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DYNAMIC PROBLEMS OF SHAFTLINES
Andrzej GRZADZIELA

Naval University of Gdynia, Mechanical — Electrical Faculty
ul. Smidowicza 69, 81-103 Gdynia, Poland, e-mail: agrza@amw.gdynia.pl

Summary

Ships’ propulsion plant usually works in a hard environment caused by static forces and
permanent dynamic loads. Elastic strains from machine vibration can cause resonance of plastic
strain of shell plating and foundation of shafting elements. Exciding of tolerated values of shaft
alignments causes a damage of radial and thrust bearings in relative short time. The alignment
deviations in the construction of ships propulsion shaft line has been an effect of tensile forces,
compressive forces, bending moments and transverse vibration from disturbances of rotation
movement. Modeling of dynamical reactions could brings information to the project data base for
recognizing the level of hazard for propulsion system of the naval vessels. Recorded signals were
recognized within sensitive symptoms of two models: model of propulsion system and model of
underwater explosion.

Keywords: ship shaft lines, technical diagnostics, modelling, vibrations, underwater explosion.
PROBLEMY DYNAMIKI LINII WALOW OKRETOWYCH

Streszczenie

W artykule przedstawiono propozycj¢ identyfikacji stopnia zagrozenia od obcigzenia
impulsowego wywotanego przez wybuch podwodny na okrgtowa lini¢ watow. Dokonano analizy
teoretycznej wplywu zmian wspoétosiowosci watéw na predkosci krytyczne drugiego rodzaju
wynikajace z odksztalcen sprezystych kadluba w rejonie fundamentéw tozysk nosnych.
Przedstawiono wyniki pilotazowych badan na poligonie morskim z wykorzystaniem eksplozji
podwodnej. Zaproponowano wstgpny model matematyczny opisu eksplozji podwodnej
uwzgledniajacy masg tadunku oraz odleglos¢ od obiektu. We wnioskach przedstawiono sposob
identyfikacji zagrozenia dla linii waldw przy wykorzystaniu analizy widmowej przebiegow

czasowych sygnatow drganiowych rejestrowanych na tozyskach nosnych.

Stowa kluczowe: linia watow okrgtowych, diagnostyka techniczna, modelowanie, drgania, wybuch podwodny.

1. INTRODUCTION

Ship propulsion systems are subjected to specific
sea loads due to waving and dynamical impacts
associated with mission of a given ship. Sea waving
can be sufficiently exactly modeled by means of
statistical methods. Much more problems arise from
modeling impacts due to underwater explosion. In
operation of contemporary technical objects
including naval ships greater and greater attention is
paid to such notions as : time of serviceability, repair
time, maintenance and diagnosing costs [1].
Diagnosing process has become now a standard
procedure performed during every technical
maintenance. Out of the above mentioned, the
notions of time of serviceability and maintenance
costs seem to be crucial for the diagnosing process
of ship power plant. Knowledge of a character of
impulse loading which affects ship shaft line, can
make it possible to identify potential failures by
means of on-line vibration measuring systems.

2. ANALYSIS OF FORCES ACTING ON
SHAFT-LINE BEARINGS

Ship shaft lines are subjected to loads in the
form of forces and moments which generate
bending, torsional and axial vibrations. In most cases
strength calculations of driving shafts are carried out
by using a static method as required by majority of
ship classification institutions. Moreover they
require calculations of torsional vibrations which
have to comply with permissible values, to be
performed. Calculation procedures of ship shaft lines
generally amount to determination of reduced
stresses and safety factor related to tensile yield
strength of material — Fig. 1.

The above mentioned methods do not model real
conditions of shaft-line operation, which is
confirmed by the character of ship hull response,
i.e. its deformations under dynamic loads. Much
more reliable would be to relate results of the
calculations to fatigue strength of material instead of
its yield strength [5].
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In static calculation procedures no analysis of
dynamic excitations, except torsional vibrations, is
taken into consideration. In certain circumstances
the adoption of static load criterion may be
disastrous especially in the case of resonance
between natural vibration frequencies and those of
external forces due to dynamic impacts.

To analyze the dynamic interaction a simplified
model of shaft line is presented below, Fig. 2.
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Fig. 1. Simulated static bending stresses in propeller
shaft due to weight of propeller

2.M,

Fig. 2. A simplified shaft-line model for critical
speed calculation [4]

Let us note : M; - torque, M, - anti-torque. The
system can be represented by the following set of

equations:
2

m.h.+ kh = me((.p.singo+(.o cos @),
2 (1

m.\:+ kh = me(f;p.cosq) +(;) sing),

(J-s—mez);p.=me('};sin(p—;cowp)-s-M1 -M,

The presented form of the equations is non-
linear. Considering the third of the equations (1) one
can observe that the variables h, v and ¢ are
mutually coupled. It means that any bending
vibration would disturb rotational motion of the
shaft. The third of the equations (1) can be written
also in the equivalent form as follows:

J;z;:ke(vcosgz)—hsin(/))+M1—M2 2)

To obtain the shaft angular speed Q3  constant to

use time-variable torque is necessary:
M=M,-M, =ke(hsinp—vcose) (3)

Theoretical analysis indicates that shaft bending
deformation continuously accumulates a part of
shaft torque. However the quantity of torque non-
uniformity is rather low since shaft-line eccentricity
is low; it results from manufacturing tolerance, non-
homogeneity of material, propeller weight and
permissible assembling clearances of bearing
foundations.

For ship propulsion system the torque pulsation
expressed by means of Fourier series is much more
complex. It additionally contains components
resulting from number of propeller blades,
kinematical features of reduction gear as well as
disturbances from main engine and neighbouring
devices. In general case occurrence of only one
harmonic does not change reasoning logic.

For long shaft lines of ships the influence of
gravity forces on critical speeds should be taken into
consideration [7]. According to Eq. (4) the generated
vibrations will be then performed respective to static
deflection axis of the shaft.

m./;+ kh = meQ? cosp

o 4
mv+ kv =meQ’ sing @)
9=0

Hence the equations obtain the following form:
h+ah=e-Q cosg
v+awpv=e-Q’sinp—mg, ®)

J @ =—mgecos .
Since in the third equation of the set (1), i.e. that

for Q,,,, appears the exciting torque of the

frequency/angular speed ratio =1 it means that one
has to do with the critical state of 2™ kind for B=1,
namely:

o ! (6)

KR(2) = E @,

Occurrence of such kind vibrations is
conditioned by non-zero value of e, which — in the
case of ship shaft line — appear just after dislocation
of a weight along ship, a change of ship
displacement or even due to sunshine operation on
one of ship sides. A similar situation will happen
when e varies due to dynamic excitations resulting
from e.g. sea waving or explosion. In this case the
critical speed will vary depending on instantaneous
value of e and damping.

Theoretical analysis of operational conditions of
intermediate and propeller shafts indicates that static
and dynamic loads appear. In a more detailed
analysis of dynamic excitations of all kinds the
following factors should be additionally taken into
consideration:

— disturbances coming from ship propeller

(torsional, bending and compressive stresses);
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— disturbances from propulsion engine (torsional
and compressive stresses);

— disturbances from reduction gear (torsional
stresses);

— disturbances from other sources characteristic for
a given propulsion system or ship mission.

3. PROBLEM OF UNDERWATER
EXPLOSION

Information on potential hazard resulting from
underwater explosion is crucial not only for ship’s
commander during warfare but also for ship
structure designers. Knowledge of loads determined
during simulative explosions is helpful in
dimensioning ship’s hull scantlings [3]. Another
issue is possible quantification of explosion energy
as well as current potential hazard to whole ship and
its moving system.

From the point of view of shock wave impact on
shaft line, underwater and over-water explosions
should be considered in two situations:

e when shock wave (or its component) impacts
screw propeller axially,

e when shock wave (or its component) impacts
screw propeller perpendicularly to its rotation
axis.

The axial shock-wave component affects thrust
bearing and due to its stepwise character it may
completely damage sliding thrust bearing. Rolling
thrust bearings are more resistant to stepwise loading
hence they are commonly used on naval ships [3].
The shock wave component perpendicular to shaft
rotation axis is much more endangering.

Shock wave can cause: damage of stern tube,
brittle cracks in bearing covers and tracks, plastic
displacement of shaft supporting elements including
transmission gear and main engine, and even
permanent deformation of propeller shaft.

The problem of influence of sea mine explosion
on hull structure is complex and belongs to more
difficult issues of ship dynamics. Underwater
explosion is meant as a violent upset of balance of
a given system due to detonation of explosives in
water environment. The process is accompanied
with emission of large quantity of energy within
a short time, fast running chemical and physical
reactions, emission of heat and gas products. The
influence of underwater explosion does not
constitute a single impulse but a few (2 to 4) large
energy pulsations of gas bubbles [2, 8, 9].

The pulsation process is repeated several times
till the instant when the gas bubble surfaces. Hence
the number of pulsations depends a.o. on immersion
depth of the explosive charge. The character of
changes of pressure values in a motionless point of
the considered area is shown in Fig. 3.

P

Level of hydrostatic pressure

pma

0,368 p m

R R eSO R

impuls nrl

1
Iimpuls
nr2

impuls
nr3

~ .

Fig. 3. Run of changes of shock wave pressure and
ship hull acceleration measured on hull surface
during underwater explosion

In the subject-matter literature can be found
many formulae for determining maximum pressure
value, based on results of experiments, however data
on a character of pulsation and its impact on ship
structures are lacking. To identify underwater
explosion parameters a pilotage test was performed
with the use of the explosive charge having the mass
m = 37,5 kg. The schematic diagram of the
experiment is shown in Fig. 4.

G =37,5kg
hw = 32m

Rw = 420m

Fig. 4. Schematic diagram of the performed
experimental test
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During the test were measured vibration
accelerations of casings of intermediate and thrust
bearings in the thrust direction and that
perpendicular to shaft rotation axis. The ship course
angle relative to the explosion epicentre was 45° and
the shaft line rotated with the speed npyw = 500 rpm.
Ship’s distance from the mine and its immersion
depth was determined by using a hydro-location
station and ROV underwater vehicle — figure 5. The
vibration gauges were fixed over the reduction gear
bearing as well as on the intermediate shaft bearing.

Fig. 5. ROV vehicle with TNT charge

The measurement directions (X and Z axes) are
presented in Fig. 6 as well.

The time lag of the recorded signals was the
same in all measurement points, as shown in Fig. 6
and 7.

RMS [m/s]

| |

| |

I |
148 1485 149 149.5 150 150.5 151
Czas [s]

Fig. 6. Explosion, Port side ( LB),
Thrust bearing, X axis

The performed test was aimed at achieving
information dealing with :

= character of shock wave impact on shaft-line
bearings, in the form of recorded vibration
parameters;

= assessment of time-run of vibration accelerations
with taking into account dynamic features of the
signals in set measurement points;

= assessment of possible identification of influence
of pulsation of successive gas bubbles during the
time-run of vibration accelerations;

= identification of features of the signals by means
of spectral analysis.

RMS [m/]

|

I I
148 1485 149 1495 150 150.5 151
Caas [s]

Fig. 7. Explosion, Starboard (PB), Intermediate
bearing, Z axis

Since the mass of the explosive charge was
small, to reliably identify the effect of only first and
second pulsation was possible during the test.

4. MODELS OF EXCITATION DUE TO
UNDERWATER EXPLOSION

Analysis of dynamic impacts including impulse
ones should take into account basic parameters
which influence character of time-run of a given
signal as well as its spectrum. The basic parameters
which identify impulse impact resulting from
explosion, are the following:

e form of impulse which identifies kind of
impulse;

e impulse duration time t; at the ratio A/t
maintained constant, which identifies explosive
charge power (time of propagation of gas
bubble);

e influence of damping on spectrum form, which
identifies distance from explosion and -
simultaneously - epicentre depth

e number of excitation impulses, which informs on
distance from explosion, combined with
explosive charge mass;

e time between successive impulses, which
characterizes explosive charge mass;

The possible recording of measured shock wave
pressure and accelerations on intermediate and
propeller shaft bearings enables to identify some
explosion parameters hence also hazards to power
transmission system. Analysing the run of
underwater shock wave pressure one is able to
assume its time-dependent function (Fig. 8 and 9).

A=at” - (7)
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Fig. 8. Example of the function form for
b=1,5; ¢=-0,15 and k=1
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Fig. 9. Example of the function form for
b=1,5; ¢=-0,15 and k=10
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Fig. 11. Spectrum of the assumed vibration
acceleration model

shock wave

For the assumed mathematical model of the first
impulse the run of vibration

accelerations recorded on ship hull - for the example
function given in Fig. 8 - can be presented as shown
in Fig. 10 and 11.

5

. FINAL CONCLUSIONS

It’s common knowledge that failure frequency is
the most hazardous factor in marine industry, just
after aeronautics. Dynamic reactions which occur
on ships in service at sea are rarely able to
produce wear sufficient to cause a failure.

The possible application of an on-line monitoring
system of vibration parameters of the propulsion
system of mine hunter makes it possible to
perform the typical technical diagnostic tests of
torque transmission system and to identify
possible plastic deformations of hull plating as
a result of underwater explosion.

The modelling of impulse impact form and next
its identification makes it possible additionally:
to identify explosion power by using an analysis
of the first vibration impulse amplitude and its
duration time, to identify distance from
explosion epicentre (hence a degree of hazard)
by analysing signal’s damping, to identify a kind
of explosion and even characteristic features of
type of used mine, to select dynamic
characteristics of a measuring system which has
to comply with requirements for typical technical
diagnostics and for a hazard identification
system, to identify elastic or plastic deformation
of shaft line by using spectral assessment of its
characteristic features from before and after
underwater explosion.

e The presented results of modelling related to the

performed experimental test do not make
it possible - due to strongly non-linear character
of interactions occurring in sea environment — to
assign unambiguously the modelled signal
features to those of the recorded ones during the
real test.

Successive  experimental tests will make
it possible to verify features of the signals
assumed for the analysis, to be able to build
reliable models.

The wide range of stochastic dynamic loads
acting on ships during its life-time makes that in
the nearest future the application of on-line
diagnostic techniques to ship propulsion systems,
based on analysing vibration signals, will
constitute an obvious tactical and technical
necessity.
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Dr inz. Andrzej
GRZADZIELA jest
Kierownikiem Zaktadu
Napedow Okrgtowych

w Instytucie Konstrukeji
i Eksploatacji Okretow
Wydzialu  Mechaniczno  —
Elektrycznego Akademii
Marynarki  Wojennej w  Gdyni. W  swojej
dziatalnosci zawodowej zajmuje si¢ problemami
oceny niewywazenia 1 oceny wspolosiowosci
w okrgtowych uktadach napedowych a takze
projektowaniem okrgtow 1 doborem ukladow
napgdowych. Czlonek Polskiego Towarzystwa
Diagnostyki Technicznej oraz Polskiego
Towarzystwa Naukowego Silnikow Spalinowych
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Summary

The diagnostics of tooth gears is a vital scientific issue for its utilitarian and cognitive aspects.
An essential part of this process is the ability to differentiate the impact of various effects on the
vibration signal of a tooth gear both working in the correct mode, including meshing of the tooth
gear, and possible damage to it.

The papers of authors present various diagnostic measures applied in the detection of tooth
gear damage. They are based on specially processed and filtered vibration signals. This paper
presents an attempt to compare the sensitivity of selected diagnostic measures to the studied types
of tooth gear damage in the work of tooth gears with bearings of various technical conditions.

Keywords: diagnostics, tooth gear damage, complex cases, efficiency of measures.

POROWNANIE SKUTECZNOSCI WYBRANYCH MIAR DRGANIOWYCH
STOSOWANYCH W DIAGNOZOWANIU ZL.OZONYCH
PRZYPADKOW USZKODZEN PRZEKEADNI

Streszczenie

Ze wzgledow utylitarnych i poznawczych diagnozowanie przektadni zebatych jest waznym
zagadnieniem naukowym. W procesie tym istotna jest umiejgtno$¢ rozréznienia oddziatywania na
sygnat drganiowy przektadni roznych zjawisk zwiazanych zaréwno z normalna praca przektadni,
a w tym zazebianiem sig kol, jak i uszkodzeniami, ktére moga w niej wystapic.

W publikacjach autorow do wykrywania uszkodzen przektadni zgbatych przedstawione sa
rézne miary diagnostyczne. Bazuja one na odpowiednio przetworzonych i filtrowanych sygnatach
drganiowych. W niniejszej pracy przedstawiono probg poréwnania wrazliwosci niektérych miar
diagnostycznych na badane rodzaje uszkodzen kot zgbatych w przypadku pracy przektadni
z tozyskami w r6znym stanie technicznym.

Stowa kluczowe: diagnostyka, uszkodzenia kot zgbatych, wrazliwos$¢ miar.

The diagnostics of tooth gears is a vital
scientific issue for its utilitarian and cognitive
aspects. An essential part of this process is the
ability to differentiate the impact of various effects
on the vibration signal of a tooth gear both working
in the correct mode, including meshing of the tooth
gear, and possible damage to it.

The methods described in literature concerning
the detection of tooth gear damage have been
developed providing that the damages do not
coincide. The precise specification of gear tooth
condition is considerably hindered when damage to
other elements of the tooth gear, e.g. bearings,
occurs simultaneously. In such cases the vibration
signal generated by the tooth gear contains
additional modulations resulting from the concurrent
damage of tooth gears and bearings.

The papers of different authors present various
diagnostic measures applied in the detection of tooth
gear damage. They are based on e.g. Wigner-Ville
distribution, continuous wavelet analysis, and the
envelope spectrum of appropriately processed and
filtered vibration signals. This paper presents an
attempt to compare the sensitivity of selected
diagnostic measures on the studied types of tooth
gear damage in the work of tooth gears with
bearings in various technical conditions.

2. EXPERIMENTAL STUDIES

The experimental studies applied a unit working
in a power circulating system. During the studies the
tooth gear worked as a reducer. The acceleration and
vibration velocity for selected locations of the tooth
gear casing, and the vibration velocity of its
transverse shafts were measured. Apart from that,



12 DIAGNOSTYKA’ 4(44)/2007
LAZARZ, WOJNAR, FIGLUS, Comparison Of The Efficiency Of Selected Vibration ...

synchronic reference signals corresponding to the

shaft rotations were recorded [3, 17].

The experimental studies concerned wheels with
two different hardness factors, depending on the
performed experiment:

- 60-62 HRC (carbon coated) — diagnostics of tooth
top crushing and tooth base cracking, - 37-40
HRC (carbon coated and tempered) — diagnostics
of wear of tooth working surface.

While modelling the tooth crushing at
subsequent stages of an active experiment, the
height of the head of one wheel tooth was lowered
by grinding off the appropriate quantity of material:
0.75, 1.5 and 2.0 mm. This operation resulted in the
shortening of the contact line of the tooth and
a decrease in the local contact ratio CR (Table 1).

Table 1. Influence of lowered height of the head
of a wheel tooth on local contact ratio

Lowered height of the | Local contact
head of tooth head ratio
[mm] CR [-]
0 1.32
0.75 1.18
1.5 1.03
2.0 0.93

Measurements of tooth gear vibration aimed at
the specification of the influence of the wear of the
tooth’s working surface on the diagnostic signal
were performed in four phases which corresponded
with the different phases of the wear of the tooth’s
surface (Fig. 1).

Fig. 1. Subsequent phases of the wear of the tooth’s
working surface: a) - ¢) tooth 1, d) - f) tooth 2

The shafts of the power circulating unit were
supported by ordinary ball bearings. The
experimental study applied bearings in good
technical condition, with modelled damage of
bearing raceway, and raceway worn out in long-term
use (Fig. 2).

a)

5

Fig. 2. Damage (wear) of ball bearing raceways:
a) damage to outer raceway; b) damage to inner
raceway; c)-d) usual wear

3. SIMULATION STUDY

One of the most common types of damage to
tooth gears is cracking at the base. An initial study
carried out by the authors of this paper demonstrated
that fast tooth cracking progress [18, 13, 14, 8, 10,
17, 3] disables the possibility of the recording and
comparison of the same phase of cracking in the
case of bearing shafts with different experimentally
established degrees of damage. For that reason it
was necessary to carry out simulation studies and
their experimental verification by the performance
of several short series of studies on a working unit.
For the simulation of the tooth base cracking this
study employed a dynamic model of a tooth gear in
a drive unit developed at the Faculty of Transport of
the Silesian University of Technology and
performed in the Matlab-Simulink environment [5,
4]. The application of this model in the diagnostics
of local damage, dynamic analysis or designing
requires the identification of the parameters of this
model. Within the framework of the study [4] the
identification of the friction factor in meshing was
carried out and the values of the meshing attenuation
factor were specified by the comparison of the
values of effective accelerations of the torsional
vibration of the wheel, which were measured and
obtained by simulation. One of the significant
factors determining the compliance of obtained
results with the experiment was the identification of
attenuation for bearing nodes [6, 17].

4. SIGNAL FILTERING

The separation of components containing
information on wheel damage is possible, in
accordance with papers [12, 9, 8, 17, 3], by residual
filtering, also named differentiation filtering [8, 9,
17, 3].

The diagnosis of tooth gear condition is
considerably hindered in the case of concurrent
damage in its other element, e.g. a bearing. In such
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a case the vibration signal of the tooth gear contains
an additional component resulting from bearing
damage. Therefore, it is suggested that direct comb
filtering for diagnostic purposes is used. To identify
the damage to tooth gears by this method filters are
used which transmit frequency bands connected with
a wide-bandwidth signal modulation k:f,, where:
f. _ rotational frequency of a damaged wheel, and
ke C". Two options for the performance of the
direct comb filter were assumed: the first option
provides that information concerning tooth gear
damage is only contained in harmonic bands of
rotational frequency of a pinion (filter I) or a wheel
(filter II), and in the second option information
concerning damage is contained in harmonic bands
of rotational frequency of the pinion and wheel
(filter III). Based on such prepared signals the
diagnostic measures demonstrated in part 5 were
determined.

5. DIAGNOSTIC MEASURES

Measure M,y (2) was proposed for the
diagnosis of local wheel damage, and was
determined based on the signal obtained as a result
of the summation of the discrete values of the
Wigner-Ville distribution [7] denominated SWWV

(1).

K
SWWV (i)=Y WV(ij) ()

Jj=1
where:
WV(j) — discrete values of Wigner-Ville
distribution,
i=1,2,..,N,

N — number of line of WV(,j) distribution
corresponding with a 360° turn of a wheel,

K — number of column of WV(ij) distribution
corresponding with the top frequency limit

SWWV 0 — SWWV
SWWV,

MWWV = (2)

where:
SWWVpux —maximum value of SWWV,

SWWYV — mean value of SWWV,

SWWYV , — mean value of baseline signal SWWV(i)

determined in the case of meshing and bearing
mounting in good conditions.

Measure M, cyr (4), similar to M,y (2), was
used to diagnose local wheel damage. It is
determined based on the signal obtained as a result
of the summation of the discrete values of
continuous wavelet transform [2] denominated
SWCWT (3).

BCWT
SWCWT(i)= Y Ca(iii). @)

] :AC wr

where:

Cu(j,i)— discrete values of continuous wavelet
transform CWT,

i=1,2,..,N,

N — number of column of C,(j,i) distribution
corresponding with a 360° turn of a wheel,

Acwr — number of line of C,(j,i) distribution
corresponding with the bottom limit of scale
range (frequency),

Bewr — number of line of Cab(j,i) distribution
corresponding with the top limit of scale range
(frequency),

SWCWT, -SWCWT
M epr = — “)
SWCWT,

where:
SWCWT 4y —maximum value of SWCWT,

SWCWT —mean value of SWCWT,
SWCWT, - mean value of baseline signal

SWCWT(i) determined in the case
of meshing and bearing mounting
in good condition.

Vibroacoustic diagnostics often applies an
envelope spectrum, whose utility in the diagnosis of
wheel meshing was demonstrated in papers [1, 15,
11]. To define changes in the envelope spectrum the
SWWO measure defined by the correlation (9.5) was
proposed:

K
SWWO =Y |X(f;) | 5)
i=1
where:
X(f) —amplitude of i-th component of envelope
spectrum,

fi — frequency of i-th component of spectrum,
i — number of spectrum component,
K — number of discrete spectrum components.

To diagnose local damage in a tooth gear
a discrete wavelet transform [2] was also used with
the incorporation of the Daubechies 2 wavelet.

Owing to the specific nature of signal changes
caused by the tooth base cracking further
calculations applied the measure M,,pyr, determined
according to the correlations (6, 7), based on the
signal reconstructed at the subsequent stages of
decomposition. Apart from that, the summarized
measure SD1-5, i.e. the sum of the values of M, pyr
measures for details 1 to 5, was applied.

M\ pwrepi) = W (6)
or v o
M \pwriai) = % , (7
where: !
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D;oniax Aivnaxy — maximum value of a detail

or approximation,

D;, A, — mean value of a detail or
approximation,

D, ,Al-b - baseline mean value of a detail

or approximation calculated for meshing and
bearing mounting in good condition,
i — number of a detail or approximation.

As in paper [16] the measure of the wear of
tooth surface was determined as the sum of the
discrete values of the Wigner-Ville distribution:

N K
SWV =" >"WV(ij), (8)
i=1 j=1
where:
WV(@j) — discrete values of Wigner-Ville
distribution,
N —  number of  line of WV(ij)

distribution corresponding with a 360° turn of
a wheel,

K — number of column of WV(ij) distribution
corresponding with the top frequency limit.

The measure describing the wear of tooth
working surface calculated based on continuous
wavelet transform applied the SCWT parameter
calculated from the correlation (9):

N Beyr
SCWT =" > C,(j.i) )
=l j=Acyr
where:
Cab(j,i) — discrete values of continuous wavelet
transform CWT,

N — number of column of Cab(j,i) distribution
corresponding with a 360° turn of a wheel,
Acwr — number of line of Cab(j,i) distribution
corresponding with the bottom limit of scale

range (frequency),

Bewr — number of line of Cab(j,i) distribution
corresponding with the top limit of scale range
(frequency).

Discrete wavelet analysis was also used to
identify the wear of tooth working surface. As in the
detection of tooth gear crushing, the stages of signal
decomposition were identified, for which the largest
energetic changes were observed. Based on initial
studies the coif 1 wavelet was selected and the
condition imposed that the analysis of the signal
should be performed at 5 stages of decomposition.
For the analysis of vibration signal, including signals
obtained from details and approximation, the
calculation of root-mean-square (RMS) and central
moment of 4th degree (M4) was proposed.

More information concerning the presented
measures is contained in [7].

6. ESTIMATION OF MEASURES
EFFICIENCY

This section presents a comparison of the
sensitivity of the studied diagnostic measures to the
studied types of tooth gear damage in the work of
atooth gear with bearings in various technical
conditions. However, this will be introduced by the
sensitivity of the M, measure to the changes of the
value of the local contact ratio for various types of
direct comb filtering in the case of the work of
atooth gear with good bearings (Fig. 3). The
demonstrated results of the analysis indicate that
within the harmonic rotational frequencies of
a pinion and gear only the harmonics of the wheel
with a damaged tooth contain information on
crushing presence.

a)
1000
900 1 W Filter |
300 1 W Filter Il
700 1 (u] Fi_Iter [ -
= 600 M without filtration
E 500 -
= 400
300 -
200 -
100 +
O !
1,32 1,18 1,03 0,93
Local value of contact ratio CR
b)
1000 1 W Filter |
900 1 g Fifter 1
800 T Fifter I
700 | m without filtration

ml

Mwwy [%]
o
8

1,32 1,18 1,03 0,93

Local value of contact ratio CR

Fig. 3. Percentage value of M, depending on the
type of direct comb filtering and local contact ratio:
a) measurements of shaft vibrations,

b) measurements of casing vibrations

In the case of tooth top crushing resulting in the
decrease of local contact ratio to 1.18, the increase
of M,y measure expressed in percent was greater
when the measure was calculated based on the signal
of accelerated vibrations of the tooth gear casing
(Fig. 3b) than when it was based on the shaft
vibration velocity signal (Fig. 3a). However,
a continued increase of the simulated tooth crushing,
resulting in the decrease of the local contact ratio to
1.03, no longer resulted in the increase of the M,y
measure (even decreasing it) when it was calculated
based on the signal of accelerated vibrations of the
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tooth gear casing (Fig. 3b). This increase occurred,
however, when the measure in question was
calculated based on the shaft vibration velocity (Fig.
3a), both in the case of used filter II and filter III.

Figure 4 demonstrates the changes in SWV
value depending on the type of direct comb filtering
and the phase of wear of tooth working surface. As
in the already discussed part, the results refer to the
work of a tooth gear with efficient bearings. It can
be stated based on the obtained results that the
application of direct comb filtering does not
deteriorate the sensitivity of measures considerably,
and in the diagnostics of a tooth gear with damaged
bearings enables the inclusion in the analysis of only
the signal components containing information on
tooth gear damage. This enables us to ignore highly
energetic signal components connected with bearing
damage and the diagnostics of the tooth gear in the
case of concurrent bearing damage.

a)

400

| Filter |

| Filter Il
300 -H @ Filter 1l
|| without filtration

350

SWV [%]
N
o
o

new 1 2
phase of teeth wear

b)

W Filter |

I|m Filter 1

300 -H @ Filter Iil

|| without filtration

SWV [%]
N
o
o

new

1 2
phase of teeth wear

Fig. 4. Percentage SWV value depending on the type
of direct comb filtering and the phase of wear of
tooth working surface: a) measurements of shaft
vibrations, b) measurements of casing vibrations

In the first and second phases of the wear of the
tooth working surface the SWV measure, calculated
based on the signal of shaft vibration velocity,
increases more considerably than for SWV calculated
based on the signal of accelerated vibrations of the
tooth gear casing (Fig. 4).

The results demonstrated in Figures 3 and 4
suggest that an appropriate direct comb filtering,
especially with respect to tooth gear shaft vibrations,
results in a greater increase in damage and wear
measures than in the case of their calculation based
on non-filtered signals. Additionally, as previously

mentioned, it enables us in most cases to ignore the
frequencies connected with ball bearing damage.
While comparing the sensitivity of measures
(Fig. 5, 6) on tooth top crushing in the work of
atooth gear with bearings in various technical
conditions it can be stated that the highest increase
expressed in percent is typical for measures based on
the Wigner-Ville distribution and wavelet transform.
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O MwCWT
@ Mv WY
m SD2-4
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100 +

value of measure [%]
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1,32 1,18 1,03 0,93

Local value of contact ratio CR

b)
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=
o
o
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1,32 1,18 1,03 0,93

Local value of contact ratio CR
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o MwCWT
oMWY
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value of measure [%]

10 +
1,32 1,18 1,03 0,93

Local value of contact ratio CR

Fig. 5. Change in percent value of selected measures
depending on the value of local contact ratio — tooth
gear load 0=3.85MPa: a) good bearings -
measurements of shaft vibrations,

b) good bearings — measurements of casing
vibrations, ¢) damage to inner raceway -
measurements of shaft vibrations
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Fig. 6. Change in percent value of selected measures
depending on the value of local contact ratio — tooth
gear load 0=3.85MPa: a) damage to outer raceway -
measurements of casing vibrations, b) damage to
inner raceway - measurements of shaft vibrations
c¢) damage to inner raceway - measurements
of casing vibrations

The measure based on the central moment of the
fourth degree proved to be very sensitive for the
wear of the tooth working surface, the same as for
the measure based on the Wigner-Ville distribution.
The values of the measures presented in Figures 7
and 8 were calculated based on appropriately filtered
vibration signals (filter III).
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Fig. 7. Change in percent value of selected measures
depending on the phase of tooth wear — shaft
vibration measurement at tooth gear load
Q=3.1MPa: a) good bearings, b) damage to outer
raceway, ¢) damage to inner raceway,

d) usual wear of bearings
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Fig. 8. Change in percent value of selected measures
depending on the phase of tooth wear — casing
vibration measurement at tooth gear load
0=3.1MPa: a) good bearings, b) damage to outer
raceway, ¢) usual wear of bearings

In tooth base cracking, as in tooth top crushing,
the suggested measures calculated based on
appropriately filtered vibration signals are sensitive
to this local damage (Fig. 9).

7. CONCLUSIONS

The results enable us to state that the
application of direct comb filtering does not
deteriorate the sensitivity of measures considerably.
In the diagnostics of tooth gears with damaged
bearings it is advisable to include in the analysis
only those signal components containing
information on tooth gear damage. This enables us
to ignore highly energetic signal components

connected with bearing damage and to diagnose the
tooth gear in the case of concurrent bearing damage.
a)
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@ Mv WY
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100 +

value of measure [%]

10 +

0 12 24 36
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Fig. 9. Change in percent value of selected measures
depending on the decrease in the achieved meshing
rigidity 4c,, resulting from the cracking of the wheel
tooth and the decrease in rigidity in the bearing nod
resulting from damage to: a) outer bearing raceway
equal to 10% (4/7/=0.1), b) outer bearing raceway
equal to 20% (4/7/=0.1), c¢) inner bearing raceway
equal to 10% (417//=0.1)

However, it is relatively difficult to
unambiguously define the diagnostic measure most
sensitive to all the studied types of tooth gear
damage. In the opinion of the authors of this paper
the developed methods should be used as
complementary methods so as to increase the
confidence of diagnostic results.
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SYNCHRONIZING IMPULSE LOCATION CORRECTION
IN TOOTH GEAR DIAGNOSTICS
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Summary

One of the methods applied to detect pinion or gear wheel damage is an analysis of a signal
synchronously averaged by the rotation period of a pinion shaft or gear shaft, respectively. For
technical reasons, it is often impossible to record the reference signal directly connected with the
diagnosed wheel in industrial conditions. The signal is then connected with a rotating element
available outside the gear. As a result of torsional vibration in a system of shafts or gear casing
vibration in a place where the shaft’s angular position sensor is fixed, or in consequence of a too
slowly rising reference signal edge, a synchronizing impulse occurs at wheel’s angular positions
varying by an insignificant value. This paper presents the usefulness of time-delay estimation
methods in the process of vibration signals’ synchronous averaging.

Keywords: signal averaging, time-delay estimation, diagnostics, toothed gear.

WYKORZYSTANIE USREDNIANIA SYGNALU DRGANIOWEGO Z KOREKCJA POLOZENIA

IMPULSU SYNCHRONIZUJACEGO W DIAGNOSTYCE PRZEKLADNI ZEBATYCH

Streszczenie

Jednym ze sposobéw wykrywania uszkodzen zgbnika lub kota jest analiza sygnatu
usrednionego synchronicznie odpowiednio okresem obrotu watu zgbnika lub kota. W warunkach
przemystowych ze wzgledow technicznych czgsto nie jest mozliwe rejestrowanie sygnatlu
odniesienia zwigzanego bezposrednio z diagnozowanym kolem. Wtedy sygnal ten wiaze sig
z dostgpnym na zewnatrz przektadni elementem wirujacym. Na skutek drgan skretnych w uktadzie
watow, drgan korpusu przektadni w miejscu mocowania czujnika polozenia katowego walu
iczgsto zbyt wolno narastajacego zbocza sygnatu referencyjnego impuls synchronizujacy
wystepuje przy potozeniach katowych kota rézniacych si¢ o niewielka wartos¢. W niniejszym
artykule przedstawiono przydatno$¢ metod estymacji przesunigcia czasowego W procesie
usredniania synchronicznego sygnalow drganiowych.

Stowa kluczowe: usrednianie synchroniczne, estymacja opdznienia czasowego, diagnostyka.

1. INTRODUCTION

In rotor machines, some processes repeat in
cycles. For toothed gears with permanent axles, the
processes are: the period of entering into contact by
the same teeth couple, the pinion or wheel shaft
rotation period, and the meshing period connected
with the frequency of meshing. In the diagnostics of
machinery and appliances containing rotating
components, synchronous averaging is applied to
improve the signal-to-noise ratio and eliminate
constituents not connected with the rotation period
of a selected element [1, 4, 5]. Attempts are often
made to detect damage of selected elements of the
diagnosed object. In such case, it is necessary to
determine the diagnosed element’s rotation period as
well as the period in which the damage will generate
disturbance of the measured vibration signal.

Application of synchronous averaging in the right
period will reduce in that case the impact of
disturbance not connected with the damage.
Drawing conclusions about the occurrence of
damage based on the averaged signal will be thereby
more effective. However, one should bear in mind
that by applying synchronous averaging connected
with the pinion shaft rotation period, e.g. in
atoothed gear with permanents axles, the
information connected with the wheel shaft rotation
period gets lost, and vice versa, except for a case
where the gear ratio equals 1.

In industrial toothed gears, for constructional
reasons, the reference signal used in the averaging
process connected with the rotating element can be
most easily recorded on the shaft running outside the
gear. A remote distance of the signal recording place
from the diagnosed wheel, torsional vibration in the
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gear shaft system, as well as a too slowly rising
synchronizing signal edge, make the synchronizing
impulse occur at wheel’s angular positions varying
by an insignificant value. The differences are
particularly important for constituents of a high
frequency signal and when diagnosing local damage
of wheels generating impulse disturbance, whose
duration is comparable to the synchronizing impulse
deviation.

2. EXPERIMENTAL RESEARCH

Experimental research was conducted, whose
aim was to detect local chipping of a pinion’ or
gear’s tooth. The damage was modelled by
shortening the tooth’ tip [6, 8]. Both the vibration
accelerations of selected points of the gear casing
and the velocity of its shafts' transverse vibration
were measured. The reference signals corresponding
to the shafts' rotation were also synchronously
recorded. During testing, the gear was loaded with
the moment M,=207 Nm, with the pinion's
rotational speed amounting to 2700 rpm.

3. SYNCHRONOUS AVERAGING OF
VIBRATION SIGNALS

Any deviations in the workmanship of gear
components, in particular toothed wheels, make it
difficult to detect gear damage [8], since a tooth
couple with a considerable resultant deviation of
pitch, when coming into contact, generates a force
impulse similar to that generated during the wheels’
interaction with the damaged tooth. The impulse
maximum value is influenced by both the damage
scale and the deviations in the workmanship of the
interacting teeth. Therefore, the course of the
vibration recorded when the pinion enters into
contact with a damaged wheel tooth, where the total
deviation in the workmanship of such couple is
relatively small, differs from the vibration course
where the deviation is greater. Figure 1 presents the
course of pinion shaft’s transverse vibration
velocity averaged with the teeth couples’ repetition
period in the case of considerable chipping of
a wheel tooth to a depth of 3 mm. As a result of
chipping, the contact ratio CR for the damaged tooth
reduced locally from 1.33 to 0.71. Two local
increases in the vibration amplitude are visible here,
caused by chipping of a tooth in a wheel interacting
with different pinion’s teeth, varying in amplitude
and duration.

In diagnosing, the acceleration of selected
points of gear casing is measured most often. The
differences between changes in the signal, caused by
local damage, may be even greater. In such case,
detection of damage will be much easier when based
on an analysis of a signal synchronously averaged
by the wheel revolution period.

fault of gear
tooth

vimis]

180 30 540 720

ér)

Fig. 1. Pinion shaft vibration velocity signal
averaged by the repetition period of teeth couples
presented as a function of the wheel rotation angle

As a result of torsional vibration in a system of
shafts or gear casing vibration in a place where the
shaft’s angular position sensor is fixed, some shifts
of the synchronizing impulse take place in relation
to the wheel. The shifts may increase as the distance
between the reference signal recording place and the
investigated wheel grows. For technical reasons, it is
often impossible to record the reference signal
directly connected with the diagnosed wheel in
industrial conditions. The signal is then connected
with a rotating element available outside the gear.

By analyzing the overlapping averaged time
signals of pinion shaft's transverse vibration (Fig. 2)
when the synchronizing impulse location was not
initially corrected, it was found that the impulse
location deviation equaled £2 sampling periods, i.e.
ca. =1° of shaft’s revolution. To minimize the impact
of the deviation, a computational correction of the
synchronizing impulse location was made by
utilizing time-delay estimation between the
successive recorded periods of averaged time
signals. It was significant, since the duration of
impulse coming from a damaged tooth amounted to
0.12+0.16:107[s], i.e. 3+4 of the sampling periods
with the sampling frequency applied. For this
reason, the averaging synchronization impulse
should be very accurately correlated with the
wheel’s angular position, since any deviation in its
position may lead to removal of the information
about the appearing damage from the averaged
signal.
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Fig. 2. Overlapping of averaged time signals of
pinion shaft’s transverse vibration velocity —

uncorrected location of synchronizing impulse,
a) signal fragment from 15th to 75th sample,

b) signal fragment from 405th to 465th sample,

pinion’s rotation period — 572 samples

Before applying time-shift estimation, a fragment
was selected of the vibration time signal, equal to
the averaging period in relation to which the time-
shift was determined. It was the time signal fragment
best correlated with the other periods. Usefulness of
the time-shift methods available in the Matlab
system [7] was checked. First, the time delay was
determined using a method based on the third-order
cumulants (TDE). The method will be presented
using an example with the signals: x and y.

x(t)=s(e)+w, (), (M

y(t):Anz'S(t_Dt)+my(t)‘ (2)

The signals can be also presented in a form
useful for a digital analysis:

x(n) = s(n)+ @ (n), (3)
y(n)= 4, -s(n-D)+w,(n), 4

where:
s - stationary process,
A,, — relative amplitude multiplier,
D, - signal y shift in relation to signal x,
D - signal y shift in relation to signal x,
expressed in sampling periods,

@, and @, — noise.

The third-order cumulants of signal S(t )
according to [2] are described by the dependence:

Cops(11,75) = Efs(e)s( + 7 )sle 7, )} =

:%j.s(t)s(t—i-‘cl)s(t-l-rz)dt, (%)

where:
T — observation time of signal S(l‘ )

The third-order cumulants in a form useful for
a digital analysis are described by the dependencies

[7]:
Cadq.p) = E{x(n) x(n+q)x(n+p)}, (6)
Cixdq.p) = E{y(n)x(n+q)x(n+tp)}. (7)

If signal s(¢) is not a Gaussian signal and noises
@, () and © y(t) are non-Gaussian noises, the

third-order cumulants can be used even where the
noises are correlated. If P is the maximum expected
shift and assuming that shift D is an integer, we
obtain [7].

where:
am)=0, n#D, i a(D)= A.

By utilizing (8) and (7), we obtain:

P

Coucla.p)= D al)Crlg+ip+i). (9

i=—P

By applying this equation for different values of p
and ¢, we will obtain a system of linear equations

a(i):
Crox@=Cyxx. (10)

The estimated delay is marked with index n, at
which |a (n)| reaches its maximum.

It is important that the allowable signal shift P
cannot be too large. In particular, P must always be
smaller than the number of samples falling on
a shaft’s rotation by one meshing pitch, otherwise,
the signals may get completely desynchronized.

In order to obtain the best results, the following
numbers of samples were used to calculate the third-
order cumulants: ngm,, = 256, 128, 64, 32, 16. The
best results were obtained where ngm, = 32 samples
(Fig. 3). Compared to Fig. 2, improvement was
visible.
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Fig. 3. Overlapping of averaged time signals of
pinion shaft’s transverse vibration velocity —
location of synchronizing impulse corrected by
means of the TDE method, ng,m, = 32, a) signal
fragment from 15th to 75th sample, b) signal
fragment from 405th to 465th sample

The next method applied was the time-delay
estimation using cross-bispectrum (TDEB). The
auto- and cross-bispectra are defined as follows [7]:

Bl fo2)=E {X(fo1) X(f5)X (furtfi2)}, (11)
Bo(f81, 132)=EAX(f31) Y5 X (f:1/32)}- (12)

The absolute value #A(t) determined from
dependence [7]:

Bxyx(fBI’fBz)

Bxxx(fBl’fZ) ’
(13)

h('c) = J.del Idez exp(janth)

reaches its maximum at 7 equal to the real shift D, of
signal y in relation to signal x.

Fig. 4 shows the overlapping of signals where
the location of synchronizing impulse was corrected
by means of the TDEB method and where the
number of samples FFT (nppr) equalled the number
of samples corresponding to the pinion rotation
period. The calculation time was then much longer
than where the TDE method was applied.

0.08

011l " L L "
405 435 485
samples

Fig. 4. Overlapping of averaged time signals of
pinion shaft’s transverse vibration velocity —
location of synchronizing impulse corrected by
means of the TDEB method: a) signal fragment from
15th to 75th sample, b) signal fragment from 405th
to 465th sample

Fig. 5a presents the pinion shaft’s vibration
velocity signal averaged by the pinion’s rotation
period, obtained by applying a correction of the
synchronizing impulse location. The arrow shows
the local maximum coming from the damaged
pinion tooth; also, the time intervals are marked, in
which the overlapping time signals were presented
before averaging — Fig. 2+4.

Fig. 5b shows the pinion shaft’s transverse
vibration velocity signal averaged by the pinion’s
rotation period, where the location of synchronizing
impulse was not corrected. When compared to the
signal presented in Fig. 5, a reduction of the signal
amplitude is visible.

In the spectra of those signals, as shown in
Fig. 6, differences in the values of constituent
amplitudes are also visible. The differences grow as
the frequency increases.
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Fig. 5. Course of the pinion shaft’s transverse vibration velocity averaged by the pinion’s rotation period -
chipping of pinion tooth to 3 mm, corresponding to CR = 0.96: a) the synchronizing impulse
location was corrected, b) the synchronizing impulse location was not corrected
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Fig. 6. Averaged signal spectrum before and after correction of the synchronizing impulse location
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Summary

A fault diagnosis technique for internal combustion engines using time-scale representations of
vibration signal is presented in this paper. Engine block vibration results as a sum of many
excitations mainly connected with engine speed and their intensity increases with the appearance
of a fault or in case of higher engine elements wearing. In this paper an application of acceleration
signals for the estimation of the influence of piston skirt clearance on diesel engine block
vibrations has been described. Engine body accelerations registered for three simulated cases
representing piston skirt clearance variations were an object of preliminary analysis. The presented
procedures were applied to vibration and pressure signals acquired for a 0.5 dm® Ruggerini, air
cooled diesel engine. Reciprocating machines are difficult to diagnose using traditional frequency
domain techniques because of generate transient vibration. In conducted experiments WPT has
been chosen as the decomposition tool for feature extraction as a tool providing a flexible time-
frequency resolution and a rich library of redundant wavelet bases.

Keywords: fault diagnosis, engine vibration, WPT.

WYKRYWANIE WYMUSZEN IMPULSOWYCH W SILNIKU ZS
ZA POMOCA PAKIETOW FALKOWYCH (WPT)

Streszczenie

W artykule przedstawiono wyniki badan diagnostycznych silnika ZS za pomoca analizy
czasowo-czgstotliwosciowej. Drgania bloku i glowicy badanego silnika sa spowodowane wieloma
wymuszeniami zwiazanymi z jego predkoscia obrotowa a ich intensywno$¢ wzrasta wraz
z pojawianiem si¢ uszkodzen mechanicznych, zuzycia eksploatacyjnego oraz wystgpowania
anomalii w procesie spalania. Sygnaly przyspieszen drgan wykorzystano do okreslenia wptywu
stanu symulowanego luzu w zlozeniu ttok cylinder.

W ramach badan silnika ZS, chtodzonego powietrzem o pojemnosci 0,5 dm® firmy Ruggerini
zasymulowano trzy warto$ci luzu. Ze wzgledu na fakt, ze silniki spalinowe sa ztozonymi
obiektami diagnozowania wykorzystanie tradycyjnych metod analizy czestotliwo$ciowej nie
zapewnia precyzyjnej identyfikacji charakterystycznych wymuszen. W prowadzonych badaniach
przeprowadzono dekompozycj¢ sygnatu drganiowego za pomoca pakietow falkowych (WPT).

Stowa kluczowe: diagnostyka uszkodzen, silniki spalinowe, drgania, WPT.

this range is mostly transformed into useful work by

Identification of engine vibration sources is most
important for making noise reduction strategies and
engine diagnosis. An IC engine noise signal is
composed of many components from different
sources. To identify the requirement of noise signal
analysis it is necessary to begin a discussion on the
noise signal components. The combustion noise is
produced by a rapid rate of in-cylinder pressure rise,
which besides being a source of engine structural
vibrations [3, 9, 17, 18]. The contribution of the
combustion to the whole noise signal is some
transient components. In a normal condition, the
combustion noise is usually in a frequency range
above a few 100 Hz as the combustion energy below

pushing pistons forward. In the case of abnormal
conditions, degradation in the combustion quality
may produce some low frequency content in the
combustion noise. A rise in the cylinder pressure
pushes the piston from the top dead center — TDC,
advancing to the bottom dead center - BDC. In this
movement, the clearance between the piston and the
cylinder or damage to piston rings can cause the
piston to impact with the cylinder, the phenomenon
of piston slap, which is another major source of
engine noises. As the piston slap is caused by both
the combustion and the clearance, the noise level
reflects the combustion quality and changes in the
clearance. The impacts will add transient
components to the engine noise signal [15, 17, 18,
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19]. As piston slap happens on the way from the
TDC to the BDC, it can be identified by referring to
the time axis. An important feature of IC engines is
that they have both reciprocating and rotating parts.
Different type of parts will produce different signal
components. Rotating parts, such as the flywheel
and front pulley, can excite harmonic components to
the noise.

Decided by the engine speed, these harmonic
components mainly distribute in the low-frequency
range. An increase in the amplitude of the harmonic
components indicates condition variations of these
rotating parts. Contributions of different rotating
parts to the noise can be identified with reference to
their speeds. Injectors and valves are reciprocating
moving parts. They produce impacts to the engine
structure and hence contribute transient components
to the noise. In an injector, the needle is held onto its
seat by a high rate spring. This spring also serves to
control the injection pressure and regulate the
injection time. A decrease in the stiffness of the
spring will bring forward the injection time.
As a consequence, the combustion quality will be
degraded. An engine has many inlet valves and
exhaust valves. A valve is opened by a camshaft and
pushed back to its seat by a valve spring. Any
problems with valve seats, tappets, and mechanisms
can cause a change to the transient vibrations
produced during opening and closing, and thus the
corresponding transient components of the noise
signal. These valves open and close at different
times, and so the contribution of different valves to
the noise can be identified from the times of events.
Fluid-induced noise, such as exhaust and inlet noise,
is also an important part of the noise. Along with the
sudden release of gas into the exhaust system or the
rush of a sharp pulse of fresh air into the cylinder,
oscillation of the air volume in the cylinder and the
exhaust system is excited and hence noise is
produced. When inlet and exhaust valves close,
noises will also be generated for a change in the
fluid field. The fluid-induced noise contributes
transient components to the whole noise. Some early
research shows that fluid-induced noise usually has
high frequencies. With modern fluid passage
designs, the level of fluid-induced noise is normally
very low. Damage or problems with the exhaust and
inlet system will increase the magnitude of the fluid-
induced noise.

A noise signal can be mathematically described
as:

x(0)=Y A cos(wt+9)+ Y. S B, (tu(t—t,)cos(wt +¢,) (1)

where:

* A; and Byt denote amplitude of signal
component,

* o and wj represent the frequency,

* u(t) is the function step,

* t;is the instant at which an event occurs,

* ¢, and @;are phases of signal components.

The sample of engine noise signal is presented
on figure 1.
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Fig. 1. Engine block vibration vs. crank angle
for one cycle

2. SIGNAL PROCESSING PROCEDURE
2.1. Joint time frequency analysis

A basic requirement on a signal processing
technique is that it should at least reveal information
on the amplitude, the time, and the frequency
content of an event. To satisfy the requirement,
asignal processing technique should be two-
dimensional, in the time-frequency domain [1, 6, 8,
11,13, 14].

It is possible to get the information about main
noise sources using JTFA (Joint time frequency
analyses) based on few methods, i.e.:

* Gabor Spectrogram,

» Wigner Ville distribution,

e Choi-Williams distribution,
» Cone Shape distribution,

» Adaptative Spectrogram,

* STFT Spectrogram.

Each quadratic JTFA method has its own
advantages and  disadvantages. The STFT
spectrogram is faster than all the other methods, but
it has the worst joint time-frequency resolution.
Based on the specific application a suitable JTFA
method must be selected and a compromise must be
chosen between the resolution, the cross-term
interference and computation speed. Possibility to
analyze a signal in the time-frequency domain
simultaneously enables better process a particular
signal. Especially this analysis allows observing how
power spectrum of signal changes over time.

2.2. Wavelet decomposition of engine block
vibration signals

The Wavelet Transform provides a more flexible
way of time —frequency representation of a signal by
allowing the use of variable sized windows. WT
gives precise frequency information at low
frequencies and precise time information at high
frequencies. This makes the WT suitable for the
analysis of irregular data pattern, such as impact
signatures in IC engines. Wavelet function is
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composed of a family of basis functions that are
capable of describing signal in a localized time and
frequency (or scale) domain. The Continuous
Wavelet Transform of a time varying signal x(?)
consists of coefficient that are the convolution of the
signal x(z) with a family of wavelets

{V/a,b}e r (R) with finite duration in time and

finite frequency:

W, (a,b)= [ x(w;, (0dt @
where:
1 t-b
y/a,b(t):_l//(_)a aabERaaio (3)
jof A @

where the (") symbol denotes complex conjugation.
The continuous wavelet transform (2) depends on
the choice of the wavelet function. CWT creates
redundant information. A discrete set of translation
and dilation parameters are often sufficient for most
tasks. The wavelet packet transform (WPT) is an
extension of the WT which provides a complete
level by level decomposition of signal /fig. 2/
Wavelet packets consist of a set of linearly
combined usual wavelet function [2, 5].

The wavelet packet is a function where integers
indices i, j and k are the modulation, scale and
translation parameters:

v (0 =2"y (2 1—k) @)

The wavelet function can be obtained from the
following recursive relationships:

vO=N2YHEY k) )
v =N Y gk @i-k)  ©)

The discrete filters h(k) and g(k) are the
quadrature mirror filters associated with the scaling
function and wavelet function. The WPT contains
a complete decomposition at every level and hence
can achieve a higher resolution in the high frequency
bands The recursive relations between the jth and
the (j+1)th level components are following:

X () = x5 (0)+ 67, () (7)
X751 (6) = Hx(¢) ®)
X7 (6) = Gx) (1) ©

where: H and G are the filtering decimation
operators related to the discrete filters A(k) and

g(k).

< H 12 cAy
X
NG 12 <Dy
=
eA—'2 — H H
X 4
D=2+ G &

=0 Time Domain Signal | —

H (, lime
=] P i frequeney resolution decrenses
J - time resolulion increases

Fig. 2. Decomposition tree of time varying signal
using wavelet packet transform

The basis step of a fast wavelet algorithm is
presented in fig. 2 which can be implemented in two
opposite directions, decomposition and
reconstruction. In the decomposition step, the
discrete signal x is convolved with a low-pass filter
H and a high-pass filter G, resulting in two vectors
cA; and c¢D; .The elements of the vector cA; are
called approximation coefficients, and the elements
of vector ¢D; are called detailed coefficients. The
symbol |2 denotes down sampling.

3. EXPERIMENTAL SETUP

The experimental setup developed consisted of
one cylinder, The procedures presented in this paper
were applied to vibration and pressure signals from
an 0,5 dm’ Ruggerini, air cooled diesel engine
(Fig. 3). Technical details describing the test object
are listed in the table 1.

Table 1
Technical features of the engine
Manufacturer
Parameters data
Displacement [cm’] 477
Stroke [mm] 75
Bore [mm] 90
Maximum power [kW] 6,0
rpm for max power
[min"'] 3000
Max torque [Nm] 21
rpm for max torque
[min"'] 2500

Test program provided sampling of the following

data:

e in-cylinder pressure,

e  vibration signal of engine head and wall, for
two directions: x and y (Fig. 3),

e  crankshaft revolution, together with TDC
recognition,

e  engine torque,

e  manifold pressure.
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FARAMETERS
VITULIZATION

LAk

Fig. 3. Schematic diagram of experimental setup

In-cylinder pressure was measured with the use
of piezoelectric pressure transducer type 6121 by
KISTLER, coupled with charge amplifier model
5011. Crankshaft position and TDC recognition was
done with the use of KISTLER 2613B transducer.
Engine body vibrations were measured with ICP
sensors by PCB interfacing with PA3000 signal
conditioner manufactured by Roga Instruments.

Acceleration transducers were installed on
engine body and engine head using thread
connections. Signals were acquired with the use of
eight channel data acquisition card NI PCI-6143,
running under LabView 7.1 environment, where
a dedicated program has been implemented.
Sampling rate for all channels was set up to 50 kHz.

Research program was realized for engine
running on idle, at higher rpm of 1500 min™" without
load and for rpm range from 1000 — 1500 min™ with
load not exceeding 10 Nm. Tests were carried on for
three different setups of engine piston skirt
clearances: nominal, 2 times bigger than nominal,
4 times bigger in respect to the nominal. For the
purposes of simulation tests, at the selected
clearance values the compression pressure was left
at the same level. An example of in-cylinder
pressure, and vibration signal traces is presented on
figures 1 In-cylinder pressure and engine body
vibration signals were registered for 18 engine
operation points, each covering 150 engine cycles.

4. ANALYSIS RESULTS

Figures 4, 5, 6 present engine body acceleration
traces and its time-frequency representation for three
different simulated clearance values. Trace obtained
for nominal clearance are presented on figure 4,
meanwhile figure 5 presents results for 2 times
bigger clearance and figure 6 for the 4 times bigger
clearance. With the increase of clearance, an
important raise of vibration signal level together
with trace properties variations and increased engine
body response time for excitation are observed.
Changes in signal traces due to bigger clearance may
also be noticed in time frequency plane. The
distribution of vibration energy with scale is
different for the normal clearance and 2xN
and 4x N.

14E-3

~0.08+0

v . . T . OE-2
00 Z5m 50m TSm 100m 135m 150m 175m 200m 325m 250m
Tame (5e¢)

Fig. 4. Time-frequency representation of engine
acceleration for nominal skirt piston clearance

it 18E-4
180k
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5 40k 5,383
=120k
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Fig. 5. Time-frequency representation of engine
head acceleration for 2 times bigger skirt piston
clearance

19E-5
=508
~0.08+0

Fig. 6. Time-frequency representation of engine
acceleration for 4 times bigger skirt piston clearance

Figures 7, 8 and 9 present results of vibration
signal analysis using wavelet packet decomposition.
The acceleration signal was decomposed into
4 levels for each transform. With the signal being
decomposed into a number of sub-bands, features
can be extracted from the wavelet packet coefficient
in each sub —bands to provide information on the
condition of IC engine being monitored. The energy
content of acceleration signal can be calculated,
based on the coefficient of the signals transform.
Since the energy content of signal after
decomposition /fig. 7, 8, 9/ is directly related to the
simulated clearance it can be used as an effective
indicator of the IC engine condition.
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Fig. 7. WPT result of engine acceleration by
nominal clearance for crankshaft angle
range 372 — 420°

Figures 7, 8 and 9 present results of vibration
signal analysis using wavelet packet decomposition.
The acceleration signal was decomposed into
4 levels for each transform. With the signal being
decomposed into a number of sub-bands, features
can be extracted from the wavelet packet coefficient
in each sub —bands to provide information on the
condition of IC engine being monitored. The energy
content of acceleration signal can be calculated,
based on the coefficient of the signals transform.
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Fig. 8. WPT result of engine acceleration by
2 times bigger clearance for crankshaft
angle range 372 —420°

Since the energy content of signal after
decomposition /fig. 7, 8, 9/ is directly related to the
simulated clearance it can be used as an effective
indicator of the IC engine condition.
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Fig. 9. WPT result of engine acceleration by 4 times
bigger clearance for crankshaft
angle range 372 — 420°

5. CONCLUSION

The WPT is powerful tool for on-line monitoring
and diagnostic of combustion process. The WPT
decomposes a vibration signal into different
components in different time windows and
frequency bands.

It can recover important features of the vibration
signal that are sensitive to the change of IC engine
condition.

By using the WPT, accurate and reliable on-line
monitoring decisions can be made.
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SYNCHRONIZATION SYSTEM OF THE HYDRAULIC CYLINDERS MOTION

1.

INTRODUCTION

IN THE RESEARCH OF THE BRIDGE PRESTRESSING SYSTEMS
Dariusz GRZYBEK, Andrzej JURKIEWICZ, Piotr MICEK, Marcin APOSTOL

AGH University of Science and Technology
Department of Process Control
Al. Mickiewicza 30, 30-059 Krakow
dariusz.grzybek@agh.edu.pl

Summary

The safety of the peoples using with the bridges which are made in the prestressing concrete
technology, is dependent on the quality of the elements of the applying prestressing system. Thus
the research of the bridge prestressing system, particularly static research, are conducted in the
conditions which simulate the real loads affecting on the each elements. Such defined conditions
of the conducting of the prestressing systems research need the building of the adequate research
stand. The article presents the system conception of the hydraulic cylinders motion
synchronization, which will be used in the prestressing systems research. The mathematical model
was presented also with the results of the simulation researches.

Keywords: prestressing concrete, static research, synchronization of motion.

UKLAD SYNCHRONIZACJI RUCHU SILOWNIKOW HYDRAULICZNYCH
W BADANIACH MOSTOWYCH USTROJOW SPREZAJACYCH

Streszczenie

Bezpieczenstwo ludzi korzystajacych z mostdow wykonanych w technologii betonow
sprezonych zalezy w bardzo duzym stopniu od jakos$ci elementéw zastosowanego ustroju
sprezajacego. Stad badania mostowych ustrojow sprezajacych, a w szczegdlnosci badania
statyczne sa przeprowadzane w warunkach, ktére symuluja rzeczywiste obciazenia dzialajace na
poszczegodlne elementy. Jednak tak zdefiniowane warunki przeprowadzania badan ustrojow
sprezajacych wymagaja budowy odpowiedniego stanowiska badawczego. Artykul prezentuje
koncepcje uktadu synchronizacji ruchu sitownikéw hydraulicznych, ktory to uklad zostanie
wykorzystany w badaniach ustrojow sprezajacych. Przedstawiono rowniez model matematyczny
uktadu wraz z wynikami badan symulacyjnych.

Stowa kluczowe: betony sprezane, badania statyczne, synchronizacja ruchu.

The safety of the peoples using with the bridges
which are made in the prestressing concrete
technology, is dependent on the quality of the
elements of the applying prestressing system. Thus
the research of the bridge prestressing system,
particularly static research, are conducted in the
conditions which simulate the real loads affecting on
the each elements. The ETAG 013 norm defines the
conditions, in which the research have to be
conducted. The research procedure contains
following stages:

e tension of the strings is realized by the stressing
devices which are used in the building of the
prestressing structure. The force of tension
should be increased with the constant speed of
100 MPa per minute,

o transfer of the tension force from the stressing
devices to body of laboratory stand after reach

the level of 80 % of the characteristic strength of

the strings by the tension force,

o the tension force is kept at the level of 80 % of
the characteristic strength during 1 hour,

e the increasing of tension force with the maximal
speed of the strain increase of 0,002 per minute
until the failure of the one or more strings'.

Such defined conditions of the conducting of the
prestressing systems research require the building of
the adequate research stand. Taking into
consideration that the characteristic strength of the
strings applying in the prestressing bridge building
amount to 279 kN, the value of the necessary force
increase with the increase of the strings number in
the anchoring block. The obtainment of such force
value is possibility by the using of hydraulic

" ETAG 013 Guideline for European Technical Approval
of Post-tensioning Kits for Prestressing of Structure,
June 2002
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cylinders  system. The cylinders motion
synchronization in such system is difficulty by the
randomness of the hydraulic cylinders load resulting
among other from slip in the jaws.

2. LABORATORY STAND FOR THE PRE-
AND POST-TENSIONED RESEARCH

2.1. The building of laboratory stand
The laboratory stand to the static research

consists of three following main parts: body,
movable disc and four cylinders system (fig. 1).

Fig. 1. View of the laboratory stand:
1-body of the stand, 2-movable disc, 3- four
cylinders system

The system of four cylinders has the following
tasks:

e Joad increase of the movable disc with the
maximal speed of displacement increment of
0,002 per minute until one or more string
scarifying,

e load decrease of the movable disc after 1 or more
string scarifying (the rest of strings still carry the
load).

2.2. The characteristics of the synchronization
process

The general characteristics are following:

e maximal speed of the cylinders motion

approximates 0,000641 [m/s],

e cexternal forces PI1(t),...,P4(t) (fig. 2) are
randomly changeable,

e range of the value changes of external forces
approximates from 0 to 2162 [kN].

The maximal speed results from the ETAG 013
requirements according to which the maximal speed
of the displacements increase in the stretched strings
can’t be bigger than 0,002 per minute. It results from
the length of the tensioned strings which amount to 6
m for described laboratory. The load of the movable
disc depends from the researched anchored block

(fig. 3).

Fig. 2. Force distribution on the cylinder piston

Thus, the number of the strings can range from 1
to 32 and needed force also increases (tab. 1).

Fig. 3. Kinds of the anchored blocks

Table. 1. The needed forces values

Number

of the 7 12 13 15 19 31
strings

The force

value[kN] | 1953 | 3348 | 3627 | 4185 | 5301 | 8649

The values of the external forces P1(t),...,P4(t)
change from the point of view of occurrence of the
following phenomena:

o slides of the strings in the jaws,
e displacements of the jaw in anchored block

(fig. 4),

e friction between the movable disc and body of
the laboratory stand.
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Fig. 4. Asymmetry of displacements of the jaw in
the anchored block: 1-jaws, 2- anchored block,
3 — strings
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2.3. Hydraulic structure of the synchronization
system

The hydraulic structure of the synchronization
system (fig. 6) was based of the basic hydraulic
elements like throttle valves. The achievement of the
required accuracy of synchronization will be
realized by adequate control algorithm.

Hydraulic 2
supplier

Fig. 5. Hydraulic structure of
the synchronization system

Fig. 5 presents the hydraulic structure of the
cylinders motion synchronization system. The
system consists of the four hydraulic cylinder (1),
control hydraulic supplier (2), four throttle valves
(3) which are controllable by the corresponding
stepping motors, four relief valves (4), four
hydraulic locks (5). The presented system work in
the open-loop of control. This way of control doesn’t
enable to eliminate the displacement cylinders
differences which are caused by the compressibility
of the working fluid with the high external load
changes. Obviously, the hydraulic structure could be
other by the application other hydraulic elements
such as a flow synchronizator. The view of this
system is presented in fig. 6.

Throttle
valves

Fig. 6. The view of synchronization system

3. MATHEMATICAL MODELLING OF THE
SYNCHRONIZATION SYSTEM

3.1. The basic assumptions of the system work

The main assumption, apart from the elimination
of the synchronization mistakes, is the minimization
of the energy losses in this system. It can be
achieved by the minimization of the energy looses in
the maximal valve. Thus, the following condition
must be granted:

pl(t)<pmax(t) (1)
where: p,(¢) - the pressure in the common input
lines (fig. 7)

Dnax (£) - the pressure set in maximal valve

‘/ pl(t)

Prnax (1) I/léé H X Sél\l

'——

| 7y
s :; O .

Fig. 7. Structure of the hydraulic supplier

However, the fulfilment of condition (1) leads to
the multivariable structures of control system (fig. 8)
and generates difficulties with the choice of leading

cylinders.
Fl(t)l Fz(t)l Fs(t)l F4(t)l
ya(t) . yl(t):
yzo(t) ya(t)
—_— —
yz(t) ya(t)
= —
yaa(t) ya(t)
—— —

Fig. 8. Signal flow in the control system
yi(t)— displacement of the piston of cylinder,
V.i(t) — displacement of the moving pin
of throttle valve,

Fi(t) — unknown external load

3.2. The basic assumptions to the mathematical
modelling

The basic assumption to the building of the
mathematical model:
e parameters of the elements are concentrated;
e surfaces and masses of every pistons and pin of
throttle valve are identical;
there is laminar flow in all the local elements;
there is turbulent flow in all the linear elements;
fluid temperature is constant;
stream of fluid is continuous;
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e connecting conduits are short and rigid
(pressure losses in this conduits are negligible);

e dry friction doesn’t occur in the surfaces of the
carry-out elements.

3.3. The mathematical model

The calculated schema is presented in fig. 9.
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Fig. 9. The calculated schema of four hydraulic
cylinder synchronization system

The basic equations are following:

d’y(n _ 1 dy, (1)
0 . [4p,.()—F(1)- ( &t j+

—k,((sen(y, 0+1, )+ 1)) + 1)+ (sen(y, )+ Dy, 0))  (2)

dp, () E dy,(t) 3)
A —k )
R {QA,() ,,pm(r)}
42,0 (k w(n-7, L0 _L cossQ.i(r)Mz)] “)
dr* m,
@:imm—m(r)—wﬂ, WP 057, P
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2 )0,0)] ©)
2C(1 fd:(yz() 2Cd Az/:
dp, (t E
PO _L(5,-0,(1)-000)-0,:0-0.0-0,0) ©
where:

dy, (1)
F”[dy (I)J R0l dy (t) s gn[dy, (t)J_ F, expl ——dt LAGN gn( dy, (t)j
dt dt g v dt dt

fuva) = rgg(yzo +y.(0)

vi(t) — displacement of the piston of cylinder, p (t) —
pressure in the A chamber of cylinder, Fi(z) —

(dy (t)) friction force
dt

0.i(t) — flow between throttle valves and A chamber
of cylinder y,;(?) — displacement of the moving pin of
throttle valve, p;(t) — the pressure in the common
input branch, u;(z) — the control signal from the

unknown external load g

i

stepping motor, , m.,— reduced mass of the cylinder,
A — surface of pistons, k, — coefficient of the
elasticity of cylinder, £. — modulus of elasticity of
the fluid, ¥ — initial volume of the cylinder chamber
k, — coefficient of the leaks, k, — coefficient of the
stepping motor, f;, — coefficient of viscous friction in
the throttle valves, p — density of the fluid, 4,; —
surface of the conduits, /,; — length of the conduits,
m, — reduced mass of the moving pin of throttle
valve, C; — coefficient of the flow through the
throttle valve, a — the angle which depends on the
construction of throttle valve, O, — flow from the
supplier.

The schema of the signal flow is presented
in fig. 10.
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Fig. 10. The schema of the signal flow
W;i- input conduit, Z; — throttle valves,
S; - cylinders

Presented over mathematical model of four
hydraulic cylinders can describe in states space:

X | A A A A || x B 0 0 0|y
X, |4 4 A A x N 0 B, 0 0 |u,
x;n A A A, A | x 0 0 By 0 |u,

4, A A A x, 0 0 0 B,|u,
X4n

where: A; — state matrix for each throttle valve-
cylinder systems;
B; — control matrix for each throttle valve-
cylinder systems;
A, — feedback matrix between throttle valve-
cylinder systems.
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3.4. The simulation experiment

Presented mathematical model was implemented
to the Matlab Simulink program. Simulation
diagram for equations is shown in figure 11.
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Fig. 11. Simulation diagram
for synchronization system

Simulations was conducted for the parameters,
which are presented in tab 2. The value of
parameters was determined according to the
construction conditions of the laboratory stand.

Table 2. The value of parameters

Qz A EC kp M
m’/s m’ MPa m’/Ns kg
6,6¥10° | 0,065 | 1,4*10° | 107" 10
VO ftz Cd ksc Api
m’ Ns/m - N/m m’
2%107 300 0,6 1*¥10" | 3,1*10°

In the simulation model, a change of the external
load acting one 1 cylinder was established in order
to determination of the effect among particular
throttle valve - cylinder system. The course of basic
characteristics are presented in fig. 12.
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Fig. 12. Characteristics for the change
of the force effecting on 1 cylinder

In the second simulation test, the change of the
setting of throttle valve was established in order to
definition of the interactions among particular
control signal wul(t). The course of basic
characteristics are presented in fig. 13.

Taking into consideration that the pressure in the
input conduit is changeable, the change of external
load acting on 1 cylinder have the effect on the
motion of other cylinders. Hence, the application of
control system based a super-ordinated cylinder,
which the piston displacement is a input signal for
other cylinders is only possible in the situation when
the super-ordinated cylinder is the most loaded.
However, the cylinder load s changeable, hence
super-ordinated cylinder will have to be change.
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Fig. 13. Characteristics for the change
of the throttling surface in 1 throttle valve

CONCLUSIONS

research requirements resulted from
adequate norms demand the using of the big
forces, which are possible to get by the
application of the set consisting of several
cylinders.

The long-tasking of the research causes the large
energy losses, which can be decreased by the
using of the system with changeable value of the
input pressure.

The application of such system causes the
necessity of elaboration of the control system
algorithm because the system with super-
ordinated cylinder can be used.
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SAFETY ASSURANCE AT THE DESIGN STAGE OF THE NEW PUMP
ON THE BASIS OF EU DIRECTIVES
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Summary

The creation of the new construction solution of the device is a complicated process, in which
the correct choice of the device conception has the main meaning. The chosen conception should
fulfil the customer requirements as well as the obligatory law requirements on the market, on
which the designed device will be admitted to the trade. These requirements began to apply in
Poland, which are on the EU market, when Poland became the EU member. This article presents
the effect of this requirements with particular attention on the effect of the safety principles on the
new device creation process. This effect was shown on the example of the new construction
solution of the pump. The concurrent design process was applied in this process, which allowed
the time shortening of the project conduct. The creation of the solid models of the elements and
components and the simulation research were conducted in the same time. It allowed the
correction of the geometrical parameters as well as straight parameters of the created models. The
conducted simulation research static, kinematical and dynamic pairs allow the approximation of
the modeled phenomena with the particular meaning for the device reliability. This is important
for the assurance of the device durability, the long time of operating as well as the fulfilment of the
high safety requirements.

Keywords: safety, design, pump.

ZAPEWNIENIE BEZPIECZENSTWA NA ETAPIE PROJEKTOWANIA
NOWEJ POMPY W OPARCIU O DYREKTYWY UE

Streszczenie

Tworzenie nowego rozwigzania konstrukcyjnego urzadzenia jest ztozonym procesem,
w ktorym istotna role odgrywa prawidlowy wybdr koncepcji urzadzenia. Wybrana koncepcja
powinna spelnia¢ zard6wno wymagania zamawiajacego jak rowniez wymagania prawne
obowiazujace na rynku, na ktorym projektowane urzadzenie ma by¢ dopuszczone do obrotu
handlowego.

W zwiazku z wejSciem Polski do Unii Europejskiej, w Polsce zaczely obowiazywaé
wymagania istniejace na rynku UE. W artykule przedstawiono wpltyw tych wymagan ze
szczegblnym uwzglednieniem zasad bezpieczenstwa na proces tworzenia nowego urzadzenia na
przyktadzie projektowanego, nowego rozwiazania konstrukcyjnego pompy. W procesie tym
zastosowano system projektowania wspotbieznego co pozwolito przede wszystkim na znaczne
skrocenie czasu trwania projektu. Rownorzednie z tworzeniem modeli brytowych czgsci
i zespotdw prowadzone byly badania symulacje co umozliwito na biezaco korygowanie
parametrow  geometrycznych jak rowniez wytrzymato$ciowych tworzonych modeli.
Przeprowadzone badania symulacyjne par statycznych, kinematycznych i1 dynamicznych
pozwolity na przyblizenie modelowanych zjawisk o szczegdélnym znaczeniu dla niezawodnosci
urzadzenia do zjawisk rzeczywistych. Jest to wazne ze wzgledu na zapewnienie trwalosci
urzadzenia, dlugiego czasu bezawaryjnej eksploatacji oraz spelnienia wysokich wymagan

bezpieczenstwa.
Stowa kluczowe: bezpieczenstwo, projektowanie, pompa.
1. INTRODUCTION the party ordering the device as well as the legal
requirements in force in the market where the
Creating a new construction solution of a device designed device is to be admitted to trading and use.
is a complex process, in which the correct choice of When Poland joined the European Union, the
the device concept plays a significant role. The requirements existing in the EU market started

chosen concept should meet both requirements of becoming effective in Poland. The paper presents
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the effect of these requirements on the process of
creating a new device, with the example of the
designed, new construction solution of the pump.

2. EU DIRECTIVES IN THE NEW PUMP
CREATION PROCESS

The determination of directives, which the
requirements have to be fulfilled, is the duty of
a producer. The following directives are obliged in
the pump creation:

— directive 98/37/EC of the European Parliament
and of the Council of 22 June 1998 on the
approximation of the laws of the Member States
relating to machinery;

— directive 94/9/EC of the European Parliament
and the Council;

— of 23 March 1994 on the approximation of the
laws of the Member States concerning equipment
and protective systems intended for use in
potentially explosive atmospheres;

— directive 89/336/EEC of 3 May 1989 on the
approximation of the laws of the Member States
relating to electromagnetic compatibility.

The main aim of 98/37/EC directive
requirements is the minimization of the threats
which result from the mechanical construction.

Taking into account the pump work in the
potentially explosive atmospheres, one of most
important requirements are in directive 94/9/EC. On
the basis of the conducted threats analysis, the new
pump was classified to the M1 category in the
1 group. The following main requirements have to
fulfil by the devices from this group:

— necessity of the dustproof housing application;

— surface temperature should be lower than the
temperature ignition of the explosive mixture;

— special measurement and control elements
should be designed for the elimination of the
forceful equalization of the pressure.

The determination of harmonized European
norm (EN) is the next stage of the design process.
The detailed technical requirements are in this norm.
The harmonized norms can divide on three groups:

1. General norms (A) applied to the different groups
of product (EN 292).

2.Sector norms (B) contain the detailed
requirements for the chosen safety aspect (EN
982, EN 953).

3. Detailed norms (C) contain the detailed
requirements for the group of products (EN 809).

3. CONSTRUCTION OF THE PUMP

The pump (Fig. 1) is dedicated for pumping oil
and water emulsion with 3 to 5% of oil contents. The
basic requirements required by the ordering party for
this pump are:

— nominal pressure at the outlet: 40 MPa,
—  flow capacity: 320 dm*/min,
— motor power output: 250 kW.

The proposed solution is a new construction
solution of a radial piston pump. Its main working
elements are seven pistons spaced radially around
the shaft axle. The pistons move in the pump body in
plane and return motion forced by the properly
shaped cam set on the shaft pin. Lift spaces are
connected with the inlet and outlet (pumping) pipes
from the outside of the immovable cylinder block.
Valve timing is used as the element controlling the
flow of the liquid.

13 5 S5 1l 1009 & 2812 7 1 24 25

Fig. 1. Construction of the pump
1 — pump body, 2 — shaft, 3 — eccentric pin,
4 — rolling bearings, 5 — small piston, 6 — small
cylinder, 7 — lift chamber, 8 — inflow valve,
9 — inflow valve head, 10 - inflow valve seat,

11 - inflow valve spring, 12 — inflow collecting pipe,
13 — pumping valve head, 14 — pumping collecting
pipe, 15 — bearing foot, 16 — ball-shaped pin,

17 - lifter, 18 — non-return valve, 19 — radial duct,
20 — axial duct, 21 — peripheral drive pin,

22 —rotating oil line, 23 - additional sealing,

24 — oil duct, 25 — oil collecting pipe,

26 - counterweights, 27 - cover,

28 - inflow collecting pipe casing

Fig. 2. View of the pump
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Fig. 3. Building of the pump

4. TECHNICAL HARMONISATION
IN THE EUROPEAN UNION

Since 1985, the so-called “new approach” to
technical harmonisation is used in EU. This
approach is based on harmonisation of legislation in
the scope of the basic technical requirements,
significant to ensure safety, health, protection of the
environment and public interest. The basic
requirements are included in legal acts called
directives.

The directives of the new approach have
common structure, which includes the articles
defining their scope of effectiveness, the conditions
of marketing products and admitting them for use,
the rules for free flow and presumption of
compliance, the procedures for assessment of
compliance and marking with the CE sign, the
requirements for the notifying units. Appendixes are
enclosed with the directives, which specify, among
others, the basic requirements related to health and
safety, the contents of the EC declaration of
compliance, the rules of EC testing. The technical
specification of products which meet the basic
requirements of a specific directive, is to be found in
the standards harmonised with the requirements of
the appropriate directive. One has to note that
products produced in accordance with harmonised
standards are considered to meet the basic
requirements of the appropriate directive.

In order to ensure coherent assessment of
compliance of products with the basic requirements
of the appropriate directives, in 1989, common
policy as regards certification and tests was set forth,
which was called the global approach. Breaking
down the assessment of compliance into modules,
including the design and production stages, is
significant from the point of view of developing
pump elements in this approach. In order to
document compliance of the product with the
appropriate directives, it must be provided with the

CE sign. Only the products, which meet the basic
requirements of the appropriate directives, may be
freely admitted to trading in the internal EU market
and released for use.

Fig. 4. View of the pump unit

5. EU DIRECTIVES COVERING
THE DESIGNED PUMP

Defining the directives to cover the device is one
of the duties of the producer. Only the devices,
which meet the requirements of all the directives
referring to them, may be introduced in commercial
trading in the EU area.

The pump as a machine is first of all subject to
the requirements in the 98/37/WE directive on
harmonising regulations of member countries in
reference to machines (the so-called machine
directive). The main objective of this directive is to
reduce threats resulting mostly from the mechanical
structure of machines. The basic requirements set
forth in Appendix I to this directive refer to threats.

Considering that the pump will work in a mine,
that is in the possibly explosive atmosphere, it
should also meet the basic requirements of the
94/9/WE directive on protection devices and
systems dedicated for use in spaces with explosion
hazard. Appendix I to this directive sets forth the
classification of devices into groups and categories.
On the basis of the conducted identification of
threats, it has been determined that the pump is in
category Ml in group I. The MI category includes
devices dedicated for work in mine underground
areas and on the surface, where explosion of
methane or coal dust is probable. This group
includes machines fitted with additional anti-
explosion protection measures. The equipment in
this group should maintain very high degree of
safety even in case of damages to one of the
protection measures or in case when two
independent damages occur in the machine)'. On the
basis of the requirements for the Ml category (apart
from the requirements for all the groups), additional
requirements for the designed pump have been set
forth:
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— the necessity of using a dust-proof casing,

— surface temperature should be significantly
lower than flash point of the surrounding
explosive mixtures,

— the possibility of opening a part of the pump,
which may cause ignition, may only occur when
the power supply is off and under spark-safe
conditions,

— the pump should have appropriate elements
preventing accumulation of static electricity
capable of causing hazardous discharges,

— random or leak currents should be prevented in
the conductive parts of the pump, which are
conducive to corrosion, overheating the surface
and causing sparks.

A special measuring device should be designed
for control and setting up, to prevent violent
balancing of pressures in the hydraulic system. The
above requirements along with the basic
requirements of the 98/37/WE directive and the
basic requirements of the 94/9/WE directive
referring to all the groups of equipment constitutes
the premises adopted for developing the construction
solution concept of the pump.
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Fig. 5. Diagram of the design proces according with
the basic requirements of EU directions

Fig. 6. Stand to the pump research

6. HARMONISED STANDARDS IN THE
PROCESS OF DEVELOPING THE PUMP

The next stage after defining the directives
related to the pump was to specify the detailed
technical requirements which allow meeting the
basic requirements of the directives. The detailed
technical requirements are included in the
harmonised standards. A harmonised standard does
not need to include all the basic requirements of the
directive. Therefore, the producer must use
a supplementary technical specification.

Harmonised standards may be broken down into
3 groups:

1. General standards (A): used for many groups of
products, e.g. EN 292 General principles for
design.

2. Industry standards (B): these include detailed
requirements in the selected scope, significant
from the view point of safety, e.g. EN 952
Guards.

3. Detailed standards (C): addressing a specific
group of products, e.g. EN 809 Pumps and
pump units for liquids. Common safety
requirements.

In order to meet the basic requirements of the
machine directive in the scope of protection against
mechanical hazards (Appendix I to the 98/37/WE
directive, clause 1.3), the detailed technical
requirements are used, which are included in the
harmonised standards:

1) EN 809 Pumps and pump units for liquids.
Common safety requirements.

2) EN 982 Safety of machinery. Safety
requirements for fluid power systems and their
components. Hydraulics.

3) EN 953 Safety of machinery. Guards. General
requirements for the design and construction of
fixed and movable guards.

On the basis of the above standards, technical
requirements have been set forth, which allow
meeting the basic requirements of the machinery
directive only in the scope of protection against
mechanical hazards:
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covered moving parts, such as clutch units,
which may pose hazard, should be secured with
guards (according to EN 953 Safety of
machinery. Guards. General requirements for
the design and construction of fixed and
movable guards);

rotating shafts with protruding elements, which
can cause wounds, should be guarded;

the clutch transferring drive force and its
mounting should be capable of withstanding
constant maximum load of the torque generated
by the motor under all expected conditions of
operation;

the guard may be only removed with
a dedicated tool, and the casing in the open
position should be fixed to the pump;

access should be provided for sealing the shaft
in order to check its operation;

open elements or elements accessible at
a certain stage of assembly / repair should have
blunt or machined edges and feathers removed;
the elements of the hydraulic system should be
easily accessible and safe in regulation and
maintenance;

all parts of the system should be so designed or
secured in any other way that the pressure not
exceeding the maximum working pressure of
the system or any of its parts or the nominal
pressure of each specified element could not
cause damages to them;

the pump should be fitted with sealing
appropriate for the liquid used and for the threat
from the possible leakage of this liquid;

the producer should specify the allowed values
of force and moments at the inlet and outlet
pipes;

percussive pressure and counterpressure should
not pose hazard;

leakage (internal or external) should not pose
hazard;

the paths for removing internal leakage should
be located and installed so as to prevent air-
locking of the system and should be selected for
dimensions and location so as not to generate
excess high counterpressure;

high pressure vents should be located so as not
to pose hazard for employees;

temperature of liquid should not exceed the
defined limiting values, at which it may be
safely operated, or the defined range of
operating temperature for particular elements of
the system;

the pump or pump unit should not lose stability
during transport and assembly at tilts of up to
10°;

the installed pump should be stable with the
used clamping screws.

7. CONCLUSIONS

Based on the experience acquired during the
process of creating a new solution for the pump, the
following conclusions come to mind:

1. Selection of the solution concept for the device
largely depends on the basic requirements
included in the EU directives for the given
device. The basic requirements of the directives
had effect on the shape of the pump concept in
the scope of:

— selection of materials and peripheral elements,
— control,

— mechanical structure,

— construction and principles of operation,

— maintenance of operation,

2. As assessment of compliance in the global
approach applies to both the production and
designing stages, the designing process must be
conducted based on the appropriate harmonised
standards.

Identification of threats and their assessment
constitute the basis for the process of reaching
compliance with the basic requirements of the
directives.
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Summary

In the present work the following results of tribological measurements are presented: changes
of the friction coefficient, instantaneous values of friction force F,, topography of worn surfaces
(SEM) and detected vibroacoustic and acoustic emission signals. The measurements were
performed on flat Si substrates covered with thin films of Cr and Au with thickness of 1 and 2 um,
respectively. Two types of tribological tests were done: one with a single-pass sliding of the
ceramic ball with 0.5 mm in diameter and at sliding speed of v,;=0.025 mm/s, and the other one
with a cyclic reciprocating motion of the ball at v,,=0.21 mm/s. Registration of the vibroacoustic
and acoustic emission signals was in the 60 s periods in the same way for all tests. On the basis of
our study one can conclude that the set-up used allowed us to detect and register vibroacoustic and
acoustic emission signals related to microfriction. Various kinds of abrasive wear were
determinated.

Keywords: Wear mechanism, Abrasion, Friction, Acoustic emission, FFT-time.

POMIARY I ANALIZA PARAMETROW TRIBOLOGICZNYCH ORAZ EMISJI AKUSTYCZNE]

ZAREJESTROWANYCH W UKLADZIE TRACYM KULA — POWIERZCHNIA PLASKA

Streszczenie

W pracy przedstawione zostaly wyniki badan tribologicznych: zmiany wspotczynnika tarcia p
oraz chwilowe wartosci sity tarcia F,, topografia sladow zuzycia (SEM) i otrzymane sygnaty
wibroakustyczne i EA. Do pomiarow uzyte zostaty plaskie probki z cienkimi warstwami chromu,
o grubosci 1 um i ztota, o grubo$ci 2pum naniesione na podtoze z ptytki Si.

Pomiary tarciowe wykonane zostaty w dwoch rodzajach testow: z pojedynczym przesuwem
kulki (przeciwprobki) ceramicznej o $rednicy 0.5mm z predkoscia poslizgu v=0.025 mm/s oraz
cykliczne, kulka przemieszczala si¢ wielokrotnie ruchem postgpowo-zwrotnym z predkoscia
poslizgu v,=0.21mm/s. Rejestracja sygnatow wibroakustycznych i EA odbywala sig
w okreslonych, jednakowych dla wszystkich testdéw 60-cio sekundowych odcinkach czasu, na
poczatku, podczas i na koniec testu. Na podstawie przeprowadzonych badan mozna przyjac, ze
w zaproponowanym stanowisku pomiarowym mozliwa jest detekcja i rejestracja sygnalow
wibroakustycznych i emisji akustycznej zwiazanej z mikrotarciem. Okreslone zostaty rdzne
rodzaje zuzycia abrazyjnego

Stowa kluczowe: mechanizmy zuzycia, Scieranie, tarcie, emisja akustyczna, FFT-time.

1. INTRODUCTION

Tribological studies of wear elements play
important role in determination of mechanical
properties and functional parameters of new
materials designed for numerous applications from
biomedicine to electronics. Vibroacoustic and
acoustic emission signals beeing emitted during
friction contain information about different
processes occurring during friction such as
deformation, surface damages, phase
transformations, chemical reactions and micro-
collisions, e.g., of single asperities [1, 2]. This
relation is used to detect the initiation and

propagation of cracks and other damages processes,
as well as for determination of the wear resistance,
times of life for rolling bearings and tools for metal
cutting, durability of head-disc interface [3-6]. This
technique is used also in numerous industries:
refineries, pipelines, power generation, aircraft,
paper mills.

Most papers [2, 3] [7-9] describe the biggest
damages of elements upon cyclic, intense loading
or in extreme conditions (load, speed,
environment), where the information about wear is
quite general. However, it is supposed to find
relationships between the AE parameters and
different wear mechanisms proceeded during the
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friction in any tribosystem. The development of AE
sensors and data acquisition methods is promising
for very precise description of tribological
properties of different materials.

The aim of this study is the development of
a set-up for the measurements of vibroacoustic and
acoustic emission signals, as well as elaboration of
a method for their detection and for analysis of the
phenomena occurring during sliding friction in the
ball-on-disc system at the reciprocating motion of
the friction elements.

2. EXPERIMENTAL DETAILS
2.1. Specimen

The material used in this work was Si-wafer 2”
and 3” in diameter with thickness of 1.5 mm,
covered with thin Cr and Au-coating.

The coatings parameters are listed in Table 1.

Table 1. Description of specimens

Substrat Si- | 2” in diameter | 3” in diameter
wafer fine polished polished
Au-coating Thickness of Thickness of
by galvanic —1 pum -1 pum
deposition

Cr-coating Thickness of Thickness of
by cathode -2 um -2 um
sputtering

deposition

2.2. Tribological apparatus and test conditions

All tests were carried out on “the ball-on-disc”
tribometer at the reciprocating motion of the
friction elements. Two kinds of tribological test
were  done:  simple-pass and  multi-pass.
Experiments were designed to generate various,
simple wear mechanisms during dry sliding contact.
The conditions of the tests are presented in Table 2.

Table 2. Summary of the dry sliding
tests conditions

Multi-pass Single-pass

Ball Ceramic 0.5 mm of diameter
Load [N] 1.6 1.6 and 2.4
Sliding 0.21 0.025
velocity

[mm/s]

Test duration 650(550)/73(61) 160/1
[s/cycles]

Wear trace 1.9 4
length [mm]

During the friction test the coefficient of friction
was registered on-line .

2.3. Vibroacoustic and AE signals measurement
set-up

Registration of the vibroacoustic and acoustic
emission signals was in the 60 s periods in the same
way for all tests. Limitation of the measurement
time was related to technical parameters of the
control unit (PC) and to data transmission.

A block diagram of the set-up for the
measurements of acoustic emission signals is
shown in Fig. 1.

Use USB

Fig. 1. Schematic diagram of the set-up for
measurement of acoustic emission signals:

1 — AE Sensor freq. range: 400 — 750 kHz;

2 — AE Sensor freq. Range: 60-1950 kHz;

3 — Accelerometer freq. Range: 5 — 60 kHz;

4 — AE Preamplifier;

5 — Signal Conditioner;

6 — Power;

7 — Data Acquisition Card;

8 — Control Unit (PC).

Two AE-sensors were pressed at the specimen
surface by two separate holders, accelerometer was
fixed with cyanocrylate glue, of them were placed
in distance about 10 mm to wear track.

2.5. Wear measurements

After tests, wear tracks were observed by
optical microscope with Nomarsky contrast and by
Scanning Electron Microscope (SEM). Cross
sections of wear tracks were determined by high
sensitivity profiler.

3. RESULTS AND DISCUSSION

Figure 2 shows variations of friction coefficient
and AE signal, obtained from AE sensor no. 2 (Fig.
1) saved during tribological multi-pass test on Au-
coating specimens.
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Fig. 2. The test results from multi-pass sliding test: a) average friction coefficient for the whole test,
b) momentary friction coefficient, c) AE time signals

The most important stages are marked by
rectangle in Fig. 2a: A — start of friction,
B- coefficient increase, C-coefficient stabilization.
Fig. 2b shows the momentary friction coefficient
for these three stages of friction, respectively, and
below, in Fig. 2c the appropriate AE time signals
are presented.

Shortly after beginning of the test, when
changes of momentary friction coefficient are too
small to be analysed (Fig. 2b) first trancient AE
signals appear (Fig. 2¢). Stage B is characterized by
visible changes of friction coefficient but the
amplitude of AE signals and number of peaks is
lower. Results for stage C of the test did not show
severe perturbations neither in the momentary
friction coefficient nor in AE signals registered.
The arrows mark AE peaks relative to change of
motion direction of with time-period similar to one-
cycle time (approximately 9 s).

The amplitude of AE signal noise was
comparable to that found fin the non-loading test. B
The diagrams of FFT-time calculated for the AE ‘ L
measurements described above, Fig. 3, show small o e " he Lo
differences in increase of amplification of Fig. 3. FFT-time diagrams for A, B, C friction
frequencies in the range of: 240-300 kHz, for A and stages
B stages. At the FFT-time for stage C, values were
uniform for the whole range. The level of signal
amplitudes is higher than for stage A and B.
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SEM-image of this described wear track is C — uniform friction on Si-substrate without new
presented in Fig. 4. visible damages.
- _ )

Friction on Au-coating sample with very small

speed v=0.025 mm/s did not generate any AE
burst signal. Continuous type AE signals were
associated with plastic deformation in ductile
material of coating.
Optical and SEM images inform about predominate
wear mechanisms, which is abrasion manifested by
plastic deformation and polishing. It is presented on
Fig. 5.

The same tests simple- and multi-pass were
repeated on Cr-coating sample. These results are
shown in Fig. 6.

Fig. 4. Wear track after multi-pass friction test
on Au-coating surface

As a consequence of the described friction test
the Au-coating was totally delaminated. Analyse of
the results allows us to specify the following stages
of friction test:

A- first micro-cracks with their propagation
during second and next passes;

B — transfer of Au-coating, delamination and
agglomeration of debris on extremities of wear
track;

a)

Amplitude [V]

0 20 40 60 [s]

Fig. 5. Dry sliding with very slow speed, simple-pass test on Au-coating surface, a) AE time signal,
b) optical image of wear trace
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Fig. 6. The test results from multi-pass sliding test: a) average friction coefficient
f or the whole test, b) momentary friction coefficient, c) AE time signals
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As before, three stages (A — start friction,
B — development of friction and C — stabilisation of
friction) were monitored simultaneously by the
friction coefficient, vibroacoustic and AE signals.

It seems that at first cycle of friction micro-
cracks and extraction of particles were produced.
The amplitude of AE signals was various: higher
values were generated at both extremities of wear
trace than during movement. Probably this
observation indicates the formation of significant
quantity of wear debris and their intensive
accumulation on ends of wear trace. During the
stage B, number of AE signals peaks was reduced
but their amplitude was approximately ten times
higher. Next stage C was characterised by non-
important perturbations of momentary friction
coefficient, average values were relatively low,
whereas the amplitudes AE burst signals increased
up to 4V (max. range). It’s value was up to 20 times
higher than generated in A stage (at the beginning
of the test). Moreover, a dependence between the
rise time of the AE burst signals and the friction
stage was observed. Development of friction
generated long rise time and multi-burst signal in
clusters.

Fig. 7 shows optical image of the wear trace,
where the abrasion by micro-scratching and
spalling of Cr-particles was the predominant wear
mechanism. Comparing AE signal and wear
evolution it ca be seen that the amplitude AE
signals increases with the progress of damages on
the surface.

Fig. 7. SEM/optical image of wear trace on
Cr-coated sample, magnification x 50: a) middle,
b) extremity of trace

FFT-time spectra calculated for three stages
were similar and indicated many peaks in the range
of 60-600 kHz superimposed onto a background
signal (Fig. 8).

For stage A signal amplitudes for frequencies
over 75kHz are included in the range from -60dB to
0dB. For stage C the amplitudes are included in
range from -40dB to -10dB. It is result from series
of singular, short pulses in the AE signal.
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Fig. 8. FFT-time diagrams for A, B, C friction
stage on Cr-coating surface

Vibroacoustic time-signals registred for all
stages of tribological test demonstrated only
a constant background noise signal. Few peaks,
related to AE-burst signals were occurred during
multi-pass friction on Au-coating specimen.

4. CONCLUSIONS

Proposed set-up for the measurements of
vibroacoustic and acoustic emission signals enable
the detection and monitoring AE signals with
frequencies higher than 90 kHz. The signals below
60 kHz, measured by accelerometer, were observed
only in multi-pass friction on Au-coating sample.
Tribological multi-pass tests with higher speed
were characterized by generation of irregular AE
burst signals. The amplitude, number of peaks and
AE pulse multi-clusters and range of signal
frequencies permit for the analyse and evaluation of
the dominating wear process. The tests with very
small sliding speed, simple-pass ball movement,
generated measurable AE signals only in the case of
Cr-coating sample and with the dominating
abrasive wear in the form of spallation of coating
grain (spalling).

Conclusions are as follows:

1. After dry sliding tests the following surface
damages were observed:  delamination,
spallation, polishing.

2. The wear-life of Au and Cr-coating can be
determined.

3. The AE signals are more sensitive to the local
failure of coating.
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4. For various wear processes: delamination,
spalling, polishing different AE signals were
registered.

5. Difference in AE signals are manifested in:

- AE time signal — the amplitude and number
of pulses;
- Frequency spectrum — FFT-time.
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APPLICATION OF ULTRASONIC TECHNIQUES FOR THE EVALUATION
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Summary

During service concrete structures undergo degradation caused by the applied stresses, the
temperature and the working environment. This degradation causes a decrease in the mechanical
properties and limits the safe working life of concrete components.

In order to reduce costs of the removal of concrete structures, special methods to control the
material degradation are sought. In particular, non-destructive testing methods which enable the
properties to be determined without physical interference of the elements integrity.

The paper focuses on the possible ultrasonic methods that can be applied to examine concrete
structures. The effectiveness of these methods was assessed on prestressed concrete structures,
widely used in civil engineering. The resulting measurements of ultrasonic velocity and the made
ultrasonic wave analysis from tests on concrete structures are described and analyzed.

Keywords: prestressed concrete, ultrasonic.

ZASTOSOWANIE ULTRADZWIEKOWYCH TECHNIK POMIAROWYCH
W OCENIE STANU KONSTRUKCJI SPREZONYCH

Streszczenie
Konstrukcje betonowe ulegaja degradacji pod wplywem naprezen, temperatury i §rodowiska
pracy. Powoduje to obnizenie wlasciwosci mechanicznych konstrukceji i ograniczenie jej dalszego

bezpiecznego czasu eksploatacji.

Ze wzgledu na ekonomiczne konsekwencje wytaczenia konstrukcji z eksploatacji uzasadnione
sa dzialania majace na celu kontrolg stopnia degradacji. W szczegodlnosci stosowane sa metody
nieniszczace, nie wymagajace wycinania probek z badanego materiatu.

W  artykule przedstawiono wyniki badan ultradzwickowych elementow betonowych
podlegajacych degradacji. Zastosowana metoda byta badana na przyktadzie betonéw sprezonych,

szeroko stosowanych w konstrukcjach

cywilnych. Zaprezentowano wyniki pomiarow

ultradzwigkowych oraz analiz¢ sygnatu ultradzwigkowego materiatu konstrukcji betonowych.

Stowa kluczowe: beton spr¢zony, ultradzwigki.

1. INTRODUCTION

Concrete constructions, prestressed concrete
constructions included, are often used in civil
engineering. Because of their wide application and
use by the public, the economical consequences of
their destruction, or temporary closure, may be high.
For this reason, the degree of degradation of the
properties of the material needs to be monitored.
Ensuring safety, from the point of view of
endangering users, as well as impact on the natural
environment, call for systematic control of the most
highly stressed elements. Contemporary testing
techniques allow for the monitoring and evaluation
of the materials degradation, in a way which does
not influence the properties or the use of the
structure. This type of examination, by non-

destructive testing can be performed. Ultrasonic
measurements are used to evaluate the general
condition of the material, as well as for locating
material discontinuities.

Ultrasonic waves are frequently applied for the
non-destructive testing of concrete structures.
Strength, porosity and damage cause changes of
ultrasonic parameters [1]. Because of the significant
non-homogeneity of concrete, which iscomposed of
results obtained are wusually interpreted using
empirically established data without a deeper insight
into the structure of the material. Therefore, to
evaluate the technical condition of the structure it is
necessary to perform laboratory tests to build up an
experimental database, which will supply the
information necessary to interpret the results
obtained under operational conditions.
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Because of considerable attenuation of the
ultrasonic waves in concrete, it has been established
that the most meaningful measurements are,
performed using ultrasonic heads with a frequency
in the range 50 kHz to 1 MHz.

A characteristic of ultrasound waves related to
the material’s property is the speed of the waves,
which is dependent on the density of the material
examined, the elastics properties, temperature and
stress [2].

The results of the ultrasonic wave speed
measurements obtained and the ultrasonic signal
analyses in relation to the degree of the concrete
prestress are presented in this paper.

2. EXPERIMENTAL PROCEDURE
2.1. Test methodology and equipment

The transmitter—receiver method was used in the
study. It is performed with two ultrasonic heads, one
being a transmitter and the other as the receiver of
the ultrasonic waves. The principles of the system
are shown schematically in Figure. 1.

L

e
T

Fig. 1. Principles of the transmitter-receiver
method of testing

Because of considerable attenuation of the
ultrasonic wave in concrete, longitudinal waves were
chosen for the testing. Ultrasonic heads with 100
kHz frequency were selected. This ensured the
quality of the ultrasonic signal detected. During
testing of each specimen, 3 measurements of the
longitudinal wave speed were made. The average
values were determined and the results obtained
were compared to the degree of the pre-stress in the
material.

Ultrasonic measurements were conducted using
a Panametrics-NDT Epoch 4 flaw detector. Because
of considerable attenuation of the ultrasonic wave,
ultrasonic transducer probes of 50 mm diameter
were employed.

The selection of the test parameters such as gain
and voltage were set experimentally taking into
account the quality of the detected signal and noise
level.

During the measurements, a special gel was used
as the coupling agent between the head and the
structure being examined.

The measurements of ultrasonic wave speed
were carried out together with digital recording of
the spectra (Figure 2). EpochData software was used
to perform these measurements. The results obtained
were analysed using Fourier transforms allowing for
decomposition of the spectra into its frequency
components [3]. In the analysis, the focus was the
dominant frequency of the ultrasound signal spectra.

Fig. 2. Frequency spectra
of the ultrasonic wave

Because of the construction of the element tested
and the distribution of the prestressing elements, the
tests were performed in such a way that that the
ultrasonic wave was not reflected by the prestressing
elements.

2.2. Specimens

The tested structures were concrete beams with
different degrees of prestress. The stress was
achieved by straining 4 symmetrically distributed,
internal strings. Measurements were performed on 9
beams with the stress ranging from 20 to 100 kN.
The dimensions of the beam were 110x140x1300
mm (Figure 3).

Fig. 3. The schematic exploration of the
examined elements showing the distribution of
the prestressing strings
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3. EXPERIMENTAL RESULTS

The ultrasonic studies, concentrated on
measuring the speed of the longitudinal waves in
structures and the analysis of the spectra of the
ultrasonic waves. Analysis of the spectra consisted
of determination of the dominant frequency,

In both cases, the results were related to the
degree of the beam prestress as shown in figure 4.
The results of the measurements of the dominant
frequency in the spectra of the ultrasonic waves
related to the prestress in the beam are shown in
Figure 5.
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Fig. 4. The results of the measurements of the
speed of the ultrasonic waves related to the
degree of the beam prestress

The test results show the rise in the speed of the
ultrasonic waves with the increase in the level of the
prestress of the beams from 20 to 100 kN. It is worth
noting, that a method dependent on the
measurements of the speed of the ultrasonic waves
may be of a little value with only small differences
in the amount of prestress. Differences of prestress
in the concrete up to 40 kN display only small
changes of the recorded parameters.
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Fig. 5. Analysis of the dominant frequency in
the spectra of the ultrasonic waves related
to the degree of the beam prestress

The results of the analyse of the dominant
frequency in the spectra of the ultrasonic wave show
the rise of the dominant frequency with
a considerable increase in the level of prestress in
the beams from 20 to 100 kN. Similarly, as in the
case of measurements of the speed of the ultrasonic
waves, a method relying on the determination of the

dominant frequency spectra may be of a very little
help withonly small differences of prestress level in
the sucture. Difference in the prestress level up to 50
kN displays only small changes of the measured
parameter.

4. CONCLUSIONS

In this paper, the ease of use and effectiveness of
the ultrasonic transmitter receiver method of
evaluation of the degree of prestress in the concrete
beams has been confirmed. In the case of the
measurements of the speed of the longitudinal
waves, as well as in the case of analysis of the
dominant frequency in the spectra of the ultrasonic
waves, evaluation of changes in the level of prestress
is possible when it has risen to about 80 kN. The
results presented indicate the possibility of making
errors where evaluation of changes in the level of
prestress when this prestress is relatively low
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Summary

Methods based on diffusion of vibroacoustic energy play a particular role in solving practical
engineering tasks, including evaluation of the object’s state, improvement of user’s comfort, and
shaping the acoustic atmosphere. The way of propagation of noise and vibration often determines
the functional advantages of a technical object.

One of the reasons why the detectable changes in vibroacoustic signal appear can be
modification of ways of propagation caused by damages or exploitation wearing. Studies on these
problems comprise also search for the measures susceptible to the changes of the object’s state,
based on analysis of propagation of vibroacoustic energy. The discussion is illustrated by two
cases.

Keywords: noise, vibrations, vehicle.
WYBRANE ASPEKTY DIAGNOSTYCZNE PROPAGACIJI ENERGII WIBROAKUSTYCZNEJ

Streszczenie

Metody bazujace na rozprzestrzenianiu energii wibroakustycznej odgrywaja szczeg6lna rolg
w rozwiazywaniu praktycznych zadan inzynierskich migdzy innymi dotyczacych oceny stanu,
poprawy komfortu uzytkowania, oraz ksztaltowania klimatu akustycznego. Sposdb propagacji
drgan 1 hatasu czgsto decyduje o walorach funkcjonalnych obiektu technicznego.

Jednym z powodow rozrdznialnych zmian sygnatu wibroakustycznego moze by¢ modyfikacja
drog propagacji bezposrednio spowodowana uszkodzeniem badz zuzyciem eksploatacyjnym.
Badania tych aspektéw obejmuja poszukiwania miar wrazliwych na zmiany stanu obiektu
bazujace na analizie propagacji energii wibroakustycznej. Rozwazania zilustrowano dwoma
przyktadami.

Stowa kluczowe: hatas, drgania, pojazd.

into practical applications: they require the empirical

Studies of propagation of vibroacoustic energy
play a particular role in solving practical engineering
tasks, including evaluation of the object’s state,
improvement of user’s comfort, and shaping the
acoustic atmosphere. Actually, it is propagation of
vibroacoustic energy that often determines (in a very
broad meaning) the functional advantages of
a technical object.

The model analysis form an important part of all
the studies aiming at optimization of the exploitation
process of machines and wunits. The relations
between diagnostic symptoms and technical state
have been searched using numeric simulation,
without costly and laborious experimental studies.
However, it has been found that the results of
simulation calculations cannot be directly translate

verification as well as the adaptation to technical
realities. It concerns also the question of modeling of
generation and propagation of vibroacoustic signals:
the level of complexity of the phenomena shaping
these signals makes unreal any attempt to construct
a model fully describing the reality.

The dynamic models of one or several degrees of
freedom are often good enough to analyze
construction or characteristics of machines and units.
The important setbacks start when a non-linear
component appears; however, it is in non-linear way
that the technical state of objects change [1].

The disturbances in propagation of vibroacoustic
energy considered in relation to diagnostic reasoning
are also result of non-linearity. A relationship
between the damping qualities of the object’s
structure and the surrounding environment has been

! The work financed from the budget for scientific development in 2006-2009 as a research grant
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observed. Therefore, the search for methods that in
arelatively easy way could take into account the
elements mentioned above seems quite logical.

2. MODELING OF PROPAGATION

Forecasting the frequency structure of
vibroacoustic signal received in particular point
requires an analysis of input characteristics and ways
of propagation of vibroacoustic energy. Assuming
that there is a dominating source, the signal received
by the observer, treated as a response in the domain
of frequency can be written as the following
equation [2]:

Y(/) =X(f)-H()- () ¥ (f) ©))
In the relationship Y(f) is Fourier’s transform of the
received output signal y(¢), X(f) - the Fourier’s
transform of the input process x(¢), H(f) -
transmittance of the propagation way, ®'(f) - an
attempt to describe the non-linearity as a product in
the identification process, and ¥ (f) reflects the
influence of external disturbances (noise).

Both sides of the equation (1) can be transformed
by operator that transforms the scale into the
logarithmic one (decibel). Then the task described
by the relationship can be brought to the equation of
level decrease:

L(f) =L, (/) +AL, (/) +AD (/) +AY" (/) (2)
L(f) is the input level, Ly(f) - level of dominating
source (input), ALy(f) - decrease (increase) of level
resulting from transmittance of the system, A®'(f) -
change of the output level provoked by non-linear
disturbances and defined by identification, A¥"(f) -
change of level provoked by contingent
disturbances, impossible to forecast: this is
description error.

The description presented above can be applied
under the condition of elaborating it for a particular
object and identifying parameters of the model.
However, a relatively simple form of the equation
(2) reflects certain philosophy that can help
developing the efficient reasoning leading to the
solution of particular engineering tasks. The
following paragraphs present two examples of
application. The first case illustrate possibilities of
reproducing development of damage using measures
susceptible to disturbances of propagation of
vibration. The second one reflects the need of deeper
analysis of propagation of vibroacoustic energy in
construction of noiseless machinery.

3. EVALUATION OF DAMAGE
DEVELOPMENT

The discussion is based on the results of testing
vibrations forced in truss beams made of compressed
concrete in different stages of degradation [3]. The
time courses registered with the force processor
(F(t), input) and accelerometers (a(?), response) have
been used for calculating value of the measures of
propagation of vibration energy H,:

T
[(a) ar
Hi=7— A3)
[(Fey ar
0

The formula were discussed in [4], where also
the questions of focusing the susceptibility of
measure on particular failure by proper choosing the
positions of accelerometers and the input excitation
points were presented. There was an obvious
relationship ~ between  the  propagation  of
vibroacoustic energy by the structure of the objects
under scrutiny and a failure resulting from
overloading.

Synthesis of the results of research on changes of
efficiency measures of vibration propagation in
function of static loading of two beams are shown in
the graph below (fig. 1). The values have been
calculated as the average of five changes courses for
vibration accelerations in the fixing points of
accelerometers and the impulse input processed
according to the relationship (3).

If we compare the graph’s characteristics with
the deflection and the observed stage of brake
development, we can see their obvious
interrelationship. There was visible increase of
deflection [5], under the load of about 35 kN, while
high bending stress resulted in the initiation of
breaking process. These load values are
accompanied by visible in the graph, local trend
disturbance in changes of measures of propagation
of vibration.

f;%\

(o]

e——Beam 1

e Beam 2

Value of the measure [kg?]

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Load [kN]
Fig. 1. Changes in measures of

propagation of vibration energy
in function of load

It seems to be the effect of change in vibration
form resulting from non-linearity of structure that
modifies the ways of propagation of vibroacoustic
energy. Susceptibility of the measures of
vibroacoustic energy propagation to structural non-
linearity illustrated in the graph is related to the
direction of input force which in this case is
perpendicular to the direction of load and the
breaking surface. The localization of accelerometers
makes the wave spreading in the structure after the
impulse input pass the particularly damage-prone
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zone. Different input direction or another location of
accelerometers result in lower diagnostic
susceptibility of the measures set according to the
formula (3) to a particular damage. Therefore, for
the diagnostic usefulness of measures in the context
of their susceptibility for structural non-linearity in
the most damage-prone zones it becomes crucial to
relate the localization of vibroacoustic signal
transducers with the spot and input direction.

4. MINIMIZATION OF VIBRATIONS AND
NOISE

The approach has been applied in improving the
prototype solutions of power transmission unit of an
atypical  environment-friendly = vehicle.  The
innovative construction idea and lack of previous
experience with similar machines made it necessary
to determine main noise sources in the cabin, as well
as the ways of propagation of vibroacoustic energy
in order to establish noiseless conditions.

Extensive studies applying highly developed
measurement  techniques, backed with the
professional scientific software allowed analysis that
let us identify causes of excessive noisiness. As
aresult, several modifications were suggested,
which improved the exploitation conditions of the
vehicle.

The key tests of vibrations and noise in the
vehicle were carried out in form of passive road
experiment on the real object. The attention was put
on  guaranteeing  comparable = measurement
conditions (mainly velocity). Further stages of
testing, designed to verify and improve the
methodology include also some active experiments
at the laboratory test-bed. They concern basically
separate units of the vehicle.

In the experiment the vibrations of selected
points on the body of power unit were recorded, as
well as the noise in two places within the cabin (near
the heads of the driver and of the passenger) during
acceleration, with constant speed of 60 km/h and
during breaking with the power unit. The set of two
accelerators and two microphones collaborating with
a portable computer via the measurement module by
National Instruments, the computer being
programmed in the environment LabView. Time
courses were sampled in frequency of 50 kHz. The
main elements of the set used in the tests are shown
in the diagram in the Figure 2.

Fig. 2. The measurement equipment

While analyzing the results an outstanding
propagation of vibroacoustic energy between the
power unit and the cabin of vehicle became visible.
The interrelationship between the vibrations
generated by the main power units (the engine and
the two-step belt toothed gear) and noise in the cabin
resulted in a detailed identification of the ways of
transmission of noise and vibrations.

The main construction element of the vehicle in
question consists of closed aluminium profile (load-
supporting beam) joined with the power unit using
a self-aligning joint. The tests have shown that the
construction solution applied determines
transmission of vibrations of the whole power unit
onto the load-supporting profile. Flat surfaces of the
profile become secondary sound sources in the cabin
and induce the body vibrations. In this case “cutting”
this way of propagation of vibroacoustic energy
seems to be necessary (in the spot marked with the
red arrow in the diagram below — see Figure 3).

)

Resonant
e element F>Vibrations | Typical noise
e ) propagation
Noise track

—

Vibration

Resonant _J|> Noise Typical
source

element vibration
Vibrations| propagation
track

Fig. 3. Diagram of vibrations and
noise propagation

The self-aligning joint of the power unit with the
main construction element of vehicle should allow
rotation in a minor angle range and at the same time
stabilize the unit in relation to the two remaining
axis. This is what substantially limits the area of
possible solutions of minimizing the vibrations
transmission. However, it is clear that proper
damping elements should be used.

For minimizing the transmission of vibrations
from the power unit to the load bearing beam two
axially symmetrical elements made of rubber and
metal were used, fixed on pins stiffly joined with the
body of power unit. The rubber was 75 degrees
Shore hard. Having applied the modification the
resultant sound level in the cabin dropped
(comparable experiment conditions) by more than 6
dB(A) which means more than two times lower
amplitude of acoustic pressure.

The applied solution eliminates the main way of
propagation of vibroacoustic energy between the
power unite and the driver’s cabin. However, it does
not influence the noise transmitted directly by the air
in from of sound wave. To reduce the negative
influences in this area we should “cut” the typical
way of sound propagation using close soundproof
barriers.



56 DIAGNOSTYKA’ 4(44)/2007
KLEKOT, Selected Diagnostic Aspects Of Propagation Of Vibroacoustic Energy

5. CONCLUSIONS

The work described in the article is a part of
a project aiming at elaborating the methodology of
using information contained in the vibroacoustic
signal for monitoring vehicles and reducing their
noisiness. The results seem to confirm usefulness of
the measures of propagation of vibracoustic energy
as parameters applicable for evaluating the object’s
state. At the same time we can see that an extensive
analysis, backed by both modeling and experimental
research on mechanisms of transmitting vibrations is
a proper tool for efficient minimization of
vibroacoustic nuisance of machinery.

In spite of complexity of the problems outlined
in this article it can be already said that the direction
of studies and research has been positively verified.
The cases confirm that consistent strategy realized
according to the outlined philosophy lead to
technical application of assumed parameters.
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Summary

The intensive researches, which are conducted at the KAP AGH, led to a creation of the
prestressing system. This system consists of among other the tensioning and transporting devices
and the series of types of the anchoring block cooperating with the devices. The next stage of the
development of this technology was the building of laboratory stand which enables to conduct the
static and fatigue researches of the prestressing system elements. This stand consist of body with
actuators system, hydraulic pulsator, universal station for plunger supplier, crosshead —
connecting-rod system, cooling system, Spider-Hottinger measuring and control system.
A definition of work parameters of the vibration forcing system and their effect on the obtained
characteristics of the real system vibrations at high safety requirements calls for expensive
experiments. The mathematical model of the vibration forcing system was built with the purpose
of the minimization of this costs. This mathematical model was implemented in the Matlab
Simulink program.The article presents the mathematical model and the results of simulation and
operating research.

Keywords: vibration, prestressing, simulation.

MODELOWANIE I SYMULACJA STRUKTURY DYNAMICZNEJ UKEADU
WYMUSZANIA DRGAN USTROJU SPREZAJACEGO

Streszczenie

Dzigki wspotpracy z przemystem w AGH powstato Laboratorium Badan i Analiz Maszyn
i Budowli wyposazone w stanowisko do badan statycznych i dynamicznych pras, blokow
kotwiacych, zakotwien oraz ustrojow sprezajacych. Stanowisko to sklada si¢ z ramy nos$ne;j,
uktadu sitownikéw oraz hydraulicznego, nurnikowego wzbudnika drgan. Zostato zaprojektowano
zgodnie z wymogami Eurokodéw i Euronorm, ktére zaktadaja uzyskanie wysokich parametrow
niezawodnosciowych w fazie projektowej oraz w fazie badan weryfikacyjnych ustrojow
sprezajacych. Okreslenie parametrow pracy uktadu wymuszania drgan oraz ich wplyw na
uzyskiwane przebiegi drgan rzeczywistego badanego obiektu przy wysokich wymaganiach
bezpieczenstwa catego systemu wymaga wykonania szeregu kosztownych badan. Aby
zminimalizowaé te koszty zbudowano matematyczny model ukladu wymuszania drgan, ktory
zaimplementowano w srodowisku Matlab Simulink. W artykule zaprezentowano budowe¢ modelu
matematycznego oraz wyniki badan symulacyjnych i eksploatacyjnych.

Stowa kluczowe: drgania, sprezanie, symulacja, badania.

1. INTRODUCTION The laboratory stand to the strength research
consists of the following components (fig. 1):

This article presents a results of researches, e frame (1),
which were conducted in order to a definition of the e cylinders set of tensioning of prestressing
influence of the constructional, hydraulic and system (2),
electric parameters on the vibration characteristics in e operating elements of the hydraulic pulsator
a real prestressing system. Because of the high cost 3),
of the real system research, the simulation research e hydraulic pulsator (4),

was conducted. For this purpose the mathematical
model of the vibration forcing system was built. The
elaborated model was implemented in Matlab
Simulink program.

e clectro-hydraulic set controlling the set of
tensioning of prestressing system,
e cooling system (5),
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e measurement and control
system.

Fig. 1. View of the research stand

The hydraulic pulsator (fig. 2) consist of the
frame (1), asynchronous motor (2), belt transmission
(3), connecting rod (4), crosshead system (5),
plungers and slides set (6), cooling system (7),
operating element of the plunger hydraulic vibration
generator (8).

The hydraulic pulsator is realized through two
plungers system droved by crankshaft-crosshead
system with pulsation frequency of 4-8 Hz. The
supplier construction allow the vibration generator
working control by the amplitude and hydraulic
impulse shape changing. The schematic diagram of
the stand construction is shown in fig. 1.

The operating element — hydraulic vibration
generator is presented in fig. 3 i 4. The structure of
this element enables the replacement of main seals
without the interruption of research cycle. This
assumption was basic in the design process of
hydraulic pulsator.

Fig. 3. The view of the vibration generator

Fig. 4. The view and intersection of plunger block

(piston)

2. ASSUMPTIONS OF THE MATHEMATICAL
MODEL

Before beginning of studies simplifying
assumptions  for mathematical model were
established.

1. Working medium temperature is constant, so
that their properties are unchangeable.

2. String elastic forces are linear.

3. Elastic forces and moving elements friction
resistances can be described by linear
equations.

4. Losses caused by working medium leakage
don’t appear.

5. Till reaching maximum value of the pressure
unit is supplying by constant efficiency source.

6. Inall local elements there is turbulent flow.

These assumptions should be compared every
time with calculations results.

3. MATHEMATICAL MODEL

After taking into consideration above model
simplifying assumptions, the calculation scheme,
which is shown in fig. 5, were constructed. Medium
flow intensities in the analyzed unit and the elements
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influence on pressure and load balance are shown on
those scheme. In case of limited length of this paper
only hydraulic part of the model is presented.

|
il
j{%
()l

N

Fig. 5a. Calculation scheme of the drive part

Fig. 5b. Calculation scheme the hydraulic part

The mathematical model of the plunger
supplying hydraulic system consists of the following
basic equations:

— dynamic equation of the hydraulic pulsator
working elements motion

— flow intensity balance equation for the hydraulic
system specific nodes.

The hydraulic pulsator (fig. 6) force balance
equation:

F, +F; +F, —Fp—Fop =0,
hence:

%+B%+kx A, P +k,, (1)

I

< ) \\%-—“n-

r RN

Fig. 6. The force distribution of the hydraulic
pulsator

The medium pressure in the specific nodes were
calculated from the flow intensity balance Q_ =3q,

after substitution Q. _Ve doi  and bilateral

E, dt

c

integration: |, _ %JZ Q,-dt-

ZQ,- = ZQHI + 0y

Ve
VC i dp i
O = E. i

The flow intensities coming in and out of the
node were calculated as a difference of pressures
between nodes. The pressure losses in lines and
losses caused by medium inertia are situated at some
characteristic places of system were assumpted. For
model simplifying losses were concentrated at
elements causing local pressure losses. The equation
[1] describes the pressure between the specific
nodes:

p L, dQ 2)

—p =
Pi =Piq 'pZDA

After integration of both sides of the equation:

A _ 8;7 3)
Q=1 [p. Pis = .pw T Qf-Qi-¢- \Q\Q}'

Above equations were used to all nodes in
system, however flow intensity produced by
plungers and hydraulic pulsator movement is written
as:

Qui =4 d;(ti : (4)
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4. SIMULATION RESEARCH

The mathematical model was elaborated on the
basis of the taken assumptions and the
computational scheme. It consist of several basic
elements: hydraulic cylinder model (hydraulic
pulsator), mechanical and hydraulic supplying
system as well as the model of the asynchronous
motor.

A lot of the simulation research of the generator
was conducted. The verified laboratory research of
the vibration generator was also conducted. The
measurement scheme is shown in fig. 7. The
exemplary results of the laboratory research are
shown in fig. 11-16.

Fig. 7. Simulation diagram for the hydraulic pulsator

Fig. 8. Schema of the measurement system in the
laboratory stand

Fig. 9. View of the fasten of force sensors

Fig. 10. View of the SPIDER 8 measurement system
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Fig. 11. The comparison of the useful power of
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Fig. 12. The comparison of the useful power of
generator for the different angles of the phase shift
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Fig. 13. The verification of the generator pressure
for the angle of 45° phase shift of the split pulley
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of the pulsator for the angle of 15° phase shift of the

split pulley

T T |
—— measurement
—model

T It
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62 DIAGNOSTYKA’ 4(44)/2007
JURKIEWICZ, MICEK, APOSTOL, GRZYBEK, Modelling And Simulation Of The Dynamic Structure...

5. CONCLUSIONS

The presented above model of the vibration
forcing system enables:

— research and testing of different structure. Due to
it the correction of the research parameters like
temperature, energy consumption and dynamic
parameters is possible,

— analysis of the effect of crank and phase shift of
the split pulley on the energy parameters,

— analysis of the effect of eccentric shift on the
correction of amplitude, the energy and dynamic

— research of the different control algorithms of
research  parameters particularly —maximal
pressure value (medium),

— analysis of the other solution of the operating
elements which can give energy recovery
(parallel cylinder, disc with springs).

The results of the conducted simulation in
Matlab Simulink program as well as the laboratory
experiments confirm the correctness of elaborated
mathematical model. The simulation tests give the
knowledge about the interactions between hydraulic,
geometric and energetic parameters in the system
and become the contribution to the stand
construction optimization.
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DAMAGE IDENTIFICATION IN PRESTRESSED STRUCTURES
USING PHASE TRAJECTORIES
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Summary
The work deals with the utilization the to the diagnostics of prestressed structures. Considered
in work damage were: change (the decrease) the tension force as well as the crack in the
prestressed element. Phase trajectories were determined by simulation on analytical Bernoulli-
Euler model of beam. In order to compare the sensitivity proposed method of diagnosis (changes
in phase trajectories) the other vibro-based damage detection symptoms are shown (the first
natural frequency).

Keywords: prestressed structures, diagnostics, crack, phase trajectories.

IDENTYFIKACJA USZKODZEN KONSTRUKCIJI SPREZONYCH
Z WYKORZYSTANIEM OBSERWACIJI TRAJEKTORII FAZOWYCH

Streszczenie

Praca dotyczy wykorzystania trajektorii fazowych do diagnostyki struktur sprezonych.
Analizowanymi w pracy uszkodzeniami byly: zmiana (obnizenie) sity sprezajacej oraz peknigcie
elementu sprezonego. Trajektorie fazowe wyznaczone zostaly za pomoca symulacji na modelu
Bernoulli-Eulera belki. Pgknigcie zamodelowano w oparciu o mechanike pgkania i twierdzenie
Castigliano. W celu poréwnania wrazliwosci proponowanej metody diagnostyki (obserwacja
zmian trajektorii fazowych) poréwnano ja ze zmianami czg¢sto$ci drgan wlasnych uszkodzonego
elementu sprezonego.

Stowa kluczowe: struktury sprezone, diagnostyka, peknigcie, trajektorie fazowe.

assumption, that they are the function of physical

The detection of damages in concrete
prestressed elements of building constructions
determines the serious challenge for present
technique. The used at present non-destructive
procedures of diagnosis the damages, it means the
method: visual observations, ultrasonic,
radiographical, or magnetical analysis, possess the
many essential limitations. The most often to
effective their utilization, it is necessary to carry out
many of additional actions connected with
correctness of diagnosis process, as well as the
apriori knowledge about the place of potential
damage. From here using these methods in places
with difficult access, and on early stage of damage
evolution is limited and burdened with large
uncertainty.

Mentioned above conditions required research
on finding the new methods of damage detection,
the global one, which based on changes of dynamic
response of constructions, would permit to estimate
degree of damage. This approach was checked out
with the changes of different useful measures of
wave propagation in prestressed constructions
(eigenfrequency, eigenvectors, damping factor,
amplitudes of forced vibration), going out with

properties of diagnosed construction (mainly the
stiffness) connected with the current state of the
system. They are the object numerous publications
[3, 4]. But in processes of diagnosis connected with
these methods the essential difficulty is the matters
connected with nonstationarity of measuring
conditions, or the changes of construction
conditions (temperature, humidity, unknown loads
of diagnosed construction) could cause the change
of dynamic properties. It imposes the necessity of
use a complicated algorithms and the techniques of
the measured signals processing, dedicated the
processes of symptoms separation.

Helpful information in building such diagnostic
of damage detection system could be found by
computer simulations. Computer models are based
on accepted models of defects and could lead to
new observational premises.

The content of present article with this direction
of investigations is connected. Going out with
methodology of investigation of technical stability
[2] and conception of it connection with tasks of
diagnostics [1], we seek on the numeric
experiments of prestressed beam, the relationships
of type "defect - symptom”, which could be helpful
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for process of damage detection of studied
constructional elements.

2. PRINCIPLE OF PRESTRESS

Principle of prestress in shown in fig. 1

q(x)

%%@ﬂm%_

Fig. 1. Principle of prestress

>

If a set of separate elements was subjected by
a compressive force, it can to carry its own weight
as well as possible external transverse load - g(x).
These loads lead to appearing of a tension zone in
transverse section. Showed in fig. 1 set of elements
does not possess any tensile strength, but it gains
this strength thanks to compressive force N.

In fig. 2 the distribution of stresses was showed
in the most loaded section of prestressed element.
The distribution of reduced stress depends on point
where the compressive force is applied.

In the first case the force is applied in beam axis
therefore the stress (from compression) has solid
value. In the second case the compressive force is
applied in 1/3 height of beam, what causes to create
the complex state of stress - the bending with the
tension - therefore linear distribution of stress.

G Ge= Gy o=2 0
N _|_ g _
i< — =
8 ) j E =
b, Oq 0

Gy 0 G,=0;

;8 Ll ng O?

Fig. 2. Stress distribution

In both cases of compression, in no phase of
element work, in no fibre of transverse section the
tensile stress will not appear. Only larger or smaller
compressive stress will appear.

In dependence however on the point of the
compressive force applying to obtain the same
effect it is necessary, in first case (the force in
centre of the beam height), to apply the twice larger
force NV, and also the maximum compressive stress
is twice larger than in the second case. In case of
eccentric compression it is possible to apply
material about twice-smaller ultimate compressive
stress k. so, it is more economical solution.

Assuming, that the force is applied in 1/3 height
of beam we can definite the maximal value of the
compressive force:

N..=b-h-k,

G.=C,

where:

b, h — the dimensions of the beam cross section,
k. — - the ultimate compressive strength.

3. DESCRIPTION OF THE PROBLEM

Analysed beam model in fig. 3 is shown

sensor crack Pe®'
/3 6
N, 7 — N, X

77” 1% A N J
| Fig. 3. Model of analysed beam

The equation of motion of the beam can be
written as

XY (x)+pX"(x)-2'X(x)=0 (1)

where: :i; At :’O—A
El El
the beam, 4 = b x h - the cross-sectional area, EI -
bending stiffness, N — compressive force.
The solution of equation (1) has form:
X(x)=Pcoshxx+QOsinhx x+

; p - mass density of

2

+ Rcosk,x+Ssink,x

where:

- BB +421" . LB +44
1—\/f’ z—\/f

Integral constants P, O, R, S depends on
boundary conditions.

In work, two kinds of prestressed element
damage were considered: the loss of prestress, that
is the decrease the force N, and a crack in the
element (without the loss in prestress).

As a damage symptoms the change of phase
trajectories were used. The trajectories are
determined in section with co-ordinate x = //3
(sensor in fig. 3).

As excitation a harmonic force with amplitude P
and frequency @ was accepted. About frequency
was assumed that it has been smaller than the first
natural frequency of the beam.

Proposed method sensibility has been compared
with sensibility of method based on measurement
the first natural frequency.

4. LOSS IN PRESTRESS

The compressive force is most often introduced
by tensioning of a prestressed concentrate wire
either before hardening of concentrate —
prestressing, or after hardening - posttensioning.

Every prestressed element may lose some of its
prestress force due to creep and relaxation from
a long period of service under design or overloaded
vehicles.

Fig. 4a shows the changes of phase trajectories,
and fig. 4b shows the first natural frequency change
for the prestressed beam with force Ny = 0.7 N,,..
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An analysed damage was the change (percentage
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Fig. 5b. Natural frequency changing
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Fig. 5a. Damaged beam phase trajectories leads to conclusion that the observation of phase

trajectories permits to detect the smaller change in
compressing force than the first natural frequency
change. Therefore the proposed method of
diagnostics is more sensitive than the most often
used method based on the eigenfrequency change
method.

5. CRACK MODEL IN PRESTRESSED BEAM

The model of crack is based on fracture
mechanics laws and Castigliano theorem [9, 10].
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The fracture mechanics studies allows finding
relations between global quantity G - Energy
Release Rate determining the increase in elastic
strain energy for infinitesimal crack surface
increase [11]:

G_oU
04,

and local quantity K — Stress Intensity Factor (SIF),
which is function of crack depth a:

G- 1-v2

~K,2

where:

- G - energy release rate represents the elastic
energy per unit crack surface area,

- A, — area of crack,

- v - Poisson ratio,

- E - Young modulus,

- K; - Stress Intensity Factor (SIF) of mode /.

In case of prestressed element one have to take
under consideration fact that the normal stress come
from both bending moment and the longitudinal
(prestressed) force, that is

K=Kz +Kp,
K, - Stress Intensity Factor of mode / for bending
moment M,,

a
Kig=0g4N7-a .Flg(Z]

where:

0, - normal stress from bending moment,

a - depth of crack,
Fq - correction function [6],

K, - SIF of mode [ for axial force N,
K, =0, Vr-a .F[W(%j’

where:
o, - normal stress from axial force,

W

Fy, - correction function [6].

Total increase the elastic strain energy due to
the crack has form

U=], Gdd,.

The above designations demonstrate that elastic
strain energy will depend on: square of bending
moment M,(x,), square of longitudinal (prestressed)
force Ny and product of both M,(x,) and N,.

Hence, the crack has been modelled as [2x2]
flexibility matrix containing ¢, and c,, coefficients
on the main diagonal, and flexibility coefficients
¢ow and ¢, outside the diagonal. Relation between
displacements (longitudinal u(x) and lateral y(x))
from the right and left hand side of the cross-
section with crack and longitudinal force N, and
bending moment M,(x,) in this cross-section is
given by matrix relation [9, 10]:

Cg CgW Mg(xp) _ y'(x;)_y'(x;)
ng Cyw NO u(x;)_u(x;)
Individual flexibilities included in the flexibility

matrix can be calculated using the Castigliano
theorem:

o’ U 22U
‘e :6M2(x ) C‘”:apz(x )
g\>p w it p
. °U
T OM,(x,) 0P, (x,)
o*U

Cpo =
TP (x,) OM,(x,)

According to the Schwarz's theorem the
sequence of differentiation has no effect on the final
result, which means that c,,, = ¢,,.

6. DIAGNOSTICS OF CRACKS
IN PRESTRESSED ELEMENT

Described in section 5 model of crack was used
to analysis of changes of phase trajectories as well
as first frequency the prestressed beam. As it is
showed in fig. 3 crack is in beam centre (x,= //2).

Fig. 7a shows the changes in phase trajectories,
and fig. 7b the change in first natural frequency for
the beam with prestress force Ny=0.7 N,,. An
analysed damage was the change (increase) the
relative crack depth— a=a/h.

oo o

&

| fRegear
I
oo

Fig. 7b. Natural frequency changing
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Fig. 8a shows the phase trajectories changes and
fig. 8b the change in the first natural frequency for
the beam with prestress force Ny= 0.5 N,,4.

Fig. 8b. Natural frequency changing

Fig. 9a shows the phase trajectories changes and
fig. 9b the change of the first natural frequency for
the beam with prestress force Ny= 0.3 N,,4.

non
oo o

peepe R
IR
©o ol

Fig. 9a. Damaged beam phase trajectories

Fig. 9b. Natural frequency changing

The change of trajectories showed in figs 7, 8
and 9 leads to conclusion that the observation of
phase trajectories permits to detect the crack the
prestressed element.

7. SUMMARY

Analysis of the diagrams showed in figs 4-9
leads to conclusion that the observation of phase
trajectories permits to detect the damage of
prestressed element. The comparison of the
trajectory changes (figs “a”) and first natural
frequency (figs “b”) permits to affirm that the
proposed method of diagnostics is more sensitive.

The observation of crack element trajectories
(figs 7-9) could lead to wrong conclusion that this
method of diagnostics is not suitable to detect this
kind of damages. The change of phase trajectories
strongly depend on this, how "far" the frequency of
excitation is from the beam natural frequency. For
example if we want to monitor crack in beam with
prestress force Ny = 0.3 N,., we may "better"
choose the frequency of excitation in diagnostic
experiment. Results in such case were showed in
fig. 10.

0.2

Fig. 10. Damaged beam phase trajectories
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Summary

The aim of the paper is the presentation of new methodological approach in the machine state
monitoring system building process. It is related to the attempt of state change monitoring task
affiliation to the behavior (dynamics) testing task after some time from certain starting point. The
works draws attention to the solutions of technical stability theory, which might be useful tool of
machine state recognition algorithm building. It describes its relation to the tasks defining
monitoring system building that is: possible exploitational deviations with the dynamic behavior of
the monitored object, the problem of diagnostic symptoms choice and the quantification levels
choice allowing making the diagnostic decisions. It also covers possible methods of their
implementation. It points to the purposefulness of phase image change of the diagnostic signals
control, assigning to them the value of useful tool of process identification of origin and
development of faults in the monitored object.

Keywords: stability, monitoring, dynamic behaviour, damage identification.
STATECZNOSC W DIAGNOSTYCE TECHNICZNE]

Streszczenie

Celem pracy jest prezentacja nowego podejscia metodologicznego w procesie budowy
systemow monitorujacych stan maszyn. Wiaze si¢ on z proba powigzania zadania monitorowania
zmian stanu kontrolowanego obiektu, z zadaniem badania jego zachowan (dynamiki) po uptywie
pewnego czasu od wybranego punktu startowego. Praca kieruje uwage na rozwiazania teorii
stateczno$ci technicznej, ktére moga by¢ uzytecznym narzedziem budowy algorytmoéw
rozpoznawania zmian stanu monitorowanej maszyny. Opisuje jej powiazanie z okre$lajacymi
budowg systemu monitorujacego zadaniami tj.: badaniami mozliwych zaburzen eksploatacyjnych
z zmianami zachowan dynamicznych monitorowanego obiektu, problemem wyboru symptomow
diagnostycznych oraz doborem poziomoéw ich kwantyfikacji, umozliwiajacej podejmowanie
decyzji diagnostycznych. Omawia mozliwe metody dla ich realizacji. Wskazuje na celowo$¢
kontroli zmian obrazéw fazowych kontrolowanych sygnatéw diagnostycznych, przypisujac im
walor uzytecznego narzedzia identyfikacji procesu powstawania i rozwoju uszkodzen
monitorowanego obiektu.

Stowa kluczowe: statecznos$¢ techniczna, monitorowanie, zachowania dynamiczne,
identyfikacja uszkodzen.

1. INTRODUCTION

The function analysis of the monitored object
heavily depends on its construction parameters and
its exploitation conditions determining its dynamic
behavior. Given such conditions monitored object’s
behavior might be foreseen by theoretical means, as
for mechanical object and the deviation from the
planned movement estimated thus assessing their
acceptability from the exploitational point of view.
The defining procedures might bring a new
dimension to the monitoring process, bringing it
down to simple analysis.

Lets assume that the monitored object is defined
by the differential equations:

69
X = (X, X, .0
(M
X, = f, (X, ... ,X,,0)
where:
R
d t 1 5 sy

f: W = R is some open subset of R" x R.

Its behavior is given by the equation set (1)
solution and its differentiable function @y = (Dy,..
.. ®yn) defined in the range IR, for which
(@, t) €U, for each t e | fulfilling the condition:
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@) /dt = f(@(t), t) foreacht €| 2)

The projections (1) and (2) describe each point
of phase space, their dynamics and location and
also the behavior of the tested system for each
coordinate. The describing solution of the
monitored dynamic system (1) is given by function
@, (x(0)), where x(0) = (X1,(0),%2(0),.. ...X, (0)) i 100
s the initial condition.

Its form @, (x(0 )) assigns in any moment t, the
position of the initial point X(0) after time t in phase
space and its trajectory reflects the evolution of the
tested system.

So the dynamic behavior analysis of the tested
object might be reduced to its trajectory analysis
and related to them change assessment task as
aresponse to initial condition change or acting
driving forces

2. THE RELATIONSHIPS OF TECHNICAL
STABILITY PROBLEM TO THE
CONTROLLED OBJECT’S STATE
CHANGE MONITORING PROCESS

From the controlled object’s state change
monitoring point of view there are important
questions of assessment of possible behavior of the
trajectories in the span of observation time. They
relate to the question if the trajectories reflecting
the technical state of the tested object, starting from
any point of the surroundings of x (0) after time t,
will appear again in proximity of this point. It might
be formed as a question of trajectory attraction area,
that is the neighborhood U of set Ac W where for
each X (0) € U the trajectory @, (x(0) ) remains in
U(A) and tends to A, when t— .

The answers to those questions might be related
to the stability testing of the state space points and
their trajectories. A good testing criteria to solve
anumber of tasks appearing in the monitoring
process of the machine state change might a criteria
of technical stability [6], deciding about the
resistance of the controlled object to the deviations
appearing during the exploitation time. It decides
about the limitations of the dynamic system
movement solutions with existing deviations
influencing the system during the exploitation time
caused by initial conditions change or the acting
forces. The result of small deviations from the
stable state is widely assumed to be a stability
criteria.

For such assessment it is necessary to make
some assumptions:

e acceptable deviation of movement trajectory
from its stationary state (from the point of view
of safe exploitation of the analyzed object);

e acceptable range of changes for initial
conditions;

e predicted level of external and internal
disturbances  constantly influencing the
controlled object during its exploitation.

The question of stability of the analyzed

technical object with forces f ( X, X, t) and

disturbances R (X , X, t ) acting on it, and its
movement described by the equation:

X=f (X, +R(,%E) ()

demands analysis of its solution and answering the
questions:

e Does the system have zero-solution and what is
the course of the solution in the neighborhood
of the zero-solution?

e What are the areas of initial conditions, where
solutions coming out of them have the same
qualitative course?

e What is the influence of perturbations

R (X, X, t) ofright side of the equation (1)

on qualitative course of the solution?

Taking into consideration that requirements, the
definition of technical stability for mechanical
system described with the differential equations:

x=f (%t)+R(xt) “)

where X, f, R are vectors in the R " space:

X f, R,
X f R

x=| “|f=| *|R=| )
Xn fn RI]

where functions f(t, X) R (t ,x) are defined in
a range included in n+1-dimensional space:

t>0,(X1,X2..,X) e GcCE, (6)

where: E , denotes linear normed n-dimensional
space and functions R; ( t, X | ,X 2,...X, ) are
disturbances acting constantly, with assumption:

| R(t, X1, .. Xn) [| <8 (7

might be phrased as follows.

Let there be two ranges Q2 and o included in G
such that Q is closed, limited and includes origin of
coordinates and ® is open and included in Q.

Let us assume that the solution of the analyzed
system (4) is x(t) with the initial condition x(ty)=Xo.

If for each x, belonging to ®, x(t) stays in the
range Q for t > t, with disturbance function
satisfying inequality (7), then the system (4) is
technically stable in terms of range ®, Q and
limited constantly acting disturbances (7).
According to this definition of technical stability,
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each movement trajectory derived from the range ®
is supposed to stay in the range (2 for t > to.

For monitoring systems, allowing monitored
signals to momentarily exceed the accepted levels,
the term of technical stability might be weakened to
the condition where each trajectory exceeding the
range ® is supposed to stay in the range Q for
to<t<T,, where T - t;, is the duration of the
movement. With such a condition we deal with
a technical stability in limited time.

3. TECHNICAL STABILITY TESTING AND
ITS DIAGNOSTIC RELATIONS

From the point of view of technical diagnostics,
including the need of application of the technical
stability theory solutions for the monitoring system
development [1, 2], there are interesting questions
of algorithm building for condition recognition for
technical stability loss of the overviewed object. It
could be realized by solving the system of
differential equations (4) describing dynamic
behavior of the monitored object or analyzing the
course of their solution with qualitative methods.

The latter method might be tightly connected to
the machine state changes monitoring process. It is
related to the examination of the phase portraits of

the solutions, that is curves x(t), xo(t)=y on the

plane x,;J( called phase plane, which might be the
subject of the monitoring. Such methods are usually
included to the set of topological methods of
solutions testing of differential equations (4). They
allow dynamic behavior analysis of the monitored
object, with the disturbances constantly acting and
non-linear, which are significant for the fault
appearing process [7, 9, 12], including their early
phases.

Their testing procedures, based on some
topological facts, related to the existence of some
constants of homomorphic transformations formed
as theorems, allow qualitative assessment
of dynamic behavior of the analyzed object and
related to it conditions of technical stability loss.

The most often used method is Lapunov
method [10], where properties are used of properly
chosen, for the dynamics description of the
controlled object, scalar function V(x,t). Its
derivative testing along the solutions (behaviors) of
the equation set (4) determines the decision leading
to its stability.

The theorem on which it is based states that if
there exist a scalar function V(x,t) of the class C,
defined for each x and t > 0 fulfilling requirements:

V(x,t)>0forx=0

V (X,t) <0 along solutions of (4)
forxeg G- (6)
V(Xl,t1)<V(X2,t2)

forx; ¢ mandx, ¢ G-€02;t,<t,

then the object described by (4) is technically
stable.

Referring results of that theorem to the issue of
creating foundation for machinery state monitoring
system, the Lapunov function V(X,t) should be built
and should be checked by means of measured
trajectories X, y of the tested object conditions (6).
In building the Lapunov function V(x,t) directions
from [3, 8] might be useful, or an effort made to
define its form as total energy of the tested object.

Another way of testing the properties of the
monitored trajectories from the point of view of the
stability assessment of the monitored dynamic
system is its testing by means of two functions [4]:

DX, y)=xy+ Xy;¥Xxy)=Xy-Xy (7
Of which the positive or negative definition

allow to assess the character of the monitored
movement. Their dependent values allow assigning
to the points of trajectories a direction characteristic
for the point of entry, exit or slip related to the
analyzed curve, which helps in determining the
ranges G and £21in the range of the monitored phase
space.

The construction foundation for quantifier of the
monitored trajectories properties from their stability
point of view might also be searched based on the
topological retract method — Wazewski method
[12]. In that method ranges are built, limited with
curves of the points of entry and exit of the
equation set (4) solutions, from the ranges accepted
as allowable.

As it emerges from the synthetic review of the
technical stability testing methods [5] their usage
for the monitoring system development is related to
two tasks [1]:

1. Creation of the measurement tools providing
observation of the phase portraits changes for
the dynamic behavior of the monitored node of
the system, defined by measurement:

x (1), x(t)=y
2. Building of the quantifier for the monitored
courses by implementation of the technical
stability testing algorithms, based on the

Lapunov function method or two functions

O(x,y) and y(x, y) method or the retract

method.

From the practical realization of the monitoring
system point of view, the solution for the task one
is not problematic. There are more inconveniences
with determining positively or negatively defined
Lapunov function for the monitored construction
and the differential equation set describing its
dynamics. The significant simplification of the task
appears when the monitoring system with defined
location of the measurement sensors is dedicated to
modal parameters change of the controlled object.
In case of using the two functions ®(x, y) and
y(x, y) method there may some difficulties appear
in solving their functional equations, necessary to
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draw their zero-adjustment curves. A significant
advantage of the method is fact that both functions
for a non-linear system have identical form, which
makes the method more universal for different
applications. The usage of the retract method in
turn forces the necessity of building some curve-
limited range on which there are only points of
entry or points of exit which might appear as
a significant application problem.

4. SUMMARY

Diagnosed object’s state change testing —
considered as a task of nonlinear dynamic system
behavior analysis which state changes with time —
creates a new applicational perspective for
monitoring system construction. It might be related
to the task of technical stability loss conditions
testing in the analyzed object. In technical
application it means the necessity of phase image
testing of the dynamic behavior of the tested object,
related to the chosen conditions of the stability loss
assessment. It is considered in relation to the
assumed range of constantly acting disturbances
and the initial condition range. It well defines the
process of transition of the object into the state of
functional incapacity. It relates fully to the non-
linear physics of the phenomenons describing the
process. It ties realized recognition with the
dynamic state of the monitored object and with its
constructional and  exploitational  parameter
changes, which makes it universal.

The practical application of the phase trajectory
change control method seems to be very useful tool
of fault emerging and development process
identification. It might be its main quality factor
and is easily adoptable to practical application. It is
not filtering non-linear effects and phenomenons of
frequency structure change of the monitored
diagnostic signals related to the fault development,
which might be its very unique advantage.

It might be easily adapted to the task solutions
related to the estimation of the time needed for the
monitored variables to leave their acceptable range
or issues demanding stability loss probability
estimation. It also allows monitored object’s
behavior analysis by random disturbances and to
phrase estimations of their infallibility.
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OPTIMAL DISTRIBUTION OF SUB-ASSEMBLIES IN STORES
OF FACTORY BY EVOLUTIONARY ALGORITHMS
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Summary
The paper deals with an application of evolutionary algorithms for optimisation of sub-
assemblies distribution in the stores of factory. Numerical model is presented. The fitness function
is expressed as a function of distances between stores and assembly rooms and costs of inner
transport. Penalty function is used to include restrictions. The results showed that the applied
method is the efficient tool for solving such problems.

Keywords: evolutionary algorithm, optimisation, store.

OPTYMALIZACJA ROZKEADU PODZESPOLOW W MAGAZYNACH FABRYKI
PRZY POMOCY ALGORYTMOW EWOLUCYJNYCH

Streszczenie
W artykule przedstawiono zastosowanie algorytméw ewolucyjnych do optymalizacji
rozlozenia podzespolow i materialow wykorzystywanych w produkcji w magazynach zaktadu
produkcyjnego. Przedstawiono model numeryczny problemu. Funkcj¢ przystosowania wyrazono
jako funkcje odleglosci pomiedzy magazynami a halami montazowymi i kosztéw wewngtrznego
transportu migdzy nimi. Ograniczenia na pojemno$¢ poszczegdlnych magazynoéw uwzgledniono
stosujac funkcje kary. Otrzymane wyniki sa optymalne i potwierdzaja skuteczno$¢ algorytmow

ewolucyjnych w rozwiazywaniu tego typu problemow.

Stowa kluczowe: algorytmy ewolucyjne, optymalizacja, magazyn.

1. INTRODUCTION

Storage is one of the most important link of the
logistic chain [4]. Functional efficiency of the
storage depends on the storage systems [3].
Optimisation of sub-assemblies distribution in stores
of factory is one of such elements. The proper
allocation of the sub-assemblies influences the costs
of inner transport. There are real money paid for
fuel, amortisation and costs of employment of
operators of fork-lift trucks. As wusual, no
optimisation is applied.

This paper presents an application of
evolutionary algorithm for optimisation of sub-
assemblies distribution in the stores of factory.

2. NUMERICAL MODEL

The factory consist of eight assembly rooms and
seventeen stores (fig. 1). The problem is, how to
place all sub-assemblies in stores to minimise costs
of inner transport used to carry sub-assemblies from
store to assembly rooms. Every sub-assembly should
be put in one store, but in every store can place a few
sub-assemblies. Every store has its capacity. The
volume of all sub-assemblies in one store couldn't
overstep its capacity.

assembly rooms

B
['. ;,._;[zﬁl, ’B M f N[ ﬂt,
CHCITICT !

Fig. 1. The factory with assembly rooms and stores

stores

Thus the problem of optimisation consist in
finding minimum of the following function:

m 1
f=ZZZCjk'dik Ty M
j=1 k=li=n,
where
m - number of the sub-assemblies,
1 - number of the assembly rooms,
n; - the ordinal number of the store, in which is placed
the i-th sub-assembly
Cjk - the costs of transport one unit of the j-th sub-
assembly to the k-th assembly room (here
Cik=1),
dy - Jthe length of the road from the i-th store to k-th
assembly room (table 1),
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Table 1. The length of the road from the i-th store to k-th assembly room

length
of the

assembly rooms

road 1 2 3

[m

4

5 6 7 8

1192,1557[102,6025[57,8305

134,316

21,639898,8715( 89,1709 | 53,7264

86,1861/ 96,6329 51,8609

128,3464

15,6702092,9019) 83,2013 [ 47,7568

80,2165/90,6633 (45,8913

122,3768

9,7006 86,9323 77,2317 | 41,7872

74,2469 84,6937 39,9217

116,4072

14,5509180,9627| 71,2621 | 35,8176

68,2773 78,7241 [33,9521

111,1838

20,5205/74,9931] 65,6656 | 30,2211

74,2469 72,7545 [27,9825

117,1534

26,4901/69,0235| 71,6352 (36,1907

80,2163| 66,7849 [22,0129

123,123

32,4597/63,0539] 77,6048 | 42,1603

86,1861| 60,8153 16,0433

129,0926

38,4293|57,0843( 83,5744 | 48,1299

82,8282] 54,8457 (10,0737

stores

135,0622

44,3989|51,1147| 89,544 | 54,0995

10(76,8586| 48,8761 |10,0737

141,0318

50,3685/45,1451) 95,5136 | 60,0691

70,889 (42,9065 16,0433

147,0014

56,3381(39,1755(101,4832( 66,0387

12/64,9194/36,9369 [22,0129

152,971

62,3077|33,2059/107,4528| 72,0083

65,6656 37,6831 27,9825

152,2248

68,2773(27,2363(111,5569( 77,9779

14{71,6352| 43,6527 |33,9521

146,2552

74,2469121,2667|117,5265| 83,9475

77,6048| 49,6223 39,9217

140,2856

80,2165|15,2971{123,4961{ 89,9171

16[83,9475| 55,965 46,2644

134,316

86,1861]9,32751129,4657| 95,8867

17191,4095| 63,427 53,7264

128,3464

92,155716,7895/135,4353|101,8563

lic - number of unith j-th sub-assembly transfer to the
the k-th assembly room (table 2).

The constrains are described as follows:

h :iwii(vij _Vgi)

i=1 j=l

2

where

Vijj - volume of the j-th sub-assembly in the i-th
store,

Vi - capacity of the i-th store,

w; - penalty coefficient.

Table 2. The number of the unit j-th sub-assembly,
which were transferred to the k-th assembly room

unit assembly rooms
Per 1 1123 | 4 |5]|6]|7]|8
week
1[51(85/102| 0 |68[85] 0 |68
2(51/0 102|119/ 0] 0|0 |34
E 3/68|85] 0 [119]68[68| 0 |68
@ 410[0] 0] 0]0]0]|51]51
2 5]/5110] 0|0 |68]0]0]5I
E 6/0]0[102] 0 |0 |68]0]0
2 |7[17[51] 0 | 0 |[68] 00|17
80|17, 0 | 0 [17]0]0]17
9/]0]0[ 0] 0]O0O]|51]0]0

If z (V, = V) >0 then the i-th store is overloaded
j=1

and w;>0.

If Z}(Vij -V,)<0 then the i-th store is not
=
overloaded and w;=0.
Thus the optimisation problem consist in finding
minimum of the following function:

_ m |
f=33>Cpdy 1+

==
+iwii(vij_vgi) ®)
p) =

i

3. EVOLUTIONARY OPTIMISATION

The problem of optimisation of the sub-
assemblies distribution in the stores of the factory is
solved by an evolutionary algorithm. It is one of the
methods of artificial intelligence. The evolutionary
algorithm is inspired by natural evolution. The
algorithm of the evolutionary optimisation is presented
in Fig. 2. The algorithm has been described in details
elsewhere [1, 2].
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Selection Reproduction
(mnking' selection)

Environment
(fitness, constrains)

Genetic operators

Fs
Fitness value (crossovers, mutations)

Fig. 2. An algorithm of evolutionary optimisation
Environment

The problem is formulated as follows:

The k-th chromosome from the population, which
represents the possible solution is expressed in the
form:

nk:<n k1 ,nk23"'3nk7> (4)

where:
ny; - i-th gene in the k-th chromosome. It is an ordinal
number of the store, in which is placed the i-th
sub-assembly.
The population is a set of chromosomes. They
will evolve during all process of the artificial
evolution.

Fitness function

Because the fitness function should be
maximised, it is expressed as follow:

)

>
Il
= —

If the value of the fitness function f is higher
then the solution is better. The optimal solution is
obtained by maximising the fitness function with
respect to Ny.

Genetic operators

This evolutionary algorithm uses operators of
a crossover (non-uniform crossover, arithmetic
crossover, heuristic crossover) and a mutation
(uniform mutation, boundary mutation, non-uniform
mutation) described in [2]. The genetic operators
work with the assumed probabilities. Several
number of the tests were calculated in order to tune
their proper running.

Selection

This evolutionary algorithm uses operators of the
proportional selection in order to select better
solutions. Elitist model is used to remember best
solution [2].

4. RESULTS

The maximal size of the chromosome population
used in the evolutionary computation was 100. The
maximal length of the life was 20000. The
calculation were repeated 100 times for every set of
parameters. The probabilities of the evolutionary
operators, the penalty coefficients and the results of
the example calculations are presented in tables 3.

The value of the fitness function of the best
solution is equal 0,9139. Almost all results fulfil all
assumptions and constrains. The constrains were
overloaded in the variant 2 and 3, but just this ones
on every 100 repeated calculations. It happened for
penalty coefficient equal 10. For less penalty
coefficient it didn't happen. Thus the results are
promising.

The diagram 3 presents the changes of the values
of the fitness function trough all generations.

5. CONCLUSIONS

The paper presents the application of
evolutionary algorithms for optimisation of the sub-
assemblies distribution in the store of the factory to
minimise costs of inner transport. The best solutions
obtained during the evolutionary optimisation have the
highest fitness value and they fulfils all the constrains.
The worst results appeared infrequently only for the
high value of the penalty coefficient.

The numerical model is simply. Thus the
evolutionary algorithm is an efficient tool for
solving such discrete optimisation problems.
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Table 3. Results of evolutionary optimisation

§ % Probability of operators: 2 g
g S Jg =
> olyg ) 9 o = = = = 7
” £ 1Bz Z3EE | E.E8z¢
5 |[ZSEE2E Z3EZ |ETEZ2EESE
a S5|< 5 255E& |8 EI&3E
1 2 3 4 5 6 7 8 9 ovepfpad
1 15 0,9 0,9 0,9 0,1 0,1 0,1 0,8792 0.
2 10 07 | 07 [ 07 | 03 | 03 | 03 [ 08763 | 20.094
3 10 0,8 0,8 0,8 0,2 0,2 0,2 0,8922 20,094
4 5 0,9 0,9 0,9 0,1 0,1 0,1 0,9139 0
5 5 0,8 0,8 0,8 0,2 0,2 0,2 0,9114 0
6 5 0,9 0,8 0,9 0,2 0,1 0,1 0,9131 0
7 5 0,8 0,9 0,9 0,2 0,2 0,1 0,9131 0
8 5 0,9 0,9 0,5 0,2 0,1 0,1 0,9139 0
9 5 0,9 0,8 0,7 0,1 0,2 0,3 0,9030 0
10 5 0,7 0,7 0,7 0,3 0,3 0,3 0,8761 0
11 5 0,9 0,8 0,7 0,3 0,2 0,1 0,9139 0
0,92 -
0,91 f —
i
5
E 0,89 ’r
\a il
T
+ 0,58
=
0,87
0,86
0,85
1] 52000 10000 15000 20000
generation
Fig. 3. The diagram of values of fitness function in the best variant
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ACTIVE THERMOGRAPHY AND IT’S APPLICATION FOR DAMAGE
DETECTION IN MECHANICAL STRUCTURE
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Summary

Development of measurements techniques helps to apply new more effective tools for damage
detection and localization of damage in composite and metal based structure. One of the most
intensively developing technology is active thermography which can be directly use for damage
detection under operational conditions. The paper presents active thermography techniques,
proposed image processing methods and application of vibrothermography for damage (crack)
detection in aluminum plate. The experimental results confirm high sensitivity of the methods and
its applicability for mechanical structure diagnostics.

Keywords: SHM, NDT, thermography, damage detection, image processing, 2D wavelets analysis.

AKTYWNA TERMOGRAFIA I JE] WYKORZYSTANIE DO DETEKCIJI
USZKODZEN STRUKTUR MECHANICZNYCH

Streszczenie

Rozwo6j technik pomiarowych umozliwia zastosowanie nowych, bardziej efektywnych
narzgdzi do detekcji oraz lokalizacji uszkodzen w kompozytowych i metalowych strukturach.
Jedna z najbardziej intensywnie rozwijajacych si¢ technologii jest aktywna termografia, ktdra
moze zosta¢ uzyta bezposrednio do detekcji uszkodzen w trakcie normalnych warunkéw pracy
urzadzenia. W artykule przedstawiono techniki aktywnej termografii, zaproponowano metodg
przetwarzania obrazoéw termograficznych oraz aplikacje wykorzystujaca wibrotermografie do
detekcji uszkodzen dla ptyty aluminiowej. Wyniki przeprowadzonego eksperymentu potwierdzaja
wysoka czuto$¢ metody oraz jej przydatnos¢ w diagnostyce.

Stowa kluczowe: SHM, NDT, termografia, detekcja uszkodzen, przetwarzanie obrazow,
dwuwymiarowa analiza falkowa.

methods based on vibration measurements. Within

Nowadays a reliability of the mechanical
structures is one of the mostly required feature of
many structures like bridges, airplanes, rail vehicles,
and many different industrial installations. Indicated
below structures due to their responsibility should
damage free and should be monitored continuously.
The techniques of the assessment of state of
operating structures are defined as Structural Health
Monitoring (SHM) in the literature [1]. Among
many new methods two main classes can be
distinguished, passive methods and active methods
[1, 2]. In passive methods, the response of the
structure, due to any operation excitations (even not
measured) is under observation. Based on relation of
given signal parameter and its correlation with
a state of the structure the damage can be detected,
localize and sometimes predicted. In active methods
the structure is excited by controlled and measured
excitation using external or build in actuators and
response is measured. Measured response or
estimated based on input and output signals system
characteristics can be a measure of system damage.
One of the most commonly use in SHM method are

these methods the symptom based methods and
model based methods are in use, now. In the second
one the measure of the state of the system are
parameters of the model or changes of model
parameters [3]. Many methods which are in use for
SHM are methods which are directly adopted from
the area of Nondestructive Testing (NDT).

Classical NDT methods used during system
operation continuously like acoustic emission
measurements [1], Lambda waves analysis [2],
electromechanical impedance identification [3], are
good examples of SHM oriented techniques. The
difference between NDT and SHM methods is
illustrated in the Fig. 1 and Fig. 2.

In these two solution two different classes of
methods can be distinguish; methods with integrated
sensors [4] and methods based on contactless
measurements [3]. The last one are more and more
often use because of lower installation costs and
miniaturization of monitored structures.
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Fig. 2. SHM system

One of the method which can be applied as
active and passive method based on contactless
measurements is the method based on investigation
of thermo-elasticity effect which goes with damage
of the structure (lose structural integrity) like cracks
in metal structures, delamination or disbonding in
composites [5]. The method is under very intensive
development, because thermography techniques are
significantly developed recently [6]. The paper deals
with testing of relation between structural damage
and thermo elastic effect. The pattern recognition
techniques developed by authors are applied to show
sensitivity of the method and its applicability to
detect cracks nucleation and propagation in the
structure.

2. OVERVIEW OF ACTIVE
THERMOGRAPHY TECHNIQUES

Basic theoretical relation employed for dynamic
thermography is formula which describe relation
between changes of strain, stress and changes of
temperature of a body surface [6]:

(1-2v)Ac

Ag = +3aAT )

where: Ae- changes of main strains, Ac — changes of
main stress, v- Poisson ratio, AT — changes of
temperature, o — coefficient of thermal
expansion, E- Young modulus. Assuming
adiabatic transformation (high speed
transformation of stress) the following relation
between changes of strains Ae and changes of
temperature AT is valid:

—3TaKAe
AT =— = @)
A,

where: K — compression factor [Pa], Cv heat
capacity [J/kg K] at constant volume, p —
density [kg/m’], T temperature of a body [K].

As the result the formula which approximate
relation between changes of temperature and
changes of stress is obtained in the form:

a
AT =——TAoc =K, TAo 3
<. 3)

where: C, heat capacity at constant pressure, K,
thermo elastic constant.

As it can be easily notice from formula (3)
a change of temperature is proportional to changes
of stress. To measure pure stress changes only
temperature should be filtered using common signal
processing procedure as DC component filtering.
DC component filtering can be realized after pattern
capture using special pattern processing technique or
using dedicated technique for frame capturing using
synchronization signal from energy source (thermal
excitation).

The method helps to detect changes in stress
fields due to damage of structure under active test.
The structure should be thermally excited to achieve
stress changes which can be measured using
thermography. Applying the method the damage can
be detected even if have very small dimension
immediately after occurring.

To employ the method effectively the following
conditions should be fulfilled:

1. The structure is loaded with dynamic load with
frequency higher the 3 Hz (all formulas are valid
for adiabatic transformation);

2. The DC component of temperature (T) can be
filtered;

3. The damage occurred on the surface or very
close to surface of a structure

4. Emissivity of the structure is equal or almost
equal on the whole surface of a structure.

Listed above assumptions seriously limit classes
of structure which can be tested using active
thermography in order to detect damages.

Basic assumption in application of active
thermography for SHM is that each structure has
characteristic response for given excitation. In active
thermography several different kind of excitation
can be employed; ultrasound waves, vibrations and
thermal excitation like infrared or microwaves
excitations and other thermal radiation source. The
excitation can have character of short impulse or
continuous harmonic signal The response of the
structure in a form of temperature distribution on
surface which changes during system excitation is
recorded using thermo camera. In the next step of
thermography based SHM  procedure the
thermographic pattern of the structure in current



DIAGNOSTYKA’4 (44)/2007 79
UHL, SZWEDO, Active Thermography And It’s Application For Damage Detection ...

state is compared with pattern recorded for healthy

system.

Within active thermography four different
techniques can be distinguished which differ each
other by the way of pattern acquisition or pattern
processing.

1) Pulsed Thermography — the source of thermal
excitation are heat impulses with duration from
milliseconds to several seconds. Measurements
of the response during cooling of the surface
helps to avoid disturbances due to radiation of
different heat source in surrounding of structure
under the test. Recorded changes of temperature
distribution and its comparison with the same
temperature distribution for healthy system
allows to assess damage location and damage
dimension.

2) Lock-in Thermography — the source of thermal
excitation In his case is harmonic heat flux.
Reconstruction of the temperature distribution
can be achieved in this method thanks detection
of the amplitude and phase of temperature on a
surface against excitation signal for given
frequency.

3) Step-heating Thermography — the source of
thermal excitation. In his method are short laser
impulses which heat structure locally. The
response in a form of a temperature changes
(increasing) is recorded and process to find
thermal conductivity. The local changes of
thermal conductivity for the structure can help to
detect damage In the structure.

4) Vibrothermography — the source of thermal
excitation is vibration in a frequency range
between 10 Hz till 20 kHz. The thermal response
of the structure due to vibration is heat waves
which are recorded using thermo camera The
damage in a form of composite delamination or
cracking of the structure can be detect based on
measured thermal waves propagation
disturbances. In the vibrothermography the
temperature distribution is measured
synchronically with vibration.

Typical scheme of a measurement system for
vibrothermography of mechanical structures is
shown in Fig. 3.

Computer/ thermo Signal Vibration
— = — Structure
camera controller Generator exciter

Synchranization Thermo-
of picture sampling camera
Fig. 3. Measurements set up for

vibrothermography of mechanical
structures

Due to vibrations the heat is radiated on the
surface of a structure under test. This heat is
generated on the level of micromechanical
phenomena like particle dislocations, friction on
acontact surface of cracks or delaminations of
composites [6]. At vibrating structure in locations of
damages, local deformations of mode shapes are
observed, which can be visualize using thermo
camera. Time history of this deformations recorded
during vibrothermography test is recorded and
analyzed off-line, usually. Heat flux due to structural
vibration depends strongly on frequency range [7, 8,
9]. In practical application of vibrothermography for
SHM, test of sensitivity of the thermal field on the
system surface due to change of excitation frequency
should be done, and for the damage detection this
frequency interval, in which the sensitivity is biggest
has to be chosen. Employing of vibrothermography
require external excitation of structural vibration in
high frequency range (in higher frequency of
vibration, intensity of heat radiation is significantly
bigger then for low frequency) that can be done
using external electromagnetic exciter or using build
in small piezo actuators.

The vibrothermography permits to track changes
in stress distribution directly, but classical active
thermography in principle allows for testing only
changes of thermal conductivity of the structure and
cannot be directly applied for SHM like
vibrothermography.

Authors experiences in application of the
technique indicate that using vibrothermography the
defects located deeper under the structure surface
can be detected then with application of classical
active thermography.

Nowadays many laboratories are intensively
investigate possibilities of application of described
above technologies for SHM purpose.
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3. IMAGE PROCESSING TECHNIQUES
APPLIED FOR THERMOGRAPHY BASED
DAMAGE DETECTION

For damage detection in mechanical structure
using active thermography authors proposed two
steps image processing algorithm. Preprocessing
image analysis Fig. 4, this step provide
normalization of recorded images. Based on
thermographic images non defected and defected
structure, images differences were computed.

J Image of non
/ defected

B
Fi c oo
; r 2 =
e 5 2= Preprocessed
= = 'é thermographic
E =
y Image of I LI % E images
II defected = il
£ structure

Fig. 4. Preprocessing part of defection
detect procedure

This step preparing data for another step of
computation. Normalization image data from
thermographic camera is necessary for proper
correlation of data acquired for destructed and non
destructed structure.

Preprocessed thermographic data let us for
detecting areas of changed thermal energy flow
(strain field).

Second step Fig. 5 established algorithm are
based on wavelet transform for two dimensional

signals.
Approximationat
J level j+1

y ¢ Detailsin horisontal ™
/ Preprocessed
/ thermographic k.
K, images
Fil

orientation
Fig. 5. Wavelet transform of
preprocessed thermographic images

20 Wavelet
Lan=om Detailsinvertical ™
arientation

" Details in diagonal oy
orientation

Authors picked up multilevel 2D stationary
wavelet decomposition: sym4 Fig. 6 (orthogonal
wavelet).

This wavelet type were selected experimentally
checking decomposition result for different types of
them. Selected wavelet type gives mostly
representative and wavelet decomposition results
based on this type were best for damaged detection
of the mechanical structure algorithms.

Scaling function phi

Wavelet function psi

o 1 2 3 4 5 & 1
Fig. 6. Sym4 wavelet selected for
decomposition computing

3.1. Improving quality of images

For improving quality resulting image, optical
noise computed from first level 2D wavelet are used
as background signal subtracted from next levels of
wavelet decomposition Fig. 7.

Fi Wavelet ;
i .

decorposed g

/"' Levell | optical noise

background

F Wavelet
7/ decomposedimage
Level2

: Hﬁ

-

Fig. 7. Improving results quality.

Impruvcd quality
Of resulting image

Wavelet

7 decomposedimage
Leveln

Bad pixel effect are easy for removing in initial
part of proposed algorithm.  Calibration
thermographic camera contain module for bad pixel
search. This allow for reject bad pixel from recorded
images during preparing data.

4. EXPERIMENTAL VALIDATION
OF PROPOSED TECHNIQUE

Proposed algorithm for damage detection in
mechanical structure were tested on real data from
experiment prepared by authors. Firstly, frequency
resonance of tested mechanical structure were
setting up during standard modal analysis.

Secondly, active thermography method were
used for acquiring thermal image (strain) data with
infrared camera.
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4.1. Experimental setup

Experiment were lead in laboratory of
Department Robotics and Mechatronics — AGH.
Experimental setup is shown on Fig. 8, Fig. 9.

l Tested mechanical structure

] 1 | Infrared camera

h o

g
m
E

%

PC computer

Exciter

—| Excitar cantrol

Analyser/generator
SigLab

Fig. 8. Experimental setup

Components which are part of the experimental
setup:

1. Thermographic measurement:

0 PC computer with CAMLINK interface
compatible card;

0 SILVER 480M — advanced IR cooled camera
featuring ultra fast temporal analysis,
simultaneously =~ with  analogue  signal
recording;

0 Exciter;

2. Initial measurement:

0 Accelerometer;

O Analyzer Siglab;

0 PC computer with SCSI interface compatible
card;

0 Exciter.

Fig. 9. Experimental setup during
measurement

Experiment setup were split in parts. First part
were approach for detecting resonance frequency of
tested mechanical structure. For this subject white
noise signal were set up on control equipment.
Accelerometer placed in few points on tested

structure were used to measure time series signal
vibrating structure. Modal analysis were used for
resonance frequency identification based on time
series data from accelerometer based measurement.
In second step result of detected resonance
frequency were used for control exciter to set up
resonance on structure. The same signal where used
also as Lockin signal for infrared camera, which
allows synchronize frame rate of camera with
resonance frequency of the structure.

Measurement were repeated for non defected and
defected structure Fig. 10. Recorded by infrared
camera images were used as input data for proposed
processing algorithm to detect crack place on tested
structure using active thermography method.

Exitation mount-hole

/

—

Brake place

Fig. 10. Defected structure
4.2. Experiment results

After experiment, acquired thermographic
images were used for testing proposed by authors
algorithm. On Fig. 11 is shown thermographic image
acquired by infrared camera for non defected
structure. Excitation place is very representative,
caused by hi level thermal stresses area.

Non defected structure

Excitation

Fig. 11. Thermographic image non
defected test structure
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Fig. 12 is showing resulting image from
acquiring thermographic image for defected
structure. Strains (thermal areas) deviation can be
seen on this image. Without any a priori knowledge
crack place cannot be fined (for different resonance
frequencies images can be more noisily).

Defected place were shown on image for better
orientation.

Defected structure

Excitation

Defect place

Fig. 12. Thermographic image
defected test structure

Presented images were used as starting point data
to testing damage detection in mechanical structure
algorithm.

4.3. Preprocessing images

Preprocessing image analysis step were
approach. Results from this step are shown on Fig.
13. Once, normalization of thermographic images
for defected and non defected mechanical structure
were computed.

Fig. 13. Preprocessing results. (left — input
images; middle — normalized images; right —
images differences computation results)

Second, differences between normalized images
(defected and non defected) were computed. As can
be seen on Fig. 13, differences between thermal
energy non defected and defected structure shows
dumped values for place where crack were
approach. In backwards, defected subtract non
defected normalized images, thermal energy areas

were boosted for crack place and excitation
neighborhood.

4.4. Separating defect place

Selected sym4 wavelet type were used for
wavelet  decomposition  computation. Full
experiment  analysis  contained six levels
decomposition but level 4™ and higher are to blurred
and are useless for damage detection purpose Fig. 14
and Fig. 15.

SWT dec.: approx. and det. coefs (iev. 5)

Fig. 14. Fifth level of 2D wavelet
decomposition — results useless for
damage detection proposed algorithm

SWT dec.: approx. and det. cosfs (ev. 6
60
50
0
0
0
ho

Fig. 15. Sixth level of 2D wavelet
decomposition — results useless for damage
detection proposed algorithm

First level of wavelet decomposition is shown on
Fig. 16. On this level only optical noise and just
a little of useful information are shown. This level of
wavelet decomposition will be used as background
for improving quality for last step defect detection
algorithm.

On Fig. 16 approximation at actual level is
shown on left-up part. Details coefficient in
horizontal (right-up), vertical (left-down) and
diagonal (right-down) orientation are displayed.

Bad pixel effect are shown in details coefficients
as small single bright dot.
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o ol

Fig. 16. First level of 2D wavelet
decomposition

Second level of decomposition results are shown
on Fig. 17. Here can be seen very easily
representative areas for each of the interesting points
(excitation, defect place, bad pixel effect). Best
result gives wavelet decomposition on details
coefficient in diagonal orientation (Fig. 17 right-
down). On edges images for details coefficient in
horizontal and vertical orientation errors from bad
boundary conditions (moving structure in-plane with
low frequency during measurement).

Fig. 17. Second level of 2D wavelet
decomposition

Results for third level decomposition are shown
in Fig. 18. As can be seen for this decomposition
level images are much more blurred and more
optical noise effect can be seen.

Fig. 18. Third level of 2D wavelet
decomposition

For obtain more clearly image as result
subtracting of background (first level of wavelet
decomposition) from image which gives most
accurate results (second level of wavelet
decomposition) were obtain. Result of improving
quality images processed thermographic data are

shown on Fig. 19. Coefficient in diagonal direction
from wavelet decomposition give best result for
damage detection for mechanical structure.

Bad pixel effect | | Defect place | | Excitation place |

Fig. 19. Result image after
background removing for second level
of 2D wavelet decomposition

Areas representative for excitation, crack and
bad pixel effect were marked on Fig. 19. This
information proved proposed by authors algorithm
for damage detection based on active thermography
images analysis.

5. CONCLUSIONS AND FUTURE
RESEARCH

Presented and evaluated SHM techniques gives
possibility for detection of even very small damages
in vibrating structure. The method is relatively
simple in application and can be used for many
different plate — like structures of metallic or
composite materials. Future investigations, at
Robotics and Mechatronics group, in direction of
development of vibrothermography technique will
go in application for rotating structures using de-
rotation techniques.
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Streszczenie

W artykule przedstawiono oprogramowanie do $ledzenia zmian warto$ci parametrow
modalnych w czasie eksploatacji konstrukcji. Algorytm identyfikacji estymuje parametry modalne,
ktore odpowiedzialne sa za zachowanie dynamiczne uktadu. Na ich podstawie mozna okresli¢ lub
przewidzie¢ np. zjawisko flatteru. Predykcja tego rodzaju zjawisk ma niebagatelne znaczenie dla
poprawno$ci dziatania ukladu mechanicznego jak rowniez dla celow diagnostycznych.
Zastosowany algorytm zostal stworzony w oparciu o transformatg¢ falkowa pozwalajaca na
rozprzeganie postaci drgan oraz algorytm RLS (Recursive Least Square). Polaczenie metody
filtracji sygnalu z szybkim algorytmem pozwalajacym na estymacj¢ parametréw modelu
pozwolilo na stworzenie narz¢dzia dzialajacego w czasie rzeczywistym.

Stowa kluczowe: transformata falkowa, algorytm RLS, analiza modalna.
MATLAB® FLUTTER TOOLBOX

Summary

In the paper a software tool for real time modal model tracking has been presented.
Identification algorithm estimates modal parameters during system operation. On the basis of this
parameters e.g. a flutter phenomena could be tested during a flight. Prediction of this phenomena
can be applied for damage detection and system diagnostics. Applied algorithm has been
formulated using wavelet transform (for vibration modes decoupling) and RLS (Recursive Least
Square) algorithm for model parameters estimation. Proposed solution, due to computational
efficiency, can help to identify modal parameters of operating structures in real time.

Keywords: wavelet transform, RLS algorithm, modal analysis.

Akademia Goérniczo—Hutnicza, Wydziat Inzynierii Mechanicznej i Robotyki, Katedra Robotyki i Mechatroniki
Al. Mickiewicza 30, 30 — 059 Krakow fax. 012 634-35-05, andrzej.klepka@agh.edu.pl, tuhl@agh.edu.pl

1. WSTEP

Identyfikacja parametrow modalnych konstrukeji
mechanicznych w warunkach eksploatacyjnych jest
zadaniem bardzo trudnym. Brak mozliwo$ci
wykonania eksperymentu niejednokrotnie zawegza
aplikacyjnos¢  klasycznych ~ metod  analizy.
Dodatkowym problemem jest czgsta
niestacjonarno$¢ uktadéw mechanicznych w trakcie
pracy oraz brak mozliwo$ci zmierzenia wymuszenia
dziatajacego na uklad. Do tego typu analiz
konieczne jest opracowanie metod pozwalajacych na
Sledzenie zmian parametrow uktadu
odpowiedzialnych za jego zachowania dynamiczne.
Jedna z tych metod jest metoda oparta
o rekurencyjny algorytm najmniejszych kwadratow
RLS. Pozwala ona na estymacje wspotczynnikow
modelu na podstawie biezacej odpowiedzi uktadu.
Ograniczeniem tej metody jest skomplikowany
proces estymacji parametrow modalnych
wymagajacy wyznaczenia pierwiastkow
charakterystycznych ~ réwnania. Dla  modeli
wyzszych rzedow jest to zadanie znacznie
obcigzajace zasoby sprzg¢towe, co grozi utrata
rekurencyjnosci algorytmu. Rozwiazaniem tego
problemu jest redukcja rzgdu modelu w taki sposob,

aby wyniki estymat dawaly prawidlowy obraz
dynamiki uktadu. Do tego celu uzyto filtru
falkowego bazujacego na ciaglym przeksztalceniu
falkowym. W pracach [5, 6] udowodniono, ze
transformata falkowa Morleta rozprz¢ga postacie
drgan. Dzigki wlasciwosciom tego rodzaju filtracji
rzad modelu znany jest z goéry i wynosi dwa,
poniewaz $ledzona jest jedna rozprzggnigta postac.
Potaczenie tych dwoch algorytméw pozwolito na
stworzenie narzgdzia do $ledzenia wybranych
czgstosci wlasnych uktadu oraz odpowiadajacych im
wspolczynnikéw tlumienia modalnego. Redukcja
modelu znacznie obnizyta zapotrzebowanie na moc
obliczeniowa, co z kolei umozliwia zastosowanie
algorytmu do analiz procesow szybkozmiennych,
gdzie, okreslenie parametréw dynamicznych uktadu
ma znaczenie dla bezpieczenstwa pracy urzadzenia.
Narzedzie FLUTTER TOOLBOX zostato
przetestowane przez zespoly badawcze ONERA
oraz Airbus w ramach europejskiego projektu
badawczego FLITE2.
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2. PODSTAWY TEORETYCZNE

W zaproponowanej metodzie wyznaczania
parametrow modelu sygnat filtrowany jest przy
uzyciu transformaty falkowej, ktora opisuje
réwnanie:

(ngXa,b) = \/12]: x(t)g*(t_bjdt 2.0

a
gdzie: @ —  parametr skali, b — parametr
dekompozycji czasowej, x(¢#) — analizowany sygnat
czasowy, g — funkcja falkowa. Transformata

falkowa jest metoda dekompozycji sygnatu
ireprezentuje go na plaszczyznie czas —
czestotliwos¢. Umozliwia to analize ukladow
znajdujacych si¢ w stanach niestacjonarnych.
Pozwala takze na rozprzgganie postaci drgan co
zostato opisane w pracach [5 ,7, 9]. Jako funkcje
falkowa przyjeto falke Morleta (rys. 1) opisana
rownaniem[11] :

2

t

\
g(t): e/l 2 2.2)

NN
"

Rys. 1. Falka Morleta

Dzigki filtracji falkowej i rozprzggnigciu postaci
drgan, rzad modelu uktadu reprezentowanego przez
sygnal jest znany. Narzuca to sposob estymowania
parametrow modalnych. Dla uktadow drugiego
rzgdu opisanego rownaniem(2.3),

Alg)¥(t)=Clg)ele) 23)
gdzie: A(g)=1+aq" +ay~”, Clg)=1+cq" +eq”
rOwnania

a a,a,c,c,5a WwspoOlczynnikami

charakterystycznego, proces estymacji czgstoSci
wlasnych i modalnych wspoétczynnikow thumienia

sprowadza si¢ do wyznaczenia A, przy zalozeniu,
ze:
T
0 (k)z [-a,,—a,,l,c,c,], (2.4)
Oznacza to, ze pierwiastki rOwnania wyznaczane
sa jako (2.5):

A =—1—, (2.5)
2
gdzie:
2
A=a; —4a, (2.6)
W przypadku tlumienia  podkrytycznego

pierwiastki te sa zespolone i maja postac(2.7):
A =0tjo, 2.7)

gdzie: 0 — wspotczynnik thumienia odniesiony do
czgstosci drgan wlasnych niettumionych, @ -
czgstos¢ drgan wlasnych thumionych.

Zaleznos¢ (2.7) mozna takze zapisac jako:

a=les =gk, 3)

gdzie: & jest bezwymiarowym wspotczynnikiem
thumienia wyrazonym jako:

o

=, 2.9
Vo’ +06°

a () czestodcia drgan wilasnych niethumionych
wyrazona jako:

Q=o' +5° . (2.10)
Zagadnienie to nie jest skomplikowane, przez co
jego ztozonos¢ obliczeniowa jest mata. Wyznaczone
z réwnania (2.5) wartosci A, odpowiadaja czesci
zdeterminowanej uktadu, opisujacej jego dynamike
w postaci zbioru modalnych wspotczynnikow
tlumienia oraz czgstoséci drgan wlasnych.

Metoda wyznaczania wspolczynnikow modelu
oparta jest o algorytm RLS. Dla systemu
komputerowego algorytm ten mozna przedstawic
nastepujaco [2]:

Krok 1: Pobranie biezacej odpowiedzi systemu
(i) z przetwornika A/C.

Krok 2: Obliczenie estymatora bledu predykcji £(i)
jako roznicy pomiedzy aktualng warto$cig wyjscia
procesu, a wartoscia ,,przewidziang” przez model,
bazujac na jego oszacowanych parametrach
uzyskanych w poprzednich iteracjach:

ED=y()-¢" OG- @11
gdzie: @(i)- wektor obserwacji wyjsciowo-
wejsciowe;j (ang. regressor vector),
£(i) - estymator bledu predykcji, €(i)- wektor
parametrow modelu
Krok 3: Uaktualnienie wektora wzmocnien:

L(i) = PT(’,_I)?"(’) _ Q1)
A+ (DP(-1e(i)
gdzie A - wspdlczynnik zapominania (ang.

Forgetting factor)

i aktualizacja macierzy kowariancji P(7) :

_ P -Do()e" ()P -1) (2.13)
A+ ¢" (HP> - De(i)

Krok 4: Aktualizacja wektora estymowanych

P(i) = ;{P(i—l)

parametréw modelu é(l ):

0(i) =03 —1) + L(i)[y(i) — " ()i - 1)](2.14)

oraz wektora obserwacji :

(0(1) = [y(l)’y(l - l)aay(l - nA)a

£(),e(i—1),....e(i—n.)]
Krok 5: Oczekiwanie na nastgpnag probkeg i powrét
do Kroku 1,
I - oznacza kolejny numer probki uzyskanej
z przetwornika A/C.

Schematycznie dzialanie algorytmu przedstawia

rys. 2.
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Rys. 2. Schemat dziatania algorytmu

Algorytm identyfikacji parametrow modalnych
podzielony jest na dwa etapy. W pierwszym
gromadzone sa dane oraz wyznaczane parametry
modalne  zawarte w  pierwszym  odcinku
analizowanego sygnatu. Podejscie takie ma na celu
wyznaczenie parametrow algorytmu RLS, ktore
przekazywane sg iteracyjne w dalszej czgsci analizy.
Druga przyczyna takiego podejsécia jest tzw. ,.efekt
konca” transformaty falkowej (rys. 3).

Czas|s|

Rys. 3. Efekt konca” transformaty falkowej

Nieuwzglednienie tego zjawiska powoduje, ze
w kolejnych kokach iteracji algorytm nie ma
zapewnionych tych samych warunkow
poczatkowych. Moze to doprowadzi¢ do biednych
wynikow analizy.

Dodatkowo aby przyspieszy¢é proces estymacji
parametrow  modalnych  zrezygnowano  ze
standardowych procedur na rzecz zaleznoSci
analitycznych(2.15, 2.16).

2 2
I I 1
JIH(EA/a‘Z +la,’ -4a2\j aman[—zA/ a’~4al, —Za]J
1 +

i 75’ 7s*
o= 2 p (2' 1 5)
1 2 2
- ln(EA/a‘ +la, -442\)
o 2 2
. 1n(%A/af+\u,i4u:\) arc[zm(/;ﬂ‘u‘lfA‘u:\,/;ul)
s B + ey
75 75 (216)

gdzie: @ - czgstotliwo$¢ drgan wiasnych uktadu,
& - modalny wspolczynnik  thumienia,

Ts - czas probkowania sygnalu. Eliminuje to

potrzebe wyznaczania pierwiastkow
charakterystycznych rownania.
Dzigki redukcji zapotrzebowania na moc
obliczeniowa  proces  estymacji  parametrow
modalnych moze by¢ przeprowadzany rownolegle

dla kilku postaci drgan (rys. 4).

Signal aquisition
sample k

Wavelet transformation I
(Morlet wavelet)

RLS RLS RLS
Tor mode 1 Tor mode 2 - for mode N
¥ + L]
Modal damping & Maodal damping & Modal damping &
natural frequency natural frequency natural frequency
‘ Display results ‘

Rys. 4. Schemat zrownoleglenia obliczen

3. ESTYMACJA PRZEDZIALU UFNOSCI
PARAMETROW MODALNYCH

Dla metod rekursywnych istnieje mozliwosé
wyznaczania macierzy kowariancji wspotczynnikow
modelu z zaleznoSci:

1) T % AT P
P(.)_P(l 1)-L*P(i) P(i-1) 3.1)

)= 5

A
gdzie: A jest wspotczynnikiem zapominania,

a 'V macierza wektoréw wiasnych.
Wektor wariancji wspotczynnikéw modelu
definiowany jest jako:

lajl ,O'jz ,...,0'5” ,Jf_l ,O'fz ,...,ofn J: diag(P) (3.2)
gdzie 63‘ jest wariancja i- tego parametru modelu.

Wyznaczenie odchylenia standardowego
parametrow modalnych dla zadanego modelu
W Sposob analityczny jest zagadnieniem
skomplikowanym ze wzgledu na nieliniowa
zalezno$¢  pomigdzy  parametrami modelu
a parametrami modalnymi. W celu uproszczenia
tego zagadnienia stosuje si¢ metodg¢ rozwinigc
Taylora pierwszego rzedu [1].

Przyjmijmy oznaczenia:

Ky =[/&) filsser £156,] - wektor
wyestymowanych parametrow modalnych, K-

wektor rzeczywistych parametrow modalnych
ukladu. Wprowadzajac macierz  kowariancji

parametrow modalnych oznaczona jako PK(IQH),

odchylenie standardowe parametrow modalnych
mozna estymowac wedlug zaleznosci:

é«(’en):El(Ko_’eN)(Ko_’eN)TJ > (3-3)
gdzie E jest warto$cia oczekiwana. Rownanie (3.3)
mozna zapisaé jako:

P.(%,)= J(éN )E[(HO -0, Xgo ~0, ”J(ézv); (3.4)
-/ )6 V6,)
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gdzie: J (é N ) jest Jakobianem okreslonym

zalezno$cia [1]:

a0) @) . %)

26, 06, 26,

a90) o0) . 90) (3.5)
J0)=| a0 o0, 26,

7,00) a,0) . 9,

o0, o0, 20, |

Macierz ta jest w ogolnym przypadku
niemozliwa do wyznaczenia. Konieczne jest wigc
zastosowanie  rézniczkowania =~ numerycznego.
Dodatkowo  elementy  macierzy  Jakobianu
wyznaczane s3 dla homogenicznej czgsci modelu

iwdalszej notacji oznaczone jako 91[\,1 . Do

wyznaczania elementow macierzy Jakobianu
zastosowano teori¢ roznicy centralnej (rys. 5).

1)
toa o )= flx)
" ] g
x

X N Xaa

Rys. 5.Wyznaczanie wartosci pochodnej metoda
r6znicy centralnej[3]

W  metodzie tej zaleca si¢ aby parametr
zaburzenia dx byl co najmniej o rzad mniejsza niz
wymagana doktadnosc.

Korzystajac z powyzszych zaleznosci i — ty
element macierzy Jakobianu mozna zapisaé
W postaci:

)

4. FLUTTER TOOLBOX — ANALIZA
WYNIKOW BADAN FLATTEROWYCH

Korzystajac z powyzszych zaleznosci
opracowano narzedzie umozliwiajace $ledzenie
wybranej czgstoSci wlasnej ukladu w czasie
rzeczywistym (rys. 6).

Wszystkie  procedury zostaly opracowane
w srodowisku  MATLAB/SIMULINK. Narz¢dzie
posiada mozliwo$¢ ustalenia parametrow tj. rodzaju
funkcji falkowej, rzedu modelu, wspotczynnika
zapominania. Parametry oznaczone na rysunku
powyzej jako ,window”, ,del” i ,shift” stanowia
0 opoOznieniu czasowym (rys. 7).

7 Set_Param

Load file to analysis ~
Senesor Nr Wavelst
1 cmord-1
Track Natural Frequencies Forgetting Factor
21 = iz * 5 09995
Sampling Time
ping Model Order [na nc]
003125 2 1
window del shift

B4 5 a7

| Set Algorithm Parameters |

] Plot resuits Save resuts

| START |

Rys. 6. Flutter toolbox

L window o

| le \"'\/vw*”d\v%/"%,u'lw Jol o

ol

il
A

Amplitude

\
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Rys. 7. Oznaczenia parametrow algorytmu

Podejscie takie jest konieczne ze wzgledu na
efekt konca”. Powoduje on zmiang amplitudy
rozprzggnigtej postaci na koncach przebiegu
czasowego (rys. 3). Algorytm estymacji parametrow
modelu moze interpretowac to zjawisko jako zmiang
parametrow modelu, co z kolei moze prowadzi¢ do
blednych wynikow analiz. Wedhug zatozen projektu
maksymalny czas opoznienia  wynikajacy
z przetwarzania danych nie powinien przekroczy¢
1 sekundy. Aby algorytm spelnial wymagania
czasowe musi spetniona by¢ zaleznos¢:

shift[s]+del[s] +czas_analizy del probek
<max_opoznienie 4.1

Dla tak przyjetych zatozen dokonano licznych
analiz sygnatow pochodzacych zarowno z symulacji
jak 1 danych rzeczywistych. Dane symulacyjne
opracowata firma Airbus w ramach projektu
EUREKA. Zawieraja one przebiegi czasowe
przyspieszen drgan elementow samolotu w trakcie
lotu z réznymi predkosciami, na réznym pulapie
oraz przy roznych wymuszeniach (turbulentnym,
losowym, sinusoidalnym). Dane rzeczywiste zostaty
zarejestrowane w trakcie lotu samolotu PZL M28
SkyTruck. Rezultaty = wcze$niejszych  analiz
zuzyciem filtracji falkowej oraz algorytmu RLS
mozna znalez¢ w [4, 8, 9, 10]. Przyjeto przedziat
ufnosci na poziomie 95,5% (zaznaczony na
rysunkach kolorem czerwonym). Wybrane wyniki
analiz danych symulacyjnych przedstawia rys. 8. Jak
mozna zaobserwowac algorytm reaguje na zmiang
amplitudy sygnalu spowodowana zmiang warunkow
pracy uktadu. Szczegdlnie wazng rolg odgrywa tutaj
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wspolczynnik thumienia (rys. 8b), ktérego spadek
warto$ci moze $wiadczy¢ o mozliwoSci wystapienia

zjawiska flatteru.
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Rys. 8. Przebieg czasowy przyspieszen drgan (a),
czgstotliwos¢ drgan (b) oraz thumienie (c) dla postaci
2.1Hz, predkos¢ 375 — 390 weztow, wymuszenie

turbulentne

Wybrane wyniki analiz danych rzeczywistych

przedstawia rys. 9.
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Rys. 9. Przebieg czasowy przyspieszen drgan (a),
czgstotliwosci drgan (b) oraz thumienie dla
poszczegdlnych postaci: 5,12Hz (c), 8Hz (d),
12,8Hz (e), predkos¢ 172 wezly, putap10000stop

5. PODSUMOWANIE

Metoda filtracji  falkowej, uzywana jako
narzedzie wstgpnego rozprzggania postaci drgan
w sposOb znaczacy ulatwia i przyspiesza proces
estymacji parametrow modalnych przy pomocy
algorytmu RLS. Eliminuje si¢ w ten sposob proces
filtracji pasmowej sygnatu, niezbgdny w przypadku
stosowania klasycznej metody RLS. Znany i niski
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rzad modelu zmniejsza zapotrzebowanie na moc
obliczeniowa procesora, co daje wymierne korzysci
W postaci zmniejszenia wymagan sprzgtowych.

Najwazniejsza cecha zaproponowanego
podejécia  jest wyeliminowanie trudnosci
wyznaczania pierwiastkow roOwnania

charakterystycznego wyzszych rzgdow w celu
podania wartosci parametréw modalnych modelu.
Proces ten jest krytyczna czgscia klasycznego
algorytmu RLS dziatajacego w czasie rzeczywistym.
W niektorych przypadkach nieodpowiedni dobor
rzgdu modelu moze prowadzi¢ do braku zasobow
procesora. Konieczne jest w takich przypadkach
tworzenie specjalnych buforéow kotowych w celu
podtrzymania rekurencyjnosci klasycznego
algorytmu  RLS. Zastosowanie transformaty
falkowej do rozprzggania postaci drgan zapobiega
tym zjawiskom. Dzigki wlasciwosciom falek, rzad
modelu znany jest z gory i wynosi dwa, poniewaz
$ledzona jest jedna rozprzegnigta postac. Narzuca to
sposob  estymowania parametrow modalnych.
Wszystkie wymagania dotyczace czasu obliczen
zostaty spelnione. W przypadku bliskich warto$ci
czgstotliwosci  drgan wlasnych konieczne jest
opracowanie metod doboru parametrow funkcji
falkowych  lub  metod pozwalajacych na
wyznaczanie w czasie rzeczywistym parametrow
modalnych uktadéw o rzg¢dzie wigkszym niz dwa.

PODZIEKOWANIE

Prace badawcze zostaly wykonane w ramach
projektu europejskiego EUREKA E!3341 FLITE 2
i sfinansowana  przez  Ministerstwo  Nauki
i Szkolnictwa Wyzszego w latach 2004-2007.
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APPLICATION OF VIRTUAL POWER PLANT
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Summary

The following paper presents the method, called here the Virtual Power Plant (VPP), for the
condition monitoring of power generation unit elements. The Virtual Power Plant is the proposal
of a group of computers, which model a real power plant unit in the real time. This paper is
focused on Virtual Power Plant architecture and procedure to use it for condition monitoring. Such
a procedure is based on models of various types tuned to the normal technical state of the plant.
Next, this model is used to detect any changes in the behaviour of the plant elements.

The paper present details of the Virtual Power Plant idea: its structure and functionality of key
elements. The structure of the model is presented with stress on its modularity and flexibility. Next
part of the paper is the case study, where test installation, tuned to a 200MW coal fired unit, was
described. Results from operation on the test installation are presented.

Keywords: modeling, condition monitoring, model based diagnostics, power plant.

ZASTOSOWANIE WIRTUALNEJ ELEKTROWNI
DO DIAGNOSTYKI BLOKU ENERGETYCZNEGO

Streszczenie

Artykut przedstawia metodg, nazwang Wirtualna Elektrownia (VPP, ang. Virtual Power Plant),
zastosowana do oceny stanu elementow bloku energetycznego. VPP jest propozycja zastosowania
zespolu komputeréw, ktore beda modelowac pracg bloku energetycznego w czasie rzeczywistym.
Artykul koncentruje si¢ na przedstawieniu architektury Wirtualnej Elektrowni oraz na jej
zastosowaniu do oceny stanu technicznego. Metoda opiera si¢ na heterogenicznym modelu,
dostrojonym do bloku energetycznego w poprawnym stanie technicznym. Nast¢pnie model ten
jest podstawa wykrywania zmian zachowania elementow bloku.

Artykul przedstawia szczegdty koncepcji Wirtualnej Elektrowni: jej struktur¢ oraz gléwne
elementy. Opisano model bloku ze szczegdlnym naciskiem na modutowos$¢ i elastycznosc.
W kolejnej czesci artykulu opisano instalacje testowa, gdzie VPP zostata dostrojona do
rzeczywistego bloku typu 200MW. Zaprezentowano wyniki pracy instalacji.

Stowa kluczowe: modelowanie, ocena stanu, diagnostyka, energetyka.

1. INTRODUCTION

Nowadays, very rapid development of information
technologies, especially processing power, enables
us to develop innovative methods of condition
monitoring of machinery and processes. Among
these, power generation equipment is of very
significant importance. This significance is the
direct consequence of very high construction costs,
as well as maintenance and repair costs.

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. Comprehensive survey presenting
those methods can be found e.g. in [7, 4]. Very
successful approach is based on models, either based

on analytical equations, either on parametric models
obtained during the process of system identification
[8, 6]. On the other hand, feasibility of such an
approach is limited when it is applied to large,
industrial installations, like power plant units. Key
problems can be listed as:

- development of the model; in most cases, even
if the underlying physical equations are known,
the important obstacle is to obtain correct
parameters, and thus — correct model behavior;
on the other hand, when the system
identification approach is chosen — it is
extremely important to acquire sufficient data,
covering range of operation of the object;

- flexible work environment; the process of
model development and next — diagnostics
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requires efficient cooperation of specialists
from different fields: power plant staff should
deliver data and technical documentation,
diagnostic experts are responsible for modeling
the process and drawing conclusions, results
should be presented in a comprehensible way
for the power plant experts and management;
in practice, those tasks are executed with a set
of heterogeneous tools, making the whole
process hard to manage and inefficient.
Following paper presents the proposal of the

Virtual Power Plant (VPP) - the innovative work
environment for technical state assessment of
dynamic objects, here 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:

- flexible structure, enabling
configurations;

- import of real data acquired at the object;

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

- possibility to store models in different versions;

- presentation of results in two ways: advanced for
experts and simplified for power plant staff.
However, applications of the Virtual Power Plant

can be much broader than the diagnostics only. It

can be also used to achieve the following goals:

- reply of malfunctions to analyze real cases from
the plant;

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

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

multiple

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

- testing of existing and the development of new
models;

- development of risk management algorithms

- verification of diagnostic systems in operation on

a plant;

- testing of equipment behavior, also in abnormal
conditions;

- testing of concepts of new equipment elements,
using rapid prototyping techniques

- very efficient tool to train operators, also in
abnormal conditions;

- improvement of safety of existing plants.

The development of the Virtual Power Plant can
also be very interesting option for power plants
owners to improve their competitive position on the
deregulated market. The possibilities mentioned
above will be investigated during future research
and development works.

2. VPP ARCHITECTURE

Achieving of the main goals of the Virtual
Power Plant depend most on its structure. The key
requirement is that it should have a modular
structure, similar to that one of a real power plant.
Such a structure is presented on the figure 1. The
Virtual Power Plant is the group of computers,
connected by a fast computer network. 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
areal system. On the other hand it will allow to
present data in user-friendly way and to interact with
the VPP, during training of operators. The second
database subsystem is a specialized, fast database
which is used to store data generated by

Boiler simulation Steam Water cycle Dynamics simulation Control system Other modules
module simulation module module simulation module | | ...
Central bus
(data & events)
Advanced K= Specialized DCS K—> DCS

User Interface database

Operator Station
(User Interface)

Fig. 1. The structure of the Virtual Power Plant
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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. It is possible to exchange a module, or even
to change the structure of the whole system without
changes in the software, but only in the
configuration. Such an interface is object oriented
and thus flexible and very efficient mean of
communication. It can exchange not only
measurement and dynamic data, but also events.
Events are used to inform selected modules about
e.g. completion of a task by a module. Events are
also used to synchronize the whole system. The
Central bus contains several additional components,
enhancing it:

- Data Player, which can reply real data acquired
on the plant, in order to observe the response of
the model and to compare it to the response of
the real plant.

- Data Processor, where one can define any
calculation, based on other values in the system.

- Limit Checker, which is used to monitor
violation of given levels by the chosen variable.
It is possible to define several states and to
assign limits to states.

The remaining computers are used to run models
of the components of the power plant. It is assumed
that the model will be developed in the Matlab/
Simulink environment [9]. If the speed of
calculation is not sufficient to achieve the operation
close to the real-time, the Distributed Computing
Toolbox (DCT) [9] may be used. Model of the
power plant unit will be described later in this paper.

Important novelty of VPP is application of
separate computers to implement all modules of
VPP. This will allow to mix even different modeling
tools as well as exchange of selected ones with data
recorded at the real plant and then replayed.
Additional benefit is possibility of data processing
distribution between several CPUs.

Important part of the Virtual Power Plant are
user interfaces, which are closely connected with the
databases. The first one is the user interface native
to the DCS system. It implements typical mimic
screens of the unit control room. Thus, the process
can be monitored in the same way as it is done by
operators in their daily work. It may be also used in
the future to train operators on the VPP. The other
user interface access the data in the specialized, fast
database. It delivers more advanced plots:

- detailed browsing of data in form of trend

plots and waveform plots (for dynamic
channels);

- plot of basic dependencies (XY plots);

- export of result data to other systems for in-

depth analysis.

Another important feature of the VPP is the
remote access, which will increase its usefulness.
Experiments can be configured and then monitored
remotely. It is also possible to connect e.g.
modelling module from a remote location, like
a scientific center to the rest of VPP, though fast and
reliable network connection is the prerequisite in
such a case. Security of processed data and
especially model parameters is very sensitive and
important factor in VPP. It is thus necessary, that all
data exchange with other computers through the
Internet is performed via secure channels. VPN
(Virtual Private Networks) technology was applied
to achieve this goal.

OPC was chosen as the basic communication
interface in the Virtual Power Plant. OPC is the
international standard [10], developed for exchange
of data in industrial applications. Application of
such a standard reduces cost and time of integration
of various hardware and software system elements,
because interfaces between various components
need to be only configured, instead of being
developed. Matlab/ Simulink as well as virtually all
DCS systems are equipped with the OPC interface.
Communication over OPC is also used for
synchronization of operation of the VPP.

2. MODEL STRUCTURE

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].
There are many available works focusing on
modelling of particular elements [2]. The basic
requirements towards the model in VPP were, that
the model should allow to model the dynamics of
key processes and should have potential for the
continuous improvement. In other words, it must be
possible to develop models by step improvements in
such aspects like accuracy, introduction of more
advanced or alternative models of subsystems.
Therefore, the model must have modular structure.
This structure is presented on the figure 2.

The presented model was prepared for 200MW
unit. The unit consists of coal fired boiler, reheat
steam turbine and generator. One has to mention that
the model assumed in VPP does not impose this
structure, so it can be modified for some other units.
The communication between the model and other
parts of VPP is based on items in OPC protocol,
which do not require any special model structure.
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Fig. 2. The structure of the model

The model was
generation processes,

focused on main power

i.e. steam generation in the
boiler, steam-water cycle (including steam
regeneration in heat exchangers) and generator.
Some auxiliary machines were not covered, some
processes were only partially implemented. Example
of such process is the dynamic state, which depends
only on the rotational speed and does not have any
feedback to the rest of the model.

Another key requirement to the model in Virtual
Power Plant was possibility to keep several variants
of model of a given component. It is important,
because development of the model is a process,
where in the first step independent partial models
are developed. Those models have various levels of
details, depending on the focus of research. Next,
models are interconnected to cover larger part of the
power plant processes. The figure 3 presents
possible variants of a model in the case of steam
control valve.

|- Virtual_Power_Plant_Model V001

|
|- VALVE (steam flow control
valve)
|
|- V001 (static model, e.g.
spring + turbulent flow
equation)
|- model.mdl
|- model_parameters.m

|- V002 (V001 + dynamics, e.g.

mass of a head, friction)

|- model.mdl

|- model parameters.m

|- V003 (V002 + fluid flow

dynamics, e.g. oil/steam
acceleration)

|- model.mdl

|- model parameters.m

Fig. 3. The structure of variants of
sample element model
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Fig. 4. The process of condition monitoring, based on the mode

All models approximate the same element,
namely the steam flow control valve. Each one is
another variant, increasing complexity and accuracy.
Similar sets of variants are prepared for all modelled
components.

As a result of the described process, to create the
final unit model, the model of a component can be
chosen from a list of available model versions. All
such models must have common interface, but they
will certainly differ in model parameters. It should
be possible to adapt models to the chosen goal of
simulation (e.g. response to a load change) by
changing model parameters, which in case of
Matlab/ Simulink models can be stored in m-files.
Preparation of the model should consist of choice of
models of subsystems. For each subsystem the
model can be chosen out of a library of available
ones.

The fundamental distinction is between steady-
state and transient models. Whereas the first one can
be linearized, the latter is inherently non-linear and
thus, is much harder to develop. Therefore, each
submodel should have also defined its scope of
applications, i.e. valid range of input parameters.

3. APPLICATION FOR CONDITION
MONITORING

The application of the Virtual Power Plant,
which is presented in this paper is condition
monitoring of the power generation unit. The
process of condition monitoring, based on the
model, is presented on the figure 4.

The process is divided into two subprocesses,
shown in the fig.4 as separate levels. The first
subprocess is preparation of the tuned model. It
starts from choosing the model type and structure. In
the next step, the chosen model is tuned to the real
object. The tuned model is the input to the second
subprocess, which is condition monitoring of the
object. It is periodically (which can mean off- or on-
line) activated. The approach presented here is based
on residua generation, which are next checked
against the allowable limits. The presented process

is a typical one, the detailed description can be
found e.g. in [3].

There are several advantages, which can be
achieved, when the described process will be
implemented within the Virtual Power Plant
environment. Possible advantages are presented in
the table 1.

Tab. 1. Advantages in the process of condition
monitoring achieved by application of the VPP

Process | Advantage gained by application of
Virtual Power Plant
Model The model preparation can be much

preparation | faster, when the library of typical
power plant unit elements are used.

Model
tuning

The model tuning can be based on the
real data from the object, stored in the
database of VPP. Sets of parameters
can be assigned to particular object
operating points (when linearized
models are used).

Data Data acquisition can be simplified in
acquisition | both off- and on-line modes. In the off-
line mode, the possibility of the Central
Bus to reply stored data can be used.

In the on-line mode, it is possible to
acquire the data directly from the
Distributed Control System (DCS).

In such a case, the VPP can form a part
of a monitoring and diagnostic system.
Due to complexity of the VPP, it is
rather expected, that it will work
remotely, acquiring the data via

a phone line or network connection.

Residua
generation

Another part of the Central Bus — the
Data Processor, can be used to
calculate any set of chosen mathema-
tical expressions. Every residuum
should be configured and will result in
creation of new data source (or tag in
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the system). The value of this tags will
be updated with every refreshed data
input.

Tab. 2. Division of model variables on the sample
installation on a 200 MW power generation unit

Detection
of limit
violations

Limit Checker, yet another part of the
Central Bus, can be directly applied to
detect limit violations of residua. Prior
to limits configurations, states can be
defined. Each state is detected based on
values of chosen tag. Limits can be
assigned to states, and thus it is easy to
achieve residua checking only in
certain operational states, e.g. full load,
transient.

Variable type Number of implemented
variables
Binary input 81
Analogue input 1072
Binary output 689

User For user notification the DCS-like user
notificatio | interface in VPP can be used. One can
n upgrade the user screens with
additional controls, showing the status
of particular components.

It is very important that all mentioned
functionality can be achieved only by configuration
of the VPP, without the need to develop any
software.

4. CASE STUDY

The Virtual Power Plant was applied to the real
200MW coal-fired unit in one of Polish power
plants. This action was planned as the verification of
the concept of the Virtual Power Plant. According to
the agreement with the chosen power plant owner,
following data were transferred to the research team:
- technical documentation of selected components;
- locations of measurement sensors;

- DCS system configuration;

- DCS screen set with assignments of
measurement channels to screen controls;

- data acquired by DCS during the operation of the
unit;

- know-how and consulting from power plant
experts.

The developed model contained all main
elements of the unit, i.e. boiler, steam turbine and
generator. The model structure followed the
structure shown on fig. 2. The model also contained
auxiliary equipment, such as preparation of fuel
(coal mills, boiler fans, air heaters), steam water
cycle (heat exchangers, condenser, deaerator),
cooling water and control systems. The model
included submodels of dynamic state and stress, but
they had no feedback to the other components. The
division of three basic types of model variables is
presented in the table 2. Those types are shown as in
the DCS system.

The majority of binary output channels had fixed
value, since it was sufficient to model only certain
states of the power plant. In the user interface
system 40 screens from the original DCS were
implemented. The figure 5 presents one of
implemented screens, presenting overall view of the
turbine with steam regeneration and the generator
with connection to the grid.

Fig. 5. One of DCS screens implemented in the
Virtual Power Plant on a 200 MW unit

In most cases physical equations were used to
model the behavior of the plant. However, such an
approach resulted in huge CPU consumption and
large excession of real-time conditions. Therefore,
the hybrid approach was applied [1]. In this step
another version of the model was prepared, in which
all heat exchangers were implemented as sets of
linearized models. Heat exchangers were chosen for
linearization, as it was the part of the model, which
caused the highest CPU load. This version of the
model had worse accuracy, but was much faster,
even up to 150% of the real-time in comparison with
over 1000% for the analytical model.
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Fig. 6. Comparison of the model output and the real output for load and fresh steam flow

In order to work, the model had to implement
several control systems. Following subset of control
loops was implemented:

- combustion controller;

- steam pressure controller;

- rotational speed controller load controller;

- water injection controllers;

- heat exchangers controllers (controlled steam
exhausts).

Due to very high complexity, only basic
functionality of those controllers was implemented.
For modelling, large sets of data from real operation
of the unit were loaded into the VPP database. For
presentation in this paper a part of data as chosen,
presenting ramp load change from about 160MW to
210 MW. The fig. 6 presents comparison of the
model response to the real data for load and fresh
steam flow. It is visible, that only part of the system
dynamics was modelled. There were three principal
reasons for such a behavior — first, presented results
were obtained for the model consisting of set of
linearized models. Second, there was no access to
the noise acting on the object, so only the basic
dynamics was shown by the model. Third, several
control systems were implemented with significant
simplifications, which again limited the response of
the model to only the basic behavior.

Other interesting plots (fig. 7 and fig. 8) present
the performance of the model. It shows timeslices
required for simulation and the time actually needed
for calculation of one step.

One timeslice was 10s of real time and it is
shown as the straight horizontal line. As shown
above, in the complete model case, VPP required
from 15 to 25s to model 10s of the real time a time.
The performance was measured during modelling of
load change, shown on fig. 6. As expected, during
the transient process, CPU load is increased. On the
other hand, during steady state operation, the model
requires only 50% more time than the real time. In

the second case of linearized model, the
performance was much better, requiring 4 to 9s of
the real time. Note, that there was some increased
load at the start-up, with few periods, where the 10s
timeslice was exceeded by approximately 1s.

Simulation time vs real time

18 available time (real time)
—time required for simulation

real & simulation time [5]

oG 08 1 12 14 16 18 2
total simulation time [hrs]

Fig. 7. Performance of model during the simulation
of transient process for the complete model

0 02 04

Additionally long term simulation tests were
performed. The test duration was 65 hours and the
unit was going periodically through states of run-up,
steady state, run-down and turning gear. The
performance measures were recorded and are
presented on the fig. 9.

As shown, the average performance of the model
was around 60% of available time, i.e. modeling
took only 60% of the real time. This result is very
satisfactory.
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Fig. 9. Performance of model during long term test
SUMMARY

The paper presents the concept of the Virtual
Power Plant and its application to the condition
monitoring of power plant components. The VPP is
a distributed environment, which joins modelling,
databases and user interfaces. It is possible to reply
the data acquired from a real unit and record the
response of the model.

In the next chapter the architecture of the VPP
and its main components are described. Two types
of databases and their corresponding user interfaces
are presented. The condition monitoring algorithm
uses the VPP, previously tuned to the power plant
unit in good conditions. Next, the data from an
unknown conditions are replayed and residua are
generated. This classical approach can be facilitated
by the use of the VPP.

The following chapter describes structure of
models used in the VPP. It is possible to implement
several submodel versions to adapt the model to
specific need of a modelling task (e.g. transient or
steady-state). Example of such an approach for
a steam control valve is presented.

The concept was verified on the case of real
200MW power generation unit. The model

generated over 1000 channels and presented the data
on 40 mimic screens. There were two models
developed: the analytical model, which had good
accuracy, but was unacceptable due to very long
calculation times and the second one, consisting set
of linearized models of most CPU-consuming
components. The second model is close to the real
time operation. Further research will be performed
in the direction to extend applied models to improve
accuracy, especially in transient states.

The author gratefully acknowledge the financial
support of the research project DIADYN No PBZ-
KBN-105/T10/2003, funded by the Polish Ministry
of Science (MNil).
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Summary

The paper presents an idea of identification of the flutter phenomena during a flight. The
proposed flutter detection algorithm is based on the identification of natural frequencies and modal
damping ratio for an airplane structure based on in-flight vibration measurements. The procedure
can be realized during a flight using measured actual vibration. The algorithm is based on
recursive identification of model parameters and wavelets based signal filtering. The real-time
realization is implemented in hardware and tested during a flight. FPGA technology is used for the
hardware design. The results of a test of the hardware system prototype are presented.

Keywords: flutter, real-time modal analysis, FPGA.

MECHATRONICZNE PODEJSCIE DO BADANIA MARGINESU FLATTERU SAMOLOTOW

Streszczenie

W artykule przedstawiono implementacj¢ algorytmu identyfikacji flatteru podczas lotu.
Przedstawiony algorytm bazuje na identyfikacji czgstotliwosci wlasnych oraz wspotczynnika
thumienia poprzez pomiar drgan struktury samolotu. Zaprezentowana procedura moze byc
realizowana podczas lotu wykorzystujac dostgpne sygnaly z czujnikéw drgan. Algorytm
wykorzystuje transformate falkowa jako filtr czgstotliwoSciowo-czasowy dla izolacji
pojedynczych postaci drgan o parametrach zmiennych w czasie. Realizacje w czasie rzeczywistym
wykonang w postaci sprzgtowej sprawdzono podczas testowego lotu. Do zaprojektowania
struktury sprzgtowej uzyto technologii FPGA. Przedstawiono rezultat dzialania prototypowego
urzadzenia.

Stowa kluczowe: flatter, analiza modalna w czasie rzeczywistym, FPGA.

which can be directly applied for modal parameters

Unstable vibrations of airplane can be a reason of
a catastrophic failure of an aircraft. Such a case of
vibration is commonly defined as a flutter [1]. In the
literature [2] [3] many cases of the flutter
phenomena are carefully studied. Each aircraft
should be tested using numerical simulations and
experimental investigation of airplane structure
vibrations due to the controlled excitation during
a flight. A vibration based experimental flutter test
during a flight is very expensive, time consuming
and is a critical part of the aircraft certification
procedure [4]. The procedure of in-flight flutter
testing consists of measurements of structural
vibration of an airplane and, based on these
measurements, estimation of modal model
parameters [S5] [6]. Each possible aircraft
configuration should be tested separately. There are
two cases: first, if an artificial vibration excitation is
used during a flight and second, if an ambient
excitation (non measured) is a cause of structural
vibration. Many papers are focused on the
development of operational modal analysis methods,

estimation during a flight [7] [8]. Some of them are
realized iteratively in real-time, with less then
1 second interval between estimations [9] These
methods, applied for flight flutter testing, shorten
testing procedure and dramatically decreasing its
costs. During the proposed procedure, an aircraft is
excited by an operational excitation (turbulences,
maneuvers of the airplane) or using dedicated
excitation devices, and its vibration responses are
measured. Based on the recorded signals, the modal
parameters of the structure are estimated using some
identification method. These parameters, in
particular modal damping and natural frequencies,
are useful for flutter boundaries determination. The
described procedure should be applied at each test
point to determine the Flight Clearance Envelope
(FCE) [4]. There are many different modal
parameters identification methods that could be used
for in-flight flutter testing. They can be categorized
to experimental and operational modal analysis
methods [8]. The second ones can be applied for an
experiment scenario, in which the excitation force is
not measured and. implemented in the proposed
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flutterometer design. The flutterometer is an
electronic device that permits estimations of modal
parameters during a flight, based on the structure
response, focused on tracking of the flutter margin
changes with variations of flight conditions. Both
time domain and frequency domain methods match
requirements of the on-line modal parameters
identification [9]. A wide range of methods can be
considered for final implementation; many of them
have been tested using simulated and real
measurement data. The time-domain method, based
on a simple recursive RLS algorithm is applied in
the proposed solution as efficient enough and
relatively easy to implement. The major assumption
applied in the procedure is linearity of the isolated
system modes that are, however, nonstationary due
to changes of flight parameters and variations of
aerodynamic feedback. Signal processing procedures
should satisfy these assumptions. The wavelet based
signal preprocessing is employed in the solution.

2. IMPLEMENTATION OF SIGNAL
PROCESSING ALGORITHMS IN FPGA

2.1. Hardware — software partitioning

The flutter monitoring algorithm consists of five
steps: data read from analog-to-digital converters
(ADC), convolution of a stored wavelet with signals
from sensors [10], signals reconstruction, on-line
recursive least square (RLS) routine for estimation
of parameters of ARMA models [9], and
determination of damping coefficients for flutter
detection (Fig. 1) [11]. The result of calculation is
stored in memory and transmitted to PC by USB
interface. The wavelets are generated during system
initialization by the processor and stored in buffers
in custom hardware. Floating-point operations of
software part are accelerated by hardware custom
instructions created in the Nios II ALU, namely
floating-point addition, multiplication, reciprocal
and square root.

The normally most time-consuming part of the
algorithm — convolution and signal reconstruction is
accelerated by a custom hardware accelerator and
executed in fixed-point arithmetic [14]. It is possible
because of restricted resolution of input data and
fixed size of both the wavelet table and the input
buffer. Signal reconstruction is carried out
simultaneously with convolution. The hardware
accelerator (Fig. 2) is controlled by a single master
control unit responsible for signal acquisition from
DAGC:s, storing of the samples in a circular buffers,
generation of addresses and control signals for
memories containing wavelet and signal buffers, and
synchronizing data feed with actual calculations
performed by multiple identical convolution and
signal reconstruction units.

input
data 1 Buffer

Convolution

hardware

software

Fig. 1. Hardware-software partitioning
of the flutter monitoring algorithm

JE

result buffer
& signal ; & Mux

reconstruction

signal buffer
(circular)

L

L ADC

Fig. 2. Architecture of the custom
hardware accelerator for multi-channel
wavelet transformation

Such an arrangement allows for easy scaling i.e.
simultaneously performing variable number of
wavelet transformations of each of variable number
of input signals without consuming more time, with
variable wavelet length in each channel (1024 points
maximum) and with signal time window width of
512 samples. In present version, the flutterometer is
equipped with hardware accelerator capable of
separation of three vibration modes in each of two
input signals (six channels altogether).

2.2. Hardware architecture

The processor and the hardware accelerator work
in master-slave arrangement with the processor as
master. Completion of calculations by the hardware
accelerator is registered in status bits and generates
a DMA request to transfer the results to software.
RLS algorithm and damping coefficients
calculations are performed for each wavelet-filtered
signal in floating-point arithmetic by the processor
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supported by customs instructions. Flutter
appearance can be then determined using damping
coefficients thresholds table indexed by the actual
flight conditions. Fig. 3 shows overall hardware
architecture of the flutterometer.

Timar m MOSH | ALY @% mmhm\‘__..i FLASH
IL 1T 1T it
AVALON E m—'b" Display
T I o]
| w{::F- K:' Wirveled butfer | Pl ----d\--a-\‘__.‘i SRAM
= — x | |"'°"{";‘| FPGA
| 11 | | 35 ‘
T IrT
Fig. 3. Internal architecture of the
flutterometer FPGA

All calculations are shared between software
(dark gray blocks) and hardware (light gray blocks)
[15], as shown on Fig. 3, in system created in
a Stratix FPGA chip. Software means that parts of
the algorithm are written in C and next compiled for
Nios II soft-processor [13, 14]. Hardware fragments
are realized in the logic of the FPGA and the Avalon
Bus is used for data exchange.
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Fig. 4. Block diagram of the
flutterometer hardware

The hardware of the flutterometer is based on
a Stratix FPGA chip (Fig. 4) that is responsible for
algorithm realization. FPGA programming is
performed from flash memory by MAX II CPLD
chip. Flash can store several configurations for
FPGA and can be accessed directly by Nios II
microprocessor implemented in FPGA. The latter
allows for reading program code and long-term data
storage by microprocessor. For temporary data
storage, the system is equipped with fast static
memory. FPGA, CPLD and both memories are
placed in a single JTAG chain for programming and

debugging.
The inputs to the flutterometer are signals from
ICP piezoelectric accelerometers. After

amplification and antialising filtering, they are
digitized by analog-to-digital converter triggered by
FPGA with programmable frequency in the range
10-200 Hz.

) S
Fig. 5. Prototype of the flutterometer

The system has five outputs:

— analog output, generated by digital-to-analog
converter, to enable external recording of
changes of damping coefficient;

— serial digital interface for sending results of
calculations to external devices;

— 8-segment, 4-digit display and LCD providing
the current value of damping coefficient;

— multicolour diode bar indicating current flutter
margin;

— digital, optoisolated alarm outputs signalling
improper (too small) flutter margin.

The prototype of flutterometr is presented on
Fig. 5. All components are placed on single PCB.
LCD display is outside of the board and is designed
for showing status information.

The whole application occupies 32% of logic
elements, 29% DSP blocks and 34% of memory in
EP1S30F1020C7 FPGA chip, leaving enough
resources for future modifications of algorithm.

2.3. Experimental verification

In the first step of verification a triangle-wave
input signal from a generator was used (Fig. 6). The
frequency of the signal was 7.48Hz. Because the
amplitude of the signal was constant, damping ratio
was near zero. The frequency was identified
correctly by the RLS algorithm to 7.48Hz.

On the next step, the shape of the input signal
was replaced by square-wave. Additionally the
amplitude of the signal was variable. For decreasing
amplitude, the identified damping ratio was positive
and vice-versa (Fig. 7).

Next, the device was tested on signals recorded
during a flight of a military jet aircraft when flutter
actually appeared [16].

Finally, the performance of the flutterometer has
been verified during flight of a “Skytruck™ aircraft.
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Fig. 6. Laboratory verification:
triangle-wave input signal; frequency
ca 7.48Hz, sample time 0.01s
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Fig. 7. Laboratory verification:
square-wave input signal; frequency
ca 5.76Hz, sample time 0.01s

The M28 “SkyTruck” (Fig. 8) is a twin-engined
high-wing cantilever monoplane of all-metal
structure, with twin vertical tails and a robust
tricycle non-retractable landing gear, featuring
a steerable nose wheel to provide for operation from
short, unprepared runways where hot or high altitude
conditions may exist. The M28 is dedicated for
passenger or cargo transportation.

Fig. 8. M28 “SkyTruck” aircraft —
civil version

During the flutterometer verification experiment,
two signals have been used (Fig. 9-a). The first
accelerometer was mounted on the right vertical tail.

The second signal came from an accelerometer
which was placed on the right plane. Both
accelerometers measured vibrations in the vertical
direction. Results of the calculations were
transmitted to a PC (Fig. 9-b) by the USB interface,
and stored on hard disk.

The signals were sampled with frequency of
100Hz during the test flight performed at constant
speed of about 172KTS (320km/h). For each
channel three modes were estimated. The frequency
of the modes and appropriate wavelet parameters
had been identified using data from previous flights
of the same plane [17]. Results for modes of
frequency: 5.2Hz, 7.4Hz and 12.5Hz in the vertical
tail signal are presented on the Fig. 10.

V4|

¥y

Flutterometer

Fig. 9. In-flight experiment:
a) diagram of connections, b) picture
of equipment; the flutterometer on the
left side of the table

3. CONCLUSIONS

The hardware platform for implementation is
based on a modern FPGA chip. Implementation of
the flutter monitoring algorithm is proposed with
Hardware-Software Co-design approach, i.e. a part
of it is realized by hardware and the remaining part
by software running on Nios II soft-processor
contained in the FPGA. The flutterometer is an
example of System-on-Chip, which allows for high
level of integration and flexibility — it can be altered,
e.g. to optimize for different algorithm, or to add
some functionality, by reprogramming the FPGA
without modifications of the PCB. The methodology
used, lowered costs and the duration time of the
development process.
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1. INTRODUCTION, PROJECT AIM AND

STRUCTURAL CONDITION EVALUATION OF PRESTRESSED CONCRETE

STRUCTURES BASED ON VIBROACOUSTIC MONITORING
Stanistaw RADKOWSKI, Adam GALEZIA, Jedrze] MACZAK, Krzysztof SZCZUROWSKI

Instytut Podstaw Budowy Maszyn PW
Ul. Narbutta 84, 02-524 Warszawa, ras@simr.pw.edu.pl

Summary

Analysis of the phenomenon of modulation of vibroacoustic signal’s parameters, especially the
amplitude and the frequency structure of the envelope which is directly associated with the
occurrence of group velocity, may prove to be an effective tool for diagnosing the technical
condition of pre-stressed structures. This scope of work and the examination of the influence of
local defects and of the environmental impact was the main research task during COST Action 534
project duration. An issue that is particularly interesting and that calls for additional analyses and
experiments will be the development and adaptation of effective de-modulation algorithms.

Keywords: technical diagnostcs, presstresed structures, amplitude modulation.

OCENA STANU TECHNICZNEGO BETONOWYCH KONSTRUKCJI SPREZONYCH
NA PODSTAWIE MONITORINGU WIBROAKUSTYCZNEGO

Streszczenie

Analiza zjawiska modulacji wibroakustycznych parametrow sygnatu, a w szczeg6lnosci
amplitudy 1 struktury czgstosciowej obwiedni, ktora jest bezposrednio zwigzana ze zjawiskiem
predkosci grupowej, moze by¢ efektywnym narzedziem w diagnozowaniu stanu technicznego
struktur sprezonych. Ten zakres pracy, jak rowniez badanie wptywu wystgpowania miejscowych
wad bylo glownym zadaniem konczacej si¢ Akcji COST 534. Zadaniem, szczegblnie
interesujacym i wymagajacym dalszych analiz i eksperymentdéw, jest rozwdj i adaptacja
uzytecznych algorytméw demodulacji.

Stowa kluczowe: diagnostyka techniczna, struktury wstgpnie spr¢zone, modulacja amplitudowa.

University of Technology,

Bouwdienst

DESCRIPTION OF PROBLEM

COST Action 534 is UE research project in
subject: “New Materials and Systems for
Prestressed Concrete Structures”. Project started in
2003 and ended in December 2007.

In project were involved 35 participants. Project
was divided to 5 Work Groups and each WG had
several Group Projects. Author’s research project
was realized in framework of Work Group 3 —
“New assessment methods”. WG3 project aimed to
evaluate the structural condition of reinforced and
prestressed concrete infrastructure facilities by
means of acoustic monitoring and by improving the
applicability of the dynamic evaluation techniques.
Group Project 4 — “Structural condition evaluation
of prestressed concrete structures based on acoustic
monitoring”, whose coordinator was Stanistaw
Radkowski, was aimed to develop vibroacoustic
methods allowing for evaluation of condition of
structure. In this Group Project participated
researches  from:  Warsaw  University  of
Technology, KWH Bautechnologen AG, AGH
University of Science and Technology, Poznan

Rijkswaterstaat and Advitam, Budapest University
of Technology and Economics, National Technical
University of Athens.

In this paper authors would like to present
results of their research in framework of COST
Action 534 and conclusions related with this
subject.

It was intended to achieve the structural
evaluation by analysis of the relationships between
the distribution of stress in the cross-section and
changes of vibroacoustic signal’s parameters.

It is generally known that infrastructure
facilities (viaducts, bridges, etc.) age over time with
an increasing rate due to intensified loads by traffic
and aggressive exposure conditions. For concrete
structures this process results in cracking in many
cases. Consequently, the problem of structural
performance regarding to load capacity and user
safety becomes of increasing importance. From an
owner’s perspective condition evaluation by non-
destructive techniques could therefore be very
helpful in supporting management and maintenance
decision’s making process.
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Basic assumption is that increase and decrease
of prestressing forces are accompanied by a change
of stress distribution in the cross-section of concrete
structure. The parameters of propagation path will
change due to this phenomenon.

Using monitoring technique based on the
change of their dynamic characteristics to classify
structures, it is necessary to determine a numerical
relationship between the measurable dynamic
characteristics and the degree of deterioration. The
availability of several physical models regarding
deterioration of prestressing structure makes it
possible to establish relationships between defects
resulting from degradation of prestressed steel and
the stress distribution in the cross section of
structure. As the stress level affects the velocity of
wave propagation, vibroacoustic is used to provide
quantitative information on the general stress. This
information is used to evaluate the overall condition
with respect to the load-bearing capacity of
structures using appropriate numerical modeling
tools. It is therefore important to note that the
project was aimed at overall condition evaluation of
structures rather than provide information on the
level of single defects. Based on the development
of stress distribution over time predictive evaluation
of structure condition to establish the residual
service life is performed.

The to-date research, concerning components of
machines and especially the shafts, that is the
beam-type structures, shows that changes of stress
in the outer layer of concrete can be detected by
methods of vibroacoustic signal demodulation.
Accordingly, the occurrence at the quantitative
change of stress distribution leads to the change of
distribution of amplitudes around the relevant
carrier frequency, usually the natural frequency of
structure vibration. Thus, apart from the selection
of the relevant model of the modulation
phenomenon, the essential task in the proposed
project was to define the method and the criteria of
selection of modulated bands of diagnostically
essential carrier frequencies.

For real-life structures continuous acoustic
monitoring using surface applied sensors are
a practical way of condition evaluation. The results
thus obtained indicate the occurrence and the
location of tendon failure. By appropriate filtering
techniques the method is capable of providing
useful information even in a noisy traffic
environment. The data can be used to support
decisions regarding management and maintenance
of structures.

2. LABORATORY EXPERYMENTS -
RESULTS
Examined method of diagnosis relies on the
relationship between the parameters of the wave
propagation as a function of stress occurring in
a given object. This is manifested by changes to the
modulation of the vibroacoustic signal’s

parameters, which is caused by the disturbance of
propagation of the sound wave in the material as
a result of changes to the distribution of stress in the
cross-section of the pre-stressed structure. Defects
appearing in structure leads to the decrease of
compressing stress what result in a change in the
distribution of stress in the cross-section that is
measurable in a degree allowing one to detect the
qualitative change of the effect of modulation of the
vibroacoustic signal’s parameters.

Paper presents method of evaluating the
technical condition of a prestressed structure while
underscoring the possibilities offered by use of
amplitude modulation effects which occur in the
observed vibroacoustic signal.

2.1.Description of laboratory tests

In frame work of research project many tests in
laboratory conditions were performed. Examined
samples were made for purposes of tests. As
a result of analysis of signals obtain from
measurements, it was possible to define algorithm
of failure detection and identification.

Fig. 1. Location of vibration sensors and
directions of vibration-causing forces in the
prestressed concrete beam: a) - scheme of
measurement made in Kielce and Warsaw
(with perpendicular force), b) - scheme of
measurement made in Poznan (without
perpendicular force)

Tests were aimed for investigation of dynamic
response of prestress structure behavior under
changeable loading conditions: what is frequency
structure of a response pulse and how it depends on
technical state and failure evolution.

Preliminary set of tests were carry out in
beginning of project and made in Kielce University
of Technology. Measurements were carry out on
a prestressed concrete beams made of B20 class
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concrete with dimensions 1500x100x200mm. The
specimen was placed in the strength testing device
bed, supported by two symmetrically placed
supports and during measurements it was loaded by
machine’s bending punch with a pre-defined force.
Exact description of tests can be found in [5, 6].
The tests were carried out with load changing from
0.5 kN to 70 kN, because loading with force 75 kN
resulted in breaking of the beam. The first small
cracks usually emerged when the load of 45kN was
exerted.
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Fig. 2a. Signal spectrum obtained
from one of measurements
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Fig. 2b. Selected frequency band -
changes in amplitude modulation
resulting from change of load

In order to observe the changes in terms of
propagation of the wave through the examined
beam vibration sensors were placed on the beam.
Their exact locations, locations of impulse
excitation force and point of loading are presented
in Fig. 1a.

Recorded results of measurements were
subjected to analysis in order to define the
conditions of propagation of the waves caused by
a pulse input. Distinct differences were observed in
the values of response delay for the detector located
at the opposite side of the beam (see detector no 5).

Figure 2a presents example of signal spectrum
obtained from one of measurements. Figure 2b
presents sideband of previous spectrum concentrated
around 4800 Hz.

First observation was change of natural
frequency as a function of crack expansion
figure 3). Changing of loading caused a bending of
a specimen. Bending lead to change of stress
distribution in beam and change from compressive
to tensile. This lead to arise and further expansion of
crack under increasing loading. It can be seen that
before arise of crack there is no change in natural
frequencies and after arise of crack change is
significant. Basing on change of natural frequency it
is possible to infer about crack appearance and its
evolution. This is related with change of mechanical
properties of specimen and stress distribution in
structure with cracks. However this method gives no
information about stress distribution in stage before
failure formation so it is impossible to predict how
close to failure structure is.
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Fig. 3. Change of natural frequency
as a function of crack propagation

It was also observed that due to dispersion
phenomena in concrete, it is possible to observe not
only phase velocity but also the group velocity.

As it was also observed, that around natural
frequencies modulation bands are present. These
bands are not equivalently distend from carrier
frequency, and they are shifting due to change of
load.

Next measurements were made in Poznan
University of Technology. Set of 11 prestressed
concrete beams was tested. Each specimen differs
with degree of prestress. Beams had prestressing
from 0 kN to 100 kN, with step of 10 kN. Beams
dimensions were: 1300x140x110 mm. Specimens
were produced in factory with maintaining of
production and standard procedures.
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Tested beam was supported on steel prisms and
expanders allowing for free vibrations of beam. This
was made to verify which support gives more
informative results and bring in less disturbances.
No additional, external forces were applied to
specimen during measurement. Measurements aimed
to investigate influence of prestressing force on
distribution in spectrum of natural vibrations.

Excitation of vibrations was made by modal
hammer and measured by set of vibration sensors
attached to surface of specimen. Data acquisition
was made using NI equipment with high sampling

frequency.
Support on steel prisms introduce less
disturbances by damping free low frequency

vibrations. For further analysis signals from prisms
were examined. An interesting observation is related
with frequency structure of response for excitation.
From informative point of view, response signal can
be divided in to two parts — stationary and non-
stationary.

Non-stationary part approximately ends around
0,05 second, from beginning of signal, and its
spectrum contains many informative frequencies -
higher natural frequencies, modulations around them
additional peaks. Problem is duration of this signal,
what influence spectrum frequency resolution.
Spectrum of stationary part (from 0,05 till ~0,25
sec.) contain peaks of lower frequencies related with
free vibrations (fig. 4). Analysis of signal combined
from non-stationary and stationary part, in spite of
increasing frequency resolution, is not giving
improvement in information contained in signal due
to decreasing of amplitude of peaks.

A surprising result achieved from analysis of
signal was that change of degree of prestess has no
influence on phase velocity of wave. Figure 5
presents changes of phase velocity in a function of

prestressing force and waveform of excitation and
structure response on opposite end of beam. It can be
seen that for unify waveforms of excitation (below
0 line), there is no trend in changes of response
waveforms (over O line). Such changes were
detected in signals coming from measurements made
in Kielce.

Also it was discovered that there is no unique
and significant changes in signal spectrum for
differed prestressings (Fig. 6).

Taking in to consideration that the diagnostic
experiment was performed without perpendicular
force, it is obvies, that no dispersion phenomenon in
prestressed structure was indicated on this way.

It must be remembered that each specimen,
having own presterssing, was a different object. This
leads that despite of maintaining production
procedures difference from assumption can be
present. Following conclusions came out after
measurements: dynamical behavior of tested
structure was very similar, changes of degree of
prestress do not influence phase velocity. Phase
velocity can not be used as a tool for inferring on
stress exiting in structure. Also the measurable
change of group velocity was not observed.

Basing on those results additional tests were
made in laboratory of Research Institute of Roads
and Bridges in Warsaw. Tests were made on
selected beams (prestressing force 0 kN, 3 kN, 5kN,
10 kN) from set of specimens tested earlier in
Poznan. Thanks to this errors due to different
specimen were avoided and could be compared with
results from earlier measurements.

During this measurement session, vibration
response, to impulse excitation, of each beam, was
registered. Specimens were placed in durability
machine which implement force on prestressed
concrete beams using bending punch. Specimen
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dimensions: 1300x100x140 mm, distance between
supports in durability machine was 1060 mm.
Examined structure was banded until arise of crack.
Bending force was changing from 0 kN to 19 kN,
with step 1kN.

Analysis of signals gives very interesting results.
Similarly to results of measurements made in
Poznan, no change in phase velocity has been
observed — in both cases - as a function of
prestressing and as a function of bending force.
Spectrums of signals from beam with prestressing
force 10 kN and different loads are presented on
figure 7. It can be seen that natural frequencies are
not shifting, what is related with stability of phase
velocity, in contrast to sidebands around them, what
is related with group velocity. This phenomenon is
caused by dispersion. It is well visible on side bands
around carrier frequency 1630 Hz. (natural
frequency).

3. ALGORITHM OF DIAGNOSING

As it was presented in [1-4, 7] dispersion
phenomena cause change of group velocity of wave
traveling through beam. This change cause as an
effect amplitude modulation of carrier frequency. It
can be also seen that shift of sidebands has tendency
— with increase of stress in cross-section sidebands
are shifting in direction of higher frequencies. Main
conclusion based on results is that changes of phase
velocity carry information about failure development
and group velocity may be a very useful tool for
estimation of stress distribution in structure.

The analysis of the phenomenon of modulation
of a vibroacoustic signal, especially the amplitude
and the frequency structure of the envelope which is
directly associated with the effect of existence of
group and phase velocity, may prove to be an
effective tool in the process of diagnosing the
technical condition of prestressed
structures.

Fig. 8. Probability distribution of
acceleration envelope

As an example of usage of probability
distribution of acceleration envelope as a diagnostic
parameter of technical state of prestressed
construction, the quantity change in amplitude due

to formation of structure cracks could be considered
(figure 8).

On the one hand there occurs the relationship
between phase velocity and frequency while on the
other the group velocity changes leads to the
phenomenon of amplitude modulation. The
existence of direct relation between the stress in the
concrete and in the pre-stressing bars on the one
hand, and the values of phase and group velocities,
on the other, create the possibility of building
inverse diagnostic models and thus determining the
quantitative changes of such parameters of technical
condition as Young’s modulus or stress in the
concrete and in prestressed steel bars.

The descriptions of the phenomena listed here,
the relevant mathematical and diagnostic relations,
are presented in [1-6]. They enabled addressing in
the present document, the task of developing the
algorithm for measuring, analysis, diagnostic
inference and estimation of technical condition of
a prestressed structure.

Basing on this following algorithm was proposed
[71.

In the first step the signal registration and the
preliminary analysis of correctness of registered
signals are performed. With the use of a signal
coming from a force sensor, placed in a modal
hammer used for excitation, all the signals are
rescaled and averaged (assuming linear relationship
with the excitation force). At the stage of research
related to prestressed concrete structures we
examined the relation between the excitation force
and the amplitude of response. Since the amplitude
depends on the force in a linear manner, thus its
scale can be changed in any way.

In the next step the averaged signals are
subjected to a Fourier Transform. At this stage we
can observe the changes of own vibration frequency
which, as paper [3] demonstrates, are subject to
substantial changes along with the emergence of
cracks. Defining the values of frequencies of
subsequent forms of own vibration enables
determination of phase velocity, while its relation to
frequency enables initial estimation of stressing
forces occurring in the examined structure.

In the further part of the task we determine the
bands surrounding own vibration frequency where
we can expect the emergence of modulated
bandwidths containing relevantly-oriented
diagnostic information. After filtering in the
bandwidths and demodulating the results, we obtain
the information on instantaneous values of the
envelope.

At this point attention should be drawn to the
need for selecting relevant frequency bands due to
the possibility of omitting the information in
a situation of its improper selection. Attention
should be drawn to the phenomenon of asymmetrical
modulation, which was discussed in earlier papers
and reports [2, 4].
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Fig. 9. Algorithm of diagnosing

While observing the changes taking place in the
signal’s envelope, one can initially define the state
of stress: is it in the area of load where stressing or
stretching loads occur? It is also possible to initially
determine the occurrence of defects in the examined
object.

When using demodulation it is possible to
examine the phenomena associated with group
velocity, which along with phase velocity enables us
to define the stress in the cross-section of the
examined structure. While relying on the same
signal, it becomes possible to define the damping of
the examined signal by the structure. In accordance
with the examples presented here, while relying on
the changes in the damping phenomenon, one can
determine the occurrence of unfavorable events, e.g.
defects of the prestressing string or significant, local
moisture having influence on the strength of
a structure.

The algorithm analyzes the tasks resulting from
the description in a relevant sequence. What is worth
noting is the necessity of maintaining constant
control of correctness of measurement results’
registration. It is the outcome of extensive
requirements related to measurements, in particular
the registration at the sampling frequency, which
enables determination of instantaneous phase
velocity of wave propagation. Respectively, in the
next step one should select the parameters of
transformation to the frequency domain. The
selection of frequency bandwidths should be
supported by the analysis of the dynamic model of
a structure — in this case a beam, and by the analysis
of sensitivity of relevant bandwidths to changes of
group velocity as a function of its dependence on the
properties of materials and the state of stress or
magnitude of prestressing forces.
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Signal demodulation, performed as the next step
in earlier selected bandwidths, enables estimation of
the signal’s frequency structure, the frequency
structure of the envelope in this case. The
demodulation can be performed while using various
methods — Hilbert transform was used in this case,
which in the task of determining the envelope
enables us to obtain results which are satisfactory,
correct and precise-enough.

The results obtained this way allow us to define
the parameters of the envelope, which are required
for further analysis, especially their instantaneous
values. Then, based on the relationships developed
earlier, the parameters of the envelope obtained this
way are in the next algorithm step used for
determining the value of phase velocity and group
velocity. Similarly, while using a dynamic model
which describes transient motion, it becomes
possible to determine the damping value. It is worth
noting that for the purpose of defining the degree of
the influence and type of non-linearity occurring or
dominating in a structure, the algorithm provides
for the possibility of conducting the relevant bi-
spectral analysis.

After conducting the presented activities we
have a multi-dimensional vector of diagnostic
parameters, which in the next step of the algorithm
can be used for calculating the technical parameters
of the diagnosed technical structure. As an option
the proposed procedure offers the possibility of
drafting of reports in a selected format.
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Summary
In this paper there is analyzed an influence of vibroisolators’ stiffness and damping qualities on
vibrations level of centrifugal fun. The results obtained from numerical simulations confirmed the
regularity that a limitation of force affecting the fan’s foundation can cause an increase of its own
vibrations’ amplitude.

Keywords: springy vibroisolators, rubber vibroisolator, resonance response.

ROLA WIBROIZOLATOROW W TEUMIENIU DRGAN WENTYLATORA PROMIENIOWEGO

Streszczenie
W pracy analizowany jest wplyw sztywno$ci i wlasnosci thumigcych wibroizolatoréw na
poziom drgan wentylatora promieniowego. Wyniki symulacji numerycznych potwierdzity
prawidlowos$¢, ze ograniczenie wielkoSci sity dziatajacej na posadowienie wentylatora moze
powodowaé wzrost amplitudy jego drgan.

Stowa kluczowe. wibroizolator spr¢zynowy, wibroizolator gumowy, odpowiedz rezonansowa.

1. INTRODUCTION

Fans are commonly applied in turbomachinery
industry. Main mediums in these devices are: air, air
mixture with particles of solids or other gases
depending on the system character. Fans are dovces
with not complicated designs. Its principal element
is a rotor with blades and typical streamlined profile
whose diameter may reach a few meters. The width
depends on the rotor function. Machines with great
volume flow rate have wide rotors while fans with
high pressure differences have narrow rotors.
Rotating rotor transmits kinetic energy to the
medium flowing in chambers between blades. This
kinetic energy is changed into dynamic pressure of
gas. In a helical chamber the medium is compressed
which causes static pressure increase[1].

The fan rotors bases are fixed usually either
directly to the foundation using anchors, or on steel
frames after being placed in armored concrete.
Frequently between the frame and the body
vibroisolator is mounted, in which springy-damping
element is spring or rubber pad. Using vibroisolators
is not always necessary and desirable because their
influence on the system dynamic properties.
Generally, the principle is suggested, according to
which vibroisolators should be used in case when
there is a necessity to limit the action of forces on
the foundation. Using element with lower stiffness
then stiffness of direct connection of the fan body

with the frame or the foundation results in decrease
in device free vibration frequency. Small damping in
the system is factor which favors growing of
vibrations  parameters amplitude. Sometimes
stiffness and body damping are so small, that
vibration amplitudes in frequencies both excitation
frequency and free frequencies reach values higher
then permitted by the norm [2-3].

2. FAN MOUNTING ON VIBROISOLATORS

For the needs of vibroisolation two kinds of
vibroisolators are commonly used: springy Fig. 1
and rubber ones. The basic difference between these
kinds of vibroisolators lies in their characteristic

Fig. 1. An example of springy vibroisolator
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The  static  characteristics of  springy
vibroisolators W2-434, W2-435, W2-482 and rubber
vibroisolator W100/35 determined by first of the
author, have been presented in Fig. 2.

000
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w1005

4000
3500
3000
2300

N/mm

2000
1500
1000

a00

1] r r r

Fig. 2. Static characteristics of springy vibroisolator
stiffness and rubber vibroisolator

Comparison of forced frequency function
changes of vibroisolators dynamic properties can be
evaluated through determination of their resonance
response. For this purpose an exciter with controlled
forced frequency can be used (Fig. 3)

Fig. 3. Determination of the vibroisolator
resonance response

In this way the resonance point shift for
vibroisoaltors(W2-435, W2-482) and has been
defined. Resonance area of vibroisolator W2-482 is
shifted n the direction to the higher frequencies (Fig.
4 ) due to their higher stiffness (Fig. 2).

30

23 1 W2.435

20

o
E15-

10

w2482

Fig. 4. Resonance point shift for vibroisoaltors
(W2-435, W2-482)

3. GENERAL PRINCIPLES OF VIBRO-
ISOLATION

The ratio of maximal force transmitted to the
foundation in time of vibrations to static force is
called transmission coefficient. It is expressed by the
following dependence:

&= w @ (1)

Maximal value of force transmitted from the
ventilator to the foundation is:

Pmax = kX st & (2)
whereas:
v - forcing frequency,
@ - free vibration frequency,

= — - vibroisolator damping constant,

k- vibroisolator spring stiffness,
Xst- vibroisolator spring static deflection,
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h
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o
Fig. 5. Dependence of transmission coefficient from
forced frequency and free vibration frequency

From Fig. 5 we can read that effectiveness of
amortization is correct, when:

v
—>2 3

Adpvisability of this condition will be analyzed on
a simple example of vibrations of a mass mounted
on a vibroisolator affected by forcing with frequency
f=6Hz (Fig. 6).

Fig. 6. Idea scheme of vibroisolator operation
1 — harmonic forcings with 10N amplitude and 6Hz
frequency, 2 — system mass 7.8kg 3-vibroisoaltor

For vibroisolators with k=10N/mm stiffness the
system free vibration frequency is 5.7Hz. For
harmonic forcing with frequency 6Hz we can talk
about near rezonans vibrations of the system. Thus,
the values of the force transmitted onto the
foundation (Fig. 7a) and and the vibration high
velocity are significant (Fig. 7b). If we assume that
the forced frequency can not be moved out of the
resonance area it should be recognized that the

choice of the vibroisolator has not been proper.
Improvement of vibration isolation effectiveness
defined by the value of force transmitted onto the
foundation, according to condition (3) needs
application of a less stiff vibroisolator.

N
k<554— 4)

mm
Vibroisolator with stiffness 3N/mm can really
decrease the force value diametrically, almost to

a value resulting from static loading (Fig. 9a.).
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Fig. 7. Changes in time of force acting on the
foundation with vibroisolator frequency 10N/mm
(a) and amplitude-frequency characteristic of the

system vibration velocity with vibroisolator
stiffness 10N/mm (b)
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Fig. 8. Changes in time of force acting on the
foundation with vibroisolator frequency SON/mm
and amplitude-frequency characteristic of the system

vibration velocity with vibroisolator stiffness
S0N/mm
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Fig. 9. Changes in time of force acting on the
foundation with vibroisolator frequency 3N/mm and
amplitude-frequency characteristic of the system
vibration velocity with vibroisolator
stiffness 3N/mm

The velocity of system vibartions is still very
high (Fig. 9b). In real conditions such a situation
could be considered as unsatisfactory. It must be
noted that increasing the spring stiffness up to value
50N/mm causes that effectiveness of vibroisolation
is related to decrease in (Fig. 8a) the system force
action on the foundation, however vibration velocity
amplitude value reaches the accepted level. (Fig.
8b).

3. VIBROISOLATION IN CASE OF INERTIAL
FORCING

For the rotor rotation centrifugal force appears
caused by its unbalancing.

Fo(@)=m, o -r @)

Mp — mass unbalanced,
@ - angular velocity,
I' — radius of rotor,

Because of the fact that the amplitude of the
forcing force depends on the forcing frequency, we
can not talk here about a transmission coefficient in
the same terms as we do in the case of the amplitude
constant value. The ventilator rotor is an example of
this kind of forcing.

An analysis of a radial ventilator vibrations is
easy to be performed with the use of the method of
multi body systems(MBS). The calculation model is
used for simulation, and is presented in Fig. 10.

Depending on the degree of complexity of the
model the dynamic properties of the system can be
considered taking into consideration an array of

factors affecting them. In Table 1 the physical
features of a radial ventilator of medium size with
a hung rotor have been set up. Also the influence of
vibroisolators damping features on the rotor
operation stability and in relation to the fact that
while being started it undergoes through the
resonance area for vibrations in the horizontal
direction, vertical and twisting vibrations has been
analyzed.

Fig. 10. Computational model of a radial ventilator
1. body, 2. rotor, 3. motor, 4. coupling,
5. bearing, 6. vibroisolator, 7. unbalancing of rotor,
8. rotor shaft, 9. engine shaft

Table 1.
Computational parameters of a ventilator model
Mass Ly lyy l,,
kg kg mm® | kg mm® | kg mm’

304 7.26:10" | 4.94-10" | 4.75-10’
181 1.42:107 | 7.67-10° | 7.67-10°
151 3.51-10° | 3.47-10° | 1.80-10°
119 1.94-10° | 1.94-10° | 7.18-10°
8.3 437-10* | 2.38-10* | 2.38-10*
1.18 2000 1088 1088

8.8 1.2:10° | 1.2:10° 3970
2 1786 1786 893

R Bl Pl Rl Pl Il o e

Table 2 contains a setting up of stiffness and
damping of vibroisolators.
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Table 2.
Springy-damping properties of vibroiso-
lators have been accepted in the following wa;

kxx kyy kzz Cxx Cyy Cz
kN/m kN/m kKN/m |kNs/m | kNs/m [kNs/m

10 10 10
6| 5000 | 5000 | 4000 2 2 2

For damping value 10Ns/mm the system
response expressed in decibels that is Bode’s
characteristics is presented in Fig. 11 and Fig. 12.
The first left represents vibrations in the horizontal
direction, and the right is connected with the vertical
direction.

dB
10°

4

10 A
3

10 7 1

10 4 .

1
10 4 E

35Hzg
25Hz

1 10 100 1000 1 10 100 1000
Hz
(a) (b)
Fig. 11. Bode’s diagram for the system vibrations
in the horizontal (a) and vertical (b) direction
(damping 10Ns/mm)

The rotor operation stability for such damping is
not threatened. Vibrations both horizontal and
vertical ones undergo strong damping (Figs. 12 -13).

dB
10°

4
10 4

10 A .

1
10 1 i

b Sw
3H=z
25Hz

1 4+

1 10 100 1000 4 10 100 4000
Hz

(a) (b)
Fig. 12. Bode’s diagram for the system vibrations
in the horizontal (a) and vertical (b) direction
(damping 2Ns/mm)
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l:l l:l I @ I
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-1000 100
-30,0 200 15 -ns
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(a) (b)

Fig. 13. The system vibration phase plane in the
horizontal (a) and vertical (b) direction (damping
10Ns/mm)

The movement of the body of a ventilator
mounted on vibroisolators is of chaotic character,
especially while going through the resonance area

mm/'s
1000 100
0o a0
] 0
-500 -50
-1000 00
-30,0 15 05
mim mm
(a) (b)

Fig. 14. The system vibration phase plane in the
horizontal (a) and vertical (b) direction
(damping 2Ns/mm)

In connection with this it is natural to present
a picture of this movement on Poincare diagram.



118 DIAGNOSTYKA’4 (44)/2007
ZACHWIEJA, The Role Of Vibroisolators In Damping An Radial Fan’s Vibrations

mim/'s mm/'s
1000 an
E=uli] 20 E
gao 10 4
400 0
200
10 .
0
=20 R
-200
-400 -0 |
-B00 -40 T
. .50 i
=uli] o
-1000 -G
-50 u] a0 2 -1 ]
mm mm
(a) (b)

Fig. 15. Poincare diagram for the system vibrations
in the horizontal (a) and vertical (b) direction
(damping 10Ns/mm)

An analysis of the damping quantity influence on
the rotor movement stability makes it possible to
conclude that for a fan with mass similar to the one
that was accepted for the model and similar inertial
excitement, vibroisolators with viscotic damping and
damping properties -10Ns/mm will provide
sufficient damping.

I} mim/'s
mim/'s a0

1000
aoo
goo
400
200

Lk

=200
-400
-600
-500
-1000

1 0

mm mm
(a) (b)
Fig. 16. Poincare diagram for the system vibrations
in the horizontal (a) and vertical (b) direction
(damping 2Ns/mm)

4. CONCLUSIONS

The author of the paper presents the fact that
issues connected with an application of
vibroisolators in industry are not simple ones.
A radial ventilator has been chosen as an object of
consideration because it is widely used as a turbo
machine in many branches of industry. Being an

element of a technological line it is often placed in
halls’ ceilings that is where dynamic excitement
with significant amplitude affecting the construction
is undesirable. Thus, it is necessary to limit values of
the forces transmitted to the machine foundation.
The right choice of vibroisolators’ damping and
stiffness requires deep analyses with the use of
knowledge on the machine dynamics and calculation
methods allowing to use this method[4-5].
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AN APPLICATION OF SPLINES IN SYNCHRONOUS ANALYSIS
OF NONSTATIONARY MACHINE RUN

Tomasz KORBIEL, Piotr KRZYWORZEKA
Institute of Mechanics and Vibroacoustics
AGH Cracow, krzyworz@agh.edu.pl

Summary
As an addition to the order analysis procedures is an approximation of a discrete measurement
result by a cubic splines which allows further signal analysis also by analytical means without
preliminary large oversampling of a vibration signal. The proposed simple algorithm of conversion
from dynamic time scale to momentary cycle time scale of a machine proved itself practically
useful by supporting the diagnosis of gearboxes and bearing with use of amplitude spectrum also

during the exploitational variations of rotation speed.

Keywords: vibroacoustics, diagnostics, order analysis.

WYKORZYSTANIE FUNKCJI SKLEJANYCH W ANALIZIE
SYNCHRONICZNEJ NIESTACJONARNEGO BIEGU MASZYN

Streszczenie
Uzupehieniem dotychczasowych procedur analizy rzedow jest tu aproksymacja dyskretnego
rezultatu pomiaru sklejanymi wielomianami stopnia 3- co umozliwia dalsze badanie sygnatu takze
na drodze analitycznej i pozwala unikna¢ wstepnego znacznego nadprobkowania sygnatu drgan.
Proponowany, stosunkowo prosty algorytm konwersji skali czasu dynamicznego na skale czasu
cyklu chwilowego maszyny sprawdzit si¢ w praktyce analizy rzedow wspomagajac diagnozowanie
przektadni zgbatych i tozysk tocznych z wykorzystaniem widm amplitudowych takze podczas

eksploatacyjnych zmian predkosci obrotowe;.

Stowa kluczowe: wibroakustyka, diagnostyka, analiza rzedow.

1. INTRODUCTION

Let us consider objects where repeated
interactions of elements or moving medias exist.
The sequence of chosen event series of main target
completion [4, 6] repeats in time intervals defined
as momentary cycle ®,. The following appearances
Oy are not identical even in good technical state and
settled conditions of machine run (hence the cyclic
movement is not a synonym for periodical
movement).The diagnosis of cyclic machines in
variable work conditions causes spectrum load
which in turn causes the lack of selectivity of stems
corresponding to particular harmonics of rotation
speed.

As an example the Fig. 1 shows amplitude
spectrum of offset vibration of shaft with a disc
with speed increase of 0.6% per cycle. The
spectrum blur could be seen.

Only one harmonic independent from the
rotation speed could be clearly seen (of frequency
100Hz), in a diagnostic sense it is disturbance

related to the supply voltage of the drive system.
From that example one can state that diagnostics of
machines in run-up or run-down state can not be
held by means relevant to stationary signals.
Nonstationarity causes spectrum load and it seizes
to be a state symptom. Even small changes in speed
cause the lack of stem selectivity for primary
harmonic which impairs making unequivocal
diagnostic decisions. The research presented in [3]
shows that relative change in run cycle in the range
of 0.1% have a negative effect on the diagnosis
outcome.

The remedial mean is search for signal
changeability definition in another time scale such
that:

— changeability definition simplifies

— significant  features  of  informational
changeability are preserved

— non-informational changeability reduces
One of them is the order analysis.
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Fig. 1. Amplitude spectrum of offset vibration of shaft with a disc.
Blur of kinematic lobes due to rpm growth

2. TIME SCALE CONVERSION

If assumed [3], that the valuable information
transfer is organized through cycle, then its length
might be a conditional time unit 1. Let us assume
that:

— the run m, timed by cycle is uniform and in
real-time scale ‘¢’ it is not (see fig. 2b), since
the cycles are not of equal length.

— The scale ‘n' might be recreated by non-
uniform sampling — such that not only the
number of samples per cycle was uniform, but
also their distribution throughout of the cycle
was similar in each cycle and related to similar
events in the range of scale transformation. The
number of momentary cycles should be equal
in both scales.

For rotating machines the cycle time is
conditioned by an rotational movement. The most
used tachometric measurement allows simple
presentation (see Fig. 2b) and formalizes the rule of
dynamic time scale ‘t’ transformation into cycle
time scale ‘n’.

Let m be the number of position markers per 1
rotation a, A¢p be the rotation angle increase —
thence:

mAp =2n= 21IZ:ﬂ

k=1 tk
A@ = const, At = var (1)
where ®y = momentary values of the cycles in

moments #,
The set of reference events {z} is defined by
moment #, of the angle detection markers (Fig. 2b).

Those moments are the reference for the clock
counting momentary cycle count ©,

{z} = (= {k}

Ap= AN {ay=kAn ()

timed uniformly, as A¢p = const for An= const.
For the range T including /...n...M cycles:

n € [0, mM], t € [0, T], the number of
distinguishable moments 1 from the beginning of
counting defines ‘now’ according to:

Mnow= Mmn—1)+k k=0, m—1

An — unitary range

In case of persistent cycle change ©(f)
transformation formula takes the form (3)

the

dn_ __1 3)

dr - ¥[e()]

Yi(®) — characteristic of momentary cycle. The
choice of operation y - decides of reference event
set of clock m, the practical usefulness of that new
scale in diagnostics and of completion method and
complexity of the transformation procedure [3 4 5].

It is worth to notice that the number of observed
moments 1 is in practice finite. The value of m/2
denotes the expected range of order spectrum
[1, 2]). Its increase not always is justified by a need,
hinders the measurement and the result processing.

In practice, as the authors research shows,
consideration of continuous nature of n by means
of interpolation might be advisable, of which we
speak later.



DIAGNOSTYKA’4 (44)/2007 121
KORBIEL, KRZYWORZEKA, An Application Of Splines In Synchronous Analysis Of Nonstationary ...

P N WA 00O N 0O O I

|
|
—_
=

0, 0, (01

Fig. 2. The principle of order time clock synchronization
a) synchronizing impulse series b) curve y of time scale conversion ‘ t ‘= ‘n’

3. ORDER TRANSFORMATION

In the fig. 3a the set m of rotation angle markers
defines the set of reference events (moments) of
order time clock, synchronized by momentary
cycles. In a new time scale the subsequent
synchronizing cycles are of equal length and the
description of signal changeability simplifies. Then
the trend and the work cycle fluctuations might be
reduced to allow usage of analysis methods relevant
to stationary signals [2, 4].

Simultaneous ranges ©, of dynamic time ¢
correspond to non-uniform sampling in the scale ‘¢,
since At, = var. But the measured signal is sampled
uniformly and the demand of constant number of
samples per cycle is not met.

How to handle this?

Large preliminary oversampling of the signal y
allows improvement of synchronization through
choice of samples proportional to linear
approximation of work cycle changes — that is how
linear decimation procedure PLD works [3]. Such
an estimation well recreates the spectrum of
rotation harmonics and the angle modulation in the
range of monotonic cycle changes. In case of
standard measurement equipment the demand of
50-100 fold oversampling might be impossible to
be met.

Og ts

For such conditions it is possible to resample the
signal by means of cubic splines interpolation.

The method described below uses splines for
inter-sample approximation of signal y. The stages
of such a order analysis are presented by Fig. 3. and
following is the short description:

— normalized synchronizing pulses of phase
marker signal (Fig. 3b) split the analyzed
signal y to particular cycles @y corresponding
to rotation angle ¢ = 2m ;

— by synchonization with m under-multiplicity of
the 27 angle the sample subsets correspond to
equal values of Apy = A@, but not equal to
A®y (Fig. 3b);

— for such subset in ranges of ®y (or A®y)
interpolated continuous function is created. In
presented algorithm such function is build from
cubic splines [2] (Fig. 3¢)

— resulting continuous function is split into equal
time sections An. A mean value is calculated
for each section creating data vectors uy of the
same length corresponding to subsequent A
(Fig. 3¢);

— the resulting data vector u = [uy] describes the
signal y changeability in scale ‘n’ of order
time.
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External synchronisation
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Fig. 3. Order transformation using splines approximation
a) real-time clock, b)order-time clock

5. NOTES ON PRACTICAL USE

Apart from procedure programming the correct
synchronization is important which is conditioned
by:
The synchronizing cycle choice - the procedure
filters the rotation harmonic corresponding to
synchronizing cycle transforming it to the
stationary signal whereas stationary parts of the
signal become nonstationary in order time scale and
corresponding spectra diffused and heavily loaded

Synchronizing signal forming — mean square
error of order spectrum component and its number
depends on the resolution and measurement
accuracy of encoder disc

Normalization — the aim of this operation is
precise definition of beginnings of subsequent Ay
(see Fig. 2a). In given case normalization means the
calculation of i-th derivative of phase marker signal

and zeros detection with considerations of function
monotonicity and signal level variation hysteresis.

Scaling — necessary for whole measurement and
processing channel of y, u if the values of spectrum
stem have the diagnostic interpretation. It is also
important to define the conversion range ‘¢’ = ‘n’
considered as satisfying.

An example

Here the result presentation as RMS spectra of a
gearbox in the range of rotation harmonic serves
only as a mean to compare the effects of order
transformation to the original signal spectrum,
thence the scaling is omitted with the scale
similarity kept. Both simulated (Fig. 4) and real
signal spectra (Fig. 5) has been compared. It’s seen
that spline approximation provides more details in
low frequency domain o kinematic spectra.
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Fig. 4. Order spectra of simulated signals: a) linear approximation,
b) 3-rd order spline approximation
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Fig. 5. Order spectra of bevel gear vibrations:
a) linear approximation, b) 3-rd order spline approximation

6. CONCLUSION

In recent applications the described method
proved to be fairly effective in analysis of vibration
of gearboxes and bearing of rotating machines with
the exploitational variations of rotation speed.

Calibration with non-stationary modeling
signals showed its superiority (at least in the tested
range) over the popular algorithm of order analysis
using resampling and low-pass filtering.

Main advantages are:
— Harmonic spectrum dynamics < -40dB.
— Square mean error < 5%.
— Possibility of application for classic data
analysis methods.
— Fast and simple algorithm.
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8. GLOSSARY OF SYMBOLS

DPR -
MVS -
oT -
PDI -
PLD -
TSC -
yo) -
Ap —
@ —
0, -~
y -

u
v
g

SF
T _
n

Zk —

dynamic residual process;
machine vibration signal;

Order transform;

Diagnostic identyfication procedure;
linear decimation procedure;

Time scale conversion;
synchronizing cycle characteristic;
angular step of synchronization;
characteristic cycle;

Duty cycle;

original measured signal;

final signal after TSC;

order time scale;
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VIBRATION ANALYSIS OF RUNNING-UP TURBINE ENGINE GTD-350

Witold CIOCH, Piotr KRZYWORZEKA
Department of Mechanics and Vibroacoustics
Akademia Gorniczo-Hutnicza - University of Science and Technology
Al. Mickiewicza 30, 30-059 Krakoéw
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Summary
The article contains the example of practical application of the procedure for non-stationary
signals processing developed at Department of Mechanics and Vibroacoustics University of
Science and Technology (AGH). The developed method — Procedure of Linear Decimation (PLD)
was applied for signal analysis of vibrations of GTD-350 turbine engine in unstable operating
conditions. As a reference signal the rotational speed of driving shaft was adapted. The results
were enclosed for turbine running-up and coasting state.

Keywords: diagnostics, turbine engine, unstable state.
BADANIE DRGAN ROZRUCHOWY CH SILNIKA TURBINOWEGO GTD-350

Streszczenie
W artykule przedstawiono przyktad praktycznego zastosowania opracowanej w Katedrze
Mechaniki i Wibroakustyki Akademii Gorniczo-Hutniczej procedury przetwarzania sygnatow
niestacjonarnych. Opracowana metod¢ — Procedure Liniowej Decymacji (PLD) zastosowano do
analizy sygnatow drgan silnika turbinowego GTD-350 w nieustalonych stanach pracy. Jako
sygnal referencyjny przyjeto predkos¢ obrotowa watu napedowego. Wyniki przedstawiono dla
stanu rozbiegu i wybiegu turbiny.

Stowa kluczowe: diagnostyka, silnik turbinowy, stan nieustalony.

Many rotary machines are rated among crucial
devices. Energetic turbines, and particularly
aviation turbine engines, belong to this group. For
safety reasons, specification of their technical state
is vital in their exploitation period [3]. As they are
required to feature very high reliability, the
scheduled maintenance service is not sufficient
nowadays — monitoring systems are more and more
often applied. These systems enable real-time
evaluation of technical state during the operation of
an object. Technical state changes most often occur
when operating conditions change. Unstable
operating conditions, apart from creating a threat of
emergency state or even distress, they can hamper
the diagnosis process.

One of the methods assisting the specification
of technical state in non-stationary conditions is a
procedure for processing non-stationary measuring
signals developed by the authors. Intended for
cyclical machines, it enables converting signals
recorded at variable rotation speeds into the form
corresponding with stabilized operating states. It is
known as Procedure of Linear Decimation (PLD)
[2]. This method was oft-cited by the authors, and
its theoretical bases were explained in many

publications [11, 13, 10]. It involves oversampling of
significantly oversampled signal with variable
increment corresponding to the changes in reference
cycle. It assumes linear increase of cycle tend in an
observation window, which also results in its certain
limitations [1]. Widening application range of the
PLD method can be obtained through more accurate
approximation of trend of cycle change.

At present it is also implemented on the basis of
FPGA programmable systems in the hardware form.
Implemented in a portable measuring device referred
to as Programmable Unit for Diagnostic (PUD), it is
successfully put into practice. The manufactured
device with applied programmable systems enabled
to significantly oversample signals (10 MS/s)
creating vast capabilities of examining new PLD
implementations. This solution allows for increasing
decimation coefficient Dc even up to 1000 and signal
analysis in high-frequency bands, e.g. gear meshing
or turbine blades operating, without the necessity of
applying interpolating filters. Furthermore, this
implementation enables the realization of the method
in real-time conditions. Results of the device
implementation in former PLD method researches
along with specification of its ranges are enclosed in
publications [7, 8, 12 ].
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2. SHORT-TIME PROCEDURE OF LINEAR
DECIMATION

Developed method was meticulously tested on
non-stationary signals recorded on various types of
rotary machines. Simple in implementing, yielding
positive results, it is also used for shock absorbers
subject to cyclical excitation — the research was
conducted at Silesian University of Technology.
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v
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algorithm

v
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Fig. 1. Algorithm of Short-time Procedure of Linear

Decimation STPLD
v(n) — primary vector
w(v) — secondary vector
Dc, - initial decimation coefficient,
Dcy — final decimation coefficient,
n — number of the sample of primal
vector
npy — sample number enabling PLD ending

on primary vector stage

Having manufactured device that enables to
record diagnostical signals the purpose was to
increase C, decimation coefficient up to greatest
possible value to obtain the most linear
approximation function. Without the application of
interpolation, it was the only way to preserve the
highest linearity of approximating function.

However, it turned out not to be suitable approach
since it brought good results only with cycle trends
being close to linear ones. As for rotary machines at
the stage of run-up, particularly machines of dynamic
changes of rotation speed, preserving linearity did not
significantly improve spectral selectivity, especially
in high-frequency band. This prompted developing
modified algorithm of the method enabling
adjustment to cycle change in short time-periods of
an observation window. The new method of
analyzing signals in narrow time-periods was referred
to as Short-time Procedure of Linear Decimation
STPLD. It is explained in the article [9]. Its algorithm
is enclosed in fig. 1, and fig. 2 presents schematically
the adjustment of linear approximation to cycle
changes in observation window.

STPLD method was tested in high-frequency
bands. Results obtained during examining signals in
gear-meshing frequency band were very satisfactory,
as presented in papers [ 9].
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Fig. 2. Approximation of cycle change in
observation window with STPLD

3. RESEARCH OBJECT

After successful laboratory tests on rotary
machines in full frequency-band range, it was
decided to test the method on a device of much
greater rotation speed and featuring several reference
speeds.

For those tests a GTD-350 turbine was selected
[4]. This turbine normally works as an engine of MI-
2 helicopter. It has two independent shafts [5]. High-
pressure turbine rotates at maximum speed of 43 200
rpm, and propulsion turbine - 24 000 rpm. Rotation
speed of output shaft is reduced to one fourth in
relation to propelling turbine speed.

Cross section of the tested engine is enclosed in
fig. 3 along with the descriptions of its individual
elements. Photographs taken during the experiment at
laboratory test bed at Navy Academy in Gdynia are
presented in fig. 4 and fig. 5.
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20 9 8 20

Flg 3 GTD-350 turblne engine scheme (source [14])
1 — intake stator blades, 2 — roller bearing, 3 — compressor rotor, 4 — screw attaching compressor rotor plates,
5 —nut, 6 — ball bearing, 7 — air duct leading to combustion chamber, 8 — fuel injector, 9 — fire pipe, 10 — turbine
plate cap, 11 — generator turbine, 12 — propelling turbine, 13 — middle (roller) bearing, 14 — middle shaft, 15 —
reducer driving wheel, 16 — exhaust manifold, 17 — engine output shaft, 18 — reducer casing, 19 — aggregate-
drive gear box for, 20 — engine aggregates.

First of the photographs presents the attachment
of laser sensor of reference speed with beam
directed at output engine shaft. Rotation speed of
the shaft was a reference speed of the executed
decimation procedure algorithm. On the second
photograph we can see attachment point of triple-
axis ICP accelerometer.

Fig. 5. Location of attachment point of triple-axis ICP
acceleration sensor on GTD — 350 engine

4. PLD CAPABILITIES

Experiment was conducted in stabilized turbine
operating conditions, during its run-up and coasting.

It also included variable work loading of tested
Fig. 4. Laser measurement of rotation-speed GTD-350 engine.

changes on output shaft Fig. 6 presents amplitude spectrum of vibration

acceleration for stable working conditions in rotation
frequency band. Three dominant frequencies are
clearly visible. The first represents basic frequency of
output shaft, the second, four times as great - basic
frequency of propelling turbine shaft and the third,
independent, being frequency of the turbine
propelling engine compressor [6].
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Fig. 6. Amplitude spectrum of GTD-350 engine in rotational frequency band in nominal
operational conditions

Amplitude spectrum

0.2 T
& .
g 0.15- engine .
— ontnnt
S
.E 041 L |
Q
3
8 005+ .
<
0 | | | |
0 100 200 300 400 500 600
Frequency [ Hz]
Amplitude spectrum after STPLD
0.3 il T T T
engine
& 0.25 output ) -
%’ propelling
= 02 turbine 7
L o015- frequency |
g
()
o 01f .
[&]
[&]
< 005 |
0 W\/M/MM | | |
0 100 200 300 400 500 600
Frequency [HZ]

Fig. 7. Vibration-acceleration signal of running-up turbine.
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Fig. 7 contains amplitude spectrum of vibration
acceleration during run-up: a — spectral analysis, b -
spectral analysis after applying procedure of linear
decimation. Enhancement of spectral selectivity
occurs at shaft frequencies corresponding with
reference speed. The last of presented experiments
introduces a situation of vibration interference of
diagnostical signal by the components of voltage
signals of aggregates.

Fig. 8 contains vibration acceleration spectra
during turbine coasting: a - amplitude spectrum and
b — spectrum after applying STPLD. After applying
decimation procedure, components not
synchronized formerly with reference speed
become fuzzy and the components representing
vibrations of propelling shafts, earlier fuzzy, now
become distinct.

5. CONCLUSIONS

Experiments conducted on GTD-350 engine
brought positive assessment of the effects of
applying innovative method of processing non-
stationary  signals — Procedure of Linear
Decimation. Those results though, were not
accepted uncritically. Recapitulating, we can state
that:

newly developed method of Short-time Procedure
of Linear Decimation based on the approximation
in short time-spans reflects cycle-trend changes
with sufficient accuracy

with significant 10 MS/s oversampling it is
possible to narrow decimation analysis to a single
cycle period

Short-time Procedure of Linear Decimation can
be competitive for row analysis in terms of
simplicity of calculations executed in real-time

in terms of accuracy STPLD is based on actual
samples without the application of filters
interpolating signals

further research will be directed to more accurate
adjustment of approximation and cycle trend
through the application of higher-level functions
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Summary

Monitoring the operation of machine tools, such as grinders used for jet-engine turbine blades
is vital for demanded product quality and economic expenses associated with defected products
and production stoppages. In the technological process of grinding, even wear of tools does not
always occur, and machine tools definitely work in non-stationary conditions. Self-induced
vibrations are often observed. Therefore monitoring system of module structure was designed,
dedicated to non-stationary signal processing. The system is composed of modules for recording
and preliminary hardware signal processing, database servers and user’s terminals.

Keywords: monitoring, diagnostics, grinding machine.

SYSTEM MONITORINGU MASZYN W NIESTACJIONARNYCH STANACH PRACY

Streszczenie

Monitorowanie obrabiarek takich jak szlifierki opatek silnikow lotniczych ma szczegdlne
znaczenie ze wzgledu na wymagana jakos$¢ produktu, jak rowniez koszty ekonomiczne zwigzane
z wytwarzaniem brakow oraz przestojow produkcyjnych. Podczas procesu technologicznego
szlifowania nastgpuje nie zawsze réwnomierne zuzycie narzedzi, a obrabiarki pracuja
w warunkach niestacjonarnych. Czgsto wystepuja rowniez drgania samowzbudne. Dlatego
stworzono system monitorowania, dedykowany przetwarzaniu sygnatéow niestacjonarnych
o modutowej budowie. Sktada si¢ on z urzadzen do rejestracji i wstgpnego sprzg¢towego
przetwarzania sygnatdéw pomiarowych, serweréw bazy danych i terminali uzytkownikow.

Stowa kluczowe: monitoring, diagnostyka, szlifierka.

1. INTRODUCTION

Despite  varied production technologies,
machining is still commonly applied nowadays. It is
the result of the fact that it provides a very high
accuracy, high efficiency and could be -easily
automated. Perfect examples of devices carrying
out machining process are grinding machines for
aviation turbine blades.

Problems regarding grinders operations can
have various causes. They can be associated with
machine-tool defect, tool wear processes or self-
induced vibrations [3]. Hence it is advisable to
diagnose machine-tool condition not only before
machining process but also during the actual
process. The condition of machine tool is vital for
the product quality and for continuity of production
process, the stoppage of which would bring
significant economic losses.

Monitoring systems enable to detect changes in
condition or operation parameters of machine tools
[2]. Based on data collected, it is also possible to

project the technical condition, which is important
for production-process planning. It is of great
significance  in  aviation industry, = where
manufactured elements are of high quality and
precision. Therefore their production is expensive
and loss of the whole batch of product is not
acceptable.

Machine tool condition and machining process
characteristics are vitally affected by dynamic
phenomena. Hence vibration is a basic quantity
measured in a monitoring process. Vibration is also
measurement quantity bringing the most valuable
diagnostical information [5]. Monitoring tool
condition and self-induced vibrations is still an
unsolved problem.

The most significant features, determining
functional properties of monitoring systems are
according to [4]:
= purpose (machine tool, machining type),
= type of selected diagnostical signals and their

measurement manner,
=  signal transformation methods,
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=  method of determining boundary values,
= diagnostical inference methods,
= maintenance characteristics, interfaces.

Having those items in mind, an innovative
monitoring system for grinder machine of aviation
turbine blades has been designed.

2. THE STRUCTURE OF THE DURATIVE
MONITORING SYSTEM

The monitoring system for grinding machine
includes methods and algorithms for signals
acquisition, pre-processing; data transmission,
processing and storage.

Consequently, the whole system consists of the
following modules:
=  Programmable Unit for Diagnostic (PUD)
= Dedicated server for data collection and

processing
= Dedicated server for data storage with limited

users’ access.
= External user terminals for diagnostic signals
analysis.

The block diagram of whole system is presented
in Fig. 1.

3. PROGRAMMABLE UNIT FOR
DIAGNOSTIC (PUD)

Programmable Unit for Diagnostic (PUD) is an
electronic device which core is an FPGA chip [6].
The block diagram of the PUD is shown in Fig. 2
and it incorporates the following parts:

* Four independent analog / digital modules on
separate PCB

* Two independent SDRAM memory banks,
64MB each, employed to store acquired data
from analogue / digital modules and other
temporal data,

= CPLD (Xilinx XC95144XL device) — module
employed to configure FPGA and to control
the PUD in power stand-by mode,

* Flash memory (4MB) to store FPGA
configuration, MicroBlaze program and other
non-volatile data,

= Hard Disk Drive (HDD) to store high volume
data,

= LCD display employed to visualise the state of
the device and results for acquired data,

= Keyboard — allows user to control the PUD and
to start / stop data acquisition,

= PC computer communication by Ethernet,
Parallel or Serial Ports.

Grinding Machines Monitoring
Machine
Converting
mechanical
ICP & angular to electronic
speed sensors signals
¢ Signals
PUD acquisition and
preprocessing
on-line
L Data transmission
. LAN
Data collecting (LAN)
Server Data storage
and
¢ distribution
processing

Data storing and
processing server

:

Users Terminals

Fig. 1. The monitoring system block diagram

CPLD Flash
Memor
ADC
LCD

ADC
FPGA Keyboard
ADC
HDD
ADC
SDRAM SDRAM '

Fig. 2. Block diagram of the Programmable
Unit for Diagnostic (PUD)
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Besides, the PUD incorporates some optional
devices: Compact Flash memory, VGA display, PC
keyboard, and Ethernet and Radio Communication
modules.

The PUD incorporates four independent
analog /digital boards. These boards include Analog
Digital Converters (ADC), input signal amplifiers
with digitally controlled level of amplification and
ICP sensor interface. Each analog board
incorporates 2 channels 16-bit 500kS/s each or 4
channels 16-bit 250kS/s each, consequently up to 8
(16-channels) can be acquired by the PUD. It
should be noted that changing analog / digital board
requires FPGA configuration to be changed.
Fortunately modular design in EDK significantly
reduces the design time.

One of the most significant feather of the PUD
is hardware implementation of selected signal
processing  procedures. Consequently  these
procedures calculation time is significantly reduced.
Besides Xilinx Embedded Development Kit (EDK)
design software was employed to reduce design
time. The EDK supports modular design and
incorporates a great number of pre-design modules
such as external memory interface and the
MicroBlaze soft-processor. The MicroBlaze is
a master micoprocessor which configures and
controls all other hardware modules.

One of the most important digital processing
procedure adapted on the PUD is the Procedure of
Linear Decimation (PLD) [8]. Therefore this
procedure was implemented directly in hardware.
This implementation can be divided into three
separate tasks:
= Marker logic detection — rotation period

indicator,
= Anti-aliasing filter,
* Linear decimation.

4. PC - PUD COMMUNICATION

The PUD devices can run in two different

modes:

1) Portable standalone system

2) PC-controlled signal acquisition and processing
unit.

In the standalone mode, the PUD acquires,
processes and stores signals without any
communication with PC. The PUD incorporates its
own menu which controls the device: allows to set
e.g. signal acquisition parameters: acquisition time,
sampling frequency, invokes signal processing
procedures e.g. PLD etc. The sequence of the
commands can be grouped in a macro — the macro
can be programmed directly in the PUD or on a PC.
The final results can be stored on the local HDD
and then transferred to the PC.

Fig. 3. PCB board and electronic devices
view of the PUD

In the PC-controlled mode, the PUD is
connected with the PC Fig. 4 and can be fully
controlled remotely by a PC. Signal processing can
be still completed in the PUD and then only final
results transferred to the PC. Alternatively, raw data
(signals acquired by the ADC) can be transferred to
the PC where they are processed, e.g. in MATLAB.

Fig. 4. The PUD device connected to PC

In the PUD signal records, apart from acquired
signals some additional information, as acquisition
time, sampling frequency and amplifier settings are
stored. The PUD allows also to store some
additional information as channel number and
name, kind of signal processing procedure carried
out on the signal, etc. In these records every
channel can be processed independly, or a signals
processing procedure can be carried out on a group
of selected channels. Monitoring system used for
laboratory tests is shown in Fig. 5.
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Fig. 5. Monitoring system used for laboratory tests

5. DATA SERVERS

The signals acquired and processed on the PUD
can be then transmitted to a computer where the
database program allows to edit these signals and
add additional information such as grinding
machine distribution and user comments. The
database allows to group selected signals as a result
of acquisition time, data processing type, etc [1]. It
also allows to process recorded signals by external
programs such as MATLAB.

To increase data security and to improve data
visualization data are stored on two independent
servers. On the first server, data transmitted directly
from the signal acquisition unit (PUD) are
collected. Then they may be preprocessed in order
to decrease the data volume and to select only
important diagnostic estimates. Then preprocessed
data are stored in a local database and are
transferred to the second server. The main task of
the second server is data backup and data
distribution as a database or by HTTP protocols on
WWW. As a result, end users can access data by
users terminals which need not advance diagnostic
programs. This solution allows controlling data
access to a limited number of users.

6. SIGNAL ANALISIS

Hardware realisation of linear decimation
procedure based on FPGA programmable systems
gives the possibility of diagnosing cyclical
machines at variable operating conditions in real
time. Besides a novel Short-Time PLD method was
developed, enabling to adapt the approximation to
the cycle changes [8]. This method solves the
problem of non-linear trend change and minimized
the error resulted from the original PLD assumption
of linear cycle trend in the observation window.
This solution has brought the method nearer to the
order analysis without the necessity of applying
interpolation filters.

To prediction technical state of a monitoring
machine, sophisticated methods including time-
frequency analysis was adopted employing
MATLAB. This is possible as a history of a greate
number of records is stored in the database.

The described system may check production
process in order to reduce production defects by
monitoring vibration parameters. Fig. 6 shows
where vibration sensors are located on the grinders
of aviation-turbine blades.
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el 5ENsors

Fig. 6. ICP sensor location on the grinder machine

Examples of diagnosing non-balanced grinder
disc during working state is shown in Fig. 7.

7. CONCLUSIONS

Application of the Programmable Unit for
Diagnostic  (PUD) into preliminary signal
processing system enable to record data with high
frequency and data hardware processing [7]. Using
programmable FPGAs brought the possibility of
non-stationary signal analysis in real time. The
applied PUD module enabled, apart from
measuring diagnostical signals, to record parameter
signals, especially rotation speeds of spindles.

In the database part, employing two servers for
data collecting and for data distribution separately
improved the safety of database. It also gave the
vast possibilities of processing (implementing
Matlab suite) and surveying of collected signals by
authorised users. Thanks to this solution,
classifying  grinding-machine  condition and
diagnosing operational process can be carried out
by means of:
= numeral measures,
= functional measures,
= neural networks,
= parametrical models.
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The modular construction of the monitoring
system allows the whole system to be easily
extended or modified to new grinding machines and
acquisition points.
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Organizatorami konferencji byly Politechnika
Warszawska (Wydzial Samochodow i1 Maszyn
Roboczych — Instytut Podstaw Budowy Maszyn)
oraz Akademia Gorniczo-Hutnicza w Krakowie
(Wydziat Inzynierii Mechanicznej i Robotyki —
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Celem konferencji byla wymiana do$wiadczen
iosiagnig¢ naukowo — badawczych, réznych
oSrodkow w kraju, z zakresu wibroakustyki
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oddziatywan wibroakustycznych, a takze oceny ich
wartosci informacyjnej dla celow diagnostyki
technicznej  iksztaltowania ich  pozadanych

charakterystyk.

Program konferencji obejmowal trzy rodzaje
sesji: jubileuszowa poswigcong prof. Zbigniewowi
DABROWSKIEMU, plenarng oraz plakatowa.

W pierwszej z wymienionych sesji, Jubilat
wyglosit referat nt.: Drgania nieliniowe - problem
nadal  otwarty oraz uczestnicy wystuchali
wystapienia prof. Wojciecha BATKO pt.: 35 lat
pracy naukowej i 60 urodziny Profesora Zbigniewa
Dagbrowskiego.

W  czasie obrad plenarnych wygloszono
nastegpujace referaty:

Zbigniew ENGEL: Analiza poréwnawcza metod
wzajemnosciowych i inwersyjnych stosowanych
w wibroakustyce.

Czestaw CEMPEL, Maciej TABASZEWSKI: Teoria
szarych systemow w zastosowaniu do modelowania
i prognozowania w diagnostyce maszyn.
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uwzglednienia stochastycznej zmiennosci danych
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wirnikow.

Wojciech BATKO: Nowe idee w budowie systemow
monitorujqcych.

Wiktor ZAWIESKA: Modelowanie transformatora

energetycznego jako zZrodla hatasu.

Andrzej GRZADZIELA: Analiza  mozliwosci
wykorzystania metod drganiowych w
diagnozowaniu okretowej linii walow.

Iwona KOMORSKA:  Poszukiwania
wibroakustycznego silnika spalinowego.

Wojciech HOMIK: Analiza porownawcza drgan
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Grzegorz KLEKOT: Ocena wplywu elementow
nieliniowych na propagacj¢ energii
wibroakustyczne;j.

Wojciech SKORSKI: O ruchu jachtu liniowo czy
nieliniowo?

Walter BARTELMUS, Radostaw ZIMROZ:
Nieliniowe zjawiska w dynamice przekladni
zebatych.

Marian W. DOBRY, Roman BARCZEWSKI: Wphw
obciqzenia i  stanu  technicznego  belki
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Henryk  MADEJ:  Diagnozowanie  uszkodzen
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analizy  wlasciwosci  akustycznych  obiektow

modelu

sakralnych.
Bartosz STANKIEWICZ: Aktywny uklad ttumienia
hatasu w samochodzie osobowym.

Na sesji plakatowej przedstawiono nastgpujace
prace:
Renata BAL, Wojciech BATKO: Analiza
uwarunkowan estymacyjnych poziomu halasu
w srodowisku.
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parametryzacji charakterystyk czasowo-
modalnych. )
Wojciech  BATKO, Barttomiej = STEPIEN:

Wykorzystanie — symulacji  komputerowej  do
estymacji funkcji gestosci prawdopodobienstwa
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Jacek Dziurdz: Identyfikacja modelu na potrzeby
diagnostyki technicznej.
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Tomasz FIGLUS, Andrzej WILK, Henryk MADEJ,
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Tomasz KORBIEL, Krzysztof NIEMIEC: System
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LabVIEW.

Tomasz KUCHARSKI, Piotr JAKUBOWSKI:
Mikroprocesorowa technika niezaleznego
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Henryk MADEJ, Marek FLEKIEWICZ, Grzegorz
WOIJNAR: Rozne aspekty diagnostyki WA
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silnikow spalinowych z wykorzystaniem analiz w
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Damian MARKUSZEWSKI: Laboratoryjne
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Rezonas parametryczny w ruchu wzglednym
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JASINSKI, Antoni KORYTKOWSKI, Jacek
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Wibroakustyczne metody pomiaru drgan fatdow
glosowych.
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Problemy ograniczenia halasu upustu pary wodnej
z urzqdzen technologicznych.

Michat ZEBROWSKI-KOZIOL,, Wojciech
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