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Abstract. The paper presents the method of vibrodiagnostics of mechanical defects of the internal
combustion engine. The research included various maintenance states corresponding with no-fault
state, improper valve clearance, defected engine head gasket and damaged exhaust valve. Eighteen
statistical parameters were determined based on the vibration acceleration signal registered during
200 cycles of the engine. The dimension of the vector of selected features was reduced using
principal component analysis. The uncorrelated variables represented by the first and the second
principal component were used for the classification of defects by means of the support vector
machine method. The applied approach does not require the signal resampling. The proposed two
stages algorithm allows automatic generation of the empirical diagnostic model and performing
on-line diagnostics.

Keywords: combustion engine, on-line diagnostics, vibration signal, principal components
analysis (PCA), classification, support vector machine (SVM).

1. Introduction

There is a group of mechanical defects, which — not only — are not detected by the On-Board
Diagnostics (OBD) but also even camouflaged by the engine control system. As an example the
pressure decrease in a cylinder, caused by a leakage of valves, rings or a head gasket puncture,
can be used. Such defects cause an automatic change of control parameters, but the on-board
diagnostic system does not react.

In systems of on-line diagnostics, the simple methods — which would allow to differentiate
good and faulty states as well as the defects identification — are constantly searched for. When the
vibration signal is recorded many diagnostic parameters can be created on its bases. A part of them
is useful and provides information of the object state, a part is correlated with other data, however
there is also a part which disturbs the diagnostic process. In order to select parameters carrying
information the method of the Principal Component Analysis (PCA) was applied forming the
empirical model allowing for an automatic classification of mechanical defects on the bases of the
vibration signal. The method was described in [1] and found an application in machine diagnostics
[2-5]. Several aspects of its application in diagnostics of internal combustion engines are discussed
in [6-8]. Mechanical defects of the combustion engine were diagnosed by authors with other
techniques: autoregressive model [9], Kalman filter [10], Singular Value Decomposition of
observation subspace [11]. Condition monitoring of IC engines through the analysis of their
vibrations treated as cyclostationary process is introduced in [12, 13]. Methods of vibrodiagnostics
for combustion engines are discussed in [14-16]. The results of research, which aim is to diagnose
damages of mechanical elements of car combustion engine using vibration signals and artificial
neural networks are presented in [17]. The method described in the paper aim is to supplement —
already operating in vehicles — the OBD system (which detects emission faults) with mechanical
defects diagnostics [18].

2. Principal component analysis

The main purpose of principal component analysis is the reduction of the dimension of the
dataset with minimal loss of information. In other words, PCA projects the original set of data into
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different subspace. The new coordinates are called principal components, which are uncorrelated
and explain the variation in the data. The first principal component is the axis with maximum data
variance as possible, and each succeeding one accounts for as much of the variability in the data
as possible.

PCA can be done using eigenvalue decomposition of a data covariance matrix X:

1 T
Rue = XX, (1)

Each row of X corresponds to all p-measurements of a particular type and each column of X
corresponds to a set of measurements from one test.

Eigenvalues 4; and associated with them eigenvectors w; of R, covariance matrix are linked
by:

R W; = 4w 2

Moreover, the eigenvectors with the largest eigenvalues form the matrix W, which transforms
data onto the new subspace:

y = Wx, (3)

where: X = [x4, X,, ..., xy]T — vector of original data, y = [y, ¥,, ..., yx]T — reduced vector of
data, W = [wy, wy, ...w; |7 — transformation matrix.

The variance for the ith principal component is equal to the ith eigenvalue of R, covariance
matrix:

var(y;) = var(w]x) = A;. 4)
3. Description of experiment

Examinations were performed during road tests on the four-cylinder engine of spark ignition
of Fiat Punto of 400 000 km mileage. Its technical data are listed in Table 1.

Table 1. Technical specifications of the vehicle driving line

Engine type FIRE 1.2 MPI, gasoline, 4-stroke, 8-valve
Cylinder diameter 70.8 mm
Piston stroke 78.9 mm
Displacement 1242 cm?
Compression ratio 9.8
Compression pressure 1.15 MPa
Maximum power 54 kW at 6000 rpm
Maximum torque 106 Nm at 4000 rpm
Gearbox 5-gear

Measurement, recording and processing of vibration was done using vibration analyzer
Pulse 3560 E, with accelerometers type 4393 produced by Briiel and Kjer. The accelerometer was
fastened by means of a joint screwed into the engine side at cylinder 1. Accelerations of engine
block vibrations were recorded for various rotational speeds and loads, in the vertical and
horizontal directions, with a frequency of 65536 Hz, which means the frequency encompassing
the sensor resonance frequency range. Simultaneously the crankshaft position signal, throttle
position and signals from the ignition coil at 1 and 4 cylinder were recorded. Additional signals
enabled the synchronisation and engine load.

Signals of about 1-minute duration were recorded during road test with a quasi-constant speed
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without rapid acceleration and deceleration. Investigations were performed for various defects of
the engine [19]:

1) Engine with no defects,

2) Defected head gasket,

3) Increased clearance of the exhaust valve (+0.06 mm),

4) Decreased clearance of the exhaust valve (—0.06 mm),

5) Exhaust valve out of order I (small defect), optimal clearance,

6) Exhaust valve out of order I (large defect), optimal clearance.

Examples of time waveforms of the acceleration of vibrations for each of the mentioned engine
states for one work cycle at the rotational speed of the engine of 3000 rpm are presented in Fig. 1
and 2 (Fig. 1 —in a vertical direction, Fig. 2 — in a horizontal direction).
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Fig. 1. Time waveforms of vibration accelerations for engine with a) no defects, b) defected head gasket,
¢) defected exhaust valve (small), d) decreased clearance of exhaust valve, e) defected exhaust
valve (large), f) increased clearance of exhaust valve, in vertical direction,
for one work cycle at the rotational speed of the engine of 3000 rpm

The process of generating vibrations and noises in the internal combustion engine is very
complicated. The observed vibrations are compositions of periodic waves related to operations of
rotating elements and impulse responses corresponding to a piston plane-rotary motion as well as
responses to gas pressure. Some excitations occur periodically, e.g. piston slap, opening and
closing of valves (for engines with constant valve timing), while other are characterized by the
angle variability (injection, ignition). Therefore, during the vibration measurements, the recording
of additional informative and synchronizing signals, such as e.g. the engine crankshaft position is
also necessary. Transient processes, being responses for valves closing, are dominating in the
vibration signal recorded during the work cycle.

In order to be able to draw conclusions on the engine on-line state — under various maintenance
conditions — on the grounds of vibrations, the influence of engine work parameters on the vibration
signal should be investigated. The performed investigations indicate that the most important is the
crankshaft rotational speed. This speed increase is accompanied by the increase of the vibration
signal amplitude, especially components being the responses for valves closing.
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It should be expected that the valves tightness loss would cause the effect of ,,whistling”.
Intensification of this effect can be achieved by applying the resonance frequency range of the
piezoelectric vibration sensor, which equals 55 kHz. The analogue-to-digital converter card allows
the signal recording with a frequency of 65536 Hz, which enables entering into the resonance
vibrations zone and to intensify the vibration response of a leaking cylinder.

Leakage in the piston-cylinder system occurs also due to burning out of the exhaust valve. The
system vibration response for opening and closing of the exhaust valve is very similar to the
response of the system with the increased valve clearance. Due to a resonance occurrence
differentiating the valve wear degree or defects is not possible. Since the sequence of events is
very important at analyzing the engine vibration signal, the time waveform should be subjected to
the time windowing (time selection process). Limits of the time window must be precisely
determined for each cylinder and each event (opening and closing of valves and injectors,
ignition, etc.).

Increased amplitudes of vibration accelerations, when the engine runs with the defected gasket,
are clearly seen in the time waveform. It can be stated, that the defect strengthens the vibration
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Fig. 2. Time waveforms of vibration accelerations for engine with a) no defects, b) defected head gasket,
¢) defected exhaust valve (small), d) decreased clearance of exhaust valve, e) defected exhaust
valve (large), f) increased clearance of exhaust valve, in horizontal direction,
for one work cycle at the rotational speed of the engine of 3000 rpm

4. Selection of diagnostic parameters

The described above time signals x recorded during the road test became the basis for
developing the observation matrix. The following parameters were applied: average value,
root-mean square value (RMS), variance, the third moment of the standard score — skewness, the
forth moment of the standard score — kurtosis, maximum absolute value (peak value), peak
coefficient, impulse coefficient, shape coefficient. These parameters can be calculated on-line.
Every parameter is determined in vertical and horizontal direction.

Since the investigated parameters are characterised by a high variability from a cycle to a cycle,
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the numerical filter described by the recurrent equation was applied:
fk:ka_1+(1_F)xk. (5)

Eq. (1) represents the Exponentially Weighted Moving Average Filter which is identical to a
discrete first-order low-pass filter. When used as a filter, the value of X, is computed using the
previous filtered value, x),_,. The value of the filter constant, F, dictates the degree of filtering.
Since the number of previous samples of any data sequence p = 0, this means that 0 < F < 1.
When a large number of points are being considered, F — 1, and X}, — Xj,_;. The Exponentially
Weighted Moving Average filter places less importance to current data, which is generally noisy,
and emphasizes more on the cumulative effect of older data. However, the weighting for each
older data point decreases exponentially [20].

Variations of a maximum absolute value (peak value) calculated for successive 200 cycles of
engine works are presented in Fig. 3. This parameter was compared with the original data and
resampled into the crankshaft angle domain (Fig. 3(a)). Points in Fig. 3(b) denote peak value
calculated for the original data, while a continuous line denotes values after recalculation by the
EWMA filter with a factor F = 0.6.
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Fig. 3. Comparison of peak value for a) original and resampled data, b) original data and data filtered
with EWMA filter, during 200 working cycles of combustion engine

Since it is easier and faster to calculate on-line diagnostic parameters for the original data in
the time domain, without their previous resampling, and the analysis indicated negligible errors at
small fluctuations of rotational speeds, further operations were performed on the vibration signals
in the time domain.

Averaged parameters values for 200 cycles are listed in Table 2, with a confidence range being
within the threefold value of the standard deviation. Central moments of higher orders (from 3 to
6) were also calculated but since the scatter of these parameters was several times exceeding their
values the authors resigned from them, at the stage of the primary selection already. Parameters
in Table 2 are written in a sequence of increasing relative scatter value for the given parameter,
taking into account mainly the good engine condition.

The matrix of training parameters X, which columns constituted vectors of diagnostic
parameters calculated in horizontal and vertical direction for one cycle of engine work, and rows
— parameters in successive 200 measuring cycles for each engine state (1 no-fault state and 5
damage states mentioned above). In such way the matrix 18x1200 was obtained. Then the
covariance matrix of training parameters was estimated from the mean centered data matrix:

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716 4283



1837. ON-LINE DIAGNOSIS OF MECHANICAL DEFECTS OF THE COMBUSTION ENGINE WITH PRINCIPAL COMPONENTS ANALYSIS.
IwOoNA KOMORSKA, ANDRZEJ PUCHALSKI

1
R, = ——XXT. 6
71200 ©
On account of the domination of the first two eigenvalues A, and 1, over the remaining ones,
in further analysis the first two rows of the matrix W were used. It means the first two main
components y; and y,, determined from Eq. (3).

Table 2. List of averaged values of signal features of 200 work cycles of the engine with the uncertainty of
measurement 3¢ (where: o — standard deviation)

Defect of engine No Defected Defected Defected Decreased | Increased
diagnostic parameter | defect | head gasket | valve (small) | valve (large) | clearance | clearance
Average value — 27,92 36,23 35,68 49,32 + 38,72 46,81
vertical +1,98 +2.32 +3,09 12,42 +6,59 +14,50
Average value — 31,08 36,11 26,90 67,26 + 31,30 70,35
horizontal +2,77 +2,88 +2,26 18,94 +7,03 +23,68
Shape coefficient — 1,55 1,54 1,56 1,98 1,60 2,17
vertical +0,16 +0,12 +0,11 + 0,45 40,10 +0,65
Shape coefficient — 1,72 1,54 1,52 2,52 1,60 2,64
horizontal +0,22 +0,12 +0,10 + 0,65 +0,18 +0,93
. 43,29 55,64 55,79 105,12 + 62,19 112,61
RMS value —vertical | ', 759 | 1583 +7,57 48,67 L1281 | %6537
RMS value — 53,40 55,47 41,03 185,10 = 51,91 210,57
horizontal +10,22 +6,77 +5,12 90,64 +16,59 +133,29
Peak coefficient — 9,04 9,43 9,21 21,09 £ 10,96 30,06
vertical +3,07 +2,37 +2,85 14,59 +4,33 +17,74
Peak coefficient — 11,02 9,46 11,13 30,08 + 16,38 41,73
horizontal +4,13 +2,39 +3,78 17,99 49,87 +30,74
Skewness — vertical 4,02 0,04 0,08 -0,13 -0,03 -0,36
+1,38 +0,33 +0,42 + 1,07 +0,43 +1,36
Skewness — horizontal 4,91 0,04 -0,02 -0,14 0,58 -0,13
+1,86 +0,35 +0,57 +2,00 +1,04 +3,22
Impulse coefficient — 14,05 14,51 14,34 3598 + 17,35 52,94
vertical +5,.87 +4,15 +4,18 21,13 6,90 +23,78
Impulse coefficient — 19,04 14,55 16,80 64,08 + 25,09 85,72
horizontal + 9,05 +4,14 +5,31 29,10 +13,13 +55,43
Peak value — vertical 393,0+ 526,0 510,5 + 1615 642,8 2178,0
174,7 +157,9 139,4 + 882,6 +226,6 +898,4
Peak value — 593,7+ | 52545+ 449,6 + 3812,3 7424 5093
horizontal 300,0 159,0 131,7 +1315 +343,4 +3078
Variance — vertical 1103,2+| 3102,9+ 3131,8 14129 4090,1 17354
498,8 656,9 + 844,6 +12033 +624,2 +18067
Variance — horizontal 1905,5+| 3085,5+ 1708,1 45322 3078,3 + 63796
966,9 744,0 +405,9 +537742 1852,1 +69700
Kurtosis — vertical 28,25+ 15,83 15,61 24,73 + 15,55 34,57
18,93 +7,08 + 8,11 21,23 +6,73 +27,02
Kurtosis — horizontal 42,26 + 15,81 15,22 42,48 + 18,15+ 65,93
32,75 +7,07 + 8,50 23,25 14,20 +64,02

The classification of engine defects based on two main components which explain 87 % of the
variation is presented in Fig. 4.

Four classes corresponding with technical states of the vehicle: no-fault state, decreased valve
clearance, engine head gasket damaged, exhaust valve initial damage — are presented in Fig. 4(a).
When the exhaust valve damage is growing the main components are changing, getting near and
even overlapping factors obtained for the increased valve clearance (Fig. 4(b)).

The classification was performed by the Support Vector Machine (SVM) method and 99.1 %
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of hits was achieved. In machine learning, support vector machines are supervised learning models
with associated learning algorithms that analyze data and recognize patterns, used or classification
and regression analysis. Given a set of training examples, each marked for belonging to one of
two categories, an SVM training algorithm builds a model that assigns new examples into one
category or the other, making it a non-probabilistic binary linear classifier. An SVM model is a
representation of the examples as points in space, mapped so that the examples of the separate
categories are divided by a clear gap that is as wide as possible. New examples are then mapped
into that same space and predicted to belong to a category based on which side of the gap they fall
on. The method is described in [3, 21, 22].

5000 T T %104
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4500 O  defected head gasket O defected valve (large)

O defected valve (small) %  increased clearance of valve
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Fig. 4. Classification of engine defects based on PCA, a) good technical condition, defected head gasket,
defected exhaust valve (small), decreased clearance of exhaust valve, b) increased clearance
of exhaust valve and defected exhaust valve (large)

It results from the analysis that the highest fraction in main components have variance and
peak value. The procedure of selecting coefficients of the model Egs. (1)-(3) was repeated for four
parameters of the highest influence on the main components. For the new reduced model, the
classification results improved and equals now 99.3 % of correct hits for damages.

Thus — in the proposed method — vectors w; and w, constitute the empirical diagnostic model
of the engine. Their values are shown in [23].

Table 3. Confusion matrix for support vector machine classification

True class No-fault | Defected | Small defect of | Decreased clearance
Predicted class state head gasket | exhaust valve of exhaust valve
No-fault state 200 — — —
Defected head gasket — 196 1 3
Small defect of exhaust valve — — 199 1
Decreased clearance of exhaust valve — — 1 199

The classification results were verified for the next 200 work cycles of the engine for 4 states:
1 — no-fault state, 2 — engine head gasket damage, 3 — exhaust valve initial damage, 4 — decreased
valve clearance (Table 3). The engine no-fault state is recognised in 100 %. When there is a gasket
damage 1 sample is recognised as a defective valve and 3 samples as a decreased valve clearance.

Finding of the model which would allow to differentiate all states was not achieved at this
stage of the classification. Thus, two states which cannot be differentiated should be treated as one
class of damage.

At the second stage of the classification it was attempted to differentiate the state of increased
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valve clearance and the state of exhaust valve damage. Since the signal variance for these states
is characterised by a large relative scatter value the procedure of the model coefficients
determination according to Eqgs. (1)-(3) was performed for 16 remaining parameters. The obtained
classification result was 100 %. The classification of two engine defects (large defect of the
exhaust valve and enlarged clearance of exhaust valve) based on two main components is
presented in Fig. 5. Values of empirical diagnostic model for second stage classification shown in
Fig. 6. In this case all parameters are taken into account during calculations of principal
components.
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Fig. 5. Classification of engine defects based on PCA for increased clearance
of exhaust valve and large defect of exhaust valve
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Fig. 6. Model coefficients a) for 1. principal component, b) for 2. principal component;
(Parameters: 1, 2 — average value (vertical, horizontal), 3, 4 — skewness, 5, 6 — kurtosis, 7, 8 — variance,
9, 10 — peak value, 11, 12 — peak coefficient, 13, 14 — impulse coefficient, 15, 16 — shape coefficient
5. Conclusions

The method of the preliminary recognition of defects of the internal combustion engine, which
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was verified for the Fiat Punto engine with spark ignition, is presented in the hereby paper. The
method uses statistic parameters of the engine vibration signal. Since it was noticed — when this
method is applied — that resampling does not influence the classification result the original time
signal can be used. This influences the implementation easiness and calculation speed, which is
important during on-line diagnostics.

During the preliminary selection of diagnostic parameters, the parameters — which scatter
exceeded the parameter values for the engine in a serviceable state — were eliminated. The PCA
method was applied in order to reduce the diagnostic parameters vector. The influence of
individual parameters on fractions of main components was analysed. The information
redundancy was eliminated. It was pointed out that for the reduced vector of diagnostic parameters
the classification result is even better than for the full vector taken into consideration previously.
It was considered preliminarily to broaden the vector of parameters with central moments of higher
degrees but this idea was abandoned due to a large variability of engine work cycles, which would
cause an increased scatter of parameters inside the class and worsening of the classification
quality. Scatters within classes can be decreased by increasing the value of factor F of EWMA
filter, loosing simultaneously instantaneous parameters changes. Finally, the empirical statistic
model was developed, taking into account 2 diagnostic parameters — variance and peak value in
vertical and horizontal direction multiplied by weigh coefficients selected by means of the PCA
method. This model allows to differentiate the no-fault engine technical state from 4 damage states
with more than 99 % certainty. Since the attempt of finding such principal components which
would allow to differentiate all 6 states was not successful, two states remained in the first stage
should be treated as one defect. In the next stage their differentiation occurs, also by means of the
Principal Component Analysis.

The model can be further developed to be suitable for recognition of other damages. The
method was elaborated with the idea of supplementing the OBD system with the mechanical
damages recognition on the basis of the vibroacoustic signal.

References

[1]  Jolliffe 1. T. Principal Component Analysis. Springer, New York, 2002.

[2] He Q., Yan R., Kong F., Du R. Machine condition monitoring using principal component
representations. Mechanical Systems and Signal Processing, Vol. 23, Issue 2, 2009, p. 446-466.

[3] Dybala J., Radkowski S. Geometrical method of selection of features of diagnostic signals.
Mechanical Systems and Signal Processing, Vol. 21, Issue 2, 2007, p. 761-779.

[4] Zimroz R, Bartkowiak A. Investigation on spectral structure of gearbox vibration signals by principal
component analysis for condition monitoring purposes. 9th International Conference on Damage
Assessment of Structures, Journal of Physics: Conference Series, Vol. 305, 2011.

[S] Ahmed M., Gu F., Ball A. Fault detection and diagnosis using principal component analysis of
vibration data from a reciprocating compressor. 18th International Conference On Automation and
Computing, Cardiff, UK, 2012, p. 461-466.

[6] Antory D., Kruger U., Irwin G. W., McCullough G. Fault diagnosis in internal combustion engines
using principal component analysis. Proceedings of the 4th International Conference on Control and
Diagnostics in Automotive Applications, Sestri Levante, Genova, Italy, 2003, p. 03A2029.

[71 Antory D., Kruger U., Irwin G. W., McCullough G. Fault diagnosis in internal combustion engines
using nonlinear multivariate statistics. Proceedings of the Institution of Mechanical Engineers, Part 1,
Journal of Systems and Control Engineering, Vol. 219, Issue 4, 2005, p. 243-258.

[8] Hagshenas S. R. Multiresolution-Multivariate Analysis of Vibration Signals; Application in Fault
Diagnosis of Internal Combustion Engines. Master Thesis, 2013, http://hdl.handle.net/11375/12743.

[9] Komorska I. Adaptive model of engine vibration signal for diagnostics of mechanical defects.
Mechanika, Vol. 19, Issue 3, 2013, p. 301-305.

[10] Puchalski A., Komorska I. Online fault diagnosis of automotive powernets by Kalman filtering. Key
Engineering Materials, Vol. 588, 2014, p. 209-213.

[11] Puchalski A. A technique for the vibration signal analysis in vehicle diagnostics. Mechanical Systems
and Signal Processing, Vol. 56, Issue 57, 2015, p. 173-180.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716 4287



[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]
[22]

[23]

4288

1837. ON-LINE DIAGNOSIS OF MECHANICAL DEFECTS OF THE COMBUSTION ENGINE WITH PRINCIPAL COMPONENTS ANALYSIS.
IwOoNA KOMORSKA, ANDRZEJ PUCHALSKI

Antoni J., Daniere J., Guillet F. Effective vibration analysis of IC engines using cyclostationarity.
Part 1A — methodology for condition monitoring. Journal of Sound and Vibration, Vol. 257, 2002,
p. 815-837.

Antoni J., Daniere J., Guillet F., Randall R. B. Effective vibration analysis of IC engines using
cyclostationarity. Part 2 — new results on the reconstruction of the cylinder pressures. Journal of Sound
and Vibration, Vol. 257, 2002, p. 839-856.

Lazarz B., Madej H., Perun G., Stanik Z. Vibration based diagnosis of internal combustion engine
valve faults. Diagnostyka, Vol. 2, Issue 50, 2009, p. 13-18.

Stanik Z., Warczek J. Application of vibration signals in the diagnosis of combustion
engines-exploitation practices. Journal of KONES Powertrain and Transport, Vol. 18, 2011,
p. 405-412.

Burdzik R., Folega P., Konieczny L., Mlynczak J. Concept of engine vibration monitoring system.
Solid State Phenomena, Vol. 236, 2015, p. 180-187.

Burdzik R., Konieczny L. Application of Vibroacoustic Methods for Monitoring and Control of
Comfort and Safety of Passenger Cars. Mechatronic Systems, Mechanics and Materials II, Book
Series: Solid State Phenomena, Vol. 210, 2014, p. 20-25.

Dabrowski Z., Zawisza M. Investigations of the vibroacoustic signals sensitivity to mechanical
defects not recognised by the OBD system in diesel engine. Solid State Phenomena, Mechatronic
Systems, Mechanics and Materials, Vol. 180, 2012, p. 194-199.

Komorska 1. Vibroacoustic Diagnostic Model of the Vehicle Drive System. Instytut Technologii
Eksploatacji — PIB, Radom, 2011.

Shome S. K., Vadali S. R. K., Datta U., Sen S., Mukherjee A. Performance evaluation of different
averaging based filter designs using digital signal processor and its synthesis on FPGA. International
Journal of Signal Processing, Image Processing and Pattern Recognition, Vol. 5, Issue 3, 2012,
p- 75-92.

Vapnik V. Statistical Learning Theory, Wiley, New York, 1998

Smola A. J., Scholkopf B. A tutorial on support vector regression. Statistics and Computing, Vol. 14,
2004, p. 199-222.

Komorska 1., Puchalski A. On-line diagnosis of mechanical defects of the combustion engine with
principal component analysis. Vibroengineering Procedia, Vol. 6, 2015, p. 150-154.

Iwona Komorska received Ph.D. degree in Construction and Maintenance of Machines
from Warsaw University of Technology and D.Sc. in Construction and Maintenance of
Machines from AGH University of Science and Technology in Cracow. She works as
Associate Professor at the Institute of Maintenance of Vehicles and Machines of UTH
Radom. Her main field of research include vibration monitoring, automotive mechatronics
and digital signal analysis.

Andrzej Puchalski received Ph.D. degree in Automatic Control and D.Sc. in Construction
and Maintenance of Machines from Warsaw University of Technology. He works as
Associate Professor at the Institute of Maintenance of Vehicles and Machines of UTH
Radom. His main field of research include technical diagnostics and mechatronics.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


