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This presented work analysis of effects of changes in various injection parameters on development of combustion
pressure development and noise emissions from engines. Scope of using non-intrusive diagnosis technique has
been analyzed by using changing various locations of microphone around the engine. In particular the noise emis-
sions from engines were found to be dependent on quantity of fuel injected inside cylinder. Various characteristic
frequency ranges of contributing sources have been identified. Time—Frequency analysis has shown onset of various
events associated with working of engine. Based on the identification of various frequency bands, it is possible to
device suitable filters in order to extract more information about combustion and motion based noise which is done
in later part of this work. It may be used as an effective tool for condition monitoring of engines in order to gain fuel
economy. Suitable structural modifications of engine may be also done in order to improve its performance on various

noise and vibration benchmarks
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INTRODUCTION

Various diagnosis methodologies allow effective moni-
toring of combustion engines in order to allow preventive
maintenance and hence allow ability to detect various
faults before it can cause any actual damage to machine.
The early detection of faults has both advantages both in
terms of cost as well as time. These methodologies allow
the downtime of maintenance to be scheduled, prevent
sudden shutdown of machines or risks of any potential
injury to operators. Diesel engine pressure, vibrations
and noise emissions data is a rich source of information
about physical conditions and operational parameters
[1]- The following section provides details about various
diagnosis methodologies adopted in case of diesel en-
gines for condition methodologies.

A. Vibration monitoring -It is most commonly used meth-
odology, but effective location of transducer is a big chal-
lenge as mixing of signals may occur due to different
transmission paths. Vibration signals can be analyzed
by frequency spectrum, peak or RMS values. These can
be used to monitor various imbalances, bearing damage
or shaft misalignments [1].

B. In cylinder pressure monitoring- Data about cylinder
pressure analysis provides information about injector
faults, wear, valve problems, incorrect injection timings
and hence overall combustion efficiency of engines,
however high temperature conditions make various
pressure sensors expensive with short life time [2].

C. Noise emissions - Noise levels are perceived by the
humans as the air pressure oscillations reach human
ears which leads to the motion of the ear drums. Vari-
ous sound features can be analysed by means of sound
pressure levels (SPL) and frequency with equal loud-
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ness contours. In order to obtain the levels which bears a
closer relationship to loudness judgment than the sound
pressure levels, three different networks of frequency
weighting (A, B, and C) were incorporated into various
sound level meters with the A-weighting most closely
matches the human ear [3].

Due to higher compression ratios, diesel engines are
known to produce higher noise emissions as compared
to gasoline engines [4,5]. Higher compression ratio in-
creases various forces on piston assembly at the igni-
tion time that results in overall increase in vibrations of
engine structure. Overall this leads to increase in noise
emissions from engine. Due to large number of exter-
nal effects the acceleration and noise emissions data
may become contaminated leading to complexities.
Hence various signal processing methods can reveal
information about these events which have fixed time
of occurrence depending upon the crank mechanism
of engine. These methods Short Time Fourier Transfor-
mations (STFT), Wavelet Transformation (WT), Bilinear
Time-frequency Distribution (BTFD) [6]. Winger —Ville
distribution (WVD), Born —Jordan distribution (BJD) and
Choi-Williams distribution (CWD) are commonly used
BTFD methods [7]. When these methods are applied to
transient signals, large ripples are produced on the en-
velopes which may lead to loss of information [8]. How-
ever, these methods have better frequency as well as
time resolutions when compared to conventional Fourier
transformations. In this part of work some of the com-
monly used signal processing techniques have been dis-
cussed. Various important properties of these methods
have been presented, and finally their performance was
evaluated by application on the data acquired from en-
gine, operating it at different testing conditions.
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THEORY AND EXPERIMENTATION
A. Power spectral density function

This function (¥?) denotes a random process which pro-
vides the frequency composition of data in terms of its
mean square value [9]. The mean square value of a time
sample in frequency range [w, w+ A w] can be obtained
by passing sample through a band pass filter with sharp
cut off frequency features and then computing the aver-
age of squared output from filter. The average square
value approaches mean square value as T—.i.e.

T x2ar
T

(1)

lpz(ﬂ),ﬂﬂ)) =Limax-00
B. Time frequency analysis

The Fourier transformation of a function f(t) in frequency
domain can be represented as:

f(w)=], f(H)e " dt (2)

This analysis is useful as long as frequency content of
signals do not vary with time. Hence time-frequency anal-
ysis or wavelet analysis are more suitable [10]. Time-fre-
quency analysis is suitable for analysis of signals having
slow frequency changes such as those generated during
engine ramp down, whereas wavelet analysis is more
suited for fast frequency changes such as those gener-
ated during rattle [11]. In the time-frequency analysis the
signal is windowed into small intervals and then Fourier
transformation is taken for each interval [12].

Length of window can be used to change the resolution
of the output signal. A shorter window has higher reso-
lution in time domain, but a poor resolution in frequency
domain and vice versa. Higher time resolution at higher
frequencies makes it possible to resolve short consecu-
tive events using wavelet transformation. The short time
frequency analysis is based on expansion of signal into a
set of weighted frequency modulated Gaussian functions
and may be represented as:

Where x(t) is input signal & h(t-1) is window function.
Wigner Ville function has following quadratic time-fre-
quency distribution represented by [9]:

STFT(xi)= [ x(t) h*(t — T)e/*dt 3)
C. Wavelet Analysis

Wavelet analysis maps a signal on joint time -frequen-
cy plane and is sensitive towards the transient nature of
signals. One of the major drawbacks of various time-fre-
quency processing methods is that they produce ripples,
hence making it difficult extract valuable information [13].
During wavelet analysis, the frequency resolution is bet-
ter at low frequencies whereas the time resolution is bet-
ter at higher ones. Hence Wavelet analysis results are
more accurate as compared with other methods [14]. Us-
ing wavelet method, a signal is transformed onto a family
of zero mean functions which are known as wavelets.
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These have high time resolution and have no cross-term
interference. The power spectral density function (PSD)
is similar to the short-time-frequency analysis, whereas
the wavelet transformation represents a linear transfor-
mation.

The squared wavelet transform is called a scalogram.
A single scalogram can easily cover audible frequency
range with a time resolution of approximately 0.1 ms for
the high-frequency components [11-29].

This makes scalogram more suitable for such various
signals like squeak and rattle noise for which a wide
range of frequency analysis is needed.

Mathematically for a function f(t), a complex wavelet
transform is defined by [15]:

CWT@b)/" f(t) =5 dx (4)

Where

w(t): Mother wavelet

f(t): Analyzed signal

a: Scaling factor

b: Shifting factor

CWT(a,b): wavelet coefficients

Both dilation as well as translation parameters in CWT
are subjected to variations that makes its use more com-
plex. Discretization of signals can help to reduce this
problem to certain extent.

Control of in combustion pressure developed inside
combustion chamber is a key aspect of controlling com-
bustion-based noise from engines [1-4]. This may be
achieved by use of piezo-resistive sensors to monitor the
in-cylinder pressure developed [5]. Rapid pressure rise
may lead to structural vibrations in engines that may be
analysed using accelerometers [5, 6, 7]. The presented
work analyses result from various tests done on a gas-
oline engine test rig in order to investigate variations in
mean frequency of in cylinder pressure development.

Analysis of acoustic spectrum and sound intensity. Was
done by Hou [8]. A study of the vibration data from a
compression ignition engine operated on blends of die-
sel and Neem methyl ester was also done [9]. Keskin et
al. [10] investigated effects of blends of ethanol-gaso-
line—oil on engine vibrations [11].

EXPERIMENTAL SECTION

A gasoline kirloskar rig was tested that had specifications
as presented in Table 1.

Table 1: Engine specifications

Component Rating values
Bore 67mm
Stroke 56mm
Compression ratio 4.5:1
Power 2.25kW
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The engine was operated under full load and speed of
1600 RPM and 2000 RPM. An AVL GU13P type trans-
ducer was used to acquire the instantaneous in-cylinder
pressure data having features presented in Table 2.

Table 2: Pressure transducer specifications

Range 0 to 200 Bar
Sensitivity 15.8p C per Bar
Resonant frequency 130kHz

Microphone was placed around three marked locations
A, B, C around the engine as shown in Fig.1.

Frequency-Hz
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RESULTS

Once signals were analyzed, wavelet based time fre-
quency analysis of noise emissions acquired at location
A was done, in order to investigate the spectral distribu-
tion of energy among various events taking place for a
complete cycle as seen in Fig. 2, 3 under full load con-
ditions. These plots show periodicity of various contrib-
uting sources clearly characterized by high frequency
components below 1 kHz range.

DISCUSSIONS

The combustion process is responsible for high frequen-
cy components in spectrogram and is well represented
below 2kHz range. An increase in speed of engine caus-
es a translation towards higher values, but amplitude of
various components does not show significant variations
with changes in engine load. Hence another method
which is based on study of variations of mean frequency
trends was used for analysis of signals [12]. The mean
frequency of a signal is given by [13-33]:
_ ZoofiP() 5
Zh=oP(fx)

Where P(fk) is kth sample of power spectrum and w is
frequency band of signal.

The covariance of a given function x(h) can be computed
as follows:

Cy(h) =

fmea.rl

— TN (xt (h+ k) (6)

Where x+(h) = x(h) +j x" is analytical signal of input x(h)
calculated using its Hilbert transformation x". x+'is com-
plex conjugate of x+.
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Figure 2: Time-frequency analysis - 1600 RPM
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Figure 3: Time-frequency analysis - 2000 RPM
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Figure 5: Mean frequency analysis - 2000 RPM

4, 5 shows variations in the mean frequency trends
in cylinder pressure signals acquired at location A

under full load. All trends show excitation of sources in
terms of their frequency contents, their amplitude and
locations of crank angles at which they appear. Various
trends were found to be same irrespective of load varia-

tion

s. Motored case was observed to reach peak values

before full load condition.

CONCLUSIONS

Pre

ssure developed during engine operation provides

important information about diagnosis of combustion
process in engines. In this work a novel method that was
based on mean frequency distribution was investigated.
The proposed methodology can prove to be effective tool

for
cou

diagnosis of various cyclic events occurring during
rse of operation of engine.
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