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Abstract

The use of vibration signals for internal combustemgines diagnosis is now well established foesav
applications such as knock detection or valve meickabehaviour assessment. If standard knock
detection can be performed in real time, diagn@sesgenerally carried out off-line due to algorithm
complexity. Our aim was to get some insights anttime-frequency properties of the vibration signal
order to improve off-line techniques and proposapéed real time algorithms for combustion diagnosis
This paper addresses the problem of the identificatf combustion related vibrations among othaise
sources. In order to help this identification, grge traces from in-cylinder sensors are also decband
processed. Thus, pressure forces that generatthérenal noise” in the vibration signal can be lgnad
separately. The “thermal noise” associated evarie more easily isolated from the mechanicalenois
the vibration signal mixture.

1 Introduction

The development of new technologies in internal wastion (IC) engines for emissions and fuel
consumption reduction constitutes a very acutelehgé in engine research. One could refer to the
increasing use of alternative energy from biomass] the growing development of Flexfuel vehicles,
which can use mixtures of ethanol or gasoline ig proportion, as examples of those cutting edge
research fields. Flexfuel engines, in particulapresent a great challenge for IC engine improvénasn
optimal efficiency for any fuel composition is desl.

These new generations of spark ignition enginesireca correct ignition adjustment for each fuel, t
guarantee optimal performance. A recent trend tdsvagnition adjustment exploits the detection of
knocking combustion phenomena [1]. Engine knocarisunwanted phenomenon that may cause engine
damage. However, optimal performance is often abthiwhen the spark advance remains close to the
knocking condition. A proposed strategy consistsantrolling spark advance by using close-loop nt
algorithms with knocking condition detection, and adapting the advance regulation optimally with
respect to the detected knocking limit.

Knock detection for efficient combustion control ggark ignition engine can be performed through the
use of in-cylinder pressure sensors. Neverthelb®s; cost and the environment hostility limit thei
practical use outside test beds. A more cost éfe@pproach consists in using accelerometer sgensor
located on the engine surface and [2] showed tisnpi@al for knock detection. Gasoline series vedsare
already equipped with knock sensors but the exgdtietection techniques require further improvements
such as improved noise and speed robustness, bifigpten combustion conditions and, above all, a
better characterization than standard binary dlaasbn in “knocking” or “not-knocking” conditions

This paper addresses the challenge of knock detetiprovements with time-frequency analysis. The
later technique is better suited than standard i€otiransforms to the non-stationary features @&f th
vibration signals recorded from accelerometers.eFirequency representations yield more insightbieo



properties of the vibration signal associated wiith knock phenomenon, and are generally more noise
resilient. Information provided by time-frequencgchniques is essential to provide a real time
methodology suitable for close-loop control.

After a presentation of the knocking phenomenork@aind, we will describe the experimental setgp, a
well as the dedicated acquisition system that waeldped to address real-time data recording and
processing.

Time-frequency analysis of both pressure tracesvdmdtion data is performed and results providefuis
insights on the knock related vibration signals. thén take advantage of this improved understaniding
develop a real time knock detection approach.

The paper is organized as follows: we present gti@e 2 the acquisition platform which also implaertse
real time combustion analysis algorithms. Sectiors 3dedicated to the background of the knock
phenomenon. Time-frequency analysis, which provejgsropriate tools for the study of non stationary
signals such as knock related vibrations, is reggtwmn Section 4. Finally, Section 5 details theposed
real time knock analysis and its application on eegine experiments with varying conditions.

2 Real-time combustion analysis platform

IFP has developed an acquisition and processingppia dedicated to the analysis and monitoring of
combustion-related processes for test bed endinakows triggered acquisition for off-line dataalysis
(as well as for algorithm design), real-time sigpadcessing and communication with other monitoong
control and diagnosis units.

The platform is based on a Host-Target architecfline Host PC is dedicated to software development
and communications with the Target. The Targetrisirlustrial PC working on Mathworks™ xPC
Target® real-time kernel. Its hardware architectgantains an IFP Timer Board coupled with a
windowed acquisition module designed for high-reBoh (16-bit) multi-channel analogue data
acquisition. Analogue acquisitions are triggeratkjmendently on each channel on the base of a Rk ¢
angle (CA) resolution angular coder or the 6°-Cgotation flywheel, depending on the engine speda. T
windowing of the data on a reduced angle rangaitat@ach cylinder Top Dead Centre, TDC) allows the
recording of useful parts in the considered signdligh-frequency signal sampling in the acquisition
window is performed with two modes: time-based mgla-based. Depending on the mode, data sampling
is performed up to 200 kHz (time-base) or 0.1°-GAdle-base). Eight channels are usually recorded,
including, for instance, signals from in-cylindendarail pressure, accelerometer, knock or ionimatio
current sensors. Figuliedisplays the system description and architecture.
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Figure 1: Combustion Analysis Platform hardwar e ar chitecture diagram.



Designed after extensive off-line analysis of releor data, the fast prototyping stage of signal ggsitig
algorithms’ implementation is performed within Siink® and the Signal Processing Blockset®. The
combination of XPC Target® and Real-Time Worksh@®ws to generate code and to download it onto
the target running in real-time. Executable apfilicabuilding can be divided into two main stepscdtle
generation with Real Time Workshop, compilation diming with Visual C/C++ .net®. The design
stages are represented in Figare
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Figure 2: Fast prototyping softwar e ar chitectur e diagram.

The combination of both hardware and software featwf the platform allows the design of signal
processing algorithms from data offline post-pregeg (with time-frequency transforms) to low
complexity real time algorithms.

3 Knock phenomenon
3.1 Introduction and challenges

Spark ignition engines are subject to an abnormabwstion process called “knock”. It is associatith
fast pressure increases which turn into engineatiitims causing the familiar knocking sound. Knogla i
potential damage source for the piston crown octfieder walls. It furthermore limits engine eféocy.
Fine knock detection strategies increase enginferpesince, combustion stability, reduce transienses
and, to some extent, pollution (¢@r instance). Traditional detection methods @lyamplitude/energy
detection for one or several frequency bands, ctaabusing a Fourier transform or a band-pass ditter
signal obtained from instrumental devices. Knoclphbtude or energy is then detected using fixed or
updated discriminating thresholds [3]. Though dffecat low speeds, these traditional methods seem



reach their limits at high engine speed or whemmtivise sources interfere (background noise, tinjec
power unit disturbances, etc.)

Several authors [4] have pointed out that the kreigkal is unsteady since chamber volume and sound
speed vary through a combustion cycle. They thezefovestigated "time-frequency” analysis methods

such as Wigner-Ville or wavelet transforms [5]. $hemethods are able to discriminate knock

characteristics and are generally robust to backgiamoises.

3.2 Basics on knock properties

Several knock definitions exists, and we will fell@ generic one, from [6]:

“Knock is an undesirable mode of combustion thaginates spontaneously and sporadically in the
engine, producing sharp pressure pulses assoacidtbhda vibratory movement of the charge and the
characteristic sound from which the phenomenorvdsiits name.”

The knock phenomenon is classically viewed as aomal combustion process. In normal combustion,
a spark plug ignites a gaseous mixture of air, uel residual gases toward the end of the compressi
stroke. The mixture burns and the front flame pgapa from the point of ignition to the cylinder vgal
and the piston crown [7].

The major theory for knock onset is auto-ignitidm.this theory, unburned gases ahead from the front
flame (“end gases”) are compressed. The elevafibenagperature and pressure may lead to a pointavher
precombustion reactions have time to develop telfagnition of the unburned gases. We refer toffs]

a comparison between knock models. Auto-ignitiory ralso start from “hot spots” in the end gases
melange. The resulting impulsive pressure increagates the cylinder cavity resonances, which are
transmitted to the engine structure. It resultsngine vibrations to the audible level.

In the case of cylindrical combustion chamber,rdsonant frequency can be expressed as
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wherec denotes the speed of sound in gashe radius of the cylinder bore ahdhe axial length of the
cylinder cavity which changes as the piston movHse indicesm, n and p are integers denoting
respectively circumferential, radial and axial modenbers. The,, ,terms are determined by solving

dJ, (72)
dz

with J,,the Bessel function of the first kind of orderand then” zero for a specific orden. Usually, the
axial mode is neglected because knock generatioar®avhen the piston is close to the TDC position.
Equation (1) then becomes:

=0, (2)
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According to a thermodynamic relation, the velodfysound can be approximated as:
¢’ =yRT, (4)

where ) is the isentropic coefficienR the gas constant afddthe in-cylinder temperature.

The frequency is thus a function of the chambemudpy, the temperature and the isentropic constant.
Consequently, different fuel compositions with €eiffint thermal properties may cause changes in the
resonant frequency values.



4 Time-frequency analysis of knock phenomenon
4.1  VIBRATION SIGNAL NATURE

The vibration signal exhibits non-stationary featurdue to different kind of sources such as valve
openings and closures, piston slaps and additiveesoTransient waves generated by these sources
overlap each other and the challenge is to detbecparts of the vibration signal associated tokiteck
phenomenon. To help the identification of the knadntribution, pressure traces acquired from in-
cylinder pressure sensors are also used as arre¢esignal.

Figure 3 presents typical pressure and vibratigmads associated with a spark injection engine. The
difference between non-knocking and knocking caodi can be easily identified by the apparitioraof
high amplitude transient event with limited bandivifrequency content. These non-stationary featofres
vibration signal and knock related contributionséntéo be analyzed by appropriate techniques usimer t
frequency representations.
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Figure 3: Pressure and vibration signalsin non-knocking and knocking condition.

4.2  Short-time Fourier transform and the spectrogram

The Fourier transform is not well suited tool te #malysis of a non-stationary signal since itquty the
signal onto infinite waves which are completelyodealized in time. Vibration signal components could
not be discriminated with the frequency informatialone, as these components may possess similar
frequency content. A time dimension has to be ado¢lde standard frequency analysis and bidimeasion
functions of time and frequency variables havedabnsidered. A first and simple technique intraalgic
time-dependency in the Fourier transform is to qrenf Fourier transform in a sliding windoln The
obtained transform is the short-time Fourier transf(STFT), with mathematical expression given by:

STFT(t,u;h) = fx(u)h* (u-t)e'#™du_ (5)

—00

This time-frequency representation is very int@tand provides a friendly tool to address the ptagse
of a non-stationary signal. The time resolutiorthef STFT is proportional to the duration of thelgsia



window and the frequency resolution is proportiot@lthe analysis window bandwidth. Due to the
Heisenberg-Gabor inequality, an optimal resolufioboth domains can not be reached, resulting in a
trade-off between time and frequency resolutidnsonsequence of the choice of a particular wini®w
the signal’'s stationary assumption inside this wimaénd the signal analysis with a fixed time-fremme
resolution. Usually, the time-frequency analysisduhon the STFT is visualized through its squared
modulus. This energy distribution defines the smggam as a quadratic representation. The main
drawback of this type of representation is theohction of interference structures with respecthi®
guadratic superposition principle.

4.3  Wigner-Ville Transform

If the STFT and the spectrogram provide a firsgdasis of a non-stationary signal, their limitasare
rapidly reached and more sophisticated technigags ko be considered. Among these time-frequency
techniques, the Wigner-Ville distribution is of pewlar interest. This transform is very similar thee
STFT. The main difference resides in the analysilaw which is not a standard fixed window but the
signal itself, temporally inverted:

W,(00)= [X(+1/2)X (/2 dr 6)(

—00

The main advantage of this representation is tadabh@ choice of an arbitrary analysis window. Hire
window is always well adapted to the signal. A diggion of the Wigner-Ville distribution propertiesan
be found in [9].

Nevertheless, as a quadratic representation, tlgmétVille spectrum includes interference strucure
which may lead to pitfalls in its interpretationo Timit these interferences, several technique® Hsaen
implemented such as the use of analytic signattadanterference between components located iear t
frequency symmetry axis. Smoothing techniques alliogv attenuation of interferences patterns. In the
later case, the obtained distributions are smos¢ugo Wigner-Ville transforms.

4.4  Reassignment method

The reassignment was introduced to improve thetsggam resolution, but may also be applied to the
Wigner-Ville spectrum. The original idea of the ssignment technique [10] consists in assigning each
value of the spectrogram at the centre of gravitthis domain instead of at a geometrical centethef
time—frequency domain. This is done by using thesphinformation of the STFT.

4.5 Wigner-Ville Distribution and cyclostationarity

The use of the Wigner-Ville distribution is on tlmme hand justified by the good time-frequency
resolution. On the other hand, [11] showed that tmesgine vibrations may be regarded as
cyclostationary. Components of these vibrationsravtually not correlated and the cross-terms in the
Wigner-Ville distribution can be cancelled by awgray different combustion cycles. Theoreticallye th
resulting mean Wigner-Ville distribution convergesthe Wigner-Ville spectrum containing the auto-
terms only.

4.6 Time-frequency analysis of the vibration signal



Figure 4 represents spectrograms of a pressure &nradt a vibration signal. The STFT used a 129 point
Hamming window. The resonance frequency, genekatede knock phenomenon, can easily be observed
in the gradient pressure spectrogram. The vibratignal spectrogram shows a more complex content
with several transient events but the first resof@guency can be detected between 380° and 480° C

indexes and below 10 kHz. Our purpose is to pricdetermine the frequency content of the knock.
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Figure 4: Pressure gradient and vibration signal spectrograms.

Figure 5 shows the resolution gain obtained with YWigner-Ville distribution and the reassignment
technique. In some cases, the resolution obtairitdtire reassigned spectrogram may even compare to
that of the pseudo Wigner-Ville distribution. Thare recommend the use of this technique in additon
the reassigned pseudo Wigner-Ville representation.
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Figure5: Spectrogram (top), reassigned spectrogram (middle), reassigned pseudo Wigner-Ville
distribution (bottom).



The reassigned pseudo Wigner-Ville spectrum previglmod resolution which allows the observation of
differences in the frequency content of knock Milorarelated to load or composition variations. Uf& 6
depicts the variation of the energy and frequeraytent for three different setting points for whitie
load increases (indicated by the IMEP, IndicatedMEffective Pressure index). Here, as the temperat
reached in the combustion chamber becomes higherreisonant frequency increases. This frequency
variation may be observed both on pressure andtdlor signals, which confirms the relevance of this

indirect measurement.
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Figure 6: Knock frequency variation dueto load increase (pressure on theleft and vibration signal
on theright).

5 Real time knock analysis

51 Real time issues

The time-frequency representations presented ipréngous part are well suited to signal analysisoff-
line diagnosis. Nonetheless, the computation tineethe large number of operations needed to peréorm
Wigner-Ville distribution often exceed on-board peesor capabilities. The objective is to find analg
processing strategy which can be implemented ihtiee in order to identify the occurrences of the
knock phenomenon. The proposed methodology shaké&linto account several issues:

» real time implementation,
* noise robustness,

» adaptation to the knock frequency variations,

* improvement of the binary knock-no knock responsergby state-of-the-art techniques as well
as providing a finer quantification of the knockeplomenon.



5.2 Real time time-frequency analysis

Time-frequency representations are able to prowiftemation on the frequency content variation lod t
knock phenomenon. The main idea of our procesdmategy is to analyze signals in a narrow bandwidth
where the knock phenomenon appears. This stratgyires the observation of only a small number of
frequency components. Consequently, techniquesdbasesliding Discrete Fourier Transform (DFT)
have been assessed and especially those whicteéarplemented in a recursive way.

The Goertzel algorithm [12], used in dual-tone inéquency decoding, was considered. This algorith
computes a single DFT. The algorithm is implemeritethe form of a second-order infinite impulse
response filter (IIR). The-domain transfer function of the Goertzel algorittsm

1— @ 1ZKIN 51
H(2)= Epp— ()
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whereN is the number of samples of the considered angelgmence arklis the frequency-domain index
in the range0 < k < N —1. The advantage of the Goertzel algorithm is gsaitive implementation that

requires fewer operations than a traditional DFTlindited bandwidth spectrogram can thus be obtained
with a sliding Goertzel algorithm version in thergaway as in the STFT, for a single frequency ily.o

Another algorithm is even more interesting in t@ak applications, the sliding discrete Fouriengfarm
(SDFT) described in [13]. This algorithm uses tirewtar property of the DFT which states thatXf(k)

is the DFT of a sequence, the DFT of the sequehited by one sample X (k)e!?*'™ . This property
can be expressed with the following difference ¢égua

S, () =S (n-2)&’**"™ - x(n=N) +x(n), (8)

where S, is the spectral component determined at each angamplen for the frequency-domain index

k. Once the first spectral component is computety, arvery limited number of operations is needed, i
contrary to the Goertzel algorithm. This processakiable in computing real time spectra. The SDFT
thus requires two real adds and one complex multg@r output sample. Nevertheless, a particular
attention has to be taken in order to check the TSBRbility; applying this algorithm to a narrow
bandwidth, which generally increases its robustn€sgure 7 shows the summation of two discrete
spectral components computed in the knock bandvidttveen 7 and 9 kHz determined by the Goertzel
and the SDFT algorithms, one can observe the ggmekment in the variation of the spectral component
summation versus angle.
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Figure 7: Comparison of the spectral component ener gy ver sus angle determined with Goertzel and
SDFT algorithms.



The proposed methodology can be summarized in Bteges:
* angular acquisition,
» band-pass filtering of the vibration data,

» spectral components determination of a few numlbdreguencies in order to identify the
presence of knock related vibrations and summatbnthe energy of these spectral
components.

53 Real time knock detection

For the application of the proposed methodologyess tests on a four-cylinder direct injection iy
with different speeds and loads have been perfomittda variation of the spark advance.

A first test consisted in increasing the spark adean order to meet the knock condition and penfour

real time detection strategy. The engine speed 1888 rpm and the indicated mean effective pressure
(IMEP) was 6 bars, with 120 recorded cycles. Tharls@dvance varies from -13° to -18° (Figure 8,
bottom). As one can observe on Figure 8, whereetteggy of the spectral components versus angle are
displayed, the non-knocking and knocking occurrsrare well determined as well as the intensityhef t
phenomenon.

Our approach was also applied to a second tesa \Rerte acquired with a different speed (3000 rpuat) b
with the same IMEP (6 bars). The spark advanceedses from -31° to -35°. Figure 9 confirms the
validity of our approach and it can be observed sparadic knocking conditions are present for tes,
and so, for every value of the spark advance. &eersl cycles, the energy of the spectral compsnient
guite high and reveals strong knocking conditions.
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Figure 8: Real time knock analysis of thefirst test at 1500 rpm and 6 barsIMEP (top: resultsfrom
the application of the proposed methodology applied to the pressure signal, middle: resultsfrom the
same methodology applied to the vibration signal, bottom: spark advance).
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Figure 9: Real time knock analysis of the second test at 3000 rpm and 6 barsIMEP (top: results
from the application of the proposed methodology applied to the pressure signal, middle: results
from the same methodology applied to the vibration signal, bottom: spark advance).

6 Conclusion

Engine performance optimization can be performeith wpark advance control with a strategy based on
knocking detection. An economical approach for khecking detection consists in using accelerometer
sensors located on the engine and to extract irgftiom on the occurrence of the knocking phenomenon
from vibration signals. Time-frequency analysisht@ques such as the Wigner-Ville distribution oe th
reassigned spectrogram are used to characterizesgdgethe frequency content of the knocking relate
signal components, which may vary in function oélfeomposition in the particular case of Flexfuel
engine. A real time methodology for spark adjustimgase-loop control is proposed, which is able to
provide information on the presence of knock. Tebtsw that it is possible to provide also inforraaton
knock intensity.

Acknowledgements

The authors would like to thank the Electronics mietor the development of the acquisition and
processing platform, as well as J.-P. Dumas, Put.@td D. Soleri for providing engine data.

References

[1] M. Penese, C. Damasceno, A. Bucci and G. MontaS#gina on knock phenomenon control of
Flexfuel enginesn SAE Brazil(2005), SAEB Technical Paper 2005-01-3990.

[2] L. J. Stankovic and J. BbhmEime-frequency analysis of multiple resonanceomizustion engine
Signal Processing (1999), pp.15-28.

[3] W. R. LeppardIndividual-cylinder knock occurrence and intensitymulticylinder enginesin SAE
International Congress and Expositi¢h982), SAE Technical Paper 820074.



[4] B. Samimy, G. Rizzoni, and K. Leisenridg)proved knock detection by advanced signal praogss
in SAE International Congress and Exposition (1988)E Technical Paper 950845.

[5] L. Duval, G. Corde, V. Bui-Tran, P. Ledudloise robust spark engine knock detection with
redundant wavelet transfornProceedings of the ISMA International Conference Nwise and
Vibration EngineeringLeuven, Belgium (2002).

[6] A. K. OppenheimThe knock syndrome — its cures and its victlB#sE International Congress and
Exposition(1984), SAE Technical Paper 841339.

[7] J. Wagner, J. Keane, R. Koseluk, and W. Whitldekgine knock detection: products, tools, and
emerging researchin SAE International Congress and Expositik998), SAE Technical Paper
980522.

[8] P. PinchonAnalysis of available knock models including a cangon with experiments on CFR
and automotive enginesin EC — Combustion research. Contractors meeting European
Community, Brussels (1988), pp. 115-123.

[9] P. Flandrin,Time-frequency and time-scale analygisademic Press (1998).

[10] F. Auger and P. Flandrifmnproving the readability of time-frequency anddistale representations
by the reassignment methdBEE Trans. Signal. Proc., No. 43, (1995), pB8:.089.

[11] D. Kénig and J. BéhmeApplication of cyclostationarity and time-frequersignal analysis to car
engine diagnosjsProceedings of the IEEE ICASSP International Castiee on Acoustics, Speech,
and Signal Processin@.994), pp. 149-152.

[12] G. Goertzel An algorithm for the evaluation of finite trigonotrie series American Math. Month.,
Vol. 65, (1958), pp. 34-35.

[13] E. Jacobsen and R. Lyori$he Sliding DFT Signal processing magazine, Vol. 20, (2003),7dp-80.



