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Abstract:



The paper presents a method for processing acoustic signals which allows the extraction, from a very noisy signal, of components which contain diagnostically useful information on the increased valve clearance of a combustion engine. This method used two-stage denoising of the acoustic signal performed by means of a discrete wavelet transform. Afterwards, based on the signal cleaned-up in this manner, its entropy was calculated as a quantitative measure of qualitative changes caused by the excessive clearance. The testing and processing of the actual acoustic signal of a combustion engine enabled clear extraction of components which contain information on the valve clearance being diagnosed.
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1. Introduction


Combustion engines are very important components of means of transport and their reliable operation during service is vital. Early and fast diagnosis of any change in the technical condition of an engine makes it possible to anticipate in advance repairs and downtimes of vehicles. Changes in the technical condition of combustion engines may be caused by various types of wear and damage, which may be classified in the basic breakdown as either damage to mechatronic or mechanical elements. The former are diagnosed primarily by using various generations of On Board Diagnostics (OBD) systems in order to evaluate mainly changes in current values generated by numerous measurement sensors and control units. Diagnostic problems are significantly greater in the latter case because the wear of mechanical elements or damage thereto may not cause any changes in electrical values in other measurement devices. Another problem present in this case is the phenomenon of the so-called masking of mechanical damage caused by the adaptation of the control unit to the momentarily changing values being measured. This may lead to a situation where engine vibration and noise changes are recognised by mechanics and vehicle users, but are not observable during measurements using OBD system diagnoscopes [1,2,3,4].



This necessitates the development of new methods for recording and evaluating signals generated by the engine. The main items to consider here are vibration and noise signals as well as the analysis of the momentary change in the technical condition of mechanical components of combustion engines, i.e., wear or damage, carried out based on these signals.



Research using measurements and analyses of vibroacoustic signals have been conducted for years in numerous scientific centres. Papers [5,6,7,8,9] present the application of the measurements of combustion engine noise and vibration in the analysis of damage to the injection system. This type of research was also conducted by the authors of [10], which analysed various types of damage to fuel injectors as well as damage to one or two injectors. In [11,12] damage to the hydraulic tensioner of the timing chain system was studied and in [13,14,15,16,17,18] the excessive valve clearance of the combustion engine. Vibroacoustic signals were also used in [19,20], where excessive clearance between the piston and the cylinder sleeve of the engine was detected. Another interesting study was described in [21,22,23,24,25,26], where vibroacoustic signals were used for analyzing the influence of the type of fuel supplied to the engine on its work characteristics. Another issue analysed during this research was the impact of various types of mixtures, such as gasoline, LPG (Liquefied Petroleum Gas) and mixtures with the addition of hydrogen, on the generated vibroacoustic signals. Works on the impact of fuel type on the change of vibroacoustic signals were also carried out in [23,24], which, among others, analysed the effects of the change of the fuel type in a (bi-fuel) engine on the temporary change of vibroacoustic signals.



The authors of [27] suggested the use of signal processing by means of a linear superposition method and cross-correlation analysis to diagnose combustion engines. In [28,29,30,31], the authors used EEMD (Ensemble Empirical Mode Decomposition), coherent power spectrum analysis and improved AHP (Analytic Hierarchy Process) methods for identification of the noise and evaluating different engine damage. An interesting application of vibration signal processing methods was presented in [19], where the use of the continuous wavelet decomposition made it possible to separate signals caused by the combustion process and those caused by the excessive clearance of the piston in the cylinder sleeve. The authors of [13,14,15,16,17,18] presented the possibility of using signal filtration in order to separate components related to the increased valve clearance from components resulting from the combustion process. On the other hand, in [15,16] discrete and continuous wavelet transforms were used for diagnosing the valve clearance based on recorded acoustic signals. These methods enabled the separation of components which contain noise and to leave for further analyses low-energy components which contain information on the change in the value of the valve clearance. Advanced processing of vibroacoustic signals using the continuous wavelet transform was also presented in [12], where damage to the timing gear tensioner was diagnosed by detecting local resonance in the 2–20 scale range. In [32] the authors addressed the use of a continuous wavelet transformation into diesel engine air-born acoustics. In [33,34,35,36,37] the authors proposed the application of time and frequency domain signal processing methods for, inter alia, detecting combustion knocking. Methods of signal recording and processing are also used in studies which deal with pressure identification in the engine cylinder, and in the engine’s noise assessment, which is discussed in [38,39,40,41]. In [10,42,43,44] a broad master base scope, among others of point characteristics, was used for teaching artificial neural networks, which consequently enabled the diagnostics of damage to engine injection and other systems. An interesting application of independent component analysis and the continuous wavelet transform is discussed in [37], where the engine acoustic signals was applied to identify the engine noise sources.



The presented description of the applications of vibration and noise measurements as well as advanced signal vibration to date shows that vibroacoustic methods may prove to be a useful alternative to combustion engine testing methods used thus far. In view of dynamically developing signal recording means and methods new vibroacoustic signal processing methods should be developed in order to diagnose mechanical damage to combustion engines.



In the timing gear systems of combustion engines, there are the so-called “valve clearances” present, which are used (inter alia) to compensate for the thermal expansion of engines. The clearance values are adjusted manually or automatically, by means of hydraulic valve clearance compensators. The value of clearance changes as result of wear of the engine components, as well as wear or damage to the hydraulic valve clearance compensator. This may cause disturbance and worsening of the engine operation dynamics, and in threshold conditions, a considerable increase in vibration and noise of the engine. Damage to the hydraulic valve clearance compensator is also hard to diagnose by means of the methods applied so far. Research on this issue were already presented by the authors in [16].



As part of the research presented in the paper the authors propose the use of a new complex acoustic signal processing method developed in order to diagnose excessive valve clearance. This method used denoising [45,46,47] of the acoustic signal realized in two-stage performed by means of a discrete wavelet transform [48,49,50,51]. Afterwards, based on the signal cleaned-up in this manner, its entropy [52,53,54] was calculated as a quantitative measure of qualitative changes in the acoustic signal caused by the excessive clearance. The testing and processing of the actual acoustic signal of a combustion engine enabled the clear exposition of its significant components which contain information on the diagnosed valve clearance.




2. Signal Processing Method


The denoising procedure calculated using a discrete wavelet transform [45,46,47,48,49,50,51], and the entropy calculation [52,53,54] were used to extract acoustic signal components which contain information on the increased valve clearance.



This method assumes that the noisy (raw) signal:


X(t) = f(t) + e(t),



(1)




may be separated during the denoising procedure into the primary (target) signal f(t) and interference e(t). The calculation procedure takes into account:

	
decomposition of the signal;



	
assumption of the threshold coefficient and of the number of decomposition levels;



	
cutting off the noise at each decomposition level;



	
signal reconstruction.








After the procedure the denoised signal of the 1st level is obtained, which consists of:


f(t) + n·e(t),



(2)




while the remaining signal is treated as the differential interference signal m·e(t), and is calculated from the dependence:


m·e(t) = X(t) − [f(t) + n·e(t)],



(3)




where:


n + m = 1 and n << m.



(4)







The idea behind this type of signal processing and examples of its application can be found among others in research presented in [45,46,47,48,49,50,51,52,53,54].



It was concluded based on the tests that the denoising procedure performed and giving the result as a f(t) + n·e(t) signal in the manner described above did not yield satisfactory results in the case of an acoustic signal X(t) emitted by a combustion engine. This was caused by the fact that the acoustic pressure level signal X(t) recorded in the vicinity of a combustion engine has a constant which cannot be removed using the traditional denoising method described above.



The differential interference signal m·e(t) was selected for further analyses. That signal was denoised once more at the 2nd level. As a result of these calculations a selective denoised acoustic signal si which contained information on the increased valve clearance was obtained. Interference present in this signal is minor and irrelevant from the point of view of further analyses.



After a two-stage procedure of denoising of acoustic signal X(ti), the entropy of obtained signal si is determined from the basic dependence:


E(si) = −∑si2log(si2).



(5)







The complete algorithm of the calculations is shown in Figure 1.


Figure 1. The procedure for signal processing: solid line—first denoising level, broken line—second denoising level.
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3. Test Stand


The study were conducted using two four-cylinder spark-ignition (SI) engines of passenger cars. These engines was characterised by:

	
Engine I—capacity of 1.2 L, a mileage of 130,000 kilometres, eight-valve heads.



	
Engine II—capacity of 1.6 L, a mileage of 160,000 kilometres, eight-valve heads, and an older generation engine.








The study included modelling of double enlargement of a nominal timing system valve clearance. Such a valve clearance enlargement may occur in a number of cases, including a defect of the valve clearance compensators in hydraulic tappets. In engine I, valve clearance for the second engine cylinder was enlarged, whereas in engine II, the same was done for the first cylinder valves. The phases of valve timing of the tested engines were presented in Figure 2 and in Table 1.


Figure 2. The phases of valve timing, where: αin: the angle of lead opening of the intake valve; βin: the angle of lag closing of the intake valve; αex: the angle of lead opening of the exhaust valve; βex: the angle of lag closing of the exhaust valve; OWK: the direction of the engine rotation; TDC: Top Dead Centre; BDC: Bottom Dead Centre.



[image: Entropy 18 00253 g002 1024]






Table 1. The phases of valve timing tested engines.







	
Engine I

	
αin

	
7°

	
αex

	
41°




	
βin

	
43°

	
βex

	
5°




	
Engine II

	
αin

	
6°

	
αex

	
48°




	
βin

	
44°

	
βex

	
2°










The measuring system used to diagnose defects of valves consisted of the following elements:

	
norsonic signal analysers along with a condenser microphone (Norsonic AS, Tranby, Norway) used to measure the acoustic pressure over the engine valve cover with distance 0.5 m (Figure 3);


Figure 3. Measuring system diagram.
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an optic sensor used to record the reference signal of the crankshaft positioning;



	
a DSPT SigLab signal analyser (DSP Technologies Inc., Santa Barbara, CA, USA);



	
a computer used for signal recording.








The signals were being recorded at the sampling frequency of 25.6 kHz. They were subsequently processed using the Matlab-Simulink software (Version 2016a).



The detailed scope of the method of conducting measurements on laboratory stands is in line with the description provided in [16] of the authors.




4. Results and Discussion


In a further part of the study, based on the signal processing method presented in Section 2 and the recorded acoustic signals (Section 3), the following calculation assumptions were adopted for the processing of the recorded acoustic signals in the denoising procedure:

	
the length of the analysed signal corresponded to a 720° crankshaft rotation of the tested combustion engines, recorded at the rotational speed of idling;



	
Daubechies 2 wavelet;



	
number of decomposition levels = 6;



	
threshold value of the 1st level of denoising = 0.5 (engine I) or 1.1 (engine II);



	
threshold value of the 2nd level of denoising = 0.17 (engine I) or 0.6 (engine II);



	
soft thresholding;



	
window length during calculation of entropy = 20 samples.








The assumptions adopted in the research concerning signal processing resulted from the experience and results of preliminary studies conducted by the authors. They took into account, among others, assumptions such as:

	
the length of the analysed signal should correspond to a complete working cycle of a four-stroke engine, i.e., 720° of crankshaft rotation;



	
the selected wavelet should approximate well the analysed signals;



	
the decomposition levels and the threshold type and values should allow for maximum (in terms of quality) clearing of the signal of interference, without causing any substantial reduction in the contents in the information included in the signal; on the other hand, the dynamics of sensitivity of quantitative and qualitative changes in entropy to the detected valve clearance should be high.








Figure 4a–d and Figure 5a–d show the recorded acoustic pressure signals and the results of the subsequent stages of their filtration performed in accordance with the procedure presented in Section 2 of the paper.


Figure 4. Results of the processing of the acoustic signal of engine I: (a) recorded acoustic signal; (b) denoised signal (1st level) f(t) + n·e(t); (c) differential signal m·e(t); (d) denoised signal (2nd level) si; (e) entropy of the recorded acoustic signal Eraw; (f) entropy of the denoised signal in 2nd level Es.
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Figure 5. Results of the processing of the acoustic signal of engine II: (a) recorded acoustic signal; (b) denoised signal (1st level) f(t) + n·e(t); (c) differential signal m·e(t); (d) denoised signal (2nd level) si; (e) entropy of the recorded acoustic signal Eraw; (f) entropy of the denoised signal in 2nd level Es.
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According to the presented results of tests of both engines it is possible to filter out from the acoustic signal any information not relevant to the process of detecting excessive valve clearance values. Two-stage denoising along with the calculation of the differential interference signal enable the identification of a local change in the amplitude of denoised signal si, caused by the mechanical excitation resulting from the increased valve clearance of the tested combustion engines.



The calculated values of entropy Eraw for raw acoustic signal Es are shown in Figure 4e,f and Figure 5e,f. A comparison of local changes in entropy Eraw for the raw acoustic signal and denoised signal Es leads to a clear conclusion that entropy calculated in this research for the raw acoustic signal does not enable the identification of qualitative and quantitative changes which could be unambiguously classified as corresponding to the increased valve clearances of the tested engines. Based on the courses of the momentary entropy of denoised signal Es it may be concluded that qualitative changes correspond to points in time when valves with increased clearances are being opened or closed. It can be noticed, however, that quantitative changes in the entropy value are different and depend on the acoustic pressure level recorded in the vicinity of each engine, the general technical condition of the tested engines and on whether the valve is being opened or closed.



A comparison of the obtained test results for example with the method suggested by authors in [16], where signal filtration by means of a packet wavelet transform was used, leads to a conclusion that the denoising method proposed in the paper enabled much better filtration of the acoustic signal. According to the conducted research the need to adopt various levels of threshold value for different engines poses a major hindrance in the use of the developed denoising method. However, the threshold values may be selected in such a manner that only useful diagnostic information will remain, as shown in Figure 4 and Figure 5.



Based on the results presented in Figure 4 and Figure 5 it may be concluded that a clear increase in the value of the entropy of the processed acoustic signal is observed always when valves with increased clearances are being closed. An analysis of changes in entropy present during the opening of these valves leads to a conclusion that qualitative changes occur in the majority of the tested engines, but their quantitative increase is much smaller than during the closing of the valves.




5. Conclusions


The paper presents a new method for processing vibroacoustic signals which enables diagnosing excessive combustion engine valve clearance by using two-stage signal denoising and entropy calculation. The developed method made it possible to remove irrelevant components of the acoustic signal of the engine and to leave only these components which are responsible for carrying information on the diagnosed clearance. The calculated entropy of the raw signal and the denoising signal made it possible to demonstrate that a properly processed acoustic signal contains useful diagnostic components which are heavily masked by noise. The extraction of these signals requires, however, extensive processing of the raw acoustic signal, which was developed by the authors and described in Section 2 of the paper. Naturally, like any other method, it also requires further fine-tuning. One of the important elements of signal processing authors are currently working on is the development of a method for the automatic selection of the denoising level in order to extract very diagnostically useful, but heavily masked, components.
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