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The present work focuses on various vibro-acoustic signals techniques that can monitor malfunctions in Internal 
Combustion Engines (ICEs). Recent works by other authors have focused on various reciprocating machines includ-
ing compressors no attempts has been deal with IC engines. This paper gives a summary of the generation mech-
anism of sound and vibration in Engines. An overview of the monitoring and diagnostic techniques base on noise, 
pressure an vibration signatures is also discussed. Various fault conditions are described which affect ICEs. Mea-
suring of acoustic signals has non-intrusive behavior with capability of detecting airborne transmission paths faults. 
In view of industrial needs to reduce the maintenance costs monitoring of vehicle operations, the present work can 
be a useful guide for engineers for understanding types of faults so as sufficient time is obtained to process reliable 
and information.
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INTRODUCTION

Monitoring of in cylinder pressure developed, noise, 
vibration andacoustic signals are some of these tech-
niques commonly used for analysis of working of ma-
chines [1]. However, there are is risk of contamination of 
signals due to interfering from surroundings. Signal ac-
quiring, processing and finally extraction of various fea-
tures are steps for fault diagnosis [2].  Various diagnosis 
methodologies allow effective monitoring 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 detec-
tion of faults has both advantages both in terms of cost 
as well as time. These methodologies allow the down-
time 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 diagno-
sis methodologies adopted in case of diesel engines for 
condition methodologies.
A. Vibration monitoring -It is most commonly used 

methodology, but effective location of transducer is 
a big challenge 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 imbal-
ances, 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. Various sound features can be analyzed by 
means of sound pressure levels (SPL) and frequen-
cy with equal loudness contours. In order to obtain 
the levels which bears a closer relationship to loud-
ness judgment than the sound pressure levels, three 
different networks of frequency weighting (A, B, and 
C) were incorporated into various sound level me-
ters 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 
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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.
This work presents a comprehensive study of these 
techniques, and hence can be important source of infor-
mation to understand behavior of engines.

LITERATURE REVIEW

Hambric et al. [3] studied ways to optimize structures to 
reduce vibrations. Nuawi et al. [4] proposed statistical 
approach to characterize the fatigue strength of metal-
lic material. Ji et al. [5] reviewed modelling of extruded 
aluminum train floor structures to predict vibro-acoustic 
responses. Duffour monitored modulation of an ultrason-
ic vibrations through a cracked specimen [6]. Creixell 
studied optimization of hearing aid sources [7].Aymer-
ich et al. [8]studied damage due to impacts in compos-
ite laminates. Trochidis et al. [9] investigated nonlinear 
features of Zhao-Atlas-Marks (ZAM) distribution. A more 
sensitive novel index was defined that was correlated 
to crack size. Urban et al. [10] presented an overview 
of vibro-acoustic ctechniques in biomedicine. Jia et al. 
[11] developed a load insensitive damage index (LIDI) 
to track the crack growth. Anwar focused on gear box 
vibrations obtained from surface of engines [12]. Wang 
et al. [13] proposed fuzzy parameter based study of dy-
namic and acoustic properties of coupled systems. Gor-
ski et al. [14] used signal processing to study the wear in 
tools. Hipol studied finite element analysis of aerospace 
structures [15]. Mohanty et al. [16] predicted behavior of 
engine bearing with adaptive noise algorithms. Cheng et 
al. [17] predicted start of combustion in diesel engines 
using cylinder head vibration velocity. Dykas et al. [18] 
used acoustic emission sensing techniques for fault di-
agnosing. Flett et al. [19] used Naïve-Bayes method for 

valve train detection diagnosis.
The main focus of present work is on study of combus-
tion based excitation and piston lateral motion as these 
have major contributions towards engine noise emis-
sions. Some of the major works related to present work 
are enlisted in table no 1.

SIGNAL PROCESSING TOOLS

A. Power spectral density function
This function (Ψ2) 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 [ω, ω+ Δ ω] can be obtained 
by passing sample through a band pass filter with sharp 
cutoff frequency features and then computing the aver-
age of squared output from filter. The average square 
value approachs  mean square value as T→∞.i.e.

Author Engine used Method used Aim 
Jung, I., Jin, J., So, H., 

Nam, C. et al.[19] 4 cylinder diesel engine Variations in fuel injection Development of various 
noise related indices 

Ingemar Andersson,To-
mas McKelvey, Martin 

Larsson[20]
6 cylinder diesel engine Vibrational energy Estimating combustion phas-

ing parameters

Zhenpeng He,Weisong 
Xie, Guichang Zhang , 
Zhenyu Hong, Junhong 

Zhang[21]

4 cylinder diesel engine Simulation of lateral mo-
tion of skirt

Observe the  effects of geo-
metrical parameters of skirt 

on piston lateral motion

N.Dolatabadi, B.Littlefair, 
M.Dela Cruz,S. Theo-
dossiades, S.J.Roth-
berg, H. Rahnejat[22]

1 cylinder gasoline engine Analysis of engine block 
accelerations 

Identification of locations of 
various slapping events 

Yeow-Chong Tan, Zaidi 
Mohd Ripin[23] 4 cylinder diesel engine Lumped mass approach Simulation of resulting block 

vibrations

Table 1: Summary of research works related to present work

( )
( )T

Δx
x t dt

Ψ ω,Δω =Lim
T→∞

∫ 2
2 0

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

( ) ( )t -jωtf ω = f t e dt∫0

(1)

(2)

This analysis is useful as long as frequency content of 
signals do not vary with time. Hence time-frequency 
analysis or wavelet analysis are more suitable [10]. Time 
-frequency analysis is suitable for analysis of signals 
having slow frequency changes such as those generat-
ed during engine ramp down, whereas wavelet analysis 
is more suited for fast frequency changes such as those 
generated during rattle [11]. In the time-frequency anal-
ysis 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-
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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:

( ) ( ) ( )T * -jωtSTFT τ,f = x t h t-τ e dt∫0 (3)

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

( ) T * -jωtτ τSTFT τ,f = x t- x t+ e dt   
∫    

   0 2 2
(4)

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. 
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 scalo-
gram. A single scalogram can easily cover audible fre-
quency range with a time resolution of approximately 0.1 
ms for the high-frequency components [11].
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]꞉

( ) ( ) ( )+
-

ψ t-b
CWT a,b = f t dx

aa
∞
∞∫

1 (5)

Where
ψ(t): Mother wavelet, f(t): Analyzed signal, a: Scaling fac-
tor, b: Shifting factor            
CWT(a,b): wavelet coefficients
Mother Wavelet function ψ(t) must satisfy following con-
ditions꞉
A. This function has zero average and decays expo-

nentially to zero. i.e.

( )+
- ψ t dt=∞
∞∫ 0

B. Function and its Fourier transformation must satisfy 
admissibility condition. i.e.

(6)

( )+
-

ψ t
f

∞
∞ ≤∫

2

0

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. The CWT of a signal discrete 
signal Xm is defined in terms of sampling time Δt and 
sample data points m, n as꞉

(7)

( )N- *
m= m

j

m-n Δt
CWT= X ψ

X
 

∑  
  

1
0 (8)

Where t = m Δt, b = n Δt, m & n varies from 0,1,2….N-1,N

SOURCES OF NOISE AND VIBRATIONS IN ENGINE

Performance valuation of automotive engines is needed 
for designing and planning of systems. This includes test-
ing of various engines of different configurations using 
variations in fuel injections conditions [1, 2, 3]. Structure 
borne and air borne noise are two major sources. The 
type of noise in air is known as air borne noise, where-
as low frequency sound entering via structural path is 
known as structure borne noise. The experimental and 
analytical investigations includes:
A. Overall sound pressure level measurements. 
B. Ranking as well as identification of sources. 
C. Study of transfer paths. 
D. Subjective and objective valuations 
This portion of work discusses features of various sourc-
es of noise found in an engine.
A. Combustion based noise -Combustion is an import-

ant process for designing and performance calibra-
tion of automotive system. The noise and vibrations 
from combustion are transmitted via liner walls, 
cylinder walls and connecting rod to surroundings. 
Structural attenuation also effects the noise radi-
ated from engine. Higher stiffness of bore leads to 
higher values of resonant frequencies. A reduction 
in the Combustion delay period leads to lower val-
ues of combustion noise. Compression ratios, intake 
air pressure, exhaust gas recirculation and structural 
attenuation of various parts also effects this source 
of noise [20]. 

B. Piston skirt noise -Pin tickling, piston secondary mo-
tion and rattling are major sources of noise in piston. 
Piston lateral motion noise has major contributions 
in piston assembly that is dominant under idle cold 
starting conditions [21]. 

C. Valve motion noise -This higher frequency noise in-
cludes following three major sources: 

• Acceleration of CAM-Opening and closure of causes
higher frequency vibrations.

• Valve impacts -These impulsive bouncing motions
are observed during opening and closure of valves
between cam, follower and valve seat at higher
speeds.

• Frictional vibrations-These low speed vibrations arise
from asperity contact between cam and follower.
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D. Gear train noise -The rattle noise due to non-uniform 
torque from crank train to drive observed during 
transmissions is a primary cause of concern[22]. 
Clearances in meshing tooth of causes vibrational 
impacts gears at lower engine speeds. Tooth deflec-
tion is a major source of whining noise. This noise 
dependent on the number and size of meshing tooth, 
torsional inputs and location of gear train [23].

E. Flow noise -Low frequency intake noise due to tur-
bulence at inlet ducts depends on the valve area and 
speed. [24]. Charging and discharging in the exhaust 
duct causes exhaust noise [25]. Turbocharging is 
also important source of aerodynamic noise. 

F. Bearing noise -bearings in crankshaft and connect-
ing rod have clearances that generate noise [26]. 
Torsional and bending resonance give rise to rum-
bling noise [27]. Clearance optimization of, applica-
tion of crank shaft damper and flexible flywheel de-
sign may be used to control this sour of noise.

G. Belt and chain noise-Meshing impact and polygon 
effect depends on tension, speed and number of 
meshing teeth [28-45].

CONCLUSIONS

The combustion and piston motion noise have major 
contributions, hence it is necessary to analyze in more 

Figure 1: Mechanism of noise generation

Figure 2: The total noise contribution (8) can be decomposed into contributions due to combustion noise (1),  
contribution due to piston slap noise (2), contribution due to fan noise (3), contribution to gear operation noise(4), 

contribution due to pump operations (5), valve noise (6) and other sources (7)

depths these aspects of engine noise and vibration 
acoustics. Figure no 1 depicts generation mechanism for 
various sources of noise in an engine with plots of esti-
mated contributions recorded at a distance of 1m from 
engine in an anechoic chamber featured in figure no 2.
As evident from the above figures the combustion based 
noise and piston slapping noise have major contributing 
portions (about 80%), hence it is necessary to focus on 
these aspects of engine acoustics. These two features 
will be discussed in details in further part of this work.
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