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Abstract. The authors research the vibroacoustic
method of technical condition monitoring the diesel engine
of combine harvesters as result of analysis of propagating
elastic vibrations through the block and details interaction.
Therefore, the authors solved the problem of this method —
the detection of vibrating acoustic signal caused by
interaction of details of studied kinematic pair. The
decision took into account that increase in number of
cylinders of engine leads to increase in density of vibration
pulses per phase space unit, so cycle of operation of
combine harvesters’ diesel engine was estimated by angle
of rotation of crankshaft. Therefore, it is established that
only phase space of gas distribution mechanism is filled
with vibration pulses, that it is impossible to determine the
technical state of the i-th connection of this mechanism by
one parameter. To improve the accuracy of diagnosis, the
authors considered the nature of oscillations in combine
harvester engine. Engine work is characterized by the fact
that workflows in different sections pass at different
periods of time, so they use temporary selection to
distinguish the vibrational process associated with work of
single section or single element of one section. The impact
of fluctuation of engine is impulsive, caused by high rate
of increased pressure in combustion chamber, by transfer
of pistons and processes of fuel injection. Therefore,
changes in moment of fuel injection, malfunction of gas
distribution mechanism, wearing of piston rings and
increasing in gap between piston and sleeve are related to
operation of these mechanisms, so the pulses shift in phase,
their amplitude and duration change and new pulses
appear. At the same time there are several factors that cause
some kind of complication of vibroacoustic signal. For
engines with more than 5 cylinders, signal timing
(overlapping) and imbalance of parts during rotation
causes appearance of 606.5 Hz frequency spectrum.
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Introduction

The vibroacoustic method of control of the
technical state of the mechanisms of tractors and cars

and their power plants is based on the analysis of
elastic oscillations propagating on the frame and
parts, as a result of the interaction of the latter [1]. In
this regard, one of the main tasks of this method is the
distribution of signals [2], that is, the detection of
vibroacoustic signal caused by the impact of the
details of the studied kinematic pair [3].

Formulation of problem

Currently, a fairly wide range of methods and
means of diagnosing the technical condition of the
main units and mechanisms of tractors, including the
internal-combustion engine (ICE) is used [4]. The
new systems of maintenance, repair and means of
technical diagnostics of machine units have been
created [5]. One of the directions in the field of
machine operation for today remains the task of
increasing the reliability of the engine [6], through a
comprehensive assessment of the condition of the
units based on the temporary collection of diagnostic
parameters [7].

Analysis of recent research results

The possibility of detecting faults at the initial stages
of their emergence at relatively small labor and material
costs determine the perspective of diagnosing of ICE by
vibration signals [8]. Ensuring the predicted reliability of
the conclusions regarding the state of mechanisms and
systems, it can be achieved by using a statistical evaluation
of the conformity of temporal frequency fragments of
vibroacoustic signals and their conformity to the frequency
of rotation of the crankshaft [9]. The use of modern
compact measuring modules with low energy costs
provides a possibility of designing and production of
diagnostic devices in mobile execution, for installation
directly on the tool during testing [10]. Thus, research
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aimed at developing a methodology for diagnosing
mechanisms and systems based on the evaluation of
vibroacoustic signals generated in the case of ICE during
operation, as a method of control is quite relevant for
agriculture [11]. Moving machine parts in contact with
each other generate vibrations and sounds. However, the
surface of any parts cannot be completely smooth. The
surface roughness is one of the causes of vibrations at the
narrow local contact of two friction surfaces, which are
mutually moving [12]. There may be dry sliding or rolling
friction as well as hydrodynamic friction when the friction
surfaces are separated by a layer of oil or other lubricant
[13].

The vibrations of the ICE case are complex (Fig. 1: 1
— the source of emergence of shock vibrations; 2 — the first
stage of propagation of vibrations (conjugation of the
stripper fingers — the upper head of the rocker); 3 — the
second stage of propagation of oscillations (the connection
of the lower head of the rocker — rod neck of the
crankshaft); 4 — the third stage of propagation of
oscillations (connecting the root neck of the crankshaft —
block); 5 — the first stage of propagation of oscillations in
the other direction (conjugation of the piston — cylinder); 6
— resistance to propagation of vibrations (gasket); a, b, ¢
and d are areas of rational withdrawal of information.), due
to the many impulse excitation and multichannel
propagation of oscillations, as well as the presence of
uncontrolled "noise". Therefore, a difficult task is to
separate the signals and isolate the signal from the
connection being diagnosed [14].

Fig. 1. Dissemination of information about contact of
parts in the combination of the finger-piston at the end of
the release cycle.

Purpose of research
The authors research the vibroacoustic method of

technical condition monitoring the diesel engine of
combine harvesters as result of analysis of propagating

elastic vibrations through the block and details interaction.

Results of research

One of the main tasks of the vibroacoustic method is
the distribution of signals, that is, the detection of
vibroacoustic signal caused by the impact of the details of
the studied kinematic pair [15]. The difficulty of this task
is that the increase in the number of cylinders leads to an
increase in the density of vibration pulses per unit phase
space (the cycle of operation of the internal combustion
engine on the angle of rotation of the crankshaft) [16].
Thus, in the SMD-31A engine, the phase space only from
the gas-distributing mechanism is filled with vibrating
pulses so (Fig. 2) that it is impossible to determine the
technical state of the i-th connection of this mechanism by
one parameter. In order to improve the accuracy of
diagnosis, the evaluation of several diagnostic parameters
is needed.

The nature of the vibroacoustic signal of the ICE
mechanisms has a complex structure, which depends on the
dynamics of the mechanism and the set of components.
Analysis of the literature [16] allowed us to determine the
parameters of the installation of the vibration sensor
(location and method of fixing). The following mounting
methods were chosen — on the stud, and with the help of a
special mount. Attempts were made to secure the sensor
with an epoxy resin, but given the long installation time,
this method was considered as not perspective. The
vibrating signal emitted by the connection was perceived
by the vibration sensor (B&K Type 4333 N0272437, D-14,
IS-317). Before installation, the sensors were calibrated.
To evaluate the condition of the units and mechanisms of
the internal combustion engine with the help of a vibration
transducer the sensor was pressed to different zones of the
motor installation (Fig. 3), selected the necessary mode of
operation of the engine and recorded signals to the
computer for the next analysis and processing.
Simultaneously with the removal of vibration parameters
in the frequency spectrum, the position of the piston of the
first cylinder relative to TDC (Fig. 3) was determined using
an inductive speed sensor.

Consider, for example, the nature of the emergence of
oscillations in the ICE. Engine work is characterized by the
fact that workflows in different sections pass at their own
times, so they use temporary selection to highlight the
oscillation process associated with the work of a single
section or a single element of a single section. The nature
of the excitation of oscillatory processes of the ICE is
peculiar. A characteristic feature of it is the impulse nature
of the excitation caused by the high rate of pressure
increase in the combustion chamber, the transfer of pistons,
the processes of fuel injection and exhaust.

When changing the parameters of the engine, such as
the moment of fuel injection, disturbance in the gas
distribution mechanism, the wear of the piston rings, the
increase in the gap between the piston and the sleeve
associated with the operation of these mechanisms, the
pulses are shifted in phase, their amplitude and duration
change, new pulses appear. At the same time there are
several factors that cause complications of the
vibroacoustic signal. For engines with a number of
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cylinders more than 4 coincidences in time (overlay) of
signals, and imbalance of parts during rotation leads to the
appearance in the signal spectrum of frequencies multiple
to rotation speed (Table 1).

The examples show the complexity of the oscillation
processes that occur in the engine. Therefore, the selection
of a useful signal in the diagnosis of a particular node is
associated with certain difficulties, which are greater when
reducing the number of channels of measurement. On the
one hand, the solution is to provide each of the connections

with its own vibration sensor, which would allow the
signals to be separated in time by significantly attenuating
the signal as the distance from the oscillation source
increases. However, this approach leads to considerable
material costs. The best approach is to use one or two
sensors (maximum 4) and provide a reliable signal
processing algorithm to identify the source of oscillation.
In this regard, a perspective and effective way of technical
diagnostics of the engine is considered to be time
implementation (Fig. 4) and frequency analysis.
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Fig. 2. Theoretical diagram of blows from the gas-distributing mechanism, the fuel equipment, cylinder-piston group
on separate cylinders of the engine SMD-31A and their phase realization.

Table 1. Determination of frequencies of main driving forces in ICE.

Cause of vibration Formula Denotation
1. Imbalance of rotating parts, inertia kn, k = 1,2 — harmonic number;
forces (iffthe first moment and their b1 = 60 N, — crankshaft speed min'L.
moment, Tp1
2. The process of combustion of fuel, I ¢ —speed of sound at combustion;
fo2 D2 — ﬁ D — diameter of the cylinder.
3. Imbalance: 2kn, kn, k = 1,2 — harmonic number;
- second-order rotating parts, fos fos = W D4 = 2—60 N, - crankshaft speed min‘t.
- camshaft parts, fps )
4. Transfer of piston to cylinder- bzkn, b — number of transfers
piston group, fps fDS = according to the diagram of
60 normal forces; z — the number of
engine cylinders
5. Friction in root bearings of shaft, fps e z,kng Z,. - the number of friction pairs
D6 60
6. Valve strikes, fo7 Pk kng Z, — number of valves of one
7 60m cylinder; m — the tact.
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Fig. 3. Signal listening locations in engine connections: 1 — crankshaft — root bearing; 2 — connecting rod — bushing;
3 — valve — piston bottom; 4 — rocker arms — valve stem; 5 — camshaft — bearing; 6 — distribution gears; 7 — camshaft cam
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Fig. 5. Listing of receiving spectrum of vibroacoustic signal.
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Fig. 6. Normalized vibration signal spectrum and its maximum are calculated.
Indeed, the signal spectrum obtained from any point N-1 _j2kn
of the engine contains information about all sources of g(k) =ZG(k) e N )
vibration. However, the presence of previously considered =0

characteristics of engine signals significantly complicates
the analysis and interpretation of signals. Finding a
solution in this direction is associated with improving the
signal-to-noise ratio and improving the algorithm for
interpreting the received signals based on their processing.

Usually, a fast Fourier transform is used to obtain the
spectrum of the vibroacoustic signal. The Fourier
transform is a change of function that converts it into a set
of frequency components.

The Fourier transform is based on simple but
extremely useful idea — almost any periodic function can
be represented by the sum of individual harmonic
components (sinusoids and cosines, with different
amplitudes A, periods T and frequencies w, respectively).
The mathematical content of the Fourier transform is to
represent the signal y(x) as an infinite sum of sinusoids of
form F(w) sin(wx). The function F(w) is called a direct
Fourier transform (integral). The inverse operation
transforms the spectrum F(w) into the output signal y(x).
The MathCad listing (Fig. 5) shows the obtaining the
spectrum of the vibrating signal (Fig. 4) by the Fourier
transform.

The main expressions for the Fourier transform of the
input sequence {gn} N =0, ..., N-1 are:

- direct
1 N2 _jrkn
G(k)zﬁ-Zg(n)-e N (1)
n=0
- inverted

The calculation procedure for a discrete Fourier
transform is a fast Fourier transform algorithm.
The spectral analysis frames are an estimate of the
following characteristics:
— amplitude spectrum, power spectrum, power
spectral density, complex spectrum;
— functions of coherence, coherent output power,
“signal-interference® ratio.
Discrete Fourier Transform for process sampling {X,
k=0, ..., N-1} is determined by the formula:
1 N .27k
F(nN)==—-> X,-e N, @)
N =
The power density spectrum is defined as the average
of M realizations and has a dimension (unit/Hz).

1
G. (nT)=—-G_, 4)
CILM( ) Af Cm

where: Af — poll frequency (sampling).
The amplitude spectrum is determined by the power
spectrum and has the dimension (unit). This uses the

dependency:
GA(n’T): Gcw(n'T)' (5)
The MathCad 15 and MathLab R2007b mathematical
packages were used to develop a further adaptive model of
vibration signal processing and analysis. This program
contains a signal processing package. For fast Fourier
transforms, MathCad has several standardized built-in
functions, such as fft(y) and FFT(y).
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The calculation results are reflected in the Fourier
spectrum module because the spectrum itself is complex.
An important parameter is the cut off frequency

Q, = 1 (defines the lower bound of the spectrum)
XMAX

and the Nyquist frequency Q = N
2

(defines the

upper bound of the spectrum).
The sampling interval of the Fourier spectrum is also

equal QO, and the total number of calculation points is

N/2. We use the functions ifft(y) and IFFT(y) to calculate
the inverse Fourier transform (signal recovery over the true
spectrum).

In the listing (Fig. 6), the normalized vibration
spectrum was calculated using the MathLab package and
the frequency of the maximum signal was found.

From the point of view of the analysis of
vibroacoustic signals in the frequency domain and
subsequent accurate  recovery after a certain
transformation, we can note a number of disadvantages of
the Fourier series, which in general led to the Short-time
Fourier transform and stimulated the development of
wavelet transformations, which are beyond the scope of
this article and will be discussed in the future. The
disadvantages are:

— Limited informative analysis of non-stationary
signals and almost no possibility of analysing their features
(singularities), since in the frequency domain there is a
"smearing" of features of the signals over the entire
frequency range.

— The harmonic basis functions cannot reflect the
variations of signals with infinite steepness of rectangular
pulses, because they require an infinitely large number of
members of a series.

The Fourier transform reflects global information on
the frequency of the vibration signal and does not give a
complete idea of the local properties of the signal in the
conditions of rapid change of their spectral composition.
The Fourier transform does not have the ability to analyse
the frequency characteristics of the signal at any given
time.

Conclusions

1. The simulation of the processing of the vibration
signals of a diesel engine by means of spectral analysis
showed that the use of fast Fourier transform and obtaining
the spectrum of the entire signal is possible to use with the
maximum approximation of the sensor to the oscillation
source.

2. The use of the direct and inverse Fourier transform
method should be used to increase the signal-to-noise ratio
for the development of a further adaptive vibration signal
processing model for the purpose of a clear diagnosis.
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JOCIHIIXKEHHA BIBPOAKYCTUYHOI'O METOY
KOHTPOJIIO TEXHIYHOI'O CTAHY AMN3EJIBHOT'O
JIBUT'YHA 3EPHO3BHPAJIBHUX KOMBAIHIB
JUIA BUSBJIEHHA ITOSABU AEDEKTIB
. 1. Mapmuniok

AHoTauisg. ABTOp AOCITiANB BiOPOAKYCTHIHHHA METO
KOHTPOJIIO TEXHIYHOTO CTaHy JM3€JbHOIO JIBUTYHA
3epHO30MpaAILHUX KOMOaWHIB 3a pe3yjibTaTaMi aHalizy
NIPY>KHUX KOJIMBaHBb, 10 PO3IOBCIO/KYIOTECS 1O KOPITYCY
1 IeTajsix, B pe3ysbTaTi B3aeMOJIil OCTaHHIX. Y 3B’S3KYy 3
MM aBTOPH BHIIIYBajlM 3a/ady IIbOTO METOJIY, a came
BUSIBIICHHS BiOpOAKyCTHYHOTO CHUTHAIY, SKHN
BUKIIMKAaHWHA  CHIByZapaMl JeTalieil  TOCiiIKyBaHOL
KiHemaTnyHOi1 mapu. Ilpu pimenHi Oyn0 BpaxoBaHO, IO
30UTPIICHHS 4YHWCNIa [WIIHAPIB [IBUTYHa Bele [0
MiABUIEHHS TYCTOTH BiOpPOIMIYNBCIB HAa OJMHHMITIO
($a30BOTO TPOCTOPY, TOMY LHUKI POOOTH AM3EITHHOTO
JIBUTYHA 3epHO30MpaTbHAX KOMOaifHiB OyII0 OLIHEHO IO
KyTYy TIOBOPOTY KOJIIHYacTOro Baity. Tak, BCTAaHOBIICHO, L0
Ga3oBHil  MPOCTIp TIABKK  BiJ  Ta30pO3MOILTEYOrO
MeXaHi3My 3aMIOBHEHMIA BiOpOIMITyJIbCAMH, 111(0)
OJTHO3HAYHO BH3HAYUTH TEXHIYHHH CTaH i-ro 3’€HAHHS
LILOTO MEXaHI3MY 32 OJJHAM NapaMeTpOM HEMOXJINBO. J1jist
MiABUINCHHS TOCTOBIPHOCTI JIarHOCTYBaHHS aBTOPH
PO3MIISHYJIN TIPUPOAY BUHUKHEHHS KOJIMBaHb B JIBUTYHI
3epHO30MpanbHUX ~ KomOaitHiB.  Pobota  mBuryHa
XapakTepHa THM, IO poOodi MPOLECH y PI3HUX CEKIIisIX
MIPOXOZSTh B PilHI MOMEHTH 4acy, TOMY JUIS BHIIICHHS
KOJIMBAJIBHOTO IPOLIECY, OB’ SI3aHOTO 3 POOOTOI0 OKpEeMOl
CeKIii, YW OKpPEeMOro eJeMeHTy OJHi€i  cekuii,
BHUKOPUCTOBYIOTh YACOBY CEIICKI[i0. XapaKTep 30y IKCHHS
KOJIMBAaJbHUX  TIPOLECIB  JIBUTYHA €  IMIYJIBbCHHM,
BUKJIMKAHUH BEJMKOIO IIBUJKICTIO HAPOCTaHHS THUCKY B
KaMepi 3ropaHHs, MEPeKIaJKOI MOPIIHIB, MpOIecaMu
BIIOPCKYBAHHSI MajlyBa 1 BUIYCKY BiJIIpalbOBaHUX Ta3iB.
Tax 3MiHM MOMEHTY BIIOPCKYBAHHS I1aJIMBa, HOPYIICHHS Y
po0OTi Ta30pO3MOITEYOT0 MEXaHiI3MY, 3HOCY ITOPITHEBUX
KiJienp, 30UIBIIEHHS 3a30py MIDX IOPIIHEM 1 TLIB3010
MOB’s3aHI 3 POOOTO IIMX MEXaHI3MIB IMIYJIbCH
3MIIIYIOTBCS TO  (a3i, 3MIHIOETBCS I1X aMIDnTyna i
TPHUBAJICTh, 3 SBISAIOTECA HOBI iMIynmbcu. [lpm 1mpoMy
OJIHOYACHO Ji€ JeKilbka (akTopiB, MIO BHUKIMKAIOTH
YCKJIQAHEHHS BIOPOAKyCTUYHOrO curHany. Jlisi ABUTYHIB
i3 KUIBKICTIO LMJIHAPIB Oinbine 4 chiBmagaHHs B yaci
(HakmazaHHs) CUI'HANIB, Ta HEBPIBHOBAXKEHICTh JeTayeil
mig 4yac OOepTaHHs MPU3BOIWTH JO MOSBH B CICKTPI
curnainy yactot 606,5 I'w.
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HUCCIEJOBAHUE BUBPOAKYCTUYECKOI'O
METOIA KOHTPOJIA TEXHUYECKOI'O
COCTOSAHUA JU3EJIBHOI'O IBUT'ATEJIA
3EPHOYBOPOYHBIX KOMBAMHOB JJIS
OBHAPYXXEHUA ITOABJIEHUSA JEDGEKTOB
. Y. Mapmuiniok

AHHOTaUMS. ABTOp HCCIIeIoBAl
BHOPOAKYCTHUYCCKUIA METOJ KOHTPOJISA TEXHHYECKOTO
COCTOSIHUSL JHM3EIBHOTO JIBUTATENd 3ePHOYOOPOYHBIX
KOMOAIHOB 110 pe3yJIbTaTaM aHaIH3a YIPYTUX KOJIeOaHUH,
pacupoCTpaHSAIOIUXCS. MO KOPOyCy U JeTalisixX, B
pe3ysbTare B3auMOJIEHCTBUS MOCIeIHUX. B cBs3u ¢ aTUM

aBTOpPBI peIIaNy 3aJady »3TOr0 METOAa, a MMEHHO
OoOHapyXeHHUsI BUOPOAKYCTHYECKOTO CHTHaia, KOTOPBIA
BBI3BaH CIiByIapaMu neranen HCCIEAYEMOM
KHHEeMaTH4deckoi napsl. [Ipu pemennn OpUI0 yITEHO, 9TO
YBEIWYCHHE 4YHCIA IWUIMHAPOB J[BUTaTels BEIET K
MOBBIIICHUIO TYCTOTHI BIOpOIMITYIBCIB Ha EOMHHUILY
($a3oBOro  MPOCTpPaHCTBA, MO3TOMY LHMKI  PabOTHI
JIM3EJBHOTO  JIBUTATes 3€pHOYOOPOUYHBIX KOMOAHOB
OBLIO OIIEHEHO I10 YIIIy MOBOPOTa KOJIeHYaToro Bajia. Tak,
YCTaHOBIICHO, YTO ()a30BOE€ NPOCTPAHCTBO TOJIBKO OT

ra3opacrpeeIuTeIbHOTO MeXaHu3Ma 3aroJIHeH
BiOpOIMIyJNbCaMH,  4YTO  OJHO3HAYHO  OINpEICIHTH
TEXHUYECKOE COCTOSIHHE 1-TO COGAMHEHHS  DTOTO

MeXaHW3Ma II0 OJHOMY IIapaMeTpy HeBO3MOXHO. s
MTOBBIIICHUS TOCTOBEPHOCTH JHATHOCTUPOBAHUS aBTOPHI
paccMOTpend TpUPOAY BO3HHUKHOBEHHS KOJIeOaHWH B
IBUTATENle  3epHOYOOpOUHBIX  KoMOalHOB.  PabGota
JIBUTATENSl XapaKTepHa TeM, YTO pabodre MpOIecCH B
Pa3JIMYHBIX CCKIUAX MOPOXOAAT B POJHBIC MOMECHTHI
BPEMEHH, T[O3TOMY JJIs BBIICJICHUS KOJCOATEIHLHOTO
npoIiecca, CBSI3aHHOTO ¢ PabOTON OTIACILHON CEKIIUU HITH
OTIIETbHOTO DJIEMEHTAa OJHOW CEKIUH, HCIONb3YIOT
BPEMEHHYIO  CelieKIuio.  XapakTep  BO30YKICHHUS
Kole0aTenbHBIX ~ MPOIECCOB  JBUTATENS  SBISCTCA
AMIOYJIbCHBIM,  BBI3BAaHHBIA  OOJBIIOW  CKOPOCTBHIO
HapacTaHWs ITaBIICHHUS B KaMepe CTOpaHHs, MEepeKIaIKOM
MOpIIHEH, TpoIleccaMy BIPHICKA TOIUIMBA ¥ BBITYCKa
0TpabOTaHHBIX Ta30B. Tak M3MEHEHUS MOMEHTA BIIPHICKA
TOILIMBA, HAPYIICHUS B PabOTEe ra3opacrpeneuTeTbHOrO
MEXaHMU3Ma, HU3HOCA TIOPIIHEBBIX KOJICL, YBCIUYCHUC
3a30pa MEX/1y TIOPIIHEM U THJIb30H CBsI3aHHBIE ¢ paboTon
OTUX MCXAaHU3MOB HMMITYJbCbl CMEIIAIOTCA 110 (1)333,
N3MCEHACTCA UX aMIUIMTYJa U JJIUTCJIbHOCTD, MOSABJISAIOTCSA
HOBBIC MMITYJIbCBHI. HpH O9TOM OAHOBPEMEHHO HeﬁCTByeT
HECKOJIBKO  (JaKTOPOB,  BBI3BIBAIONIMX  OCJIOXHEHHS
BHOpPOAKYCTHUYECKOTO cHrHama. J[lms gBuratenmeit ¢
KOJIMYECTBOM IIMJIMHAPOB Ooxbmie 4 COBHAACHHUS BO
BpPEMCEHH (HAJIOKEHIE) CUTHAJIOB, M HEYPaBHOBEIICHHOCTh
JeTajeil BO BpeMs BPAIICHUS MPHUBOAUT K IOSBICHUIO B
crekTpe currana yactor 606,5 I'u.
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