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Estimation of fuel spraying from diesel engine injector using  

multiresolution wavelet analysis of vibroacoustic signals  
 

The paper presents the application of wavelet multiresolution analysis to injection diagnostics using vibro-

acoustic signals. The vibroacoustic signals were acquired in a research bench for testing the Diesel engine in-

jectors. This measurement of vibroacoustic signal is carried out using mems accelerometer mounted to a reac-

tive cylinder with real injector placed centrally inside it. Estimation of fuel spraying parameters was done by  

comparison of recorded vibroacoustic signals of correctly working injector and injector with simulated malfunc-

tion resulting in incorrect injector stream. For each original signal the 6 multiresolution approximation compo-

nents were taken into account and for each signal and all components some chosen parameters were calculated. 

Then the suitable simple classifier was designed to distinguish between correctly and incorrectly working injec-

tor. The research results presented in the paper proved that some signal parameters obtained for high frequency 

multiresolution components can be used  as diagnostic parameters for fault detection in injector testing bench 

applications. 
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1. Introduction  

The current trends in motorization development 

are focused mainly on combustion emission 

limitations and improvement of engine work 

parameters. The situation in the automotive industry 

enhances this trend. The accuracy of performing 

tests and researches is important not only in the 

phase of design but also during diagnosing of a 

working system [6, 9]. The right diagnosis allows to 

eliminate elements which work incorrectly and 

which increase pollution emission. Additionally 

wrong diagnosis of correct element increases the 

costs of a vehicle utilization due to replacement of 

efficient part. The improvement in diagnostics of 

main vehicle systems has a big influence on 

economy of vehicle work. One of the most 

important vehicle Diesel engine systems is a fuel 

injection system.  

The paper presents the method, which allows to 

diagnosis of engine injector, which is one of 

maximally exposed to damages elements. 

Nowadays there are two main methods of injector 

diagnosis [7]. First is an optical method, which 

gives precise and unique estimation of injection 

work. However, the optical method is very 

expensive in practical usage. The second approach 

is an overflow method, which is significantly 

cheaper. However, the big disadvantage of the 

overflow method is a lack of information on space 

distribution of a stream in a cylinder what is 

relevant in obtaining the full information on 

injector state.  

The proposed in the paper method is based on 

vibroacoustic signals. It  combines the optical and 

overflow methods. The main advantage of this 

method is comparatively low costs. The main 

drawback is necessity of possession of a database 

with model injections creating references for 

examined object.  

The paper presents the results of studies in the 

area of vibroacoustic signal analysis in diagnosing 

of injector using multiresolution wavelet analysis. 

As a part of the studies, the prototype of test stand 

for injector testing was created.  

2. Multiresolution wavelet analysis of 

vibroacoustic signals  

Wavelets [4, 5] are universally used in signal 

processing. The main idea of using wavelet is the 

analysis consistent with a scale. A wavelet cuts out 

a window in a function variation interval and while 

a signal is analyzed using wide window, the coarse 

features are found and for narrow window, the 

detail features are found. It is worth to underline 

that in comparison with Fourier functions (sinus 

and cosine) the wavelets are created by scaling 

(stretching or compressing) and by translation, 

while the Fourier function are only scaled. Wave-

lets have many applications, e.g. in image compres-

sion, turbulence analysis, researches on human 

vision, radars and earthquake prediction etc. Wave-

lets have also found an application in the area of 

analysis of a broad class of mechanical systems for 

diagnostic aim with using vibroacoustic signals  [1, 

3, 10, 11, 12].  
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Wavelets were applied in the combustion engine 

diagnostics basing on vibroacoustic signals in such 

subjects as misfire detection, cylinders diagnosis, 

incipient faults in the engine, detection and diagno-

sis of faults in rolling element bearings etc. [2, 3, 

12]. In the area of injector diagnosis, the vi-

broacoustic signals were also proposed to use [7]. 

For classical continuous wavelet transformation 

CWT [4, 5] the set of wavelets which create or-

thonormal base is obtained by translations and 

scaling of base wavelet   

 a,b(x) = 






 

a

bx
ψ

a

1
  (1) 

where b represents a translation and a scale.   

For a function f(x), a CWT can be described as   

     



 dxxabf(x)ψba,fW  (2) 

Here a Wf(a,b) represents a function of two variable 

depends on a and b.  

Continuous Wavelet Transformation CWT is 

done for all possible scales and translations what 

gives the big amount of data. For this reason in 

practice, the Discrete Wavelet Transformation 

DWT [4, 5] is applied. In DWT a signal is trans-

formed to discrete scale and discrete translations 

what gives a data reduction. 

DWT represents each function f(x) in the form  

  
kj,

jkjk (x)ψdf(x)  (3) 

where  

  k)x(2ψ2(x)ψ j2

j

jk   (4) 

Base functions are generated from a single base  

wavelet (x) with extension j and translation k. 

The using of DWT gives a possibility to per-

form multiresolution analysis MRA. Multiresolu-

tion analysis is a decomposition of a signal into low 

and high frequency approximation components 

what gives a signal as a sum of scaling function and 

wavelets.   

In each step, the original signal is decomposed 

into two components: high and low frequency. The 

operation can be repeated many times. For exam-

ple, the structure of multiresolution decomposition 

of an original signal S on the level 5 can be noted as  

S = A5 + D5 + D4 + D3 + D2 + D1 (see fig. 1), where 

Ai are low-frequency components decomposed with 

a larger scale and Dj are high-frequency compo-

nents decomposed with a small scale. Multiresolu-

tion wavelet decomposition can appear a good 

device to build a set of diagnostic features and 

classification. On the given level of decomposition, 

there is a set of components and each corresponds 

to different scale. For each signal component some 

classical parameters describing signal properties 

(like mean, shape factors etc.) can be calculated. 

This parameters can be used as diagnostic parame-

ters and input data for classification.  
 

 

 
 

Fig. 1. The exemplary tree structure for multireso-

lution decomposition on level 5   

3. Prototype of injector tester station  

The construction of the research station „Diesel 

Engine Injector Tester“ was done in the area of 

three main elements: fuel system, measurement 

system and user interface. The fuel system is re-

sponsible for supply of fuel to injector under the 

given pressure and control the time of the injector 

opening. In a fuel system, there are high-pressure 

pump, induction motor, inverter, Common Rail bus, 

system of injector control, system of high-pressure 

pomp control, cooling system, fuel pump, system 

responsible for communication with a user interface 

and sensors. The assumption on smooth injection 

regulation was performed by usage of induction 

motor, which was controlled by inverter and pres-

sure module. Using a belt pulley the motor drives 

high-pressure pomp to a speed, which allows ob-

taining the full pressure range. The drive ratio be-

tween motor and high-pressure pomp was realized 

using a belt pulley. The information from velocity 

sensors allowed to realization of control algorithm 

in closed loop with an output parameter determined 

by a pressure in Common Rail bus. The general 

schema of the fuel system is presented in fig. 2.  

 The measurement system is responsible for ac-

quireing of vibroacoustic signal from the examined 

injector. The measurement of vibroacoustic signal 

was performed using piezoelectric accelerometer 

ADIS16228 (measurement range ±18g, maximal 

sample frequency of 20.48 kHz, inside FFT analyz-

er). The choice of accelerometer was done basing 

on relation of measurement range and price taking 

into consideration sensors of such manufacturers as 

STM, Analog Devices, Freescale and Bruel & 

Kjaer. 

265



 

 
 

 

        

 

 

Fig. 2. The schematic of a fuel system of "Diesel 

Engine Injector Tester" 

 

 The place of accelerometer fastening on 

reaction tube was taken basing on some theoretical 

assumption and comparison of different fastening 

places. The reactivity tube was build basing on 

averaged dimensions of real engine cylinders and 

some theoretical assumptions, which considered the 

acquisition the maximally good vibroacoustic 

signal. The dimensions of tube are high 180 mm, 

diameter 110 mm. A special attention was directed 

into isolation the measured signal form outside 

disturbances. The main elements of measuring 

system are piezoelectric accelerometer, reactive 

tube and drainage basin. The microcontroller 

LM3S9B96 placed in especially projected control 

module was controlling measurement data 

acquisition. A schematic of measuring system is 

presented in fig. 3.  

 

 
Fig. 3. The schematic of measurement system of 

"Diesel Engine Injector Tester" 

 

The user interface is the last element of test 

standing and it allows controlling both fuel and 

measuring system.  

4. Results  

Two experiments were performed to examine 

the fuel spraying from diesel engine injector using 

multiresolution wavelet analysis of vibroacoustic 

signals. In the first experiment, 33 proper (correct) 

signals and 25 improper (incorrect) signals were 

recorded for different fastening. In the second ex-

periment, 40 proper and 60 improper signals were 

recorded for the same fastening.  

In the first experiment, the 33 correct signals 

were acquired in three series (11 signals for each 

case). The position of accelerometer for proper and 

improper cases was the same. Each proper series 

was recorded after disassemble of the injector and it 

new installation (the place of installation and the 

way of installation were not change). Only differ-

ence between each proper series was the rotation of 

injector around the vertical axis (it means that the 

place of hitting of the stream was rotate by some 

degrees related to accelerometer). In turn the meas-

urement of improper signals were done without 

disassemble of the injector. For improper signals, 

the acquisition was done for three different injec-

tion disturbances: front, right-side and back (the 

name informs about a position of a disturbance in 

relation to accelerometer). 

 Summing up the measurement in experiment 1 

was performed as follows: 

 measurement of proper series 1, 

 disassemble and new installation of injector,  

 measurement of proper series 2, 

 disassemble and new installation of injector,  

 measurement of improper series (back, front, 

right-side), 

 disassemble and new installation of injector,  

 measurement of proper series 3.  

Next, each signal was processed to find the 

multiresolution components. The calculations were 

performed in Scilab for Daubechies wavelet rank 5 

and multiresolution decomposition at 5-th level. 

The type of wavelet was chosen basing on literature 

remarks and some own experiments. The 5 level of 

decomposition seems quite enough and the using of 

higher levels does not seem justified. Especially 

from the point of view of diagnostic aims, which 

usually is performed on-line, what needs not very 

time consuming calculations.  

Eventually for each original signal S the 6 ap-

proximation components were taken into account S 

= A5 + D5 + D4 + D3 + D2 + D1. For each signal and 

all its components, the following parameters were 

calculated:   

 average value   ,  

 standard deviation    ,  

 average of absolute values    ,   

 shape factor defined here as   .  

 Table 1 presents the general results for 33 prop-

er and 25 improper cases of signals S together with 

their multiresolution components A5, D1, D2, D3, D4 

and D5.  

 

 

266



 

 
 

 

        

 

 

Table 1. The means of parameters X1, X2, X3, X4 calculated for all the proper and improper cases 

 

Taking into account the successive parameters for 

successive multiresolution components the most 

interesting from the diagnosing point of view 

appeared standard deviation X2, average of absolute 

values X3 and shape factor X4 for signal component 

D5. 

4. Discussion  

 Having the above results, the next step of the 

researches was an attempt to build a simple classifi-

er just to test if chosen parameters are suitable to 

play a role of diagnostic parameters distinguishing 

between proper and improper state. From a practi-

cal point of view, building of a simple classifier is 

equivalent to define a threshold, which will distin-

guish between proper and improper cases (the value 

of parameter should be above or below a thresh-

old|). The simplest way is considering the threshold 

as the center between the mean for proper and mean 

of improper case.  

 Considering the above thresholds and classify 

all cases as proper (while the value is below thresh-

old) or improper (while the value of a parameter is 

above a threshold) the results of classification are as 

following (see Tab. 2). 

 

 

 

Table 2. The result of classification for parameters X2, X3, X4 using D5 (the first experiment for fittings of accel-

erometers and injector changed; classifier thresholds were taken as the center between the mean for proper and 

improper case). 

 

The first results of classification are not perfect but 

after analysis it can be noticed that resolutions of 

values for proper cases are broadly concentrated, 

while for improper cases are concentrated narrowly 

(see tab. 3). This gives the perfect classification for 

proper signals but wrong classification for improper 

signals. 

The standard deviations of parameters are ap-

proximately ten times bigger for the set of improper 

case. From the classifier construction point of view, 

it means that the threshold cannot be taken as a 

center of distance between proper and improper 

case.

 

Table 3. The means and standard deviations of distribution of parameters X1, X2, X3, and X4 calculated for all the 

proper and improper cases for D5 (the first experiment for changing fittings of acceleromiters and injector). 

 

 

X1 X2 X3 X4 

Proper Improper Proper Improper Proper Improper Proper Improper 

S -0.1363 -0.1241 1.1244 1.5347 0.7528 1.1508 1.6806 2.0504 

A5 -0.1389 -0.1281 0.1649 0.5771 0.1803 0.4648 0.1528 0.7179 

D1 0.0000 0.0000 0.3970 0.4260 0.2245 0.2368 0.7048 0.7678 

D2 -0.0001 0.0000 0.3733 0.4190 0.2175 0.2357 0.6444 0.7464 

D3 -9E-05 -0.0002 0.6170 0.5544 0.3759 0.3453 1.0210 0.8923 

D4 -0.0004 0.0003 0.6058 0.6569 0.3939 0.4573 0.9334 0.9443 

D5 0.0032 0.0039 0.4039 0.9040 0.2800 0.6469 0.5829 1.2682 

 

X2 

Number (percentage) of classifi-

cation as a 

X3 

Number (percentage) of 

classification as a 

X4 

Number (percentage) of 

classification as a 

Proper Improper Proper Improper Proper Improper 

Proper 33 (100%) 0 (0%) 33 (100%) 0 (0%) 33 (100%) 0 (0%) 

Improper 11 (44%) 14 (56%) 8 (32%) 17 (68%) 11 (44%) 14 (56%) 

 

X2 X3 X4 

Proper Improper Proper Improper Proper Improper 

Mean 0.4039 0.9040 0.2800 0.6469 0.5829 1.2682 

Standard deviation 0.0056 0.0750 0.0037 0.0503 0.0094 0.1166 

267



 

 
 

 

        

 

Finding the right threshold needs considering dis-

tribution of results as Gaussian distribution (find 

out that a mean and a standard deviation are enough 

to define a Gaussian distribution). This way a 

threshold should be define as a value, which is a 

coincidence point between two adjacent Gauss 

distributions, one for proper and the second for 

improper case. In other words, the threshold is a 

solution of equation created as equation of two 

Gauss distribution with different means and stand-

ard deviations G(x)2,σ2 = G(x)2,σ2. The results of 

classification for thresholds calculated this way are 

presented in Tab. 4. These results are in opposition 

to results from Tab. 2, they are perfect for improper 

but this time wrong for proper cases. 

 

 

Table 4. The result of classification for parameters X2, X3, X4 using D5 (the first experiment for fittings of accel-

erometers and injector changed; classifier thresholds were taken as a coincidence point between two adjacent 

Gauss distributions for proper and improper case). 

 

 

Find that the real reason of a such result is in the 

fact that the set of proper signals consist on three 

series. Each series was recorded for the injector 

disassembling and mounting again. While consider-

ing the separate results for each series, it can be 

notice that especially series 1 is different form se-

ries 2 and 3. However, for the one series the results 

are nearly perfectly distributed.  

 It means that there are the significant differ-

ences for the successive proper series that must be 

an effect of disassembling of the injector and it 

another installation. This shows that to compare and 

make real diagnosis using vibroacoustic signal 

analysis all measurement must be taken for the 

same installation of injector and accelerometers. 

That is way the second experiment was performed 

for unchanging fittings of accelerometer and injec-

tor. The measurement acquired 40 proper and 60 

improper signal examples. After random division of 

each proper and improper set into two equal sub-

sets, the one of these subsets was considered as the 

training subset and the second as the test subset 

(two proper subsets having 20 elements and two 

improper subsets having 30 elements).  

 Taking into account the results for training sub-

set, having the given values of means and standard 

deviations for parameters X2, X3, X4 for D5 for 

training set and calculating the thresholds using 

Gauss distribution method the constructed classifier 

applied to testing subsets gives the perfect results 

(see Tab.5). 

 

 

Table 5. The result of classification for parameters X2, X3, X4 for test subsets for D5 (the second experiment for 

unchanging fittings of acceleromiters and injector).  

 

The general conclusion can be formulated as 

follow: the parameters X2. X3 and X5 for multireso-

lution component D5 can be used to diagnosis of 

injector working basing on vibroacoustic signals. 

Only condition for these measurements is unchang-

ing fittings of accelerometer and injector. 

7. Conclusion  

In the paper, the wavelet multiresolution analy-

sis was used to diagnostic of Diesel engine injection 

basing on vibroacoustic signals. The vibroacoustic 

signals were recorded using the specially construct-

ed research station for testing Diesel engine injec-

tors where a reactive tube with fastened accelerom-

 

X2 

Number (percentage) of classifi-

cation as a 

X3 

Number (percentage) of 

classification as a 

X4 

Number (percentage) of 

classification as a 

Proper Improper Proper Improper Proper Improper 

Proper 22 (66%) 11 (34%) 22 (66%) 11 (34%) 22 (66%) 11 (34%) 

Improper 25 (100%) 0 (0%) 25 (100%) 0 (0%) 25 (100%) 0 (0%) 

 

X2 

Number (percentage) of classifi-

cation as a 

X3 

Number (percentage) of 

classification as a 

X4 

Number (percentage) of 

classification as a 

Proper Improper Proper Improper Proper Improper 

Proper 20 (100%) 0 (0%) 20 (100%) 0 (0%) 20 (100%) 0 (0%) 

Improper 0 (0%) 30 (100%)  0 (0%) 30 (100%)  0 (0%) 30 (100%) 
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eter and injector inside models a real engine cylin-

der. The studies were based on multiresolution 

analysis using discrete wavelet transformation 

where each signal is decomposed into approxima-

tion components on different detail levels. The 

main analysis concerns finding the parameters, 

which can distinguish proper and improper work of 

an injector. The current results show that to have 

satisfied results all measurement must be performed 

for the same fittings of injector and accelerometer. 

Fulfilling the above condition, the researches pre-

sented in the paper have showed that there are char-

acteristic parameters calculated for high frequency 

multiresolution component D5 of the signal, which 

can be used as diagnostic parameters to distinguish 

between correctly, and incorrectly working injector.  

  

 

Nomenclature/Skróty i oznaczenia 

CWT   Continuous Wavelet Transformation / Ciągła Transformata Falkowa  

DWT   Discrete Wavelet Transformation / Dyskretne Transformata Falkowa 

db3   Daubechies wavelet rank 3 / falka Daubechies 3 rzędu  

db10   Daubechies wavelet rank 10 / falka Daubechies 10 rzędu  

haar   Haar wavelet / falka Haara  

morl   Morlet wavelet / falka Morleta   

OBD On-Board Diagnostic Device / pokładowe urządzenie diagnostyczne  
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