1505. Application of vibration signal in the diagnosis of
IC engine valve clearance

Lukasz Jedlinski!, Jacek Caban?, Leszek Krzywonos®, Stawomir Wierzbicki®,
FrantiSek Brumer¢ik’

I:3Faculty of Mechanical Engineering, Lublin University of Technology, Lublin, Poland

“Faculty of Production Engineering, University of Life Sciences, Lublin, Poland

“4Faculty of Technical Sciences, University of Warmia and Mazuria, Olsztyn, Poland

SFaculty of Mechanical Engineering, University of Zilina, Zilina, Slovakia

4Corresponding author

E-mail: 'Ljedlinski@pollub.pl, *j.caban@pollub.pl, 31.krzywonos@pollub.pl, *slawekw@uwm.edu.pl,
Sbrumercikfl@fstroj.uniza.sk

(Received 27 August 2014, received in revised form 23 October 2014, accepted 15 November 2014)

Abstract. The article describes a concept of a non-invasive method for diagnosing the size of
valve clearance in internal combustion engines, based on the analysis of engine surface vibration
signals using artificial neural networks. The applicability of the method was tested on a
single-cylinder compression-ignition engine with a low power rating, which had an OHV timing
gear, acting indirectly on the valves, and manual adjustment of valve clearance. The method uses
as diagnostic signals the readings of vibration sensors, which record the acceleration of engine
head movement as a function of the angle of rotation of the crankshaft, with pre-set valve clearance
values measured in a cold condition. From among the signals recorded, components corresponding
to the impact of rocker arms against valve stems were identified and low-pass filtered in order to
eliminate measurement interference. A classifier of selected features of the signals processed was
constructed using artificial neural networks. This classifier recognizes signals generated by
engines with correct valve clearance as well as those with too much and too little valve clearance.

Keywords: failure diagnosis, engine vibrations, valve clearance, neural networks.
1. Introduction

Timing gear mechanisms of internal combustion engines make wide use of cam drives of
poppet valves. The popularity of this solution is not so much due to its advantages as to the lack
of effective alternatives. In engines which do not reach speeds exceeding 5,500 rpm, timing gear
mechanisms acting indirectly on the valves are commonly used. An indirect valve drive consists
of a cam shaft, shaft bearings in the motor housing, a follower, a push rod, a rocker arm, a poppet
valve with a spring, and rocker arm bearings. Due to their mass, the moving parts of the
mechanism exert high loads on kinematic joints with the forces of inertia. On the other hand, an
indirect drive has a relatively low stiffness, which largely depends on the length of the push rod.
A timing gear mechanism, therefore, possesses its own dynamic characteristics, which manifest
themselves during engine operation. These characteristics are also influenced by the so-called
valve clearance.

The term valve clearance stands for the total clearance in the timing gear. In indirect drive
mechanisms, the numerical value of the clearance is measured between the valve stem and the
sliding surface of its mating rocker arm. The need for valve clearance is due to the changing linear
dimensions of the elements of timing gear mechanisms caused by their thermal expansion.
Clearance values depend on engine type, the mode of its cooling, timing gear design, and
numerous other factors. Optimum valve clearances are usually determined experimentally.
Calculations of valve clearances do not give reliable results because it is difficult to predict the
actual temperature distributions in different parts of a running engine. The general rule is that
valve clearance should be as small as possible, but still large enough for the valves to close tightly
during engine operation. Excessive valve clearance can be the cause of reduced engine power (as
an effect of impaired filling of the cylinder space due to the dislocation of the beginnings and ends
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of valve opening and closing, and as a result of a reduction in actual valve stroke), the occurrence
of additional impact forces of inertia, which lead to rapid wear of the mating surfaces (especially
valve faces and valve seats), resulting in an uncontrolled increase in clearance values, increasingly
noisy operation of the timing gear, and valve bounce during the closing of the valves. Diagnosis
of valve clearances in timing gear mechanisms of internal combustion engines, which can be
carried out by vibroacoustic methods, is, therefore, critical from a practical point of view. It
represents an important direction in current research, as evidenced by the significant number of
articles on this topic that are published each year in scientific journals.

Information about faults in the timing gear mechanism can be obtained from vibration signals
of the engine cylinder head. Measurement of these signals is relatively simple and convenient.
The possibility of diagnosing the operation of the timing gear by analysing head vibration signals
has been noticed and investigated by many researchers [1-6]. It has been found, among others,
that these signals carry information about valve operation, excessive valve clearance, burning of
valve seats, fractured valve springs, etc. [6].

2. The concept of a non-invasive method for assessing valve clearance

The primary forces affecting an internal combustion engine during operation are gas forces,
the character of which is a consequence of the cyclic occurrence of combustion processes. Since
the engine block provides support for all the mechanisms making up the engine, it is subjected to
dynamic interactions in all kinematic pairs. The vibrations of the block are a response to the total
forces acting in the places of its contact with moving parts of the engine. In the case of a prolonged
period of operation under a fixed load, the vibration signal of the engine block shows a periodicity
corresponding to the periodicity of the occurrence of ignitions. In particular, some components of
the block’s vibrations are caused by the elements of the timing gear mechanism, whose vibrations
depend on the size of valve clearance. To use the vibration of the block to assess valve clearance,
components of the vibrations coming from other engine mechanisms need to be filtered off. In
this case, the application of bandpass filtering does not solve the problem due to the fact that the
same frequency of vibrations of the block can be forced by different elements of the engine. One
of the possible solutions, which also forms the basis of the diagnostic method proposed in the
present article, is time selection. It requires information on the exact moments of opening and
closing of the valves. This information can be quite easily obtained, since those moments are
determined by the shape and arrangement of the cams on the camshaft, while the angular position
of the camshaft depends on the position of the engine crankshaft (variable valve timing is not
considered here). The application of a sensor of the angular position of the crankshaft (a crank
sensor) allows the separation of the moment of opening and closing of the valves from the
vibration signal.

The non-invasive diagnostic method of engine valve clearance evaluation proposed by the
present authors is based on these premises. The procedure involves four stages, schematically
depicted in Fig. 1. In the first stage, vibration signals of the engine block are registered. The second
stage consists in separating from this signal those vibrations which have been caused by opening
of the valves (the rocker arm striking the valve stem) and filtering of the signal to eliminate
inference. In the third stage, optimal signal features are selected (using a special selection
algorithm) from among the typical features employed in technical diagnosis. The fourth stage
involves classification of the signals using artificial neural networks. The present study uses for
this purpose multilayer perceptron networks (MLP), whose task is to assign engine valve
clearance, on the basis of the signal supplied, to one of three classes: too little clearance, correct
clearance, or too much clearance.

The proposed method of diagnosing valve clearance is a comparative method. Its main
limitation is that it requires the development of a database of experimental results before the actual
experiments are carried out in order to find the best neural classifiers. The selection of such
classifiers is preceded by training and testing procedures aimed at teaching a network to recognize
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specific characteristics and to empirically estimate the accuracy of recognition. These procedures
require the preparation of three data sets: a training set, a test set and a validation set. The accuracy
of a classification and, hence, the performance of a given neural network is determined by the
ratio of the number of accurately recognized cases to the total number of cases. To use a neural
network to evaluate the size of a valve clearance, first, engine vibration signals with a pre-set
(known) valve clearance must be registered and the neural classifier must be taught to recognize
the size of this clearance. The positively verified classifier can then be asked to evaluate vibration
signals recorded in the same engine in the future, but in conditions analogous to those for the
training signals. A good classifier should be able to correctly diagnose the size of valve clearance
both in the engine which has been used to collect learning and training data, as well as in other
engines of the same type. This would create the possibility of developing professional devices
(clearance testers) dedicated to certain types of internal combustion engines (e.g., power units in
cars).

Combustion
engine
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clearance

7

Artificial
Neural Normal
Time selection Network MLP clearance
and filtering
O
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clearance
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definition, I
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Fig. 1. Stages of the proposed diagnostic method for the evaluation of the size
of valve clearance in an IC engine

alalln

The present diagnostic method is not an original method. It is based on the observation that
the human ear is capable of recognizing (without any additional instruments) the characteristic
noises generated during engine operation. In the past, engine auscultation was an effective
diagnostic procedure. However, it required an experienced diagnostician — an expert who could
properly recognize and interpret the sounds he or she heard by assigning them to the specific
phenomena occurring in the engine. Modern methods of measuring and recording vibration signals
have allowed to expand the analyzed frequency ranges beyond the audible range, while computer
methods have provided new techniques for the analysis and processing of such signals. The use
of neural networks for the analysis of vibration signals is, in these circumstances, quite natural,
since these computer tools are simple (though astonishingly effective) simulators of the
functioning of biological neural systems, including the human brain. A neural network is trained
to distinguish signals (e.g., sounds) sent by a functional technical object (which can sometime
generate false alarms) from the sounds made by a marginally operational object [7]. The main
research goal of the present article is thus not to find whether the proposed method is correct or
not, but to search for optimal ways in which it could be implemented.

When testing IC engines by vibroacoustic methods, it is important to adequately interpret
complex measurement signals through the use of increasingly sophisticated processing methods
[8-10]. Recent years have seen continuous development of diagnostic inference algorithms and
signal processing methods [11-15], which have been successfully used in scientific research
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devoted to the diagnosis of internal combustion engines [16-19]. Various techniques have been
employed to increase the ratio of signal to noise, such as noise reduction using the wavelet
transform [4, 20-25]. The methods of artificial intelligence, mainly neural networks [1-2, 26-29],
or less known methods such as recurrence plots [30, 31] are often used as inference algorithms.

The common denominator of the research results reported in scientific literature regarding the
diagnosis of IC engines (including the diagnosis of timing gear mechanisms) is their purely
empirical nature. To a large extent, this is due to the insufficient development of physical theories
that would afford a quantitative description of the phenomena studied. The physics of phenomena,
however, inevitably have to be taken into account when universal procedures for obtaining and
processing vibration signals for purposes of the diagnosis of valve clearance are created. Such
procedures can be effectively tested only on the basis of the results of tests of IC engines that have
the simplest possible design — low-power single-cylinder engines unequipped with valve clearance
self-adjusting mechanisms.

3. Bench testing

To verify the practical applicability of the proposed concept of processing of vibration signals
for diagnosing IC engine valve clearance, an experiment was conducted on a test bench in the
Institute of Transport, Internal Combustion Engines and Ecology of the Lublin University of
Technology. The object of the study was a RUGGERINI RY 125 four-stroke diesel engine (Fig. 2).
The test bench was equipped with instruments for recording the acceleration of head vibrations,
crank (crankshaft) angle, engine cylinder temperature, and ambient temperature. Fig. 3(a) shows
a view of the test bench and Fig. 3(b) — a schematic diagram of the bench.

RUGGERINI RY125
Engine type Diesel, four-stroke
Manufacturer Ruggerini Motori
Combustion Direct Injection (DI)
Cooling system Aerial
Valve system Overhead 2 valves

- ; \ : Number of cylinders 1

! BN Supercharging -
a) b)

Fig. 2. A RUGGERINI RY 125 engine: a) a general view, b) technical description

ENGINE BATTERY

@

[r[7] _[w[V]e

b)
Fig. 3. The test bench for recording vibrations of the cylinder head of a RUGGERINI RY 125 engine
a) view of the bench, b) schematic diagram of the bench (DAQPad — measurement card,
¢ — position of the crankshaft, I/; — horizontal acceleration of engine head vibrations, V, — vertical
acceleration of engine head vibrations, T, — temperature of the cylinder, T — ambient temperature)

PC
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The RUGGERINI RY125 engine is a single-cylinder unit (with a vertical cylinder) with a
displacement of 0.505 dm?® (85 mm stroke, 87 mm bore), non-supercharged, air-cooled, capable
of developing a rated power of 8.8 kW at 3600 rpm and a maximum torque of 31 Nm at 2000 rpm.
It has an OHV timing gear mechanism with an indirect valve drive (one intake valve and one
exhaust valve) and manual valve clearance adjustment. The rocker arms are double-sided and
equipped with adjusting screws. The assembly valve clearances recommended by the
manufacturer are the same for both valves and are 0.20 mm for a cold condition and 0.15 mm for
a hot condition [32]. The basic technical specifications for the RUGGERINI RY'125 engine are
summarized in Table 1.

Table 1. Basic technical parameters of the RUGGERINI RY125 engine [32]

Parameter Value
Borexstroke 87 mmx85 mm
Displacement 0.505 dm?
Capacity of final drive oil 1.5 dm?
Nominal speed 3600 rpm
Compression ratio 19:1
Max torque 31 Nm at 2000 rpm
Nominal rated power 8.8 kW at 3600 rpm
Capacity of fuel tank 5.0 dm?
Weight of engine 48 kg

Information about the position of the engine’s crankshaft was obtained on the test bench from
a Kiibler incremental encoder 8.5820.1312.3600. Vibrations of the engine’s head were measured
using two ICP 338B34 single-axis piezoelectric accelerometers (referred to in this article as
sensor 1 and sensor 2), adhesive-mounted on the head housing, and a 482A16 PCB®
Piezotronics™¢ amplifier. Both sensors were mounted directly above rocker arms (Fig. 4). Sensor
1 recorded the acceleration amplitude in the horizontal direction (horizontal vibration amplitude)
and sensor 2 registered the acceleration amplitude in the vertical direction (vertical vibration
amplitude). The directions specified were perpendicular to the axis of the engine’s crankshaft, and
the vertical direction corresponded to the direction of piston motion in the cylinder.

Fig. 4. Measurement of head vibrations: a) location of the sensors, b) view of rocker arms after
disassembling of the head housing

The temperature of the cylinder and ambient temperature were measured using TP-371 and
TP-372 sensors with a single processing unit (a Pt100 platinum resistor). All measurement signals
were recorded using a DAQPad-607 measurement card (16 inputs, 1.25 MS/s, 12bit,
Multifunction £5 V) from National Instruments.

To collect the data necessary for the preparation of the neural classifier, a series of horizontal
and vertical engine head vibration signals were registered at three preset valve clearances: 0.15,
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0.20, and 0.40 mm in a cold condition, for four cylinder temperatures of 30, 35, 40, and 45°C.
Valve clearances were identical for both valves. Each measurement cycle was conducted under
no-load idle conditions at a rotational speed of 1300 rpm, with the crankshaft making 200
complete revolutions. Valve clearance checks performed after each measuring cycle showed that,
within the investigated range of cylinder temperatures, there was no change in valve clearance
(measured using a feeler gauge with leave thicknesses increasing by 0.05 mm steps) as a result of
the increase in the temperature of the head.

For the purposes of time selection, the positions of the engine’s crankshaft (crankshaft angles)
at which the valves of the test engine started to open and close were also defined. It was measured
that the exhaust (outlet) valve began to open (EVO) at the crankshaft angle of 148°+£2° (the 0°
angle corresponded to the top dead position (TDC) of a piston that begins its stroke) whereas
intake valve opening (IVO) occurred at a crankshaft angle of 360°+2°. The moment of the close
of the exhaust valve (EVC) corresponded to a crankshaft angle of 367°+2°, while the moment of
intake valve closing (IVC) corresponded to a crankshaft rotation angle of 569°+2°. The positions
of these points during four complete cycles of engine operation are shown in Fig. 5.

4. Processing of measurement signals of the Ruggerini RY125 engine vibrations

Before the signals recorded were processed, their waveforms as a function of crankshaft angle
were analyzed. Fig. 5 shows typical acceleration waveforms of horizontal (sensor 1) and vertical
(sensor 2) vibrations of the engine cylinder head at preset valve clearances of 0.15, 0.20, and
0.40 mm. For all graphs, angle 0° corresponds to the top dead center of the piston stroke.
Waveforms recorded by the two sensors exhibit similar qualitative characteristics. The highest
signal power is observed close to the crankshaft angles 0° and 575°. The increase in signal power
in the vicinity of the 0° angle is a result of the combustion process. An analysis of the design of
the engine leads to the conclusion that the increase in signal power near the angle of 575° is the
result of vibrations generated by the engine supply system and, in particular, the fuel pump cam
drive. These observations are consistent with reports in the literature on internal combustion
engines. The increased signal power at position 360° is associated with gas exchange processes.

The graphs also show that the power of the vertical vibrations (measured with sensor 2) of the
analyzed signals is significantly higher than the power of the horizontal vibrations (measured with
sensor 1). It must therefore be assumed that the signal of vertical vibrations is more useful for
diagnostic purposes than the horizontal signal. Since angle 575° is adjacent to the IVC point, it
would be difficult to use vibrations associated with valve closing for diagnosing valve clearance
because of the strong interference caused by the operation of the fuel supply system. This explains
why in the present study a focus was put on isolating from the recorded signals those vibration
components that were related to the opening of the two valves.

It is hypothesized in the present article that the impact of the rocker arm against the valve stem
has its reflection in the vibration signal of the engine head. The value of the impulse of this impact
is linearly dependent on the rotational speed of the rocker arm at the time of its contact with the
valve. This speed is proportional to the linear speed of the point at which the arm contacts the push
rod. The push rod performs a translational motion, the speed of which depends on the angle of
rotation of the camshaft. Camshafts with conventional valve cams are characterized by a
monotonic increase in the speed of follower motion (and thus the speed of push rod motion) as a
function of crankshaft angle, in the initial phase of valve opening. Consequently, the speed of the
push rod during the adjustment of valve clearance increases monotonically as a function of
crankshaft angle, from an initial value of zero. This means that the value of the impulse of the
rocker arm pushing down on the valve stem is, in the context discussed, an increasing function of
valve clearance.

The design of the engine’s timing gear mechanism indicates that the direction in which this
impulse acts is approximately vertical, i.e., consistent with the direction of movement of the piston
in the cylinder. Because the rocker arm is bearing-mounted in the engine head (Fig. 4(b)), the
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impulse of the rocker arm pushing down on the valve stem triggers an impulse response of the
bearing. According to (Newton’s) third law of motion, the impulse of the response of the bearing
is transmitted to the head. In contrast, the impulse of the rocker arm acting on the valve stem is
absorbed by the valve spring and is thus be distributed in time.

Clearance 0,15 mm Clearance 0,15 mm

2 2
E " E
PR i ¥ 2 0
E v L k|
2 50 g 50
< <
0 9 180 270 360 450 540 630 720 0 9 180 270 360 450 540 630 720
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Clearance 0,20 mm Clearance 0,20 mm
- “ 50
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o 0 o 0
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2 2
2 50 g 50
< <
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a) Sensor 1 b) Sensor 2

Fig. 5. Typical acceleration waveforms for horizontal (sensor 1) and vertical (sensor 2) vibrations of the
RUGGERINI RY 125 engine head as a function of crankshaft angle for preset valve clearances of 0.15,
0.20, and 0.40 mm (registered on the test bench at an engine rotational speed of 1300 rpm) and an
illustration showing the opening and closing positions of the valves (angle 0° — top dead center of the
piston stroke, EVO — exhaust valve opening, IVO — intake valve opening, EVC — exhaust valve closing,
IVC — intake valve closing)

Under this reasoning, the vibration signals recorded from the head of the tested RUGGERINI
RY 125 engine should contain periodically occurring impulse components generated by the rocker
arms striking the valve stems in the crankshaft angle ranges corresponding to EVO and IVO. This
effect should be much more pronounced in the vertical vibration signal. In order to verify these
assumptions, the signals obtained were analyzed in the frequency domain by performing
short-time Fourier transform (STFT). The results of STFT for typical waveforms are shown in
Fig. 6 (signal from sensor 1) and Fig. 7 (signal from sensor 2).

An analysis of two selected “windows” spanning the moments of opening of the two valves,
seems to confirm the suggested effects in the vicinity of EVO (clear head vibration impulses
registered by sensor 2, decidedly stronger for the 0.40 mm clearance, and no impulses in the signal
registered by sensor 1). On the other hand, the signal in the window that includes IVO is visibly
disturbed by other phenomena. Before input data for the neural network are prepared, it is
necessary to both cut off and filter the signal, to remove the interference components found in the
"windows". Accordingly, the signals registered on the test bench were processed by separating the
vibrations caused by the rocker arms pressing down on the valve stems, and applying a low-pass
filter to remove high-frequency components, which were mostly interference signals.
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Fig. 6. STFT analysis of the amplitude of a typical horizontal vibration acceleratlon signal recorded on the
test bench for the RUGGERINI RY 125 engine head using sensor 1 for three preset valve clearance
values of 0.15, 0.20, and 0.40 mm
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Fig. 7. STFT analysis of the amplitude of a typical vertical vibration acceleratlon signal recorded on the
test bench for the RUGGERINI RY 125 engine head using sensor 2 for three preset valve clearances
0f 0.15, 0.20, and 0.40 mm

5. Selection of a neural classifier for the Ruggerini RY125 engine

Based on the signals processed in this manner, a set of input variables for the neural classifier
of valve clearance was developed. Because different valve clearance values can cause changes in
the amplitude of the vibration signal and its distribution, relevant signal features should be found
by eliminating those that carry little information about the change of state. In the present study,
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twelve scalar signal features were tested: arithmetic mean of the absolute values of the signal,
median of the absolute values of the signal, root mean square, signal power, peak value,
peak-to-peak value, kurtosis, peak factor, impulse factor, clearance factor, variance and standard
deviation of the sample (precise definitions of these features are given in Table 2).

Table 2. Test features of the recorded vibration signal

No. Feature Symbol Definition
Arithmetic mean of the 1<
1) | absolute values of the Xaps Xaps = Nz x|
signal n=1
X , if N is odd,
2) Median of the absolute P P |1 w2l
values of the signal ABS ABS E(IxN/Zl +xy/2e1l), if N is even
3) Root mean square of the X
signal RMS
4) | Signal power P
n=1
5) | Peak value Xonax Xmax = max{lxnl;n =1,...,N}
6) | Peak-to-peak value Xpp Xpp = Xmax — Xmin
1 _
. . NZ%:l(xn - X)4
7) | Signal kurtosis k k= 1 3
| 2o Gen — 07
X
8) | Peak factor C c="%
J?CRMS
9) | Impulse factor I ="
iABS
10) | Clearance factor L L="%
XABS -
Empirical variance of the 2 , 1 N2
10 sample s ST=ENT1 Z(xn — %)
n=1
Standard deviation of th 1 v
andard deviation of the
12) sample $ s= \/E = mZ(xn - %)?
n=1
In the definitions of the features, x,, stands for the value of a discrete signal at n-th measuring point,
13) wherein n = 1,..., N, where N is the number of samples in the signal. Symbol x;,,;;, in the definition
of feature (6) is the minimum absolute value of the signal: x,,;, = min{|x,|;n =1,..., N}.
Symbol x used in definitions (7), (11) and (12) represents the arithmetic mean of the signal.

Application of a selection algorithm [33] identified seven, out of the twelve features
considered, which had the highest significance levels; they included arithmetic mean of the
absolute values of the signal, root mean square, signal power, peak value, peak-to-peak value,
empirical variance and standard deviation of the sample (Fig. 4). An illustration of how the
algorithm works is shown in Fig. 8. The value of a given feature is calculated for each of the
selected vibration signals. All values from measurements taken with the same sensor are analyzed
and the information about the size of valve clearance during the measurement is recorded. Then it
is checked whether there is a relationship between the categories of valve clearance and feature
value.

Fig. 9 shows the results of the feature selection algorithm for signals recorded using sensor 1
and sensor 2. It can be seen that in both cases, the algorithm has given priority primarily to those
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features that depend on signal power.

The usefulness of MLP networks for classification of valve clearance was verified using the
StatSoft STATISTICA® Neural Networks module. In the case of sensor 1, when the procedure
shown in Fig. 2 was followed, the classification accuracy achieved for the selected signal features
was 90 % for the test data and approximately 95 % for the validation data. Better results were
achieved for sensor 2, for which almost all of the cases were classified correctly (100 % and
99.25 %, respectively). The results of this classification are shown in Table 3. They confirm the
hypothesis put forward earlier that the signal of vertical vibrations of the head of the RUGGERINI
RY125 engine provides a better indication of the size of valve clearance than the horizontal
vibration signal.

1. Mean 2. Mediana 3. Root mean square
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Fig. 8. Example values of the tested standardized features of the processed horizontal vibration signal for
the three preset valve clearance values
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Fig. 9. A bar chart of levels of significance of the investigated signal features for
a) horizontal vibration sensor 1, and b) vertical vibration sensor 2

We also examined the possibility of classifying valve clearances in the absence of crankshaft
angle data (i.e. without time selection and filtering of the signal). This experiment was conducted
to verify whether it was possible to apply the method developed in this study to portable valve
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clearance testers for use in situations in which the measurement of an engine’s crankshaft angle is
impeded. As expected, much poorer results were achieved in this case (see Table 4). For both
sensors, the accuracy of classification was slightly over 80 %, which, in practice, disqualifies the
procedure used.

Table 3. Results of the classification of vibration signals subjected to time selection and filtration

.. Sensor 1 Sensor 2
Network characteristics Value / name Value / name
Number of neurons in the hidden layer 13 15
Activation function:
hidden layer Hyperbolic tangent Logistic
output layer Softmax Linear
Accuracy of classifications for:
training set 89.60 % 99.68 %
test set 89.47 % 100 %
validation set 94.73 % 99.25 %
Table 4. Results of classification of vibration signals not subjected to time selection and filtration
.. Sensor 1 Sensor2
Network characteristics Value / name Value / name

Number of neurons in the hidden layer 4 12
Activation function:
hidden layer Linear Linear
output layer Linear Exponential
Accuracy of classifications for:
training set 78.57 % 78.09 %
test set 82.22 % 80.00 %
validation set 82.22 % 81.11 %

6. Conclusions

In the light of the results obtained, the valve clearance evaluation procedure for the analysis
and processing of vibration signals of the head of an internal combustion engine is worthy of
notice, though undoubtedly many details still need to be worked out. At the same time, there
emerge a number of new research problems. Further experimental studies on a larger scale are
needed which would include theoretical modelling of the physical processes taking place in the
timing gear of an IC engine. Also, other signal features, filtration methods and methods of
recording measurement signals should be considered, and other measurement methods (for
example, using a laser vibrometer or a recorder of acoustic frequencies) should be tested. To
investigate the effect of engine temperature on valve clearance values, the tests should be
conducted under different conditions, with the test engine operating at a higher load and higher
speeds.
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