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Abstract

We have investigated the cycle-to-cycle presfuctuations in a natural gas engine under
lean burn conditions. In particular, we have exadithe dynamics of the indicated mean effective
pressure (IMEP) variations for four different vaduad the equivalence rati6or each equivalence
ratio, we used a continuous wavelet transform eatifly the dominant spectral modes and the
number of cycles over which these modes may pe@istresults reveal that when the mixture is
not so lean, the IMEP undergoes persistent lowufrrgy oscillations together with high frequency
intermittent fluctuations. For leaner mixtuyéise low frequency periodicities tend to be less
significant, but high frequency intermittent osaflbns continue to be present. When the mixture is
made sufficiently learhigh-frequency oscillations become persistentetiogr with weak
low frequency variations reflecting weak combustidbhese results may be useful for
understanding the long-term variability of the grg® fluctuations. They can also be used
to develop effective control strategies for impraythe performance of natural gas-fired
engines under lean burn conditions.
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1. Introduction

In view of the fact that combustion under leannbeonditions leads to improved
fuel efficiency, there has been a great deal efrest in lean burn technology for natural
gas engines [1]. A lean mixture has a higher r@sc to knock than a stoichiometric
mixture, and thus allows higher compression ratidse used. A natural gas engine with a
high compression ratio can attain high thermatedficy due to low combustion
temperatures and low throttling losses [2]. If, lewer, a very lean mixture is used, it may
cause misfire and result in increased exhaust ensand reduced efficiency due to
unstable combustion [3]. Instabilities may be dueycle-to-cycle fluctuations in
combustion variables such as the in-cylinder pmesgn addition to the equivalence ratio
of the fresh combustible mixture, the in-cylindeegsure fluctuations are influenced by
other factors such as the composition of the bugases supplied to the cylinder, and
engine aerodynamics. The dynamics of cycle-to-cyodssure variations can be quite
complex and evolve on-multiple timescales. In otdatevelop effective control strategies
for efficient combustion, it is important to undersd the dynamics of cycle-to-cycle
pressure variations [4-6]. Earlier studies on presfluctuations were carried out primarily
in gasoline and diesel engines [7-18]. Using théhoes of nonlinear dynamics and other
technigues, researchers have investigated the eardghamics of pressure fluctuations in
these engines, including the possibility of chaoscillations [10-16]. The dynamics of
pressure variations in natural gas-fired engine® ladso been analyzed by similar
methods [19-23].

In our recent work, we have used wavelet anatgsisvestigate the cycle-to-cycle
variability of pressure oscillations in spark-igoit [17] and diesel [18] engines under

different loading. In this paper, we perform wavelealysis of cycle-to-cycle pressure
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variations in a natural gas-fired engine underedéht lean burn conditions. In particular,
we examine the cyclic fluctuations in indicated meé#ective pressure (IMEP) for four
values of the equivalence ratip= 0.781, 0.677, 0.595 and 0.588. We explore the
possibilities of periodic and intermittent patteoidluctuations as the equivalence ratio is
changed from lean to very lean conditions..

It is well known that Fourier analysis can be us#dctively to detect the dominant
periodicities in a time series in terms of speqgedks. However, a Fourier analysis is
unable to determine the time intervals over whighperiodicities may persist.
Furthermore, it cannot identify if the time sengwler consideration exhibits temporal
intermittency. Wavelet analysis, on the other hasidapable of detecting the dominant
spectral modes and their duration as well as integncy.

The traditional Fourier transform uses a fixee siandow for the entire time series
and thus loses the temporal information. A windoWwedrier transform also known as a
Short-time Fourier transform (STFT) circumventstinitation by applying the Fourier
transform on a short segment of the signal at a tising a fixed-size window and then
sliding the window in time. The temporal variatiasfghe periodicities, if any, can thus be
determined. However, because a fixed-size windoused in STFT, the frequency
resolution as well as the time resolution is fixAd.a consequence, for a given signal
either the frequency resolution may be poor ottithe localization may be less precise,
depending on the size of the chosen window. Irrast) using variable-size windows,
wavelet analysis provides an elegant way of adjggtie time and frequency resolutions in
an adaptive fashion. A wavelet transform uses awownthat narrows when focusing on
small-scale or high frequency features of the dignd widens on large-scale or low

frequency features, analogous to a zoom lens {24}elet analysis has been used for time
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series analysis in a wide variety of applications.

Our presentation is organized as follows. Firg,briefly describe the experimental
set up which was used to measure the in-cylindesgure. From the pressure
measurements, the indicated mean effective pre$dEd) is calculated and used in our
analysis. This is followed by a review of the watednalysis methodology. Next we
present and discuss the application of waveletyarsato the IMEP time series to reveal the

dynamics of IMEP fluctuations. Finally, a few comding remarks are given.

2. Experimental Set up

For the present purpose, the pressure measuremergarried out in a
turbocharged, six-cylinder, four-stroke diesel eegequipped with an intercooler. The
engine was adapted for use with natural gas byngdaimulti-point port fuel injection
system and spark plugs. A compression ratio of:1@&s used for the experiment. A
photograph of the experimental stand is shownguifé 1. Further details of the engine
configuration may be found in [20]. The power outpiithe engine was measured by an
eddy current dynamometer and the engine speedasasded with a magnetic pickup. The
pressure inside the cylinder was measured usinigtleK6125B quartz pressure transducer
which was connected to a Kistler 5015A charge diepliThe pressure transducer was
mounted in one of the six cylinders of the engiftee position of the crankshaft was
monitored by an encoder which was rigidly mountedie engine. Experiments were
performed in the Department of Mechanical, Eleatr@amd Control Engineering at Beijing
Jiaotong University, China. The reader is refetce[23] for further details. As mentioned
in the introduction, we analyzed the cycle-to-cy@eiations of the indicated mean
effective pressure (IMEP). IMEP is defined as tbhestant equivalent pressure which

acting on the piston during the expansion strokéopas the same amount of work as the
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variable pressure in the cylinder. From the infuydir pressure measurements, IMEP can

be calculated using the formula: IMEP &IV, where I, is the amount of work indicated

in the cylinder, and Yis the volume of piston displacement. The woylslestimated by

integrating the measured pressure [25].

3. Wavelet Analysis M ethodology

A wavelet is a small wave with zero mean and fiebergy. The continuous
wavelet transform (CWT) of a signal with respecatwavelet is given by the convolution

of the signal with a scaled and translated versidhe wavelet. Consider a time sefie}s
withi=1, 2, 3, ...N. The CWT of this time series with respect to a @ai (t) is defined

by [26]:

W,(s) = Y [%j w*[w] 1)

=1 S
Heren is the time indexsis the wavelet scale, andlis the sampling interval. The wavelet
Y(t) is referred to as the mother wavelet, and an akteny denotes its complex
conjugate. The scale parameter controls the dilgse 1) and contractiors(< 1) of the
mother wavelet. The amount of signal energy coethet a specific scateand locatiom is

defined as the wavelet power spectrum (WPS), agivén by the squared modulus of the
CWT: |W,(s) |°. This power spectrum which depends on both scaldime is represented

by a surface. By taking contours of this surface pllotting them on a plane, a time-scale
representation of the wavelet power spectrum catebged. A time-scale representation is
found to be useful for extracting important featuoé signals arising in many applications.
An alternate representation, namely, a time-frequeepresentation has also been used. A

scale-to-frequency conversion, which follows a peacal relationship, can be easily made
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by use of the formulaf = f, f. /s, wheref is the instantaneous frequency of the sigfal,
is the sampling frequency, afiglis the center frequency of the mother wavelet (see

below). In our analysis we used a complex Morletelet as the mother wavelet. A
complex Morlet wavelet consists of a plane wave uhatéd by a Gaussian function and is

described by [26]:

w) = e T e, @
Herew, =27 f, is the order of the wavelet, with being the center frequency. The value
of «, controls the number of oscillations in the motiwarelet and thus determines the
frequency and time resolutions of the correspondWgr. A larger value otu, provides a

higher frequency resolution; a smaller valueypfon the other hand, leads to a higher time

resolution. In our computations we have used a dovhvelet of order 6 as the mother
wavelet. This choice provides a good balance betieee and frequency localizations. For
this choice, the scale is also approximately etu#iie Fourier period and thus the terms

scale and period.can be used interchangeably tenpireting the results.

4. Resaultsand Discussion

The IMEP time series for the four equivalencesatonsidered here, namety=
0.781, 0.677, 0.595 and 0.588 are plotted in paagl¢b), (c) and (d), respectively, in
Figure 2. It can be readily seen that the amplitnfdbe cycle-to-cycle pressure fluctuations
increases with decreasing valuegppf.e., as the fuel-air mixture becomes increagitesn.
Note that a different vertical scale has been usé&dy. 2a than in Figs. 2b-d, in order to
display the fluctuations in a magnified fashion. ¥iav discuss the results of wavelet

analysis of the IMEP time series.



The wavelet power spectra (WPS) of the IMEP tg®ees shown in Figure 2 are
depicted in Figure 3. The contour levels are chasethat 75%, 50%, 25%, and 5% of the
wavelet power is above each level, respectivehe dross-hatched region below the thin
U-shaped curve denotes the cone of influence \G@lere zero padding has reduced the
variance. Results with the COI may be unreliabnld should be used with caution. The
black contours represent the 90% confidence |evieh respect to a red-noise
(autoregressive lagl) background spectrum [26]

It is seen from Figure 3(a), which appliesfor 0.781, that there is strong power in

a band around the 35-cycle period and this bamsigtercontinuously over 90 cycles from
cycle numbers 127 to 217, approximately. In-otherds, the IMEP fluctuations in this
band complete more than two oscillations. In additthis figure shows the presence of
high-frequency intermittent fluctuations in the 23&le band. Next we consider Figure 3(b)
which corresponds to a leaner mixture witk 0.677. Here we observe strong power
around the 65-cycle periodic band persisting apprately over 90 cycles from cycle
numbers 120 to 210. Clearly, this periodic band gletes less than two full oscillations. As
in Figure 3(a), Figure 3(b) shows the presenceagif-frequency intermittent fluctuations
Intermittency is also observed in the low frequebapd of around the 12-cycle peridd.
few other low frequency periodicities are seerhis figure; however, these periodicities do
not persist long enough to be considered truelasoms.The results for the equivalence
ratio of 0.595 are depicted in Figure 3(c). As igufe 3(b), short-term intermittent
fluctuations are also seen in this figure. Furtrementhe figure shows a few weaker low
frequency features which because of their shortthir cannot be considered true
oscillations. Finally, we consider the leanest mm&twith an equivalence ratp= 0.588

The corresponding wavelet power spectrum is ilatstt in Figure 3(d). Note that this figure
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indicates persistent high frequency oscillationEP. From Figure 2(d), we can see that
this effect is associated with alternating high bowd values of the pressure fluctuations in
successive cycles. Such a small value of equivalestgo may lead to incomplete
combustion in a given cycle. In the next cycle, boer, the residual fuel will be added to
the fresh fuel-air mixture making the combustioogass more efficient. This alternating
sequence of combustion events may be responsibpefsistent high frequency behavior of
the IMEP fluctuations as seen in the wavelet paspectrum in Figure 3(d). This figure also
shows a few very weak low frequency periodicitieecting weak combustion.

The above results may be summarized as follgwen the mixture is not so lean, the
IMEP undergoes persistent low frequency oscillaitngether with high frequency intermittent
fluctuations. For leaner mixturehe low frequency periodicities tend to be legmidicant, but high
frequency intermittent oscillations continue todresent. When the mixture is made sufficiently
lean, high-frequency oscillations become persistentetiogr with weak low frequency

variations.

5. Concluding Remarks

We have analyzed the cycle-to-cycle fluctuatiohsdicated mean effective
pressure (IMEP) in a natural gas-fired engine uthelan burn conditions. Four different
values of the equivalence ratio were examined. gJainontinuous wavelet transform, it
was shown that depending on the equivalence thgdMEP may undergo low frequency
persistent oscillations and/or high frequency migent fluctuations.

We have demonstrated the usefulness of wiaaeldysis for characterizing the
cyclic pressure fluctuations. Wavelet analysis mes valuable information about the
various periodicities and their duration as weliraermittency. This information may be

important to understand the long-term variabiltyMEP. Such information may also be
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utilized to develop effective control strategies éfficient combustion in natural gas-fired
engines, thereby improving fuel economy with optimemission control.

The implications of the results for engine opemativould be to minimize the high-
frequency oscillations which may lead to misfiresl gimultaneously reduce fuel
consumption. This means a compromise betweestthehiometric and lean combustion
limits. In order to describe the optimal conditipn®re systematic studies must be
performed taking into account the fuel consumptl\die. shall report such analysis in a

future publication.
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Figure captions

Figure 1. The experimental set up of the naturaifgad engine.

Figure 2.Time series of the indicated mean effeqtressure (IMEP) for the four
equivalence ratios considered here:((&) 0.781, (b)p = 0.677, (cyp = 0.595 and (dp =
0.588.

Figure 3. Wavelet power spectra of the IMEP tineseshown in Figure 2. The panels
(a)-(d) correspond to the time series (a)-(d), eespely in Figure 2. The contour levels
are chosen so that 75%, 50%, 25%, and 5% of theleiapower is above each level,
respectively. The cross-hatched region is the odmefluence, where zero padding has
reduced the variance. Black contour is the 90%idente level, using a red-noise

(autoregressive lagl) background spectrum.
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