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Jubileusz prof. Lestawa BEDKOWSKIEGO / Jubilee of Profesor Lestaw BEDKOWSKI

JUBILEUSZ 80-LECIA prof. dr hab. inz. Lestawa BEDKOWSKIEGO

W dniu 24.10.2008 r.,
w Klubie Wojskowe;j
Akademii  Technicznej
w Warszawie, odbyla sig
jubileuszowa  uroczy-
stos¢  80-tej rocznicy
urodzin, wielce zastuzo-
nego dla  polskiego
srodowiska  diagnosty-
cznego, prof. Lestawa
Bedkowskiego.

W spotkaniu tym udzial wzig¢lo ponad 60 osob —
w tym najblizsza rodzina Jubilata, byli i obecni
wspolpracownicy, liczne grono przyjaciot z réznych
polskich uczelni. Uroczystos¢ uswietnit swa
obecnoscia Rektor WAT gen. prof. Zygmunt
Mierczyk.

Sylwetkg biograficzna prof. L. Begdkowskiego
przyblizyl zebranym — w kilkunastominutowym
referacie — wieloletni wspotpracownik Jubilata
dr hab. inz. Tadeusz Dabrowski.

Prof. dr hab. inz. Lestaw Bedkowski urodzit si¢
25 pazdziernika 1928 r. w  Medenicach,
w wojewodztwie lwowskim. Dziecinstwo spedzit
w Schodnicy i Borystawiu — w centrum polskiego
przemyshu naftowego. W roku 1945 zostat
wysiedlony i zamieszkatl w Zlotowie, gdzie w 1948
r. uzyskatl $wiadectwo dojrzatoéci. W roku 1951
ukonczyt studia  inzynierskie na < Wydziale
Elektrycznym Szkoly Inzynierskiej w Szczecinie.
Powotany do zawodowej stuzby wojskowej w 1951
roku, zostal skierowany do pracy w tworzonej
wowczas  Wojskowej Akademii  Technicznej
w Warszawie. W uczelni tej nieprzerwanie pracuje
do dnia dzisiejszego.

Do wazniejszych faktéw z kariery naukowo-
dydaktycznej Jubilata zaliczy¢ nalezy: rok 1956 —
uzyskanie tytulu magistra inzyniera; rok 1968 —
uzyskanie stopnia doktora inz.; rok 1981 -
uzyskanie stopnia doktora hab. inz.; rok 1991 —
uzyskanie tytulu profesora.

W okresie pracy w WAT Jubilat zajmowat
kolejno nastgpujace stanowiska: 1951+52 — st.
asystent; 1952+57 — kier. laboratorium; 1957+68 —
st. wyktadowca; 1968+78 — adiunkt; 1978+1991 —
docent; 1992+aktualnie — prof. zwyczajny.

Dorobek naukowy Profesora skupia si¢ gtownie
wokot nastepujacych zagadnien: teoria diagnostyki

technicznej, optymalizacja procedur
diagnostycznych, diagnostyka systemow
antropotechnicznych,  diagnostyka w  ujeciu

potencjalowo-efektowym, eksploatacja w ujeciu
trojprocesowym, wielopoziomowe systemy
dozorujaco-terapeutyczne, diagnostyka bezpiecze-
nstwa, niepewno$¢ w procesach diagnozowania.
Dorobek ten wyraza sig¢ liczba ponad 200 réznych
publikacji. Na podkreslenie zastuguje fakt, ze
Profesor jest w Polsce pionierem
udokumentowanych prac z zakresu diagnostyki

technicznej — wspotautorem pierwszych artykutow
(1965 r.) oraz autorem jednej z dwu pierwszych
rozpraw doktorskich (1968 r.) z tego obszaru
(autorem drugiej rozprawy jest T. Rozwadowski).

Dorobek dydaktyczny Profesora wyraza si¢
liczba ponad 7000 godzin zaje¢ audytoryjnych,
7 wypromowanych doktorow w specjalnosci
diagnostyka, ok. 60 wypromowanych magistrow
inzynierow 1 inzynieroéw. Podstawowe obszary
dziatalnos$ci dydaktycznej obejmuja: diagnostyke
techniczng, podstawy  eksploatacji  urzadzen
i systemdw, niezawodno$¢ eksploatacyjna, lotnicze
urzadzenia elektroenergetyczne.

Jubilat aktywnie uczestniczyl i nadal uczestniczy
w dzialalno$ci organizacyjno-spolecznej co
znajduje wyraz m. in. w petionych — w réznych
okresach czasu — funkcjach. Wazniejsze z nich to:
przewodniczacy Zespotu Diagnostyki Technicznej
NOT (1983+1991); przewodniczacy Zespotu
Diagnostyki Cybernetycznej PTC (1983+1991);
v-przewodniczacy Zespotu Diagnostyki SPE KBM
PAN (1983+1991); cztonek Prezydium Sekcji
Podstaw Eksploatacji KBM PAN (1984+1990);
v-prezes Zarzadu Glownego Polskiego Towarzystwa
Diagnostyki Technicznej (1990+1993); redaktor
Dzialu Diagnostyki Zagadnien Eksploatacji Maszyn
PAN (1983+1992); przewodniczacy Komitetu
Naukowego Krajowych Konferencji ,,Diagnostyka
Techniczna Urzadzen i Systeméw” DIAG’86, *90,
’95, ’98; 2003 oraz czlonek Komitetéw Naukowych
wielu innych konferencji; cztonek Polskiego
Towarzystwa Diagnostyki Technicznej (od 1990 r.);
cztonek Komitetu Budowy Maszyn PAN
(1990+1993); cztonek Polskiego Towarzystwa
Bezpieczenstwa 1 Niezawodnosci (od 1997 r.);
przewodniczacy Komisji Nauki Rady Wydzialu
Elektroniki WAT (1985+2003).

Za caloksztatt swej dziatalnosci Jubilat byt
wielokrotnie odznaczany 1 nagradzany, m. in.
posiada: Krzyz Oficerski i Krzyz Kawalerski OOP,
Ztoty i Srebrny Krzyz Zastugi, Medal Komisji
Edukacji Narodowej, Ztoty Medal ,,Zastuzony dla
WAT?”, Medal ,,Zastuzony dla lotnictwa” i inne.

Profesor L. Bedkowski zakonczyt shizbe
wojskowa w stopniu putkownika lotnictwa w roku
1994.

Pasja pozazawodowa Jubilata jest turystyka
piesza, historia przemyshu naftowego zaglebia
borystawskiego, poezja i muzyka powazna.

Redakcja ,, Diagnostyki” sklada
prof. L. BEDKOWSKIEMU wyrazy szacunku
i podziekowania za dotychczasowq wieloletniq
wspoiprace.
Zyczymy panu Profesorowi wiele zdrowia
i pomysinosci w zyciu osobistym.

prof- Ryszard MICHALSKI
Redaktor Naczelny
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VERIFICATION OF DOPPLER EFFECT REMOVAL METHOD
FOR THE NEEDS OF PASS-BY RAILWAY CONDITION MONITORING SYSTEM

Jacek DYBALA, Adam GALEZIA, Jedrzej MACZAK

Warsaw University of Technology, Institute of Machine Design Fundamentals
Narbutta 84, 02-524 Warszawa, Poland, e-mail: jma@simr.pw.edu.pl

Summary
The description of the experiment verifying the method of Doppler’s Effect removal from the
acoustic signal of moving object was discussed in the paper. Doppler’s Effect was removed by
dynamic resampling according to the theoretical frequency changes curve as well as with use of
the curve obtained by passband filtration of the signal around the carrier frequency and
differentiation of the phase of the analytic signal. Described solutions were tested in the GPS
synchronised field measurements on the moving railway cars and simultaneously the stationary

measurements taken next to the railway track.

Keywords: Doppler’s Effect, nonstationarity, task oriented dynamic resampling instantaneous frequency,
monitoring station.

WERYFIKACJA METODY USUWANIA EFEKTU DOPPLERA
DLA POTRZEB PRZYTOROWEJ STACJI MONITORINGU STANU TECHNICZNEGO

Streszczenie

W pracy przedstawiono opis eksperymentu weryfikujacego metod¢ usuwanie efektu Dopplera
z sygnatu akustycznego poruszajacego si¢ obiektu. Efekt Dopplera z sygnalu usuwano poprzez
dynamiczne przeprébowanie sygnatu zardwno zgodnie z teoretyczng krzywa zmian czgstotliwo$ci
chwilowej sygnatu jak réwniez z uzyciem krzywej otrzymanej przez waskopasmowa filtracje
sygnalu wokot czgstotliwosci nosnej a nastepnie rozniczkowanie fazy sygnalu analitycznego.
Zaproponowane rozwiazania zostaly przetestowane w warunkach poligonowych podczas
jednoczesnych, synchronizowanych sygnatem GPS, pomiaréw na poruszajacych si¢ pociagach

oraz pomiarow przytorowych.

Stowa kluczowe: efekt Dopplera, niestacjonarnosc¢, zorientowane zadaniowo dynamiczne
przeprobkowanie, chwilowa czg¢stotliwo$¢, stacja monitoringu.

1. INTRODUCTION

Doppler Effect, a change in frequency of a sound
wave emitted by a moving source recorded by
stationary observer, is a barrier that reduces the
possibility of online diagnosing of moving vehicles,
treated as the signal sources, with the use of
stationary measuring equipment positioned outside
the vehicle. This effect introduces the spectrum
smear similar to the one caused by signal
nonstationarity e.g. change of rotational velocity in
rotating machines, forcing spectrum lines to shift
from the proper place. A method of removal this
phenomenon based on a task oriented resampling
was proposed in [1]. In this paper the experimental
results were shown confirming the theoretical
simulation results shown in [1] and additional
modifications of the method based on the field
measurements were proposed. The removing of the
Doppler Effect is crucial for any pass-by condition
monitoring stations to correctly analyse Fourier
spectrum components.

2. EXPERIMENT DESCRIPTION

Experimental measurements were taken in
Zmigroéd on a CNTK railway test track. The testing
object and a source of the signals was a four wheel
drive rail vehicle WM-15A, with diesel engine of
147 kW (Fig. 1). The distance between the axles
was 5.85 m and the wheels diameter 0.92 m. The
measurements were taken on a cloudy day with
temperature of 29 °C and moderate wind condition.

Fig. 1. WM-15A vehicle used for test measurements.
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The measurements were taken on straight part of
the rails on a test distance of about 30 m. The
measurements were performed for different
velocities of the vehicle.

For the measurement purpose the National
Instruments measuring gear consisting of two
independent signal recording computers (NI/PXI-
8186 type) equipped with two PXI-4472B and one
PXI-4462 data acquisition cards was used. Signal
recordings were taken simultaneously on the pass-by
ground recording station and on a moving recording
station onboard of a WM-15A vehicle. Both sets of
recordings were synchronised with each other using
Pulse-Per-Second (PPS) signals from Garmin
I8LVC GPS receivers. The GPS signal
synchronisation principles used in the experiment
were described separately in [2].

On the mobile station placed onboard a vehicle
a total of 8 signals were recorded using PXI-4472B
data acquisition card: GPS PPS signal for future
synchronisation  purposes, bearing vibrations
(accelerations) in axial and perpendicular directions
of both wheels on one side of the vehicle, acoustic
pressure (noise) close to this bearings and acoustic
pressure on the top of the platform as a reference
signal (Fig. 2).

D MIC Platform: channel 7 \\

Diesel engine Railway trolley WM-15A
Front 147 kW Rear
D
o= s2am €2) ©

5,85 m

MIC Front: channel 8
ACC Front:
channels 11(V), 12(A)

MIC Rear: channel 9
ACC Front:
channels 13(V),14(A)

Fig. 2. Sensor placement on a mobile station used
in the experiment.

P
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5.85 0.150

US — ultrasound microphone, MIC — acoustic microphone
MD - directional microphone,
3D - vibration sensor (Z — vertical, Y — axial)

Fig. 3. Sensor placement on a ground station
used in the experiment.

On the pass-by ground station besides GPS PPS
signal, acoustic pressure (noise) signals using five
microphones 2 conventional measuring
microphones, 2 ultrasonic and one directional
microphone) were recorded. The distance between
microphones group’s positions was selected
according to the vehicle axle distance of 5,85m.
Additionally the ground vibrations in two directions

next to the railway track were recorded. The
transducers setup of the ground pass-by station is
shown schematically on Fig. 3.

3. SIGNAL POSTPROCESSING FOR
DOPPLER EFFECT REMOVAL TESTS

Recorded signals were later processed to test the
Doppler Effect removing method described in [1].
The described tested algorithm relies on the task
oriented dynamic resampling of the recorded signal.
The signal resampling was done according to the
changes in the frequency of the recorded signal from
a moving source (a vehicle). As was proved in [1]
a frequency change of the pure tone acoustic signal
moving relatively to the microphone could be
described with (Fig .4)

| (1)

1_&. sVt

v, i +ls=v 1)
where:

o f;, - real frequency of the signal source,

o f; - instantaneous frequency of the recorded signal,

® V4-sound velocity in the air ( V4 = 343 m/s was
assumed),

® V, -velocity of the moving vehicle (signal source),

e h - distance from the microphone to the railway
track,

e s - distance describing the position of the vehicle
in the moment of signal recording beginning
defined as a distance from the point closest to
the microphone.

Having fixed f,

waveform one can resample the recorded signal
using the new dt(¢) according to the formula:

dtnew(t) = fo : dt

fr (O

where dr is the sampling interval (inverse of the
sampling frequency).

fR(t) = fo'

frequency and £, (¢)

2

Instantaneous frequency (ground microphone)

N

54.5
= \
=

54

N~

53 =

10 11 12 1 14 15 16 17

3
t [s]
Fig. 4. Change of instantaneous frequency of 54 Hz
according to equation 1.
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Fig. 5. Time waveforms with selected parts for removing Doppler Effect
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Fig. 6. Acoustic pressure amplitude spectrum for reference signal recorded

A) near the front bearing of the vehicle; B) on the front microphone of a ground pass-by station;

C) Signal from B) with Doppler’s Effect removed using equations (1) and (2)

To apply this method a part of a recorded signal
should be selected symmetrically to the microphone
position. Any errors would result in additional
frequency smear of the resampled signal. On the Fig.
5 the recorded time signals with selected parts
corresponding to the front and rear microphones of
the ground pass-by station as well as a bearing noise
reference signal were shown. On the Fig. 6 the
results of this procedure applied to the noise
recordings of the vehicle moving with a velocity of
24 km/h were shown. The similarity of signal’s
spectra recorded with a microphone near the vehicle

bearing and spectra of the front microphone on
a ground pass-by station is clearly visible. Similar
results were obtained for the rear ground pass-by
station microphone signal. The differences in the
amplitudes of the signals are due to the distance
between the microphones of the ground station and
the railway track (4 m).

The described method has one serious drawback.
It requires the precise knowledge of the vehicle
position relative to the stationary, ground
microphone as well as its velocity relative to the
recording microphone. This method could be
modified to get rid of this flaw.
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To do this an instantaneous frequency f, should

be calculated from the analytical signal of the
passband filtered signal [3]

xa(t) = X(t) +_]H[ X(t)] = ‘ xa(t)‘ .ej'w(t) (3)
using well known equation [3]
_ 1 de®
£.(0 = dt @)

The passband of the filter should be selected in
such manner as to remove from the signal all the
frequencies except the single smeared frequency.
For the signal from Fig. 5B a passband of 52-56 Hz
was selected (Fig. 6B).

It is always a problem to design a digital filter
with steep enough characteristic and a very narrow
passband. In this application a filtering was
performed using Fourier transform, removing all the
frequencies except the desired passband and then
applying inverse Fourier Transform to thus modified
spectrum.

Results of calculating the instantaneous
frequency for both front and rear ground pass-by
station microphones are shown on Fig. 7. The
signals are shifted in time for the equivalence of the
axle distance (see Fig. 2, 3) The great similarity of
the theoretical curves calculated from equation (1)
and the curves calculated from the filtered spectrum
(4) are the confirmation of the correctness of the
method.

The spectra of this signals look extremely similar
to the one presented on the Fig. 6C.

3. microphone front (ground), Instantaneous frequency

4. SUMMARY

Results of the experiment confirmed the
possibility of Doppler Effect’s removal from the real
signal in the field measurements. The difference
between results obtained with theoretical frequency
curve and curve obtained using signal filtration
differs only in maximum 5% (Fig. 8).

It was not the aim of this project to diagnose the
technical state of the vehicle used in the experiment.
The diesel engine used by the vehicle was noisy to
such extent that it masked the bearings signals.

Described methods could be used in the
development of the ground pass-by vehicle
diagnostic station capable of monitoring the
technical state of passing vehicles.
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MODELING OF CYLINDER PRESSURE IN COMPRESSION IGNITION
ENGINE WITH USE OF GENETIC-FUZZY SYSTEM
PART 1: ENGINE FUELED BY DIESEL OIL

Michal KEKEZ, Andrzej AMBROZIK, Leszek RADZISZEWSKI
Kielce University of Technology, Faculty of Mechatronics and Machine Building

25-314 Kielce, Al. Tysiaclecia Panstwa Polskiego 7, building B, fax: (041) 34-48-698,
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Summary
This paper concerns measurement and modeling cylinder pressure in diesel engines. The aim of
this paper is to build the empirical-analytical model of engine work. The experiments on engine
test bench were conducted. The new genetic-fuzzy system GFSm was proposed. By means of
GFSm, the engine model was built. This model allows simulation of cylinder pressure, for each
allowable crankshaft speed. The model can be used to evaluate the quality of working cycles of
piston engine with accuracy required in practical technical applications.

Keywords: diesel engines, modeling, fuzzy systems, genetic algorithms.

MODELOWANIE PRZEBIEGU CISNIENIA W CYLINDRZE SILNIKA O ZAPLONIE
SAMOCZYNNYM PRZY POMOCY ALGORYTMU GENETYCZNO-ROZMYTEGO
CZESC 1: SILNIK ZASILANY ON

Streszczenie

Praca dotyczy pomiaru i modelowania przebiegéw ciSnien w cylindrze silnika o zaplonie
samoczynnym. Celem pracy jest budowa analityczno-empirycznego modelu pracy silnika.
Przeprowadzono badania eksperymentalne na hamowni oraz opracowano nowy system
genetyczno-rozmyty GFSm. Przy jego uzyciu zbudowano model pracy silnika, ktoéry pozwala
przeprowadza¢ symulacje przebiegéw cisnien w cylindrze silnika, dla wszystkich dopuszczalnych
predkosci obrotowych walu korbowego. Moze takze stuzy¢ do oceny jakosci cykli pracy
tlokowych silnikow spalinowych z doktadno$cia wymagana w praktycznych zastosowaniach

technicznych.

Stowa kluczowe: silniki o zaptonie samoczynnym, modelowanie, systemy rozmyte, algorytmy genetyczne.

1. INTRODUCTION

Internal combustion engine is a complex
mechatronic device that responds to indications from
many transducers. On the basis of them, the control
values are generated in order to obtain required
parameters of engine work: e.g. amount of fuel per
cycle, injection angle or ignition angle. The control
system should allow checking and manipulating the
fuel supply process and combustion of the fuel
during every working cycle of the engine. In order to
achieve this, the measurement of cylinder pressure
must be performed. Having known the changes of
this physical quantity, we can calculate a series of
important parameters such as: indicated power,
mean indicated pressure, relative air/fuel ratio.

Time-consuming and expensive field as well as
bench tests can be partially replaced by appropriate
models that describe engine work. Empirical models
(based on the first law of thermodynamics [9]) as
well as CFD (Computational Fluid Dynamics)
models [1] are well known. Expert systems, artificial
neural networks, genetic algorithms, fuzzy logic and

neuro-fuzzy networks [4] are used relatively rare.
Neural networks are most frequently used, for
several reasons. They can easily represent nonlinear
systems and they have ability to self-train as well.
Moreover, they can be applied in various controllers.

Most publications about internal combustion
engine modeling with use of artificial intelligence
methods concern the control of engine work [6] and
exhaust gas emission [2, 3]. Spray penetration in
diesel engine, depending on fuel pressure and
density, was also modeled, by means of neuro-fuzzy
system [8]. The modeling of cylinder pressure
curves in diesel engines, by means of genetic-fuzzy
systems, was not presented yet. The review of
literature shows that existing engine work models,
both numerical and analytical, have some limitations
which make it difficult to use in practice. As a result,
the aim of the paper was formulated following: to
develop a new genetic-fuzzy system for engine work
modeling.

In order to achieve this, the necessary
measurements of cylinder pressure curves were
made on the test bench. The engine operated in
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external speed characteristic and load characteristic
regimes, with the crankshaft speeds from the range
of 1000 to 2000 rpm. The engine was fueled by
diesel oil. The results of experimental research were
used to build the model of engine work.

2. TEST STAND

Experimental research was made on the test
stand which consists of: diesel engine Perkins
AD3.152UR, water brake and control panel. The
system for engine research had 4 measurement
chains, shown in Fig.1. Pressure was measured by
quartz piezoelectric transducers. Measured values
were recorded in function of crankshaft angle
degrees (°CA). The value of angle was recorded by
rotary pulse transducer and system of marking and
synchronization of crankshaft position. The engine
was fueled by diesel oil. Measurements were done
when engine operated in external speed
characteristic regime with the crankshaft speeds
1000, 1200, 1400, 1600, 1800 and 2000 rpm.
Cylinder pressure values were recorded every 1.4
°CA (exactly 512 measurements for one working
cycle of 4-stroke engine). At each measurement
point, values of parameters were recorded, for 50
consecutive working cycles. Indicator diagrams,
acquired in this way, were averaged.

Cylinder Measurement
r

ure _1 cassette
am

AD3.152 UR

ENGINE
ngl
L !

Measurement card
Analog-to-digital converter

Fig. 1. Block diagram of measurement system for
selected work parameters of internal combustion
engine [7]

3. RESULTS OF EXPERIMENTAL
RESEARCH AND MODELING OF
PRESSURE CURVE

Fig. 2 shows acquired indicator diagrams of
cylinder pressure, for different rotational speeds and
for ranges 180-540 and 340-390 °CA. For the latter
range, the differences between pressure curves for
different rotational speeds are noticeable. Fast
pressure increase starts at 3.5 to 4 MPa, and 353° to
359° CA. When rotational speed of crankshaft
increases, maximum cylinder pressure decreases, but
the crankshaft angle, at which it appears, increases.
Maximum value of slope of the tangent line to the
pressure curve decreases with increase of rotational
speed [5]. Knowledge of first and second derivative
of pressure curve with respect to crankshaft angle

allows determining the start of self-ignition, which is
about 352 °CA [5].

a)

c, MPa
p g2

0 L L L L L B L B B

180 270 360 450 540
°CA

b)
c, MPa
p g2

Rotational speed,
rpm:

1000
—--- 1200
— - - 1400
— - — 1600
----- 1800
. ——— 2000

0 \ \ I \
340 350 360 370 380 390
°CA
Fig. 2. Indication diagram of cylinder pressure in
AD3.152UR diesel engine working at external speed
characteristic and fueled by diesel oil, in function of
crankshaft angle, for different CA speeds: a) in the
range of 180° — 540°, b) in the range of 340° — 390°

The calculations were made by means of GFSm
system[5], proposed by the authors, and rated among
genetic-fuzzy systems. GFSm creates Mamdani
fuzzy model (Fig.3) or Takagi-Sugeno fuzzy model,
which describes relations between input and output
variables, and which describes given phenomena or
process. Genetic algorithm searches for solutions
using mechanisms borrowed from nature: natural
selection and heredity. Population of possible
solutions, represented by so-called individuals or
chromosomes, is changed: partially randomly and
partially on the basis of “quality” of a given
solution. “Good” solutions have bigger chance to
reproduce, and “bad” solutions have smaller chance
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to reproduce. Genetic algorithm consists of several
steps: 1) initial population is generated, 2) value of
“fitness function” for each individual is calculated,
3) selection of solutions based on value of “fitness
function” and randomness, 4) crossover (new
chromosome is constructed from two others), 5)
mutation (random change of small part of
chromosome). Steps 2-5 are repeated until a good
enough solution is found. In case of GFSm system,
each chromosome represents one fuzzy model. The
“fitness function” reflects the accuracy of this model
and, optionally, its transparency i.e. the number of
“if-then” rules in the knowledge base.

In our experiments, we used measurement data
for diesel oil to create fuzzy model (and to test its
accuracy) by means of GFSm system. The acquired
fuzzy model had two inputs: x1 (crankshaft angle),
Xy (time value, proportional to rotational speed of
crankshaft) and one output y (cylinder pressure
value). The model predicts value of cylinder
pressure (Yy) for all possible crankshaft angle and
rotational speed values (X;, Xp) in AD3.152UR
engine fueled by diesel oil.

Relationships between input and output variables
are stored in the form of so-called knowledge base,
which consists of set of rules and set of membership
functions of fuzzy sets used in rules. GFSm system
builds the fuzzy model on the basis of training data,
complying with settings for number of rules and
number of fuzzy sets.

Knowledge base
X _» Fuzzification Inference Defuzzification
X module module module y
> P

Fig. 3. Mamdani-type fuzzy model with two input
variables X; and X,, and one output variable y

The GFSm system created several models which
had different number of rules, depending on
program  settings. Training data, wused in
experiments, contained pressure curves for speeds
1000 and 1800 rpm of CA. The single model built
by GFSm describes pressure curves for all allowable
crankshaft speeds. With settings “maximum number
of fuzzy sets describing one input = 50” and “highest
accuracy models preferred (number of rules is
irrelevant)” the GFSm system created a model
consisting of 40 rules. The acquired model allows to
predict the value of maximum pressure with error
not exceeding 5%, and the value of mean indicated
pressure with error in the range of 0.3% to 13.5%
(depending on rotational speed of CA). Because
13.5% error is too high for practical technical
applications, a new model was created by means of
GFSm system. The settings were identical like
previously, but training data contained the pressure
data for the range of 340° to 390° CA. The acquired
model, which had 20 rules, was more precise in the
above mentioned range, for all crankshaft speeds.
However, in order to compute mean indicated

pressure we need a model describing pressure in the
whole range of 180° to 540° CA, not only in its
fragment. For this reason, the next (third) model was
created by means of GFSm. The settings were:
“maximum number of fuzzy sets describing one
input = 507, “models with small number of rules
preferred” and “each rule in knowledge base must
have condition (premise) regarding X; variable” (this
variable describes the value of crankshaft angle).
The acquired model is more general (only 12 rules)
and also describes pressure curves for all crankshaft
speeds. Fig. 4 shows “model” curves (computed
with use of this model).

1000

a)
c, MPa
p 90
0 \\\\\\\\‘\\\\\\\\‘\\\\\\\\‘\\\\\\\\‘
180 270 360 450 540
°CA
b)
c, MPa
p 90
7 -y
8- VAT
| /
7 "
6 /,'I,
57 /:///'ll

4 —

] — -~ 1200
37 — - - 1400
2 — - — 1600
I 1800

. ——— 2000
0 \ \

] \
340 350 360 370 380 390
°CA
Fig. 4. Relationship between cylinder pressure in
diesel engine (working in external speed
characteristic regime and fueled by diesel oil)
and crankshaft angle, computed by the fuzzy system,
for different crankshaft speeds in the range of:
a) 180° —540° CA, b) 340° —390° CA
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The error of prediction of mean indicated
pressure by GFSm model is less than 5% (with
regard to experimental data) for all measured
crankshaft speeds. Error of prediction of maximum
value does not exceed 3.3 %. Pressure curve is
calculated with high accuracy — root mean square
error (RMSE) belongs to range of 0.07 to 0.13 MPa.

4. CONCLUDING REMARKS

During experimental research the cylinder
pressure curves in function of crankshaft angle were
recorded. The acquired indicator diagrams were
analyzed in the range of 180 to 540 °CA, because
then we can assume that processes in engine
cylinder take place in thermodynamic closed system.
The results obtained in this work can be used for
regulation, evaluation and control of engine working
cycle. They also give opportunity to evaluate the
usefulness and relevance of fueling the engine with
certain fuel. The results of experimental research
acquired on engine test bench were used to build
analytical-empirical model of engine work, based on
fuzzy sets theory. In order to achieve this, the new
genetic-fuzzy system GFSm with advanced
information encoding and adjustable number of
rules, being a modification of Pittsburgh approach,
was designed. By using this system, three models of
cylinder pressure curves were built. The best
accuracy (indicated work error less than 5% for each
examined crankshaft speed) was achieved by
Mamdani-type GFSm model consisting of 12 rules.
The model allows simulation of cylinder pressure
curves with high accuracy, for all allowable
crankshaft speeds. There is also a possibility to
model selected fragments of pressure curves more
precisely (e.g. places where pressure changes are
fastest), by means of separate model. Time of
computation and saving the results to disk equals
0.04 s. Proposed model can be used to evaluate the
quality of working cycles of internal combustion
engines, with the accuracy required in practical
technical applications.
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MODELING OF CYLINDER PRESSURE IN COMPRESSION IGNITION
ENGINE WITH USE OF GENETIC-FUZZY SYSTEM
PART 2: ENGINE FUELED BY FAME
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Summary
This paper concerns measurement and modeling cylinder pressure in diesel engine. The main
aim of this paper is to build the analytical-empirical model of work of engine fueled by different
fuels. The experiments on engine test bench were conducted and a model of engine work was
created by means of proposed GFSm system. In Part 1 the engine was fueled by diesel oil, and in
Part 2 — fueled by methyl esters of rapeseed oil (FAME).

Keywords: diesel engines, modeling, fuzzy systems, genetic algorithms.

MODELOWANIE PRZEBIEGU CISNIENIA W CYLINDRZE SILNIKA O ZAPLONIE
SAMOCZYNNYM PRZY POMOCY ALGORYTMU GENETYCZNO-ROZMYTEGO
CZESC 2: SILNIK ZASILANY PALIWEM FAME

Streszczenie
Praca dotyczy zagadnien zwiazanych z pomiarem i modelowaniem przebiegow ciSnien
w cylindrze silnika o zaptonie samoczynnym. Glownym jej celem jest budowa modelu
analityczno-eksperymentalnego pracy silnika zasilanego roéznymi paliwami. Przeprowadzono
badania na hamowni i opracowano model pracy silnika za pomoca proponowanego systemu
GFSm. W czgsci pierwszej pracy silnik zasilany byt olejem napgdowym, a w czgdci drugiej -
estrami metylowymi oleju rzepakowego (FAME).

Stowa kluczowe: silniki o zaptonie samoczynnym, modelowanie, systemy rozmyte, algorytmy genetyczne.

1. INTRODUCTION

oil and FAME [1
Ecological fuels like FAME became very Ekodiesel
popular in recent years [1]. In comparison to diesel Parameter Ultra D FAME
oil (see Table 1), FAME has higher density and (diesel oil)
kinematic viscosity and different elementary cetane number 51,4 51
composition (FAME contains O). However, the heating value [MJ/kg] 432 36,7
cylinder pressure curves of engine fueled by diesel density at 15°C [g/em’] 0,8354 0,883
oil and FAME are similar [4'1]. Haymg known this kinematic viscosity
curve, we can calculate a series of important values [m m?/ 5] (~40°C) 264 4.47
such as: mean indicated pressure, indicated power, - - .
start of ignition. The results of measurements for surEace tension [N/m] B 2
diesel oil were used to build the model of engine _(20, (,j) = 3,6410 3,58-10
work, by means of the method from the field of ignition temperature [°C] 63 > 130
artificial intelligence (based on fuzzy sets theory). It average elementary
was presented in Part 1. Acquired model was next composition [%o]
“tuned” for modeling of engine fueled by FAME. - C 87,2 76,8
The aim of this work is to build a new analytical- - H 12,7 12,1
empirical model of diesel engine work fuelled by - O 0 11

FAME. In order to achieve this, the measurements
of cylinder pressure curves were made on the test
bench. The engine operated in external speed
characteristic and load characteristic regimes, with
the crankshaft speeds from the range of 1000 to
2000 rpm.

Table 1. Comparison of basic properties of diesel

Literature analysis presented in Part 1 shows that
existing engine work models, both numerical and
analytical, have limitations which make it difficult to
use them in practice. As a result, the following aims
were formulated: 1) experimental research of
cylinder pressure, 2) development of a new genetic-
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fuzzy system for engine work modeling,
3) development of methodology for “tuning” this
model for other fuels.

2. TEST STAND

Experimental research was made on the test
stand (presented in Part 1) built of diesel engine
Perkins AD3.152UR, water brake and control
cubicle. The cylinder pressure was measured by
piezoelectric transducers. Measured values were
recorded in function of crankshaft angle degrees
(°CA). The engine was fueled by FAME.
Measurements were done when engine operated in
external speed characteristic regime with the
crankshaft speeds 1000, 1200, 1400, 1600, 1800 and
2000 rpm. Cylinder pressure values were recorded
every 1.4 °CA (exactly 512 measurements for one
working cycle of 4-stroke engine). At each
measurement point, values of parameters were
recorded, for 50 consecutive working cycles.
Indicator diagrams, acquired in this way, were
averaged.

3. RESULTS OF EXPERIMENTAL
RESEARCH AND MODELING OF
PRESSURE CURVE

Fig. 1 shows acquired indicator diagrams of
cylinder pressure, for engine work at different
rotational speeds and for ranges 180-540 and 340-
390 °CA. For the latter range, the differences
between pressure curves for different rotational
speeds are noticeable. Fast pressure increase (for
FAME fuel) starts at 3.3 to 3.9 MPa, and 351° to
357° CA. When rotational speed increases,
maximum cylinder pressure decreases, but the
crankshaft angle, at which it appears, increases.
Maximum value of slope of the tangent line to the
pressure curve decreases with increase of rotational
speed from 1400 to 2000 rpm [4]. Knowledge of
first and second derivative of pressure curve with
respect to crankshaft angle allows determining the
start of self-ignition.

The calculations were made by means of GFSm
system [4], proposed by the authors, which can be
described as a method of generation of fuzzy models
by means of genetic algorithm [2, 3]. GFSm creates
Mamdani fuzzy model (Fig. 2) or Takagi-Sugeno
fuzzy model. The model describes relations between
input variables and output variable, which describe
given phenomena or process. Model produced by
GFSm predicts cylinder pressure for all possible
rotational speeds in AD3.152UR engine fueled by
diesel oil — this was presented in Part 1 of paper. In
order to predict pressure for another fuel (like
FAME), we added two scaling functions: one for
input scaling and one for output scaling (Fig. 2).

a)

c, MPa
p g

0 L L L L L B L B B

180 270 360 450 540
°CA

rpm:
1000
—--- 1200
— - - 1400
— - — 1600
----- 1800
b —— 2000
0 \ \ 1 \
340 350 360 370 380 390
°CA
Fig. 1. Indication diagram of cylinder pressure in
diesel engine working at external speed
characteristic and fueled by FAME, in function of
crankshaft angle, for several CA speeds: a) in the
range 180° — 540°, b) in the range 340° — 390°

Parameters of these functions are different for
each fuel. In order to find these values, we measured
cylinder pressure curve for one rotational speed
(1200 rpm) when engine was fueled by FAME.
Later, we used this curve to obtain parameters of
scaling functions.

Knowledge base
X
Input Fuzzification Inference Defuzzification Output y
t scaling module module module scaling -
X3

Fig. 2. Mamdani-type fuzzy model (with scaling
functions), which has two input variables X; and Xy,
and one output variable y
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The output scaling function y'= f(y) has the
form given by the equation:
y-2 for y<a,
y'= a0 M
3 2
(Y—ao)'—a+az fory>a,

1 =8
where a,,8,,8,,3; values are calculated in the way

given in Table 2.

Table 2. Parameters of output scaling function

Para-
Value
meter
% p. fora when [ dp, j for diesel oil
a, da?  lforanow fuel
(e.g. FAME)
" for diesel oil
a3 pCmax for Thow fuel
(e.g. FAME)

The idea of calculation of a,,a,,a,,a;

parameters is shown in Fig. 3. After the calculation
of output scaling parameters, we also calculate a,

parameter value for input scaling, which “moves”
pressure curve along with horizontal axis. We select
a value of “move” for which mean indicated
pressure is calculated with highest accuracy.

The results are quite good: we acquired Takagi-
Sugeno model for diesel oil, which has good
accuracy (mean indicated pressure error less than
3.9% and maximum pressure error less than 2.1%,
for all rotational speeds). Later, we measured
cylinder pressure curve for FAME fuel, at 1200 rpm
and calculated parameters of input and output
scaling functions. The resulting model (Fig. 4) had
also good accuracy (mean indicated pressure error
less than 4.1% and maximum pressure error less
than 2.6%, for all rotational speeds).

4. CONCLUDING REMARKS

During experimental research the cylinder
pressure curves in function of crankshaft angle were
recorded while engine was fueled with diesel oil and
FAME. The results of measurements for diesel oil
allowed building of model of engine work by means
of GFSm system. The acquired model was later
“tuned” for FAME fuel, by using input and output
scaling in fuzzy model. The resulting model has
good accuracy for both diesel oil and FAME (mean
indicated pressure error less than 4.1% and
maximum pressure error less than 2.6%).

4. CONCLUDING REMARKS
During experimental research the cylinder

pressure curves in function of crankshaft angle were
recorded while engine was fueled with diesel oil and

FAME. The results of measurements for diesel oil
allowed building of model of engine work by means
of GFSm system. The acquired model was later
“tuned” for FAME fuel, by using input and output
scaling in fuzzy model. The resulting model has
good accuracy for both diesel oil and FAME (mean
indicated pressure error less than 4.1% and
maximum pressure error less than 2.6%).

a) b)
c, MPa c, MPa
PeNgRa, pe g
8] 8|
j a,
7] 71
6 6|
5] 5|
aday 4]
7 a,
3 342
2 2
. n=1200 rpm ] 1=1200 rpm
01— T
340 350 360 370 380 390 340 350 360 370 380 390
°CA cA
¢) d)
9Ya oY
8 /’ \\\ 8-
N 1a,
7 7
6 N 6 N
5 N 59 / \
4 ", / .
4-a, 44 / \
7 732 J
3 ~ 3 =
27,/ 27
1 1
o+ 0

340 350 360 370 380 390 340 350 360 370 380 390
°CA °CA

Fig. 3. Idea of calculation of parameters and
work of output scaling function: a) experimental
cylinder pressure curve p, when engine
operated in external speed characteristic regime
at 1200 rpm and was fueled by diesel oil and idea
of calculation of @, and a, values, b)
experimental cylinder pressure curve p, when
engine operated in external speed characteristic
regime at 1200 rpm and was fueled by a new fuel
(e.g. FAME) and idea of calculation of a, and
a; values, ¢) modeled cylinder pressure curve
p. for any given rotational speed, without

output scaling (for diesel oil) d) modeled
cylinder pressure curve p, for any given

rotational speed, with output scaling (for new
fuel, e.g. FAME)
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b)

O T

180 270 360 450 540
°CA

0 T T T T T ]

340 350 360 370 380 390
°CA

Fig. 4. Relationship between cylinder pressure in

diesel engine (working in external speed

characteristic regime and fueled by FAME) and
crankshaft angle, computed by the fuzzy system,

for different crankshaft speeds in the range of:
a) 180° — 540° CA, b) 340° —390° CA
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Summary

The following paper presents application of the Hardware In The Loop to the Virtual Power
Plant laboratory(VPP), for real time modeling of power generation unit elements. The Virtual
Power Plant consists of a group of computers, which model a real power plant unit with the
performance close to the real time. Application of HIL enables the laboratory to generate output
signals which can be used for testing of monitoring systems or by using exciters for testing of
vibration sensors i.e.: accelerometers. The paper presents implementation process of chosen
module of VPP on dedicated system for real-time simulation based on DS 1103 board. Next an
experimental results are discussed.

Keywords: simulation, hardware-in-the-loop, power plant, real time simulations.

ZASTOSOWANIE TECHNOLOGII HARDWARE-IN-THE-LOOP
W PROJEKCIE WIRTUALNEJ ELEKTROWNI

Streszczenie

W pracy przedstawione zostalo zastosowanie technologii Hardware-In-the-Loop (HIL)
projekcie Wirtualnej Elektrowni (VPP) do modelowania dziatania elementéow elektrowni
w czasie rzeczywistym. Wirtualna Elektrownia sktada si¢ z grupy komputerow ktore modeluja
dziatanie rzeczywistej elektrowni z wydajnoscia bliska czasowi rzeczywistemu. Zastosowanie
technologii HIL pozwoli na generowanie w laboratorium sygnatéw wyjsciowych z VPP ktore
moga zosta¢ wykorzystane np.: do testowania uktadow monitorowania badz tez, po zastosowaniu
wzbudnikow, do testowania czujnikow drgan np.: akcelerometrow. Artykut przedstawia proces
implementacji wybranego modutu VPP na dedykowany uklad do przeprowadzania symulacji
Z rygorem czasu rzeczywistego oparty na karcie DS 1103. Nastgpnie omowione zostaty uzyskane
wyniki badan eksperymentalnych.

Stowa kluczowe: symulacja, Hardware-In-the-Loop, elektrownia, symulacje czasu rzeczywistego.

APPLICATION OF HARDWARE-IN-THE-LOOP FOR VIRTUAL POWER PLANT

1. VIRTUAL POWER PLANT AND ITS
ARCHITECTURE

Advances in condition monitoring, and — in the
broader view — in mechanical engineering lead to the
development of more and more efficient tools,
which help us to better understand behavior of
mechanical systems [1, 2]. Then, we can benefit
from this knowledge by optimization of operation
and reduction of maintenance costs, to name just
a few [3]. Recently, the Virtual Power Plant
laboratory (VPP) was developed within the research
project DIADYN No PBZ-KBN-105/T10/2003,
funded by the Polish Ministry of Science (MNil).

VPP is the innovative work environment for
technical state assessment of dynamic objects,
applied to elements of the power plant unit. Such an
environment should work with performance close to
the real time (when necessary and technically
possible). Introduction of such an environment
facilitates development of models and next — the
process of diagnostics. Such an environment has
following benefits:

Builer zimulation Steam W ater cele [ymamiss simulation (ither modules

module simulation module module

Cortrol system
simulation module

[ 1 11

Certral bus
((data & events)

L]

Specialzed DS 118
databze = (perator Station
(User Intertace)

Advanced
User Irterface F—]

Fig. 1. The structure of the Virtual Power Plant

o flexible structure,
configurations;

e possibility to include models in various formats
(though Matlab/Simulink was chosen as the
default);

enabling multiple
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e reply of malfunctions to analyze real cases from
the plant;

e modeling of faulty behavior of a plant to improve
the knowledge about processes in the real plant

e simulation of various modifications of the unit
and effects it will have, for example in the
dynamic state;

e huge resource for search of diagnostic rules, thus
it will bring advances in FDI techniques;

e development of risk management algorithms;

e verification of diagnostic systems in operation on

a plant.

The Virtual Power Plant [4] is the group of
computers, connected by a fast computer network
(see Fig. 1). Each computer plays a role of a VPP
component. The largest part of the system is
database, which consists of two cooperating
subsystems. The first one is the database as in the
typical DCS system. This allows to store the data in
the same way they are stored in a real system. The
second database subsystem is a specialized, fast
database which is used to store data generated by
modules of the VPP. This subsystem is proprietary,
efficient database engine, which can also store
dynamic data (e.g. vibration waveforms). The
Central Bus is another computer, which is the main
data exchange hub in the VPP. It provides common
interface for all the modules, which allows to
develop each module independent from the others.
The remaining computers are used to run models of
the components of the power plant. Fig. 2 presents
the structure of the VPP model. The mathematical
model used in the Virtual Power Plant is
a compromise between the requirements of the
accuracy to the real object and available computing
and data processing power [5]. On the other hand, its
structure allows for easy exchange of several
components, depending on requirements of the
application.

As presented on the Fig. 2, modeling of the
dynamic state is weakly coupled with the rest of the
model. There are no feedbacks and there is only one
signal determining the vibration, i.e. rotational
speed. Since on the list of applications presented
above, the important one is verification of vibration
monitoring and diagnostic systems (VMDS) in
operation on a plant, there was a need to generate
real-time vibration signals, which could be
converted to analogue signals and fed into
a vibration monitoring system. With proposed
approach, it would be possible to test VMDS in
various conditions, also impossible to simulate on
a real power generation unit. Since the model was
developed as the variable step Matlab/Simulink
model, it did not generate such signals and other real
time simulation techniques were necessary.
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Fig. 2. The structure of the model
2. REAL TIME SIMULATIONS

Real-time system can be divided into two main
categories:

e Hard real-time system - where timing correctness
is critical for the system and can’t be sacrificed
for other benefits.

e Soft real-time systems — where time correctness
is important, but not critical and can be sacrificed
for other goals (for example model accuracy).

Typical real-time system consists of two parts:

controller and controlled system. Depending of

structure of these two parts real-time simulations can
be divided into :

e Rapid prototyping of control systems;

e Hardware-In-The-Loop.

Nowadays there are two major systems used for
real-time simulations:

e Systems based on FPGA systems — used mostly
for fast prototyping;

e Systems based on DSP cards — used equally for
fast prototyping and HIL simulations.

The system presented in the paper is based on the
second solution for real-time simulations. dSPACE
is one of the providers of real-time systems based on
DSP’s. They provide vide variety of systems
designed for fast prototyping and HIL simulations.
Systems offered by dSPACE varies from simple
single board (DS 1lxx series) to multi-board
systems (dSPACE Simulator). Single board system
consists of single card with processor, memory and
additional input/outputs (ex.: D/A, A/D converters,
DIO’s, Encoder inputs). Multi-boards system
consists of dedicated processor board(s — up to 20)
and dedicated I/O cards connected via PHS bus.
dSPACE also provides a software as a part of its
system. It can be divide into 3 groups:

e Card’s drivers for C/C++;

e Implementation software allows for connecting
created model to dSPACE I/0O boards;

e Test & Experiment Software’.

The system used during presented experiments is
built using dSPACE real-time environment, based
on the dSPACE’s DS1103 board .
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3. SYSTEM IMPLEMENTATION

Careful analysis shows, that first part of the VPP,
which should be tested on real-time system is
Vibration Module, as explained in the first chapter.
Vibration signals, generated in real time, can be
easily sent as outputs via digital outputs or D/A
converters and used for example as an inputs for
monitoring system or as control signal of exciter
used for testing i.e.: accelerometers.

The first step in implementing Vibration Module
of VPP on the real-time system was re-writing of
s-function written as m-file into C-code ones.
Currently, dSPACE’s software doesn’t support
direct translation of m-file into real-time C-code that
can be implemented on dedicated board. Other
requirements of dSPACE’s real-time system is that
the simulations have to be performed with fix step. It
can be obtained in two ways: translating s-function
from variable step into fix step type, or by solving
continuous states with chosen integration method
(i.e.: Euler, Heun, Bogacki-Saphine, Runge-Knutt,
Domand-Prince).

Because in C-code all variables (types, size of
matrixes etc.) should be declared and defined before
compilation, single 5-mode model of rotor-support
was chosen for implementation. During translating
m-file into C-code, algorithms were not only
rewritten in C-code, but also optimized for faster
calculations. Moreover, standard C-libraries does not
consist matrix class variables nor matrix operation
definition (addition, subtraction, multiplication and
division of matrices). This is why dedicated libraries
for matrix operations have been created.

After creating VPP’s Vibration Module as
C-code’s s-function Matlab/Simulink model was
built and simulated. Simulations results obtained
from m-file and C-code models were compared and
proved that translation process was successful

(fig. 3).

Fig. 3. Differences between vibration signals
obtained from the vibration module of VPP written
as M-function and in C-code

Next, created model were compiled with RTI
(Real Time Interface) for the real-time system. The
RTI runs through all steps necessary to prepare the
application for the real-time test. The last step loads
the application into the dSPACE processor. The
RTW (Real Time Workshop) is used for converting

Simulink’s models into real-time C-code and
automatically builds programs, that can be run from
the real-time system environment. ControlDesk
software — experiment software for managing and
instrumenting experiments — is the integral part of
dSPACE’s real-time system,. It allows for designing
experiment interfaces by easy drag & drop method.
The interface designed for Vibration Module is
presented in the figure 4.

The interface allows for real-time observation of
simulated vibrations and changing parameters of
simulations. Compiled model consists of four
different types of rotor-support models (sliding
bearing, nonlinear heuristic, short bearing and long
bearing) and two parameters (Gravity and Damping)
that can be changed using radio buttons during
experiments without the need of simulation
interrupting. Several experiments were performed
for all four models with and without influences of
gravity and damping.

First tests taken on real-time system were carried
out at step size set to 0.01s , and shows that at that
step size created models are unstable. Reduction of
the step size allowed to achieve stable results at
value 0.001 s, but good results, similar to ones
obtained during simulations with variable step, were
achieved at step size of 0.0002 s.
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Fig. 4. Experiment interface

At this step size, the equipment used during
experiments (DS 1103 board) allows only for
simplest model (sliding bearing) simulation.
Obtained results (fig. 5) were very similar to ones
obtained from Matlab/Simulink with m-file variable
step model (fig. 6), (amplitudes, phases of
vibrations). Unfortunately, higher frequencies of
simulated signals were cut off, due to insufficient
frequency.
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Fig. 5. Results obtained during HIL simulations

Fig. 6. Results obtained during Simulink’s
simulations

4. CONCLUSIONS

Application of Hardware-In-the-Loop technique
for simulation of Vibration Module of the Virtual
Power Plant showed promising results. It can lead to
much broader application of VPP. Initial
experiments proved that optimized code can lead to
significant performance improvement (step size
from 0.01 up to 0.0002 s). Unfortunately hardware
restriction didn’t allow to achieve results, which
fully represent vibrations in given rotor-support
model. Theoretical analysis and initial experiments
proved that after equipment upgrade (change of real-
time simulation system to multi-board system based
on DS 1006 processor board) new hardware should
provide sufficient computational power for real-time
simulations of complex model.
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TELEMATIC SYSTEM FOR MONITORING THE OPERATION OF MACHINES

AND VEHICLES IN A TRANSPORT-EQUIPMENT ENTERPRISE

|Ryszard SZADZIUL|, Bronistaw SLOWINSKI

Politechnika Koszalinska, Wydzial Mechaniczny
Koszalin, ul. Ractawicka 15/17

Summary
The performance and the effects of applying the telematic system to the building transport-
equipment enterprise were analysed in that paper. The KOMTRAX system used for this purpose
allows the operation of building machinery to be continually monitored. The system provides great
advantages, including the prompt completion of work tasks (about 30-40%), the reduction of
vehicle maintenance costs (about 20-30%), the decrease in unauthorised mileages (about 100%)
and the reduction of fuel consumption (about 20%).

Keywords: technical diagnostics, telematics, GPS system.

TELEMATYCZNY SYSTEM MONITOROWANIA PRACY MASZYN I POJAZDOW
W PRZEDSIEBIORSTWIE SPRZETOWO-TRANSPORTOWYM

Streszczenie
W artykule przeanalizowano funkcjonowanie i efekty zastosowania systemu telematycznego
w przedsigbiorstwie transportowo-sprzgtowym zaplecza budowlanego. Zastosowany tam system
KOMTRAX pozwala na biezace monitorowanie pracy maszyn budowlanych. System zapewnia
duze korzySci m.in. zwigkszenie terminowo$ci wykonywania zadan (o okolo 30-40%),
zmniejszenie kosztéw utrzymania pojazdow( o okoto 20-30%), redukcje nieautoryzowanych
przebiegow (o okoto 100%) oraz zmniejszenie zuzycia paliwa (o okoto 20%).

Stowa kluczowe: diagnostyka techniczna, telematyka, system GPS.

1. INTRODUCTION

The service life of transport equipment in
contemporary enterprises is mainly determined by
the cost account and the moral wear. Respecting the
fast progress in this field and easy access to new
equipment, the idea of general overhauls prolonging
its life has been abandoned. The elongation of the
failure-free period of operation for this equipment
could be also promoted by computer-aided modern
troubleshooting systems. The technical diagnostics
system for technological objects has been
anticipated dichotomously as supported by models
and as a symptom diagnosis [1]. Especially the last
one in reference to vehicles has been done more and
more often using the telematic systems [2]. Under
the notion of telematics we understand solutions to
telecommunication, information, computer science
and automatic control adapted to requirements of
serviced devices — following from their tasks,
infrastructure, organisation, processes of
maintenance and management — and integrated with
these systems [3]. Nowadays, a great interest in
these systems has been observed (e.g. in Poland in
2007 the sales volume of them increased by 400%
versus 2006, source: TVP News of 22.03.2008).

Telematics in transportation makes it possible to
influence the course of process mobility by
increasing the transport capacity, improving the
safety, reducing the negative effects on the
environment and planning the transportation [4]. It
results from long-term research carried out in the
USA, Canada (and now also in Poland) that the
application of telematic systems contributes the
reduction of expenditures on the transport
infrastructure even by 30-35% maintaining the same
functionality of the system [5]. The essential
element of such the system is measurement and
automatic data acquisition with the use of sensors,
detectors and other monitoring devices. They allow
simultaneously the working processes of machines
to be continuously monitored and thus immediately
meet any abnormality in this scope. It brings the
rational savings, rationalises the process of
transportation, and facilitates operations carried out
both by persons using the equipment furnished with
telematic technique and also enterprises making use
of this equipment [5]. The recognition of the practice
in this scope with reference to machinery and other
back-up facilities of a large enterprise implementing
the building projects all over the state constitute the
main research problem of the present paper.
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2. DESCRIPTION OF A SYSTEM

The enterprise being tested applied the satellite
system Komtrax, manufactured by Komatsu Poland
Ltd. The Company Komatsu Ltd was established in
Japan in 1921. Now it is a world-wide leader among
producers of machinery for the building and the
mining industry; it has their branches in many
countries, including Poland. Komatsu is an owner of
44 factories all over the world, including 8 factories
in Europe. Twenty of them produce engines,
hydraulic systems, power transmission systems,
whereas machines, mainly for the building industry
are assembled in twenty four factories (some years
ago Huta Stalowa Wola successfully manufactured
bulldozers under Komatsu licence).

Komatsu Company is well-known for the
implementation of state of the art technological
innovations, including the satellite monitoring
systems for machines such as Komtrax. According
to Producer’s data this system to its advanced design
provides an exceptional solution on a world-wide
scale. At present all over the world, there are
operated 75 thousand machines equipped with
a Komtrax system, and every month the next
2 thousand are introduced into operation [6]. This
system is suitable mainly for machine of small or
medium size and especially is useful if a machine is
operated in outlaying places and hard to reach for
servicing.

Nowadays the wireless communication is
omnipresent. Therefore, small wonder that it is
present in building machinery where helps in
monitoring the process parameters. Thanks to
computers it is possible to trace all the data linked
with the operation of machine systems not only by
operators but also supervising personnel, mechanics
and owners. The system collects important
operational and system data. It also provides the
communication with the global positioning system
(GPS), which traces its position. By GPS it transmits
all the data obtained to the database management
centre. Data from this centre is transmitted by the
Internet to the Kamatsu’s global server where is
collected and analysed. Then data is sent to the local
server of Komatsu distributor or “the local Internet
system”, where is processed according to User’s
requirements and formatted for displaying.

The Komtrax system due to the integrated GPS
transmitter makes it possible to use a number of
options, for instance determines the working areas
for machines. In case of leaving this area, the
Komtrax immediately initiates alarm, which is some
kind of protection against theft or unauthorised use
(for this reason it is possible to get some assurance
discount for these machines). Since the dispatcher is
able not only to cut off remotely the engine but also
block its restarting. The route covered by the
machine is displayed on a map or marked out with
geographic coordinates (longitude and latitude). The
location function makes it possible to optimise the
fuel supply, planning for the maintenance service

and also taking the counteraction against theft or
unauthorised use.

However, the designers of the Komtrax system
are mainly motivated to reduce the costs of machine
operations [7]. Thus, the machine equipped with the
Komtrax system transmits relevant data to the
Komatsu server at regular time intervals. It enables
to create an accurate work protocol at a freely
specified time interval. This peculiar “CV” makes it
possible for the machine to determine the load it was
subjected to and detect possible faults or else
optimise the equipment capacity factor.

Komtrax allows the operation-hours counter to be
daily read-off. Monthly reports for this parameter
could be also presented in the form of a diagram.
Komtrax makes the same information available that
are displayed in machines on the computer screen
(depending on qualifications of the machine
operator). The transmission of information between
machines and the system takes place in a continuous
mode by Internet. The system could be also used by
service workers for remote troubleshooting.
A mechanic is also able by analysing the data
recorded by the Komtrax system to foresee in
advance the appearance of a fault and warn the user
of it. It enables to reduce the losses suffered from
shutdown of machines and increase the effectiveness
of their use. So, owing to the Komtrax system it is
possible to determine precisely the machine capacity
factor on a given building site. In the end, it is
possible for the equipment to be selected optimally
for execution of a given task. It also prevents the
machines from overloading which significantly
reduces their wear. The operation sheet provides
information on the way, the time and the
effectiveness of machine operation, and also the
operator’s efficiency. This information is presented
in the form of legible bar graphs illustrating: service
time of an engine, worktime — operational activities
of a machine and working accessories. Due to that it
is easier to eliminate the cases of unauthorised use of
machines. Komtrax allows the following process
parameters to be obtained: fuel level and
temperature of liquid coolant. The system transmits
systematically warnings about all departures from
the standard of machine operation, notifies properly
in advance of the necessary routine maintenance.

Reports on the machine operation could be
compiled in a daily, monthly and annular cycle.
A daily report describes the location of a machine,
its process parameters and the technical condition of
the machine from the day preceding the read-out.
A fuel level diagram shows the state of filling a tank
at the end of the previous day. This diagram
considerably facilitates planning the fuel supply for
a building site.

The technical condition of machines, the
information on the value of pressure in the hydraulic
system and the loads they are subjected to are
helpful for monitoring. This information performs
the function of the warning signals with regard to the
potential overloading or underloading the machine.



) DIAGNOSTYKA’ 4(48)/2008 23
SZADZIUL|, SEOWINSKI, Telematic System For Monitoring The Operation Of Machines...

Due to this fact, one can easily check whether the
machines are properly matched to the task being
implemented. The monthly report in the graphic
form presents the total worktime, the real time and
the worktime during the idle running.

The possibility of undertaking the action aimed to

contributes to increasing the useful life of machines
and simultaneously reduces the costs connected with
their routine maintenance. An undoubted advantage
of this system is free of charge operation for the
period of five years from the first activation [7].

limit the shutdown of machines, which is connected 3. SAMPLE SYSTEM CARDS

with excessive fuel consumption. Providing the

continuous documentation of its technical condition Examples of Komtrax system cards are
and scrupulous keeping the dates of periodical illustrated in Figs. 1-6.

surveys prevent from appearing the serious defects,

causing loses following from shutdowns. It
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It results from analysis of applying the satellite
Komtrax system to a given company, that these
advantages could be divided into two groups:
notable and immeasurable.

Notable advantages are more eloquent because
they can be described with numbers. On the basis of
own research and the experience of other users in
the country it is possible to form an opinion that the
system applied provides among others the prompt
completion of work tasks (about 40-50%), the
reduction of vehicle maintenance costs (about 20-
30%), the decrease in unauthorised mileages (about
100%) and the reduction of fuel consumption
(about 20%). Accurate percentage values are
difficult to evaluate.

Immeasurable advantages result from the
operational entirety of this system. Describing
comprehensively the Komtrax system one can say
that the Komtrax system provides an invaluable
tool for managing and maintaining the traffic of
building machines. The detailed recording of the
machine route, speed, fuel level, operation of
different auxiliary devices allows all the events
connected with the operational use of this machine
or a device to be precisely reproduced. It is
a frequent problem of building enterprises that they
have no control over operators, their style of work
and conscientiousness. The system being offered
shall put a stop to robbing the employer by
dishonest operators (theft of fuel is limited).
Exceptional accuracy of reports ensures the clear-
cut settlement of contentious issues in this scope.

4. CONCLUSION

In Poland the telematic supervising of the
building machines has not been sufficiently
developed yet.

It is mostly affected by the following factors:
e obsolete stock of machines

e relatively high cost of devices,

e lack of experience in telematics,

e opportunism of managing personnel,

e high costs of mobile communications.

However, the situation starts to make a marked
improvement due to undoubted advantages resulted
from using this type of solution. If you want
improve the output of machines, measure the
punctuality and worktime you should use the
satellite system. This would contribute to more
efficient managing the work of operators which
improve the output giving the savings in operation
and cut down the “shady” routes. The system also
ensures the interrupted contact of the dispatcher
with operators in case of unexpected orders, failures
or dispositions. More than anything else is to avoid
shutdowns and guarantee the continuous contact
with a customer, who wants to know at what stage
is the implementation of his order.

Thus, the immeasurable advantages are equally
important and maybe even more essential than
calculated with a view of money.
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Summary
The article presents method of reducing the non—stationarity of a signal which relies on task—
oriented dynamic signal resampling. The characteristic feature of this method is lack of
preliminary assumptions regarding the phenomenon causing the eliminated non-stationarity.
Thanks to this the method enables not only elimination of the non—stationarity caused by linear
change of the frequency of signal but also other complex and non-linear forms of non—
stationarity. The paper also includes the examples of application of the described method.

Keywords: non—stationarity, task—oriented dynamic resampling, instantaneous frequency.

WYKORZYSTANIE ZORIENTOWANEGO ZADANIOWO DYNAMICZNEGO
PRZEPROBKOWANIA W REDUKCJI NIESTACJONARNOSCI SYGNALU

Streszczenie
W artykule przedstawiono metode redukcji niestacjonarno$ci sygnatu bazujaca na
zorientowanym zadaniowo dynamicznym przeprobkowaniu sygnatu. Charakterystyczna cecha
metody jest brak wstgpnych zatozen co do zjawiska wywotujacego eliminowang niestacjonarnosc.
Dzigki temu metoda pozwala na usunigcie nie tylko niestacjonarno$ci wywolanej liniowa zmiang
czgstotliwosei sygnatu ale takze i innych, zlozonych i nieliniowych form niestacjonarnosci.
W pracy zamieszczono takze przyktady zastosowania opisanej metody.

Stowa kluczowe: niestacjonarno$¢, zorientowane zadaniowo dynamiczne przeprobkowanie,
chwilowa czestotliwos¢.

1. INTRODUCTION

In diagnostic practice we often come across the
need for analyzing non—stationary signals. There can
be various reasons of non-stationarity of signal.
Non-stationarity can result from a special mode of
operation of an object, including such elements as
start—up and coasting of a machine. From diagnostic
point of view the observation of the non—stationary
mode of operation, which occurs during start—up and
coasting, can provide a lot of diagnostically—
interesting information since it enables the analysis
of the behavior of object during operation at variable
rotational speed, which leads to additional excitation
of the signal as it encounters resonance of the
structure. Moreover, during start—up there usually
occur loads which enable observation of flexibility
and play in bearings and clutches [2]. Non—
stationarity can also be the outcome of unstable
operation of the object, resulting from variability of
operating conditions and demonstrating itself as
fluctuation of the basic revolutions frequency of
a machine. Non—stationarity of analyzed signals can
be also the consequence of the adopted method of
registration of these signals. Such a situation occurs
when we deal with use of a stationary system for
acquisition of sound signals generated by objects

which are in motion. The signal registered in the
conditions of relative motion of the transmitter
(source of signal) and the receiver (microphone) is
burdened with disturbance being the outcome of
Doppler’s effect [3].

Analysis of non-stationary signals generally
requires special method of signal preprocessing [5],
since the frequency of signal structure which
changes in time, effectively hinders effective use of
classical methods of signal analysis. It is important,
however, that the methods applied remove only the
undesirable non—stationarity of a signal while not
causing at the same time the unintended, by us,
elimination  of  other, diagnostically—useful
properties of the signal. Thus a need emerges for
having as useful as possible, but at the same time
precisely selective, methods of reducing signal non—
stationarity.

The paper will present the method of reducing
signal non-stationarity which relies on task—
oriented, dynamic resampling of signals. We will
also present the examples of use of this method.
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2. TASK-ORIENTED DYNAMIC SIGNAL
RESAMPLING

The basis of a dynamic (variable in time) signal
resampling is the use of variable time resolution in
such a way that each subsequent (variable) period
contains a permanent number of time samples [3]:

nzﬁz...zﬁz const:& )]
dt, dt, dt
which is equivalent to the following relationship:
n= ! e onst=— ()
fl'dtl fN'dtN fw'dt
where:
e fi, .., fv — represents the subsequent,
instantaneous frequencies of the signal,
o dt;, .. dty — represents the subsequent,

instantaneous sampling rate of the signal,

e f, — denotes the “resultant” frequency of the
modified signal,

e dt — denotes the sampling rate of the original
signal.

Due to the fact that the instantaneous sampling
rate of the signal can be calculated from the
following relationship:

Jodt 3)

di 'hw- =
) =

where: dt.,(i), fuw(i) represent respectively the
instantaneous sampling rate and the instantaneous
frequency of the signal.

While having the vector of the subsequent,
determined temporal resolutions dt.,, = [dt..(1),
dtgn(2), ..., dtg(m)], while referring to the
cumulative sum we can define the modified time
vector ., by means of the following relationship:

tpf) =dt, (1) +dt, (2) + .. +dt, (i) (4

The last step is to define the value of the signal
at the moments in time defined by the values of the
modified time vector ., We do this through
interpolation of the value of the original signal by
means of polynomial splines. In the presented
solution we used the cubic splines. This way we
receive the modified signal whose sampling rate is
identical to the sampling rate of the original signal.

Correct performance of dynamic resampling of
a signal requires one to know the course of the
instantaneous frequency of the signal, which defines
the removed non-stationarity of the signal.
Depending on the specific task there exist various
possibilities of defining the required course of the
instantaneous frequency. The course of frequency
can be learned while relying on the knowledge of
the phenomenon which causes the undesirable non—
stationarity of the signal, which enables definition of
the function defining the variability of the
instantaneous signal frequency. The course of the
instantaneous frequency can be also defined based
on measuring a defined value which describes the
eliminated non-stationarity of the signal (e.g.

tachometric signal). There also exist methods which
define the course of the instantaneous frequency
based on the information contained in the signal
subjected to resampling. An example of this method
can be the algorithm, used by Bruel & Kjaer, which
relies on the implementation of Bayes’ statistical
method [6, 7]. Another example of such an approach
can be the method relying on the Hilbert transform.
The course of the instantaneous frequency of
a signal is then determined by means of the
following relationship [1]:

_ 1 dety 5
ey 2-rdt ®
where:

e @(t) — denotes an argument of the analytic signal:

x,() = x(1) +j-H[x¥)] = |x,)]-¢""  (6)
where HJ[-] denotes the Hilbert transform.

3. NUMERICAL EXPERIMENT - CHIRP
TYPE SIGNAL

An example of a non—stationary signal generated
during a start—up of machine can be a swept—
frequency signal (chirp). In this experiment we used
signals with two types of chirps: linear and square.
Then, while relying on the presented method of
dynamic resampling, we performed reduction of
non-stationarity of these signals. In the case of
linear chirp, the course of the instantaneous
frequency of the signal was defined by a linear
function while in the case of square chirp, the course
of the instantaneous frequency of the signal was
defined by a method relying on Hilbert transform.

The results of processing of the linear chirp are
presented in figures 1, 2 and 3 (Fig. 1 — the course
of instantaneous frequency as well as the original
and modified time; Fig. 2 — the amplitude spectra;
Fig. 3 - the Wigner—Ville time—frequency
distributions, respectively for the original and the
modified, dynamically resampled signal). The
results of processing of square chirp are presented in
figures 4, 5 and 6 (Fig. 4 — the course of
instantaneous frequency as well as the original and
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Fig. 1. Instantaneous frequency and
times (linear chirp)



DIAGNOSTYKA’ 4(48)/2008 27
DYBALA, Use Of Task—Oriented Dynamic Resampling In Reduction Of Signal...

modified time; Fig. 5 — the amplitude spectra; Fig. 6
— the Wigner—Ville time—frequency distributions,
respectively for the original and the modified,

dynamically resampled signal).
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Fig. 3. Wigner—Ville distributions (linear chirp)
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4. NUMERICAL EXPERIMENT - A SIGNAL
WITH FREQUENCY FLUCTUATION

A signal with fluctuating frequency can be an
example of a non—stationary signal generated during
unstable mode of an operation of object. In this
experiment we used a signal with harmonic
fluctuation of frequency. Then, with the use of the
presented method of dynamic resampling, we
performed reduction of the non-stationarity of
signal. The course of the instantaneous frequency of
the signal was defined with the use of the method
relying on Hilbert transform.

The results of processing of the signal with the
use of harmonic frequency fluctuation are presented
in figures 7, 8, 9 (Fig. 7 — the course of the
instantaneous frequency as well as the original and
modified time; Fig. 8 — amplitude spectra; Fig. 9 —
the Wigner—Ville time—frequency distributions,
respectively for the original and the modified,
dynamically resampled signal).
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5. NUMERICAL EXPERIMENT — A SIGNAL
WITH AMPLITUDE-FREQUENCY
(PHASE) MODULATION

In this experiment we have used a signal with
amplitude—frequency modulation. The signal was
then dynamically resampled. The course of the
instantaneous frequency of the signal was defined
with the use of the method relying on Hilbert
transform.

The results of processing of the signal with the
use of amplitude—frequency modulation are
presented in figures 10, 11 and 12 (Fig. 10 — the
course of the instantaneous frequency as well as the
original and modified time; Fig. 11 — amplitude
spectra; Fig. 12 — the Wigner—Ville time—frequency
distributions, respectively for the original and the
modified, dynamically resampled signal).
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6. NUMERICAL EXPERIMENT — A SIGNAL
WITH DOPPLER’S EFFECT

In this experiment we modeled the operation of
a stationary system of acquisition of sound signals
generated by an object in motion. An assumption
was made that the object moves at a constant speed
in a straight line. The diagram of the modeled
situation is presented in Fig. 13.

s
d »
al Ll
r(t) V, -t
|| »
l Ll Ll

microphone

Fig. 13. Diagram presenting the
modeled measuring situation

The following notation has been adopted:

e V. —speed of the object (source of signal),

e /i — distance separating the microphone from the
path of object,

e s — distance defining the moment when signal
registration starts (the distance between the
object and the place in which the object is closest
to the microphone).

The signal registered by a microphone in the
conditions of relative motion of the object (the
source of the signal) is burdened with noise being
the result of the Doppler’s effect [4]:

fom fr—t ™
1——=-cos a(f)
d

where:

e f,—the frequency of the source of the signal,

e fr—the frequency of the registered signal,

e V,— velocity of propagation of sound in the air
(V4= 343 m/s was assumed),

e ft) — the angle between the vector of the speed
of object and the line between the object and the
microphone.

While taking into account that:
cos a(t) = " - St Vot )]
&))" it (s 0

z

we obtain:

1 ©)
e sVt
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z

fR(t) = Jf)'

Thus one can see that in the presented
measurement situation we will be registering
a signal whose frequency will change during the
measurement.

As part of the measurement we performed
a computer simulation of signal registration based
on the following assumptions f;=100Hz, s=8.3m,
h=1m, V;=33.3m/s (120km/h). Then, with the use of
the presented method of dynamic resampling, we
performed reduction of the non-stationarity of
signal. To determine the course of the instantaneous
frequency of the signal we used the functional
relationship describing the change of the frequency
of the signal when caused by a Doppler’s effect
(formula 9).

The results of processing are presented in figures
14, 15, 16 (Fig. 14 — the course of the instantaneous
frequency as well as the original and modified time;
Fig. 15 — amplitude spectra; Fig. 16 — the Wigner—
Ville time—frequency distributions, respectively for
the original and the modified, dynamically
resampled signal).
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Fig. 14. Instantaneous frequency and
times (Doppler’s effect)
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Fig. 15. Amplitude spectra (Doppler’s effect)
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7. SUMMARY AND CONCLUSIONS

The computer simulations we conducted
demonstrate that the method of task—oriented
dynamic signal resampling, that was presented in
this paper, effectively reduces the non—stationarity
of a signal. The characteristic feature of the method
is lack of preliminary assumptions as regards the
phenomena  causing  non-stationarity. The
simulations we conducted demonstrate that the
possibilities of this method are not restricted to
eliminating the non-stationarity caused by linear
change of a frequency of signal only. The method
also enables elimination of other, complex and non—
linear forms of non—stationarity.

Effective reduction of various forms of non-
stationarity is conditioned by the availability of the
course of instantaneous frequency of which defines
the eliminated non—stationarity. It is this very course
that defines the task while leading to a situation
where the method becomes oriented on eliminating
the non—stationarity indicated this way.

The method of determining the course of the
instantaneous frequency of signal is discretionary
(free), independent of the method itself. Usually,
however, it is conditioned by a specific task and
form of the removed non—stationarity. One of the
applied methods can include determination of the
course of a instantaneous frequency by means of
a method relying on the Hilbert’s transform. This
method is effective particularly in the case of signals
characterized by non—complex frequency structure.
If the method is used for more complex signals, then
the course of instantaneous frequency should be
defined in a specifically selected frequency band [1].

This restriction is not necessary since the method
seeks all the forms of changes of the instantaneous
frequency and not only the changes of the frequency
we intend to eliminate. Thus, the outcome of
applying this method of determining the frequency
could be elimination of the frequency modulation of
signal which was not intended by us (see the
experiment with the amplitude and frequency
modulated signal). Hence, if the method relying on

the Hilbert’ transform is used, then we should select
carefully the frequency band to be used for
determining the course of the instantaneous
frequency, so that the bandwidth contains the form
of the non—stationarity of signal that we really want
to eliminate.
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SYNCHRONISM AIDED RECOVERY OF PHASE MODULATION IN
NON-STATIONARY SIGNAL —COMPARISON OF TWO METHODS
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Summary
The paper discusses an compares some properties and possibilities of two methods called PLL
and OT in relation to PM demodulation of non-stationary machine VA signal due to repeatable
operation mode of certain technical systems. Simulation experiment proved PLD efficiency. Case
of OT needs synchronization with carrier cycle to get OT even better, but only if PM carrier signal
is to recover, otherwise PM demodulation fails.

Keywords: synchronism, decimation, order analysis, demodulation.

WSPOMAGANIE SYNCHRONICZNE DEMODULACII KATA DRGAN MASZYN
W STANACH NIESTACJIONARNYCH

Streszczenie
Poréwnywano skutecznos$¢ transformacji rzedow OT oraz procedury liniowej decymacji PLD
we wspomaganiu asynchronicznej procedury demodulacji drgan maszyn cyklicznych w stanach
niestacjonarnych. Badania symulacyjne wykazaty zadawalajaca skutecznos¢ PLD i niekiedy nawet
wigksza dla OT pod warunkiem synchronizacji cyklem no$nym, w praktyce diagnostycznej trudno
dostepnym. Standardowa OT nie wykrywata PM.

Stowa kluczowe: synchronizm, decymacja, analiza rzedow, demodulacja.

1. TIME-SCALE TRANSFORMATION

Time scale in which:
— variability description becomes simpler,
— essential characteristics of informational
variability are preserved,
— non-informational variability is reduced,
can facilitate diagnosing in variable operational
conditions.

Local time scales are synchronized with marker
event sequences determined by some characteristic
y(0) of kinematics cycle, here by:

1. instantaneous cycle ©;
2. short-term linear approximation of ©;
3. carrier cycle Oc.

The above leads to known procedures
formalizes as PLD and OT (see glossary)

Widely [2, 3, 7, 8] discussed, they don’t need
detailed presentation. The principle of TS
conversion (see Fig. 1) shows the main difference
between order transform and linear decimation.

2. DIFFICULTIES OF PM RECOVERY

A number of detailed researches [1, 2, 5]
indicate the occurrence of angle modulation PM
and its pulse version PPM as early as in the first
stages of damage evolution.

However, if the case of unintended PM of
machine vibrations several current methods of
PMD, created and optimized for carrier signals of
a specified form and constant frequency, turn out
to be inefficient.

The problems originate from:
non-informative carrier-frequency changes;
inference rather than knowledge of modulation
type and its parameters;
inaccessibility of carrier signal
unknown current form of the signal.
If and for what can they be overcome? One of
the solution is to transfom original PM signal using
local time scale synchronized with y(®).
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Fig. 1. PLD split instantaneous L(®) into several line segments S with constant growth rate, while
OT leads to 3™ order spline approximation of L

Phase

U sensor

l Synchronization with: I

Approx. cycle Instant. cycle Carrier cycle
Y[O] ® Oc
PLD

M o o

Fig. 2. Synchronization of time scale conversion in relation witch applied conversion procedure:
a) procedure of linear decimation PLD; b) order transform, standard version;
c)order transform synchronized with carrier cycle

3. SIMULATIONS OT has been synchronized with both carrier and
instantaneous cycle. Some of conclusive results are

The efficiency of both methods has been tested shown below (Fig. 3 and 4) [8].
using simulated PM signals and procedures Corruption of of original PM spectra as well as
disposed on Fig. 2. efficiency of PM side-lobes recovery degree are

there evident.



DIAGNOSTYKA’ 4(48)/2008 33
KRZYWORZEKA, Synchronism Aided Recovery Of Phase Modulation In Non-Stationary Signal...

kp=0,5 kp-0,5
607 | | 1 25F ‘ |
Y 20
40}
15}
20 1 10!
MWM 5
0 ‘ 0 : : ‘ ‘
200 400 600 0 5 10 15 20
60 ‘ ‘ g 251
V
U 20 ~
401t |
0 15} “\
2. I
10+ |
20+t 1 [ |
| ’ 50| |
A “ ‘ ) \\ | |
ol A ALy N EVANSY D S
200 400 600 0 5 10 15 20
007 | ] 250 Xr
Yr ’ 20 |
, |
40 15! “
3. I
101 |
2 |
| o | c‘\
\ ) ‘\ ) A A
0 LK—A—J\—V)‘M"‘L/ J\\—»J“\_u‘b;l )\ 0== T D AN |
200 400 600 0 5 10 15 20
. Hz frequency
requency
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Fig. 4. Spectra of PM signal, side-lobes represent PM recovery.
A - order transform, standard version; B - order transform synchronized with carrier cycle
1) real time signal; 2) after time scale transform; 3) real time reference signal, constant carrier frequency

4. CONCLUSIONS

The results seems to confirm certain
conclusions resulting from the model of machine
signal PM modulation proposed once by author [4],
Therefore:

— Both PLD and OT reduced leakage of FFT
spectra.

— PLD offers generally lower FFT accuracy, but
satisfactory in the case of monotonic carrier
frequency trend; furthermore:

0 get DPM easy to synchronization

0 does not require the precise carrier cycle
approximation;

0 does not require complex calculations;

O is simple in on-line implementation.

Order transform synchronized by signals with

cycle closed to instantaneous cycle reduces

PM effect (see Fig 4. A) [3].

OT recover well PM spectral side-lobes, but

only when synchronized with carrier cycle Oc,

generally unknown in the case of real machine

signal PM (see Fig 4. B).
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DETECTION AND TRENDING
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Summary

Frequency domain based signal processing methods such as cepstrum analysis, Hilbert
Transform based demodulation, cyclostationary analysis, etc have been shown to present a quite
effective behaviour in the detection of defects, when applied to the analysis of vibration signals,
resulting from gear pairs with one or more defective gears. However, these methods typically
require some complex and sophisticated analysis, which renders their application cumbersome for
applications requiring unskilled personnel or automated fault detection and trending. Alternatively
to these methods, morphological analysis for processing vibration signals has been proposed,
addressing the issues of how to quantify the shape and the size of the signals directly in the time
domain. Morphological analysis and the resulting morphological index is applied in this paper to
aset of twelve successive vibration measurements resulting from a gearbox prior to tooth
breakage. As shown, the morphological index is able monitor the evolution of the potential fault,
providing a clear warning prior to the breakage of the tooth.

Keywords: defective gears, morphological processing, fault trending, vibration analysis.

1. INTRODUCTION

Gearboxes are widely used in industrial
applications. A sudden and unexpected failure of
a gearbox may cause significant losses, not only
from the economic but also from the human life
point of view. Thus, it is very important to find
early symptoms, which may indicate an
approaching gearbox destruction. Typical faults of
gears include pitting, chipping and more seriously,
crack. The development of a local fault at a gear
often introduces both amplitude and phase
modulations at the vibration signals [1].

Since the increase of the number and of the
amplitude of the sidebands often indicates faulty
conditions, many frequency domain based signal
processing methods have been proposed for gear
fault detection, such as cepstrum analysis [2],
envelope analysis [3], cyclostationary analysis [4],
deconvolution filters [5] or combined time
frequency analysis methods, such as wavelets [6,
7.

Although these methods have been shown to
present a quite effective behavior in the detection of
defects, they typically require some complex and
sophisticated analysis, which renders their
application cumbersome for applications requiring
unskilled personnel or automated fault detection
and trending.

Parallel, a number of traditional methods exist,
requiring only a direct processing in the time
domain, such as the root mean square of the signal,
the crest factor, the Kkurtosis, the shape factor and
the impulse factor, or the more recently introduced
morphological analysis. Morphological signal
processing comprises a broad collection of

theoretical concepts and mathematical tools for signal
analysis, non-linear signal operators, design
methodologies and application systems that are
related to mathematical morphology [8, 9, 10].
Morphological signal processing was first used to
analyze binary image data and was extended to grey
level images. Since its launching, it has grown
rapidly. This growth is a consequence of the great
variety of applications which can be treated by
mathematical morphology. The traditional tools of
linear systems and Fourier analysis are of limited use
for solving geometry-based problems because they do
not directly address the issues of how to quantify the
shape and the size of the signals. Contrarily,
morphological signal processing is perfectly able to
quantify all aspects, related to the geometrical
structure of the signals. However, applications of
morphological filters to one-dimensional time series
have been quite limited, restricted practically to
biomedical signals [11, 12, 13, 14].

Morphological signal processing of vibration
signals resulting from defective rolling element
bearings has been proposed in [15]. The basic
concept of the proposed method is to modify the
geometrical features of the signals in the time
domain, in order to construct a kind of envelope,
which accentuates information corresponding to the
impulse series produced by the fault. As a result,
a morphological index can be defined, able to
monitor the evolution of the defects. As shown [16],
this index presents a number of advantages over other
traditional time indices, such as the root mean square
of the signal, the crest factor, the kurtosis, the shape
factor and the impulse factor, such as increased
robustness to added noise, variations of the resonance
frequency and damping ratio, rotation speed, etc.
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This paper further proceeds to the application of
this morphological index for the processing of
vibration signals resulting from defective gears.

First, a revision of the basic concepts of
morphological processing of signals is provided,
resulting to the definition of the morphological
index to be used. Then, morphological processing is
applied to a series of twelve successive vibration
signals, resulting from a gearbox under an evolving
defect, just prior to a tooth breakage. The results
indicate that the morphological index is able to
monitor the evolution of the defect, being able to
provide an early warning just prior to the breakage
of the tooth.

2. BASIC CONCEPTS OF
MORPHOLOGICAL PROCESSING
OF SIGNALS

Morphological operators are indices that are
sensitive to the geometric characteristics of the
signals and they are a result of morphological signal
processing. The fundamental concept of
morphological signal processing [8, 9] is the
modification of the shape of the signal through its
interaction with another object, called the
structuring element. The basic morphological
operations of set erosion, dilation, opening and
closing are related to Minkowski set operations and
are used to construct morphological filters. Using
the definitions for Minkowski addition and
subtraction between functions, the four basic
morphological operations are defined as:

dil(f,g)=(f ®@g"Jx)= f(x)@ g(-x)= 1)
= S;l:g{f (y)+ 9y -x)}

er(f,g)=(fog)x)=f(xJg(x) @
=inf{f(y)-g(y-x)}

cl(f,g)=(f eg)x)=[(f ®g")o glx) ()
op(f.g)=(fog)x)=[(f eg )@ gfx) ¥

where ¢'(x) denotes the reflected (symmetric)
function g(x) with respect to the origin of the
X-axis.

Equations (1) - (4) can be significantly
simplified, if g(x) is an even function, i.e. g(x)=g(-
X), and if sampled functions are used. For a signal
f(k), defined over a domain Dy, and for a function
g(u), called the structuring element, which is of
length L and defined over a domain Dy, the dilation
and the erosion of the signal f(k) by the element
g(u) are defined as:

dil(k)=(f ®g)k)= )
MaX,,pg 1 f (k +u)+g(u)}
er(k)=(f eg)k) (6)

=min, o, {f (k+u)-g(u)}
Similarly, based on erosion and dilation, the
closing and the opening operations of the signal f(k)
by the element g(u) are further defined as:

cl(k)=(f e g)k)=er(dil(k)) ()
op(k)=(f = g)k)=dil(er(k)) (8)
3. THE MORPHOLOGICAL INDEX

The Morphological Index results by the
application of a closing process to a signal, using
a flat structuring element [15].

The flat (zero) structuring elements are selected
because they present the simplest structuring element
with a straightforward application, since the only
parameter which must be selected for their
application, is their corresponding length L.
Additionally, morphological operations using flat
structuring elements seem to be quite appropriate for
the detection of peaks of impulsive type vibration
signals, resulting by faulty bearings or gears.

After the closing operation, a local maxima
algorithm is further implemented, in order to evaluate
the impulsive information contained in the closing.
According to this algorithm, an impulse series p(i)
can be obtained by retaining only the local maxima of
the closing cl(i) of the signal f(i), located at the time
instants i which satisfy:

p(i)=cl(i),if )
fi)> fF(i-)Af()> Fli+D)A F()>tr
p(i)=0 , otherwise
where tr is a threshold value, used to suppress low
amplitude peaks, which are typically attributed to
noise effects.

The morphological index MI is then expressed as
the RMS value of the impulses p(i) detected by the
closing operation and characterizes the amount of
energy involved in the pulse series caused
exclusively by the bearing or the gear defect.

A detailed analysis on the effect of the length and
the shape of the structuring element is performed in
[15]. According to this analysis, a flat structuring
element with a length in the range of 60%-70% of the
impulse repetition period minimizes the noise effects.
Thus a value of the structuring length equal to 60% of
the impulse repletion period is further chosen in this
paper. According to extensive analysis results, the
optimal range for the threshold value is typically
between 25 to 35% of the maximum impulse
amplitude.

4. EXPERIMENTAL APPLICATION

The contact fatigue strength of gear steels and the
performance of gear lubricants can only be
determined by running gears at sufficiently high
torque to cause contact fatigue or lubricant
breakdown.

This often results in the need for high power and
long test durations. For this reason, contact fatigue
testing of gears can be carried out fast and more
easily on back-to-back, or ‘power recirculating’ test
rigs.
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Thus, a series of twelve (12) measurements
were performed on a back-to-back test rig (Figure
1) at the Vibroacoustic Laboratory of Warsaw
University of Technology. The last one of them was
obtained just prior to the breakage of the gear tooth.
Two test gearboxes of identical gear ratio and
centre distance are joined by torsionally compliant
shafts (torsion bars), with an actuator in one shaft.
This rotates the shafts to induce equal and opposite
torques in the test gears at each end.

A small variable speed motor drives both
gearboxes, the power required being only equal to
the total mesh friction, windage and churning losses
of the gears.

Each measurement consists of 8192 samples
and the sampling rate is equal to 24 KHz. The shaft
rotation frequency is approximately 21 Hz and the
expected gear mesh frequency is approximately 670
Hz.

Fig. 1. Test rig used

Initially, the raw measured signals were
processed using Fourier Transform. Their time
waveforms and their corresponding spectra are
presented respectively in Fig 2 and Fig. 3.

No significant changes of the measured signals
related to the evolution of the defect can be
observed, either in the time or in the frequency
domain, with the slight exception of the last
measurement.

Then, in order to apply morphological analysis,
a soft-thresholding de-noising procedure is used at
the first step, using wavelet analysis.

The purpose of this procedure is to remove as
far as possible the random signal information and
the amount of white noise, since morphological
analysis is very sensitive to these effects. A soft
thresholding procedure is performed using the db2
wavelet and level 2. The selected threshold settings
are according to the minimax rule and the single
level rescaling method.

L o i -
1 u I K}

Fig. 2. Time waveforms of the raw signals.

The effect of denoising is minimal and the
resulting signals keep almost the same periodic form
as the original signals. However, the denoised signals
appear more regular, as the presence of white noise
and random components is limited, and they present
a smaller amplitude and less noise. This can be
observed in the spectral peaks of the frequency
analysis of the signal from measurement 12 (Fig. 4),
in the waveforms of the signals from measurement 12
(Fig. 5) and from measurement 2 (Fig. 6). The raw
signals are presented with a solid black line and the
de-noised ones with the dot gray.

Then, morphological closing was applied on all
the original and de-noised signals, using a flat
structuring element. The basic idea of the
implementation of the morphological analysis on
signals emitted by gears is to extract information
from the time domain shape of the produced
envelope.
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Fig. 4. Frequency regions E)f the spectrum analysis
of the original and the de-noised signal 12.

Gear mesh frequencies are often very sensitive to
load, but high GMF amplitudes do not necessarily
indicate a problem if the side band frequencies
remain at low level. Thus, the length of the
structuring element was selected as 67% times the
assumed repetition period, which corresponds to the
inverse of the rotation frequency as the side bands
around the GMFs spaced at this frequency.

The resulting signals after the closing operation
are shown in Fig. 7, where the original and the
denoised envelopes appear superimposed. Parallel,
Figs 5 and 6 show detailed presentation of the
resulting signals from the closing operation. As can
be observed, a characteristic shape like an envelope
appears above the original signals, presenting
periodic lobes related to the rotation speed. The solid
line envelopes which result from the implementation
of the morphological analysis on the de-noised
signals and the dot line envelopes result from the raw
signals.

The difference between the envelopes from the
raw and the denoised signals is minimal, due to the
limited values of added noise.
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Fig. 5. Time waveform and closing of the raw and the
de-noised signal 12.

Fig. 6. Time waveform and closing of the raw and the
de-noised signal 2.

After the closing operation, a local maxima
algorithm is further implemented, in order to evaluate
the impulsive information contained in the produced
envelopes. According to this algorithm, an impulse
series is obtained by retaining only the local maxima
of a closing.
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Fig. 7. Envelopes produced by morphological
analysis of the raw and de-noised signals.

The morphological index MI is then calculated
as the RMS value of the impulses detected by the
closing operation. The MI characterizes the amount
of energy involved in the pulse series caused
exclusively by the gear defect. The resulting
Morphological Index is presented in Fig. 8. As it
can be observed, the Ml follows monotonically the
progress of the defect.

The closing of the signal exhibits an interesting
property: it presents a kind of envelope, the shape
of which is clearly related to an impulse sequence,
which occurs periodically, with a frequency

I\-)’ i

determined by the geometry of the defective
component and the rotation speed.
0.1 23 — i
=ML

0.05-
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Fig. 8. Evolution of the Morphological Index with the
progress of the fault

As observed in Fig. 7, the envelope produced by
the closing operation is characterized by peaks. These
peaks allow the detection of the time instants, at
which the impulses occur. This periodic time duration
is related to the inverse of the rotation frequency. As
also observed in Fig. 7, the peaks tend to be sharper
and their amplitude increases as the gear wear
deteriorates.

Thus, according to the proposed procedure, the
changes in the time domain shape of the signals
obtained by the closing operation are shown at a first
stage to be able to offer a visual inspection on the
resulting envelope of the wear evolution. At a second
stage, a quantitative indication of the evolution of the
defect can be obtained by the evolution of the
Morphological Index.

CONCLUSION

The morphological closing using a flat structuring
element results to the extraction of a kind of envelope
with a series of impulses corresponding to the
impulses generated by a defective gear. This series
can offer a better visual inspection of the impulsive
nature of the signal. Parallel, they contain sufficient
guantitative information about the repetition period
and the intensity of the impacts.

Based on this envelope, the Morphological Index
can be defined, providing a quantitative measure for
the evolution of the defect.
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The paper presents automatic system of turbo-sets vibration state analysis and diagnosing. The
turbo-set shaft line is considered as main object for diagnosing. The system is equipped with
sufficient sensors to measure vibratory signals from the rotor line and non-vibratory data.
Computer system enables efficient real-time analysis and post-processing of measured values.
Methods of operation states assesment are applied to provide analysis during the rotor turning,
run-up/run-down, idle running and loading conditions. A special attention is payed to
investigations of torsional vibrations as indicator of some defects. An example of computer
simulation of shaft crack is presented showing their usefulness. A technique for the rotors torsional
strains check and assessment at the turbo-set shaft line rotation is introduced into the presented
system to determine fatigue phenomena.

Keywords: diagnostics, vibration state, technique and systems, power machinery, turbo-set.
DIAGNOZOWANIE STANU DYNAMICZNEGO TURBOZESPOLOW ENERGETYCZNYCH

Praca przedstawia automatyczny system analizy i diagnostyki stanu dynamicznego turbozespotow
energetycznych. Linia wirnikdw zostata przyjeta jaki glowny obiekt diagnozowania. System jest
wyposazony w odpowiednie czujniki mierzace sygnaty drganiowe i inne wielkosci. Komputerowa
obrobka sygnatéow umozliwia efektywna analize¢ w czasie rzeczywistym oraz postprocessing
zmierzonych warto$ci. Zastosowane metody daja mozliwo$¢ analizy w roéznych stanach
operacyjnych maszyny, jak obracanie wirnika, rozbieg/wybieg, bieg jalowy, bieg pod
obciazeniem. Zwrdécono specjalng uwagg na badania drgan skretnych jako wyrdznika
diagnostycznego niektorych defektow. Podany przyktad badan symulacyjnych pgknigeia wirnika
pokazuje ich uzyteczno§¢. Zaprezentowano technik¢ wyznaczania naprezen skretnych w celu
okreslania zjawisk zmgczeniowych.

Stowa kluczowe: diagnostyka, stan dynamiczny, technologia i systemy, maszyny energetyczne,
turbozespot.

1. INTRODUCTION

Nowadays the importance of problems regarding
increase of steam power plant’s and thermo-electric
plant’s turbo-set safety operation becomes very
important. This is a result of the turbo-sets technical
state when most of them completed their fleet life,
their operational conditions at transient and peak
modes in the conditions of power market which are
nor foreseen by the design and realized, as a rule,
with  deviations from normal technological
processes. Because of additional low-cyclic and
high-cyclic loadings such modes result in
accelerated accumulation of fatigue damages and
appearance of latent defects, first of all in elements
of the shaft line. Methods and techniques for the
turbo-sets technical state analysis and diagnosing by
vibration parameters are important for estimation of
damages initiation and growth.

Collected numerical and experimental data show
that appearance of the dangerous vibration is

possible if the following take place: a crack of
essential size in the rotor where the opening
angle more than 0.257 or its depth equals 15-
20% of the rotor diameter; damages in shaft
couplings of rotors and non-centering of
supports; in stability of the shaft line rotation and
progress of self-exited oscillations; essential
unbalance (mechanical or thermal) of shaft line
rotating elements; breaking off or damage of
rotor elements or its catching the stator; defects
of elements and parts of the generator
electromagnetic system [1-6].

Investigations [2-5] on the determination of
information and diagnosing parameters and
indicators of dangerous damages show that they
influence on the change of the general vibration
level of supports and rotor necks as well as on its
separate harmonic and spectral components.
Initiation and growth of most of dangerous
defects and damages results first of all in specific
changes of parameters of rotational harmonic
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component, in appearance and progress of
parameters of the double rotational harmonic
component and in the specific enrichment of
vibration spectrum by high frequency (HF)
components of 3, 4 and higher order at the progress
of defects and damages till the dangerous level.
Here, the specific enrichment of the spectrum by low
frequency (LF) oscillations of the shaft line is
observed at presence of eclements defects and
damages and under the influence of forces of
hydrogasodynamical nature in the turbine flow
passage and in the oil layer of plain bearings.

For example, if the amplitude and phase of the
rotational component do not depend on operation
modes (load, stem temperature, etc.) and the
amplitude excesses essentially the amplitudes of
other spectrum components, the possible reason is
mechanical unbalance of shaft line rotational
elements. In cases of their dependence on operation
modes one can speak about a symptom of the
thermal unbalance. Monotonic variation of rotational
component parameters in time can indicate the crack
growth, and stepwise one — breaking off or failure of
turbo-set shaft line elements.

Presence of double rotational frequency
harmonic component can be induced by the rotor
double stiffness (because of presence and growth of
the crack in the rotor or damage in shaft couplings),
design peculiarities of generators bipolar rotor and
effect of the electromagnetic field between rotor and
stator.

High frequency vibration components arise, as
a rule, simultaneously with rotational and double
rotational components and can be indicators of the
bending of rotor joints, rotor crack, rotor catching
the stator, etc.

For determination of defects and damages of the
diagnosed turbo-set it is necessary to form
information-diagnosing arrays and trends of
parameters taking into account operation modes and
factors at continuous automotive analysis of these
parameters. This is realized by the automotive
system of turbo-sets vibration state analysis and
diagnosing developed at the Institute for Mechanical
Engineering Problems NASU. Experimental
versions of the system operate on two power units
300 MW of Zaporozhje Steam Power Plant, at Kiev
Thermo-Electric Plant-5 and Kharkov Thermo-
Electric Plant-5. The block diagram of the system is
presented in Fig. 1. To develop the system the
experience of long-term investigations is used.
Among them one can describe the following results.

Methods and developed equipment for
contact and contact-less measurement of turbo-
sets rotors and elements oscillations with
utilization of eddy current converters with
frequency modulated output signal which meet
the requirements of Standards by their technical
data. They have increased error probability for
electromagnetic fields influence and do not
require adjustment on the metal of object, type
and length of the cable of the communication
line and not sensitive for side metal that
describes their advantages in the comparison
with analogous devices of recognized companies.
This has permitted to increase error probability
and truth of obtained initial information on
vibration parameters [7, 8, 9].

2. ASSESSMENT OF VIBRATION
PARAMETERS

A method of assessment of the operation
modes influence on the vibration parameters
variation is described in [10, 11]. A method of
identification of turbo-sets shaft line models
calculating  parameters by  experimental
amplitude-frequency characteristics of the
diagnosing turbo-set which permits to build
adequate calculating model of the system for
numerical determination of its defects influence
on the turbo-set’s vibration parameters is
described in [12].

Computer technologies of operation of the
system of automotive analysis and diagnosing of
vibration state in real time and post-analysis on
the parameters correspondence with norms for
vibrations at all operation modes to determine
reasons of their deviations [13, 14].

Methods of the analysis and assessment of
turbo-sets vibration state and reasons of its
variation by amplitudes and phases of harmonic
components of vibrations of rotors and shaft line
bearings supports as well as by current spectral
order characteristics and their variations in time
(trends) [15].

A technique for the rotors torsional strains
check and assessment at the turbo-set shaft line
rotation which permits to determine fatigue phe-
nomena [16, 17].
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Fig. 1. The block diagram of the system.

Initial vibration data are signal of instantaneous
values of relative displacements (gap variations) of
all shaft line rotors necks in bearings recesses and
vibrations of all bearings supports at least in two
orthogonal directions. Collection of vibration
signals is carried out simultaneously (in parallel by
all channels), continuously and synchronously with
the shaft line rotation. Synchronization of the
signals receiving and treatment, check of rotation
frequency and torsional strains are carried out by
signals from marks on shaft line rotors. Necessary
thermo-mechanical and non-vibration parameters
are formed by signals from converters and
measuring devices of the automatic process control
system. The turbo-set shaft line is considered as
main object for diagnosing because most probable
defects and faults mentioned above are connected
with its vibration state.

A technique of the turbo-set vibration state
diagnosing at start-up procedures (rotor turning,
speed-up—acceleration, no-load and loading) is
intended for identification of thermal and
mechanical rotor deflection, misalignment of rotors
and supports as well as defects of mounting and
repair.

Instantaneous values of necks displacements
S(f) and S,(f) are measured and registered
continuously on the shaft line in each bearing at
two orthogonal radial directions x and y, and
maximal moduli of necks displacements are
calculated

Simax = Max[ S5 (6)+S 3 (1) (1

as well as their direction y,y,x. Orbital movements
of all rotor necks in bearings and numerical values
of Sinax and Wimax are displayed on the monitor.
Following the experience of investigations the
tolerated value of S, after the warm-up should not
exceed 20 um.

If after satisfied warm-up S does not
decrease till tolerated level, the reason can be non-
removed defects of mechanical nature of mounting

or repair. It can be seen from the mnemoline of the
shaft line “bending” obtained on the monitor by
Simax Of necks taking into account directions Wjpax
of their displacements in bearings (see Fig. 2).

A peculiarity of vibration state analysis and
diagnosing at speed-up and acceleration modes is
the following. They are carried out continuously in
real time at variable rotational speed. Developed
hardware, software and methods realize necessary
speed of signals receiving and treatment as well as
output of information in required amount on
variation of controlled vibration parameters. This
permits to receive and store frequency
characteristics at speed-up and acceleration by
general level of rotors and supports vibrations as
well as by amplitude-phase-frequency
characteristics of their harmonic components.
Threshold levels of shaft and supports vibrations at
speed-up are set by actual mean-statistic
acceleration characteristics.

Rotors relative vibration displacement check on
critical frequencies permits to prevent crushing of
seals in the turbine flow passage and conserve
present efficiency and reliability of the turbo-set
operation. At the excess of the threshold level at
least of one of rotors it is useful to interrupt the
speed-up till clearing and removal of corresponding
reasons. Besides, parameters of spectral and
harmonic characteristics of turbo-set shaft line
rotors and supports vibrations are used. To do it
ordinal spectra (by numbers of harmonic
components) are introduced which contain data on
vibration amplitude and phase as functions of
harmonic number which permits to check the
variation of harmonics amplitudes and phases in the
process of the turbo-set (see Fig. 3).

Operative assessment of the turbo-set state at
operation modes (after loading and connection to
the power network) is guaranteed by the way of
continuous check of rotors and bearing supports
vibration parameters on their correspondence with
their normal levels.
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At these modes information-diagnosing arrays
and trends by adopted list of vibration parameters
are formed. To do it samples of values of rotors
relative vibration displacements and shaft line sup-
ports vibration speeds are synchronously formed
each second with discreteness of 80 us and values
of vibration displacement span as well as root-

mean-square value of vibration speed are calcu-
lated. By each of these parameters on the interval of
20 s arrays updated each second are formed. After
averaging for 20 s their values are compared with
normal values. The excess of the threshold level is
indicated by the change of the color of the bar with
simultaneous audible signal (see Fig. 4).
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These arrays are initial to determine unexpected
(stepwise) vibration variation because of breaking
off or failure of shaft line rotating parts as well as
sub-harmonic and super-harmonic components.

For the turbo-set vibration state diagnosing
statistical arrays and trends of vibration parameters
are formed with period of averaging of 20 s, 90 s,
1 h and 24 h. Using values averaged for 24 h trends
are form for a month, a quarter, a season, a year,
an inter-maintenance period, etc.

Besides, the system archives informational-
diagnosing arrays and trends of the following
parameters:

— amplitudes and phases of rotors vibration
displacement  rotation frequency harmonic
component and bearing supports vibration speed,
as well as their ratios by orthogonal directions of
the same rotor necks and bearing supports;

— amplitudes and phases of double rotation
frequency harmonic component of amplitude
values for the 3-rd, 4-th and 5-th harmonics, as
well as their ratios;

— amplitude of the sub-harmonic component with
half rotation frequency of rotors and supports
vibration displacement and vibration frequency;

— spectra of LF rotors and bearing supports
vibrations in the frequency interval of (5— Fy/2)
Hz (where F, — rotation frequency);

— spectra of HF rotors and bearing supports
vibrations in the frequency interval higher 2F,.

By data of these arrays the spectral analysis of
vibration signal with step of 3 Hz is carried out,
besides the forming of the trajectory of rotors necks

movement in plain bearings as well as phase
portrait of the supports vibration speed is carried
out (see Fig. 5).

The mentioned arrays of parameters are formed
depending on rotation frequency, loading variation
(active and reactive power and current of the
generator rotor), steam parameters (pressure and
temperature in the chamber of the regulating stage),
temperature state of turbo-set elements including oil
at input and output of supporting and thrust
bearings and metal of the high-pressure cylinder
(top-bottom), vacuum in the condenser, rotors and
cylinders thermal expansions and some other
parameters.

It permits to determine in time fast and slow
vibration parameters variations taking into account
influence of technological and operation factors and
identify appearance of dangerous faults.

For the numerical analysis of defects influence
on shaft line vibration parameters a dynamical
model of the shaft line built by the way of the
approach of results of vibration characteristics
calculation to data of experimental investigations is
used [12] (see Fig. 6).

Here the inverse problem of theory of
oscillations is solved by searching of partial
solutions. Nowadays special attention is paid to
investigations of large turbo-sets torsional
vibrations. Necessity of their investigations is
determined by a number of accidents because of
fatigue damages of rotors [4, 18, 19].
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3. TORSIONAL VIBRATIONS AS
DIAGNOSTIC INDICATOR OF SHAFT
CRACK - COMPUTER SIMULATION

Investigations carried out at the Institute of
Fluid-Flow Machinery PASci. (IFFM) show that by
using methods of torsional vibrations spectral
analysis it is possible to find initiation and growth
of a cross crack [20]. They were based on
simulation calculations. The NLDW computer code
is utilized to perform the simulations. It is a part of
computer code environment MESWIR that allows
to model multifarious phenomena in rotating rotors
founded on slide bearings. It bases on non linear
methods to model interactions in the rotating
machine between shaft, bearings and supporting
structure. The core of this environment is strongly
non-linear, diathermal model of slide bearing. This
model encompasses Reynolds equation, energy
equations, equations describing heat transfer in the
lubricating gap, etc., giving as an output non-
eliptical trajectories of displacements of nodes of
the model and their spectra. A shaft is modeled with
typical Timoshenko beam elements with 6 DOF’s
per node. It allows to take into account transverse,
axial and torsional loads of the shaft, to obtain
displacements in those directions and analyze
couplings between them.

Crack is modeled with Knott model. It is typical
two-state model of the slot. The appearance of the
crack amends the form of the stiffness matrix in
such a way that additional influences appear, which
are responsible for coupling of the bending and
axial vibrations as well as bending and torsional or
two-dimensional bending vibrations [20-22].

Ke=T (L+Ly)"'T ()

where the index t denotes the matrix transposition
and -1 means matrix inversion.

The matrix of additional flexibilities L4 is
calculated using the form of elastic deflection
energy of the beam element, which emerges from
the transverse crack [22]. It can be proven that it
can be written in a form, where non-diagonal
elements describe couplings between displacements
in different directions:

¢, 0 0 0 0 ¢

c; 0 0 ¢y 3)

La =
Cy €5 O
sy m c; 0
Co6

Crack depth is described by the crack
coefficient Wp (4). It can be also called a “relative
crack depth” which is absolute crack depth divided
by the shaft diameter (both in the length units). It is
convenient to user to apply it into NLDW data.

=2 (4)

Transformation of the stiffness matrix of the
beam element with a crack to the system turned by

an arbitrary angle a has been presented in Fig. 7
[20].

o =0, + ot

Fig. 7. Beam element with the crack turned with
respect to the y axis by an arbitrary angle op
determining the initial location of the crack in the
x-y plane.

This angle is a sum of the angle describing
initial location of the crack with respect to the
reference system ap and the angle resulting from
rotation of the shaft ot. Applying simple
mathematical transformations we obtain the
stiffness matrix for the beam element with the crack
turned in the x-y plane by the angle ap .

As an example we can see the investigations of
two different (separate) crack locations in the rotor
of 200 MW turbogenerator (see fig. 8).

CR1 CR2

Fig. 8. The assumed crack positions in rotor of
200 MW turbo-set (scheme of generator - section
between bearings No. 6 and 7).
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The analysis of fig.9 leads to interesting
conclusions. In some cases we can find some local
resonances of bending vibrations for Wp=0.2-0.25.
In other cases, bending vibrations doesn’t exhibit
such a phenomenon. They may even decrease. On
the other hand, torsional vibration are the most
sensitive to the crack. Their increase is the largest —
in the case of CR2, ap=180° they increase over 30
times (not shown on the drowing because of the
scale).
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directions (lower diagrm) vibrations in bearing
No.6 testifying coupling causd by crack.
PBARTMAX — machine without defect,
CR1B0650 — crack case No.1 (CR1), 0p=90°,
WP:0.65

It also have to be pointed the crack causes
coupled vibrations. Fig. 10 shows time histories of
axial and torsional vibrations of bearing No.6
(journal vibrations). Correlation between axial and
torsional vibrations (fig. 9) testifies some kind of
coupling and identifies crack presence rather
clearly.

4. CLOSING REMARKS

At the Institute for Mechanical Engineering
Problems NASU a technique of determination of
residual non-elastic deformations and residual
displacements in shaft couplings by marks
distributed along the shaft line at torsional strains is
developed and  validated  experimentally.
Experimental investigations have shown that for the
turbo-set T250/300-240 the twisting angle changes
proportionally the power variation on the turbo-set
shaft with the ratio of 10 angular minutes per 100
MW.

Finally, investigations carried out,
informational-diagnosing data collected during
a number of years of turbo-sets vibration state
analysis and diagnosing system operation and
a technique of dangerous damages determination
permit to obtain initial data for operative warning
on dangerous faults propagation and for expert
system  of  increased  vibrations  reasons
determination that represents the next step of the
described diagnosing systems development.
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GIGACYCLE FATIGUE AT HIGH-FREQUENCY LOADING
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Summary
In this work there are information about an experimental high-frequency testing apparatus and
specimens enable to determine the fatigue properties in the ultra-high-cycles region (gigacycle
fatigue) and the rates of long fatigue cracks growth in near-threshold areas. The selected
characteristic examples about fatigue resistance of various structural materials are presented. The
results are utilizable in the field of material engineering and threshold states of material.

Keywords: gigacycle fatigue, high-frequency loading, structural materials.

1. INTRODUCTION

At the actual operation, the components and
construction are mainly loaded by repeating loading
that could lead to the ultimate state, fatigue fracture
in the final consequence. If it is assumed that the
structural material will be repeatedly cyclically
loaded in the operation, then it will be necessary to
determine very complex fatigue characteristics for
the given operation conditions [1]. To determine the
fatigue characteristics there is usually realized the
determination using normal frequencies, in the range
from f = 10 Hz to f = 200 Hz, that is very time
demanding and expensive. This statement
emphasizes the fact, that fatigue fractures occur even
after billion cycles and more [2, 3] and the stated,
conventional criteria [4] do not fulfill the
requirements for the safety and evaluation of
components and constructions lifetime. Bathias, G.
[5], Sakai, T. et all [6], Masuda, C. et al. [7], Naito,
T. et al. [8], Bathias, G. and Bonis, J. [9], Asami, K.
and Hironaga, M. [10], Bokivka, O. and Novy, F. et
al. [11-14] stated f. e. the decreasing of the fatigue
characteristics, dependence stress amplitude (c,) vs.
number of cycles (N) beyond conventional limit of
cycles (10° < N < 107 cycles) in structural materials.
Recently, the material research has been oriented on
the questions of the verification of fatigue properties
in the gigacycle regimes of loading (10’ < N < 10"
cycles); there have been developed the new testing
apparatus, methods and techniques with the aim to
achieve the experimental data in the ultra-high-
cycles region, there are monitored the rates of the
long fatigue cracks growth in near-threshold areas to
da/dN = 10"* + 10" m.cycle™ [1, 3, 5, 15-18]. One
of the possible directions is the application of
experimental methods of high-frequency cyclic
loading (f = 20 kHz) to determination of the fatigue
properties  in  structural = materials.  These
experimental methods are progressive without
question, with a wide future application, they are
very time and economically effective [15-19].

2. TESTING APPARATUS AND SPECIMENS

The unique experimental testing apparatus of
acoustic fatigue KAUP-ZU, KAUP-LM-ZU (at the
working centres of the paper authors) enable to
determine these fatigue characteristics — dynamic
modulus of elasticity Ep, fatigue lifetime o, = f(N)
in the region from N = 10* to N=10"" cycles of
loading, rate of long fatigue crack growing in
dependence on stress intensity factor amplitude
((da/dN = f (K,)), threshold values K,q4, at da/dN =
10" = 10™ m.cycle™. The applied high-frequency
cyclic loading (frequency ~ 20 kHz) has usually
sinus character, fully reversed push-pull loading
with the stress ratio R = -1 and the temperatures
usually T = 20 + 10 °C [15-18]. The testing
apparatus KAUP-ZU is in Fig. 1.

The tested specimens with the shape and the
general parameters are in Fig. 2 and Fig. 3. These
specimens were proved successfully to investigating
the fatigue lifetime o, = f(N) on the testing apparatus
KAUP-ZU and the testing apparatus KAUP-LM-ZU
to investigate the long fatigue cracks growth rate in
the dependence of the factor stress intensity
amplitude ((da/dN = f (K,)) incl. the threshold value
Kan [15-18]. To fulfill the resonance conditions the
specimen with their parameters including cross-
sections, by the given testing structural material and
its acoustic properties, must suit to certain
conditions [20]. For the entry experiment planning it
is important to consider the initial parameters,
diameter D = 12 mm, length L = 80 mm in the case
of specimen (Fig. 2) and diameter D = 16 mm,
length L =~ 80 mm in the case of specimen (Fig. 3).
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Fig. 2. The shape and general
parameters of the specimens to
determine o, = f(N)

Fig. 3. The shape and general
parameters of the specimens
to determine da/dN = f(K,) and K,

3. APPLICATIONS

In the coarse of more than 30-years there were
solved the tasks related with the methods and
processes by high-frequency cyclic loading
applications [15-18, 21-26] and in the last 10-years
an interest is especially dedicated to gigacycle
regimes of loading. The fatigue lifetime of various
structural materials (steels incl. biomaterials,
austempered ductile irons, Mg and Al alloys,
brasses, ...) respecting the external and internal

influences was experimentally obtained [11-14, 27-
30]. Selected characteristic examples from the ultra-
high-cycles region and long fatigue crack growth
rate are presented bellow (see Fig. 4 - Fig. 8).
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Fig. 4. Fatigue lifetime of AISI 316L and
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4. CONCLUSION

The application of high-frequency cyclic loading
(f = 20 kHz) for the obtaining of fatigue
characteristics in the ultra-high-cycles region and
long fatigue crack growth in near-threshold areas is
characteristic with the significant time, energy and
work saving, the results are utilizable in the field of
material engineering and threshold states of
structural materials.
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Summary

The processes of propagation of vibroacoustic energy can be modeled for use in technical
condition assessment focusing only on their linear part; however, the model description will get
closer to the real state if the non-linear elements are taken into account. Change of vibroacoustic
signal, resulting from the ways of propagation of vibroacoustic energy having been modified as
a direct result of a damage or wearing processes in technical object can be visible first of all in the
amplitude spectrum.

It is confirmed by the results of model analysis compared to the results of studies of actual
objects with modified parameters that non-linearity of a system is very important while
considering and evaluating the technical state. It seems that the influence of non-linear elements
reflected by spectral differences of vibroacoustic signal can be taken as a symptom of changes in
the object’s condition.

Key words: vibroacoustic signal; identification; vehicle.

EFEKTY ODDZIALYWANIA ELEMENTOW NIELINIOWYCH JAKO SYMPTOM ZMIANY STANU

Streszczenie

Modelowanie procesow rozprzestrzeniania energii wibroakustycznej na potrzeby oceny stanu
technicznego moze ogranicza¢ si¢ do rozwazenia czgsci liniowej, niemniej lepsze przyblizenie
opisu modelowego do rzeczywistosci osiagna¢ mozna z uwzglednieniem elementéw nieliniowych.
Zmiana sygnatu wibroakustycznego bedaca rezultatem modyfikacji drég propagacji energii
wibroakustycznej bezposrednio spowodowanej uszkodzeniem badz zuzyciem eksploatacyjnym
obiektu technicznego jest w szczegolnosci dostrzegalna na widmie amplitudowym.

Rezultaty analiz modelowych zestawione z wynikami badan obiektow rzeczywistych
o modyfikowanych parametrach potwierdzaja znaczenie nieliniowosci ukltadu w rozwazaniach
dotyczacych oceny stanu technicznego. Zasadna wydaje si¢ teza, ze odzwierciedlenie
oddzialywania elementéw nieliniowych roéznicami widm sygnatu wibroakustycznego moze by¢
traktowane jako symptom zmiany stanu.

Stowa kluczowe: sygnat wibroakustyczny, identyfikacja, pojazd.

1. INTRODUCTION

Considering real properties of technical objects,
many simplifying assumptions have to be made.
Modeling  systems  consisting of  many
interconnected continuous structures influencing
each other seems unrealistic, same as obtaining
accurate analytical solutions for such complex tasks.
What can be done therefore is to apply simplified
models, directed to the analysed phenomena and
supported by empirical studies of real technical
objects [1].

Studying real objects is extremely important for
verifying intended properties of prototypical
constructions. It is also impossible to optimize
exploitation processes only on the ground of

numerical simulations, passing over painstaking and
expensive experimental studies. One of the main
reasons is the non-linear phenomena present at
almost every stage and usually impossible to be
described in a very accurate way, nor to be
accurately solved.

The classic approach to the problems of non-
linear phenomena analysis consists in solving
systems of one (maximum a few) degree of freedom,
as well as in qualitative research. Developments in
numeric technology have also allowed more
extended application of approximate methods.
However, it seems that the results useful in practice
can be mainly obtained by compromise matching
complexity of the model and the costs of empirical
studies. The identification has proved to be

! Financed as a research grant within the national scheme for science 2006-2009.
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a particularly useful tool, allowing for non-linear
effects to be taken into account in considering
a linear model.

2. BASES FOR IDENTIFICATION

The algorithms elaborated for evaluation of
objects condition often use description based on the
dynamic model. In general case it is the matrix
equation of form:

M x+ Cx+ Kx = P(¢) (1)

where X symbolizes the generalized co-ordinate;
M is the matrix of generalized masses; C — damping
matrix; K — rigidity matrix; P(t) is the extortion
vector. In practice, the matrix equation quoted above
can be replaced with a system of differential
equations solved in form of the function:

X, =ft,m...m, k ..k,c ...c,) 2)

If in the time moment t the measured value of the
co-ordinate is Xpi(t), while the equation (2) result is
Xj(t), then the error of model can be defined by the
following relationship:

X, () =X (1) = AX(1) 3)

mi

Parametrical identification consists in choosing
the correction coefficients in all the equations of
form (2) resulting in the minimum possible error of
model description:

/\ X O X (tm k) > min. (= m ke, D
tel’
Obviously, one equation of form (2) and one

point in the observation space allow for definition of
only one parameter in identification process.

An important information carrier in the process
of evaluation of condition of a technical object is
vibroacoustic signal produced as a result of the
processes carried out by its particular elements and
units. Damages and wearing effects modify
propagation paths of vibroacoustic energy and the
process should be translated into changes in the
signal registered by a receiver. If we assume that the
receiver is registering the signal y(?) resulting from
the system’s response to the input x(?), then in the
frequency domain the Fourier transform of received
output signal Y(f) will have the following form [2]:

Y(f)=X(f)-H()- @ (f)- ¥ (/) ©)

X(f) is the Fourier transform of input; H(f) is
the transmittance of propagation path; ¥*(f) —
exterior disturbances (noise). This description allows
for identification of the element ®*( f) representing
non-linear influences in order to estimate its value.
Considering the linear phenomena its value equals
one.

Taking into account characteristics of the
processes under scrutiny, as well as substantial
absolute differences in analysed numeric values, the

relationship (5) can be submitted to double-sided
operator transformation and take the logarithmic
form, being used all the time for analyzing decreases
of levels [3]:

L(f) =L +AL, (/) +AD (/) +A¥ (/) (6)

In this relationship L(f) means the level of
output signal; L (f) — the level of input signal;

AL, (T) reflects the decreasing/increasing level as

a consequence of system transmittance; AY*(f)
represents the description error, or the change
resulting from random disturbances. The change of
level at the output, provoked by the non-linear
disturbances has been denoted as A®*(f). The
influence of these effects in dynamic system on the
form of output signal, analysed as summing up of the
levels has been shown in diagram in the Figure 1.

L.(f)

AL, (f)

H(f)

AY(f)

o*(f)

AD’(f)

f

Fig. 1. Influence of the effects
in dynamic system on the form
of output signal

Identification in the frequency domain can be
brought to definition of the correction vector A(f)
and the operator @ the product of which expresses
the error of model for specific frequencies:

- A(f)=Y, (- Y,(/) (7
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The correction coefficient @ and the correction
vector are selected in such a way as to minimize the
errors of model in the given frequency range:

/\ V(N -Y,(f) > min. |[=®,A(/)  (8)

feF

Yni( f) is the solution for a model of actual
frequency f, while Yi(f) means the value of this
particular component of real signal.

3. THE RESULTS OF EXPERIMENT

It is generally known that the acoustic signal of a
vehicle carries a lot of information concerning its
technical condition. Isolating in the spectrum of
noise in the cabin the effects triggered by the
elements of non-linear characteristics, modifying the
propagation of vibroacoustic energy, does not seem
a very difficult task either.

A diagnostic experiment with an electricity
powered vehicle consisted of recording vibrations of
the power unit and noise in the cabin of the vehicle
in motion. The object was tested in two different
states: with the power unit fixed directly to the
supporting structure, and fixed with the elements of
non-linear flexibility characteristics.

The analysis was based on the relationship (6),
stressing the basic inputs generated by the most
important units: the electric engine, the toothed gear
and the chain transmission. The approach is justified
by the form of amplitude spectrum of level of
acoustic pressure in the cabin: what is dominating
there it is the stripes (in the Figure 2 marked with
circles) of components of frequencies resulting from
work of the units.

Mo M0 W0 w0 WP 80 A0 KO W0 GO0 100 D0 100 M0 10 L0 D00 %0 100 200
—_— J

Fig. 2. Spectrum of noise in the cabin

Level of acoustic pressure in the vehicle cabin
taken as the response of system to the vibrations of
power unit (the amplitude spectrum of level of
accelerations has been shown in the Figure 3) can be
used in determining transmittance (understood as
level increase/ decrease) for particular components.

hoide Mo M0 e %00 606 0 M00 00 000 Mb uM0 (%00 Ie30 150 1400 D70 100 100 20
\ Copathend 1] 5

Fig. 3. Spectrum of acceleration of
vibrations in the power unit

However, it seems that the procedure just
described does not fully do for forecasting the form
of outcome signal after the object’s condition has
changed, if the change is related to elements of non-
linear characteristics. Smaller non-linearity can be
decomposed  into  components of  linear
characteristics, and as a result particular input
components can be replaced with vectors of co-
ordinates p; submitted to transmittances of linear
character Hj, [3]. The resultant is therefore the

result of summing the linear components up:
Y(f) = zpi Hi,m (7

Because of technical realities approximate
description of systems with non-linear effects
consisting in summing the linear components up
results in many cases in solutions differing from
reality, while the identification of model gives
plausible results only within the area directly
adjacent to the real object used in the identification
process. Then, the components resulting from non-
linear transmittance of the system can be easily
shown in the spectrum [4].

These remarks let us to the conclusion that the
influence of non-linear elements resulting in changes
of spectrum of vibroacoustic signal can be taken as
symptoms of changes in conditions of a technical
object. It has been confirmed by the experimental
studies of an electricity powered vehicle when
condition of the object was changed by replacing the
metal mounting sleeve of power unit with metal-
rubber elements of non-linear flexibility
characteristics.

The result of modification is illustrated by the
spectrum of level of acoustic pressure in the cabin
represented in the Figure 4. Decreasing level of
amplitudes of the main input components can be
forecasted by applying the relationship (6), taking
damping properties of rubber-metal elements
expressed by the decreasing level AL, (f) resulting

from the system transmittance.
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Fig. 4. Spectrum of noise in the cabin:
state with elements of non-linear
characteristics

Interpretation of relatively high level of
components of the spectrum marked with circles
results the most difficult task. The fact that the low
frequency sounds are not being damped can be an
indication that this particular area cannot be
considered as a systemic response to the input by
working power mechanisms but rather to some
exterior disturbances A®*(f). High level of
amplitude of components exceeding 1200 Hz is
resulting from non-linear flexibility characteristics
of rubber-metal sleeves used for alternating the
object’s condition. These spectrum characteristics
result from influence of non-linear elements and can
be taken as a symptom suggesting changes in
condition of technical object.

4. CONCLUSION

The above remarks are part of broader study on
methodology of using the information contained in
vibroacoustic signal for monitoring vehicles
condition, as well as in environmental noise
management. The analysed object — prototype
electricity powered vehicle — was chosen because of
its ecological qualities that make us strongly
consider future development of this group of
individual transport means.

Due to the fact that non-linearity affects the
majority of real processes we cannot omit it while
considering evaluation of objects condition.

Vibroacoustic signal treated as information carrier
reaches the receiver in form of a resultant shaped
also by non-linear elements. However, if a deep,
detailed analysis of their role is usually not possible,
the way they affect the system can be quite easily
determined. The effects of non-linear elements
visible in the spectrum of vibroacoustic signal reflect
changes in condition of a technical object.
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Summary
The mathematical model of dynamic processes in the engine aggregate of the mud pump with
the operating friction clutch is offered. Inconstancy of reduced moment of inertia of crank
mechanism of the pump and also interrelation of electromagnetic effects in asynchronous engine
with non-linear oscillations of mechanical system are taken into account. The integration of system
of the differential equations of movement of pump is realized by numerical methods.

Keywords: mud pumps, engine aggregates, nonstationary processes, mathematical modeling.

1. THE ANALYSIS OF RESEARCHESAND
PROBLEM DEFINITION

The pumping aggregate of a drilling rig is one of
primary  elements of circulating  system.
Effectiveness of lifting of drilled solids depends on
reliability of its functioning. Uninterrupted feed of
flush fluid into borehole is important requirement for
system functioning, because the temporary stopping
of feed can cause heavy failure - sticking of drilling
string as a result of a settling of slime and heavy
fractions of a mud. It causes necessity of a raise of
a technical level of mud pumps and their driving
systems.

The drive of mud pump is realized by explosion
engine or the electric engine through operating
friction clutch, belting and tooth gear. With the
purpose of definition of loads and prediction of
fastness and durability of elements of drive appears
a problem of execution of comprehensive analysis of
nonstationary operating modes of a pumping
aggregate. The theory of mud pumps is stated in
transactions [2, 3, 7].

General methodology of modeling of
electroconductive systems is enough completely
stated in transactions [l, 6], examples of
mathematical modeling of electromechanical
systems which include asynchronous engine,
reducing gear and operating mechanism — in
transactions [5, 8]. In monograph [4] is offered
method of calculation of nonstationary processes in
engine aggregates of mud pumps, which one is
grounded on combined integration of differential
equations of movement, which are composed taking
into account inconstancy of reduced moment of
inertia of crank mechanisms of the pump, and
equations of electromagnetic  processes in
asynchronous engine.

In this paper is offered mathematical model of
dynamic processes in a pumping aggregate with any
amount of pistons and with the operating friction
clutch, which is composed taking into account

inconstancy of reduced moment of inertia of crank
mechanisms of the pump and continuity of
interrelation of mechanical and electromagnetic
oscillating appearances.

2. THE DIFFERENTIAL EQUATIONS OF
MOVEMENT OF PUMPING AGGREGATE

The mechanical system of pumping aggregate,
which consists of asynchronous engine, air clutch,
belting, reducing gear and piston pump, is
schematically represented on fig. 1.

Fig. 1. The computation scheme of mechanical
system of pumping aggregate

There are such designations on the scheme: J; —
the reduced moment of inertia of rotor of the electric
engine with driving part of air clutch; J, — the
reduced moment of inertia of driven part of air
clutch with shaft and with driving pulley of belting;
J3 — the reduced moment of inertia of transmission
shaft with pinion and with driven pulley of belting;
Js — the reduced moment of inertia of crank
mechanism of the pump; ¢; — the reduced rigidity of
V-belts; v; — the reduced damping coefficient of V-
belts; ¢, — the reduced rigidity of reducing gear;
v, — the reduced damping coefficient of reducing
gear; Mg — the reduced electromagnetic moment of
engine; M, — the moment of forces of resistance to
movement which acts on mainshaft of pump; ¢, @,
03, ¢4 — reduced angular coordinates. Inertial and
elastic-dissipative characteristics we result in to the
mainshaft of the pump.
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The equation of movement of elements of
aggregate we compose under the scheme of the
equation of Lagrange of the second sort

d| oT oT oIl od .
= -+ —+—=0, (j=14), ()
dt\0q; ) 0q; dq; 04,

ne where 7T and I1 — kinetic and potential energies of
mechanical system; ® — dissipation function of the
Rayleigh; O, — the generalized force; g; — the
generalized coordinate; ¢ — time.

Accepting for generalized coordinates such
magnitudes

G =05 =05 43=0955 q,=0¢,, (2)
kinetic energy of system we give in such form

2 2 2 2
_Jio +J2c02 +J3c03 +J4c04
2 2 2 2

T

)

where ®;, ® 5, ® 3, ® 4 — reduced to mainshaft the
angular velocity of rotor of the electric motor,
angular velocity of the half-coupling, which is
coupled to driving pulley of belting, angular
velocity of the high-speed shaft of the reducer,
which is connected to driven pulley of belting, and
real angular velocity of mainshaft of the pump,

a0 _ g, 302, 0 —o, s @)

dt dt dt dt

Potential energy and dissipation function of the
Rayleigh, taking into account (2) and (4), we give in
such view

M= e/, — 9, )’ +

2 2
O= \’1(@22—(’03)2 +V2((’)32_“)4)2 ) (5)

¢ (‘P} — Py )2 .

>

For operating mode, when there is slippage in air
clutch, finding derivatives from (3) and (5) and
substituting them in the equations of Lagrange of the
second sort (1), we gain the equations of movement
in such form

di
I%ZMB_MT;
di
J, 22 :MT_CI((PZ_(P3)_V1((D2_(‘O3);
dm
3 dt3 :Cl((Pz _(P3)+V1(“)2 _“)3)_
_cz((Pa_(P4)_V2((’33_(D4)§
) do, :_l oJ, 0 +
dt 2 0,
+cz(‘P3_(P4)+V2((”3_(”4)_M03 (6)

where M7 — reduced to mainshaft the friction torque
in air clutch, which varies according such law:

M,=a,-t, as t<t,;

r

M,=a,-t, as t=>t,,

r

here ¢, — a time of filling up of clutch; o, —
coefficient determined by dependence

M
70
o, = ,

t

r

where M7, — maximal torque of friction in clutch.
The reduced moment of engine is receivable by
formula

Mg=Mpg -u, (7

where My, — real electromagnetic torque of engine;
u — drive ratio.

If the slippage in operative air clutch is absent,
elements with moments of inertia J; and J, realize
combined movement. The equation of movement of
system is receivable by substitution of expressions
(3) and (5) in relation (1) provided that ¢,=0,,

0 =0,; ¢ :(Pl(t1)+@2(t)_(P2(t1);

d
(J1+J2) :;2 :ME_CI((pz_(P3)_V1(0)2_(D3);
di
P :Cl((Pz _(Ps)"'vl((’)z _(’)3)_

>t
_cz((P3 _(P4)_V2((”3 —w4);

4 W,
dt 2 09,
+Cz((93_(94)+vz(0)3_(04)_M0' (®)

do, 10J, .

Conversion from mode of movement with
slippage to mode without slippage happens, if such
demands are fulfilled

. d
o, =0, 1 ME—JI%SMT, )

If during system's movement without slippage in
operative clutch in some instant the condition, which
is expressed by second relation (9), is violated, then
mode of movement again begins, that is
accompanied by slippage.

During numeric integration of differential
equations (4), (6) and (8) it is necessary to define at
every step the derivative of the function J, regarding
coordinate @4 and also the electromagnetic moment
of engine M.

The reduced moment of inertia of pump's
mechanism, which includes »n crank mechanisms, we
give in such form [5]:

n

2 llz(COS(Pi)z
JJB((P):Z Jo tma +mu,—————+

i

lz(cos )2 [, sin2 ’
+J52A +m3[—ll[sin(p,. +1—(p’D ,(11)

h 2/,

i

i=1

where
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hi = 122 _llz(Sin(Pi)z )

h, 2 h

u=—--—+a,” —2a,—++

(COS(Pi)Z 12
+2a, —11-(sin(p,- )2 .\/Zi ;

cosQ, -/,
where ¢; (i = 1, 2, ..., n) — angular coordinate of the
driving element of crank mechanism — the crank; m;,
my, my — masses, accordingly, of crank, of crank
mechanism and of piston; Js; 1 Js; — central moments
of inertia of crank and of connecting rod; /; and /, —
linear dimensions of elements; «; — distance from
center of mass of crank to its rotation axis; a, —
distance from center of mass of connecting rod to
its axis of joint with crank.

Turn's angles of driving elements of pump o;
(i= 1,2, .. n) are linked with turn's angle of
mainshaft of pump ¢ by such relations:

— for a simplex pump ¢, =¢;

— for a 2-cylinder single direct-action pump
¢=0, P,=0+T;

— for a 2-cylinder bidirectional pump
P =¢, ¢, =¢@+m/2;

— for a 3-cylinder single direct-action pump
O, =0, ¢, =0+2n/3, @;=0+4n/4.

Derivative dJsp/de is receivable as sum of
derivatives p; from expression (11), and it depends
on amount n of crank mechanisms of the pump and
shift of turn's angles of driving elements of these
mechanisms

dJ 4 <
do _Zpi'

i=1

The moment of forces of useful resistance of
mainshaft is receivable according to [5] by formula

My =M, (12)
i=1

where My; — moment of forces of useful resistance,
which is created by fluid pressure on i-th piston,

M, =FLO,, (13)

where P; force of piston pressure, ©;
trigonometric function of turn's angle of crank.

For a bidirectional pump P; is receivable by
formula

P =-pF,, ifv>0; P.=0,ifv=0;
P.=p(F,—F,),if v<0,

where F, and F,, — cross-sectional areas of piston
and rod, p — fluid pressure on piston; v; — piston's
speed

v, = —0,1,0, . (14)

Trigonometric function of turn's angle of crank
0;, which figures in associations (13), (14), has view

sin @, cos @,

]

Real electromagnetic torque of engine Mp, is
receivable by equations of electromagnetic processes
in asynchronous engine.

O, =sing, +

3. EQUATIONS OF ELECTROMAGNETIC
PROCESSES IN ASYNCHRONOUS
ENGINE

The differential equations of electromagnetic
transients in an induction motor, tacking into
account filling of magnetic conductor, are
represented in such form [6]:

diy
dt

dig
dt

= AS(“ +Q ¥ _RSiS)+BS(QR\PR —Ryiy );

= AR(QRl{JR _RRiR)+BR(uS +Q Y _Rsis)a(ls)

where ig, iz 1 ug — matrixes-columns of currents and
voltages; A, Bs, Az, B — matrixes of links; Qg, Qp —
matrixes of rotation frequencies; Vs, ¥y — matrixes-
columns of magnetic linkages. R;,, R, — pure
resistances of windings.

The index s specifies an inhering of magnitude to
a stator winding, and 7 - to a rotor winding.

Matrixes-columns i, i, and u, are determined by
means of dependences

ij.(j =S, R)=col (l'jx,ijy); ug =col (Um,O),
where i, i;, — projections of currents to axes of
coordinates x, y; U,, — a peak voltage of a network.

Square matrixes Ag, Bs, Az, By are determined by
dependences

Ag =ocs(l—(xSG}, B, =—-a50,G;
Ay = O“R(l_aRG)’ By= By,
where:

1| Ri,>+Ti," (R-T)ii,

G=— ,
i, |(R-T)ii, Ti’+Ri}

Re—m— -1
p+og+a, THOg+0L,

Here i,, i\, i, — a current of magnetization and its
components along x,y-axes; T, p — the magnitudes
determined on a curve of magnetization,
representing dependence of working magnetic
linkage ¥,, on a current of magnetization; o, o, —
magnitudes, inverse to inductances of diffusing of
stator windings and a rotor.
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Matrixes of rotation frequencies:

Q. - 0 o Q. - 0 0y — O
STy 0 TP oy -0, 0o |

where @, and ®, — synchronous angular velocity of
the motor and angular velocity of the rotor,
expressed in electric radians per second. Magnitudes
oo and g have values

0, =314; o, =, u-p,,
for second step:
Wp =W, U Py,

where u — drive ratio; pp — amount of pairs magnetic-
poles.

Matrixes-columns of full magnetic linkages of
stator windings and rotor look like:

1 1 1 1
Wy =—ig+—i; Wy =—iy +—i,

Ag T Oy T
where
i=col (ix o0, )
Magnitudes
i =ig Higs 0, =ig +ig; 0, =4I +i)’

Magnitudes t and p are determined by
dependences
L di,,

5 p= .
v, dy,,

The electromagnetic moment of the motor is
discovered by formula

3 1. . ..
ME:MEO'”ZE'M'PO;(IRXISy_lRylsX)~

If movement with slippage — oz=o;u; if
movement without slippage — o= @, u.

4. EXAMPLE OF CALCULATION

Let's consider the engine aggregate of mud pump
VY8-6M equipped by asynchronous engine AK3-15-
41-8b. As the reduced moment of inertia of moving
parts of the pump is great, for launching the
aggregate apply operative air clutch. At first
operative clutch unlocks for pumping aggregate's
activating and idle engine firing is carried out. The
further acceleration of system occurs by gradual
turning on the clutch. The moment of forces of
useful resistance is receivable by formula (12).
Engine's characteristic: amplitude of voltage U,,=4,9
kV; active resistances of phases of stator and rotor
r«=0,38 Q, rz=0,318 €Q; parasitic inductances
L~1,048107 H, Lg=1,112-10% H; operative
inductance L,=0,505 H; Amount of pairs magnetic-
poles py=4; rotor's moment of inertia J;=55 kg-mz‘
Mud pump V8-6M is piston-like, 2-cylinder

bidirectional pump and consists of driving and
hydraulic parts, which are mounted on one frame.
Angle between driving elements pump's crank
mechanisms is 90° (¢,=¢, ¢,=¢+n/2). Masses of
elements: m;=1000 kg, m,=800 kg, m;=420 kg;
geometrical dimensions of elements: /; =0,2 m,
a;=0,13 m, ,=0,85 m, a,=0,25 m; central moments
of inertia of crank and rod, accordingly, Jg=42
kgm?, Jo= 137 kg'm”.

Initial conditions of integration of differential
equations (4), (6), (15) for phase of acceleration of
the pump by turning on operative clutch are such:

®,(0)=78,5; ©,(0)=0; ©,(0)=0; ®,(0)=0;
0,(0)=0; 9,(0)=0; ¢,(0)=0; ¢,(0)=0;
i (£)=0,071; ig (t)=-30,27;
i ()=6,777-10"; iy (t)=5441-10"°.

Given here values of currents and angular
velocity of rotor are gained after calculation of idle
engine firing before steady mode.

As a result of combined numeric integration of
differential equations of movement of mechanical
system (4), (6) or (4), (8) and the equations, which
present electromagnetic appearances in
asynchronous engine (15), we gain temporal
dependences of magnitudes ®;, ®;, ®; 4, of
electromagnetic moment Mg, and also of torque M.
and M, in elastic elements of aggregate, which are
defined by dependences:

M, :Cl((PZ _(P3)+V1((92 —(1)3);
M,. =c2((p3 —(\o4)+\/2(o)3 —034).

Graphs, which are represented on fig. 2, illustrate
temporal changing of angular velocity of rotor of
the electric motor (a) and driving pulley of belting
(b). As we can see, the rotor of the drive goes into
the steady mode during acceleration of the pump,
which is loaded by useful resistance, during
incomplete three seconds. The time, during which
angular velocities ®; and ®, are equalizing,
essentially depends on the law of changing of
friction torque in clutch Mz Insignificantly
oscillations of angular velocities of elements of
mechanical system are caused by cyclic functioning
of pumping aggregate. With increasing loading on
pistons the amplitude of these oscillations essentially
increases.

The curve, which is represented on fig. 3. (a),
illustrates temporal changing of the electromagnetic
moment of engine AK3-15-41-8b during beginning
of turning on air clutch before intromission of
system in steady mode.
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Fig. 2. Calculated dependences of angular velocity
of rotor of the electric motor (a) and angular
velocity of the half-coupling, which is coupled to
driving pulley of belting (b)
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Fig. 3. Graphs of changing of electromagnetic
moment of engine (a) and moment in belting (b)
during gradual activation air clutch.

Curve, which is represented on fig. 3. (b),
illustrates temporal dependences of torques in elastic
elements of mechanism, that is in belting and tooth
gear. Intensive oscillations of torques are caused by
cyclic changing of load on piston and also great
inertia of its elements.

SUMMARY

1. Created mathematical model enables to ensure
necessary exactitude of strength analysis and
prediction of resource of elements of pumping
aggregate. By rational sampling of operating mode
of drive system is possible considerably to
decrease dynamic loads of its elements and to
increase at the expense of it reliability of the
engine aggregate.

2. The gained results allow to define rational
performance of air clutch, namely, a friction torque
in clutch M7 and fill-up time of clutch by air,
which ensure enough acceleration of the aggregate
under condition of limitation of loads of elements
of the pump and its drive.
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Summary
The paper presents a new concept of a diagnostic system supported by a model as well as
relevant, for this concept, possibility of analyzing the acoustic signals coming from a moving

vehicle and registered by a byside diagnostic station.

Keywords: modelling, result of Doppler Effect, resampling, beat effect, histeresis.

EFEKT DOPPLERA JAKO ZRODLO INFORMACJI DIAGNOSTYCZNEJ
W SYGNALE AKUSTYCZNYM

Streszczenie
W pracy przedstawiono nowa koncepcj¢ systemu diagnostycznemu wspartego modelowo oraz
odpowiednig dla tej koncepcji mozliwos¢ analizy sygnalu akustycznego pochodzacej od
poruszajacego si¢ pojazdu a rejestrowanego przez przytorowa stacje diagnostyczna.

Stowa kluczowe: modelowanie, efekt zjawiska Dopplera, przeprobkowania, zjawisko dudnienia, histereza.

1. INTRODUCTION

Operation of technical objects is associated with
occurrence of numerous physical phenomena caused
by the operation of the object itself as well as by the
environment in which a given object operates. The
result of these interactions is the degradation of
individual parts of devices, which leads to
subsequent states of wear and tear until destruction.
While being guided by these simple relations one
applies, in a planned manner, Preventive
Maintenance which consists of regular inspections
and replacement of the parts which are subject to
wear. As has been proven by research, such an
approach leads to a situation where e.g. 34% of
rolling bearings are dismantled too early. This
simple analysis fails to account for failures or
accelerated wear and tear caused by overload during
the machines operation, its improper use or
occurrence of extreme environmental impact,
leading to accelerated wear or even sudden failure.
The reasons of all these undesirable effects is the
lack of assessment of the actual technical condition,
which is indispensable especially in those cases
when the technical object may have influence on
human health or life. The constant awareness
increases the importance of technical diagnosis
while driving the development of Condition Based
Maintenance. Numerous activities and analyses,
both of the object and the signal received from it,
must be performed in order to enable such an
analysis. In order to carry out the analysis of
operation of a system capable of such an evaluation,
one first needs to collect the information on the

object with the use of sensors (receptors). We obtain
a certain signal which is a function in time of some
physical quantity. Such information must then be
processed into a set of features (parameters,
symptoms) whose values serve as the basis for
describing the condition of diagnosed objects. Then
one still needs to define the relationships between
the condition of the objects and the diagnostic
parameters, that is the classification rules. From
mathematical point of view it is mapping of the
space of parameters to the space of states. Based on
the supplied diagnostic parameters the classifier
determines the class to which the examined object
belongs. Due to certain arbitrary nature of the
response of the classification system, this response is
called the decision [1]. However for such
a diagnostic system to operate one needs to solve
a serious problem, that is extraction and selection of
relevant diagnostic parameters which would be
useful enough so as to enable performance of the
diagnosis of an object’s condition on their basis. The
awareness of the problem of the need for
constructing comprehensive diagnostic systems
leads to the emergence of more and more advanced
concepts. Despite  this, unforeseen, tragic
catastrophes continue to happen:
Catastrophes of machines:
- 1988, Aloha, B-737, multi-site damage, one
casualty;
- 3.06.1998, derailing of a train in Eschede, 101
dead, 300 injured.
Catastrophes related to construction structures:
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- 14.02.2004, Transvaal swimming pool with
glass, concrete and metal dome, 28 dead, 110
injued;

- 17.03.2005, collapse of the roof in Leroy-Merlin
hypermarket in Gdansk;

- 28.01.2006, collapse of the roof of Katowice
International Trade Fair building, 65 dead, 170
injured.

As we can see catastrophes happened both in the
past and nowadays when technical diagnosis is much
more advanced. Thus there is need for continuous
development of this field, mainly to ensure safety of
use of technical objects/facilities by people. The
goals also include achievement of the following
economic benefits:

* Increasing the reliability, security and readiness

of machines;

Reducing the cost of maintaining the fleet of

machines, improvement of material management

by tapping on the material reserves, reducing
failures, downtimes and loss;

Improvement of electrical power management,

reducing the strain on the natural environment by

reducing the emission of harmful materials as
well reducing the generation of vibration and
noise.

Below please find one of the concepts of the

structure and functioning of a diagnostic system

which could serve our purpose while monitoring any
technical object throughout its operating life.

| ijest I di ar i
with decision
T defined block

cause

multidimensional vector
of diagnostic parameters

S |

parison
selection of diagnostic
information \
signal
processing

/ real object

measurment
equipment:
- SENS0rS
- acquisition
arameters

existed vector
of determined
diagnostic parameters|

R matematical model
analysis of with 5i +

technical object posibility

Fig. 1. State-of-the-art concept of the diagnostic
system for any technical object.

The main difference when comparing to the
structure and principles of operation of a classical
diagnostic system involves introduction and use of
a mathematical-and-physical model of the examined
object during the entire diagnosis. Based on the
analysis of the technical object and the physical
phenomena associated with it, we create the
preliminary structure of the diagnostic system. The
functions of designated physical values are subjected
to processing. The diagnostic information is subject
to selection and comparison to the simulations in
mathematical-and-physical model. During the entire
period of object monitoring, the multi-dimensional
vector of diagnostic parameters is compared against

the actual parameters of the device, the vector of
specific parameters, and it is also tested when new,
earlier unknown conditions and behavior appear.
The diagnosis, along with justification, is proposed
and then a decision is made as regards the use of the
object. All the information on the operation of the
system is stored and thanks to this, as new events
occur, the knowledge about diagnosis of an object or
a certain groups of objects, which is fully contained
in the mathematical model, is enriched and strives
towards full learning of the occurring phenomena
and the associated threats.

2. ANALYSIS AND PROCESSING

Even in the case of the most sophisticated
diagnostic system, the evaluation of the technical
condition on the basis of the signal reflecting the
change of certain physical quantities generated by
the object is generally not an easy task. This is so
mainly due to the fact that the diagnostic
information contained in the signal can have varied
form (vibroacoustic signal contains not only the
information on the dynamic forces associated with
the object but also the information on the condition
of structure which intermediates in carrying the
signal from the source to the measuring point) while
the richness of the information carried is an obstacle
to its direct use and to making the comparison with
the calculated multi-dimensional vector of
diagnostic parameters which result from the
mathematical-and-physical model of the object. For
such an assumed comparison to make sense, one
needs to account for the differences between the
actual and the model processes which never fully
reflect the reality. Transfer between the “two
worlds” is realized through advanced methods of
signal analysis and processing.

There are numerous techniques which process
the signal to the form in which the diagnostic
information is visible and close to the information
assumed by the model in the extent which enables
construction of the proper vector of diagnostic
parameters. The present progress and advancement
of technical objects as well as stringent requirements
for diagnostic systems have enforced development
and use of signal processing techniques which will
be able to deal with complex systems of mixing and
interaction of signals which make up the global run
of physical quantities received by the receiver. As
Fig. 2 presents, each subsequent source signal si(k),
which represents a signal coming from various
interworking parts of the machine, has its own
propagation path and is disturbed by additive noise.
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souTe propagation additive
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Fig. 2. Model of registration of a signal generated by
a complex technical object [2].

Due to this a signal registered by a single sensor
will be a composition of various sources and noises
with various delays [2]. Let us consider a practical
example when we want to separate a signal
belonging to an operating bearing. In this case it is
nearly always required that the real signal of the
bearing is identified among the noise and vibration
generated by other components which can be either
in a good or bad technical condition. As long as all
other components of the signal are so small that the
bearing signal is dominant, the diagnostic
parameters can be implemented without any fear.
Otherwise this will lead to false values of calculated
diagnostic parameters, which as a result will lead to
false analysis. The presented issue is the main
dilemma which has to be considered before we
decide to apply a defined method of signal
processing for a specific technical object.

To recapitulate, the task of detection of defects in
technical objects, while relying on the analysis of the
signal generated by the diagnosed object, entails the
need for solving numerous problems. This in
particular concerns the following issues [3, 4]:

e separation of the useful vibroacoustic signal
from the noise;

e selection of relevant diagnostic parameters;

e formulation of diagnostic relations.

Analysis of the above issues calls for adopting a
relevant mathematical-and-physical model of
emergence of certain characteristic phenomena
observed in the analyzed signal. Quick detection of
model counterparts will enable avoidance of the
situation when the advanced stage of a defect, which
is detected late, offers not much time for taking
corrective actions. Immediate repairs are necessary
often and as a result the object has to be shut down
regardless of the economic impact (the probability of
the failure becomes too big). Early detection of the
defect (in the initial stage of defect formation)
allows for performing the repairs of the device in the
most favorable moment from the point of view of
minimization of losses and prevention of failure. If
relevant methods are applied to analyze the
registered processing of signals, then the detection
of early stages of defect development by
a diagnostic system becomes possible.

The form of the registered signal depends to
a great extent on the transmittance of the
propagation path of individual signals from their
sources to the measuring point as well as on various

types of interference, and it can be very complicated
in the general case. Additional difficulty results from
changes in the signal caused by varied level of load
on the technical object [4] or varied environmental
conditions. State-of-the-art techniques of signal
analysis and processing should account for all of the
above listed aspects in order to extract the
informational features of the signal so as to be able
to create, on their basis, the non-distorted,
multidimensional vector of diagnostic parameters.

3. BYSIDE DIAGNOSTIC STATION

Along with the development of science and new
cognitive tools, contemporary diagnostics sets
increasingly difficult challenges for itself. One of the
more interesting challenges is the diagnosis of
moving vehicles, e.g. trains [5]. Diagnosis would be
performed from a stationary wayside station and its
purpose would be to analyze each vehicle traveling
on the tracks. The main task would be to detect the
information on the technical condition of the rolling
systems of passing trains, and in particular to detect
the early stages of defect formation. Additional
stimulus for building such wayside systems includes
the extensive consequences and the associated,
enormous loss that a catastrophe of such a mean of
transport could bring as well as the requirements of
the wusers regarding operational availability,
reliability and safety.

Assuming that diagnostically useful information
is available from an acoustic signal emitted by
a passing rail vehicle, one could propose a method
of diagnosing defect development by means of
stationary diagnostic equipment. The task that has
to be solved first is to develop a mathematical model
of physical phenomena, while accounting for the
Doppler’s effect in particular, as this phenomenon
will occur for sure as the train will be a moving
source of sounds vs. the receiver. As the basis for
the analyses needed to construct the model, one
should assume that the low-energy components of
the signal are transmitted by the machine’s structure
from the measurement source located on its body as
a result of modulation of a relevant carrier function.
Particular attention should be paid to the phenomena
of amplitude-and-phase modulation of a signal and
occurrence of non-linear effects. Since the measured
actual signal will contain both, the part generated by
the diagnosed kinematic pair as well as additional
components transmitted by the structure of the
diagnosed object to the measurement point, hence
the problem which needs to be solved is the issue of
separation of diagnostically useful information
contained in the non-linear part of the signal. The
solution of this task will in fact depend on the results
of search for diagnostically useful information
contained in the non-linear part of the signal. The
solution of this task will in fact depend on the results
of the search for a set of diagnostic parameters
which in a sufficient degree will be able to define the
changes of the properties of the diagnosed object
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and which will be characterized by relevant
resistance to noise. Finding such a vector of
diagnostic parameters can be possible following an
in-depth physical analysis of all the phenomena
accompanying the assumed situation of an object’s
diagnosis, as well as by confronting the relevantly
processed actual signals and signals simulated with
the use of the developed model.

Based on the to-date theoretical considerations,
we can create the certain necessary assumptions and
create a model of the method of conducting the
measurement by so-designed wayside monitoring
station:

a) The source of signal will be moving with

a permanent speed along a straight line,

b) The signal will be registered by a microphone,
located at some distance from the path of the
moving object,

c) Signal measurement will be conducted
continuously, for various consstant speeds of the
vehicle.

The diagram of such a diagnostic station could
look like in Fig. 3:

mikrofon

Fig. 3. Diagram of a measuring system.

It is of course most important that the created
model reflects the reality and the main physical
phenomena connected with it as precisely as
possible. The result of the work on such a model is
a mathematical expression which accounts for the
main phenomena leading to distortion of the signal
generated by a moving source:

ModA . 1
}’=7,7hz+(}”ga_l/:'t)Z <cos(2»ﬂ<fn'1 v a7V -t+ModF)
VA\/Htempﬂ,,“. W +(h-1ga—v, -1’
273
. B m-sin(2-7- f,-t)
gdzie: Model_V:. higa—V.-1
VoW +higa—V. 1)
ModA=A4,-(1+M -cos(2-7- f,-1))
which accounts for the following physical
phenomena:
- amplitude and frequency modulation;
- Doppler effect;

- acoustical pressure which is inversely proportional
to the distance from the source of sound;

- change of the velocity of the acoustic wave
propagation depending on temperature.

Analyses of model situations have demonstrated
that the element of key importance is the occurrence
of signal distortion by Doppler’s effect which in line
with its essence, and depending on the speed of
signal source, will change the actual carrier
frequency of the signal, like in the below example in
Fig. 4.

Spectrum of the modulated stationary
signal
(no impact of Doppler’s effect)

12 Spectrum of non-stationary signal
(distorted by Doppler’s phenomenon effect)

 SE—

Fig. 4. Impact of the Doppler’s phenomenon effect.

Further processing in terms of search for
diagnostic information in a signal coming from the
model led to distinction of three cases for which
specific analysis should be assumed.:

I — Optimization of parameters to omit the Doppler’s
phenomenon effect
II- Separation and numerical
Doppler’s phenomenon effect
IIT — Analysis and use of Doppler’s phenomenon

In the first case we will use the already proven
claim that in a stationary diagnostic station the main
disturbance for a moving object will be the effect of
“non-stationarity” associated with the occurrence of
the Doppler’s phenomenon. The analysis of the
created model has enabled us to note that in the case
of certain assumptions as well as relevant parameters
of the measurement, there exists the chance of
minimizing the distortion caused by the Doppler’s
effect. Fig. 5, 6.

elimination of
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Fig. 5. Influence of Doppler’s phenomenon effect in
the function of speed of the drive for various
distances between the microphone and the track.

= 5 km/h
=m0 kmth

delta [Hz]

Fig. 6. Impact of the Doppler’s phenomenon effect
depending on the distance of the microphone from
the track for various speeds of the vehicle.

The above graphs show that the relevant
manipulation with such parameters as the object’s
speed and the distance between the microphone and
the track we are able to control the delta value [Hz],
representing the size of the disturbance caused by
Doppler’s phenomenon effect. Adoption of
a relevantly small distortion will enable further
analysis and signal processing to a form on the basis
of which it will become possible to build the
relevant diagnostic measures.

Another case assumes that due certain reasons,
e.g. due to the required high speeds, it is impossible
to disregard the impact of the Doppler’s effect. In
addition, there appears the problem of separation of
signals coming from relevant driving systems, which
may occur for some types of rail vehicles. Although
the first problem calls for use of signal processing
method in order to reduce the Doppler’s effect, in
the second case we can formulate relevant
conditions for which separation and further analysis
can be appropriate.

While taking a complex signal that has been
obtained and that has been generated during the run
of the railway car’s truck, we are unable, based on
the amplitude-and-time run, to separate the parts of
the signal belonging to one or the other wheel. Let
us remember however that the wheels moving in
respect of the receiver, introduce the disturbance of

carrier frequency to the signal. At any moment in
time, as the car passes, a different value of the basic
frequency is recorded. Such a change can be
observed in Fig. 7:

o CE] T N T o8 1 12 4

Fig. 7. Signal coming from two moving sources.

We have obtained the run of frequency change in
time and at the same time the change of the value of
amplitude, which is shown by the spectrum of colors
in the spectrogram. For a relevant velocity of the
source, when there is big scope of the change of the
signal’s frequency value caused by the Doppler’s
phenomenon, we are able to isolate the values of the
frequencies belonging to individual signal sources.
Apart from the signal’s carrier frequency, we also
note less distinct changes of modulating frequencies.
Summing up, the main conditions which have to be
fulfilled, in order to perform the separation properly,
look as follows:

fO ! min fdup # f; -max fdvp

where: /. dop the coefficient resulting from
Doppler’s phenomenon.

When the condition is fulfilled (like in the
figure), then by using the time axis we can use the
time ranges corresponding to respective signal
sources.

Let us go further in our considerations and let us
look at the practical sense of such a procedure. From
the spectrogram let us choose the range/interval
of Ar=02 seconds (from =031 to 1=050s]1), which
corresponds to the signal generated by the first
source. The velocity of the signal’s source was
]

s 1 in the analyzed case. Thus the distance that
the source traveled during A? equals:
s=V.-At=22[m]

If the examined object was a wheel of a train
with diameter of 0.92 m (a 424 W EVANS freight
car), then diagnosing its diameter and the bearing
would only be possible once it makes one full turn.
The path traveled when one full turn is made by the
wheel is equal to the wheel’s perimeter, that is
Stota = 2.89[m] .

The calculated parameter defines the minimum
wheel track of the truck which enables conducting
the analysis of its technical condition. Assuming that
the condition has been fulfilled, let us conduct
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further analysis . Let us note that Skola is too big for
the wheel to make the full turn during the selected
time interval A7. The conclusion from this is that the
source must move at bigger speed in order to
achieve this. This in turn leads to a situation where
the frequency change, caused by Doppler’s effect,
will occur in a shorter time interval. Ultimately the
time interval may turn out too small to be able to
isolate a signal’s sample with A/=02[s]. The
situation calls for finding the so-called “golden
mean”, that is to obtain the compatibility of selected
parameters whose values can be obtained through
subsequent trials.

If we are able to reach a single source of signal
in which we look for diagnostic information, then
we can start dealing with reduction of the Doppler’s
phenomenon effect which effectively hinders the
diagnostic interpretation of the signal. It seems
appropriate at this point to use the dynamic re-
sampling of the signal [6], which should
theoretically deal with the frequency disturbance.
Original
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After resampling
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Amplitude spectrum
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Fig. 8. Illustration of operation of dynamic signal
resampling.

The simulation was performed for source
velocity of 80 kph, distance of the microphone from
the track of 2 m while the signal’s carrier frequency
was 100 Hz. As we can see in Fig. 8, the disturbed
carrier frequency of the signal along with
modulating frequencies has been reduced to the
original carrier frequency. The procedure of
dynamic resampling worked, however the module of

automatic search for frequency changes, which was
contained in it, caused destruction of the diagnostic
information which modulating frequencies could
carry. While using the model that we have
developed, we can simulate the conditions of the
experiment and obtain a realistic picture in the extent
in which the model describes the phenomenon and
the course of changes caused by the Doppler’s effect
phenomenon. This way we obtain the below curve,
Fig. 9:
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Fig. 9. Model course of change frequency caused

by the Doppler’s effect phenomenon.

By introducing the apriori knowledge to the
dynamic resampling method, which was used
earlier, we can expect that the processed signal will
not only contain the distortions caused by the
Doppler’s phenomenon effect but that also the
information contained in the modulating frequencies
will be visible.

The obtained, modified signal (Fig. 10) does not
demonstate the features of a non-stationary signal
associated with motion of the signal’s source versus
the receiver and can be successfully subjected to
further analysis while diagnostic measures can be
constructed on its basis. In the described analysis we
saw how the model of a signal, which is to be
subjected to analysis, protected us from unaware
removal of diagnostic information from the signal,
as well as how it enabled us to introduce corrections
to the method of dynamic resampling so that it
worked correctly in our specific case of signal
disturbance by the Doppler’s phenomenon effect.

Another concept, which emerged during
analysis of the model of the considered physical
phenomena associated with the wayside diagnostic
station, was not an attempt to escape from the
Doppler’s phenomenon effect, but search for
valuable, from diagnostic point of view, information
in this effect.

Let us note that by controlling the measuring
parameters we are able to influence, at our
discretion, and to change the course of change of
frequency caused by the Doppler’s phenomenon,
Fig. 11.
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Fig. 10. Illustration of the operation of dynamic
signal resampling method after introducing the
apriori knowledge on the Doppler’s phenomenon.

While analyzing the above graphs, one can see
that the distortions of signal frequency by the
Doppler’s effect can be very rapid (a steeper curve)
and assume higher values but they can also last
longer, be milder and achieve smaller values.

Let us remember that while referring to the
reality we need to take into account the fact that the
registered signal will contain the data coming from
two or more consecutive sources. Such a situation
will occur e.g. for the passing trucks of a railway
car. We know that separation of the registered signal
into components, coming from individual sources, is
not always possible. That is why let us add
complexity to our model so that it simulates
a moving pair of signal sources, separated from each
other by a defined distance, and in addition let us use
two, separated from each other by a relevant distant,
microphones for registering the signals. Such
a situation will roughly correspond to the moving
railway car truck. While assuming the following
parameters for performing the measurement:

Source velocity — 50 km/h

Distance from the microphone to the track — 2 m
Carrier frequency — f1=f2= 100 Hz

Distance between signal sources — 1.8 m

Distance between the microphones — 6 m

we will accordingly obtain the signals and frequency
runs accounting for the Doppler’s phenomenon
effect from subsequent microphones, Fig. 12.
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Fig. 11. Model change of the course of the frequency
caused by the Doppler’s phenomenon effect,
depending on the measuring parameters selected.

Having at our disposal the situation modeled in
such a way, we can observe the emerging shape of
hysteresis created by the curves of carrier frequency
changes for two sources. Hysteresis plays a major
role in physics, taking into account the possibility of
describing quite specific physical phenomena as
well as the practical use of physical relationships
associated with it. In our case we can influence the
shape of the hysteresis by selecting the measurement
parmeters and conditions. Model simulations
demonstrated the physical phenomenon called
dumping when the relative distance between signal
sources increases, which is synonymous with
increasing the area of the artificially generated
hysteresis. Below we performed the simulation of
signals (Fig. 13) for the following data:

Source velocity — 50 km/h

Distance from the microphone to the track — 2 m
Carrier frequency — f1=f2= 100 Hz

Distance between signal sources — 10.8 m
Distance between the microphones — 6 m
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Fig. 12. Simulation of frequency changes for two
moving sources.

This specific phenomenon, which has been
generated, is characterized by the relationship
concerning the frequency of interfering signals:

dudnienia :‘ 1 2‘

In order to confirm the phenomenon that
emerged, we examined the envelopes of interfering
waves.

The frequency of around 8Hz is clearly visible
which in accordance with signal disturbance model
(Fig. 14) can be linked to the occurrence of the
Doppler’s effect phenomenon for two signal sources.
The additional low-frequency component, which
occurred in the spectrum of the amplitude-
modulating signal, is associated with the change of
acoustic pressure depending on the distance between
the source of sound and the microphone.

The phenomenon of beat effect was generated by
us by extending the shape of the hysteresis coming
from two moving sources of signal, which is
synonymous with the time of delay between signals.
The impact of this delay is significant from the point
of view of the ability to identify the phenomenon,
which is presented in Fig. 3.15.

Signal from first microphone
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Fig. 13. Simulation of frequency changes for two
moving sources for increased distance between
them.
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Fig. 14. Spectrum of the amplitude-modulating
signal.
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Fig. 15. Influence of duration of hysteresis on the
possibility of identifying the frequency of the beat
effect.

Longer duration of occurrence of “hysteresis”
will enable better distinction of the frequency of beat
effect among the components of the analyzed signal.

By correctly identifying the beat effect
frequency, we can reach the information on the
scope of change of the frequency, introduced by the
Doppler’s effect, which can be used, among others,
foyr estimating the speeds of moving objects. What
is also essential is the fact that damping effect
occurred only in in the area where hysteresis occurs.
This demonstrates that sources frequencies are
identical, which we will see below.

So far the modeled signals described an idealized
situation where the carrier frequencies of two
sources were identical. In reality they will differ and
the essential difference will be indicative of the
relative difference in the nature of operation of the
two systems. In the case of the truck of a railway
car, this can be caused by different diameters of the
truck’s wheels. Let us look at the results of
simulation (Fig.16) for the following parameters:
Source speed — 50 km/h
Distance from the microphone to the track — 2 m
Carrier frequency — f,=105Hz, f, =100Hz
Distance between microphones — 6 m

We observe the beat effect for two, different
values of relative distance between the sources. In
addition the scope of its impact covers the whole
range of the registered signal. In this case the
dumping frequency points to the existence of
differences between carrier frequencies of the
sources, which is the evidence of a different nature,
kinematic and dynamic nature of the individual
driving systems. Further detailed analysis can decide
whether this could be the information about
emerging or developing defects of the object.

Signal from first microphone

Signal from second microphone

Fig. 16. Simulation of signals for two moving
sources with a similar carrier frequency.

Such situation (Fig. 16) is more complex
compared to the model with two moving sources
with identical carrier frequency, since it has a bigger
number of interfering signals. As a result, we will
for sure obtain a signal which will be responsible for
the occurrence of the beat effect due to the
difference between the carrier frequencies of source
signals:

=4, -cos%(a)1 +a)2)t

where: 4 - 2A-cos%(a)] N
The frequency of occurrence of maximum value
of amplitude =24 is the dumping frequency. This
. . . 1 .
frequency is two times higher than E(a,1 —w,) since

the maximum value of dumping occurs both for

1
0055(0)1 —w,)r =1, and for cos%(wl —w,)=-1, Thus,

dumping frequency is: @, = (a)1 -, ) .

When analyzing a signal for small distance
between the sources (1.8m), it is the calculated
damping frequency that should be distinctly visible
in the spectrum of amplitude-modulating signal. Let
us subject the model signal to demodulation in order
to reach the frequency (Fig. 17).
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Fig. 17. Spectrum of amplitude-modulating signal.

The obtained spectrum confirmed our theoretical
considerations. Let us now analyze the case when
the relative distance between the sources increases in
such an extent so that a beat effect phenomenon
becomes possible, which is caused by the Doppler’s
effect phenomenon (relatively broad hysteresis of
frequency disturbance caused by the Doppler’s
effect). The formula for the interfering signals
within the area of artificially caused hysteresis will
look as follows:

Yy =App -COS%(&% +a)4)t

. 1
where: 4, == ZA'COSE(C% -, )t

Apart from another dumping frequency which has
emerged @, = (a)3 —a)4), one should remember

that in the case of dumping phenomenon it is the
carrier frequency of individual signals (components)
that changes and equals to the arithmetical average
of the source frequencies. Taking this phenomenon
into account we discover another interference whose
result will be dumping with frequency of:

_ (a)l +w2)_ (‘03 +a)4)_

2 2

~ @

amplitude,,
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1] g
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Fig. 18. Spectrum of amplitude-modulating signal.

While analyzing the amplitude spectrum for
a time signal, which includes the phenomenon of
occurrence of a hysteresis which disturbs the
frequency, we can isolate the beat effect which was

calculated earlier and which equals to the difference
of average frequencies of dumping signals (Fig. 18).
When the whole time run is subjected to the
analysis, then we will see, in the amplitude
modulating spectrum, the trace of this frequency as
well as the dumping frequency which results from
various frequencies of source signals.
Fig. 19. Spectrum of the amplitude-modulating
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signal.

While continuing the analsysis of the model used,
we can note the possibility of exploiting the fact that
registration is done with the use of two microphones.
Even when the hysteresis area is not big enough to
observe the beat effect caused by the effect of
Doppler’s phenomenon for two moving sources, we
can still bring it about while exploiting the fact of
the difference of signal frequency while approaching
and moving away from the signal. We can cause it,
while making use of the difference in terms of
a signal when coming closer or moving away from
the source of signal, Fig. 20:

instantaneous Doppler frequency

——  first microphone

~ 7| === second microphone

[Hz]

Fig. 20. Illustration of the possibility of capturing
the maximum difference between the frequencies, as
caused by the Doppler’s phenomenon.

This way, while manipulating with the set of
microphones, it becomes possible to combine with
each other the signals while approaching and while

moving away, which should trigger sufficient
condition for causing the dumping phenomena (Fig.
21), providing us with the information on the
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frequencies distorted by the Doppler’s effect
phenomenon.
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Fig. 21. Simulation of the damping phenomenon
while using a model with two moving signal sources
registered by two relevantly removed microphones.

All the up-to-date analyses of the beat effect
concerned changes of the carrier frequencies of
signals and can be also extended to include the
analysis of the modulating frequencies (dumping
caused by signals with similar modulating
frequencies). The frequencies of modulating signals
differ usually from the carrier frequencies of signals
and that is why one should not expect the occurrence
of the damping effect between them but a doubt
emerges  whether the observed  dumping
phenomenon, for the signals’ carrier frequencies,
could disturb the identification of the modulating
frequency. Let us perform the simulation of two
moving sources, of which one is amplitude-
modulated (depth of modulation = 0.2; modulating
signal frequency = 5Hz) while at the same time
relevant conditions occurred for stimulating the
damping  phenomenon  through Doppler’s
phenomenon. The envelope of such a signal was
subjected to spectral analysis (Fig. 22)

w
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amplitude

2 30

0

F}ﬂtequencgz[[Hz] »
Fig. 22. Identification of amplitude modulation
frequency.

Apart from the identified dumping frequency of
~8Hz it is also the modulating frequency of SHz
that is visible. Thus dumping will not interfere with
the interpretation of the frequency of modulating

signals which could appear in real-life signals in
moving objects.

4. CONCLUSIONS

As we have demonstrated, the model can be
used for proper selection of the conditions and
methods of measurement as well as diagnostic
parameters already at the stage of designing the
entire diagnostic system. It is also later, at the
moment of functioning of such a system that the
model should continue to be updated in order to be
able to meet the new measurement states and
conditions as they appear during the operation. We
have also demonstrated that there are several
possibilities in the approach to diagnosis of objects
in motion while using a stationary monitoring
station, even in spite of the disturbance caused by
the Doppler’s effect.
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USE OF THE GPS RECEIVERS FOR DATA SYNCHRONIZATION
IN DISTRIBUTED SIGNAL ACQUISITION SYSTEMS
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Summary
The issues of synchronization of vibroacoustic measurements taken with the use of multiple
mobile signal acquisition units were discussed in the paper. The problems existing with
synchronization of DAQ measurement cards placed in different acquisition units were described
and solutions allowing card synchronization using GPS signals were proposed. Described
solutions were tested in the field measurements of the moving railway cars and simultaneously
the stationary measurements taken next to the railway track.

Keywords: GPS, sound and vibration measurements, measurement synchronization,
distributed signal acquisition systems.

WYKORZYSTANIE ODBIORNIKOW GPS DO SYNCHRONIZACJI DANYCH
W ROZPROSZONYCH SYSTEMACH REJESTRACJI SYGNALOW

Streszczenie

W pracy omowiono zagadnienia zwiazane z synchronizacja pomiaréw wibroakustycznych
wykonywanych za pomoca wielu mobilnych uktadéow akwizycji sygnatéw. Przedstawiono
problemy wystepujace przy synchronizacji kart pomiarowych umieszczonych w réznych uktadach
pomiarowych i zaproponowano rozwigzania pozwalajace na synchronizacj¢ tych kart za pomoca
odbiornikdéw GPS. Zaproponowane rozwiazania zostaly przetestowane w warunkach
poligonowych podczas jednoczesnych pomiaréw na poruszajacych si¢ pociagach oraz pomiarow
przytorowych.

Stowa kluczowe: GPS, pomiary hatasu i drgan, synchronizacja pomiarow,
rozproszone systemy rejestracji sygnatow.

between the beginnings of the measurements, the

In the measurement practise we are frequently
forced to synchronize measurements taken
simultaneously in separate distant places. Such
systems are called distributed signal acquisition
systems. An example of such measurements is the
signal acquisition system built for the needs of
acquiring signals needed for the development and
testing of a pass-by railway monitoring station. For
this purpose vibroacoustic signals from the moving
railway car were recorded simultaneously on the
stationary ground data acquisition station and on
a mobile station carried on the moving railway car.
The noise and vibrations signals from both stations
were recorded and then analysed in laboratory for
detection and removal of disturbances introduced in
moving signal source by Doppler Effect [1, 2].

If we would like the time signals to be compared
point by point we need the recorded data to be
exactly timestamped. Speaking more precisely
depending on the acceptable time difference

need to synchronize measuring cards sample clocks
as well as depending on the distance between the
measuring computers and thus the possibility of
exchanging information between them, various
configurations of the measuring equipment and
synchronization methods could be used. In this
paper several possible methods of synchronization
of the measuring gear will be discussed with special
focus taken on the possibility of the use of the GPS
signal for this purpose. The methods described were
implemented and tested in practice during field
measurements using National Instruments data
acquisition hardware and programmed with
LabVIEW. The tests took place on in Zmigréd on
a CNTK railway test track. The testing equipment
consists of two independent NI/PXI-8186
controllers equipped with NI/PXI-4472B data
acquisition cards and two Garmin 18LVC GPS
receivers used for synchronisation purposes.
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Fig. 1. Rectangular pulse acquired simultaneously with the use of two DAQ cards on separate units.

2. MEASUREMENTS SYNCHRONIZATION
PROBLEMS IN DISTRIBUTED DATA
ACQUISITION SYSTEMS

Proper synchronization of the signal recordings
is very important if the correlation between time
waveforms not their spectral representations should
be analysed. For example if we would like to
remove a Doppler Effect from the recorded signal of
a moving source and would like to compare the
results with data captured on a stationary system we
need not only to align the beginnings of the
recordings (starting points) but also align the
sampling frequencies of the data acquisition (DAQ)
cards.

In this paper we will not be dealing with inter
channels synchronisation problems (i.e. multiplexed
and non multiplexed cards) but rather focused on
synchronisation problems of different, unconnected
with  themselves data acquisition units in
a distributed signal acquisition system.

The first more common synchronization problem
existing when synchronizing multiple units in
distributed signal acquisition system is the
simultaneous triggering of the DAQ cards i.e.
selecting the moment of acquisition beginning.
Usually it requires a physical (i.e. electric)
connection of the cards and is possible only in case
of relatively small distances between acquisitions
units counted rather in meters. Other possibilities are
to trigger the acquisition units using internet
connection [3] or WI-FI signal or to start the
measurements according to the specified time.
Unfortunately, sending trigger signal over
asynchronous lines except for small distances [3]
introduces usually unknown delay hard to estimate
and precision of the latter is very bad unless

a computer clocks are radio synchronized and the
precise timing of data acquisition is known.

Another problem usually not taken into account
while creating data acquisition systems is the
synchronization of the card oscillators. Crystal
oscillators are implemented in any of the data
acquisition cards and are the frequency base for
generating sampling frequency of data acquisition
(sample frequency). Although this oscillators are
very precisely made their frequencies differs slightly
introducing small differences in sampling frequency
even in the cards of the same type. If the acquisition
cards are in the same DAQ unit usually there is
a possibility to chose one oscillator (clock) a as
a basic for generation of sampling signals and
exporting its signal programmatically or physically
across the unit. For separate data acquisition units
placed close to each other only hardware method of
clock signal exporting is possible.

Usually the differences between clock
frequencies are very small but even for the same
type of cards if the signal is long enough the
difference could disturb the synchronization
between the signals recorded with use of different
DAQ cards. An example of the rectangular pulses
recorded on two independent NI/PXI-4472B DAQ
cards placed in different, not connected with each
other, chassis shows this problem (Fig. 1). On the
upper diagram eighty seconds of 1Hz rectangular
pulse sampled with 100kHz are visible. As was
shown on bottom left diagram both signals were
perfectly, to the single sample, aligned in the
beginning (first acquired pulse). After next 78
seconds the rising edge of one of the signals is
shifted AT=6 points from the other signal.
Additionally it is visible that the recorded
frequencies of both signals are looks a little bit faster
then 1Hz what is caused by clocks slower than
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documented. This frequency drift although very
small could disrupt in some times, especially for
very long recordings, the common analysis of
recorded waveforms.

3. METHODS OF SOLVING
MEASUREMENTS SYNCHRONIZATION
PROBLEMS

As was mentioned above the two most common
synchronization problems described could be easily
resolved if the data acquisition units are in the same
chassis or placed close to each other in such
a distance that they could be connected with wires
transmitted electric signals (clock). In other cases
especially if the distance between units is too long
for wiring or one or both DAQ units are placed on
a moving platform we are limited to wireless
communication between units or we could use GPS
signal as a source of synchronization signals.
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Fig. 2. PPS signal received from

Garmin 18LVC GPS receiver.

3.1. GPS signal as a source of DAQ cards

synchronization signals

GPS receivers could be used not only as a source
of current position and precise time but also as
a source of series of rectangular pulses that could be
used for synchronising data acquisition cards. To do
this the GPS receiver should be able to pass the
Pulse Per Second (PPS) or Inter-Regional
Instrumentation Group IRIG-B signal to its output.
Both signals are of the TTL level. PPS signal is
a rectangular pulse of duration of exactly 1 second
(Fig. 2) with accuracy depending of the receiver
electronics (for example for Garmin receiver 18LVC
accuracy is £1us). On the other hand IRIG-B signal
[4] contains BCD-coded information about the
current time and date (Fig. 3). Usually IRIG-B
signal is used for precise global timebase
applications so the receivers are rather expensive
and their usage is limited to standalone applications.
On the other side the PPS signal does not contain
timing information and as such should be
accompanied with time data transmitted from the
receiver over RS-232 interface.

PPS signal is usually available on OEM GPS
receivers that supports serial RS-232 protocol and is
not available on receivers with USB connections.

One example of such receiver is Garmin GPS
18LVC shown on Fig. 3. It’s extremely low cost
(~70USD) makes it available for applications where
the cost is crucial. The unit requires 60mA @ 5V
power source that is usually available in the DAQ
card connectors and has unconnected wires that
could be connected to the computer’s RS-232
interface (Data wires) and the DAQ card trigger line
(Measurement Pulse Output wire) in TTL standard.
The accuracy of PPS signal is 1us [5] good enough
for typical vibroacoustic signal recordings. Trough
the receiver’s serial interface NMEA-183 text
informations could be transmitted from the receiver
to the recording computer with alphanumeric
informations about current time, positions and signal
quality. The transmitted NMEA sentences follows
immediately rising edge of PPS signal, so the latter
could be used for triggering RS-232 reading. An
example of $GPRMC (Recommended Minimum
Specific GPS Data) sentence is shown below:
$GPRMC,091138,A,5128.1126,N,01651.5431,E,00
0.0,167.8,240707,003.0,E*73

This sentence contains current time (9:11:38),
position (51°28°1126”N, 16°51°5431”E), speed in
knots and course over ground (0, 0.0) and date (24-
07-2007).

Fig. 3. Garmin 18LVC GPS receiver [5].

3.2. Triggering DAQ card with PPS signal

Practical realization of triggering the DAQ card
acquisition with PPS signal at the specified time
moment usually requires the use of additional digital
counter card for triggering serial interface reading
with this signal. The analogue acquisition is then
started on the next rising edge of PPS signal (next
second) after reading and checking specified time
from the $PGRMC NMEA-183 sentence. The
flowchart of data acquisition triggered with pulse
per second GPS signal for each of the computers is
shown on Fig. 4.

As was shown above (Fig. 1) waveforms
acquired simultaneously on different acquisition
units differ slightly from each other because of
different sampling frequencies of DAQ cards.
Fortunately the drift of the clock frequencies is
constant in time and easy to compensate assuming
that the precise PPS signal will be recorded together
with other signals. In that case the recorded signals
could be resampled taking as a base time distance
between first and last rising edges of the PPS signal.
The resampling coefficients of clock waveforms
would be (Fig. 5):

R = _r R, = T
T-dT, T+dT,
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Fig. 5. Calculation of resampling coefficients using
recorded PPS signal.

3.3. Online compensation of DAQ card clock
frequency errors with PPS signal

The PPS signal could be directly used for online
correction of clock oscillators in DAQ cards. There
are at least two methods of doing this using National
Instruments hardware on PXI platform.

First method [6] uses specially designed counter
card NI/PXI-6608 as a source of clock for the DAQ
card. This card has very stable clock oscillator
capable of slightly changing its frequency according
to the Pulse Per Second signal of the GPS receiver.
The generated clock signal should then be exported
to the DAQ card. During the measurement each
rising edge of PPS signal introduces slight
correction to the 6608 clock frequency so the timing
of the DAQ card is very accurate (~300ns excluding
GPS accuracy).

Another method requires use of FPGA (field-
programmable gate array) acquisition card as
a source of a sample clock for separate DAQ card.
FPGA cards are extremely fast, capable of perform
single loop in 25ns — 40Mhz. They could be used for
generating sample clock of required frequency and
in the same time for calculating time distance
between consecutive PPS pulses. The frequency of
the thus generated sample clock will be corrected in
the last generated clock impulse but as this

correction is very small it will not introduce any
disturbances in the recorded signal.

4. SUMMARY

GPS signal allows synchronization of measurements
taken by independent, unconstrained data
acquisition units distributed on unlimited area. The
proposed method is very cheap but powerful. In the
simplest form, if used in the field measurement, the
starting time of measurements on different units
could be defined with use of conventional voice
media or automatically over WI-FI network.

Results of the GPS synchronized measurements and
their analysis were presented somewhere in this
issue.

Author would like to thank to the National
Instrument Poland team for their support in this
(and not only) work.
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Summary

The article describes the innovative conceptions of diagnoses of injectors in diesel engines
with Common Rail system. What is more, the new features of acoustic emission of injectors are
described. The correct as well as incorrect oscillograph course of acoustic emission are shown.

Some chosen data from the report of the world-wide known leader in the area of the production
of the injector systems in the diesel engines as well as some numbers selected from the one of the
biggest national services has bead discussed. The analyses as well as the reasons for the need to
start the additional research of the direct injector systems in the diesel engines are described.

Keywords: Common Rail, Unit Pump System/Pumpen-Leitung-Diise, diagnostics of injectors,
acoustic emission signature.

DIAGNOSTYKA NOWEJ GENERACII SILNIKOW O ZAPLONIE SAMOCZYNNYM

Streszczenie

W pracy opisano wybrane przypadki uszkodzen nowej generacji silnikow o zaptonie
samoczynnym (ZS). Zaprezentowano skutki uszkodzen oraz omoéwiono przyczyny ich
powstawania. Przedstawiono rowniez zapobiegawcza innowacyjng technike diagnozowania stanu
uktadu wtryskowego silnikéw z systemem Common Rail (CR) oraz UPS/PLD bedaca wynikiem
wieloletnich badan interdyscyplinarnego zespotu badawczego. Przedstawiono zestaw nowych cech
emisji akustycznej dla prawidtowo dziatajacych i uszkodzonych wtryskiwaczy.

Zamieszczono wybrane dane raportu $wiatowego lidera w dziedzinie produkcji systemow
wtryskowych silnikow o zaplonie samoczynnym oraz wybrane elementy statystyki jednego
z wigkszych serwisow migdzynarodowych sieci serwisowych Autodistribution International oraz
Bosch Car Service. Przedstawiono analiz¢ i umotywowano konieczno$¢ podjecia dodatkowych
badan przez os$rodki naukowo-badawcze w zakresie diagnostyki uktadéw wtryskowych silnikow
o zaptonie samoczynnym z bezposrednim wtryskiem paliwa.

Stowa kluczowe: Common Rail, UPS/PLD, diagnostyka wtryskiwaczy, emisja akustyczna.

1. INTRODUCTION

The development of new technologies used in
injection systems of self-ignition engines caused
a dynamic growth of their participation in the market
of cars produced which use such motive units all
over the world.

While such units prevail in lorries, when one
takes into consideration motor-cars and light trucks
whose permissible total weight is below 6 tons
a rapid growth of its market participation since 2000
can be observed (details, Fig. 1).
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Fig. 1. World production of light trucks of
permissible total weight below 6 tones [source:
Bosch]
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Fig. 2. Self-injection engines in the means of
transport: A — production of self-injection vehicles
in Western Europe, B — fleet of vehicles with self-

injection engines in Europe [source: Bosch]

According to the data of world leader of diesel
systems production — BOSH company, its income
coming from the sell of Common Rail injectors for
motor-cars in 2005 was estimated at € 36 million,
for lorries it was estimated at € 10 million, and the
sell of complete injectors was estimated at € 31
million. The overall income is € 77 million which is
about 40% of total income for the spare parts of the
injection systems and sensors to self-injection
engines at this time. The total amount includes the
earlier mentioned injectors, in-line pumps,
distributor pumps, HR CR pumps, heater plugs and
Sensors.

According to the statistics based on the actual
service repairs done in LOGIS Bosh Car Service and
AD Service company in Radom between 2004 and
2007, the damages of injectors in Common Rail
systems make up 62% of breakdowns of fuel
systems'. Apart from the injectors the most
commonly registered breakdowns of the system
were: fuel pressure sensors in fuel dispensers and
control valves of high pressure.

The above mentioned statistics results in the
need of the development of the means of diagnosing
of the injectors of self-injection engines and this is

' 9872 motor-cars with Common Rail system were
serviced, total amount of service problems with
fuel system — 576, the amount of injectors
breakdowns - 357

a question which needs introducing modern
solutions by specialized research and development
centres.

2. CHOSEN CASES OF BREAKDOWNS OF
SELF-INJECTION ENGINES

In self-injection engines with Common Rail
system the injection of the fuel takes place due to
controlling of electromagnetic valve or piezoelectric
servo of the injector by the FElectronic Diesel
Control (EDC) controller, which opens fuel channel
of “leakages and steering dose” of the injector. Due
to the pressures' difference between the steering
chamber and the pressure chamber the atomizer
needle raises and the fuel injection starts. Because of
the fact that there can be fuel of poor quality on the
market, the CR injectors often break down.

Those breakdowns can be divided into two
groups according to the broken elements of the CR
injector.

1. Breakdowns due to mechanical impurities of the
steering chamber and its valve.
2. Breakdowns of nozzles' tips.

In the first situation when the impure fuel is into
the port of the steering valve the valve has no
possibility of closing the leakage despite the lack of
controlling the valve by the EDC controller. Lower
pressure of the fuel in the injector's steering chamber
causes uncontrolled fuel injection, but the engine's
computer will not register any fault in its memory.
Moreover higher smokiness of exhaust gases can be
noticed or, in extreme cases, there can be problems
with starting the engine because of the leakage of the
injector.

In the second case openings of the nozzle can be
washed out erosively (Fig. 3A), they can lose its
permeability and in the extreme case when a long-
lasting overload of the engine occurs ,and ipso facto
when there is high intensity of flow and a high
portion of injection of the base fuel (motor-cars —
2.5x10°m’/s  (50mm’/2ms), lorries up to 17.5x
10°m’/s (350mm’/2ms) nozzle wells can be torn
apart (Fig. 3B). During high loading of the engine
the speed of forcing through of the fuel can be as
high as 555 mv/s [1].

A B

Fig. 3. Examples of breakdowns of CR injector's
nozzles
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Such a type of a breakdown causes improper
range of spout and the lack of proper nozzling of the
fuel as well as improper shape, direction and
division of the fuel in the can. Both types of
breakdowns, after long-lasting period of application
of the engine, can lead to its braking. The effect of
such a situation can be seen in Fig. 4.

@,

Fig. 4. Failure of the valve due to long-lasting
exploitation with broken injectors

3. INNOVATIVE TEHNOLGY OF
DIAGNOSING OF THE CONDITION OF
THE INJECTION SYSTEM OF THE
ENGINES WITH CR, UPS TECHNOLOGIES

The presented method of diagnosing has been
developed as a target project [4] and has been
successively modified. At present it is initiated in
a few companies in Poland. It relies on the measure
of acoustic emission (AE) whose source are moving
elements of the engine. Measured signal is
synchronously connected with its rotational speed.
Piston-crank's system, valves and resonance effects
create background noise, which occurs with low
frequencies (<1000Hz). Searched emission signal is
created due to spread of the wave of fuel pressure
into injecting pipes because of minor changes of the
fuel pressure after opening of the discharge jet (fuel
injection) and the emission which happens after the
phase change of fuel. The sensor registers waves
deflected due to the closings of injectors, closings
and openings of the injection pump. Strong signals
coming from closures of inlet and outlet valves are
also registered. The diagnostic signal is only
a fraction of a percent of the total acoustic emission.

Due to the fact that there is no possibility of
registering only of burst emission spectrum emitted
by the injectors there is a need of employing not
only a filter eliminating low frequencies but as well
the one eliminating high frequencies (the division of
given synchronous sources of acoustic emission in
time) in the amplifier of AE signal as well as using
the author's software with events' filter [4].

Parasitic frequencies attach to the diagnostic
signal but they remain at a constant level for
stabilized rotational speed of the engine. Diagnostic
signal frequency is contained in the range 1 - 22 kHz
for CR injectors which work properly and in the
range 1-30 kHz for faulty ones described in point 2,
according to type 1. Diagnostic parameters are:
features of acoustic emission and additionally
quality descriptors D, calculated by the dedicated
software. The descriptions of the researches,

procedures, the technique of installation of the
sensors and the elements of validation of the method
have been earlier presented in the given literature [2,
3,4,5,7,9,10, 11, 14].

3.1. System variables EDC,,C(P v U),,

In Common Rail and UPS/CLD systems,
depending of the working conditions of the engine
and the EDC injection system version used the
number of phases in the most up-to-date solutions
used can reach five phases. Two initial injections,
a principal injection and two postinjections. Their
presence is not constant though. While at high
engine revolution or loading and during engine
brake central unit excludes one of the initial
injections. A similar situation happens with the
postinjections as it is only realized when the need of
fining of the particular matter filter (Fig. 6) when the
differential sensor registers pressures difference
saved onto the map of controller. With the usage of
piezoelectric injectors of new generation the
possibility of steering of not only the number of
injection phases but also of the time distance
between them (Fig. 5) occurs thanks to the fact that
piezoelectric valves are four times faster than
electromagnetic ones [6].

1 2

\ ] /3 4\

injection dose

| t[ms]
t;
- > <
B

Fig. 5. Multi-phase fuel injector with piezoelectric
servo. 1 — initial injection, 2 — principal injection,
3 — early postinjection, 4 — late postinjection, t;, t,, t3
— regulated time interval between injections [6]

4
4

Fig. 6. Solid particles' filter with differential sensor
of pressure and with occurring pressures' difference
[source: Bosch]
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That is why during the diagnosing with the usage
of RMOG?2 tool a constant rotational speed of the
engine should be kept in order to achieve a reference
signal from the other injectors [12, 13].

There is, however, a theoretical possibility of the
breakdown of all the injectors at the same time.
Then the measure of the signal of steering injector
should be done with the use of an oscilloscope to
gain the needed value. The present steering of the
injector must be reflected in the signal of the results'
spectrum. The lack of such a reflection signals
breakdown of the injector’.

3.2. Acoustic emission features for properly
working and broken down injectors

! SET T ) VLT I I I 1
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t[ms]

Fig. 7. Burst emission: a — three-dimensional
projection, optimum for result's frequency (A, B —
initial injection, C — principal injection), 1, 3,4, 2 —
sequence of fuel injection into an appropriate
cylinder

For given solutions of the EDC system the
optimum of the result's spectrum should be
appointed experimentally (Fig. 7b) and which should
be defined as the reflection of the expected value in
the result's spectrum (in the result value). For
a given optimum timing-frequency decomposition of
the signal should be done (Fig. 8).

Acoustic emission data set can be analysed by the
dedicated software with the aim of obtaining

2 The second edition of RMOG device. Its name
comes from names of the device creators:
Ranachowski, Marczak, Olszowski, Guzik

3 Under a condition that the fuel pressure in the fuel
container is correct. However, it is registered with
the use of the sensor of high fuel pressure.
Improper pressure is registered in the error
memory of EDC controller and, in the case of any
incompatibility a controller of heater plugs on the
controllers' panel will light — in cars homologated
after 2003 — MIL controller.

numeric values of the quality descriptor D, and the
signal power P.. In the garage conditions the results
after the decomposition are observed on the
computer's screen and are additionally saved in non-
transitory memory of the system. Acoustic emission
features for properly working and broken down
injectors have been shown in Fig. 8.
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Fig. 8. A set of features of acoustic emission of
Common Rail injectors. W1, W2, W3 — properly
working injectors, W4 — a faulty injector

3. SUMMARY

According to statistic data and market
information about the production of motor cars with
self-injection engines in Western Europe in 2006
was estimated at 8 million which was over 47% of
total production. At present a total amount of cars
with self-injection engines in Europe is estimated at
about 88 million cars and is expected to reach 97
million cars in 2010.

The share of new injection systems at the end of
2006 was 66% higher than the conventional systems
and it is expected that in 2010 it will be over two
times higher.
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4. CONCLUSIONS

1. Statistics of breakdowns of the CR injectors
indicated the need of subduing this system to
preventive testing.

2. Due to the extensive growth of the market of
vehicles with the new generation system the
possibility of introducing preventive control
testing into the compulsory duties of Vehicles'
Control Stations.

3. Such an approach would create a need of
examining all types of systems and introducing
tables of reference for the quality descriptors'
values.

4. Preventive testing would allow excluding from
exploitation faulty working injectors, reduce the
consumption of fuel as well as reduce the
emission of harmful substations into the
atmosphere.
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DIGITAL ORDER TRACKING ANALYSIS FOR ROTATING MACHINERY
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Politechnika Bialostocka, Wydziat Informatyki, 15-351 Biatystok, Wiejska 45A
Tel. 085-746-91 48, palex@wi.pb.edu.pl,
mirekmo@wi.pb.edu.pl , gregor@wi.pb.edu.pl,

Summary

This paper presents a brief of properties and rules of digital order tracking analysis in diagnosis
of rotary machines. The classical methods of order spectrum analysis are also provided. The main
part of given paper is description of new approach of method for digital tracking analysis. The
most important thing is a way of choosing samples for logical change of regular sampling in time
domain by regular sampling in angle domain. The low-order filter based method is used. Presented
paper shows design of such filter and the results of simulations and experiments. At the end short
brief of expert systems idea for diagnosis of rotary machines was shown.

Keywords: digital order tracking analysis, vibrodiagnostic, real time.

CYFROWA RZEDOWA ANALIZA SLEDZACA DO MONITORINGU MASZYN
OBROTOWYCH. TEORIA I IMPLEMENTACJA

Streszczenie

W prezentowanej publikacji przedstawiono w skrocie zasady i cechy cyfrowej rzgdowej
analizy $ledzacej w diagnostyce maszyn obrotowych. Wskazano, takze klasyczne metody
wyznaczania widma rz¢dowego. Zasadnicza czg$cia publikacji jest opis autorskiej metody
prowadzenia cyfrowej analizy $ledzacej. Najistotniejsza innowacja jest sposdb wyznaczania
probek pozwalajacy na logiczna zmiang rownomiernego probkowania sygnatu w dziedzinie czasu
na rownomierne probkowanie w dziedzinie drogi katowej. Metoda polega na zastosowaniu tzw.
filtru niskich rzedow. W przedstawionej pracy opisano sposob projektowania takiego filtru oraz
pokazano wyniki symulacji i eksperymentéw. W zakonczeniu przedstawiono krotko ideg systemu
ekspertowego do diagnostyki maszyn wirujacych, wykorzystujacego opracowang metodg.

Stowa kluczowe: cyfrowa analiza §ledzaca, wibrodiagnostyka, czas rzeczywisty.

1. VIBROACUSTIC SIGNALS AND
REALTIME ANALYSYS

Vibroacoustic phenomenon (VP) in general are
dynamic mechano-acoustic phenomenon [3, 7]
which occurs with machines and moving devices or
having elements in motion. Such phenomenons are
vibration, air sound and material, pulsation of
rounding machine work space [6, 4]. Projection of
vibroacoustic phenomenons are vibroacoustic
signals (VS) generated by any kind of electronics
Sensors.

In practice aspects of VS [7] the widest domain
of appliance seems to be diagnostic, a specially
during ,,on time” in real-time of work. The classical
methods such as, signal decomposition using band
filters, estimation of power spectrum density isn’t
acceptable diagnostic result in periods of unstable
device work. It occurs when VP, so VS too,
temporarily loose its stationary property. Such
situation have place during speedup or breaking
down of rotary machines eg. rotor, electric engine,
plane and ships engines. In most of cases this stage
of work isn’t analyzed, because it’s temporary and

unstable state. However in causes, when we work
with big objects, where run-up and run-down
procedure is complicated, information of that
period of work have very important practical
meaning. It is early fault detection, so serious
damage can be avoided.

Instability of signals is very big difficulty of
measurement and analysis, so no one from classical
time, amplitude or frequency characteristic will be
useful. That shows spectrum map (fig. 1a), where
placement of spectrum lines moves with every next
measurement and not allows for correct estimation.
The range of observed spectral component changes
too. With the lowest rotations, all to the 8-th
harmonic are visible but with the highest only to the
5-th harmonic. In this cases changing domain of
analysis is demand [2, 13, 16], that the results have
stable character and allows do analysis. Such
possibility can be achieved using order domain
versus frequency domain. In this approach observed
signal (fig. 1b) can be analyzed in the same way
like classic invariable picture of frequency
spectrum. In order domain points on Y-axis
presents x-time of current speed of rotary object so
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spectral lines of signal component (functions of
rotary speed of engine) will be stationary.

a) Mapa widmowa
4.7k

A

vty
W

" b
e
Sublroeie

0

2.5k

b)4_7k

Obrimin

2.5k

4

Fig. 1. Frequency spectrum of VS signal with
increasing rotary speed and order spectrum
of VS signal with increasing rotary speed

2. VIBROACOUSTIC SIGNALS ANALISYS
MADE AS ORDER TRACKING
ANALYSIS

The main work algorithm of measurement
devices worked in order domain analysis are well
known from publications [1, 2, 13], many
companies like Hewlett-Packard, Bruel & Kjaer,
Oros. The algorithm of work flow presents as
follows:

a) measure and store the arrival times of each
synchronizing tachometer pulse simultaneously
(depending of spectrum resolution);

b) calculate the new points of digital resampling
time on the base of different rotation models
and store them;

¢) interpolate the stored measurement data in some
optimum manner to obtain new samples at the
desired time points;

d) compute the spectrum in the order domain using
FFT or any other transformation.

The hardest operation is reconstruction of signal
amplitude in the angle movements corresponding
the same time moments with precision allowed to
achieve demand spectrum dynamic. In paper [13] of
Hewlett-Packard company, for signal amplitude
reconstruction the interpolation in time domain
filter was used. The main defect of such approach is
the same amplitude-frequency characteristic in
every new collected point corresponding the same
angle movements. In the machine speeding up
situation threshold frequency should move into high
frequency, and when the machine slowing down —
into low frequency. Given property makes constant
non-removable defect which limits dynamic of the
method. For signal amplitude reconstruction the
specialists from Bruel & Kjaer company applying
different [1, 2] solution: decimation and

interpolation  with partial multiplicity. That
approach decimation factor must be change with
non-stationary frequency of engine rotary, but there
is problem with setting of current, demanded value
of decimation factor which depends on dynamic of
specific machine.

In the next chapter the algorithm of spectrum
order determination with angle domain filtering
usage was described, that eliminates problems in
presented methods.

3. SPECTRUM TRACKING ANALYSIS
BASED ON DIGITAL LOW ORDER
FILTER

Digital order tracking analysis is very important
in case of diagnosis of big rotating machines.
Disadvantages of traditional methods implicated
number of their improvements [12, 10]. The key
moments in algorithms that computes order
spectrum are how to calculate time points on equal
angular movements and how to approximate
rotation speed in this points. In presented method
[11, 10] linear acceleration rotation speed model
and low order filter are used.

3.1. Calculation of new digital resampling time

points

In presented work one’s assumed that the
reference shaft is constantly accelerating during
three successive phase marks. Denominate 7 time
between i and i+/ phase marks and T7j+/ between
i+1 and i+2 phase marks and using lows describing
rotating movements one’s get:

2 2
T +T 7
PR j+1 J +
TP )

where N — number of resampling points, i — current
time point (in equation (1) before square root is
chosen ,,-” if acceleration is negative, otherwise is
”_,’_”)‘
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3.2. Amplitude interpolation at the desired time

point

Amplitude interpolation can be made using
digital filter of low orders (LOF — Low Order
Filter). On fig. 2a time changes of rotation speed
are shown. On fig. 2b one’s see data collected with
constant discretization frequency (Ts=const.) and
two time moments tji tk, where amplitude should be
resampled. To achieve this, rotation angle in points
1 to 5 and 11 to 16 are calculated. Then, central
point of filter impulse response is set on
interpolated time moment. Resampled value is
equal to sum of the next signal points stored with
constant sampling rate weighted with impulse
response of LOF. The impulse response of LOF in
angle domain is symmetric and has constant width
(fig. 2¢), but in time domain varies tracking rotation
speed (fig. 2b). Resampling algorithm is as follow:
1). To calculate a revolution angle for # resampled
point from beginning of a revolution j on the base
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of the linear model of object rotation. It should be
noticed that the central point of impulse response of
LOF is in a resampled point:

2

where: o — is initial angular rotation velocity of
j revolution, € - acceleration.

The dependence of object rotation speed on time
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Fig. 2. Resampling amplitude method by the
interpolation digital filter.

2. To calculate a current angle from beginning of j-
th revolution for the nearest points stored with
constant sampling time period to the resampled
point on the base of the linear model of object
rotation.

2
o(nT,) = w, 0T, +g("TTs) : (3)

where T — discretization period. If the n-th point

concerns to the previous (j-1)-th revolution, then:

2
go(nTS):—2ﬁ+a)0j_lnTs+£@ ©)
In addition to check up the angular distance
from the resampled point up to some i-th nearest
point stored with constant sampling time period,
whether the angular distance is no more than half of
length of the impulse response. The length of the
impulse response of LOF is
2z(Nj, -1)
h N-L

where N, — number of points in impulse response,
N — number of resampled points, L — number of

phase markers. Now then it should be:
7Z'(Nh—1) 71'(Nh -1

<onl)-¢, <
N Sl -e <

i

)

3). To calculate according expression (1) the value
of the impulse response of LOF with angle defined
on the step #2 for the signal points stored with
constant sampling frequency.

(nT) N-L 7Z'(Nh—1)
nly)=——/| ————
P s N, NL

4). To calculate resampled y, of a signal in i-th
point as a sum input signal points stored with
constant sampling frequency weighted with impulse

response:

ot P(nTg )J (6)

> hy (nT)x(nTy)
__n i
yti - ;ht' (nTy) ™

where x(nTs) — input signal. The summation in (7)
is conducted for all of n, for which the inequality
(5) is executed. The given division of the resampled
signal amplitude on a size equal to sum of impulse
response points is necessary to take account of the
change of the impulse response length of LOW in
time domain.

In presented resampling method low pass order
filter with constant impulse response in angle
domain is used. This fact eliminates methodological
errors present in other methods. Additional
advantage is that in further calculations only
important part of spectrum is considered. As were
shown, cut-off frequency in magnitude response in
frequency domain of the LOF automatically tracks
rotation speed changes.

4. SYNTHESIS OF LOW ORDER FILTER

The requests, which the LOF should satisfy are
as follow:
1). The cut-off order of a filter should be selected
from the required maximum order. In the generally
case the normalized cut-off order of a LOF can be
selected as: pc=2pma/(N-L), where pmax —
maximum order in signal spectrum, N-L — total
number of resampled points.
2). The request to pass-band ripple of order
response characteristics is selected according to
arequired dynamic range of the analyzer, as
generally during revolution the acceleration of
object rotation can be not to constant, then the
passband ripple of order response will be perceived
as a noise, which to reduce will be impossible
without knowledge of the law of the acceleration
change. For a required dynamic range Dr, [dB], the
passband ripple is estimated by the following
expressions:

0, =120-1g(1- 107°r2%)
0, = +100%-107"r'*

For example, for a required dynamic range 70

dB will have 6,= £0,032% or ; = £0,003 dB. Also
the stop-band ripple of a order response should be
selected not bigger than significance DT.
3). The ratio between pass-band, stop-band and
transition band should be selected according to
minimum to possible impulse response points
number, as this number determines computing
complexity of the resampling amplitude algorithm.
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Thus, the problem of a low order filter synthesis is
formulated as: Let on the set of orders £, e (-L, L),

the function is given B(l) and the order of transfer

function H(l) of a nonrecursive filter (FIR)
H(l) = thk exp(— jkl) - Where [ - current order.
k=0
It is required to find the vector

h" =[h,,h,,..,h, |" such, that

Nyl N, -1
f h .
min max [B() = Yk, exp(—jkD)| = max |B(l)~ 'Y hZ exp(—jkl)| =0
leL k=0 lelL k=0
otherwise
N, -1
max|B()~ X h exp(~jkl) = max = s
S k=0 h

The set E consists of the pass-band and stop-
band of the desired filter. Thus, we have got the
Chebyshev approximation problem. To solve for
the filter parameters, we can use the Remez [8]
exchange algorithm. The continuous impulse
response of the LOF is determined according to the

trigonometrical interpolation method [11]:
Nj-1

8
h(p)= ., %, {al co{zzd 9 J+bl sin[z;dg"ﬂ ®)
2 = SaNp 84N,

where 9d =2m/(N-L) — sampling period (angle), N,

— number of points of impulse response, LQd -

continuous angle (0<%, <, N,),

Nyl
a :i > h cos[27r1q] 9)
LNy g2 1 Ny )

b —iN}i_lh sin[erqu (10)
! Np q=0 1 Np

where 4, - g-th point of the LOF impulse response.
On fig.3a — 3¢ impulse responses of the LOF in
time domain are shown. The parameters are: =0,
£=200 rad/sec’, N,=33, T=107s_c for N=64 points.
On figures following labels are used: n —-number of
point, h1, h32 i h64 — accordingly impulse response
in time domain for 1-th, 32-th and 64-th resampling
point on the second rotation revolution. From fig. 3
it is visible that by machine run-up, impulse
response in time domain is non-symmetric and its
length (measured by number of points) decreases.
The magnitude characteristic of the LOF in the
frequency domain for the given example is shown
on the fig. 3d. The line 1 corresponds to the first
resampled point, the line 2 - 32-th, and the line 3 -
64-th resampled points for equal transitions on the
second revolution respectively. From fig. 3d it is
visible, that LOF has a magnitude response in
frequency domain with tunable cut-off frequency,
and this frequency displaces in high-frequency area
owing to run-up of object. Therefore, the offered
filter realizes automatic tracking for the change of
the object rotation velocity in the correspondence

with the required model of the object rotation
velocity.
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Fig. 3. a) Impulse response on the 1-st resampling
point, b) on the 32-th point, ¢) on the 64-th point,
d) magnitude response of the LOF in frequency
domain.

5. SIMULATION AND TESTS

Algorithm of the developed spectral tracking
analysis consist of following stages:

1. To measure some adjacent time intervals
between phase markers on the object rotor.
Number of intervals is find from expression
(L*N)/2 = Pmax, where Pmax — maximum
order required in spectral map. If spectral
resolution [/k is needed, it is necessary to
collect data throughout k+/ revolutions.

2. To calculate time moments on equal angle
movements of the rotor of the object.

3. To resample amplitude in time moments from
stage 2.

4. To calculate spectral map using FFT algorithm.
With purpose of a illustration of method work
the simulation modeling of process of a unstable
rotation is performed. Linear and sine wave are
chosen as the law of time variation of object
rotation speed. It includes run-up and run-down
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stages of object. The following signal was used
as the simulation signal:
x(¢) =sin[ @ ()] + 0,25 sin[ 10 @ (#)] »
where:

o) =at+ a2/2 - by linear changes,
- _a 4 - by sinusoidal
o(t) a)ct 5 cos (at)+ b y

changes (a, b — signal parameters, ¢, — stationary

rotation speed).
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Fig. 4. The spectral map in order domain by linear
velocity changes for one revolution (upper fig.)
and for six revolutions (lower fig.).

Some simulation results are shown on fig. 4 and
fig. 5. The simulation experiments depict that
proposed method provides stable spectral line
despite of velocity changes even by non-linear case.

By non-linear rotation speed changes spectrum
noise component increases because of differences
between modeled and real rotation speed.
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Fig. 5. The spectral map in order domain by
sinusoidal velocity changes for one revolution
(upper fig.) and for six revolutions (lower fig.).

For checking of the method it was also made
atest of an asynchronous electric engine in the
stage of start-up and some time later in the stage of
rated load. The range of generated frequencies was
closed to vibrations of symmetrical engine with 24

slots of stator. The testing results are shown on the
fig. 6.
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Fig. 6. a) The vibration signal of an electric engine,
b) the dependence of object rotation speed, c) the
dependence of the 1-th, 10-th and 25-th order
amplitude upon number of revolution, d) spectral
map in order domain.

6. EXPERT SYSTEM

Proposed method gives possibility of diagnosis
rotary machines at instable environment.

Supplementing proposed approach by spectral
analysis, there is possible to create automated
diagnosis system [12] inclusive all cycle of rotary
machines work. During the research the idea of
such system was developed. The decision
mechanism based on fuzzy-logic methods. The
system is implemented in an objectoriented
language C++. The object-oriented approach is
used because it provides a rich structure for
describing frames. The fuzzy reasoning algorithm
and knowledge representation in this system are
based on the results of the paper [9]. Each
hypothesis is expressed as a frame, witch is
organised as a hierarchy through a system of
superlinks and sub-links. The rules about
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a hypothesis are attached in the associated frame.
There are two kinds of rules. One is used for
diagnosis, the other is for meta-knowledge.
A grammar in Backus-Naur Form (BNF) for the
rules are given below:
Rule:= rule-name IF [conditio] then conclusion
oAt [rel()]
Condition:= fullpremise {relation fullpremise}
Fullpremis:= [sign] premise [ weight(f)]
Relation := AND/OR/ADD/REL
sign:=NOT
conclusion:=[sign]premis/rule-namel
{rule-name}
premise:= string/(numeric-variable
relation-op value)/string IS string-val)
numeric-variable:=string
relation-op:=>/</=
value:=decimal number
string-val:=string
f-1+1]
rule-name:=rule-namel/rule-name2
rule-namel :=r+digital number
rule-name2:=M+digital number
* bold letters denote keywords
The rule is formulated in a class with the data
and operations encapsulated in the rule class. The
data include rule name, rule type, certainty,
conjunction, conclusion, related factor and
a premise list for the variable number of premises.
The operations about the rules are written as
methods. They include getNumberofPremise(),
which will get the number of premises in a rule;
getnthPremise() which will get the content of the
nth premise; and so on. The definition of the
diagnostic rule class is presented in the following
view:
class: DiagRule
suoperclass: Rule
data:
ruleName:
ruleType: RULE DIAG
pemiseList:
certainty:
preRelation:
relatedFact:
conclusion:
methods:
virtual readData()
getNumberofPremise()
genthPremise()
rulename()

ruletype()

certainty()
prerelation()

releatedfact()
conclusion()

A premise is also expressed as a class. It
includes premise type, attribute name, relation
between premises, weight for the premise and
attribute value such as increase, small, 0.12 and so
forth. An instantiation of the premise class is
executed as follows:

class: Numeri premie

super-class: premie

premie-type: pre-num

attribute-name: the thickness of LVwall

relation: ADD

weight: 0.3

attribute-value: incrase

Sfunction: match()

certainty: 0.7

Each premise object may have its own match

method to calculate the degree of match between
the premise and findings. The certainty fact for
a premise is calculated by the algorithm and filled
in the certainty slot during the run time. In the
system, the frames, rules and even premises are all
expressed as classes. During the reasoning process,
they are instantiated into objects. This objects will
be created and deleted dynamically. The fuzzy
reasoning algorithm is wused to calculate an
uncertainty measure for the conclusion.

7. CONCLUSION

Developed method of digital tracking analysis
for monitoring industry machines working in runup
and run-down phases and during big frequency
instability, eliminates methodology inaccuracy
caused by applying polynomial interpolation or
interpolation filter in frequency domain. The filter
works in order domain has constant order of cut-off
(similarly frequency threshold) and choose only
that part of order spectrum which is important for
the next processing. Impulse response of the given
filter is function of rotation angle and constant in
this domain. After transformation of given
characteristics into domains, time and frequency
appropriately, the shape of them changes together
with rotary speed change. In the case of frequency
characteristic the cut-off frequency automatically
fits to changes of speed of rotary machine rotations.
In the case of impulse response the progress and the
count of non zero points changes. The changes
character depends on established model of rotary
speed changes. Applying proposed method and
appropriated parameters of interpolating filter (Low
Pass Filter) the spectrum dynamics more than 100
dB can be achieved (polynomial interpolation or
interpolation with frequency domain filter gave
dynamics about 70-80 dB). Computation
complexity is a defect of proposed method. It can
be resolved using efficient microprocessors DSP or
distributed arithmetic technology.
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APPLICATION OF THE WAVELET TRANSFORM IN SI ENGINE
VALVE FAULT DIAGNOSTIS
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40-019 Katowice, ul. Krasinskiego 8, fax (+48) 32 603 41 08, email: henryk.madej@polsl.pl

Summary

In this paper, the wavelet transform of vibration acceleration signals which were acquired from
the cylinder head in two different states of valve train were analyzed.

The valve works under two different conditions: the normal condition and the gasleakage fault
conditions. The gasleakage fault was simulated by producing a 3 mm long crack on the cap of the
exhaust valve. The sampling frequency was 25 kHz and during data acquisition process, the
rotating speed of the engine was kept at a constant rpm and at run up condition.

A engine valve is opened by a camshaft and pushed back to its seat by a valve spring. Problems
with valve mechanism can cause a change to the transient vibration produced during opening and
closing.

The vibration signals collected from engine block are complicated the features of the signals in
different fault condition often overlap together with each other.

The vibration signals from cylinder head are typically non-stationary and transient, which are
usually analyzed with non-stationary signals analysis methods, such a time frequency analysis
(STFT, WVD), wavelet analysis (DWT, CWT) and wavelet packet analysis (WPT).

In wavelet analysis, the signals are processed at different scales or resolutions. Wavelet
analysis is one effective tool for signal processing and feature extraction. In this paper the time—
energy density analysis approach based on wavelet transform is proposed.

Keywords: wavelet transform, valve fault, diagnostics.

ZASTOSOWANIE ANALIZY FALKOWEJ W DIAGNOZOWANIU USZKODZEN
ZAWOROW SILNIKA SPALINOWEGO ZI

Streszczenie

W  artykule przedstawiono wyniki analizy falkowej sygnalow przyspieszen drgan
zarejestrowanych na glowicy silnika ZI z symulowanymi uszkodzeniami zaworow. Badania
przeprowadzono na silniku sprawnym oraz na silniku z uszkodzonym zaworem wylotowym
pierwszego cylindra. Uszkodzenie zaworu wylotowego, powodujacego nieszczelno$¢ cylindra
symulowano poprzez poprzeczne nacigcie grzybka zaworu o dlugosci okoto 3 mm. Sygnat
przyspieszen drgan rejestrowano z czgstotliwoscia probkowania 25 kHz, podczas badan silnik
pracowat ze stala i zmienna predkoscia obrotows. Praca uktadu rozrzadu wywotuje zaburzenia
impulsowe, ktore sa widoczne w sygnale przyspieszen drgan. Drgania mierzone na bloku maja
ztozony charakter ze wzgledu na naktadanie si¢ sygnalow pochodzacych od réznych zrodet.
Sygnat przyspieszen drgan kadluba i glowicy jest niestacjonarny i do jego analizy stosuje si¢
metody przetwarzania sygnatow w dziedzinie czasu i czgstotliwosei, tj. STFT, WV, oraz analizg
falkowa (CWT, DWT) i pakiety analizy falkowej (WPT). W analizie falkowej sygnal jest
przetwarzany ze zmienng rozdzielczoscia w dziedzinie skali i czasu. Z badan wynika, Ze jest ona
skutecznym narzedziem shizacym do budowy zbioru cech diagnostycznych. W artykule
przedstawiono wplyw uszkodzen zaworu na rozktad energii sygnatu drganiowego na ptaszczyznie
czas—skala.

Stowa kluczowe: analiza falkowa, uszkodzenia zaworow, diagnostyka drganiowa.

1. INTRODUCTION

At present, time-frequency methods are
commonly used for examining vibroacoustic
processes (V.A.). In V.A. diagnostics, they are
particularly useful for filtering disturbance, detecting
pulse components induced by faults and finding
significant features of the diagnostic signal. An

important issue in vibroacoustic studies is a correct
interpretation of complex signals by applying more
and more proficient methods of their processing.
The main tasks in diagnostics include separation of
auseful vibroacoustic signal and selection of
characteristic, damage-sensitive features of the
processed signal. The VA signal generated by
individual kinematic pairs and combustion engine



98 ) DIAGNOSTYKA’ 4(48)/2008
MADEJ, LtAZARZ, PERUN, Application Of The Wavelet Transform In SI Engine Valve Fault Diagnostis

tooling are most frequently nonstationary due to the
occurrence of nonlinear phenomena induced, inter
alia, by clearance or nonlinearity of elastic
components’ characteristics. Frequency
characteristics of signals essentially depend on
transmittance of the propagation route of component
signals from their source to the measuring point. The
signal is usually measured by convolution and
superposition of many signals and noises.

The paper presents the results of studies aimed at
determining the effect of exhaust valve damage on
the vibration energy distribution in the time-scale
and time-frequency plane. The timing gear system is
one of the principal components of the combustion
engine. The operational and breakdown wear of such
components as the camshaft, pushers, levers and
valve springs, as well as valves themselves, has
a significant influence on the work of the engine, its
performance and reliability. Leakage of exhaust
valves affects the engine power to a lesser degree,
while the main problem here is a rapid increase of
their wear intensity as a result of combustion gas
blow-by, which very often leads to a complete
damage of valve heads, caused by their burn-out.

For this reason, it is essential to search for
effective methods of processing vibroacoustic
signals, sensitive to valve damage in its initial stage.

2. TIME-SCALE SIGNAL ANALYSIS

A simultaneous analysis of the time and
frequency related properties of signals by means of
a wavelet transform is more and more frequently
used in diagnosing combustion engines [6, 7, §].

The continuous wavelet transform of a finite
energy function, x() L*(R), is defined as follows:

+00

W, (ab)=(x00,,0) =l > [ a0

—o0

a, beR, a#0

An inverse transform of the transformation
W.(a,b) takes the following form:

17 dadb
x(r>=C—WLm(a,b)wu,b(z>Z—z @

Based on the definition, the function y(?) eL’(R)
is an acceptable elementary wavelet, if:

- 2
e LA )
0 w

where \P(Ce)) is the Fourier transform of the
function w1(?).

The wavelet transform is a transformation which
retains energy following the dependence:

Jixofae= ] [ asf 92

2
a

W —o0—o0

In accordance with the above formula,
‘Wx (cz,bX2
2
C,a
function in a, b plane. The equation (4) can be
formulated as follows:

can be treated as power density of the

T\x(t)\zdt = ci Ta’zE(a)db )
°, Y e

E(a)= [, (a,b)db ©)

R
E(a) is referred to as the wavelet power spectrum of
a signal.

Wavelet coefficients (a,b) are the function of

scale a and shift 5. A change of the scale is
tantamount to wavelet compression or stretch y .

The coefficients Wx(a, b) are the measure of signal’s
x(?) correlation with the wavelet y _,(¢): for narrow

wavelets (small a), they represent the content of
high-frequency components, and for wide wavelets
(big a), of low-frequency components. The above-
mentioned properties of wavelet analysis make it
more and more popular in diagnosing combustion
engines, where non-stationary signals with impulse
components are processed. The current studies show
that the wavelet power spectrum determined for
a selected range of crankshaft rotation can be
successfully used for the detection of combustion
anomalies and clearance in the piston/cylinder
system.

3. RESEARCH OBJECT AND TESTING
PROCEDURE

The object of tests was a 1.3 dm’ engine of
a Ford Fiesta personal car. The tests were conducted
on a Bosch chassis test bench FLA203. The tests
were conducted on a fully operational engine and on
an engine with a damaged exhaust valve of the first
cylinder. Damage of the exhaust valve causing
cylinder’s leakage was stimulated through a lateral
notch, ca. 3 mm in length, of the valve head. During
the tests, accelerations of the valve head vibration
were recorded and rotational speed of the crankshaft.
The frequency of sampling the vibration signals and
rotational speed was 25 kHz. The tests were
conducted for different rotational speeds and loads.

The main purpose of the study was to determine
the effect of the simulated local fatigue crack of the
exhaust valve of the first cylinder on the
characteristics on the time-frequency and time-scale
plane.
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4. RESEARCH RESULTS

The distribution of wavelet coefficients for one
working cycle of an undamaged engine during idle
run is presented in Fig. 1, and for an engine with
a damaged exhaust valve, in Fig. 2.
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Fig. 1. Distribution of wavelet
coefficients for the undamaged engine
(wavelet CWT db4)
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Fig. 2. Distribution of wavelet
coefficients for the engine with
a damaged valve (wavelet CWT db4)

Based on the above-demonstrated results, it can
be assumed that the damage to the exhaust valve
induced significant changes of the wavelet
coefficient values, especially within the range of low
scale values which correspond to high frequencies.

On the basis of dependence (6), the effect of the
simulated damage of the exhaust valve on the
distribution of vibration signal energy was
determined as a function of scale, by determining the
wavelet power spectrum E(a) (Fig. 3).

Fig. 3. Wavelet power spectrum E(a)

Based on the wavelet power spectrum, it can be
affirmed that damage induces an increase in signal
power for all scale coefficients. The damage also
induced a shift of the spectrum maximum towards
lower scale values (higher frequencies). Figure 4
presents the change of total signal energy, caused by

the damage.
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Fig. 4. Total signal energy determined
for one working cycle of the engine

Figs. 5 and 6 show the time courses of vibration
accelerations and their decomposition into low- and
high-frequency constituents, performed with use of
wavelet filtration, for a fully operational engine and
an engine with a damaged valve, respectively.

The presented vibration accelerations were
recorded during the engine's work under load at
a travelling speed of 100 km/h, simulated on a test
bench.

The results of time and frequency analysis,
performed with use of Wigner — Ville transforms,
corroborate, for both cases presented, the fact of the
vibration energy shift towards higher frequencies
(above 8 kHz). Based on the WV decompositions
presented, it is possible to observe changes of the
instantaneous value of vibration signal energy
during the engine’s working cycle. Time and
frequency  decomposition of the vibration
acceleration signal allows detecting nonstationarity
as a function of the crankshaft rotation angle and the
vibration spectrum structures.
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with undamaged valves
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Fig. 7. Wigner-Ville distribution of vibration accelerations of an engine with undamaged valves
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Fig. 8. Wigner-Ville distribution of vibration accelerations of an engine with a damaged valve

Based on the test results, it can be affirmed that
the simulated damage to the valve caused stimulated
the engine block to vibrate in a wider frequency
band (Figs 7 and 8).

5. CONCLUSIONS

In the case of an engine working with a damaged
exhaust valve, the maximum values of wavelet
power spectra obtained on the basis of CWT move
towards higher frequencies (lower scale), compared
to the spectra obtained for an engine with no

damage. This phenomenon is confirmed also by WV
distributions.

The phenomenon can be used for constructing
simple measures useful for an evaluation of the
condition of engine valves.

The methods of analysing signals of head
vibration accelerations, proposed by the authors,
may be also useful for separating signal constituents
induced by the combustion process and percussion
phenomena connected with valves’ operation.
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Summary
This paper shows the analysis of possibilities of center of mass projection tracking application
in dyslexia diagnosis. The metrological, economical as well as constructional issues of
computerized dynamic posturograph (CDP) are taken into consideration.

Keywords: posturograph, computerized dynamic posturography (CDP), dyslexia diagnosis.

KONCEPCJA ZASTOSOWANIA POSTUROGRAFU DO DIAGNOZOWANIA DYSLEKSIJI

Streszczenie
W niniejszym artykule dokonano analizy mozliwo$ci wykorzystania przebiegu potozenia rzutu
srodka cigzkosci na plaszczyzng podstawy do diagnozowania dysleksji. Rozpatrzono aspekty
metrologiczne konstrukcyjne i ekonomiczne zastosowania platform posturograficznych.

Stowa kluczowe: posturograf, komputerowa posturografia dynamiczna, diagnozowanie dysleks;ji.

1. INTRODUCTION

The majority of diagnostic examinations is based
on reading and writing tests, therefore its application
is restricted to children above 6-7 years old. Earlier
dyslexia diagnosis gives children greater chances of
normal development by the early start of therapy.
The diagnosis is possible only basing on the aspects
of child’s behaviour. Medical and psychological
researches show that dyslexia is indirectly connected
to the occurrence of medulla deficiencies. Medulla is
responsible for various cognitive and motor
processes e.g. acquiring and mastering of new skills,
coordination and keeping the body balance. It also
plays an important role in a process of learning,
detecting and correcting mistakes in motor
processes. Medulla deficiencies are also attributed to
development al dyslexia. Unbiased diagnostics tests
of medulla deficiencies can be therefore helpful in
dyslexia diagnosis. The electronic tests are useful in
medicine to diagnose dyslexia in children in the pre-
school age, they are also useful for legal purposes to
verify dyslexia in students taking secondary school
leaving exams.

One of the major methods that enables quality
measurements of medulla functions quality is Mirror
Drawing test, MD. The ways to automates the
mirror droving test are described in [1] and [2]. The
other method of assessment of quality of medulla
functions is an analysis of motor coordination
related to keeping body balance and analysis of the
speed of acquiring of that skill. This test can be done
by an electronic device that tracks the projection of
the center of mass to the base plane -—
a posturograph.

2. REQUIREMENTS FOR A POSTUROGRAF

Posturograph should be able to provide the
methods for doing various dyslexia diagnosing
medulla deficiencies tests. For metrological
requirement analysis the tests can be divided into:
simple static, static with feedback and dynamic.

The realization of the described tests generates
many requirements for parameters of the
measurement set. But to generate precise
construction requirements the target group of the
patients should be also taken into consideration.

These are kids at the pre-school and primary
school age, but secondary school students and adults
can not be excluded. Therefore posturograph should
enable conducting the tests on people weighting
20+90 kg, and of height of 100+190 cm and feet
length of 18+32 cm.

To sum up during the tests the frequencies of
center of mass oscillations are expected to be no
more than few Hz and expected amplitudes are up to
20 c¢m, expected force exerted on base plane is up to
90 kg. Moreover apart from measurement the
techniques for data acquisition and processing need
to be designed. The digital signals should be
registered for further processing and for automatic
diagnosis generation. Additional, but very import ant
requirement is the low cost of the apparatus.

3. ANALYSIS OF CURRENT SOLUTIONS

Posturographs are manufactured for and applied
in medicine and rehabilitation, most frequently In
orthopaedic problems and for diagnosing and
treating diseases that disrupt normal body balance



104 DIAGNOSTYKA’ 4(48)/2008
OLCHOWIK, The Posturograph Application In A Dyslexia Diagnosis

keeping skills. The first to explore medical
application of the posturograph in Poland was
Institute of Measurement Systems and Automatics
(currently Institute of Electronic Systems) MUT.
Later there were few prototypes. Particularly
interesting is the one designed by Military Institute
of Aviation Medicine.

Currently broader is the offer of international
companies, but software for currently available
posturographs can not be used in dyslexia diagnosis.
The NeuroCom USA products are used in
rehabilitation of patients with dyslexia in the UK,
but NeuroCom USA offers no diagnostic software.

Additional the prices of computerized dynamic
posturograph sets start from 50.000 zi, what makes it
practically impossible for psychologist to use it
widely. Therefore it is necessary to design an
economic version of posturograph that enables the
dyslexia diagnosis.

4. CONCEPTION OF THE DIAGNOSTIC
SYSTEM

It the dyslexia diagnosis designed posturograph
various functional elements can be distinguished.

Gomputerized dynamic posturograp)

Mechanical construction

—0 Posturographic platform Measurement sensors

Analog processing

Microprocessor set

— Interface

Software

h
Data acquisition software
Tests conducting software |

— Computer PC

Initial data analysis software |

Database software |

L—{  Server with a database

Diagnostic software |

Fig. 1. Functional model of the diagnostics
system with the posturographic platform.

The main functions of posturograph, the
measurement sensors and analog processing units
are: to change the force exerted on the base platform
into voltage 0+5 V and to provide the measurement
range for the mass and center of mass position
needed for performing these tests. The measurement
errors should be below 0,5%, non-linearity of the
characteristics below 0,1% time constant of reaction
to the unit step below 0,1s.

Interface based on PIC microcontroller with
analog — digital converter provides the solution for
changing analog signals from the posturographic
platform into Digital with frequency above 20 Hz
and resolution above 12 bits

Moreover it is responsible for data transfer to the
computer by the USC port. The personal computer
has to be equipped with software that enables data
acquisition by USB port, performing the tests, and
introductory analysis of data for dyslexia symptoms.
The data from all the tests are going to be send to the
server, where the diagnostic software is going to be

installed. Storing data on a one server would enable
taking into consideration all the tests done by
particular individual by diagnosis of the learning
speed and abilities. This also provides the solution
for investigating correlation with other tests e.g. MD
tests, and using the classifiers and learning
algorithms on the whole test base.

5. POSTUROGRAPHIC PLATFORM

The Basic models of posturographic platform are
designed with three force sensors placed In the
vertexes of a triangle or four placed in the vertexes
of a rectangle. Platforms with three pivot points
enable lower angles of departure from vertical
position to be measured. Platforms with four points
are prone to disturbance of measurement due to
physical irregularities.

In the current project the three point
posturographic platform is used but it has
a rectangular shape as in figure 2.

b=44cm

44cm
o)
ix
o

c=

B a2 d C|
M S

Fig. 2. The dimensions of
posturographic platform.

The measurement sensors are placed In the
vertexes of a equilateral triangle with edges of 40 cm
length. It enables departure of the projection of the
center of mass at least for a length of a radius of
inscribed circle (r=11,55) cm in any direction from
the middle of the platform and at most for the length
of an circum circle R=23,09 cm in the direction of
one of the sensors.

The most important is the range of the angle of
departure from the vertical position of the posture of
the examined individual. Assuming that the center of
mass of human body is at height of around 60% of
the height of the human, the range of measurement
of angle of departure from vertical position o is:

o
a= arcsm(wj (D)

where [ — height of th examined person.

The ranges of angles measurable by platform
with given lengths are : 0=5,9° for =190 cm, a=10°
for =111 cm. In case of children it is going to be
sufficient.

In case of frequent exceeding of measurement
range the next version of the platform is going to
have greater measurement range of the angle of the
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departure from vertical position. It can be achieved
by enlarging the dimensions but it also would
decrease the resolution of the measurements.

To measure the force three measurement sensors,
installed by Mensor company in the scales they
produce were used. Their measurement range is
0+60 kG, what enables conducting tests on people
with weight up t0120 kg in case of radius of angle of
departure from vertical position r=11,55cm. In the
case of using the platform only for testing children it
is better to use measurement sensor with range up to
30 kg, which gives the measurement range of
posturograph up to 60 kg. It could enable the greater
resolution of the measurements.

The measurement sensors of the posturographic
platform with the analog processing system generate
the voltage proportional to the force exerted on the
sensors described by:

u. =u,— kF ¥ (2)
where:
u, — initial voltage for measurement sensor
uy — voltage for measurement sensor with F,=0
F, — the force exerted on the measurement sensor
k — proportionality constant

It is assumed that the proportionality constant k
will be constant for all measurement sensors and it
will be 1V/20kG and u, will be set before every
series of measurements in the process of adjusting
the measurement sensors.

6. INTERFACE

The initial voltages of theanalog parts of the
platform are processed by microprocessor with
12 bit digital-analog converter. Because the range of
voltage changes measured do not exceed 4096mV,
the12 bit DC converter gives the resolution of ImV
in terms of force it is 20G for measurement sensors
with range up to 60kG. The greater resolution would
not significantly increase the accuracy of
measurement because of the errors of the
measurement sensors and other parts of the system.

The AD converter Has a frequency of 20 Hz.
This frequency should be enough tracking the
changes of the position of center of mass the tests.
The dynamic characteristics of platform - the
frequencies conducted by the mechanical system is
going to be the subject of the research conducted in
the near future.

The other functions of the microprocessor are:
the data transmission by the USB port and storing In
to the computer internal memory. The data
transmission is conducted on —line by containing the
measurement data from all three channels. It enables
the visualization of the projection of the center of
mass in the real time, what is necessary for
conducting the tests that require feedback.

7. THE ASSUMPTION FOR DATA
ACQUISITION AND VISUALIZATION

The function of PC computer is to enable the
control of the testing process and the initial data
analysis, therefore it should enable: patient’s data
input or the choice from previously registered data,
the choice of test, adjusting the platform, the
conversion of the initial voltages into the force and
data storage in the file, the conversion of the force
into the coordinates of the projection of the center of
mass, on-line visualization of the projection of the
center of mass, the automatic conductance of the
chosen test with the option of control by the
operator, the initial data processing that enables the
assessment of correctness of the measurements done,
the storage of patients’ data and tests conducted on
the server’s database.

All these functions are performer by specialty
designer computer program. to convert the voltages
into the force this equation is used:

E== 3)

After the conversion we obtain the sequence of
data that represent the forces F,, F and F exerted
on measurement sensors 4, B and C registered every
50ms. Then to visualize and analyze the results
basing on the force values the position of the
projection of the Center of mass In the classical X,Y
coordinates with the middle in the point O is
evaluated. The position of measurements sensors
and the ex ample of the position of the center of
mass is illustrated on the figure 2.

It can be assumed that the projection of the
center of mass on the posturographic platform is
represented by point P, which distance from point O
can be expressed in terms of perpendicular
components horizontal — x and vertical —y. Because
forces were measured In point 4, B and C, the
functional dependencies between x=f(F,F F¢) and
v=f(F 4, F3 Fc) need to be found.

Using the equalities of momentum in defined
position of point P the relation between forces is
described by:

FB(;-Fdj:FC(;—d) 4)
and  (F, +Fc)(;h+yj=FA@h—yj 5)

where: a —the length of the arm of equilateral
triangle
d — the length of SM segment
h — the height of a equilateral triangle
Using the above equation the equation for the
height of the equilateral triangle and the
dependency:
d_h
Ty ©

we obtain the equation for the vertical component:
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_aﬁzFA—FB—FC ;
6 F,+F,+F, )
and the horizontal component
a F.-F;
P F AR+ ®)
" +F,+F,

Additionally the mass of examined person is
evaluated, what is the sum of the forces measured by
three sensors:

m=F,+F,+F, )

As a result of the measurements the position of
the center of mass can be visualized in the real time
or after the test is completed. The examples of
characteristics are illustrated on figures 3, 4 and 5.

3
= 17,5 4
£
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tis]

Fig. 3. The graph of the mass as a function of time

The other characteristics can be also drown
including the characteristics done by computerize
posturographic systems currently available on the
market.
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Fig. 4. The graph of X and Y coordinates as
a function of time.
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Fig. 5. The graph of the trajectory of the projection
of the center of mass on the posturographic platform.

8. THE CONCEPT OF DIAGNOSTIC
CONCLUSIONS

The analysis of the single test set can give the
initial diagnosis, but the assessment of the speed of
the acquiring of the body balance keeping skills can
be done only basing on comparison of series of tests.
To achieve this a database on the server should be
created, where all the results should be stored. It
would enable the design of the data analysis
algorithms that recognize the dyslexia symptoms
basing on maximally large data sample. Moreover it
will be possible to evaluate the learning speed, what
is one of the major symptoms of medulla
deficiencies. basing on many test done by the same
person.

The creation of the large database could also
enable the large diagnostics analysis based on
symptoms occurring in various kinds of electronic
tests e.g. posturographic tests and MD tests. Central
database would also enables comparison of tests
done after few years and verification of the
diagnosis basing on real condition of the patient.

As a result of current research the computerized
dynamic posturograph has been designed and the
prototype set including software has been made. It
requires further examination and research on
metrological aspects, data analysis and software.

However basing on current results it can be
concluded that it gives satisfying results as
aresearch tool and the production costs enable its
wide usage. The next steps are further research and
creation of database and diagnostics software.
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Summary

In the paper an application of time — frequency technique for nonlinearities detection is presented.
The wavelet transform is used to transform an impulse response of the system into time — scale
domain. Ridge and skeleton definitions of wavelet transform for backbone curve estimation has been
used. Statistical approach for ridge detection of wavelet transform has been applied. Estimation of
dynamic characteristic of the system with use of envelope of signal response has been presented.
Based on properties of wavelet transform possibility of use the method for nonlinearities detection has
been shown. The method also make possible define the nature of this nonlinearities. MATLAB
package is used as numerical tool for computation of wavelet transform and dynamical characteristics
of the system. The algorithm has been tested on simulated data and data from test bed with dry
friction.

Keywords: wavelt transform, nonlinear systems, backbone curve.

ZASTOSOWANIE TRANSFORMATY FALKOWEJ DO BADANIA WEASNOSCI
DYNAMICZNYCH UKEADOW NIELINIOWYCH

Streszczenie
W artykule przedstawiono metod¢ detekcji nieliniowosci uktadéw dynamicznych oparta
o reprezentacj¢ czasowo — czgstotliwosciowa sygnatu, bazujaca n przeksztatceniu falkowym. Do
okreslenia charakterystyk dynamicznych wykorzystano definicjg grzbietu i szkieletu transformaty
falkowej. Pozwolilo to na wyznaczenie funkcji obwiedni sygnatu. Algorytm zostat zweryfikowany
zuzyciem pakietu MATLAB na danych symulacyjnych oraz pochodzacych ze stanowiska
laboratoryjnego.

Stowa kluczowe: transformata falkowa, uktady nieliniowe, analiza modalna.

Akademia Gorniczo — Hutnicza, Wydzial Inzynierii Mechanicznej i Robotyki, Katedra Robotyki i Mechatroniki

1. INTRODUCTION

Nonlinearities are effect which very often occur
in mechanical systems. It can be caused by
structural, geometrical and mechanical properties.
Nonlinearities detection and define their properties
its very important. Nonlinear systems — unlike linear
systems — can behave in different way depending on
excitation. Usually it works unpredictably, e.g. small
change of initial conditions can lead to big changes
in trajectory. Treatment this kind of mechanical
system as linear can be reason of incorrect result of
analysis. In the paper make an attempt use the
wavelet transform for nonlinearities detection.

2. CONTINOUS WAVELET TRANSFORM

The wavelet analysis is a method of signal
decomposition. As a result of the wavelet analysis,
in contradiction to the Fourier transform, elementary
signals — so called wavelets — are obtained. Wavelet
curves are continuous, oscillated with various
duration times and spectrums.

From the mathematical point of view, a wavelet
transform of a signal x(?) can be defined as [3, 7]:

(ngXa,b):\/lgtEx(t)g*(H)jdt (1)

a

Using properties of wavelet transform [4], can be
prove mathematically that his kind of time frequency
analysis decoupling natural frequency contains in
signal (fig. 1).
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Fig. 1. Diagram of the analytical decoupling of
natural frequencies.

The Morlet wavelet is one of the most
widespread and most often used functions in the
wavelet analysis. The Morlet wavelet is defined as:

1

glt)=e""le 2 )

2 fneff

. rm:m '
b)

— real part
=aee imaginary pan

Amplitude

e o
Fig. 2. Example of Morlet wavelet: a) in imaginary
domain, b) real and imaginary part.

The rest of definitions and properties of wavelet
transform can be found [2, 3, 4, 6].

3. NONLINEARITIES DETECTION USING
WAVELET TRANSFORM

The procedure of nonlinerarities detection based
on definitions of skeleton and ridge of wavelet
transform. The ridge of wavelet (W, x)(a, b) of the

signal x(z) is a set of points f(a,b) in wavelet
transform domain, where phase x(f)gup(f) is
stationary, that means that condition (3) is fulfilled:

ty(a,b)=h, 3)

where b - a translation (displacement) representing
aregion, a - a dilatation (expansion) or a scale
parameter [3]. Skeleton of wavelet transform
(ngXa,b)of signal x(?) is set of coefficients of

wavelet  transform  calculated form  ridge
(Wg xxar(b),b)’ where a, is a parameter of ridge scale

[6]. Graphically, definition of ridge and skeleton of
wavelet transform is shown on figure 3.

a)

Grablet transforsaty falkove)]

b)

Szklelet trapsforamtiifel kove)

100 20

cEass)

Fig. 3. a) Ridge of wavelet transform, b) Skeleton of
wavelet transform.

Based on properties of wavelet transform
presented above the algorithm of nonlinearities
identification has been created. Diagram of the
method is presented on figure 4.

In the first stage of the method matrix of
coefficients of wavelet transform is calculated. This
matrix can be interpreted as a energy distribution of
the signal I time — frequency domain. Form this
matrix ridge curve is estimated. Detection of ridge
curve lead to estimation of skeleton of wavelet
transform. Based on skeleton the envelope of given
frequency component can be estimated.
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Fig. 4. Diagram of the nonlinearities identification
with wavelet transform.

For the linear signals the envelope function can
be written as:

Alt)= A0 4)

And based on this the modal parameters of the
system can be estimated. For nonlinear systems the
envelope function will be depend on type of
damping and stiffness nonlinearities. Using ridge
and skeleton definition the characteristic call
Backbone curve can be determined. This
characteristic shows dependences between natural
frequency function and envelope function of impulse
response of the system. For linear systems backbone
curve don’t depend on envelope function and has
constant value.

Using curve fitting method for estimated
characteristics modal parameters of nonlinear
systems can be estimated. Presented characteristic
for linear and nonlinear systems are shown on fig. 5.

Main problem of this method is estimation of
ridge curve of wavelet transform. Most often,
method based on maximal values of wavelet
coefficients for every section of matrix in time
domain is used [2, 6]. This method can works
properly only if signal to noise ratio has a big value.
Otherwise it is possible to appear local maxima
connected with noise. In this case result of analysis
can be incorrect. For this reason the algorithm of
detection ridge of wavelet transform based on
statistical approach of scalograms. Base of this
method is digitize of wavelet coefficients matrix and
estimation of three dimensional histogram of this
coefficients.

Uktady liniowe Uktady nieliniowe

— kalogram
e = o

Funkcja

Funkcja —— S grzbietu

grzbietu

Obwiednia

Obwiednia sygnatu

sygnatu

Krzywa szkieletu

Krzywa szkieletu ‘

Fig. 5. Comparison of characteristics for linear and
nonlinear systems.

This operation can eliminate effectively local

maximums caused by noise. Comparison of results
can be shown on figures 6, 7.

a) } b_)

Czestotliwosc [Hz]
M
2

i H : i : i H i ;
0 &0 100 150 200 250 300 350 400 450 600
Czas [s]

Fig. 6. a) Analyzed signal, b) Scalogram of the
signal, ¢) Ridge curve obtained from scalogram
(“maximum” approach).
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Fig .7. a) three — dimensional histogram of wavelet
transform, b) Ridge curve obtained from scalogram
(“statistical” approach).

Estimated ridge curve and envelope function for
given natural frequency is possible to determine
amplitude — frequency characteristic (Backbone
curve). The backbone curve gives information about
stiffness nonlinearities in the system. For impulse
response envelope function gives information about
types of damping in the system. Analytical function
for different types of damping and stiffness can be
found [1, 5].

4. NUMERICAL VERIFICATION

Numerical verification of proposed algorithms
has been carried out. Response signal of nonlinear
single degree of freedom system with dry friction
and cubic stiffness has been described by formula:

S0 st

7y(t) +0.00151gnur£;y(t)j+0416n y(t)+100y(t)" =0
dt

Additionally the signal has been disrupted by
noise. Time history of the signal, scalogram and
ridge curve are presented on figure 8.

In the next step the character of nonlinearities
has been determined. It has been done by curve
fitting method, using known dependences between
envelope function and type of damping.

a) b
”“l[JIJIWU|‘|Hml
ywumimmlIMMWW
o 0

Fig. 8. a) Analyzed signal, b) envelope function,
¢) ridge curve, d) backbone curve.

As a criterion Root Mean Squares Error has been
applied. Result of analysis compare in the table

below.
Table 1. Modal parameters of the system
Parameter Real value Identifield value
o [rad] 1,25 1,25
¢ [Ns/m] 0,001 0,00094
k1 [N/m] 1,57 1,57
k3 [N/m] 100 88,95
i Table 2. Results (stlffness)
kx g ko ey ¥ g s 0, L Y o, ,i4:
", " 8, 16, 1280,
B %95 | 8- L0l | B= 08I0
| RMSE: 0.00482 RMSE: 0.006138 | RMSE: 002242 |
"
Table 3. Results (damping)
Quadratic Dry friction Viscous
Sriction x|x| Sigmum()'c) damping (¢X)
Jx)=a(x+b) | fix)=pl*x+p2 | fix)=a*exp(b*x)
a=9.777 pl1=-0.0004333 a=0.101
b=93.31 p2=0.09572 b=-0.006947
RMSE:0.007325 | RMSE:0.002665 | RMSE:0.004987

The last stage of the verification was analysis of
test stand (fig. 9).
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Fig.10. Impulse response of the system.

Using the method the characteristic of the system
has been estimated (fig. 11).

a) b)

Fig. 11. a) Scalogram of the signal, b) Ridge curve,
c¢) Backbone curve, d) Envelope.

Estimation of modal parameters has been carried
out. Identified parameters has been used for creation
an analytical model of the signal in order to method
verification. Results has been presented in the table
4 and has been shown on the figure 12.

s AR DN T T . s el I
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085 : 5 i
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=
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Fig. 12. a) Envelope of the signal, b) Comparison
(model and signal).

Table 4. Identified parameters

Parameter Real value Identified value
o[rad] 19.3 20.1
¢/Ns/m] (cx) 4,67 4,79
K[kN/m] 1.6 17

Assumed model was a linear model and result
are correct only for initial part of the signal. The
ending part of decay a differences between model
and signal are visible. For this part of signal analysis
with nonlinear model has been carried out. Result of
estimation collected in the table 5 and show figures
13 and 14.

* a2 vs 112
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Fig. 13. Envelope of ending part of the signal.
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Fig. 14. Comparison (model and signal).
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Table 4.5. Identified parameters

Parameter Value
o[rad] 20.1
C[NS/m](signum()'c)) 18
k[kN/m] 1,7

5. CONCLUSIONS AN FURTHER WORKS

The numerical analysis confirmed that applying
wavelet transform make possible to detect
nonlinearities of the mechanical systems and can
define character of this nonlinearities. The method
of ridge curve detection allow to identify dominant
frequency components in the signal for noised
signals. The algorithm estimate correct values of
modal parameters.

It is necessary to carry out consider for natural
frequency decoupling for multi degree of freedom
systems. The next stage of the researches should be
creation a methods for nonlinear systems with
operational excitation.
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Streszczenie
W pracy przedstawiono sposob identyfikacji stanu technicznego tozysk tocznych, metoda
quasi-dynamiczna w ktoérej jako narzedzie badawcze zastosowano wahadla fizyczne. Dla
prezentowanej metody wyrdzniono cechy sygnalu diagnostycznego umozliwiajacego oceng stanu
technicznego tozyska tocznego na etapie naprawy. W artykule wskazano na wspolczynnik oporu
ruchu tozyska jako uogolniony parametr diagnostyczny oraz na moc i moment tarcia jako miarg
intensywnosci zuzycia tozyska tocznego.

Stowa kluczowe: tozysko toczne, moc tarcia, moment tarcia, sygnat diagnostyczny.
DIAGNOSTYKI LOZYSK TOCZNYCH METODA QUASI - DYNAMICZNA

Summary
This paper presents the technical state identification of rolling bearings by the quasi — dynamic
method, where a physical pendulum was used as an investigative tool. For the presented method,
the attributes of the diagnostic signal were distinguished. The attributes enable evaluation of the
technical state of a rolling bearing over repairing. The coefficient of resistance to motion of
a bearing was used as a generalized diagnostic parameter and power and moment of friction were
used as a wear measure of a rolling bearing.

Keywords: rolling bearing, friction power, friction torque, diagnostic signal.

1. INTRODUCTION

Rolling bearings are those parts of machines
which are among the most frequently replaced in the
course of machine operation. Nearly 34% of rolling
bearings are dismantled and scrapped prematurely
due to a lack of proper assessment of their technical
condition [4]. Such actions result mainly from the
absence of available methods and diagnostic
measures, intended for quick and reliable
identification of the technical condition of rolling
bearings in verification of systems and parts of
technical facilities.

An economical approach to machine operation
necessitates a reduction in the costs of maintenance
and time of repair of technical facilities. At the same
time, “environmental considerations” concerning
recycling of faulty or worn products forces repair
workshops and manufacturers to seek tools and
diagnostic measures to identify the actual technical
conditions of rolling bearings before taking
a decision to replace or regenerate them.

Regeneration of rolling bearings is not a new
idea; however, for various reasons it has not been
widely applied yet due to the absence of a cost
approach to overhaul or repair policy as regards
technical facilities, but also the absence of
awareness among company technical staff of the

possibility of restoration of the rolling bearing
potential in this manner.

The initial operational properties of a rolling
bearing can be restored, at the expense of less time
and money than for purchasing a new one.
Depending on the scope of work, repairing a faulty
bearing can save from 50 to 90% of the new one
purchase cost [7]. The simplest manner of
regeneration may consist in washing a bearing,
filling it with new grease and installing new sealing.
In the broadest approach: polishing (or grinding) of
the balls and raceway, replacement of the bearing
cage as well as grease and sealing.

Currently, the most commonly regenerated are
rolling bearings with a pinhole diameter of @76-203
mm. However, bearings of smaller diameters are
also regenerated, especially if they are in greater
numbers [7].

Though it has numerous advantages,
regeneration of a faulty bearing is not always the
best solution. For the proper application of the repair
technology it is of key importance to determine if
and when a bearing needs a repair. A visual
inspection of a dismantled bearing is a common, and
the only, criterion of qualification of a bearing for
further operation or for scrapping.

In the author’s opinion, the test procedure
proposed in this paper, along with the test stand and
distinguished features of a diagnostic signal which
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identify the technical condition of rolling bearing at
the stage of repair, will allow for a quick and
unambiguous decision as regards the future fate of
an ordinary ball bearing.

2. METHODS OF IDENTIFICATION OF THE
TECHNICAL CONDITION OF ROLLING
BEARINGS AT THE MACHINE REPAIR
STAGE

There are a number of techniques of
identification of the technical condition of rolling
bearings, with various level of advancement, which
can be used to locate a failure in a bearing before it
is permanently damaged. However, these are mainly
diagnostic measures applied to identify technical
facilities and bearing nodes as a whole, and are
widely discussed in literature.

In accordance with the aim of the study, in its
further part the author will focus on a diagnostic
representation used to evaluate the technical
condition of a bearing which has already been
dismantled and whose technical condition is being
verified.

The following diagnostic methods can be
distinguished which are used to identify the
technical condition of a rolling bearing at the stage
of repair:

- asensory method [8];

- identification of radial and axial clearance and
misalignment of a bearing [6, 8, 10];

- physicochemical analysis of the grease which
fills the bearing [3, 6, 8];

- measurement of the friction coefficient [2];

- the coasting method[1];

2.1. The limiting value of the diagnostic signal

The literature contains only scarce information
on the limiting values of the features of diagnostic
signals for rolling bearings intended for bearing
verification at the stage of repair. These are mainly
data related to geometric features rather than to the
utility features, which carry more information about
the technical condition of an examined bearing.

This approach to identification of the technical
condition of rolling bearings is exemplified in [9].
The paper presents an extensive analysis of
diagnostic signals of special rolling bearings and
supports the conclusion that using bearing motion
anti-torque as an indicator of the rolling bearing
technical condition is justified. An increase in the
anti-torque to the value typical of a new bearing,
which is still wearing in, has been determined as the
limiting value of the diagnostic signal [9]. The paper
concludes that bearings have a “life curve” which
has a shape of a bathtub curve and can be described
by the moment of friction function M=f(t) — Fig. 1.

A
M

S

t

M =f(t) %

\ 4

Fig. 1. The “life curve” of rolling bearings as
a function of time. M, = f(tr) — moment of friction at
a constant rate of rotation, S=f(t) — intensity of the
wearing symptom, I —a stadium of digressive
increase in the wearing symptom (wearing-in), II —
established level or slight increase, Il — progressive
increase in the wearing symptom, L — operational
durability of a hypothetical rolling bearing, (based
on [9])

Another paper [1] shows the power of friction as
a diagnostic symptom which is a measure of
intensity of the wearing processes in the tribological
nodes of a combustion engine. The power of friction
is identified during an engine acceleration and
coasting, and its measure is the mechanical
efficiency and/or the product of the moment of
friction and the crankshaft rate of rotation [1].

3. AMETHOD OF IDENTIFICATION OF THE
TECHNICAL CONDITION OF A ROLLING
BEARING BY THE QUASI-DYNAMIC
METHOD

The quasi-dynamic method of diagnosing the
technical condition of rolling bearings is based on
identification of the features of the oscillation of
a physical pendulum (fig. 2) in which the pendulum
rotates through the bearing which is being examined.
The presented diagnostic method consists in
identification of changes of the angular velocity of
the pendulum, with the known amount of energy
supplied to the pendulum in order to unbalance it.
The angle of the first deflection o is adopted as the
measure of the degree of unbalance.

Measurement of the features of diagnostic
signals which are necessary to evaluate the technical
condition of the bearing which is being examined is
done only on the pendulum clockwise movement
back to the state of balance. The measurement of the
identified diagnostic parameters in one direction of
the pendulum movement does not necessitate its
static or dynamic balancing each time a bearing is
replaced.

The presented method may be applied to check
the technical condition of in-line rolling bearings,
without sealing or grease. The examined bearing
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should have normal clearance (i.e. it should not
exceed the limit clearance determined by the
manufacturer) and its rings should not be
misaligned. In other words, the bearing should have
been verified organoleptically with a positive result.

The described method does not take into account
the aerodynamic resistance of the pendulum or the
mass of the examined bearing.

3.1. The mathematical model of a test stand

The proposed method uses a physical pendulum
as a diagnostic tool. The pendulum body with the
mounted bearing performs pendular movement
(around point O Fig. 2), under its own weight (mg)
as it is unbalanced and deflected by the angle of c.

Fig. 2. A graphic model of a physical pendulum,
a - first pendulum deflection angle; C; — position of
the pendulum geometric centre; e — distance from
the pendulum centre of gravity to the centre of
rotation O; mg — pendulum force of gravity; D, d, d
— external, effective and internal diameter of the
bearing, respectively

Oscillations  (rotational vibrations) of an
unbalanced physical pendulum result from the
moments generated by the forces of gravity and
inertia. The pendulum position is determined by
angle ¢, and the pendulum equation has the
following form:

I-a+C, -a=-mg-e-sina ()
where: I, — mass moment of inertia of the pendulum

in relation to the point of rotation O, C, —
coefficient of viscotic resistance of the
bearing in its rotation (in relation to the point

of rotation O), the other notations — as per
Fig. 2.

Equation (/) is a non-linear differential equation
for which no analytic solution exists. Only an
approximate solution of equation (3) may be
obtained, assuming that the angle of deflection a is
small (sin a~ o).

3.2. Identification of the features of diagnostic
signals in the quasi-dynamic method
The following features have been chosen for the

evaluation of usability and quality of the diagnostic
signal, identified at the lowest point of the
pendulum, which transmits information about the
technical condition of a bearing in the proposed
method:

- duration of the oscillation of the test pendulum —
T;

- the number of individual swings of a test
pendulum — i, (the number of times when the test
pendulum passes through its lowest point);

- coefficient of friction in the pendulum
oscillations — u, (own study based on [5]),
identified on the basis of individual swings of the
pendulum i;

- coefficient of the viscotic resistance of the
pendulum bearing in its rotation — C,,;

- moment of friction in the bearing — M;

- coefficient of rolling friction — f; [5, 10] as
a measure of the condition of surfaces of the
elements that work together in a bearing;

- friction power — as a generalised mechanical
efficiency of the bearing — W,

Table 1 shows the diagnostic signals and their
features which have been selected for identification
of the technical condition of rolling bearings at the
stage of repair.

3.3. The test stand and equipment

The aim of the experiments was to identify the
measures of features of the diagnostic signal and
their utility in assessment of the technical condition
of rolling bearings by a quasi-dynamic method.

The test stand used to identify changes of the
angular velocity and to count individual swings of
the bearing under test is shown in Fig. 3. The test
stand consists of a base (1) and a test pendulum (2).
The bearing which is being tested (3) is placed in the
pendulum mounting and mounted in the self-
centring holder of the test stand so as the inner
raceway of the test stand is immobilised against its
outer raceway. Changes of the angular velocity of
the tested bearing loaded with the test pendulum
(m=1.67 kg), are recorded with a CF-110 photo-
optical sensor and a KSD-400 measuring analyser.

Following initial tests of the identified signal the
observed value, a static processing of the observed
value (the angular velocity of the tested system) was
performed (the pendulum with the outer ring of the
bearing). The analyses indicate that in the test
conditions, the observed value is a stationary and
repeatable signal.
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Table 1. Diagnostic signals and their features which have been selected for identification of the

technical condition of rolling bearings by the quasi-dynamic method

No. Feature of_the Notation Equation
diagnostic signal
duration of the
1 | movement of the test T[s] -
pendulum
number of swings of the .
2 i[] -
pendulum
5 | coefficient of friction in 0 " = 720-mg-e-(1-cosa)
oscillations Ho 0 ﬂ-i-a-m-(D+d)
coefficient of the :
-e-sma-—1,-¢
4 | viscotic resistance of the C,, [Nm/s] C, = me e °
pendulum @
L .. W, — o,
5 | moment of friction M, [Nm] M, =1,-a=1, Ve
coefficient of the rolling _M,
6 friction Ji[ml S mg
7 | friction power W, [Wat] W, =M, ca

Fig. 3. A view of the test stand for identification of

the technical condition of a rolling bearing. 1 — base

with a holder, 2 — test pendulum, 3 — tested bearing,

4 — photo-optical sensor, 5 — recording device KSD-
400

4. THE TEST AND ITS RESULTS

Five brand-new 6305 single-row unsealed ball
bearings, randomly chosen from a group of 30, were
used in the experiment. The number of repetitions
for each bearing was established as 5.

After the base was levelled and the pendulum
with the bearing was mounted in the self-centring
holder, changes in the angular velocity of the
pendulum mount were recorded with a photo-optical
velocity sensor and a signal recorder.

The test consisted in unbalancing the system by
the angle «, and recording the time of passage
between two markers situated on the pendulum

mount. The markers situated on the pendulum mount
facilitated the identification of the pendulum angular
velocity at its lowest position, which corresponds to
its highest angular velocity. Only times of passage
from the right to left (clockwise) were identified for
analysis.

The measurements and calculations yielded
a range of diagrams of the identified diagnostic
signal vs. time. Fig. 4 shows diagrams of the angular
velocity vs. time (of the outer raceways) of two
bearings with various technical conditions, recorded

at the lowest point of the pendulum.

A

o[s"
4,54

4]
3,54
3,
2,5
2 4
1,51
1
0,51

0 50 100 150 200 250 300 sl 350
S

Fig. 4. Comparison of diagrams of the
angular velocity vs. time for two 6305
bearings, differing in technical
condition, recorded at the test stand

An example diagram of the angular velocity (@)
and acceleration (¢) of the pendulum mount vs.
duration of the pendulum movement (¢), number of
individual swings (i) and the angle of pendulum
deflection () at the lowest point is shown in Fig. 5.
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Fig. 5. Angular velocity and
acceleration of the outer raceway of a
6305 bearing vs. time, number of
swings and the angle of the first
deflection angle

Fig. 6 shows an exemplary diagram of the power
of friction W, and the moment of friction M, for the
tested pendulum vs. time of the pendulum
movement, identified at the lowest point.

The experiment performed at the test stand
resulted in the values of diagnostic signal features
for five tested bearings at the lowest point. The
obtained values the diagnostic features are shown in
Table 2.

The value of the friction -coefficient in
oscillations u, of the bearing under test is much
higher than the value of the coefficient of friction,
provided by the manufacturer. The coefficient for an
unsealed rolling bearing manufactured by CX is

equal to ©=0.0010+0.0015 [6], while for bearings
manufactured by SKF it is close to x=0.0015 [8].

W [Wat] s
1,254
-
1z
0,75
0,51
MNm] | M,
0,25 \
0 : : : ‘ >
0 100 200 300 400 t[3]

Fig. 6. Characteristic curve of the
power of friction () and the moment
of friction (M,) of a 6305 bearing,
identified at the lowest point of the
test pendulum

The difference from the values obtained in the
tests stems from the fact that the bearings under test
were examined at the wearing-in stage, whereas the
values given by manufacturers are for worn-in
bearings, and the x is identified at a different bearing
load. Another factor which affects such relatively
high coefficient values may be the fact that the
coefficient of friction decreases with an increase in
the angular velocity of the bearing raceway.

The experiment supports the conclusion that each of
the selected features of the signal bears diagnostic
information related to the technical condition of
a rolling bearing in terms of its tribological node.

Table 2. The values of features of diagnostic signals of 6305 bearings, without grease (brand-new),

manufactured by CX, obtained during the experiment

Mean value Star_ldgrd
No. Featurg of_the Notation deviation
diagnostic signal for the tested group of
bearings
duration of the
1 | movement of the test T [s] 454.6 2.88
pendulum
) number of swings of the il 3202 1788
pendulum
3 coe.fﬁci.ent of friction in 4ol ] 001218 0.00011
oscillations
coefficient of the
4 | viscotic resistance of the | C,, [Nm/s] 0.063 0.00408
pendulum
5 | moment of friction M, [Nm] 0.278 0.01095
6 ggigﬁ;‘em of therolling \ 0.0134 0.00612
7 | friction power W, [Wat] 1.034 0.04560
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According to the author, the coefficient of
friction in oscillations is the most universal
diagnostic feature of a rolling bearing; it may be
referred to the value of the conventional coefficient
of friction provided by manufacturers for brand-new
bearings or compared to historical data obtained in
experiments.

Identification of the moment of friction,
coefficient of the rolling friction or the power of
friction during a bearing use may be a measure of
intensity of use in a bearing node.

5. SUMMARY AND CONCLUSIONS

The main problem faced in verification of
dismantled systems, units and parts of machines is
the identification of their actual technical condition.
This is caused by a variety of restrictions resulting
from the construction, test methods and mainly by
a lack of knowledge of the nominal or limiting
values for specific units or parts. Because of this,
when the actual technical condition of a part is
unknown, the part is scrapped rather than tested for
its technical condition and remounted.

Rolling bearings are parts for which there are no
satisfactory diagnostic tools or limiting values for
determination of their technical condition at the
stage of repair.

The tests and analyses conducted for this study
have provided grounds for the following
conclusions:

1. The coefficient of resistance for a bearing, which
may be referred to the value of the conventional
coefficient of friction, provided by manufacturers
for a new bearing, or the value of such
coefficient determined in an experiment for each
of the three states of a bearing “life”, is the
universal diagnostic feature of a rolling bearing.

2. The use of movement resistance as the moment
of friction is justified; it may be practically
applied for unsealed ball bearings.

3. Change of the power of friction, as compared to
the nominal value, during the life of a bearing,
identified in the course of a major overhaul or an
emergency repair, is a measure of the intensity of
the wearing processes in the tribological nodes of
a bearing and may be useful in identification of
its current technical condition.

4. The proposed diagnostic method of identification
of the technical condition of a rolling bearing
may be useful where the coasting method cannot
be applied.

5. Further studies of the quasi-dynamic method will
aim at interpretation of the presented features of
the diagnostic signal as a function of bearing
wear (the number of bearing rotations at its
nominal load).
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Summary
The aim of this study was to make the diagnosis of the operating conditions of aluminium
bronze BA 1032. Current intensity was selected on an experimental way to assure of stable melting of the
surface layer together with inserted components at small current intensity. The examined questions were:
the influence of surface treatment of aluminium alloy onto structure by collected energy source;
the geometric parameters of the surface melted by TIG welding method of bronze surface plated

alloy ingredients by using different current parameters.
The results of this study indicate that the thermic exposure value, it means: the sort of
concentrated energy source as well as its speed, as well as the sort of alloy additives have an

influence on exploitation parameters of tested samples.

Keywords: Cu alloys, welding, using properties, aluminium bronze.

OCENA WEASCIWOSCI EKSPLOATACYJNYCH STOPU BA1032 PO OBROBCE
SPAWALNICZA METODA TIG

Streszczenie

Celem pracy byta diagnostyka wiasciwosci eksploatacyjnych brazu aluminiowego BA1032.
Probki do badan pobierano z obszaru ustabilizowanego oddziatywaniem skupionego zrddta ciepta
(stala, ustabilizowana szeroko$¢ strefy wplywu ciepta). Natgzenie pradu dobrano eksperymentalnie
zapewniajac stabilne przetopienie warstwy powierzchniowej wraz z wprowadzanymi sktadnikami
przy realnie matym jego natgzeniu.

Z analizy wynikow badan wynika, Zze zaréwno warto$¢ ekspozycji cieplnej, tj. rodzaj
zastosowanej energii zrodta skupionego ciepta, predko$¢ jego przemieszczania jak i rodzaj
dodatkow stopowych wptywaja na parametry eksploatacyjne obrobionych elementow.

Stowa kluczowe: stopy Cu, spawanie, wlasciwosci uzytkowe, braz aluminiowy.

1. INTRODUCTION

Aluminium bronzes are one of the most
important cooper alloys. They have the highest
resistance characteristics and considerable corrosion
resistance comparable to the other bronze alloys.
Another notable attribute of aluminium bronzes is
that they retain mechanical properties at the high
temperature, and especially at the low temperature.
Because of these properties they are commonly used
in many technical applications.

Aluminium bronzes, which contain aluminium in
an amount of 9.5 to 11%, are susceptible to
hardening [2, 4, 6]. The P-Phase of Aluminium
Bronzes — a solid-solution based on intermetallic
phase CuzAl with electron-concentration of 3/2 —
crystallizes in a regular space-centered lattice.
During slow (equilibrium) cooling it decays into
eutectoid mixture (o+y,). When the cooling exceeds
the critical value, this phase becomes over cooled
and it changes into a martensitic transformation.
Hard and abrasion resistant phase is formed as
a result of this transformation. The transformation of

aluminium bronzes can be realized by surface or
volumetric treatment. The TIG welding method is
perfect for surface processing [1, 3, 5].

Direct-current electrode negative (DECN) is
used for treatment of all metals except aluminium.
This method enables a stable work of welding arc.
About 60% of total heat quantity is generated on the
surface layer of a test object, a large part of the heat
is utilized to a melting of native metal. About 10%
of the heat is wasted on the radiation, and only 30%
generates on electrode. It is possible without any
difficulties to maintain an electrode temperature
below its melting temperature (3370°C). The end
welding electrode has a conical shape to maintain
the arc on it, what increases the work stability and
facilitates the ability of an operator to maintain
a constant arc length. Pure argon gas is generally
used as a shield gas for the TIG welding method. As
an inert gas it ensures a good protection for both
direct and alternating current and it can be used for
all sorts of materials.
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2. PURPOSE AND METHOD OF THE
INVESTIGATION

The purpose of this investigation was to
determine  the  geometric  parameters and
modifications proceeded in the surface structure
melted by TIG welding method of bronze BA1032
surface plated alloy ingredients by using different
current parameters.

BA1032 aluminium bronze was tested. This
alloy was chosen as the base material because of its
specifics possibilities of heat treatment

In order to remove the surface oxides and ensure
comparable surface roughness, the tested surface,
before a treatment of concentrated energy source,
was polished with the help of abrasive paper of
granularity of 400 and washed with alcohol.

Next the samples were surface-treated by TIG
welding method in a shield of inert gas (Argon).

The treatment was realized for every sample by one
concentrated energy source passage. Constant linear
velocity 4.7mm/s of electrode feed speed (of
reversed polarity) was assured with respect to
sample surface in a shield of technical argon.

The electrode feed speed was selected on an
experimental way by taking up a criterion of
optimizing heat energy utilization. During small
electrode feed speed the concentrated energy source
causes "keeping" metal under heat influence for too
long time, and after crossed the fixed value of
intensity causes melting metal with formation of
characteristic crystalline cavity (with applicable
source power, metal was melting and then was
subject to thermic convection). During very high
electrode feed speed, it was found that there are no
significant differences in a treatment of concentrated
energy source into sample, despite of changing the
heat energy (current intensity) in analyzed scope.

a w

— .
Y

Fig. 1. Location scheme for measured parameters:
1 —tested sample, 2 — place treated by concentrated
energy source

Test samples were taken from the stabilized area
by the treatment of concentrated energy source
(constant, stabilized width of heat-affected zone
(HAZ)).

Current intensity was selected on an
experimental way to assure of stable melting of the
surface layer together with inserted components at
small current intensity.

Geometric measurements were made on the
automated test stand of image analysis MultiScan.
Total width, depth of melted zone and heat-affected
zone were measured. Measured parameters scheme
is presented in Fig. 1.

Tab. 1. Treatment parameters

Tes- Current Feed Alloy
ted Type Inten- | speed | additives
point sity [mm/s]
A Direct 160 4.7 -
B Direct 160 4.7 Al
C Direct 160 4.7 40%Al +
60% Zr
D | Alternating | 160 4.7 -
E | Alternating | 160 4.7 Al
F | Alternating | 160 4.7 40%Al +
60% Zr
G Direct 100 2.3 42%
H Direct 100 4.7 NaNO; +
I | Alternating | 100 4.7 17% Mg
+ 6% Al
+ 35%
Cr203

3. RESULTS OF INVESTIGATION

A depth of melted zone for every tested point
was presented in Fig. 2. The parameters were
divided into two groups. 1% group; values for
intensity of 160 A (dark colour of scheme), 2™
group; values for intensity of 100 A (light colour of
scheme). For all tested points with a feed speed of
4,7 mm/s it was found that their melted zone is
deeper after the treatment with alternative current
than with direct current (compare points: A-D, B-E,
C-F, H-I). Weld bead, without adding any alloy
additives, was deeper than during using some. It can
be explained by energy consumption needed to melt
them down.

w
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Fig. 2. Depth of melted zone for every tested
point (Tab. 1)

Plan point

Point G presents an alloy treated twice at small
electrode feed speed. Evident increase of depth of
weld bead was found. When observing metal and
mixture reaction during treatment, it was noticed
that in the central part of melted zone there are some
movements reminding a boiling together with its
thermic convection.
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Width of melted zone for every tested point
(a Fig. 1. was presented in Fig. 3. Width dimensions
presented in Fig. 2 are similar to growth dimensions
presented in Fig.3. Melted zone is wider after the
treatment with alternative current than with direct
current. After treatment without adding any alloy
additives, wilder melted zone was obtained. While
the alloy in the presence of mixtures was treated
with intensity of 100 A, the width of weld bead
differs not much from the dimension obtained during
treatment of proper alloy additives with current
intensity of 160 A. The width difference
demonstrated (point G and H) is not as big as the
depth of weld bead.

Plan point

Fig. 3. Width of melted zone for every
tested points (Tab. 1)

Comparison of proportion of width and depth
changes was presented by quotient a/b (Fig. 1) in
a Fig. 4. For direct and alternating current intensity
of 160 A, the difference in groups (A-B-C and D-E-
F) is insignificant. The proportional width changes
of weld bead can be found. Differently quotient a/b
can be found when using a mixture with exothermic
effect. The highest ratio is in point H (Fig. 4). The
highest difference of weld bead geometrical values
(test conditions) was observed for direct current
intensity of 100A and feed speed of 4.7 mm/s.
During lower feed speed, quotient a/b decreases its
value. For alternating current intensity, quotient a/b
value oscillates between values of points G and H.

a/b [mm]

Plan point

Fig. 4. Quotient width/depth of melted zone for
every tested points (Tab. 1)

Structure of melted zones of alloy BA1032 for
tested points was presented in Fig. 5-10. Fig. 5
presents a coarse-grained structure of test point
G. Alloy structure of test point F crystallized with
a finer grain (Fig. 6).

Fig. 5. BA1032 alloy structure, test point G,
Magnification 230x. Etch Mi8Cu

Fig. 6. BA1032 alloy structure, test point F.
Magnification 230x. Etch Mi8Cu

Fig. 7. BA1032 alloy structure, test point I.
Magnification 120x. Etch Mi8Cu

Fig. 7 presents a transformation of structure into
microstructure caused probably by convectional
interaction of mixture components. Enlargement of
a central part of this micro-zone was shown in Fig.
8. Fig. 5 shows an example of transformation, which
probably was proceeded in the same grain boundary.
The alloy was heated above a critical temperature,
after it changed into liquid phase, but it hasn’t
enough time to stabilize and to crystallize with new
gain. As a result a new quality of structure “with old
grain” was formed. Enlargement of this structure
was presented in Fig 10.
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Fig. 8. BA1032 alloy structure, test point I.
Magnification 470x. Etch Mi8Cu

Fig. 9. BA1032 alloy structure, test point H.
Magnification 230x. Etch Mi8Cu

Fig. 10. BA1032 alloy structure, test point H.
Magnification 470x. Etch Mi8Cu

4. STATEMENTS AND CONCLUSIONS

1. Use of alternating current to surface-treatment of
BA1032 with alloy additives, causes the higher
geometrical parameters of weld bead than use
a direct one.

2. Treatment of BA1032 with mixtures creating
exothermic effect, increases thermal efficiency of
the process.

3. Quickly carrying away of heat causes reaction
retention of alloy components moved into
BA1032, which lead to form a micro-zones weld
bead composed with part-reaction products.
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Summary

The paper deals with an outline of a methodology of acquisition of diagnostic knowledge
concerning machinery and processes. The problem formulated in the paper concerns the possibility
to develop a general methodology of acquiring knowledge of technical diagnostics. Two issues are
discussed: methods of knowledge acquisition about machinery mainly considered as static objects,
and methods of acquiring knowledge in the form of heuristic models of dynamic objects and
processes. Methods developed in the author’s research group are mainly dealt with. The paper
concludes with future work envisaged.

Keywords: technical diagnostics, knowledge acquisition, heuristic models of processes.

Streszczenie

W artykule przedstawiono zarys metodyki pozyskiwania wiedzy diagnostycznej dotyczacej
maszyn i proceséw. Sformutowany problem badawczy dotyczy mozliwosci utworzenia i rozwoju
ogoblnej metodologii pozyskiwania wiedzy w zakresie diagnostyki technicznej. Omawiane sa dwie
grupy metod: pozyskiwania wiedzy o maszynach interpretowanych jako obiekty statyczne, a takze
pozyskiwania wiedzy w postaci heurystycznych modeli obiektow (dynamicznych) oraz procesow.
Przedmiotem opisu SA w gtéwnej mierze metody rozwijane w grupie badawczej, w ktorej pracach
uczestniczy autor. Artykul zakonczony jest proba okreslenia przysztych prac dotyczacych
pozyskiwania wiedzy diagnostyczne;.

Stowa kluczowe: diagnostyka techniczna, pozyskiwanie wiedzy, modele heurystyczne procesow.

METODYKA POZYSKIWANIA WIEDZY DOTYCZACEJ DIAGNOSTYKI MASZYN I PROCESOW

1. INTRODUCTION

Recently technical diagnostics has been
developed to the practical domain whose objects of
interest are both machines and equipment, and
processes the machines are involved in. Although
many processes can be considered, such as process
of degradation of elements, process of maintenance,
and many others, the most broadly investigated type
of processes corresponds to the operation of the
object. It is worth emphasizing two main tasks of
technical diagnostics, i.e. diagnostics of machinery,
and diagnostics of processes, that at their very
beginning have been developed by two different
scientific societies: the former by mechanical
engineers, while the latter by control engineers.

Let us consider for a while how these historical
issues have influenced main paradigms of both the
branches of technical diagnostics. The goal of
technical diagnostics is to diagnose the given object
(machine/process), i.e. to formulate a statement
about the object’s state or occurrence of possible
faults. To this end, the subject of diagnosing,
regardless of being human or automated unit, shall
have access to sufficient knowledge. This
knowledge may be represented in many ways.
Process diagnostics mainly takes advantage of

models, which represent either the behavior of
machine (or its elements) operating properly, or the
behavior of the machine in different faulty
conditions. On the other hand, machinery
diagnostics usually does not use any apparent model
at all, therefore it is sometimes referred to as model-
free diagnostics (or: diagnostics with a hidden
model). However, knowledge represented mainly in
declarative form, and more rarely in procedural one,
is used in order to arrive at a conclusion about the
state of the diagnosed object.

Technical diagnostics is a highly knowledge-
intensive technical domain of both theoretic and
applied character. To deal with diagnostic
knowledge, methodology of Knowledge Engineering
(KE) is being used. Methodology of KE:

e allows acquiring relevant knowledge and asses-
sing chunks of knowledge in a very systematic
way;

e allows taking advantage of enormous streams of
data collected nowadays, which can carry relevant
knowledge upon objects of diagnosing;

¢ allows managing knowledge by:

O preserving it,
0 sharing and making it available to end-users;
e allows applying knowledge in an automated way.
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The author has taken part in several projects that
could be classified into both the branches mentioned
above. He and his research group have been
involved in different projects focused on knowledge
acquisition for technical diagnostics. This paper
briefly addresses several issues concerning
methodology of knowledge acquisition for technical
diagnostics, and is based upon the author’s
experience in the field. Limited volume of the paper
does not allow to enumerate and describe many
methods that have been developed in research
centers interested in technical diagnostics. There are
described mainly methods developed in the author’s
research group. Due to very limited space no
applications are presented. However, some of them
can be found in the bibliography cited thorough the

paper.
2. PROBLEM FORMULATION

The problem to be solved may be formulated by
means of the following fundamental questions:

1. Can comprehensive methodology of acquiring
diagnostic knowledge be developed?

2. Is it possible to efficiently acquire knowledge
from diverse knowledge sources?

3. Can chunks of knowledge -collected from
different sources be linked together allowing to
create knowledge-based applications that would
operate more efficiently?

4. Is it possible to develop tools supporting
diagnosticians in acquiring and managing
diagnostic knowledge?

To find answers to these questions, a com-
prehensive research has been initiated in mid-nine-
ties of 20™ century by the author and the research
group collaborating with him. An exhaustive
description of the results is contained in [3]. Some
issues are addressed in the following sections.

Before entering discussion of the methodology it
is worth paying some attention to static and dynamic
objects of diagnosing. Static objects are described by
means of models that are not (openly) dependent on
time. Hence, any representation of knowledge about
the object of diagnosing does not involve time
variable at all. Conversely, dynamic objects are
described by means of models that engage
parameter(s) of time, either lifetime of the object, or
dynamic time corresponding to the timescale where
take place dynamic operations of the object, such as
single revolution of the shaft of a rotating machine,
and many others.

It is nature of diagnostic objects that they are
involved in processes such as: usable processes,
wear, service, repair, and many others. Understand-
ing dynamics of objects and taking advantage of
dynamic models allows better diagnosis. On the
other hand, let us understand that static models,
although they have been implied especially in
machinery diagnostics since many years, allow less
accurate and more approximate diagnoses. There-
fore, more attention is paid thorough the paper to the

elements of methodology, that allow acquiring
dynamic models of processes. Furthermore, diag-
nostics with apparent model (or model-based one) is
addressed instead of model-free diagnostics (or —
better speaking — diagnostics with hidden models).

3. METHODS OF KNOWLEDGE
ACQUISITION ABOUT MACHINERY

At the earlier stage of the author’s research [1, 3]
several methods concerning static knowledge have
been developed and implemented, including
methods of knowledge acquisition, methods and
techniques of knowledge assessment and a scenario
of knowledge acquisition process. In the following
sections some groups of methods applied within the
described research are briefly discussed.

3.1. Methods of Knowledge Acquisition

Methods of knowledge acquisition are strongly
related to knowledge sources: human experts (who
may take active or passive part into the knowledge
acquisition process) and databases. The latter group
may be further classified into supervised Machine
Learning (ML) methods and unsupervised methods
of Data Mining (DM) and Knowledge Discovery
(KD).

Domain experts are very valuable sources of
diagnostic knowledge and cannot be omitted through
the whole process. Their role is especially important
in the introductory phase of this process when
a description of the domain is acquired. However,
these methods are inefficient if we have to acquire
great amount of knowledge counted e.g. in numbers
of rules. Therefore ML and KD methods are even
more and more frequently applied.

3.1.1. Methods of Knowledge Acquisition from
Domain Experts

Two methods have been implemented:
knowledge acquisition using paper forms and using
an electronic form. They differ in range of required
activity of a knowledge engineer.

The first method consists in that the expert elicits
his/her own knowledge without participation of
a knowledge engineer and represents it filling in
cells in a special paper form. Then the forms have to
be interpreted by the knowledge engineer who puts
down respective records into the knowledge base.
This method is suitable for the experts who are
unfamiliar with modern software and hardware.
However, the influence of the knowledge engineer
on the final portion of knowledge is very crucial.

The second method depends on the use of some
specialized software tool which the author called an
electronic form [1, 3]. This application is
a knowledge base editor, which allows reducing role
of the knowledge engineer to integration and
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merging knowledge acquired from different experts
and in many cases his/her activity is not required.

Both the methods have been implemented using
supporting means [1, 3].

Apart from these classical methods of knowledge
acquisition from domain experts, a new class of
methods targeted at belief networks is rapidly
developed, e.g. by W. Cholewa and his team [8].
Experts represent their knowledge in the form of
a structure of the network, variables associated to
nodes, topology of links, and tables of conditional
probabilities associated with the nodes. There are
also solutions where knowledge represented in the
form of a belief network is acquired from classified
examples provided by the knowledge engineer.

Another method that is worth mentioning is
representation of knowledge in the form of fuzzy-
neural networks (FNN, see [7]) where experts’
knowledge is used for the domain description.

3.1.2. Methods of Knowledge Acquisition from
Databases

Both supervised and unsupervised methods have
been used extensively. Machine Learning (ML)
methods that belong to the supervised ones can be
used if a database containing previously classified
examples is available. The whole process of
knowledge acquisition may be carried out within
a special diagnostic experiment, either numeric or
active one. Several steps can be distinguished.
Active diagnostic experiments require measurements
of needed diagnostic signals. Realizations of signals
are stored in the system’s database. Features of
diagnostic signals consist examples, each of them
being represented by one record in the database.
Fields in this record contain several values of
conditional attributes and value(s) of at least one
decision attribute(s) denoting the class(es) where the
classified example belongs. Each example is
considered as positive one for some concept that
corresponds to some given technical state and as
negative one (counterexample) for all other classes.
Values of attributes are usually represented as
qualitative ones, hence some kind of discretization
of continuous variables is required.

To make the whole process computationally
efficient a subset of relevant attributes should be
selected. There are several methods of selection, e.g.
based on minimal reducts using rough-sets approach,
or statistical methods such as PCA. After that the
database of examples is prepared for knowledge
acquisition using supervised ML methods.

To acquire knowledge from databases of
examples several very well-known ML methods can
be applied, including induction of rules and decision
trees, and many others.

Validation and assessment of acquired
knowledge depends on the application of either
special set of testing examples or some resampling
technique and then calculation of classification

errors. The very convenient and frequently used
criterion concerns the overall empirical error rate. If
the error rate obtained is unacceptable then the
process may be repeated iteratively.

The author and J. M. Zytkow have also begun
the research on applications of KD methods to
machinery diagnostics [6]. The KD process included
several steps. To discover qualitative (approximate)
dependencies and estimate their  strength,
contingency tables were applied, which suggested
very strong functional dependencies. However,
obtained results were imprecise. Contingency tables
are suitable for identification of approximate
dependencies, that may be refined by finding
equations. These equations correspond both to
‘direct’” knowledge and ‘inverted’ one, the latter
being suitable for diagnostic concluding from the
collected evidence (diagnostic symptoms).

3.2. Methods of Knowledge Assessment

Methods of assessment of knowledge acquired
previously may be also divided into those applied by
human experts and 'automatic' ones.

Expert-based methods consist in an assessment
of either a single rule or the whole ruleset (which is
rare because of many rules contained in a typical
ruleset) with respect to its/their substantial
correctness. A value of the belief degree is assigned
to each individual rule being assessed. Only several
qualitative (predefined) values of the belief degree
[3] are used. Such activity of the human expert may
be aided by a special tool.

'Automatic' methods of assessment of acquired
knowledge depend on the application of either
special set of testing examples or some resampling
technique and then estimation of classification
errors. To this end, the overall empirical error rate is
often used, defined as the ratio of errors to the total
number of testing examples. In case of uneven
distribution of examples across previously specified
classes, weighted overall empirical error rate defined
by the author is used [3].

Moreover, hybrid couples of methods of
knowledge acquisition and subsequent assessment of
this knowledge base have been suggested [3]. There
are two 'cross-like' possibilities: knowledge acquired
from a domain expert may be verified using a set of
testing examples, or knowledge acquired by ML
methods may be assessed by human experts. The
former pair is particularly interesting since it makes
possible to assess quality of a dataset of examples
using a set of generally acknowledged rules [3].
These rules may be acquired e.g. from very much
experienced and widely recognized domain experts.
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4. HEURISTIC MODELS OF DYNAMIC
OBJECTS

Similarly to methods of knowledge acquisition
about machinery, it is possible to acquire knowledge
in the form of models either from experts, or from
databases.

This is not the task for this paper to discuss
possible kinds of models that are applied in process
diagnostics. Very comprehensive descriptions of this
methodology can be found in [7]. Nowadays
physical and mathematical models are created by
experts. They also develop logical and rule-based
models of dynamic objects. A very efficient kind of
models takes advantage of fuzzy neural networks,
which are based on sets of rules created by experts.

A new approach to model identification consists
in applying and/or developing methods of soft
modeling whose application will allow automatic
discovery of models in databases. In the author’s
opinion the task formulated above is very similar to
the process of Knowledge Discovery in Databases.

Methods of heuristic modeling can be considered
according to the general way of representing models,
and to their application. Models can globally
represent data in the form of multivariate time series
collected from the object.

Carriers of the global heuristic models can be:

1. Neural and Fuzzy-Neural Networks represent-
ing relations between spaces of inputs/controls
and delayed outputs, and the spacer of output(s);
this application is similar to functional
dependencies in the form of equations that allow
calculation of output values [7];

2. Neural and Fuzzy-Neural Networks whose
topology and coefficients tuned in result of
training represent generalized knowledge about
the process [5];

3. Functional dependencies in the form of
equations that allow calculating numerical
values of output(s) basing on values of inputs,
controls and states, as well as values of previous
outputs (for dynamic objects).

Multivariate time series can be also modeled in
intervals  using  hypersurfaces  (hyperplanes,
multivariate splines etc.) whose dimension is equal
to the dimension of the space of independent
variables. For the data represented in such a way it is
possibile to define an event as some determined
pattern (regularity) in the database that is assigned
some semantic meaning. The support of the event
(time interval, on which the regularity holds) can in
some cases reduce to a single point located at the
time axis.

Furthermore, a historically the most -early
method of modeling dynamic processes has to be
recalled, which is based on sequences of events that
correspond to some discrete control actions and
inputs as well as observed outputs. An example of
such an event can be opening or closing a valve,
switching on the supply, signaling warning or
danger, adjustment of an element of the system and

the others. In such sequences of events it is possible

to identify characteristic sequences that allow

detecting some faults.
Several methods are developed with the author’s
supervision and participation:

1. Modeling multivariate time series with the use of
sequences of events (P. Tomasik);

2. Modeling one-dimensional courses of control
variable by means of linguistic description (R.
Szulim);

3. Discovering  dependencies  that  describe
operation of dynamic objects (D. Wachla);

4. Modeling dynamic processes with the use of
neural networks and fuzzy-neural ones (P.
Przystatka, R. Wyczotkowski, B. Wysoglad).

5. RECAPITULATION

The paper dealt with very brief description of the
comprehensive  methodology of  knowledge
acquisition about machinery and processes. The
methods mentioned in the paper were developed and
implemented in the author’s research group. Since it
is ever more widely believed that further
development of technical diagnostics depends on
application of efficient methods of knowledge
acquisition, the problem addressed in the paper will
become ever more and more attractive for many
researchers. Other important issue that causes
systematic development of this methodology is the
growing possibility to collect data about machinery
and processes. This data really carry very crucial
information about the objects and processes to be
diagnosed. Implementation of automated methods
should boost creation of valuable applications that
would help the personnel in operation of machinery
and control of processes.
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Summary

This article regards hardware processing of diagnostic signals. It is solely devoted to the
problem of bit-length accuracy of digital filter coefficients with the application of fixed-point
numbers. This problem has not been properly studied before, since arithmetic operations bit-width
is usually fixed, e.g. 32 bits for DSPs or microprocessors. For programmable devices arithmetic
bit-length may be freely selected. This research provides guidelines for proper selection of filter-
coefficient bit-length for a given filter-tap number and filter characteristics. Furthermore, different
filter types are compared for the required minimum bit-length of coefficients.

Keywords: Digital filters, programmable devices, filter parameters.

DOBOR PARAMETROW FILTROW CYFROWYCH DLA IMPLEMENTACJI
SPRZETOWEJ NA UKLADACH PROGRAMOWALNYCH

Streszczenie

Artykul dotyczy sprzgtowego przetwarzania sygnatow diagnostycznych. Poswigcono go
problemowi doktadnos$ci zapisu  wspotczynnikow  filtrow  cyfrowych na  liczbach
statoprzecinkowych. Ze wzgledu na brak literaturowych doniesien na ten temat, celem
opracowania byto przedstawienie sposobu doboru parametréw filtrow cyfrowych tak, by przy
sprzgtowej realizacji statoprzecinkowej jak najefektywniej wykorzysta¢ rzad filtru. W artykule
przedstawiono analizy wymaganej doktadno$¢ zapisu wspolczynnikow dla spenienia zatozonych
kryteriow filtru. Porownano rdézne rodzaje filtrow pod wzglegdem minimalnej ilosci bitow
potrzebnych do zapisu ich wspotczynnikow.

Stowa kluczowe: filtry cyfrowe, uktady programowalne, parametry filtrow

1. INTRODUCTION

Processing of vibroacoustic signals is crucial in
contemporary diagnostics systems. In most cases
those signals are recorded and processed in a digital
form. An example of the device enabling recording
and analyzing of diagnostic signal is Programmable
Unit for Diagnostics - PUD [1]. It was designed on
the basis of FPGA programmable systems (Field
Programmable Gate Array), which enable hardware
signal processing [4]. The PUD consists of a digital
module and four independent analogue-digital
modules.

The PUD is a real-time analyzer dedicated to
processing of non-stationary signals which feature
time-dependent frequency spectrum [7, 9]. One of
the methods of their processing is Procedure of
Linear Decimation (PLD) implemented on the PUD
and implemented in hardware [3]. It involves
processing of vibroacoustic signals recorded in
variable operating conditions and enables conversion
of those signals into a form relating to stabilized
states.

The method involves down-sampling of
significantly oversampled signal with the variable

decimation ratio corresponding to the variations in
operating cycle. In other words, it means selecting
input samples in such a way that a constant sample
number per rotation cycle is chosen [2].

2. PROBLEM AND SOLUTION

2.1. Research problem

The version of PUD being programmed is fitted
with analogue-digital processors enabling to record a
signal with sampling frequency of 500 kS/s
necessary for the procedure of decimation with
variable increment. Therefore the digital signal
recorded by the unit is comprised within a frequency
band up to 250 kHz. Such a high oversampling
frequency is needed only in few cases, so it was
necessary to reduce this frequency even down to
1kHz through the decimation with constant ratio.
This process requires using low-pass filter in order
to avoid aliasing.

Due to the great number of samples resulting
from high sampling frequency and recording the
signal  simultaneously on several channels
a hardware signal processing was applied in order to
precipitate the execution of filtering operation. For
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this purpose in a FPGA system a dedicated module
was designed. This module is designed in VHDL
hardware description language and it enables to
carry out filtration operation expeditiously [6, 4].
The module executes arithmetic operations on fixed-
point numbers.

Therefore, the present research is devoted to the
problem of recording the coefficients of digital
filters on fixed-point numbers. The intention was to
select digital-filter parameters in such a way, so that
the available resources of FPGA were used
efficiently assuming the fixed-point hardware
implementation.

2.2. Conception of problem solving
The maximum frequency of the post-processed

signal should be down to 1kHz as compared to 250

kHz of maximum input frequency. Therefore

maximum decimation ratio of 250 is obtained. Two-
stage filtration was selected as a solution of this
problem, since transition from 250 kHz to 1kHz
maximum frequency would require the application
of filter of excellent parameters and high numbers of
taps. That would entail great processor loading and

long calculation time [5].

Consequently a recursive filter with a fixed cut-
off frequency of 50 kHz was selected for the first
stage of filtration, since it operates quickly and the
processor is only slightly loaded [7, 8]. The second
stage of filtration is done by a filter of finite pulse
response because of its good parameters [1]. At this
stage, there is a possibility that an user choose the
cut-off frequency in the range of 1kHz through 50
kHz.

Two questions have arised owing to the necessity
of recording filter coefficients on fixed-point
numbers:

e how representation of filter coefficients on fixed-
point numbers of limited bit-length affects filter
characteristics,

e what is the minimum required bit-length of filter
coefficients to satisfy the desired filter criteria.
The following criteria were assumed for filters:

= ripples in the passband lower than 1 dB,

= attenuation in the stopband not lower than 40 dB,

* ftransition region not greater than 20% of the
cutoff frequency.

3. COEFFICIENTS ACCURACY

3.1. Recursive filters

The analyzed recursive filters were: Czebyszew
type I and II, Butterworth and elliptical filter. The
selected filters were analyzed for variable bit-length
accuracy in the integer part and fraction part of their
coefficients.

Below, on Fig. 1 and Fig. 2, the effect of
changed accuracy of the integer part of coefficients
on Czebyszew II, order eighth, filter characteristic
are illustrated.

Frequency magnitude response [dB]

A [dB]

0.g

0.6
f
Fig. 1. Characteristics of Czebyszew II filter,
of eighth order without changing the accuracy
of coefficients’ representation
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Fig. 2. Characteristics of Czebyszew II filter,
of eighth order after changing accuracy of the
integer part of coefficient B
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As it can be noticed on the above charts, the
reduction accuracy of integer part of B coefficients
by as slight as one bit significantly affects filter
characteristic. For other filter types, reduction in the
accuracy of integer part of coefficients related to
both input and output signal also significantly
influences their characteristic. Therefore, in the
process of coefficients representation on fixed-point
numbers, the accuracy of the integer part of
a coefficient cannot be changed.

In order to test the required coefficient accuracy
of the fraction part, the analysis of filter
characteristic was conducted on the same
Czebyszew type II - order 8" filter. It involved
cutoff frequency change in the range of 0.1 through
0.9 (Nyquist frequency). The number of bits
necessary for representing the fraction part of
coefficients (the same bit number for A and B
coefficients), was checked. The minimum bit-length
was selected through decreasing accuracy of
coefficients by 2 bits, starting from the bit number
that does not change the accuracy, so that the filter
satisfies the required criteria with minimum bit-
length.
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Frequency magnitude response [dB]
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Fig. 3. Characteristics of Czebyszew II filter, of
eighth order. Infinite accuracy and 6-bit fractional
part representation.
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Fig. 4. Relation between the fraction of cutoff/
Nyquist frequency and minimum bit-number
required for fraction part of coefficients of
Czebyszew I filter (excluding the integer
part of coefficients)

In the above analysis it can be observed that
there is a certain correlation between coefficients
accuracy and cut-off frequency of the filter. The
lower the cutoff frequency (in comparison to the
Nyquist frequency) the greater the required bits-
length of the coefficients. And as the frequency
converges towards the middle of the range
(Nyquist/2), the bit-length decreases, reaching
minimum value.

The next section of this research covers the
analysis of minimum bit-length for filters of
specified cut-off frequencies of 0.2, 0.1 0.05 and
0.001 of the Nyquist frequency.

The Fig. 5 illustrates the bit-length required for
the integer and fraction parts of A and B coefficients
in the specific filters. The filter order is selected so
that the filter of a specific order satisfies the
assumed criteria without changing recorded
coefficient accuracy, starting from  order
2. Maximum order considered in the calculations
was 8.
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Fig. 5. Required minimum bit-length for coefficients
corresponding with signal (A) and output one (B)
for the analyzed filters in relation with the
cutoff frequency.

Fig. 5 presents the assembled results obtained for
the tested cutoff frequencies. It can be noted that the
best results in terms of bit-length required for the
fraction part of coefficients are obtained with
Czebyszew type II filter. When the cutoff frequency
is 0.01 Czebyszew type I and Butterworth filters do
not meet the criteria owing to too wide transition
region

4. CONCLUSIONS

This research contains the analysis of the effect
of representation accuracy of coefficients on digital
filter characteristic. Conclusions to be drawn from
the conducted analyses are as follows:

e recording accuracy of the integer part of
a coefficient cannot be reduced,

o the greater bit-length is required for the lower
cutoff frequencies,

e in the analysis of the required coefficients bit-
length at specific cutoff frequencies, the best
results were provided by Czebyszew type II
filters,

e it was not possible to reduce the cutoff
frequency below 0.001 Nyquist frequency.
Significant interference and noise appeared,
apparently as a result of reduced bit-length in
a program that was applied in analyses.

For hardware realization at the first stage of anti-
aliasing filtration IIR Czebyszew type II, order 8"
filter was chosen. It features a cutoff frequency of
0.2 Nyquist frequency. This selection was made due
to the most favorable bit-length required for
recording of filter coefficients (A-18 bits, B-20 bits)
in the PUD device.
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DIAGNOSTICS OF VESSEL POWER PLANTS

Adam CHARCHALIS
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ul. Morska 81-87, 81-225 Gdynia

Summary
In this paper, the problems of diagnostics of main propulsion marine engines are presented.
Piston or turbine engines are used for main propulsion of vessel power plants. Diesel engine
diagnostic systems of merchant vessel engines are discussed. Finally, description of diagnostic
methods implemented in turbine and piston engines in Polish Navy ships are introduced.

Keywords: technical diagnostics, piston engines, gas turbine engines, vessel power plants.
DIAGNOSTYKA OKRETOWYCH SILOWNI SPALINOWYCH

Streszczenie
W referacie przedstawiono problematyke diagnozowania okrgtowych silnikow napedu
gtéwnego. Silnikami tymi moga by¢ tlokowe lub turbinowe silniki spalinowe. Omoéwiono
stosowane systemy diagnostyczne silnikow statkow handlowych. Przedstawiono takze opis metod
diagnostycznych w zbudowanych systemach diagnozowania silnikow tlokowych i turbinowych
okretow Polskiej Marynarki Wojenne.

Stowa kluczowe: diagnostyka techniczna, ttokowe silniki spalinowe, turbinowe silniki spalinowe,
sitownie okretowe.

1. OPERATING CONDITIONS OF MARINE
ENGINES

Marine internal combustion engines operate
under specific conditions which have a considerable
influence on their characteristics change and can
cause their increased wear and even failure.

Marine engines run in constant rolling
conditions. Although rolling does not directly affect
the characteristic change it can cause systematic
wear of engine components i.e. bearings.

Most components of control systems and ship
engine safety systems are related to fuel system.
These installations require high purity of fuel which
can constitute a serious problem on board vessels
due to the possibility of water getting into fuel.
Polluted fuel can cause engine start up problems,
deterioration of load changes and can prevent proper
work of control systems because of the structure
change in relation to particular elements of
automatic systems.

Fuel contamination with water can occur in ship
conditions and can cause the wear of bearing units,
which can not be repaired on board vessels.

2. ENGINE TECHNICAL CONDITION
IDENTIFICATION - PARAMATERS
NUMBER REDUCTION

Type and number of technical parameters that
require assessment without disassembling can affect
diagnostic method and indirectly influence the costs
of a diagnostic system. The most numerous are
the engine construction parameters which are as
follows:

components dimensions in their wear areas;

— clearances;

— condition of working surfaces and their wear
geometry;

— assembly and adjustment settings;

— cleanness of heat exchange surfaces and flow of
working medium ducts;

— parameters characterizing
condition (bolts tension etc.).
The parameters that characterize the quality of

lubricating oils, fuel, cooling water should be

included in the set of engine technical condition
parameters. Engine technical condition parameters
with their graphic values and the frequency of
overhauls and checks are given in operating manuals
by the manufacturers. It appears that the number of
engine technical condition parameters is about 50
only for one section of medium speed engine Sulzer
type AL 20/24 for instance. If this number is
multiplied by the number of cylinders and they are
added to parameters characteristic for the whole
engine, its machinery and systems — the total number
will be enormous and as a result the task of technical
condition evaluation without disassembly will
practically be impossible. In marine engine
diagnostics the evaluation without disassembly of
most of these parameters is rejected and attention is
paid to the most relevant parameters from the point
of view of engine reliability, economical work and
cost effective operation. Therefore each engine is
divides into particular functional, trybological units

[3].

One of the methods used for further limitation
of the number of engine technical condition
parameters is to determine the leading parameter

static connections
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considering the intensity of changes due to wear. For
example it is possible to limit technical condition
assessment to the upper compression ring in piston
engine, which was adapted by Sulzer diagnostic
system SIPWA.

In that case it was reasonably assumed that the
wearing intensity of the remaining compression
rings will be lower. However it is not always
possible to determine a leading parameter or apply
this method for other reasons.

Classical determination of engine technical
condition is very often rejected and is related to
symptomatic parameters of technical condition
changes.

The change in reproduction level of technical
condition evaluation requires proper testifying
documents. Otherwise it will not be approved by
ship owners, and especially be classification
societies. However it not easy to achieve
classification societies approval of a new diagnostic
method and measurement system as a substitute for
a traditional overhaul with disassembly.

3. DIAGNOSING PISTON ENGINES OF
VESSELS MAIN PROPULSION PLANT

Marine engine is a complex technical object. For
the purpose of diagnostics it is convenient to divide
the engine into several units — subsystems such as:
piston —crank assembly; working medium exchange
system, fuel supply system, lubricating system,
cooling system, starting up — reversing system;
combustion chamber (Fig. 1).

The organization of the marine engine diagnostic
process can usually come down to two stages,
general diagnostics and damage location. The task of
general diagnostics is to categorize the engine as one
of the two states of being operable or inoperable. In
case of an inoperable engine, the second diagnostic
stage is to be carried out to define the reason of the
ensuing situation [5]. Defining the reason is
necessary to outline the range of service activities.
Decomposing the engine into particular functional
systems allows to determine and develop diagnostic
methods in relation to particular engine systems.

£
H
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urbocharging system
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Combussion chamber ‘ Lubricating system

Staning/reversing system |

Piston-crank assembily ‘ Cooling system
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Fig. 1. Engine division into functional sub systems.

3.1. Examples of diagnosing marine piston
engines
Contemporary engine diagnostic systems can be

divided into two basic groups. The first one
comprises systems offered by the greatest marine
engines manufacturers such as MAN Diesel,
Wartsilia and Mitsubishi. These are usually complex
systems assisting marine engine room management.
Apart from evaluating engine condition these
systems are responsible for managing overhauls,
service activities, and spare parts store [6]. The
second group forms diagnostic systems created by
the producers of measuring equipment and ship
automation. It is dominated by the so called MIP
(Mean Indicated Pressure) calculators that enable
measuring pressure changes in a cylinder which in
turn is the basis for defining parameters connected
with the combustion process. They are often
equipped with the ability to measure extra
parameters such as injection pressure or
supercharging air pressure and temperature. Besides
the above mentioned MIP calculators, it is also
possible to come across complex systems enabling
the operation evaluation of piston-cylinder assembly
or engine main bearings for instance.

The most representative and well known
diagnostic systems in shipping are :

1. “Data Trend” system by Norcontrol [7], which
on the basis of parametric method of diagnosing
allows to evaluate the technical condition of
piston-cylinder assembly, supercharging system,
engine injection system as well as waste heat
boiler.

2. CC-10 system by B&W [8] built for technical
condition control of main propulsion system. The
CC 10 system monitors:

— cargo handling system;

— piston-cylinder assembly;

— injection system;

— auxiliary mechanisms supporting the

engine.

3. SEDS system by Sulzer [9] created to monitor
and diagnose marine main propulsion engines.
The system takes measurements of a dozen
parameters and then enables quick access to their
results as well as to the visualization of
parameters measured.

4. Comos and DMTAS systems of MITSUBISHI
[10, 11] service main propulsion engines and
auxiliary engines. Parameters are measured
systematically and are compared to their model
values. The trend analysis of these parameters is
also carried out.

So far the most popular in marine engine
diagnostics have been the periodic run analyzers,
called pressure analyzers ,electronic indicators or
MIP (Mean Indicated Pressure) calculators. They are
built as stationary or portable. Such devices are
utilized for measurement, digital record and
visualization of combustion pressure graph and fuel
injection in the function of crankshaft rotation angle
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at established working conditions of a marine
engine. The most important elements of this
electronic indicator are : sensors for combustion
pressure and fuel injection, the sensor of crankshaft
position and piston top dead centre (TDC), as well
as signal amplifiers, analogue to digital converters
and microprocessor central unit (computer). A well
known analyzer is MIP Calculator NK-100 produced
by Autronica [12].

3.2. CoCoS system by MAN Diesel

CoCoS system belongs to the most complex
contemporary systems for diagnosing marine
engines.

It was designed as modular expert system whose
aim was the complex management of engine
operation. It is composed of the following modules:

e CoCoS-EDS (Engine Diagnostic System) —
a subsystem for supporting diagnostics;

e CoCoS-SPC (Spare Parts Catalogue) — an
electronic catalogue of spare parts;

e  CoCoS-MPS (Maintenance Planning System) —
a subsystem to support planning the repairs and
service activities;

e CoCoS-SPO (Stock Handling and Spare Parts
Ordering) — to support the process of managing
the spare parts store.

Repair —— Operation Jmmmeeee *  Problem

Store ' Diagnosing
SPC&SPO \  EDS
. Planned

Spare
parts

\ repairs MP§ /+—— Diagnosis
Fig. 2. CoCoS system configuration.

All modules of CoCoS system can cooperate by
an application called CoCoS shell or they can work
independently. The configuration of particular
elements and their possibilities of cooperation was
shown in Figure 2.

In case of a problem the diagnosis is performed
by EDS module. The information of the engine
condition is then used to plan service activities or
repairs and to define required spare parts. With the
help of SPC and SPO modules it is possible to check
the stores or, alternatively, to order spare parts
indispensable for carrying out repairs. The basis of
system competence contains manufacturer’s long
experience gathered during design process,
production and operation. EDS makes it possible to
archive information and to monitor and analyze
parameters recorded during operation. The
diagnostics has been worked out on the basis of
in-operational condition symptoms.

EDS: diagnoses [_[5]x]
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Fig. 3. Monitoring parameters In CoCoS-EDS
module.

CoCoS system performs detection of engine
damages such as filters wear and fouling but also
detection of measuring sensors damages. CoCoS-
EDS enables among other things , monitoring engine
condition by measurement of working parameters
and comparing them with model values. Figure 3
presents chosen possibilities of engine parameters
analysis (I — engine running area with current
running point, 2 — engine speed and load factor time
graph, 3 — turbocharger speed in the function of
engine horse power, 4 — exhaust gases temperatures
on particular cylinders, 5 — values of selected engine
parameters, 6 — general engine characteristics).

4. DIAGNOSING NAVY VESSELS POWER
PLANTS

Appropriate engine type application results from
the power required for the propulsion and its
dimensions, taking into account its reliability and its
susceptibility to diagnosis. Piston engines used in
naval vessels power plants work in multi-shaft and
multi-engine systems. The engines are of compact
design, with high thermal loads and high degree of
automation. Due to such requirements these engines
are generally built in V and “star” arrangements with
the number of cylinders reaching 56 or even 112 in
blocked systems. Utilization of three or four engines
in propulsion plants considerably complicates the
engine room and gives the crew high requirements
in the operation process and simply demands the
application of diagnostic systems.

4.1. Pressure and vibration curves analyzers

Up till now , the periodic runs analyzers have
been commonly used in marine engines diagnostics.
They are designed to measure combustion pressure
graphs and to determine their basic parameters and
usually serve to measure and define pressure
changes in injection pipes. The most well known and
commonly used pressure analyzer is the one
produced by Autronica. The microcomputer
analyzer of periodic graphs was also developed in
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the Institute of Ship Technical Operation at Gdynia
Naval University (GNU) [4, 5].

Cpt Stanislaw Polanowski was the concept
creator and the author of the methodology of piston
engines diagnosing which was introduced on Polish
Navy vessels.

These are devices designated to measure,
visualize and digitally record combustion pressure
changes, injection and vibration curves in the
function of crankshaft rotation angle at established
engine working conditions. For that purpose the
analyzer was provided with three 12 bit (100kHz)
channels of analogue to digital converters.

The software for the analyzers makes it possible
to accept any measuring configuration of the above
mentioned values, for example setting to measure
vibrations curves in all channels. Therefore the
analyzer is suitable for diagnosing both marine
powerful engines and car engines.

Sampling is based on angle axis impulses of
0,1°0WK for n<1600 min™' resolution. The runs are
made average by the number of engine working
cycles: 4, 16, 64 set by the operator.
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Fig. 5. Pressures recorded in cylinder and the
vibrations curves with the use of GNU indicator.

The analyzer also performs the function of an
automatic calculator of mean indicated pressure, the
automatic gauge of basic parameters in a developed
indicator graph and the engine speed meter.

Analyzers of this type apart from being utilized
in piston engines diagnostics on navy vessels, were
also applied in diagnosing engines on natural gas
pumping. They were also installed on four merchant
vessels built by Gdynia shipyard for a French ship
owner.

5. DIAGNOSING MARINE TURBINE
ENGINES

Marine turbine engine operation requires
professional technical supervision. This requirement
can not be fulfilled by crews on small vessels of our
Navy. Therefore, taking into account the level of
crews competence in operating modern vessels with
turbine engines, a concept of supporting ship crews
by creating “Basic diagnostic system for turbine
engines” was put forward in 1985 [1, 2]. This system

was designed to carry out periodic inspection of

technical engine condition, and particularly in case

of:

e annual overhaul;

e prolongation of the period between repairs;

e identification of abnormalities in engine running
found out by the crew during operation.

The basic diagnostic system is able to assess the
current engine condition and give forecast
concerning its future operation in a complex way
with the use of computer technology. Working out
operating decision was based on proper preparation
of operational parameters which were processed in
a computer according to defined algorithms.

It was assumed that the diagnostic information
for creating basic diagnostic system would be
collected:

e systematically — form the ship operating
documentation (engine log book);
e periodically — with the use of automatic

recording device;

e periodically — by examining special parameters
characterizing engine condition, i.e. endoscope
inspection, recording start up process etc.;

e periodically — based on interviews and experts
opinions.

The basic diagnostic system allowed to
accomplish the following tasks:

a) detection of engine condition in danger of failure
or catastrophe;

b) diagnosis of technical condition of measuring —
inspection equipment;

c) carrying out current evaluation of engine
characteristics , the level of its fouling and
consequently determining the necessity of flow
track flushing;

d) organizing engine operation data base for each
engine and vessel and forecasting changes of
engines technical conditions.

The system configuration is based on the
experience of plane turbine engines operation where
computer records, examinations methodology and
data base constitute original development [2].

To complete all tasks that ensure proper turbine
engine operation the diagnostic system is equipped
with the following specialized devices:

a) vibrations measuring device;

b) station for checking oil for metallic particles;

c) engine parameter measurement computer set
during start up and shut down;

d) engine parameter measurement computer set at
constant running;

e) engine parameter measurement computer set in
transient stages;

f) fast —changing signal analyzer;

g) endoscope;

h) laser gauge of shafts coaxiality evaluation;

i) testers for checking the indications regularity of
measuring — inspection equipment and engine
protections;

j) computer data base.
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This diagnostic system was introduced on board
Navy vessels and was used to diagnose all types of
Navy turbine engines. The system was highly
appraised by engine manufacturers due to
considerable improvement of engine operation
which was observed by engine condition evaluation
during periodic overhauls at the manufacturer’s.
Over 20 years of system operation it was
demonstrated that the concept adapted was correct
and so novel that it has been used up till now with
the same methodology.

6. SUMMARY

e The diagnosis of piston and turbine engines has
been carried out on Polish Navy vessels since
1986 on the basis of the worked out methodology
and diagnostic systems.

e At present there are several methods and systems
for diagnosing engine technical condition that are
being developed by both research centers and by
producers of engines and measuring equipment.

e Contemporary marine piston engine diagnostic
systems can be divided into two groups. The first
one is made up by the co called calculators of
mean indicated pressure (MIP Calculator). The
second group comprises systems that
additionally enable diagnosing the piston-rings-
liner assembly.

e In spite of the obvious benefits of using piston
engines diagnosing systems, their application on
board vessels is still limited due to high costs and
the lack of data related to real economic
advantages of their utilization.
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Streszczenie

W artykule przedstawiono mozliwo$¢ wykorzystania sztucznej inteligencji do identyfikacji
uszkodzen wtryskiwaczy silnikow okrgtowych. W tym celu zastosowano sieci neuronowe, pakiet
analityczny wykorzystujacy wspotczesna technologig.

Na podstawie symulowanych komputerowo, stopniowanych relacji cechy stanu technicznego
wtryskiwaczy — przebieg ci$nienia w przestrzeni wtryskiwacza, poddano sieci neuronowe
procesowi uczenia. Po procesie uczenia podj¢to probeg rozpoznawania symulowanych réznych
stanow technicznych zdatnosci i niezdatnosci z pojedynczymi i tacznymi uszkodzeniami.

Stowa kluczowe: silniki okrgtowe, sieci neuronowe, identyfikacja uszkodzen wtryskiwaczy.

THE APPLICATION OF ARTIFICIAL INTELLIGENCE TO IDENTIFICATION
OF TYPICAL DAMAGES OF MARINE DIESEL ENGINES INJECTORS

Summary

In article have been presented of usability artificial intelligence to identification of damages of
the marine diesel engines injectors. To his end have been application neural networks, analytic
packet that utilized of present processes engineering.

On the base computer simulated, stopped relations features of technical state of injectors —
course of pressure in injector in injector space, have been subjected the neural networks to learning
process. Past learning process has been attempted recognition simulated of different technical up
states and disability with single and total damages.

Keywords: marine diesel engines, neural networks, identification damages of injectors.

1.WSTEP

Jednym z najbardziej zawodnych elementow
silnika okrgtowego jest wtryskiwacz, dlatego jest
on szczegodlnie objety diagnozowaniem [2, 6, 12].
Wspolczesne  systemy  diagnozujace  oprocz
diagnozy  wlasciwej umozliwiaja  jeszcze
prognozowanie i genezowanie [12]. Tak, wigc
oprocz  lokalizacji uszkodzenia istotne jest
zidentyfikowanie rodzaju uszkodzenia. Przez
identyfikacje = elementow  nalezy  rozumied
przyporzadkowanie im  informacji o ich
wiasnos$ciach [1].

W pracy podjgto, zatem probe identyfikacji
uszkodzen zawodnego wtryskiwacza na podstawie
symulowanych komputerowo zmian jego stanu
technicznego i wplywu na przebieg ci$nienia we
wtryskiwaczu.  Rozpoznawanie  pojedynczych
i faczonych wybranych zmian cech stanu
technicznego podje¢to z wykorzystaniem sztucznych
sieci neuronowych.

2. DOTYCHCZASOWE METODY
ROZPOZNAWANIA USZKODZEN

Identyfikacja wystepujacych uszkodzen
mozliwa jest migdzy innymi przy wykorzystaniu
teorii rozpoznawania obrazéw [2, 8, 9, 10, 12].

Stosowane sa probabilistyczne i deterministyczne
metody rozpoznawania [10, 12].

W  pracy [11] przedstawiono metodg
diagnozowania spalinowego silnika okrgtowego na
podstawie odlegtosci od wzorca z zastosowaniem
metrycznych metod rozpoznawania.

Wykorzystano ~ rowniez  sztuczne  sieci
neuronowe do diagnozowania obiektow
technicznych [12 rozdz. 22] oraz diagnozowania
sterowania silnika spalinowego [8]. Sztuczne sieci
neuronowe zbudowane sg z neurondw na wzor
neuronéw biologicznych [3]. Sztuczny neuron jest
to przetwornik, w ktorym sygnaly wejsciowe sa
mnozone przez wspotczynniki wag. Nastgpnie
sygnaly sa sumowane i generowany jest sygnat
wyjéciowy w bloku sumowania.

Sztuczne sieci neuronowe wykorzystywano do
diagnozowania wybranych niezdatnosci
okretowego silnika spalinowego [7] oraz do
klasyfikacji stanu aparatury wtryskowe;j [2].

3. METODA I WYNIKI BADAN
3.1. Symulowane stany techniczne wtryskiwacza

W celu identyfikacji uszkodzen potrzebna jest
znajomos$¢  wystgpujacych  rodzajow  zuzycia
i uszkodzen, ktéorym one ulegaja. Na rys. 1
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przedstawiono  elementy  wtryskiwacza
z przyczynami ich zuzycia badz uszkodzenia.
Badania symulowane na modelach obiektow
rzeczywistych nie tylko zmniejszaja koszty badan
eksperymentalnych, ale roéwniez pozwalaja na
analizowanie = wyizolowanych uszkodzen, co
w rzeczywisto§ci mogloby napotka¢c na wiele
trudnos$ci. W tej pracy ograniczono si¢ jedynie do
analizy wplywu nastgpujacych  parametréw
wtryskiwacza:
e zmiany ci$nienia otwarcia iglicy wtryskiwacza
w zakresie 35+41 MPa;
e  zmiany liczby droznych
w rozpylaczu;
e zmiany $rednicy otworkoéw rozpylajacych.
Symulacje zostaly przeprowadzone dla silnika
AL20 pracujacego ze stala predkoscia obrotowa
n = 750 obr/min, przy maksymalnym wychyleniu
listwy paliwowej. Symulacje te polegaty na zmianie
jednego parametru (cechy stanu), przy czym
pozostale dwie analizowane cechy stanu mialy
state, niezmienne wartosci znajdujace si¢ w polu
tolerancji dla badanego modelu.

wraz

otworkow

gatunek paliwa
uiklad ehtodzenia

Bledy
wykonania

Zmiana ci$nienia otwarcia wtryskiwacza
wplywa na caly przebieg procesu wtrysku. Im
ciSnienie otwarcia jest wyzsze, tym szybciej
nastgpuje wyptyw paliwa, i tym wigksza jest
warto$¢ ciSnienia w przestrzeni wtryskiwacza.
Z kolei spadek cisnienia otwarcia powoduje
pozniejszy wtrysk paliwa do komory spalania,
nizsze ci$nienie procesu witrysku wiaze si¢
dodatkowo z gorszym rozpyleniem paliwa. Do
stanu zdatno$ci przypisano przebiegi o cisnieniu
otwarcia 40 MPa oraz 40,5 MPa (rys. 2).

3.2. Przygotowanie danych dla modelu sieci
neuronowej

Wiasciwa interpretacja uszkodzen wtryskiwacza

przez ~model sztucznej sieci  neuronowej
uzalezniona jest od umiejetnosci rozpoznawania
przez nig charakterystycznych  symptoméw

niezdatnosci. Utworzono w tym celu zestawy
sktadajace sig¢ z roznych wariantdw pojedynczych
zmian cech stanu, przy zachowaniu stalych w stanie
zdatnosci pozostatych..

z
g

Rys. 1. Schemat postaci i przyczyn uszkodzen elementéw wtryskiwacza
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Rys. 2. Wplyw cis$nienia otwarcia wtryskiwacza
p na wartosci przebiegu ci$nienia w przestrzeni
wtryskiwacza p,, w zaleznoS$ci od kata obrotu watu
rozrzadu a,,

Uwzgledniono jednak takze wplyw uszkodzen
faczonych. Cisnienie we wtryskiwaczu zalezne jest
od nastgpujacych cech stanu i regulacyjnych:

pu=Ap.ird, N, ) (1)
gdzie:

p — warto$¢ ci$nienia otwarcia wtryskiwacza;

i — liczba droznych otworkow;

d — wartos¢ $rednicy otworkow rozpylacza;

N — nastawa paliwowa,

n — predko$¢ obrotowa watu korbowego.

Warto$ci regulacyjne utrzymano na staltym
poziomie (N, n), a cechy stanu zmieniano. Przyjgto,
ze dla niezdatno$ci wymienione cechy stanu
przyjmuja wartos¢ ,,1”, natomiast gdy mieszcza si¢
one w polu tolerancji to przyjmuja wartos¢ ,,0”.
Przygotowano dwa zestawy uszkodzen po 11
przebiegow cisnienia paliwa przeptywajacego przez
wtryskiwacz. Pierwszy zawieral jedynie pojedyncze
uszkodzenia, tj. uwzglednial nastgpujace cechy
stanu:
- (0,0,0) — 11 réznych przebiegdw cisnienia

w przestrzeni wtryskiwacza, w ktorych

wszystkie cechy stanu miescity si¢ w polu

tolerancji;
- (1,0,0) — niewlasciwe cisnienie otwarcia
wtryskiwacza;

— (0,1, 0) — liczba droznych otworkéw mniejsza
0od9;

— (0,0, 1) — érednica otworkéw nie mieszczaca
si¢ w polu tolerancji.

Drugi zestaw sktadat si¢ dodatkowo z taczonych
postaci uszkodzen, to znaczy swym zakresem
obejmowat rowniez:

- (1,1,1) — niezdatnos¢ ze wzglgdu na
niewtasciwe cisnienie otwarcia wtryskiwacza,
liczbg droznych otworkéw oraz przekroczenie
tolerancji $rednic otworkow rozpylajacych;

- (0,1, 1) — niezdatno$¢ w wyniku zmiany liczby
droznych  otworké6w oraz  przekroczenia
tolerancji $rednic otworkow rozpylacza;

- (1,1, 0) — uszkodzenie spowodowane zmiang
cisnienia otwarcia wtryskiwacza oraz zmiang
$rednic otworkow;

- (1,0,1) — wuszkodzenie @w  wyniku
przekroczenia tolerancji ci$nienia otwarcia
wtryskiwacza, a takze w wyniku zmiany liczby
droznych otworkéw rozpylacza.

Wartosci przebiegu cisnienia przeptywajacego
paliwa w przestrzeni wtryskiwacza zostaly
obliczone dla kazdego stopnia obrotu watu rozrzadu
w zakresie 1+50°. Dla wszystkich wyroznionych
przypadkow w tych badaniach obliczono je na
podstawie zalezno$ci zawartych we wcze$niejszej
pacy autora [5].

Pierwszy zestaw sktadat si¢ z 44 przebiegdéw, co
datlo 2200 wynikéw obliczen. Drugi zestaw
obejmujacy nie tylko pojedyncze uszkodzenia, ale
i laczone niezdatnosci, zawierat 8§ rdéznych
przypadkow po 11 przebiegow dla wszystkich 50°
obrotu watu krzywkowego, co dato w sumie 4400
wartosci ciSnienia w przestrzeni wtryskiwacza.

Oba zestawy przypadkéw zostaty dodatkowo
podzieclone na dwa zespoly skladajace sig
ze zbiorow:

— zbidr uczacy (ZU) uwzgledniajacy zmiany
przebiegu ci$nienia w przestrzeni
wtryskiwacza, w  zaleznosci od stanu
technicznego modelu 1 przypisano je do
konkretnych klas;

—  zbior walidacyjny (ZW), ktory mial za zadanie
nie dopusci¢ do przeuczenia sig sieci, stuzyt
réwniez do monitorowania samego procesu
uczenia sieci;

— zbior  testujacy (ZT), skladajacy  sig
z przypadkow nie ujetych w poprzednich
zbiorach, ten z kolei miat na celu sprawdzenie
skutecznosci identyfikacji stanu technicznego
przez sztuczng sie¢ neuronowa.

3.3. Automatyczny projektant sieci

Neuronowe modele diagnozowania stanu
technicznego wtryskiwacza zostaly zbudowane
przy uzyciu automatycznego projektanta sieci
programu Statistica Sieci Neuronowe (Neural
Networks), rozbudowanego pakietu analitycznego
do sieci neuronowych.

Wykorzystujac  automatycznego projektanta
sieci przetestowano nastgpujace typy sieci:
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— liniowe — zlozone z 2 warstw neurondw,

—  probabilistyczne (Probabilistic Neural
Networks — PNN),

— sieci o radialnych funkcjach bazowych (Radial
Basis Functions — RBF),

—  perceptron trojwarstwowy
Perceptron MLP3),

—  perceptron czterowarstwowy (MLP4).
Automatyczny projektant przetestowal 100

réznych architektur sieci o réznorodnym stopniu

ztozonosci, dla kazdego z powyzej wymienionych

typéw sieci. Nastgpnie sposrod nich wybrat

5 (opcjonalnie), w ktérych osiagni¢to najlepsze

wyniki.  Analizie  poddano oba  zestawy

przypadkow. Wszystkie sieci zostaly zbudowane

pod katem klasyfikacji, to znaczy, ze zadaniami

sieci bylo zakwalifikowanie badanych przypadkéw

do wczesniej opisanych klas w rozdziale 3.2.

(Multilayer

3.4. Wyniki badan

Dla kazdego rodzaju wymienionych sieci
wykonano 3 analizy przy pomocy automatycznego
projektanta. Dla pierwszego zestawu uszkodzen
i sieci liniowych przyktadowe wyniki obrazuje
tabela 1. Program prezentowal wyniki do 6 cyfr,
ktoére zaokraglano do 3 lub 4 cyfr znaczacych.

Najlepsze wyniki osiagnigto dla sieci nr 5: 5:5-
4:1. Zapis ten oznacza 5 wykorzystanych sygnatow
wejsciowych (26+30°OWK) i jeden wyjsciowy.
Sie¢ skladala si¢ z 5 neurondw w pierwszej
warstwie 1 czterech neuronéw w warstwie
wyjsciowej (rys. 3.)

Analiza sieci  probabilistycznych ~ (PNN)
wykazata, ze najlepsza siecia okazata sig sie¢ o 41
wejsciach sktadajaca si¢ z 41 neuronow w warstwie
wejsciowe], 18 neuronow w warstwie ukrytej, oraz
czterech neuronach w warstwie wyjsciowe;.

Dla sieci neuronowych o radialnych funkcjach
bazowych (sieci RBF) uzyskano najlepsze wyniki
dla sieci 3:3-2-4:1.

Najlepsza siecia z grupy sieci liniowych okazata
si¢ sie¢ 2:2-8:1, ztozona z dwodch neurondéw na
wejsciu (19 oraz 32°OWK) oraz 8 neuronach na
wyjsciu.

p O
O_

I Pw
d 0 -0
AN O
no_ B
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Rys. 3. Sie¢ liniowa 5:5-4:1: IN — warstwa
wejsciowa, OU — warstwa wyj$ciowa;
p, i, d, N, n — wymuszenia wejsciowe,
Pw — odpowiedz sieci

Dla sieci PNN najlepsza siecia jest sie¢ 12:12-
43-8:1. Dla sieci RBF ukazano najlepsze wyniki
osiagneta sig sie¢ 41:41-1-8:1, ktora posiadata na
wejsciu 41 neurondéw, w warstwie ukrytej jeden
oraz w wyjsciowej 8.

Dla perceptronu trojwarstwowego najlepsza dla
tego typu sieci byla sie¢ ztozona z 27 neuronow
w warstwie wejSciowej, 41 neurondow w warstwie
ukrytej oraz o$miu w wyjsciowej 27:27-41-8:1.

Dla perceptronu czterowarstwowego najlepsze
rezultaty z tego zbioru uzyskata sie¢ 31:31-41-41-
8:1. Sie¢ ta sktadala si¢ z 31 neuronow w warstwie
wejsciowej, dwoch  warstw  ukrytych  po
41 neuronéw kazda, 8 neurondw w warstwie
wyjsciowej.

3.5. Analiza i interpretacja wynikow badan

Jakos$¢ uczenia, walidacji oraz testowania mowi
0 liczbie poprawnie zaklasyfikowanych
przypadkow 1 wyrazana jest procentem dla

wlasciwie zidentyfikowanych cech stanu (rozdz.
3.2)

Tabela 1. Wyniki badan dla sieci liniowych

L.p. Typ uiilzﬁ?; wiﬁlfl(;i.?i tesggfvc;ilcia BTzt Sl test(]?viva:rilia
1 |16:16-4:1| 0,278 0,444 0,333 1,378 1,149 1,228
2 | 15:15-4:1| 0,444 0,111 0,222 1,020 1,122 0,862
3 | 13:13-4:1| 0,500 0,556 0,444 0,853 0,959 0,635
4 7:7-4:1 0,722 0,556 0,444 0,418 0,880 0,472
5 5:5-4:1 0,444 0,778 0,444 0,414 0,350 0,486
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Przy podejmowaniu decyzji, ktorej sieci uzy¢,
zaleca si¢ bra¢ pod uwage btad walidacji. Btad
uczacy nie okresla zdolnosci sieci do poprawnej
klasyfikacji w  przypadku nowych danych
(przebiegow), btad testowy pomocny jest jedynie
przy diagnozowaniu probleméw zwiazanych
z uczeniem sieci. Jezeli warto$¢ bledu testowego
odbiega mocno od bledu walidacji i uczenia to
$wiadczy¢ moze albo o nielosowym wymieszaniu
zbioréw: uczacego, walidacyjnego, testujacego,
albo o zbyt matej liczbie przypadkow. Wiasciwym
do oceny skutecznosci dzialania sieci byt blad
walidacji oraz jako$§¢ walidacji, na podstawie tych
warto$ci wybierano najlepsze sieci w rozdziale 3.4.

Do dalszej analizy obliczono $rednia
arytmetyczna S, dla jakos$ci uczenia, walidacji,
testowania, a takze dla bledu uczenia, walidacji
oraz testowania. Wyliczono go dla poszczegdlnych
rodzajow sieci, na podstawie wzoru:

s=13x @)

Nastepnie obliczono odchylenie standardowe
wyrazone wzorem:

o= | (x-S 3)

Wspblczynnik zmiennos$ci obliczono ze wzoru:

y=2 “
S
Wyliczone wspotczynniki zmiennosci

pozwolily na zobrazowanie rozrzutu wynikéw
migdzy testowanymi sieciami. Dla drugiego
zestawu przedstawiono na rys. 4.

Dla  pierwszego zestawu wariantow
najmniejszy rozrzut bledéw oraz jakoSci uzyskaty
sieci PNN, oraz MLP3. Najwigkszy natomiast
rozrzut wykazaty sieci liniowe, a takze sieci MLP4.

Dla drugiego zestawu przypadkow (rys. 5)
rozrzut jako$ci oraz najmniejszy rozrzut blgedow
uzyskaty sieci o radialnych funkcjach bazowych
(RBF), nastgpnie sieci probabilistyczne.
Najwigkszy rozrzut wynikow dotyczyt sieci
liniowych.

Sieci uzyskaty zblizona ~ umiejgtnosé
zaklasyfikowania cech stanu do wtasciwych typow,
roznity si¢ natomiast bledem walidacji. Najwigksza
roznica dotyczy tu sieci PNN oraz sieci MLP4.

Najlepsza siecia dla klasyfikacji przypadkow
zestawu  pierwszego okazata  si¢  sie¢
probabilistyczna (PNN), w ktorej uzyskano
najwigksza skuteczno$¢ oraz najmniejszy btad.

Sie¢ MLP4 uzyskata identyczna jakos$¢ walidacji,
roznity si¢ natomiast btedem, ktory byt dla niej

znaczny. Zblizony btad miaty pozostate sieci rzedu
0,31.

N
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. . . )
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Wspétczynnik zmiennosciV
b 2
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Liniowe PNN RBF MLP3 MLP4
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O Jakos¢ walidacji W Btad walidacji
O Jakos¢ testowania [0 Btad testowania
W Jako$¢ uczenia O Btad uczenia

Rys. 4. Wspotczynnik zmiennosci dla jakosci
i bledoéw dla drugiego zestawu przypadkow
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Rys. 5. Jakos¢ i btad walidacji dla najlepszych
sieci przy 4 cechach stanu

4. PODSUMOWANIE

Sieci neuronowe moga by¢é pomocne
w identyfikacji typéw uszkodzen w diagnostyce
wtryskiwaczy silnikow okrgtowych. W badaniach
przeanalizowano 5 rodzajow sieci (liniowe, PNN,
RBF, MLP3, MLP4) o zr6znicowanej budowie
i wybrano sieci, ktore uzyskaty najlepsze wyniki.
Klasyfikacja pojedynczych uszkodzen wypadta
najlepiej  (pierwszy  zestaw  przypadkow),
przodowata tu sie¢ typu probabilistycznego, ktora
jednoczesnie osiagnegta najmniejszy btad walidacji.
Sieci identyfikujace 8 cech stanu (drugi zestaw
przypadkow) nie uzyskaly dobrych wynikéw.
Przyczyna tego mogto by¢:
—  zbyt mala liczba przypadkow;
— nielosowe wymieszanie zbiorow: uczacego,
walidacyjnego, testujacego;
— podobne przebiegi ci$nienia wtrysku, dla
niezdatnosci taczonych.
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Warto$ci przebiegow cisnienia w przestrzeni
wtryskiwacza dla uszkodzen taczonych
dla niektorych niezdatnosci byty zblizone,
powodem tego bylo zwigkszenie S$rednic przy
jednoczesnej zmianie liczby droznych otworkow,
co dawato podobne sumaryczne pole przekroju dla
paliwa wyptywajacego przez otworki rozpylacza.
Sprawito to, ze migdzy innymi takie przebiegi byly
blednie klasyfikowane.

Do badania sieci pominigto warto$ci ci$nienia
szczatkowego, bowiem nie moze to by¢ miarg
okreslenia typu uszkodzenia, o ile w tej symulacji
osiagalo ono warto$¢ stala, to w rzeczywistosci jest
ono zmienne w czasie.

Do analizy wykorzystywano przebiegi czasowe
cisnienia w przestrzeni wtryskiwacza.
Wyniki dla identyfikacji pojedynczych uszkodzen
(3 rodzajow) byly satysfakcjonujace. Przodowala
sie¢ typu probabilistycznego (PNN), ktoéra
osiagnela najmniejszy blad walidacji przy
najmniejszej jakosci. Sie¢ identyfikujaca 8 cech
stanow, przy 7 typowych uszkodzeniach, to jednak
dla faczonych typow byly nie akceptowalne.
Przyczyna byl podobny wplyw na przebieg
cisnienia w przestrzeniach wtryskiwaczy przez
rébzne zmieniane cechy stanu. Nalezatoby
przeanalizowaé wigcej przypadkow do
ostatecznego zweryfikowania przydatnosci sieci
neuronowych w diagnozowaniu wtryskiwaczy
silnikow okrgtowych.
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Streszczenie

W referacie przedstawiono fragment systemu doradczego Diadyn. Diadyn to otwarty
internetowy system doradczy. W systemie tym, do reprezentacji wiedzy zastosowano koncepcjg
stwierdzen. Stwierdzenia sa reprezentowane jako wezty w sieci stwierdzen. W systemie Diadyn
wiedza jest reprezentowana w postaci sieci stwierdzen. Sam system Diadyn sklada si¢ z wielu
modutow. Niektore z nich sa przeznaczone do zapisywania wiedzy. Inne shuza do zapisywania
objasnien wynikéw przeprowadzonego wnioskowania. Do realizacji tych zadan przygotowano
dwa moduty Dia_Wiki oraz Dia_Sta. Opis tych modulow przedstawiono w tym referacie.

Stowa kluczowe: diagnostyka, system doradczy, reprezentacja wiedzy.
KNOWLEDGE EDITORS FOR AN DIAGNOSTIC EXPERT SYSTEM DIADYN

Summary

In this paper a part of an expert system called Diadyn is presented. Diadyn is an open internet
expert system. In this system the knowledge representation is based on statement concept.
Statements are nodes in a statement network. Within Diadyn system the knowledge is represented
by means of the statement network. The Diadyn consists of several modules. Some of them are
built for coding the knowledge. The others are prepared for writing explanations of inference
results. In order to perform this task, modules called Dia Wiki and Dia Sta are prepared.
A description of this modules is presented in this paper.

Keywords: diagnostics, expert system, knowledge representation.

uktad objasniajacy.

Rozwdj nowoczesnych maszyn i urzadzen oraz
stawiane  im  wymagania  dotyczace ich
nieprzerwanej pracy spowodowal rozwdj dziedziny
wiedzy nazywanej diagnostyka techniczng. Celem
stosowania diagnostyki technicznej jest okreslenie
stanu maszyn. Do okreSlenia tego stanu stosowane
réozne metody 1 techniki. Jednak stopien
skomplikowania wspotczesnych maszyn wymaga
wspomagania tego procesu przez odpowiednie
oprogramowanie. Do grupy ciekawych narzgdzi
wspomagajacych diagnostow w ich codziennej
pracy zaliczy¢ mozemy systemy doradcze. Systemy
tego typu maja wspomagaé diagnostow w ich
codziennej pracy poprzez wykorzystanie zapisanej
w nich wiedzy.

Do podstawowych elementow
doradczych mozemy zaliczy¢ [4]:

e bazeg wiedzy,
e bazg danych,
e uklad wnioskujacy,

systemow

' Opisywany system opracowano w ramach projektu

badawczego zamawianego pt. ,.Zintegrowany dynamiczny
system oceny ryzyka, diagnostyki oraz sterowania dla
obiektow i procesOw j
PBZ-KBN-105/T10/2003)

technicznych  (nr  rej.

Baza danych umozliwia gromadzenie danych,
na podstawie ktorych bedzie mozliwa ocena stanu
technicznego maszyny. Baza wiedzy umozliwia
zapisanie wiedzy specjalistow, ktora postuzy
systemowi doradczemu do okreslenia stanu
maszyny na podstawie danych zgromadzonych
w bazie danych. Bazg wiedzy systemu doradczego
nalezy wypetni¢ odpowiednio zapisana wiedza.
Wiedz¢ w bazach wiedzy systeméw doradczych
mozna zapisywaé w rozny sposob. Mozna tutaj
wyro6zni¢ takie techniki reprezentacji wiedzy jak:

e techniki bazujace na bezposrednim
zastosowaniu logiki,

e tablice decyzyjne,

zapis stwierdzen,

zapis regut,

sieci semantyczne i sieci stwierdzen,

obiekty abstrakcyjne,

sieci neuronalne.

Aby moc wykorzystaé zgromadzona wiedzg i na

podstawie zebranych danych o obiekcie okresli¢

jego  stan,  konieczne  jest  opracowanie

odpowiedniego uktadu wnioskujacego. Uktad taki

pozwoli na podstawie aktualnej wiedzy zapisanej

w bazie wiedzy oraz zebranych danych okresli¢

aktualny stan techniczny maszyny. Bardzo wazna

rzecza jest uzasadnienie otrzymanej w ten sposob

oceny stanu technicznego. Do tego celu
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wykorzystywany jest uktad objasniajacy systemu
doradczego. W ukladzie objasniajacym, moga
znajdowaé si¢ zaré6wno informacje zwiazane
z samym procesem wnioskowania diagnostycznego
jak rowniez wyjasnienia dotyczace zebranych
danych, badanego obiektu, czy wazniejszych pojeé
uzywanych w opisie objasnienia. Aby moc
korzysta¢ z samego systemu doradczego konieczne
jest zapisanie w nim niezbgdnej wiedzy oraz
uzupelnienie systemu objasniajacego. Stad pojawia
si¢ konieczno$¢ przygotowania odpowiednich
narzedzi umozliwiajacych zaro6wno zapis wiedzy
jak réwniez przygotowanie systemu objasnien.

2. SYSTEM DIADYN

System Diadyn [2, 3] zostal zaprojektowany
jako otwarty internetowy system doradczy,
umozliwiajacy zapisywanie wiedzy z roznych
dziedzin. Zasada jego dzialania opiera si¢ na
pojeciu stwierdzenia [4, 5]. Stwierdzeniem nazywac
bedziemy informacj¢ o uznaniu wypowiedzi
orzekajacej o obserwowanych faktach lub
reprezentujacych okreslong opinig [1]. Stwierdzenia
mozna rozpatrywaé¢ jako rozwinigcie pojgcia
zdanie. Pojgcie to stosowane jest w rachunku zdan.
W odrdznieniu od zdan, w przypadku stwierdzen
moga one dotyczy¢ wypowiedzi, o ktérych nie
mozemy powiedzie¢ czy sa prawdziwe czy
fatszywe. Kazde stwierdzenie posiada swoja tre$é
oraz warto$¢. TreS¢ stwierdzenia jest zdaniem
oznajmujacym. Natomiast warto$¢ stwierdzenia jest
liczba z przedzialu [0, 1] okre$lajaca stopien
przekonania o prawdziwosci danego stwierdzenia.
Wartoéci  stwierdzen moga by¢ zadane lub
wyznaczane przez uklad wnioskowania systemu
doradczego. Zadania realizowane przez system
Diadyn, sa realizowane przez wiele roznych
modutow. W tym referacie zostanie opisany sposob
dziatania dwoch z nich: moduty Dia Wiki
i Dia_Sta.

3. EDYTORY WIEDZY SYSTEMU DIADYN

Tak jak opisano to wcze$niej podstawa do
budowy bazy wiedzy w systemie Diadyn jest
pojecie  stwierdzenia. Do  zapisywania tych
stwierdzen przygotowano w tym  systemie
odpowiednie edytory. Praca z systemem Diadyn,
dotyczaca zapisywania wiedzy oraz przygotowania
odpowiedniego systemu objasnien sklada sig
z dwoch etapow. W  pierwszym etapie
przygotowywane sq zasoby obejmujace
stwierdzenia, hasta, slowniki oraz tematy.
Stwierdzenia stanowia podstawg budowy bazy
wiedzy. Mozne je taczy¢ w grupy nazywane
stownikami. Do budowy systemu objasnien
wykorzystywane sa hasta. Hasta maja podobne
znaczenie jak informacje zapisywane w stownikach
lub encyklopediach. Stanowia rozszerzony opis
poje¢ zastosowanych do definiowania stwierdzen.
Hasta moga by¢ taczone w tematy, przy czym

tematem nazywany jest zbior hasel opisujacych
zagadnienia o podobnej tematyce. W tym
przypadku mozna méwi¢ o analogi do rozdziatow
w  ksiazkach.  Pierwszy  etap  nazwano
redagowaniem stwierdzen, haset i grupowanie ich
odpowiednio w stowniki i tematy. Drugi etap
obejmuje konstruowanie sieci stwierdzen oraz
definiowanie zadan umozliwiajacych
przeprowadzenie procesu wnioskowania. Do
przeprowadzenia tych dzialan w  systemie
przygotowano dwa moduly Dia_Wiki oraz Dia_Sta.

1.1. Redagowanie stwierdzen

Redagowanie  stwierdzen = odbywa  sig
w specjalnym module, bgdacym czgscia systemu
Diadyn. Dziatanie tego modutu jest podobne do
przygotowywania definicji w encyklopediach
internetowych typu WikiWiki. Przykladem takiej
encyklopedii jest Wikipedia. Modul Dia Wiki
zostal opracowany na podstawie jednej z wielu
implementacji systeméw typu WikiWiki, bazujacej
na opracowaniu PmWiki [8]. Dla potrzeb
zastosowania tego rozwigzania zostalo ono
zmodyfikowane 1 dostosowane do zadan
zwigzanych z zapisywaniem wiedzy w systemie
Diadyn. Dla potrzeb tego systemu zostata dodana
mozliwo$¢ definiowania nastgpujacych zasobow:

- stwierdzenie,

- stownik,

- hasto,

- temat,

- autor,

- pozycja literaturowa.

Wymienione wyzej elementy tworza zasoby
systemu. Stwierdzenia i stowniki sa elementami
umozliwiajacymi zapisywanie wiedzy
i umozliwiaja, w kolejnym etapie, konstruowanie
sieci stwierdzen. Pozostate elementy stuza do
utworzenia systemu objasnien. Do definiowania
kazdego z zasobow zostala przygotowana
odpowiednia procedura. Definiowanie nowego
zasobu rozpoczyna si¢ od wyboru typu nowo
definiowanego zasobu. Okno edycyjne pozwalajace
na definiowanie nowego zasobu pokazano na rys. 1.
W oknie tym, znajduja si¢ pola umozliwiajace
wybor typu zasobu. Utworzenie nowej definicji
rozpoczyna si¢ od wpisania identyfikatora nowego
zasobu. Po  wprowadzeniu indywidualnego
identyfikatora, system automatycznie doda do niego
przedrostek. Identyfikuje si¢ w ten sposdb typ
zasobu. Przyjeto, ze poszczegdlne typy zasobow
beda miaty rozne przedrostki. Przyjeto, ze:

o stwierdzenia beda mialy przedrostek Stw,
o hasta beda mialy przedrostek Str,

o stowniki maja mie¢ przedrostek Siw,

e tematy beda rozpoczynaly sig od liter Tem.

Takie zalozenie pozwala na pdzniejsza
identyfikacje zasobow w systemie, ale roéwniez
ulatwia pracg uzytkownikom, gdyz w trakcie
edycji, identyfikator ~ jest  uzytkownikowi



DIAGNOSTYKA’ 4(48)/2008 147
PSIUK, Edytory wiedzy dla diagnostycznego systemu doradczego DIADYN

prezentowany (np. rys. 2, rys. 3). Edycja samego
zasobu odbywa si¢ poprzez wpisywanie tekstu
w odpowiednie pola, wykorzystujac w tym celu
zestaw polecen dostgpnych w systemach typu
PmWiki. Zestaw takich komend mozna znalez¢ np.
w [8]. Elementami, ktére sa konieczne do dalszych
dziatan sa stwierdzenia i stowniki stwierdzen.

Dia_Wiki
| Swrena ghiwna | Szukaj | Pomac |
Dl f DigWLTTEST
MNowa strona - identyfikator: NewPage
%6 twarzonie nowych steon W polu dycyjnym naldsy wpisad idon
ko Mary | cyfry. Wpeowadzone identylikstory bydzie mozna
adiry sdznych typlw beda poprzedzone adpowiedran preedeosthi

Wriwiatl Edviul Muwa steuna  Hislesla amian  Zalas Wby

« Stwanrdzonio - podad idestySkator stwiordzenia i kiikng preycisk utwirg

Utz

+ Hashe - poda) identyfikator haska | kiikni| przycisk utweez
Utwiiz

» Trfice - poday idordyfikator pozyci itersturown i kikng preyeisk twdre
Uredrz

« Temat - pods) identyfikator temat | kliknij preycisk uworz

Utwerz

 Showrik - podaj idestySkatar slownika | kiknij przycisk utwérz

Uiwiirz

= Osoba - padaj identyfikator asoby @ kiikng preyeisk oiwire
Utwidirz

pomocy tego formularza. Strony utwerzons prIez ten formutarz nadsjy
ki

ZOne W iney i 2 okredlanym formatem nazw plikiw byda usuwane

Dodaj komertare

Podpls autora Frzysaied Pruk
Wprewad: kod 131 Zapisz | |Przywnié

Rys. 1. Definiowanie nowego zasobu

Dia_Wiki

Wyduiatl  Bdybal Mows erons  Mistors crisn  Zlacs Wydeubsg

Edycja strony DIaWIKITEST. StwTemperaturaWyscka
()] ] o KRS ) e = 2 = D )

*iopis
Tu naley vpisat cpis atviecdzenia,

!Babliogratia
Tu nalesy podad literatuce.

*laatorey
Tu nalesy vpisal sucordw stwierdzenia.

(132 falae

Fenize) nalesy umiescié odsylacee do sioumikew, do keoryeh nalesy
stwierdzen 1)

Qpis zmian
Autor. Kreyszbol Paik || Werowadzono tylko drobne zrmiany
Zapisz | Zopisz i kontynouj edycie | Podglad | Anuluj

Rys. 2. Edycja Stwierdzenia

Dlatego tez konieczne jest utworzenie
przynajmniej zasobow tego typu. Kazdy z nich
posiada swoj tytut oraz tre§¢ wlasciwa. Przyjegto, ze
tytul jest jednoczes$nie trescia stwierdzenia.
Dodatkowo mozna pod wlasciwa trescig
stwierdzenia  wprowadzi¢  dodatkowy  opis,
informujacy np. o autorze danego stwierdzenia
(odwotanie do zasobu autor) oraz zrodtach
literaturowych na podstawie ktorych dane
stwierdzenie zostatlo opracowane (odsytacz do
zasobu pozycja literaturowa).

Podstawa do opracowania sieci stwierdzen sa
stowniki. Stowniki grupuja stwierdzenia w zbior,
bedacy podstawa do pdzniejszej budowy sieci
stwierdzen. Zalozono, ze stwierdzenie moze
naleze¢ do kilku stownikow jednocze$nie.

Dia_Wiki

Opis
Stownik dla praykiadows] Sieci

Lista stwierdzen

Rys. 3. Przykltadowy Stownik Stwierdzen

Dodatkowo oprocz stwierdzen i1 stownikow
mozna definiowa¢ hasta i tematy. Wprowadzenie
hasel umozliwia wyjasnienie stosowanych przy
definiowaniu stwierdzen stow oraz zwrotéw lub
opisu zagadnien, ktérych stwierdzenie moze
dotyczy¢. Hasta o podobnej tematyce moga by¢
faczone w tematy, przy czym dane hasto moze
naleze¢ jednoczesnie do kilku tematow.

1.2. Konstruowanie i uruchamianie sieci
stwierdzen

Po utworzeniu koniecznych zasobow w postaci
stownikéw stwierdzen oraz tematéw zawierajacych
hasta, mozna przystapi¢ do projektowania sieci
stwierdzen. W tym celu korzystamy z modutu
Dia_Sta. W module tym mozna wykonywaé dwa
rodzaje operacji: definiowa¢ lub edytowaé sie¢
stwierdzen, oraz definiowac lub edytowac zadanie
uruchamiajace proces wnioskowania.

Dia_Sta

Sied stuisrdzen: Przykladowa sied.

wezly nalezace do sied stwierdzen:
Maleje poziem wody w zbiorniku

Stuierdzono wyciek

Zarnknigty zawér adphpwony

Edyda sieci
Powrdt
wybdr wezta umotlivia modyfikowanis poviazan tego wazts z innymi waztami siec | preypisyuanie

wattaddl do tablicy prawdopadebisfsty warunkaowych.
Opda fdycja sieci umozlivia dodawanie | usuuanie wezléu siedi.

Rys. 4. Definicja przyktadowej sieci

Definiowanie  sieci  stwierdzen  (rys. 4)
rozpoczyna si¢ od wyboru stownika, zawierajacego
stwierdzenia majace by¢ weztami sieci. Oczywiscie
nie wszystkie stwierdzenia nalezace do danego
stownika musza by¢ wykorzystane do utworzenia
nowej sieci. System umozliwia wybor tych
stwierdzen, ktore maja by¢ uzyte. Po wyborze
stownika 1 stwierdzen, konieczne jest okreslenie
zaleznosci  pomiedzy weztami danej  sieci.
Definiowanie zalezno$ci odbywa si¢ w ten sposob,
ze dla wybranego stwierdzenia okresla si¢
stwierdzenia od ktorych jest ono zalezne. Poprzez
powtorzenie takich operacja dla wszystkich
stwierdzen, mozna zdefiniowa¢ calg sieé
stwierdzen.
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Dia_Sta
Sied stwierdzert: Preykladowa sied,

Wazel Stwierdzono wyciek.

M1 - Maleje poziorm wady w zhiorniku
M2 - Zarmknigty zawdr odplywowy

Tak Nie M1 Nz

Jo.ss Jo.o1 Tak | Tak

Jo.s Jos Tak | Mie

Jo.o1 FEE] Nig | Tak

Jo.s Jos Nie | Mie

‘Wprowadz uzasadnienie dotyczacy wpisanych wartosc prawdopodobieriste
warunkowych:
=l

[

Zapisz

Rys. 5. Definiowanie prawdopodobienstw
warunkowych dla wezta przyktadowej sieci

Kolejnym krokiem jest =zapisanie relacji
pomiedzy poszczeg6lnymi stwierdzeniami. Relacje
zapisywane sa przez okreslenie wartosci tablicy
prawdopodobienstw warunkowych dla kazdego
stwierdzenia. Przyklad takiej tablicy pokazano na
rys. 5. Liczba pdl ktore nalezy w takiej tablicy
wypelni¢ zalezy od liczby weztow, od ktdrych
warto$¢ danego stwierdzenia jest zalezna. Po
zdefiniowaniu catej sieci stwierdzen, nalezy
przystapi¢ do uruchomienia procesu wnioskowania.

Dia_Sta

Wyniki dla zadania Preyk

= L Stwierdzono wyciek:  0,53919995
L mMaleje poziom wody w zhiorniku: 0,9
L Zamkniety zawdr odgheweowy: 0.1

Rozwih wezystkie  Zwif wezystkie

Fobierz jake XML Zachowaj jako liste wartosei shuierdzefn

Rys. 6. Przyktadowe drzewo stwierdzen

W tym celu nalezy zdefiniowaé zadanie, ktore
ma wykonywac¢ obliczenia dla nowo zdefiniowane;j
sieci. Przy definiowaniu zadania nalezy wskazac
sie¢ stwierdzen, zbior wartosci poczatkowych oraz
drzewo stwierdzen. Zbiér wartosci poczatkowych
zawiera  poczatkowe  wartoSci  stwierdzen.
Przewidziano rowniez mozliwo$¢ wprowadzenia
wartosci nieznanej, co oznacza Ze hie mozemy
stwierdzi¢, czy dane stwierdzenie jest prawdziwe
czy fatszywe.

Wiyniki procesu wnioskowania prezentowane sa
w postaci drzewa stwierdzen. Przyklad drzewa
stwierdzen przedstawiono na rys. 6. Drzewa
stwierdzen zawiera te stwierdzenia, ktorych
warto$ci maja by¢ prezentowane uzytkownikowi

systemu  doradczego. Podobne  rozwiazanie
zastosowano np. w [6, 7]. Konstruktor sieci
stwierdzen sam decyduje o tym, czy warto$ci
danego stwierdzenia maja by¢ prezentowane. Moze
zdarzy¢ si¢ tak, Ze niektore stwierdzenia maja
peli¢ rolg stwierdzen pomocniczych 1 ich
wyznaczone warto$ci nie musza by¢ prezentowane
uzytkownikowi systemu doradczego.

Elementy drzewa stwierdzen sa elementami
aktywnymi, 1 umozliwiaja odwotanie si¢ do
zdefiniowanych wczesniej zasobow w postaci
definicji stwierdzen. Dzigki temu uzytkownik ma
mozliwo$¢ uzyska¢ informacje na temat wynikow
procesu wnioskowania, jego przebiegu oraz
wspomoc sig wiedza udostgpniong w  systemie
objasnien.

Wartosci prezentowane w drzewie stwierdzen
okreslaja stopien przekonania o prawdziwosci
danego stwierdzenia.

LITERATURA

[1] Korbicz J., Koscielny J. M., Kowalczuk Z.,
Cholewa W. (red) Diagnostyka procesow.
Modele.  Metody  sztucznej  inteligencyi.
Zastosowania. Warszawa, WNT, 2002.

[2] Cholewa W. (red) Warsztaty DIADYN.
Materialy seminaryjne. Ustron, KPKM, 2006.

[3] Cholewa W. (red.) Warsztaty DIADYN’07.
Materialy seminaryjne. Gliwice, KPKM, 2007.

[4] Cholewa W., Pedrycz W. Systemy doradcze.
Skrypt Pol. S1. Gliwice 1987.

[5] Cholewa Ww. Tablice ogloszen
w diagnostycznych systemach doradczych.
Pomiary, Automatyka Sygnaty 1998.

[6] Cholewa W., Psiuk K.: Wizualizacja stanu
ztozonego obiektu technicznego. Diagnostyka
Proceséw Przeptywowych, Kazimierz Dolny,
1999, 5.173-178.

[7] Psiuk K. Obiektowe modele procesu
propagacji stanow w ukladach maszyn. Praca
doktorska, Gliwice, 2001.

[8] Dokumentacja systemu PmWiki.
http://www.pmwiki.org.

Dr inz. Krzysztof PSIUK
jest adiunktem w Katedrze
Podstaw Konstrukeji
Maszyn Politechniki
Slaskiej.  Obronit  prace
doktorska pt. Obiektowe
modele procesu propagacji
stanow w ukltadach maszyn
i uzyskal stopien doktora
w  dziedzinie = budowa
i eksploatacja  maszyn.
Prowadzi badania w dziedzinie diagnostyka
techniczna maszyn i urzadzen oraz zastosowania
informatyki 1 metod sztucznej inteligencji
w diagnostyce. Zajmuje si¢ rowniez zagadnieniami
zwigzanymi z nauczaniem na odleglo$¢.



DIAGNOSTYKA’ 4(48)/2008

CZECHYRA, Odwzorowanie procesu witrysku paliwa w sygnale drganiowym silnika o zaplonie samoczynnym

ODWZOROWANIE PROCESU WTRYSKU PALIWA W SYGNALE
DRGANIOWYM SILNIKA O ZAPLONIE SAMOCZYNNYM

Bartosz CZECHYRA

Instytut Silnikéw Spalinowych i Transportu, Politechnika Poznanska

ul. Piotrowo 3, 60-965 Poznan; e-mail: bartosz.czechyra@put.poznan.pl

Streszczenie
W artykule przedstawiono wyniki badan nad mozliwoscig detekcji oraz stopniem
odwzorowania procesu wtrysku paliwa w silniku o zaptonie samoczynnym. Przedstawiono geneza
tematu i metodyke badan realizowanych na jednocylindrowym silniku badawczym. Wyniki badan
laboratoryjnych zweryfikowano na wielocylindrowym silniku kolejowym. W podsumowaniu
przedstawiono mozliwosci wykorzystania uzyskanych wynikoéw badan do detekcji niesprawnosci
wtryskiwacza paliwa silnika 2112SSF.

Stowa kluczowe: diagnostyka drganiowa, silnik spalinowy o ZS, wtrysk paliwa.

REPRESENTATION OF FUEL INJECTION PROCESS IN A VIBRATION
SIGNAL OF A DIESEL ENGINE

Summary
The article presents some results of the research on possibilities of use a vibration signal of
diesel engine in order to detect and describe a fuel injection process. This paper includes a genesis
of this problem and a methodology of performed tests, which were executed on one-piston
laboratory tests engine. Author presents also the verification results, executed on multi-pistons
locomotive diesel engine. As a conclusion, the possibilities of implementation of this method are
described, for example to perform an injector fault detection on the locomotive diesel engine.

Keywords: vibrodiagnostics, diesel engine, fuel injection.

1. ZRODLA SYGNALU DRGANIOWEGO
W CYKLU PRACY SILNIKA SPALINOWEGO
O ZAPLONIE SAMOCZYNNYM

1.1. Cykl pracy silnika spalinowego

Silnik spalinowy jest maszyna cieplna o dziataniu
cyklicznym, zamieniajacym energi¢ chemiczna
zawarta w paliwie na energi¢ mechaniczna
obracajacego si¢ watu korbowego. Bez wzgledu na
cechy konstrukcyjne silnika spalinowego podstawa
jego funkcjonowania jest sekwencja procesow
gwarantujacych konwersj¢ energii oraz zachowanie
ciaglosci pracy. W cyklu pracy musi dojs¢ do
pobrania powietrza do przestrzeni roboczej silnika,
przygotowania tadunku palnego przez uformowanie
palnej mieszaniny paliwa ipowietrza, spalenia
mieszanki w komorze spalania oraz wykorzystania
sit gazodynamicznych spalin w procesie rozprgzania
gazow spalinowych.

Silnik o zaptonie samoczynnym jest silnikiem,
w ktory spalanie tadunku w cylindrze jest inicjowane
samoczynnie poprzez bardzo zlozone mechanizmy
fizyko-chemiczne. Ze wzgledu na duza dynamike
przebiegu poszczegdlnych procesow zachodzacych
podczas cyklu pracy silnika mozna wskaza¢ na
dynamiczne oddzialtywania pomigdzy czynnikiem
roboczym a poszczeg6lnymi elementami konstrukcji.
Efektem tych oddziatywan jest generowanie sygnatu
wibroakustycznego.

Zgodnie z Kklasyfikacja zaproponowana przez
Pigtaka [8] dynamike silnika spalinowego, a przez to
i efekty dynamiczne w postaci drgan, mozna
rozpatrywaé w skali makro- i mikrozjawisk.
W ujeciu  makrodynamicznym  zaktada si¢, ze
przeptyw energii od silnika spalinowego do
odbiornika ma charakter ciagly, stacjonarny i nie
zwiazany z  jego  cykliczna  praca  [9].
W konsekwencji mozna wyprowadza¢ rownania
bilansu energetycznego silnika i budowa¢ modele
diagnostyczne, jako procesora energii.

Mikrodynamika silnika jest zwiazana z jego
cykliczng praca kolejnych cylindrow. Wytwarzaja
one moment obrotowy zmienny W czasie,
o ztozonym, pulsujacym przebiegu. Jest on
uwarunkowany przebiegiem ci$nien w cylindrach
oraz dzialaniem sit bezwladnosci, a takze dynamika
przeptywow w ukladach zasilania (w paliwo
i powietrze) i uktadzie dolotowym silnika.

Proponuje sig przejscie na jeszcze nizszy poziom
analizy pracy silnika spalinowego o ZS w aspekcie
diagnostyki drganiowej — analiza poszczegdlnych
procesOw  przetwarzania  energii  chemicznej
i generowania sygnalu drganiowego w cylindrze
zachodzacych podczas cyklu pracy. W takim ujeciu
przytoczona ~ wczesniej  klasyfikacj¢  rozwazan
o dynamice silnika spalinowego mozna rozszerzy¢
o dynamike elementarnych procesow silnikowych
opisujaca, wyjasniajaca 1 analizujaca charakter
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zjawisk  zachodzacych w  komorze
w kazdym cyklu pracy silnika spalinowego.

Kompleksowa analiz¢ poszczegolnych zjawisk
i mechanizméw generowania drgan w silniku
spalinowym o ZS omoéwiono w pracach [10]
natomiast ponizsza prac¢ poswigcono kluczowemu
procesowi jakim jest wtrysk paliwa i formowanie
tadunku palnego w komorze spalania.

spalania

1.2. Wtrysk paliwa

Wirysk paliwa do przestrzeni roboczej silnika
0ZS jest ztozonym procesem majacym na celu
dostarczenie W odpowiednim momencie,
odpowiednio odmierzonej dawki paliwa tak, aby
utatwic¢ formowanie i samozapton mieszaniny palne;j.
Niezaleznie od rozwiazania konstrukcyjnego uktadu
wtryskowego, jego poprawne funkcjonowanie silnie
wpltywa na wlasnoSci uzytkowe silnika (moc

maksymalna, dynamika, cichobieznos¢)
i ekologiczne (toksyczno$¢ spalin), a przede
wszystkim  ekonomi¢ eksploatowania  (zuzycie

paliwa) [11]. Charakteryzujac zrodla sygnatow
drganiowych w ukladzie wtryskowym nalezy
zaznaczy¢, ze ze wzgledu na skomplikowany
mechanizm rozpylania paliwa mozna podzieli¢ je na
zrodta mechaniczne, hydrauliczne i aerodynamiczne.
Jak wynika z przeprowadzonych badan jednym
z dominujacych zrédel wtryskiwacza, a przez to
icalej glowicy silnika jest formowanie strugi
irozpylenie paliwa [1, 4]. Z punktu widzenia
mechaniki plynéw wtrysk paliwa to przepltyw cieczy
przez otwor ostrokrawgdziowy, ktérego
charakterystycznym wymiarem jest dhugos¢ duzo
mniejsza od 50D, gdzie D jest $rednica otworu
rozpylacza [7]. Przeptyw przez otwor
ostrokrawedziowy charakteryzuje si¢ przewgzeniem
(kontrakcja) strumienia, ktora wystgpuje za
przekrojem. Stanowi to zrodto silnego zawirowania
paliwa, a przy znacznych predkosciach wyptywu
paliwa (w literaturze wskazuje si¢ predkos¢ rzedu 80-
100 ms") prowadzi do rozpadu strugi na skutek
niestabilnosci statycznej. Niestabilno$¢ statyczna
decyduje o przejsciu z jednej formy rozpadu strugi
w druga, a kryterium statecznosci pojedynczej kropli
moze by¢ definiowane kryterialna liczba Webera
[11]. Rozpad strugi na pojedyncze krople jest
wykonany  kosztem energii pulsacji paliwa
w kierunku  poprzecznym do osi  cylindra.
W literaturze spotyka si¢ $cisle zdefiniowane pasmo
czegstotliwosei, w ktorym skupiona jest wigkszo$¢
energii pulsacji czynnika [10] jednakze nie
odnaleziono opublikowanych wynikow  badan
potwierdzajacych stusznos$¢ przytoczonych teorii dla
warunkow niestacjonarnego przeptywu cieczy.

Najnowsze, publikowane badania nad procesem
rozpylania paliwa wskazuja na  mozliwos¢
powstawania zjawiska kawitacji w rozpylaczu, co
stanowi dodatkowe zrodto drgan w ukladzie
wtryskowym. Efektem wibroakustycznym takiego
wspomagania rozpylania paliwa sa
wysokoczgstotliwosciowe drgania o energii rownej
pracy rozprezania/sprgzania par paliwa.

Dodatkowo badania wizualizacyjne dowiodly
istnienia kolejnego zrodla drgan, jakim jest fala
uderzeniowa [6]. Zjawisko hipersoniczne byto
przypisane procesowi spalania tadunku
i gwaltownym przyrostom cisnienia w komorze
spalania. Dopiero badania  wizualizacyjne
z wykorzystaniem fotografii rentgenowskiej
wskazaty na pierwszenstwo wtrysku nad spalaniem
w  kwestii powstawania fal uderzeniowych
w cylindrze prezentowane na rys. 1.

b

Nozzle Exit

- g
Shock Front — "

Reflecti Plate

Rys. 1. Wizualizacja fali uderzeniowej przy wtrysku
paliwa z ci$nieniem 80MPa; [6] A — fala
uderzeniowa przed czotem strugi paliwa, B — odbicie
fali uderzeniowej od §cianki cylindra

Przedstawione rozwazania na temat identyfikacji
poszczegolnych zrodet sygnatu drganiowego staty sig

podstawa opracowania metodyki badan nad
odwzorowaniem procesu wtrysku w  sygnale
drganiowym.

2. METODYKA I OBIEKT BADAN

Wirysk i spalanie paliwa w silniku o ZS jest
ztozonym, wielofazowym procesem
fizykochemicznym, ktory charakteryzuje si¢ wysoka
niestacjonarnoscia oraz  sktadowymi  wysoko
czestotliwosciowymi [11]. Dlatego tez zdecydowano
o wykonaniu badan rozpoznawczych, bazujacych na
pomiarze drgan glowicy jednocylindrowego silnika
spalinowego o ZS i wtrysku bezposrednim typu
SB3.1.

Ze wzgledu na nowatorski charakter badan
wibroakustycznych oraz konieczno$¢ weryfikacji
poprawnosci uzyskanych wynikdw postanowiono
wykona¢ pomiary przyspieszen drgan gtowicy silnika
0 ZS w trakcie przeprowadzania rutynowych badan
silnikowych. W zwiazku z tym przystosowano
stanowisko dynamometryczne silnika SB3.1 do
badan wibroakustycznych. Widok silnika
spalinowego na stanowisku badawczym
przedstawiono na rys. 2.

Badania zostaly przeprowadzone w Laboratorium
Silnikowym  Instytutu  Silnikow  Spalinowych
i Transportu Politechniki Poznanskiej. Stanowisko
dynamometryczne pozwala na kontrole i rejestracje
miedzy innymi nastgpujacych parametrow:

— ci$nienie w przestrzenie nad tlokiem silnika,
— ci$nienie paliwa przed wtryskiwaczem,



DIAGNOSTYKA’ 4(48)/2008 151
CZECHYRA, Odwzorowanie procesu wtrysku paliwa w sygnale drganiowym silnika o zaplonie samoczynnym

— predkos¢ obrotowa i moment obrotowy na wale
korbowym,

— jednostkowe biezace zuzycie paliwa,

— temperatura cieczy chtodzacej i spalin,

— sktad spalin (kontrolnie).

—n..

Rys. 2. Widok silnika badawczego SB3.1
na stanowisku dynamometrycznym

Na potrzeby badan przystosowano stanowisko
zostato zaadaptowanego do badan
wibroakustycznych przez montaz przetwornikow
drgan B&K typ 4391 ze wzmacniaczem tadunku
B&K typ 2692 NEXUS firmy Briiel&Kjer.
Pogladowy schemat toru pomiarowego zamieszczono
na rysunku 3.

] [
____________ [ A
:

Rys. 3. Schemat toru pomiarowego: a —
przyspieszenie drgan, Pp — ci$nienie paliwa P —
ci$nienie w cylindrze, MARC — znacznik obrotu

watu korbowego

Rejestracja dokonywana byta z wykorzystaniem
komputera PC wyposazonego w karte analogowo-
cyfrowa do akwizycji sygnalow dynamicznych
NIDAQ - 4472 firmy National Instruments.
Sterowanie akwizycja, wizualizacja przebiegéw
sygnalow oraz ich biezaca, czgSciowa analiza byla
realizowana 2z wykorzystaniem dedykowanego
oprogramowania LabView® tej samej firmy.
Szczegbtowe analizy zarejestrowanych sygnalow
przeprowadzono w $rodowisku Matlak® Ze wzgledu
na impulsowy charakter przebiegu obserwowanych
zjawisk  zdecydowano, ze sygnaly zostana
rejestrowane z szybkoscia 102400 probek na

sekunde. Pozwolilo to na akwizycj¢ sygnatlu
drganiowego w uzytecznym pasmie czgstotliwosci 45

kHz. Jednocze$nie zwraca sig¢ uwage na
wykorzystanie zjawiska mechanicznego
autowzmocnienia sygnatu w zakresie nieliniowos$ci
charakterystyki  przetwornika drgan (naturalna
czgstotliwose rezonansowa dla uzytych

przetwornikow to fy=52kHz). Technika ta pozwolita
doktadniej obserwowac sktadowe wysokoczgstotli-
wosciowe o niskiej energii, ktore sa wynikiem
procesoOw  hydrodynamicznych (wtrysk paliwa)
i fizykochemicznych (tworzenie tadunku palnego)
wystgpujacych w czasie cyklu pracy silnika
spalinowego.  Poprawno$¢  przyjetej  metody
uzasadnia si¢ przez rozpoznawczy charakterem
badan prowadzonych w statych warunkach.

3. WYNIKI BADAN
Przykladowy przebieg zarejestrowanych

sygnatéw drgan oraz pomocniczych sygnalow
ci$nien przedstawiono na rysunku 4.

6’

Cisnienie w cylindrze [bar]

N
o

200¢

o

100+

-100+

Przyspieszenie drgan [m/s'z]
o

-2001

=
o o
Cisnienie wtrysku [MPa]

1 1 1
0 5 10 15 20
Czas [ms]

Rys. 4. Przebiegi czasowe drgan w pasmie 45 kHz
oraz ci$nien: w cylindrze i paliwa przed
wtryskiwaczem; n=1000 obr/min, Mo=20 N'm

Zarejestrowane  sygnaly poddano  analizie
w dziedzinie czasu i czgstotliwosci. Wykorzystujac
autorska metodg Operacyjnej Analizy Odpowiedzi
Czestotliwosciowej OFRA (Operational ¥Frequency
Response Analysis) [5] odseparowano drgania
strukturalne od drgan generowanych przy wtrysku
paliwa i tworzeniu tadunku palnego w cylindrze. Po
przeprowadzeniu analizy sygnatow zarejestrowanych
dla 48 sytuacji badawczych dokonano selekcji
widmowej i filtracji sygnatéw drgan gltowicy silnika
badawczego zwiazanych z wtryskiem paliwa
itworzeniu tadunku palnego. Przykladowy wynik
postprocessingu przedstawiono na rys. 5.
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4. PODSUMOWANIE

Przedstawione badania potwierdzily wysoka
przydatno$¢  sygnatu drganiowego do oceny
przebiegu proceséw silnikowych. Istnieje mozliwos¢
identyfikacji elementarnych proceséow silnikowych,
tj. wtrysk paliwa, tworzenie tadunku z podzialem na
fizyczny 1 fizykochemiczny rozpad strugi, agregacjg
samozaplonu oraz spalanie i dopalanie tadunku
w cylindrze.
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Rys. 5. Przebiegi czasowe filtrowanego sygnatu
drgan w pasmie 1500+4000 Hz oraz ci$nien:
w cylindrze i paliwa przed wtryskiwaczem;

n=1000 obr/min, Mo=0 N-m

Przeprowadzone badania i analizy pozwolily na:

— potwierdzenie, ze proces wtrysku paliwa
i tworzenia tadunku palnego jest bardzo
skomplikowanym 1 wielofazowym procesem
fizykochemicznych, ktorego efekty drganiowe sa
silnie niestacjonarne,

— wskazanie mozliwosci wykorzystania efektu
autowzmocnienia wysokoczestotliwosciowych
sygnalow drganiowych,

— potwierdzenie przydatnosci metody OFRA do
selekcji sygnatow drganiowych.

Uzyskane wyniki analiz poshuzyty przygotowaniu
eksperymentu na silniku kolejowy typu 2112SSF,
ktérych celem byta weryfikacja przydatnosci metod
i technik opracowanych dla silnika badawczego

SB3.1 w eksploatacyjnych badaniach
diagnostycznych lokomotyw spalinowych.
LITERATURA

[1] Czechyra B.: Odwzorowanie  procesow

silnikowych w sygnale drganiowym silnika
spalinowego o zaplonie samoczynnym. Zeszyty

Naukowe  Politechniki ~ Poznanskiej.  Seria
Maszyny Robocze 1 Transport, nr 59,
Poznan 2005.

[2] Czechyra B.: Operacyjna analiza odpowiedzi
czestotliwosciowej OFRA w ocenie procesow

silnikowych. =~ Wybrane zagadnienia analizy
modalnej konstrukcji mechanicznych — praca zb.
pod red. T. Uhla, AGH, Krakéw 2008.

[3] Czechyra B., Szymanski G. M., Tomaszewski
F.: Ocena luzu zaworow silnika spalinowego
w oparciu o parametry drgan — zalozenia
metodyczne. Silniki Spalinowe nr 1/2004 (118)49.

[4] Czechyra B., Szymanski G. M., Tomaszewski
F.: Odwzorowanie procesu spalania w sygnale
drganiowym  tlokowego  silnika  spalinowego
o zaplonie samoczynnym. 3rd International Con-
gress of Technical Diagnostics, Diagnostics’
2004, 6-9 September 2004, VOL. 30 tom 1 2004.

[S] Czechyra B., Tomaszewski F.: OFRA — vibra-
tion signal selection method for fast diagnostics
of diesel engine. XXIII Symposium Vibrations In
Physical Systems, Poznan — Bedlewo 2008.

[6] MacPhee A. G. and others: X-ray Imaging of
Shock Waves Generated by High-Pressure Fuel
Sprays. Reports. Science, VOL 295/ Feb. 2002.

[71 Oleskowicz-Popiel Cz.: Osiowosymetryczny
strumien swobodny i uderzajqcy. Seria: Rozprawy
Politechniki Poznanskiej, nr 120, Wydawnictwo
Politechniki Poznanskiej, Poznan 1981.

[8] Pigtak A.: Diagnozowanie silnikow o ZS na
podstawie przebiegu procesu przejsciowego.
Wydawnictwa Politechniki Poznanskiej Seria
Rozprawy, nr 340, Poznan 1998.

[9] Rackmill C. I., Blumberg P. N., Becker D. A.,
Schuller R. R., Garvey D. C.: 4 dynamic model of
a locomotive diesel engine and electrohydraulic
governor. Journal of Engineering for Gas Tur-
bines and Power, Transactions of the ASME, Vol.
110, No. 3, 1988.

[10] Tomaszewski F.: Zastosowanie procesow
wibroakustycznych do oceny stanu technicznego
silnika  spalinowego lokomotywy. Rozprawa
doktorska. Politechnika Poznanska Poznan 1987.

[11] Zablocki M.: Wtrysk i spalanie paliva
w  silnikach  wysokopreznych. Wydawnictwa
Komunikacji 1 Lacznosci, Warszawa 1976.

Bartosz CZECHYRA, dr
inz., adiunkt w Zakladzie
Pojazdow Szynowych Insty-
tutu Silnikow Spalinowych

i Transportu Politechniki
Poznanskie;j. Naukowo
poswigca sig  diagnostyce
wibroakustycznej  $rodkow
transportu  ze szczegdlnym
uwzglednieniem  wlasnosci
modalnych obiektow

technicznych oraz ich wpltywu na ewaluacje klimatu
wibroakustycznego srodowiska. Cztonek
Zachodniopomorskiego Zespotu Srodowiskowego —
Sekcji Eksploatacji — Komitetu Budowy Maszyn
Polskiej ~ Akademii  Nauk oraz  Polskiego
Towarzystwa Naukowego Silnikow Spalinowych.



DIAGNOSTYKA *4(48)/2008 153
Warto przeczytac / Worth to read

Tomasz BARSZCZ,
Piotr CZOP

METHODOLOGIES AND APPLICATIONS
OF VIRTUAL POWER PLANT:

BN DT ot Yo L SLERIYT pSOELE

Methodologies and
Applications of Virtual
Power Plant. New
environment for power plant
elements modeling

ITE Radom, 2007

The next few decades will be characterized by
a significant increase in the number of distributed,
smaller, flexible and cost-effective fully automated
power supply units, including: wind, photo-voltaic,
fuel cell, and biomass. However this trend is
noticeable, currently and in the near future thermal
power generation, including the coal and nuclear
power plants, will have the central role to play in
electric power supply. Therefore, research towards
optimization and diagnostics of power generation
units have very strong demand from industry.
Nowadays, power plant performance is one of key
factors for proper management of plant assets.
Numerous methods are used to assess the technical
state of supervised objects. In general, they are
referred to as fault detection and identification (FDI)
methods. Very successful approach is based on
models, either based on analytical equations, either
on parametric models obtained during the process of
system identification. Since preparation of such
models is laborious and requires integration of
information from several heterogeneous sources,
a new approach was proposed in the book by
Tomasz Barszcz and Piotr Czop.

The book describes the Virtual Power Plant
laboratory (VPP). The development of VPP was
included in the project DIADYN as a practical
laboratory, which would facilitate validation of
various technologies developed within this and other
projects. The VPP is the innovative work
environment for technical state assessment of
dynamic objects. In theory, it can be applied to any
complex dynamic system. This versatility was
achieved, because no assumptions from power
generation were “hardcoded” in the VPP structure.
This structure was general and flexible enough to
allow large number of future extensions and
applications.

The Virtual Power Plant is the group of
computers, connected by a fast computer network.
Main elements of VPP are: main data exchange
library, SCADA database, SCADA user interface,
specialized database with its interface and group of
computers running a power unit model.

The book contains seven chapters. The first one
is introduction, which shows importance of the
subject and presents the outline of the book. The
second chapter describes the architecture of VPP.
All elements listed above are presented in details.
The standards of communication, based on OPC, are
presented. Important problem of synchronization of

various elements is also presented. The third chapter
presents details of the model of a power generation
unit implemented in VPP. General structure of the
model is presented first. Next, the model of the
200MW unit is described. Following components
are described: coal mills, combustion, heater, boiler,
steam turbine, condenser, deaerator, generator,
dynamic state and unit controllers. Chapter 4
presents results of operation of the VPP in a few
conditions, like steady state, power change and start
up of the unit. Two examples of modeling of faults
are also presented. Chapters 5 and 6 are detailed
manuals  for, respectively, installation with
configuration and operation of the VPP. The final
chapter contains summary and conclusions.

There are several interesting topics covered by
the book. The development of VPP included
development of powerful software infrastructure,
predominantly for data handling and processing. The
main data exchange point has capability to run and
control all other software modules. It is possible to
replay data acquired at the real plant, preprocess data
and detect alarms. Additionally, VPP implements
efficient real time database, which can store scalar
and dynamic (i.e. vibration) values. There is a useful
advanced user interface for researchers. Another
DCS-like database and user interface provides users
with the same environment as in the power plant,
which is important in operators training. VPP is
based on the OPC interface to support object
oriented efficient interfacing. It also allows easy
adding of new systems, when there is such a need.

The second most valuable result of the project
was demonstration of idea feasibility by
implementing the VPP to the real 200MW power
plant unit in one of Polish power plants. The largest
task was to configure the software systems (all the
channels in Central Bus, screens in SCADA etc.)
appropriately. All the tags and screens were
prepared basing on the real configuration files. The
most complex task, however, was the development
of the model.

The VPP model may be run over wide range of
operation conditions including transient and steady
state operation, i.e. start phase (startup), idle mode,
synchronization, load mode and coast down. VPPM
has the structure composed of the components,
which are essential in a power generation process.
Several versions of the model were prepared. Some
are optimized for accuracy and consume extensive
time to run. Others are optimized for speed of
execution and can run in the real time.
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