CO2 emissions.
Nowadays, the position of the DMF as a standard powertrain element is well
established.
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The effectiveness of attenuation of torque irregularity by DMF is conditioned by the
frequency of specific driveline mode(called DMF mode). It has to be low comparing to
the excitation frequency (from idle to max speed range).
That makes things more difficult with the 3-cylinder engines. Here the DMF resonance
narrows the drivable “desired” speed range due to the shrinking order of excitation.
Therefore, for 3-cylinder engines, the optimal damping system must be selected
depending on the drive train stiffness. Both DMF and in the clutch disc long travel
dampers can be used.
With 2-cylinder engines, a DMF can be ruled out due to the very low frequency
excitation (EO1). Here, the DMF resonance would always be within the driving range. So,
with 2-cylinder engines, conventional solutions are used exclusively.
The same phenomenon is observed for any low frequency excitation (ex. cylinder
desactivation, some VCR engines, etc).
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Nowadays, the torsional vibration dampers based on centrifugal pendulum, are
proposed. The pendulum absorber is generally tuned to attenuate the driveline
excitation at principal engine order. Since the engine does not generate the excitation
only at principal engine order, sometimes multiple pendulums are used.

The centrifugal pendulum system can be added to the single mass flywheel (SMF) or to
the DMF. When SMF driveline is considered, the centrifugal pendulum is fixed between
the clutch springs and the gearbox, somewhere on the friction plate. If it is applied to
the DMF, then it is fixed to the secondary flywheel. The DMF with the centrifugal
pendulum absorber corresponds to the range with the highest comfort demands. The
pendulum absorber is generally tuned to attenuate the principal engine order, i.e. EO1.5
for 3 cylinder engines. Unfortunately, the engine does not generate the excitation only
at principal engine order.
The principal NVH drawbacks of such system are that it is :
- Completely ineffective when any ‘un-tuned frequency’ is considered
- Possible sources of ‘clonk’ type impact noise during stop/start of engine
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Powertrain-mounted encapsulation brings a radical improvement in the insulation of
powertrain noise, without being intrusive to other engine parameters like: combustion
efficiency, pollutant emission and torque/power. Insulation at source has important
benefits not only in terms of NVH but also of improved fuel efficiency via engine heat
conservation.
An aligned layout of acoustical and thermal components enables an overall weight
reduction of the engine insulation elements. The encapsulation parts are molded foam
covers with a fiber top layer. These have been placed around the belts, the sump and the
cylinder head improve NVH refinement and real life fuel efficiency.
Due to legal restrictions the heat conservation measures have no or almost no effect in
NEDC (New European Driving Cycle). Therefore the EU initiated Eco-Innovations, which
adds a customer benefit of fuel reduction in real life. Engine encapsulation can be one of
those Eco-Innovations.
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Pulsating flow excitation arise because of action of pistons and valves in both
intake and exhaust manifolds. Since the same effects are occurring at all
cylinders, the fundamental frequency increase with number of cylinders. The flow
pulsation convert to pressure pulsation. The pressure pulsation is then
propagating within the waveguide (manifold).
From the acoustic point of view, air intake system (manifold) is an acoustic filter
tuned to attenuate audible noise. An acoustic filter consists of an acoustic
element or set of elements inserted between a source of acoustic signal and the
receiver, like atmosphere or open space. The acoustic elements are: surge
volumes, accumulators, acoustic filters etc. If appropriately applied, they reduce
the noise generation within the air intake manifold.
The dimensions of acoustic elements, ensuring an efficient sound attenuation
depend on excitation frequency. Genarrlly, larger acoustic devices are needed for
low frequency excitation.
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These new technologies potentially impact the overall NVH behavior of powertrain.
In order to address all these new concepts and technologies standard development
procedures have to be re-examined and amended.
The specific, new technology risks are to be evaluated and the corresponding knowledge
gaps are to be filled in.
This may result in new physical parameter trade-off relationships, specifications and
requirements with associated assessment methods.
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The potential NVH drawbacks are due to
Low frequency excitation:
- Speed/torque irregularity
- Inertial forcing – balancing shafts may be mandatory
- Exhaust and intake low frequency noise
Principal design measures are:
- Low stiffness mounts (high decoupling capacity)
- Low torsional stiffness driveline filtering elements
- Larger intake volumes (manifolds and air filters)
- Larger exhaust volumes needed (silencer, muffler)
Main sound quality issues are:
- Accessory and accessory drive noise (high torque irregularity)
- Engine roughness (dynamics of crankshaft) of 3 and 2 cylinder engines
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