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Abstract Combustion event detection is an important issue in internal combustion
engine. The combustion is mostly detected bymeasurement of pressure by a pressure
sensor which is mounted in cylinder head. However, the cost of pressure sensor is
very high. Therefore, an effort has been made to detect the combustion event in a
diesel engine by analysis of sound signal recorded by android mobile. The sound
signal carries various frequencies. Therefore, an algorithm based on wavelet packet
transform (WPT) has been developed to detect the combustion event in a single
cylinder diesel engine.
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1 Introduction

Combustion and combustion-related parameters detection in an internal combustion
(IC) engine is always an important concern as the power output relies on it [1].
Detection of combustion is mainly done by measuring the in-cylinder pressure by
a pressure sensor [2, 3]. However, the cost of pressure sensor is very high and its
installation on the cylinder head is a complicated exercise. Therefore, researchers are
using alternate signals such as vibration signal [4–6], speed signal [7–15], acoustic
signal [16–18] for detecting the combustion event. Based on these signals, stan-
dard monitoring systems have already been developed for detection and analysis
of combustion event. These signals are mainly measured by standard sensors like
accelerometer, optical encoder, hall effect sensor, microphone, etc. However, all
of these sensors requires special mounting system for monitoring the in-cylinder
combustion or pressure. Researchers have tried to reconstruct in-cylinder pressure
by applying different techniques such as cepstral de-convolution technique [3], time
domain smoothing technique [4], cyclostationary approach [5], inverse filtering tech-
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nique [6] on the vibration signal. Apart from vibration signal, researchers have also
used speed fluctuations [7–9] to estimate the in-cylinder pressure. Besides pressure
reconstruction, vibration signal and speed signal are also used for monitoring the
in-cylinder combustion [3, 10–18]. Author [15] has earlier used instantaneous angu-
lar speed for combustion detection in four-stroke single cylinder gasoline engine.
Recently, acoustic signal analysis has got tremendous application in monitoring pur-
poses. The idea of acoustic signal analysis is that any change in the system will
directly reflect on the intensity of sound signal. Researchers have used acoustic sig-
nal to find out combustion in IC engine [16–18]. Kaminsky et al. [16] have predicted
the in-cylinder pressure variation through the analysis of sound signal by nonlinear
multidimensionalmethod.Recently,Delvecchio et al. [18] havedetailed variousways
of condition monitoring using acoustic signal. In their paper, they have mentioned
that the sound signal captured from the IC engine is a combination of combustion,
mechanical, and aerodynamic noise signals. Hence, acoustic signal needs rigorous
signal processing technique to detect the combustion.

Recently, due to technological development, Android mobile phone becomes less
costly and is used for multiple applications. Nowadays, it is also carried by most
of the people and it can record the sound with sampling frequency 44.1 kHz. This
sampling frequency allows to retain combustion frequency, rotational frequency, and
its harmonics of an IC engine in the recorded sound signal. Recently, few researchers
have found potentiality of the sound signal recorded by the Android mobile and used
to detect fault in rolling element bearing [19, 20]. Siegel et al. [21] have used mobile-
recorded sound signal to detect misfire in four-cylinder engine by applying machine
learning technique. Hence, this sound signal has a lot of scope for monitoring various
machineries. Therefore, the objective of the paper is to detect each combustion event
in a four-stroke single cylinder diesel engine by analysis of sound signal recorded
by an Android mobile. In the paper, the hypothesis is that the sound intensity will
be higher during combustion rather than suction, compression, and exhaust strokes.
Therefore, successive sound ratios of recorded sound signal has been measured and
analyzed to execute the objective effectively.

2 Theory

2.1 Hilbert Transform

Hilbert transform [22] is a mathematical technique where a signal x(t) is transformed
as

H [x(t)] = x(t) ∗ 1

π t
= 1

π

∫ ∞

−∞
x(τ )

t − τ
dτ (1)
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The technique is mainly a convolution of two signals x(t) and 1/π t, respectively.
As a result, the signal is shifted by a phase of 90°. Hence, the signal x(t) can be
further analytically represented as

z(t) = x(t) + j H [x(t)] = A(t)e jφ(t) (2)

where A(t) and φ(t) are amplitude and phase modulated part, respectively. Further
amplitude demodulation is done to find out amplitude modulated part A(t)

A(t) =
√

{x(t)}2 + {H [x(t)]}2 (3)

A(t) is also called envelope of the signal.

2.2 Wavelet Packet Transform

Wavelet packet transform (WPT) [23, 24] is an extension of discrete wavelet trans-
form (DWT), where a signal is decomposed into sub-signals of different frequency
band. In WPT, the wavelet function can be written as

Wn
j,k(t) = 2 j/2Wn(2 j t − k) (4)

where j, k are two integers denoting scale and translation parameters. While, j and k
are zero then scaling function φ(t) and mother wavelet ψ(t) can be defined as

W 0
0,0(t) = φ(t) (5)

W 1
0,0(t) = ψ(t) (6)

while, n = 2, 3,…, the wavelet packet functions are defined as

W 2n(t) = √
2

N∑
k=1

h(k)Wn
1,k(2t − k) (7)

W 2n+1(t) = √
2

N∑
k=1

g(k)Wn
1,k(2t − k) (8)

k is varying by {k = 1, 2,……2n, N = 2n} and N is the length of the signal, where
h(k) and g(k) are high-pass and low-pass filter defined in terms of inner product as

h(k) = 1/
√
2〈φ(t), φ(2t − k)〉 (9)
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g(k) = 1/
√
2〈ψ(t), ψ(2t − k)〉 (10)

where < :,: > are addressing the inner product. Further, h(k) and g(k) are orthogonal
and expressed through this relationship as

g(k) = (−1)kh(1 − k) (11)

The wavelet packet coefficients are achieved by the inner product of signal x(t)
and wavelet packet function.

Cn
i, j = 〈

x,Wn
j,k

〉 =
∫ ∞

−∞
x(t)Wn

i, j (t)dt (12)

Hence, at jth level, a signal x(t) will be decomposed into 2j packets. The wavelet
packet tree has been formed with the binary order n = 1, 2, … 2j. Hence, each level,
the sampling frequency decreases by 2. At jth level, pth packet coefficients will be of
the frequency band from (p − 1)*Fs/2j+1 to p*Fs/2j+1. Hence, a different passband
signal can be reconstructed by making the coefficients of undesired nodes to zero.
Thus, the WPT has been utilized for signal filtering [24, 25].

3 Experimental Setup

The sound signal is captured from a four-stroke, single cylinder, horizontal Diesel
engine with rated power 10 HP at 500 RPM, which is located in internal combustion
engine laboratory at NIT Patna. The engine is made by UNI-INSTAS. The engine
is water cooled, where loading on the engine can be applied through rope brake
dynamometer. An Android mobile with specification (Samsung J5, Android 5.1 with
quad-core 12 GHz cortex-A53) is used to record the sound by its in-built sound
recorder from 30 cm distance from the engine (Fig. 1).

4 Result and Discussion

Sound signal has been acquired by theAndroidmobile phone inWma format. Further,
this has been converted into WAV format and it has been analyzed in MatLab envi-
ronment. Figure 2a shows the sound signal recorded by the Android mobile phone
during no load and 500 RPM running speed. Therefore, the combustion frequency
and running frequency of the diesel engine are 4.16 Hz and 8.32 Hz, respectively.
Figure 2b shows frequency spectrum of the recorded sound signal. The frequency
spectrum shows harmonics of rotational frequency and combustion frequency. How-
ever, amplitude of 1st combustion frequency and rotational frequency are very much
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Fig. 1 Single cylinder diesel engine

low. Therefore, the signal needs alternative signal processing technique to extract
combustion frequency rather than direct fast Fourier transform.

Hence, envelope of the sound signal has been extracted, which is shown in Fig. 3a.
Further, frequency spectrum of envelope shows the combustion, rotational frequency,
and its harmonics, which is shown in Fig. 3b.

Although the combustion frequency is detected, yet the detection of each combus-
tion event is an important issue for online monitoring. Therefore, the envelope is low
pass filtered usingWPT. Daubechies10 wavelet has been used for the decomposition
as it creates no redundancies [24]. The filtered envelope signal is shown in Fig. 4.
However, the filtered signal was found not able to detect the occurrence of each
combustion. As the envelope is unable to detect each combustion, the sound signal is
analyzed by another methodology. Hypothesis utilized in the paper is that the ampli-
tude variation of sound signal during combustion is generally higher as compared
to other strokes like suction, expansion, and exhaust. Therefore, successive sound
ratios will be higher during combustion stroke as compared to other strokes. Hence,
the sound signal is already with zero mean. Therefore, an absolute value (slightly
more than the minimum value of the signal) has been added with this signal to obtain
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Fig. 2 a Recorded sound signal by Android mobile phone; b Frequency spectrum of the sound
signal

Fig. 3 a Envelope of the recorded sound signal; b Frequency spectrum of envelope signal

the sound signal with positive mean. Further, ratio of two successive points of the
entire sound signal are calculated as successive sound ratios. The reason for making
the sound signal with positive mean is that the calculated successive sound ratios
become real. The ith successive sound ratio (SSR) for recorded sound signal (S) can
be written as

SSR = Si+1

Si
(12)

The successive sound ratios measured from recorded sound signal are low pass
filtered by WPT. The filtered successive sound ratios have been shown in Fig. 5. It
shows that the peaks in the filtered successive sound ratios are appeared with around
0.243 s time gap. This time gap is an inverse of combustion frequency 4.16 Hz. Thus,
the filtered successive sound ratios can detect the occurrence of each combustion
effectively. Hence, WPT based low pass filtering of envelope and successive sound
ratios have been performed through few steps. First, envelope and successive sound
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Fig. 4 Filtered envelope of sound signal

Fig. 5 Filtered successive ratio of sound signal

ratios are decomposed up to nineth level using WPT. Thus, pth node at nineth level
of WPT tree contains the frequency band from (p − 1) * 44100/29+1 Hz to p *
44100/29+1 Hz. Hence, the frequency content of the first node is 0–43 Hz. As the
first node contains less harmonics. Both the signals (envelope and successive sound
ratios) have been reconstructed by setting the node’s coefficients to zero except first
node. Thus, the frequency content of filtered signals (envelope and successive sound
ratios) become 0–43 Hz.
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5 Conclusion

This paper has detected the combustion event in a single cylinder diesel engine
by analysis of sound signal recorded by Android mobile. Hence, the sound signal
has been utilized to detect the combustion quantitatively. WPT-based filtering of
sound signal’s envelope is unable to detect each combustion event. Therefore,
successive sound ratios have been combined with WPT to detect each combustion
event efficiently.

References

1. Heywood JB (1988) Internal combustion engine fundamentals. McGraw-Hill, New York
2. Mobley C (1999) Non-intrusive in-cylinder pressure measurement of internal combustion

engines. SAE Paper, 1999-01-0544
3. LyonRH,DeJongRG (1984)Design of a high-level diagnostic system. JVibAcoust 106:17–21
4. Gao Y, Randall RB (1999) Reconstruction of diesel engine cylinder pressure using a time

domain smoothing technique. Mech Syst Signal Process 13:709–722
5. Antoni J, Daniere J, Guillet F (2002) Effective vibration analysis of IC engines using cyclo-

stationarity; A methodology for condition monitoring—part 1. J Sound Vib 257:815–837
6. Antoni J, Daniere J, Guillet F (2002) Effective vibration analysis of IC engines using cyclo-

stationarity; A methodology for condition monitoring-Part 2. J Sound Vib 257:839–856
7. Connolly FT, Yagle AE (1992) Modeling and identification of the combustion pressure pro-

cess in internal combustion engines using engine speed fluctuations. In: American society
of mechanical engineers, dynamic systems and control division, vol 44. Anaheim, CA, pp
191–206

8. Brand D, Onder C, Guzzella L (2005) Estimation of the instantaneous in-cylinder pressure for
control purposes using crankshaft angular velocity. In Proceedings: SAE world congress paper
2005-01-0228, (2005)

9. Moro D, Cavina N, Ponti F (2002) In-cylinder pressure reconstruction based on instantaneous
engine speed signal. J Eng Gas Turbines Power 124:220–225

10. Yang J, Pu L, Wang Z, Zhou Y, Yan X (2001) Fault detection in a diesel engine by analysing
the instantaneous angular speed. Mech Syst Signal Process 15:549–564

11. Rizzoni G (1989) Diagnosis-of individual cylinder misfires by signature analysis of crankshaft
speed fluctuations. SAE Paper No. 890884

12. Ponti F (2008) Instantaneous engine speed time-frequency analysis for onboard misfire detec-
tion and cylinder isolation in a V12 high-performance engine. J Eng Gas Turbines Power
130:1–9

13. Charles P, Sinha JK, Gu F, Lidstone L, Ball AD (2009) Detecting the crankshaft torsional
vibration of diesel engines for combustion related diagnosis. J Sound Vib 321:1171–1185

14. Charles P, Sinha JK, Gu F, Ball AD (2010) Application of novel polar representation method
for monitoring minor engine condition variations. Mech Syst Signal Process 24:841–843

15. Roy SK, Mohanty AR (2017) Use of rotary optical encoder for firing detection in a spark
ignition engine. Measurement 98:60–67

16. Kamin´ski T, Wendeker M, Urbanowicz K, Litak G (2004) Combustion process in a spark
ignition engine: Dynam. Noise level estimation. Chaos, 14, 401–406 (2004)

17. Jeong-Guon I, Kim HJ, Lee SH, Shinoda K (2009) Prediction of intake noise of an automotive
engine in run-up condition. Appl Acoust 70(2):347–355

18. Delvecchio S, Bonfiglio P, Pompoli F (2018) Vibro-acoustic condition monitoring of inter-
nal combustion engines: a critical review of existing techniques. Mech Syst Signal Process
99:661–683



Combustion Event Detection in a Single Cylinder Diesel Engine … 129

19. Irawan YS, Suyono H (2014) Bearing damage detection based on sound signal. Appl Mech
Mater 548–549:698–702

20. Orman, M., Rzeszucinski, P., Tkaczyk, A., Krishnamoorthi, K., Pinto, C., Sulowicz, M.: Bear-
ing fault detection with the use of acoustic signals recorded by a hand held mobile phone.
In: second international conference on condition assessment techniques in electrical systems,
IEEE CATCON 2015, pp. 252–256, Bangaluru (2015)

21. Siegel J, Kumar S, Ehrenberg I, Sarma S (2016) Enginemisfire detection with pervasive mobile
audio. In: Berendt B, Bringmann B, Fromont E, Garringa G,Miettinen P, Tatti N, Tresp V (eds)
Machine learning and knowledge discovery in databases. ECML PKDD 2016. Springer, Riva
Del Garda, Italy, pp 226–241

22. Mohanty, A.R.:Machinery ConditionMonitoring: Principles and Practices, 1st edn, CRCPress
(2014)

23. Coifman RR,Meyer Y, Quake S,WickerhauserMV (1994) Signal processing and compression
with wavelet packets. In: Byrnes JS, Byrnes JL, Hargreaves KA, Berry K (Eds.), Wavelets and
their applications, pp 363–379

24. Fan X, Zuo MJ (2006) Gearbox fault detection using Hilbert and wavelet packet transform.
Mech Syst Signal Process 20(4):966–982

25. Vong CM, Wong PK (2011) Engine ignition signal diagnosis with wavelet packet transform
and multi-class least squares support mector machines. Expert Syst Appl 38(7):8563–8570


	Combustion Event Detection in a Single Cylinder Diesel Engine by Analysis of Sound Signal Recorded by Android Mobile
	1 Introduction
	2 Theory
	2.1 Hilbert Transform
	2.2 Wavelet Packet Transform

	3 Experimental Setup
	4 Result and Discussion
	5 Conclusion
	References




