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DOUBLE SINGULAR VALUE DECOMPOSITION (SVD) OF SYMPTOM
OBSERVATION MATRIX IN MACHINE CONDITION MONITORING

Czestaw CEMPEL

Poznan University of Technology, e-mail: czeslaw.cempel@put.poznan.pl

Summary

Application of SVD to fault extraction from the machine symptom observation matrix (SOM)
seems to be validated enough by means of data taken from real diagnostic cases. But sometimes the
number of observations, i.e. rank of the SOM is low, what may influence obtained results and
subsequent diagnostic decision. This was the reason to look for additional improvement by the second
application of SVD to generalized fault matrix obtained by the first SVD. The result is strange, no
accuracy increase flows from the application of the second SVD, independently of the SOM rank.
This needs further deliberations and rethinking.

Keywords: multidimensionality, symptom observation matrix, singular value decomposition.

ZASTOSOWANIE PODWOINEGO ROZKEADU WARTOSCI SZCZEGOLNYCH (SVD)
DO SYMPTOMOWEJ MACIERZY OBSERWACIJI W DIAGNOSTYCE MASZYN

Korzysci zastosowania SVD w wielowymiarowej diagnostyce maszyn sa potwierdzone przez
wielu autoréow. Jednak dla matej ilosci obserwacji, kiedy rzad symptomowej macierzy obserwacji jest
niski, wyniki moga wydawaé si¢ nieprecyzyjne, co moze wplywa¢ na wynikowa decyzje
diagnostyczng. Zatem zastosowano podwojny rozktad SVD w skrajnych przypadkach wzigtych
z praktyki diagnostycznej, kilkunastu i kilkuset obserwacji. Otrzymany rezultat zaprzecza
poczatkowej supozycji, dodatkowe zastosowanie SVD nie daje zadnego wzrostu doktadnosci obliczen
uogoblnionych symptoméw. Przy okazji tych badan podwojnego SVD tatwo byto skonstruowaé nowy
uogoblniony symptom wskazujacy na wystgpowanie dwu liczacych si¢ uszkodzen w obserwowanym
obiekcie, co moze by¢ istotne w sytuacjach nadzory ztozonych obiektow.

Stowa kluczowe: wielowymiarowo$¢, macierz symptomowej obserwacji, rozktad wartosci szczegdlnych.

1. INTRODUCTION space. The resultant matrices of SVD

The idea of symptom observation matrix (SOM)
in multidimensional condition monitoring of
machines is well established and brings several
advantages, [Cempel et al 07]. Usually it is p>r
rectangular matrix with () symptoms S, measured
along the system life 6 (p readings) placed in
separate columns. It allows placing all physically
different symptoms' measured in a phenomenal
field of the machine in a one SOM, and to process
them in order to obtain projection of observation
space to the fault space of machine. Of course we
usually observe more symptoms (columns of SOM),
than there is expected number of faults in
a machine.

The preprocessing of SOM may be different,
but for condition monitoring it was found that
normalization and extraction of symptom initial
value is the best solution, bringing all symptoms to
their dimensionless form. Then, the application of
SVD to the dimensionless form of SOM gives
needed projection of observation space to the fault

' Symptom, measurable quantity covariable (or
assumed to be) with the system condition

decomposition allow calculating two important
matrices. The first is SD matrix, which give us
generalized fault symptoms SD; of machine, and in
theory they are independent each other. From this
matrix we can calculate so called total damage
(generalized) symptom, as the sum of all SD;
generalized fault symptoms. This is mainly in order
to calculate the symptom limit value S, or to make
the forecast of the total damage symptom. The
second AL matrix allows us to assess the
contribution of primary measured symptoms to
anewly formed generalized fault symptoms. In this
way we can just say which of primary symptom is
redundant, as it does not give substantial
information contribution, and as such can be
rejected from further calculations and/or future
measurements.

But the column orthogonality of SD matrix is
assured for sufficient size of SOM matrix; in reality
the matrix of correlation coefficient of SD matrix
gives sometimes quite big off-diagonal elements,
some of order 0.5 and higher. So, may be some
improvements in our diagnostic reasoning is
possible by the application of another orthogonal
decomposition to SD matrix? In reality there is no
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big choice of decomposition method; principal
components analysis (PCA), which uses SVD as it
can be shown [Golub et al 96], and both are well
diagnostically interpretable [Tumer et al 02],
[Jasinski 04], [Korbicz 04]. The well known QR
decomposition seems to be not usable in
diagnostics. According to unpublished study of
present author, only the main diagonal of the upper
triangular matrix R of this decomposition can be
compared to the first generalized symptom SD;, the
higher upper diagonals are shortened and do not
carry readable diagnostic information.

In principle, it is possible the second application
of PCA to SD matrix, but as it is known eigen
values of decomposition will be the squares of
singular values of SVD, and singular vectors are
equal to principal components. So there is no other
solution like to apply SVD again, but for matrix SD
only, not to AL matrix. This will transfer only part
of SOM information content, but we will see the
result. Such is the main idea of this paper, and as it
is hope, it brings some advantages in condition
assessment. It seems to, that the effect of this
additional decomposition maybe data dependent

SOM = Opr = [S;tm ]’

Now we can apply the Singular Value
Decomposition (SVD) [Golub 96], [Will 05],
[Kielbasinski et al 92] to our dimensionless SOM

and its real usability can be jugged for the given
population of diagnosed objects.

2. OPTIMIZATION OF MULTI SYMPTOM

MACHINE OBSERVATION

It was assumed earlier, our information about
machine condition evolution is contained in p x 7
SOM, where in » columns and p rows of the
successive readings of each symptom are presented.
Usually they are made at equidistant system life
time moments 6, n=I,2,..p. In pre-processing
operation the columns of SOM are centred and
normalized to the three point average of three initial
readings of every symptom. This is in order to
make the SOM dimensionless, and to diminish
starting disturbances of symptoms. This allows also
to present the evolution range of every symptom
from zero up to few times of the initial symptom
value S, (measured in the vicinity of 0 = 0).

After such preprocessing we obtain the
dimensionless SOM in the form;

S;lm :%_1’ (1)

Om

(1), to obtain singular components (vectors) and
singular values (numbers) of SOM, in the form

O =U -X ,-VWT, (T — matrix transposition), ()

pr pp pPr

where; U, is p dimensional orthonormal matrix of
left hand side singular vectors, V,, is r dimensional
orthonormal matrix of right hand side singular

......

vectors, and the diagonal matrix of singular values
2, is defined as below

o, >0,>..>0,>0, 3)

and zero s. v. ; Gy = ...0;=0; [=max (p,r), u<min(p,r), u<r<p.

Going back to SVD itself it is worthwhile to say,
that every non square matrix has such
decomposition, and it may be interpreted also as the
product of three matrices [Will 05], namely

0, = (Hanger) x ( Stretcher) x (Aligner™) (4)

This is a very metaphorical description of SVD
transformation, but it seems to be an useful analogy
for the inference and decision making in condition
monitoring. The diagnostic interpretation of
formulae (4) can be obtained very easily. Namely,
using its left hand side part, we are stretching our
SOM over the life (observations) dimension,
obtaining the matrix of generalized symptoms SD
as the columns of the matrix . And using its right
hand side part of (4) we are stretching SOM over

the observed (primary) symptoms dimension,
obtaining the assessment of contribution of every
primary symptoms in the form of matrix AL,
assessing in this way the contribution of each
primary symptom to the generalized fault symptom
SD,‘ ,i:], LU

SD :Opr 'Vrr = l]pp 'Err ;
and; AL=U",, -0, =%, -V, (5)

We will calculate the above matrices and use
them for better interpretation of monitoring results
(SD) and optimization of the dimension of the
observation space (AL).

As the rows of SOM matrix were formed along
the machine lifetime, so the columns of SD matrix
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have the discrete argument of life time €, and we
can write fault space interpretation as below;

SD,(6) < F(0), t=12,..,

SumsD, (6) = 3 sD, (

i=1

where; u; is a column of U,,.

This concept of diagnostic inference, for
individual fault F; (6), and total fault damage F(7)
has been proved in several papers [Cempel 04],
[Cempel at al 07], and we will use it in further
consideration.

The above results, based on generalized fault
symptoms, have been obtained only from the first
matrix SD in (5). And the second matrix AL gives
us the relative measure of information contribution
to each generalized symptom given by particular
primary symptom measured during the SOM
gathering. This is one way of assessment of the
primary symptom redundancy, but we need some
other global indicators of rejection of the redundant
symptom. In our previous papers we have used
modified Frobenius norm of SOM and the
generalized volume of the fault space created by
SOM. What is important here, these two measures
are based on singular values of SOM, which in turn
can be treated as the fault advancement measures

(see (6)).

Frobl = Xo;; ()
and; Voll =11 o;, i=1,..u

Looking above for the value creation method,
one can say that if some primary symptom will be
really redundant its rejection should change Frobl
measure only a little (small o7 ), and should much
increase the fault space volume Voll. We will notice
how it behaves with real examples of symptom
rejection in diagnosed machines.

Norm (SD) =//8D,//=0.,t=1, ...u (6)

And for the total damage generalized symptom

0)=35,(6)-u,(6)= F©), o)

3. TOTAL DAMAGE SYMPTOM AND
DOMINATING SYMPTOM
OF MACHINE, EXAMPLE

As a first example of application of our idea we
will take a hard diagnostic case - a huge fan for coal
milling from one of Polish thermo power station.
Here the root mean square vibration velocity (V ;)
has been used as a symptom of condition, and
initially altogether 11 symptoms at different places
of fan mill aggregate structure were constantly
monitored over 60 weeks lifetime 6. How unstable
and noisy the fan running environment is, one can
notice from the left top picture of the fig.1. It is
seen further (middle left picture), that the symptom
normalization and addition of life time symptom &
(straight line) do not change much the noisy
behaviour of primary and generalized symptoms
(bottom left picture ).

Looking at the middle right picture of Fig.1,
where matrix AL is presented, one can notice that
symptoms No 7,8,9,10,11 do not give substantial
contribution to the three dominating generalized
symptoms, and probably can be rejected as
redundant at the first approach. With this respect
please note the value of Frobenius modified
measure Frobl and the volume Voll of the fault
space at upper right picture. One can also note here,
that there are two generalized symptoms with high
information contents, and due to that two symptom
limit values are assessed: S). for the total damage
symptom, and S;; for the first generalized symptom
(bottom pictures).
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Symp.Observ.Matrix with movavg.of AO=loz8b Inform. Contrib.of singular values o,
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Fig. 1. Vibration condition monitoring (V) of the coal mill fan observed at three bearings
of fan and electric motor

Concerning symptom redundancy, let us look conclusion for symptoms No 7, 8, 9, 10, 11 in
further at the Fig. 2 presenting the primary particular. This is true with respect to the total
symptoms contributions measured in terms of damage symptom SumSD; at the bottom picture
correlation to SOM matrix, and to the total damage and also partially to the overall information
symptom SumSD;. Here one can come to similar resource at the upper picture.

svdOptInt0: Symptom Information Contribution; for A1=loz8b
0.15

o R e

o.osf”}e 777777 - N ——_—_———
|

of—- 1o~ S P S, M i

-0.05
0

I I I I
I I I I
| | | |
2 4 6 8 10 12

O<vro—iNS T3

0.6

04F-——----

L1 ==10)]

4 6 10 12

No of primary symptom (no 1=Life)

Fig. 2. Primary symptom contribution to the overall information resource and to the total damage symptom
SumSD;, for the fan coal mill aggregate (fig.1)
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Following these guidelines of Fig. 2 five
symptoms have been rejected from the primary
number of eleven, and the result of new SOM
decomposition is seen on the Fig. 3. As can be seen
from the picture top left the most of troublesome
un-diagnostic symptom was rejected. Due to this
one can say we have new SOM with little increase
of Frobenius modified measure, and dramatic
increase of the fault space volume. Comparing
pictures bottom left of Fig. 1 and Fig. 3 one can
notice that most of generalized symptoms
oscillation has been reduces, but they are still
present there. Also it is worthwhile to notice the

Symp.Observ.Matrix with movawg.of AO=loz8b

8 Rejected 5 symptomis
m no 7,8,9,10,11 |
S 6 f |
A 0
Sympt.Observ.Matrix;cen&norm.init; A1=loz8b
Sm
s
é o 20 40 6
swdoptintO: Life evolut.of SumSDi & SD1 discr.
20 ‘
8 —— SumSD; ‘
___SD !
g 10 -
|
% |
0 sessamsdsment L o
Sur SDi saved éé‘E'SDTO'ptO'""
| |
-10 1 L
0 20 40 60

Lifetime obs-s

N T3 —<VED W + -

decrease of singular values contribution in a new
SOM. There are still two dominating faults but
amount of information they carry is increased now.

This is the result of SOM optimization by
means of symptom rejection described already in
some papers [Cempel 09]. Having done this one
can now proceed to condition forecast, by means of
neural nets [Tabaszewski 06] or by grey system
theory [Cempel et al 07]. But we are interested now
in some improvements of generalised fault
symptoms, possible by new SVD processing, what
will be done in a next point.

Inform.Contrib.of singular values G;

60 | \ \
‘ Frob1=35.9008
| | |
40 - - -L---- Vol=3-1948- - - -
| |
| |
20 -—--ft--—--t-———- e
| |
Sing.VaI.Nuh]b.ci
0 .
0 2 4 6 8
1:3 Singul.Compon.-contrib.of primary symptoms
20

10

S|‘1+l=4.938“8
S‘C+l:4.O3J‘.4

w

2
20 30 40 50 60
Number of observations used for SI calculation

Fig. 3. Coal mill fan as on Fig.1 with five redundant symptoms rejected

4. THE SECOND DECOMPOSITION OF
GENERALIZED SYMPTOM MATRIX SD

As it was said in the introduction the
generalized symptoms theoretically have to be
orthogonal, but usually it is not exactly true,
depending on the type of SOM matrix. Hence let us
recall partly the relation (5) creating the generalized
symptom matrix SD

SD =0, -V, =U,,-%,.

As one can see this is rectangular p e r matrix,
but as relation (3) indicates only u# < r of singular
values are different from zero, hence we should
correct above to

SD :opr 'Vuu = l]pp 'Euu . (9)

Applying now SVD again to the above,

analogously to (2) we will have

SD =Ul,, *21,,*VI1",, . (10)

And from the last decomposition we should pass

to the new generalised fault symptom matrix in the
same way as in (5), let’s name it SD1, as below;

SD1=S8D*V1,,=Ul,,* X1, . (11)

It seems to, that after such double
decomposition, the new generalized fault symptoms
SDI1; will be much more orthogonal, this means
having less disturbances in the course of system life
0.

Let us turn our attention again to Fig. 3, picture
top right. As we can notice from here it seems to be
two faults in our machine; with relative strength
close to 60% for the first and close to 40% for the
second fault. It would be interesting if the double
SVD confirm the presence o two faults and repeat
their internal relation. Also for the inference
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process it would be helpful to create some new
measure, or symptom, which confirms the presence
of the second fault in a machine. This new
symptom of the second fault (§F) can be simply the
normalized product of the two first dominating
symptoms as below;

SF=SD,*SD,*(IsD,|y"?,  (12)

where normalization is acting only with respect
of first dominating symptom SD; .

Such calculation as sketched above has been
appended to the program svdOptInt0.m and the
result one can see and analyze looking at the Fig.4
below.

SwdOptInt0.m; Double svd of Gen.Sympt matrix for A1=loz8b Singular values contribution of double SVD

10

8

QSO S TO3 O3 T
o N

Sum and first fault symptom of C1 = double SVD

60

0 2 !
Number of singular value

Normalized product of 2 dominating generalized symptoms-SF

20

— sd1 !
. SumlSDi ‘ !

10

Fig. 4. The second SVD of generalized fault symptom matrix SD, and the new symptom
of second fault presence, for the data of Fig.3 of a fan mill

Fig. 4 and Fig. 3 (bottom left and top right) we
can notice their identity with the respect of shape of
the curves, their values, as well as the values of
Frobenius measure and Volume of the generalized
fault space. This identity is shocking result.
Moreover, if we calculate correlation coefficient
matrix for generalized fault matrices SD and SD1
after second SVD, their results are also identical,
even with respect of values of the off-diagonal
elements.

What does it mean? We know that SD matrix,
created according relation (5), does not carry all the
information of primary SOM. The same is with
SD1 matrix according to relation (10) and (11).
Until now, this fact can not be interpreted correctly
using author’s understanding only.

But not all information contained in a Fig. 4
brings us to confusion. Looking for the picture
bottom and top right, we can notice that in this case
we have independent confirmation of second fault
existence in our machine. So, the calculation of

product of first two generalized faults (12) gives us
independent confirmation of second fault existence
or its not existence.

But may be this identity of results after second
SVD application is data oriented? Let us take
another example. This time it comes from ball
bearings durability testing stand, where slowly
pulsating load was applied additionally” and 19
symptoms has been measured initially. Fig. 5
present here optimized SOM of the ball bearing
experiment, after rejection of 3 redundant
symptoms, and Fig. 6 presents the results of second
SVD application to the SD matrix.

And again comparing bottom left and top right
pictures of Fig. 5, with the top pictures of Fig. 6 one
can find their identity, the same as in previous case.
So this is a rule of data processing, and identity is
not data oriented. But there is a god news in Fig. 6,

? Author is obliged here to Dr M. Tabaszewski for
providing the data.
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it is confirmation of the existence of the second
fault, emerging during the life testing of the bearing
(picture bottom right). Of course there are some
oscillations on the course of SF due to oscillation of
bearing load, but the mean course of SF measure
strictly indicate second fault presence and its
evolution.

In previous examples we had rather big data
base; sixty or one hundred sixty rows in SOM
matrices (readings). Hence let us change the
dimension of SOM to very short, of order of twenty
symptom readings. This can be the case of railroad
diesel engine condition monitoring®, where at the
top of one cylinder all vibrational quantities has
been measured, each ten thousand kilometers of its
mileage up to the breakdown. Figures 7 and 8
present this case in the same manner as it was done
previously. Although Fig. 7 is already optimized

Symp.Observ.Matrix with movawy.of AO=loz12r
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with 3 symptoms rejected, one can see that last four
singular values are very small, giving the small
value of the volume of generalized fault space of
order 10”. We have here situation where only one
fault is developed, what is clearly seen from the
pictures top right and bottom left. The rest of
singular values and generalized symptoms as well,
do not give substantial contribution to the total
damage symptom Sum SD; . And the same is seen
from the Fig. 8 where the second SVD have been
applied to the generalized fault symptom matrix
SD, picture left bottom of Fig. 7. As there is no
second fault visible from the distribution of singular
values (fop right pictures), the second fault measure
SF behaves quite strangely on the Fig. 8 bottom
right showing us that there is no second fault. This

confirms the relevance of the SF measure
introduced here first time.
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Fig. 5. Optimized SOM of ball bearing at the testing stand with slowly pulsating load

3This time author is obliged to Professor F. Tomaszewski for providing the data.
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SwdOptInt0.m; Double swvd of Gen.Sympt matrix for Al=loz12r Singular values contribution of double SVD
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Fig. 6. Ball bearing data from the Fig5 after second SVD of generalized fault matrix SD
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Fig. 7. Optimized SOM of railroad diesel engine diagnostically processed by SVD
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SwdOptInt0.m; Double swd of Gen.Sympt matrix for A1=sil54d2 Singular values contribution of double SVD

2 \ \ \ \
| rejected 3 symptoms |
10011
&) Y e e |
LY N Ry ) N SO
’é‘ |
0.5 13 generdalized fault symptoms |
|
/ 1] -
: 1/ -
Ores -7 AN
G \\\‘/?4/ | T\\\
| | | |
-0.5 1 1 | |
0 5 10 15 20 25

T3 S5—03 T

70 \ \ \ \

© | | | |

OF-F—+———+—— -+
| | | |
| | | |

S e e e S B
| | | |

N R
| | | |

S e e e U A Sl
| Vol=8.4p56e-0Q7

20 b Lo L L _1___
| | | |
| | |

107777T777T777T777T777’
| |

0 T ? <P ) L L o)

2 4 8

0.6 \ \ \ \

0.4

Fig. 8. Second SVD of railroad diesel generalized fault matrix, and respective SF measure life coarse

5. CONCLUSIONS
The premise for writing of this paper was
unwritten  assumption that singular  value

decomposition used in condition monitoring for
fault information extraction may have some errors,
in dependence of rank and the dimension of SOM
of monitored object. This was amplified by the fact
that correlation coefficient matrix of generalized
fault symptom matrix SD has large off-diagonal
elements. So, the second SVD of SD matrix of
three diagnostic cases has been performed. The two
of them with rather long observation history, (60
and 160 rows of SOM as system observation) and
the last very short with 24 rows of SOM. In all
three cases the results were the same, no increase in
accuracy of calculation, the same singular vectors
and singular values, independently of the matrix
row dimension. This may be the proof of validity
of SVD use as the method of fault information
extraction, but it is not the proof of the goal of this
paper.

Additionally, along this consideration some new
diagnostic measure of second fault existence - SF
has been introduced. In two first cases SF
confirmed the existence of second fault presence, as
really it was the case. This seems to be one of the
concrete results of this paper
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Summary

The global dimension of future security threats is of paramount importance. Whilst
technological advancements will continue to be the basis of wealth for many nations, terrorism is
likely to continue to be the harbinger of a pervasive sense of insecurity amongst populations.
Increasingly, energy security will be the driver of many key strategic decisions, creating dynamic
and unstable inter-state interactions in the process. With the internationalsystem itself experiencing
a period of profound flux, some of the institutions that are charged with managing global problems
may be overwhelmed. The likelihood of great power conflict escalating into total war is lower than
at any time in the past century but weak governments, lagging economies, mass migration, WMD
proliferation, religious extremism, and youth bulges, will align to generate the conditions for
internal regional conflicts with global impact, backed by the Revolution in Military Affairs.

Keywords: Technology and Military Transformation, Security technology, Research and Development,
Risk-Threat-Vulnerability, Life-time cycle, Afghanistan, National strategies, Emerging technology,
Energy Security, Innovative approach, Revolution in Military Affairs

1. INTRODUCTION

Globalization and the spread of information
echnology will combine to put increasing strain on
the concept of state, but will not alter the
geographical dimension that remains a key
parameter. After due consideration of the levers
impacting the future strategic environment, together
an analysis of the trends of key factors such as
resources, economies and populations, the resultant
is likely to be a scenario of states linked by
common interests, cultures, expectations and
ambitions, that rotate around pivotal states acting as
regional attractors. An additional level of
complexity arises due to the dynamic interaction
between the geographical and virtual dimensions
possibly inducing centrifugal forces as individual
nations cluster around pivotal states.

Technology has a range of implications for
national governments: the impact that scientific and
technological developments have on society, the
economy and the environment; what the latest
trends are; what the future might hold; and how this
all affects security, both internal and external.
Therefore, science and technology, research and
development considerations, and others have to be
included in the factors determining national
strategy.

Technology has offered a high and
sophisticated standard of living to societies but at
the same time introduced an inherent vulnerability.
Without its tools their economies can no longer be
run and their infrastructure would collapse. Modern
societies and their armed forces have become
highly dependent on modern technology. The

unarmed attacks of 9/11 clearly demonstrated this
and the public is generally not aware of even larger
threats, some at a nation's scale, posed by terrorists
but also by accidents or natural disasters, just
because of the total reliance on technology.
Regarding military affairs, the Gulf Wars, the
Kosovo air campaign and the war against terrorism
in Afghanistan sharpened the public's interest in the
military applications of high technology, through
television pictures of the precision use of smart
weapons and stand-off weapons platforms. The
myth of the "zero-loss war" was actually born in
Kosovo. Immediately deriving from this
experience, the reluctance for -casualties and
collateral damage would have grown and
influenced to some extent the political attitude of
Governments in taking part into operations,
eventually being able to

influence up to the nation's strategy.

2. GEO-STRATEGIC ANALYSIS

The strategic repercussions brought about by
the end of the Cold War are still unfolding:
emerging powers in Asia, retrenchment in Eurasia
and a roiling Middle East. The very magnitude and
speed of change resulting from a globalizing world
will be a defining feature of the world into the 21st
century. Other significant characteristics include:
new challenges to governance and a more pervasive
sense of insecurity due to terrorism. As one map the
future, prospects for increasing global prosperity
and the limited likelihood of great power conflicts
provide an overall favorable environment for
coping with what are otherwise daunting
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challenges. Globalization, that is growing economic
inter-connectedness  reflected in  expanded
information flow, shared technology, interactive
capital investment, inter-dependent markets for
goods and services, and an increasingly mobile
workforce throughout the world, will be an
overarching mega-trend, capable of substantially
influencing all parallel global forces.

3. GLOBAL DIMENSION OF CHALLENGES

An expanding global economy will increase
demand for many finite raw materials e.g. oil, that
is expected to become significantly scarce by the
middle of the 21st century. Total global energy
consumption is likely to rise by about 50 percent in
the next two decades compared to a 34 percent
expansion from 1980-2000. Most experts assess
that, with substantial investment in new capacity,
overall energy supplies will be sufficient to meet
these increasing global demands. However, on the
supply side, many of the areas, the Caspian/Barents
Seas, Venezuela, and West Africa, that are being
relied upon to provide increased output are
accompanied by substantial political or economic
risk. Traditional suppliers in the Middle East are
also increasingly unstable. Thus sharper demand-
driven competition for resources, perhaps
accompanied by a major disruption of oil supplies,
are among key uncertainties. Increasingly, energy
security will be one of the critical elements of the
security environment into the future.

Part of the pressure on governance will come
from new forms of identity politics centered on
religious convictions. In particular, political Islam
will continue to have a significant global impact,
rallying disparate ethnic and national groups and
perhaps even creating an authority that transcends
national boundaries. Democratization and greater
pluralism could gain ground in key Middle Eastern
countries that thus far have been excluded from the
process by repressive regimes. Yet, the process
already started in many states of the former Soviet
Union and in Southeast Asia, may well prove less
effective than hoped with a return to less
democratic regime structures possible.

Regionally based institutions will be
particularly challenged to meet the complex
transnational threats posed by terrorism, organized
crime and the proliferation of Weapons of Mass
Destruction (WMD). Such post-World War I
creations as the UN and the international financial
institutions risk sliding into obsolescence unless
they adjust to the profound changes taking place in
the global system, including the rise of new powers
(regional hegemons). A sense of insecurity will
characterize public opinion based on psychological
perceptions being viewed as physical threats. Even
as most of the world gets richer, globalization will
profoundly shake up the status quo. This generates

enormous economic, cultural, and consequential
political convulsions.

Current nuclear weapons states will continue to
improve the survivability of their deterrent forces
and almost certainly will find methods to better the
reliability, accuracy, and lethality of delivery
systems as well as develop capabilities to penetrate
missile defenses. The active demonstration of
nuclear capabilities by any state would further
discredit the current nonproliferation regime, cause
a possible shift in the balance of power, and
increase the risk of conflicts escalating into nuclear
ones. Countries without nuclear weapons,
especially in the Middle East and Northeast Asia,
might decide to seek them as it becomes clear that
their neighbors and regional rivals are doing so.
Moreover, the assistance of proliferators will
reduce the time required for additional countries to
develop nuclear weapons.

Information technology, allowing for instant
connectivity, communication, and learning, will
enable the terrorist threat to become increasingly
decentralized, thus evolving into an eclectic array
of groups, cells and individuals that do not need
a stationary headquarters to plan and carry out their
operations. Training materials, targeting guidance,
weapons know-how, and fund-raising will all
become virtually online.

Terrorist attacks will continue to primarily
employ conventional weapons, incorporating new
twists and constantly adapting to counterterrorist
efforts. Terrorists probably will be most original,
not in the technologies or weapons they use, but
rather in their operational concepts i.e. the scope,
design and support arrangements for their attacks.
Strong terrorist interest in acquiring chemical,
radiological, biological, and nuclear weapons
increases the risk of a major terrorist attack
involving WMDs. The greatest concern is that
terrorists might acquire biological agents or, less
likely, a nuclear device, either of which has the
capacity to generate indiscriminate casualties on a
huge scale. Bio-terrorism appears particularly
suited to the smaller, better-informed groups. The
terrorists will attempt cyber attacks to disrupt
critical information networks and, even more likely,
cause physical damage to information systems.

Mass migration will continue and, as
a consequence of the low educational standards of
most migrants, this phenomenon will continue to
give rise to high levels of unemployment bringing
with it the potential to generate ethnic and religious
tensions. The resultant is the creation of a frustrated
and disenchanted human resource ‘pool’ with
recruitment potential for terrorism.

The difficulty for national security mechanisms
is then to identify such terrorists within the state
boundary and uncover the ‘enemy in one’s own
land’. And this is vital in order to prevent terrorist
activities taking place that, in turn, generate
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indiscriminate victims (sometimes on a large scale
but not always) within the population, instill
a pervasive fear amongst populations in the process
and adversely impact economic systems.

Organized crime embraces the elements of
money laundering, human trafficking, smuggling,
drug trafficking and corruption. Together, these
elements have the potential to undermine state
structures and influence the power monopoly of
states.

As all developed states are dependent, and
becoming increasingly dependent, on Information
Technology (IT) the potential impact of cyber
crime, especially as a tool of terrorism, is very
likely to attain a new level of importance into the
future. Already only a slight interference of these
complex systems can generate damage of immense
magnitude.

A large number of physical disasters are
forecast, in particular, as a consequence of the
melting of the polar ice caps. If this materializes
widespread flooding of coastal regions will follow,
necessitating ~ migration. In  addition an
environmental reshaping of this magnitude is likely
to be accompanied by dramatic changes to weather
patterns such that an increasing number and
frequency of tornados, tsunamis and storms follow.
The implementation of strategies designed to
counter such occurrences will demand huge
national and international commitment, especially
in budgetary terms and, inevitably this will divert
resources from other areas, including security. The
security challenge presented therefore will be to
continue to provide a secure environment with
diminishing resources in an increasingly natural
resource scarce environment. Responsibility to
counter the security challenges posed falls to the
respective national security organisms, in particular
intelligence services and police authorities.
However, the real challenge in confronting the
cause of the security risks lies hidden within
democracy itself as diverting huge sums of money
to environmental issues lessens the amount
available  for  health, education, welfare.
Importantly, in tandem with fractured stability
issues arising within member states of NATO
military capability gaps will emerge and widen as
individual nations divert resources from defense to
other areas as other, more pressing, difficulties
arise.

4. GLOBAL VERSUS GEOGRAPHICAL
APPROACH

Globalization and Revolution in Military
Affairs will place enormous additional strain on
governments. Growing connectivity will be
accompanied by the proliferation of virtual
communities of interest, complicating the ability of
states to govern. The Internet, in particular, will

spur the creation of even more global movements
that may emerge as robust forces in international
affairs.

One can rightfully ask if, in an era of
globalization = and  ‘cyberization’,  whether
geography continues and, will continue to be
a dominant value. Globalization consists largely of
two aspects, one being the rise of trans-national
economic actors, sometimes more powerful than
states, and the other the geographical disconnection
of otherwise linked economic activities, mainly
between the production of goods and associated
services. The ‘cyberization’ of communications has
largely promoted the latter.

Economic activities, as they bind people and
establish societies, constitute the baseline of inter-
human relations. These activities are dependent on
the availability of, or access to, resources (human
and material) that are unevenly distributed around
the globe. Geography determines the spatial pattern
or distribution of these resources, be it human
through living space and conditions or material
through availability or, even more important,
accessibility by presenting natural barriers as the
mountains and deserts or natural highways like
waterways and sea lanes. Of course, available
technology and capital may create infrastructure
that modifies these geographical features, thus
influencing accessibility, but large-scale geographic
barriers can rarely be completely annihilated. Geo-
strategy “is not geographic determinism, but it is
based on the assumption that geography defines
limits and opportunities in international politics:
states can realize their geopolitical opportunities or
become the victims of their geopolitical situation”
[4]. Even a cyber based economy will require
specific human resources and infrastructure, most
of the time only available in areas where other
economic activities are developed.

Common economical activities shape societies
and inter-societal economical exchanges are
accompanied by cultural exchanges, promoting
common understanding and mutual influence, the
depth of which is largely dependant on the relative
power balance. As geography determines spatial
trade flows, it will equally influence cultural
“commonality” and determine society groupings.
The economical activities of a society provide the
basis for its power. To determine the power
distribution amongst states or regions and their
evolution in the near future, it is necessary to study
the building blocks constituting their power. As
previously articulated, the prime power elements
(or factors) constitute populations, resources in
their quantitative and qualitative aspects providing
a qualified labor force, availability of material
resources, the capability to develop and wuse
technology, determine the ability to change
physical and human environments or to adapt to
a changing environment and finally, economies in
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their own right, providing capital, the ultimate
means of exchange in order to acquire the resources
or technology needed.

Geo-strategy is then necessarily a dynamic
approach. It reflects the global constellation of
power elements “arising from the interaction of
geography on the one hand and technology and
economic development on the other. Technology
and the infusion of capital can modify, though not
negate, the strategic importance of a particular
geographic space”.

Man-made cyber geography, the ultimate
expression of globalization, is likely to exist
alongside, or on top of, natural geographic features
and is expected to become another example of
technology modifying or reducing the influence of
the natural landscape, but not reducing it to a level
of inconsequent impact because that is not possible.

5. TECHNOLOGICAL DEVELOPMENT
COUNTS!

A pertinent question is whether technological
developments might bring Allies to the limits of
interoperability. Over the last two decades the USA
have been spending more money on developing
technology than all the European partners spend
together. One can argue that this kind of "gap" has
always existed. The present problem could lie in the
vanishing solidarity as the common enemy has
faded away. Weaker Allies would have been
backed up to avoid a breakthrough while now
military and political authorities will rather question
the opportunity of taking supplementary risks just
for the "pleasure" of enjoying their company in the
planned operations. A real technological gap may
cause a shift in the threshold of interests for
common action and could induce a political gap
that would be much more damageable for NATO's
cohesion.

The global information infrastructure enables
any group, if not individuals, to have access to
techniques for “home made” weaponry. Another
aspect is the power acquired by major multinational
armament manufacturers on governments as they
detain the key technology to base military power
on. On the other hand, some companies will only
survive as long as public money is made available
for Research and Development (R&D) and
sometimes even just for running. Will modern
technology become too expensive for some national
defense industries in
a competitive and shrinking defense market?

Additionally, the fast development of
technology could have in some nations an internal
aspect as it is not sure that all top managers of the
armed forces and their political masters are well
aware of what is going on. This remark is not made
to blame them but to stress that the technical
complexity is now so high that it has become very

difficult for specialists to inform thoroughly and
clearly the decision makers about the possibilities
but also the consequences of every technical
progress. This is the open door to a lot of
deleterious lobbying and potentially dangerous
strategic orientations and operational choices.

6. HIGH-TECH IMPACT: IRAQ CASE
STUDY

Along with the aspect of information and
media, the aspect of globalization that is affecting
asymmetric capabilities of our potential adversaries
is that of information technology advances.
Technology was once the weapon of the strong as
the US with the NATO Allies demonstrated with its
overwhelming defeat of the numerically superior
Iraqi Army during Operation Desert Storm.

The first night of the Gulf War air campaign
demonstrated that the conduct of war had changed.
Well before dawn on 17 January 1991, Major Greg
Biscone flew the first of two B- 52s toward Wadi
Al Kirr airfield, a recently completed forward
fighter base in central Iraq.

His targets were the taxiways between the
runway and hardened aircraft shelters. Skimming
300 feet over the desert at 500 miles an hour it was
so dark the night vision goggles and low light TV
system didn’t help. Iraqi early warning radars
forced Biscone to drop his huge, old bomber lower,
the surface-to-air missile (SAM) threat was greater
than the danger of flying within a wingspan of the
ground. Minutes later, Biscone and his counterparts
executed a successful multi-axis attack crippling the
airfield and leaving anti-aircraft artillery with
nothing to fire at but the receding jet noise. Less
than an hour earlier, stealthy F-117s had struck the
heart of the enemy, Baghdad, in the opening
minutes of the war. Tomahawk Land Attack
Missiles (TLAMs) followed, striking critical
electric systems and government decision-making
and communications centers. F-15Es, part of an
initial covert entry scheme into Iraq, attacked
known SCUD launch facilities that threatened Israel
and coalition nations.

Simultaneously, 13 F-117s flew against 22
separate targets including command bunkers north
of Baghdad, communications exchanges in
Baghdad, interceptor operations centers in Kuwait,
satellite downlink  facilities and  vital
communications nodes around the country. In
western Iraq 30 aircraft attacked Saddam Hussein’s
chemical production facilities. Just north of Basrah,
38 fighters put Shaibah airfield out of commission
and 44 others stripped away the medium altitude
SAM defenses west of Baghdad near Al Tagqgadum
airfield, the Habanniyh oil storage area and three
chemical weapons precursor facilities to clear the
way for attacks the following afternoon. All
suspected biological weapons storage sites were
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targeted and critical oil storage facilities were hit.
Conventional air launched cruise missiles
(CALCMs) fired by B-52s flying from the United
States reached electric facilities at Al Mawsil in
Northern Iraq. By the end of the first 24 hours of
the war, bombs also hit enemy bridges, military
support and production factories, and naval
facilities. In all, more than 1,300 offensive air
sorties were flown that day. However, it was not the
number of sorties that made this first day of air
attacks so important, but how they were planned
and co-coordinated to achieve specific effects; this
represents one of the first examples of the effective
implementation of the latest modern military
technology assets available.

The superior defeat in less than 100 hours had
forever changed the ability of modern,
technologically advanced nations to wage war. The
debate still spread out about whether there was or
not a Revolution in Military Affairs (RMA), but
what is increasingly clear is that the technology that
enabled the Allies to defeat Iraq is now becoming
universally available.

Technology transfer has really taken three
forms. First there is almost universal access to
space-based imagery, the global positioning
network, and worldwide secure communications
network. Second, it is now extremely easy to
purchase technologically advanced weapons such
as Global Positioning System (GPS), jammers,
radio direction finding equipment, night vision
devices and handheld radios at a fraction of the cost
had paid to develop them. Finally, the cost of
modern weapons has become so great, that it has
increased the dependence on joint military and
civilian ventures where technology transfer to the
civilian community is increasingly difficult to
control.

7.CONCLUSIONS AND
RECOMMENDATIONS

During a fifteen minutes search on the Internet
one is able to obtain high quality imagery of
Washington D.C., Brussels, Pentagon, several of
important nuclear facilities and almost any NATO
Allies military installations. This information is
available to anyone with a computer and a modem.
If one is willing to pay, the information can be sent
worldwide in near real time. If an adversary were
planning an attack against whatever Center of
Gravity (COG) as for example nuclear plant may
be, this would provide an invaluable planning tool.

Access to GPS systems, satellite phones, and
secure Internet communications have given
criminal and terrorist networks access to the same
level of information that was once available to only
the most sophisticated nations. Terrorist groups and
extremist organizations are making unprecedented
use of this new technology as outlined in a report

by the US National Infrastructure Protection
Center. “Extremist groups are increasingly adopting
the power of modern communications technology.
An extremist organization, whose members get
guidance from

e-mails or by visiting a secure web site, can
operate in a coordinated fashion without its
members ever having to meet face to face with
other members of the organization” [5]. First, the
Internet is being used to corporate new members
into terrorist/extremist organizations and bombs
them with a steady stream of propaganda. This
propaganda indoctrination can be conducted from
a safe area where the leaders are free from any
threat of law enforcement. Secondly, access to
online communication sources like free email
accounts, chat rooms, and web-based bulletin
boards, make it difficult to track where messages
are coming from or going to. It provides a means
for almost worldwide secure communication. The
emergence of more sophisticated technology, like
anonymous remailers, encryption and decryption,
will only make identification and tracking more
difficult.

And finally, Internet gathering points allow
dispersed members to share ideological and
operational information, enabling them to centralize
their shared world view into independently actuated
agendas in support of a common goal. Another
reality of the globally connected world is the
merging of defense and commercial technologies
on a global scale. It is only logical that as our
defense industries shrink and consolidate, they will
have to produce products that have both military
and civilian, dual use capabilities to survive. The
ability to achieve competence in civilian production
and defenseindustrial applications is becoming
increasingly intertwined. At the same time, market
access in the developing world (as in East Asia)
increasingly requires technology sharing as an
instrument of commercial competition [1].

The proliferation of weapons technology will
be an increasing problem. “Technology diffusion to
those few states with a motivation to arm and the
economic resources to do so will accelerate as
weapons and militarily relevant technologies are
moved rapidly and routinely across national borders
in response to increasingly commercial rather than
security calculations. For such militarily related
technologies as the Global Positioning System,
satellite imagery, and communications,
technological superiority will be difficult to
maintain for very long” [2].

The greatest revolutions in military affairs are
possibly more in the nature of war than in
technological revolution in weapons systems,
command and control devices and so on. A State is
supposed to offer protection to its citizens. As for
many countries the external aggressor has
practically disappeared, they started concentrating



18 DIAGNOSTYKA’ 1(53)/2010
NECAS, KELEMEN, Modern technology revolution for security

on the internal security. But the threat to internal
security often comes from outside, which means
that one has to go global and address the causes of
the disease where they are, rather than symptoms at
home. This has reoriented security policies towards
more diplomacy, more co-operation and, as military
forces are concerned, towards capacities of
expeditionary type. This is, at least for the majority
of the European Allies, such a profound change in
their nature and their doctrine, their structure and
their equipment that even the term “revolution” was
used. NATO’s success during the cold war era is
undisputed. Nevertheless, after the fall of the Berlin
Wall, the Alliance struggled to survive. In the
security environment that follows the Balkans
crisis, the concept of Collective Security emerged,
thus providing grounds for the creation of an
operational concept of expeditionary capability.
The tragic events of the 9/11 once again forced the
Alliance into new scenarios characterized more and
more by a global effect of challenges. Terrorism is
more identifiable as capable of diffusing
a pervasive sense of insecurity rather then defining
a clear and identifiable threat, nevertheless, its
global reach and effect is evident. Technological
advancements, energy security issues, mass
migration, proliferation of WMD, internal
difficulties of international organizations with the
simultaneous appearance of internal conflict in
states characterized by weak governance, all serves
to create a global security environment of
instability.
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Summary

This paper presents a multi-stage diagnostic Belief Network Based Model (BNBM). Proposed
model allows for application of acquired knowledge from data training, domain experts and
domain literature. This feature is its special advantage. A general model structure, selected issues
with its identification and application were shown as well. Described BNBM model consists of
three stages: preliminary data processing, equalization and balance of additional variables and
belief network. Tuning of BNBM model with using memetic algorithm as global optimization
method with local optimization was proposed.

Keywords: belief network, model tuning, diagnostic model, memetic algorithm.
STROJENIE MODELU DIAGNOSTYCZNEGO OPARTEGO NA SIECI PRZEKONAN

Streszczenie

W artykule opisano wielostopniowy model diagnostyczny bazujacy na sieci przekonan.
Przedstawiono ogdlna struktur¢ modelu oraz omowiono problemy zwiazane z jego identyfikacja
oraz strojeniem. Szczegdlna zaleta proponowanego modelu jest to, ze pozwala on na stosowanie
wiedzy pozyskanej zaréwno z danych uczacych jak i artykulowanej bezposrednio przez
specjalistow i literaturg rozpatrywanej dziedziny. Opisany model diagnostyczny sklada si¢ ze
stopnia wstgpnego przetwarzania, stopnia uzgadniania oraz stopnia w postaci sieci przekonan. Dla
przyjetej ogolnej postaci modelu omdwiono procedurg strojenia z uzyciem algorytmu
genetycznego. Z uwagi na wady i zalety tego algorytmu dokonano modyfikacji procedury strojenia
poprzez zastosowanie algorytmu memetycznego. Okreslono kierunki dalszych prac badawczych.

Stowa kluczowe: sie¢ przekonan, strojenie modelu, model diagnostyczny, algorytm memetyczny.

1. INTRODUCTION

Wide range access to high computer technology
bring a rapid growth of methods of condition
monitoring. Many efforts to make diagnostic
systems more efficient, which allow to early
detection and isolation, fault tolerant control, state
prediction ect. are still in development. One of the
example is an intelligent diagnostics and process
control system DiaSter [11], which combine a lot of
methods from process variable selection to
visualization of diagnostic results. An integral part
of DiaSter system is a plugin for diagnostics with
using a belief networks and multi-aspect models [3].
This model allows to apply model-based and
symptom diagnostic commonly.

1.1. Model-based diagnostics

The essence of model-based diagnostics is the
recognition of state class for an observed object by
the analysis of generated residuals between
measured values of output signals y and calculated
output of model y),. The model have to be

appropriate tuned to the observed object. Such
model or set of models of each state class can be
used during model-based diagnostic. The main
condition of using model based diagnostics is an
assumption that simulation inputs and observed
inputs are the same. [4].

X1
X1

Xn

residuals

Yy +

Object

Yy VY

Ym

Model

Y VY

Fig. 1. Model-based diagnostics
1.2. Symptom diagnostics

Considering symptom diagnostics problems, we
assume that effect of state changes of object are
correlated with arising of state symptoms, which in
turn indicate these faults [1]. In a case of symptom
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diagnostics, the main assumption is to use domain
expert knowledge which can be helpful in selection
of relevant symptoms. Methods of collection,
representation and notation of state-symptom
relation have an essential meaning. There are many
methods for gathering of state-symptom relations. In
general, for symptom diagnostics, data can be
collected from domain experts, passive diagnostic
experiments and active diagnostic experiments.

2. BELIEF NETWORK-BASED MODEL

Considering advantages of symptom diagnostics
and model-based diagnostics, a belief network-based
diagnostic model (BNBM) which combine above
features was proposed [3]. Let’s consider model
BNBM, where values of inputs and outputs are
vectors x, and y, . Model inputs include: observed

values of features, design features, parameters of
operation conditions of an object. The model outputs
are results of diagnostic process which can be
represented as belief rate of class of state of
observed object.

X,
=3
s X Wy ¥e
B Cs X
qu. TQ:- tc,
e W {22 Yell¥e

Fig. 2. Belief Network-Based Model

Multi-stage  BNBM  model (Fig.2.), which
transforms input data x, to output data y,,, consist

of stages 4;, B;, C; [3], where:
—  first stage A4, is a block of pre-processing

of data,
— second stage B;, which consist of blocks

for equalization and balance of additional
values,
—  third stage C;, which consist of a set of

belief network.
Moreover, for application of BNBM model, an
external module B for visualization of results was

added.

Main task of first stage is a reduction of the
number of considered features of diagnostic signals
which can be obtained by: data normalization,
multidimensional scaling and more complex
processes  of  transformation input  data.
Transformation process can be also done with the
use of a set of One Class Classifiers which can be
interpret as a membership functions of fuzzy sets.

Equalization and balance blocks are used to
incorporate constraint equations which come from
domain knowledge of observed object. Lack of
domain knowledge cause omitting of second stage
by moving inputs to outputs without changes.

Third stage is belief networks set [10], which
realize tasks coming from symptom diagnostics
where knowledge is represented by descriptions
state-symptom relations. Convenient representation
form of approximate knowledge is a statement.

The statement is an assertion about the
recognition of observed facts or assertion
representing a given opinion. A statement s can be
written down in the form of the pair::

s=<c¢; b> )]

where:

¢ - the statement content, and thus, e.g., an
opinion on that a given object is entitled to have a
given attribute, whose value is established;

b — a (logical) value of the statement of [0,1]. It
is defined as the truth factor or degree of belief and
concerns the content of the statement.

Bayesian Network identification is a complex
process. The network structures can be defined with
the wuse of machine learning techniques or
cooperation of domain experts. The second difficult
task is defining of Condition Probability Tables for
each node of the network. It can be done trough
identification and tuning which is directly based on
the knowledge of a domain expert, intuition of
knowledge engineer (a priori). Another way is to
perform the process automatically with the use of
learning data sets. Quality of learning is dependent
on a size of data set and its quality. Some learning
algorithms reduce the negative influence on small
learning data sets by consideration of non-complete
statements in a node. A part of data is introduced to
the system manually and the rest of elements of the
set can be defined in automatically way. Obtained
model can be further tuned.

Statements vector of considered state classes is
the result of third stage (1). The specific structure of
the BNBM model allows to link selected outputs of
previous blocks with the inputs of next blocks.

Each stage of BNBM (Fig.2) consists of
configuration parameters. There are parameters
which can not be changed ¢ and parameters to be

tuned r depending on the needs.

3. IDENTIFICATION AND TUNING OF BNBM

Identification of Belief Network-Based Model is
a complex process. It requires of carefully analysis
of considered problem and can be done in two steps:
—  build of complete initial version of model,
— improving and tuning of model during
iterative process.

It is necessary to collect and prepare data training
for building the initial version of model.
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3.1. Model identification
Iterative identification process of BNBM

consists of the following steps:

— Defining of model input and output set,
statement contents and global structure.

— Analysis of accessible model and additional
variables.

— Building of equalization and balance blocks
based on knowledge.

— Independent identification of each classifier on
the base of prepared training data.

— Independent identification of bayesian network
on the base of prepared and transformed by
block 4; training data.

—  Model testing.

Identified initial version of BNBM should be
improved.

2.2. Tuning of BNBM

Tuning of proposed multi-stage heuristic model
is difficult and complex task and requires application
of method for global optimization. Genetic
Algorithms meet this criteria [8]. GA are a particular
class of evolutionary algorithms that use techniques
inspired by evolutionary biology used in computing
to find exact or approximate solutions to
optimization and search problem. Typical GA can be
written as follows:

procedure Genetic_Algorithm

{ t<0;
P(1) < initialization( ) ;
while(not termination_condition)
{ t—t+1;

R(1) — evaluation_and_selection( P(t — 1) ) ;

D(1) — reproduction{ R(?) ) ;

N(1) — evaluation_and_selection{ P(t — 1) ) ;

B(t) = (P(t—1)+D(#) - N(1) )

An advantage of genetic algorithm is possibility
to find a global solution. Moreover, a genetic
algorithm shows high resistance for extreme of
criteria function. In spite of above advantages of GA
for global optimization, its provide to getting
individuals with limited solution cause of
optimization individuals features of population.
Another disadvantage of genetic algorithms is lack
of individuals learning. To this end, genetic
algorithm is improved by additional operations to
modify elite individuals for improve themselves
during the evolutionary cycle [12]. This kind of
synergy of evolutionary and local improvement
procedures is called Memetic Algorithm (MA).
Typical procedure of MA can be written as follows:

procedure Memetic_Algorithm
{ t<—0;
P(t) — initialization{ ) ;
while(not termination_condition)
{ t—t+1;
R(t) — evaluatlon _and_selection( P(t — 1)) ;

)
D(t) — reproduction( R(t) ) ;
N(t) — evaluation_and_selection{ P(t — 1) ) ;
P(t) — (B(t 1) +D(1) - N(1) ).
E(t) — evaluation_and_selection{ P(t) ) ;
E(t) — local_optimization( E(f) );

Tuning of Belief Network-Based Model can be
done by:
— independent improvement of stage 4; and

stage C;,

— simultaneous tuning of both considered
stages 4; and C;.

Configuration parameters » of stages 4; and C;

for considered model can be tuned (Fig. 1). They
may be interpret as equivalent of genes and memes
of memetic algorithm. It requires a special kind of
codification of information.

The set of tuned configuration parameters for
blocks of first stage may include centers location of
membership function of one class classifier. Another
important tuned parameter of this stage is the
number of class of considered additional values.
Optimal defining above parameter require detailed
analysis of changes range of additional values. Small
number of class of additional values lead to incorrect
or weak results. However excess of class numbers
increase time of calculation during the identification
and tuning process.

Tuned parameters of belief network are
Conditional Probability Tables (CPT) defined during
identification process. Belief network tuning can be
based on modification of Conditional Probability
Tables for all nodes and than modification of
Conditional Probability Tables for selected nodes.
Expectation-maximization algorithm (EM) can be
applied for tuning of CPT, where tuned parameters
are number of iterations and learning error.
Moreover, belief network structure can be tuned by
inserting of additional weight node to clear-cut for
point at searching solution.

Another difficult task of tuning process is
defining of fitness function of memetic algorithm for
selection of individuals and for local optimization of
elite individuals. There are no clear-cut recipes for
definition of feet function because it depends on the
considered problem.
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4. SUMMARY

Research connected with the development of
identification methods and tuning of Belief
Network-Based Model is still in progress.
Implementation in C++ of described concept as
plugin of diagnostic system framework was done. At
present, a practical application and implementation
of model for DiaSter system is under work.
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Summary
For the bevel gear assembly, the contact area is the main criterion of the assembly quality
assessment. As it is obtained at a small load of the gear, it cannot fully ensure normal mating of
the teeth, because under the load, the bodies, shafts, gear wheels, etc. are deformed. This paper
assumes that there should be a relationship between the signal generated by the gear and the values
characteristic for the contact area. Then, on the basis of vibration measurements it would be
possible to evaluate the quality of assembly.

Keywords: bevel gear, assembly.

OCENAJAKOSCI MONTAZU PRZEKEADNI STOZKOWEJ NA PODSTAWIE
ANALIZY SYGNALU DRGANIOWEGO

Streszczenie
W trakcie montazu przektadni stozkowych slad wspolpracy jest gtownym kryterium oceny
jakosci montazu. Poniewaz jest on uzyskany przy malym obciazeniu moze w pelni nie
gwarantowaé prawidlowej wspotpracy zgbow, gdyz pod wplywem obciazenia nastepuje
odksztatcenie korpusoéw, watow, kot zgbatych itd. W pracy zatozono, ze powinna zachodzié
zalezno$¢ migdzy sygnalem generowanym przez przektadni¢ a wielko$ciami charakteryzujacymi
$lad wspolpracy. Wtedy na podstawie pomiaréw drgan mozliwa byla by ocena jakos$ci montazu.

Stowa kluczowe: przektadnia stozkowa, montaz.

1. INTRODUCTION

For a number of years engineers have tried to
achieve the maximum ratio of driven power to gear
weight. That is why they introduced into production
special materials, heat treatment and great precision.
However, even with a high manufacturing accuracy
of the gear elements, assembly errors may cause
greater dynamic excitation. The influence of the
assembly deviations and tooth backlash on the bevel
gear dynamic load has been the subject of a lot of
research (e.g. Sko¢ [7]). For instance, it has been
stated that there is no significant connection between
the value of the tooth backlash and the gear’s
dynamics, if only it falls within the allowed limits.
Yet, it affects the oil working temperature. However,
as far as assembly deviations are concerned, it has
been discovered that the gear dynamic load does not
depend on the type and value of deviations but on
the tooth contact area. This means that each of the
set deviations has an equal influence on the gear’s
dynamic load if they cause comparable changes in
the tooth contact area (the contact area was defined
by a relative length).

For simple gears, composed of few elements, it is
enough to prepare a general diagram of the order of
assembly. For more complex gears, the assembly

instructions should include a list of all assembly
activities, required tools, necessary drawings and
essential calculation formulas [1]. While assembling
cylindrical gears, there is no possibility of improving
the meshing as it is conditioned by the accuracy the
gear wheels and the body were made with. In order
to prevent tooth jamming during operation, the
values of backlash and contact area — which confirm
the quality of gear wheels and body — are checked in
the first place [5]. In bevel gears, the body is
designed in a way which enables shifting the wheels
towards their axles. Therefore, during the assembly,
it is possible to alter the size and position of the
tooth contact area and the value of the backlash.

During the gear assembly, attention is focused on
achieving the biggest tooth contact area. For
cylindrical helical tooth gears the increase in the
contact area causes a noticeable drop in the vibration
speed measured on the body [8]. The factor of
dynamic surpluses for bevel gears reaches the
maximum value for the smallest relative length of
the tooth contact area and the minimum value for the
biggest [7].

The assembly is an important stage which
conditions a gear’s life and quietness. The tooth
contact area is the main criterion of the assembly
quality assessment. Obtained at a small load of the
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gear, it cannot fully ensure the right mating of the
teeth, because under the load, the body, shafts,
bearings, gear wheels, etc. are deformed (e.g. [7]).
The article presents a quality assessment of the
bevel gear assembly, made with the use of the
vibration signal. Vibration-based diagnostics were
performed under load, during the usability tests.

2. THE METHOD AND SUBJECT OF THE
TEST

Six identical gears, which had been properly
assembled and tested, were analysed. They were
single-phase bevel gears with wheel-curved teeth.
After assembly, the gears were subjected to usability
tests, the aim of which was to run in the gears and
verify the quality of their assembly. Vibration
signals were registered at the maximum load. The
measurement was taken with two vibration
acceleration sensors. The first signal analysis
included calculating the signal mean and root-mean-
square values for each gear. In the second variant of
the analysis the signals were subjected to a filtration
process to obtain the first three harmonics. The
frequency of the first harmonic was 1960 Hz, the
second 3920 Hz and the third 5880 Hz. Filtration of
the signals produced 1/3-octave bands with constant
relative bandwidths. Middle frequencies were
2000 Hz, 4000 Hz and 6300 Hz respectively. For a
signal with three mesh harmonics, mean and root-
mean-square values of vibration acceleration were
calculated. The diagram of the stand and the
measurement path are shown in figure 1.

Fig. 1. Diagram of the measurement path and the
test stand; 1, 2-triaxial piezoelectric vibration
acceleration sensor by B&K, 4-driving motor, 5-
multiplier, 6-water brake, 7-coupling, 8-signal
conditioner, 9-NI measurement card, 10-PC

The correct contact area was described according
to the assembly instructions. The dimensions
defining the position and size of the contact area are
shown in figure 2.

T

_ g1 .

|

Fig. 2. The shape of the contact area with
dimensions defining its position and size

The contact area was checked on three teeth
spaced every 120°. Figure 3 depicts the examples of
tooth contact areas with dimensions and surface
areas.

Fig. 3. Examples of the gear wheel contact areas
with typical dimensions

The measure representing the contact area was
its relative length L,, specified with the dependence
no. 1, and relative surface area P,, (dependence no.
2).

w

L
L=7 (1)

where:
L — the length of tooth contact area,
L. — total length of tooth side surface.

P =— 2)

where:
P — tooth contact surface area,
P. — total tooth side surface area.

3. ANALYSIS OF THE RESULTS

As previously mentioned, the tooth contact area
is the main criterion of the gear wheel quality
assessment and the gear assembly correctness. It was
assumed that there should be a relationship between
the contact area and the vibration signal generated
by the gear. Then, on the basis of the vibration
measurements, it would be possible to judge the
assembly quality. It was also accepted that the
precision with which the gear wheels, bodies and
other gear parts had been made had no significant
influence on the generated vibrations. This project
also assumes that the larger the contact area with the
right position and shape, the smaller the gear
vibrations should be.
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Gear number

Mean value
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Fig. 4. Root-mean-square and mean values for non-processed signals

Root-mean-square value

Gear number
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Fig. 5. Root-mean-square and mean values calculated for filtered signals
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Fig. 6. Relative length of the contact area and relative contact surface areas

Comparing the root-mean-square and mean
values in figure 4, we can see that the values for gear
no. 6 are lower than the values for gears nos. 1, 3, 4
and 5. Similar data can be found in figure 5.

Figure 6 depicts two contact area measures,
which estimate the same contact area differently,
especially for gears 1 to 4. In other words, according
to one measure, a particular gear was assembled in a
better way compared to other gears, and according to
the other measure it was not. By the words “better
way” we mean higher value. Comparing the relative
length and relative contact surface area with signal
parameters, and remembering the earlier assumption,
it should be stated that the contact area is described
more appropriately by the relative contact area
length. Having chosen one of the measures, we can
continue further analysis. The value describing the
contact area for gear no. 1 is not much bigger than
for gear no. 5 (vibration parameter values should
also remain at similar levels, as they do). The

biggest contact area was achieved for gears nos. 2
and 3; root-mean-square and mean values should
reach similar, the lowest levels. Figure 5 shows that
the values are the lowest, but they are very different
from one another. While in figure 4, the parameter
value for gear no. 3 is at the same level as for gear
no. 1. Gear no. 6 was assembled with the smallest
contact area; the second in row is no. 5. Signal
parameter values are not the highest for these gears
but they are similar (figure 5), and the value is
smaller for gear no. 6 (figure 4). The highest
vibration signal parameter value is for gear no. 4,
with the contact area bigger than the four other gears
(figure nos. 4 and 5).

When compared to the non-processed signals,
parameter values calculated for the filtered signals
are closer to the contact area size. We can state this
after the verification of parameter values, especially
for gears 1, 3 and 5.
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4. SUMMARY

The assembly of gears, especially bevel gears
(with the possibility of changing the gear wheel
position) is a crucial stage which influences the
gear’s durability. The assembly quality is also
conditional on the competence of the staff. The order
of the assembly and control actions is included in the
assembly instructions and varies depending on the
complexity of a gear [1].

The tooth contact area is the major indication of
the gear assembly quality assessment. This work
examines the relation between the size of the contact
area and simple vibration signal measures. As
a result of the research it has been shown that the
size of the contact area represented by the relative
length is a better measure than the relative contact
trace surface area. Vibration signal parameters for
filtered signals demonstrated greater compliance
with the size of the contact area. The relation
between the contact area size and the signal
parameters was only partially confirmed. The most
significant inconsistency was for gear no. 4, which,
despite the third position as far as the contact area
size is concerned, has the highest level of vibrations.
Gears 2 and 3 (with the same contact area) also
differ significantly as far as signal parameters are
concerned. The reason for this may be inadequate
initial signal processing or wrong signal parameters
(signal analysis). In addition, defining the assembly
quality only by the contact area size may not be
enough. The solution to this problem may be the
employment of artificial intelligence methods for the
assessment of the assembly quality, and that is the
direction in which further work will follow.
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Summary

In the paper the authors present their results concerning measurements of frequency responses
of cantilever rectangular GFRP plates with intentionally inserted faults of three different types
(fiber discontinuities, delaminations and notches for simulating cracks). The preliminary research
shows that classical methods of signal conditioning (e.g. FFT or STFT) often do not project
changes between damaged and undamaged structures, when faults are inconsiderable. In the
experiment the frequency responses of the investigated samples with and without faults were
obtained by means of the impact test carried out using LMS SCADAS and TestXPress software.
For the approximation in wavelet transform (WT) Morlet and Db8 wavelet functions were applied.
The shapes of these functions give the best imitation of the measured signal shape obtained from
the impact test. The obtained results allow to assert that the proposed methodology of faults
detection in layered structures based on WT can be useful for fault diagnosis even in early damage
phase, when other methods are insensitive. In the further work the authors will develop the
proposed method for faults identification and localization in layered structures and investigate
laminate behavior with faults and self-heating in fatigue processes.

Key words: GFRP laminates, faults detection, wavelet transform.

DETEKCJA USZKODZEN W WARSTWOWYCH STRUKTURACH KOMPOZYTOWYCH
Z ZASTOSOWANIEM TRANSFORMACII FALKOWE]J

Streszczenie

W pracy autorzy przedstawiaja wyniki pomiaréw odpowiedzi czgstotliwosciowych
jednostronnie utwierdzonych prostokatnych plyt z kompozytu polimerowego zbrojonego widknem
szklanym z celowo wprowadzonymi uszkodzeniami trzech typow (nieciaglosci wiodkien,
delaminacje i karby symulujace peknigcia). Badania wstgpne pokazuja, ze klasyczne metody
obrobki sygnatéw (jak FFT czy STFT) czesto nie obrazuja zmian pomigdzy struktura uszkodzona
i nieuszkodzona, gdy uszkodzenia sa nieznaczne. W eksperymencie z zastosowaniem testu
impulsowego byly otrzymane odpowiedzi czgstotliwosciowe badanych probek przy pomocy LMS
SCADAS i oprogramowania TestXPress. Do aproksymacji w transformacji falkowej uzyto funkcji
bazowych Morleta i Db8. Ksztatt tych funkcji daje najlepsze przyblizenie przebiegu wartosci
chwilowych zmierzonego sygnalu otrzymanego z testu impulsowego. Otrzymane wyniki
pozwalaja stwierdzi¢, ze zaproponowana metodologia detekcji uszkodzen w  strukturach
warstwowych oparta na transformacji falkowej moze by¢ uzyteczne przy diagnostyce uszkodzen
nawet we wczesnych stadiach degradacji, gdy inne metody sa nieczule. W przysztych pracach
autorzy beda rozwija¢ zaproponowana metodg pod katem identyfikacji i lokalizacji uszkodzen w
strukturach warstwowych oraz bada¢ zachowanie laminatéw zuszkodzeniami i temperatura
samowzbudng w procesach zmeczeniowych.

Stowa kluczowe: laminaty polimerowe, detekcja uszkodzen, transformacja falkowa.

1. INTRODUCTION

Layered structures, such as composite laminates,
are commonly used in many responsible engineering
constructions (wind turbines, turbine blades, rotors,
helicopter propellers etc). Behavior and mechanisms
of faults initiation and their propagation completely
differ from the corresponding phenomena that occur
in homogeneous materials. Moreover, there are
several additional properties that influence faults and

their development, such as: structure properties, fiber
orientation, self-heating etc [1]. Also, the behavior
must be predictable in each mode of laminate usage.
Therefore, methods of diagnosing and detecting
faults must be adapted to the investigated structures.
There are many methods of signal analysis for
detecting and diagnosing faults (e.g. DFT, STFT,
cepstrum analysis, signal demodulation etc.), but only
several can be applied for high precise detection of
faults in early damage phase. In many cases the
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standard procedure of signal analysis can be applied
as well and evaluation of degradation of the structure
can be carried out using Fourier Transform [2,3], but
the methodology become useless when the structure
condition is on early damage phase.

Therefore, the wavelet transform can be applied
as well. Main advantages (in contrast of DWT or
STFT) of WT (wavelet transform) are the possibility
to avoid Heisenberg’s indefiniteness principle and the
possibility to manipulate with time-frequency
window and more accurate signal approximation
using different wavelet functions. Methods based on
WT are widely used for analyses of non-stationary
and transient signals like impacts. An additional
advantage of using WT is Mallat theory, which gives
an opportunity for multiresolution approximation
analysis for analyzing the signal on approximation
and detail part on each level of decomposition.
Applications using WT were used for early detection
of bearing failures [4], identifying structural defects
in spindles [5], impact damages in laminates [6] and
other.

2. PROBLEM DESCRIPTION

The subject of research is 24-layered GFRP
laminate with epoxy matrix. Three types of faults
were considered: fiber discontinuities, delaminations
and notches for simulating cracks. In many situations
traditional methods (e.g. DFT or STFT) do not give
wide information about structure condition,
especially when structure is on early damage phase.
Therefore, the wavelet transform was used. Choosing
the basic function for measured signal approximation
it is necessary to take into consideration shape of the
signal, for impact responses Morlet’s and
Daubechie’s basic functions were applied.

The research problem, which the authors concern
with is the development of sound methodology of
faults detection in layered structures in an early
damage phase, when other methods are insensitive.
The early-stage detection has very essential meaning.
Detecting faults as soon as possible is one of the most
significant tasks for diagnosing laminate structures
e.g. in airplanes. If some developing fault is detected
early, it is very often possible to modify the schedule
of usage or even the mission the airplane carries out.
In the less severe cases it is possible to properly
schedule the nearest repair and carefully plan its
extent and duration.

Although owners and the maintenance personnel
understands very well the importance of the incipient
failure detection, methods and techniques used to-
date quite frequently do not allow early detection of
faults. This is due because of prevailing application
of the symptom-based approach and employing
symptoms that cannot provide any clear evidence of
the incoming failure. Therefore there is the need to
develop such a methodology and signal processing
methods, which could help in detecting incipient
faults of composite structures. To this end, patterns

obtained by means of WT proved to be useful tool.
The description of this approach is the main goal of
the paper.

3. METHOD CONCEPTION

The research was carried out in two stages: in the
first stage samples with fiber discontinuities,
delaminations and undamaged samples were
investigated, and in the second stage samples with
notches for modeling cracks in different places were
used.

The first stage concerned the preliminary analysis
of faults detection in above-mentioned samples.
Laminate plates with dimensions 400x50x5.28 mm
were clamped on the one edge and tested in impact
test using LMS SCADAS hardware with PC and
TestXPress software. Measurements were processed
in 2.56 seconds with sampling rate equaled to 6400
Hz. An impulse excitation was given by modal
hammer PCB T086C01 and the response to the
impact was measured by the shear accelerometer
PCB T352C34. The number of averages was 10. The
experimental stand is presented on Fig.1.

Fig. 1. Experimental stand

The collected measurements were exported to
CSV format and then — to MATLAB data files
(MAT). Then, signal processing was applied. Firstly,
FFT analysis was processed and PSD charts were
obtained, after that spectrograms of signals were
made using STFT analysis and then CWT analysis
was made using Morlet’s basic function (Fig. 2) for
obtaining scalograms. The scalograms were
converted from scale representation to frequency
representation using the formula (1):

5
f=—, (1
27a
where a is scale coefficient. The obtained results
from all the analyzes were compared with taking into

consideration the damage type of samples.
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= ; ;
Fig. 2. Morlet basic function [7]

In the second stage samples with dimensions
250x25x5.28 mm and with intentionally inserted
notches in different places were investigated. An
algorithm of measurements was the same as in the
first stage. After exporting measurements to
MATLAB the CWT analysis was processed. The
obtained scaleograms did not give clearly visible
results, therefore the other approach was assumed.
Each signal was approximated using Db8
(Daubechies 8) basic function (Fig.3) in DWT. Then,
approximated  signals were decomposed to
approximate part and detail part on level of
decomposition equaled to 5 with maximal
decomposition level equaled to 15 (2).

03 \

05 |‘ i

5

0 5 10 1
Fig. 3. Db8 basic function [7]

In theory the number of decomposition levels
approaches infinity, but practically it is limited to one
element of realization:

I =log, N, ()
where N is the number of elements in the realization.
Higher levels of decomposition were neglected
because these realizations can be considered as
noised ones. In the obtained results details parts of
signal were taken into consideration. Here, the
statistical approach was shown: the biased
autocorrelation of details on decomposition levels of
undamaged sample was compared with cross-
correlation between damaged and undamaged
samples. For evaluation of the difference as scalar the
next metric was introduced: the mean value of
difference between cross-correlation value of
damaged and undamaged samples divided by the
peak value of the autocorrelation (3):

CFV = (i (Rl_\lRy)j /maX(Rxx)’ 3)

i=1
Having done the analyzes the obtained results
were compared: scalograms were compared with FFT
and STFT results and finally statistical values of
detail parts were confronted.

4. DETECTING THE DAMAGE TYPE

At the beginning, Fourier transform of the
obtained signals took place. The results of the
transform show that in cases of damaged samples the
values of natural frequencies are growing, but this
does not allow to clearly determine the fault
occurrence and its type. The comparison of natural
frequencies of the samples is presented in Table 1.

Table 1. Comparison of natural frequencies
for undamaged and damaged samples

Mode Undamaged | Fiber dis- | Delamina-
number [Hz] cont. [Hz] | tion [Hz]
1 18,36 18,75 18,75
2 114,5 116,4 116,8
3 314,8 319,1 321,5
4 598,8 616 619,5
5 991,4 1009 1017
6 2117 2172 2184

Then, STFT analysis was processed. Obtained
spectrograms also do not show differences precisely
(compare Fig. 4 — Fig. 6). Therefore, the CWT
analysis was performed. In the algorithm, the
researched frequency range was limited to 2560 Hz,
because natural frequencies were excited with very
low amplitudes and it did not allow to acquire any
additional piece of information.

Fig. 4. STFT spectrograrﬁ of undamaged sample

Fig. 5. STFT spectrogra}n of sample with fiber
discontinuity
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Fig. 6. STFT spectrogram of sample with
delaminations

The scaleograms (Fig. 7 — Fig. 9) were prepared in
direct visualization mode and transformed from scale
representation to frequency representation using the
formula (1). In the scaleograms the differences
between undamaged and damaged samples are
clearly visible. It shows that the excited natural
frequencies of the damaged samples are damped
lower than undamaged sample. Also, the differences
can be observed in the frequency range 1000-1500
Hz. In case of the undamaged sample, frequencies in
this range were excited also after impact impulse and
shows alternate behavior, but in case of fiber
discontinuity damage frequencies in this range were
excited after pause and in case of delamination it is
mostly damped.

Fig. 8. CWT scaleograrﬁ of sample with fiber
discontinuity

Fig. 9. CWT scaleogfam of sample with
delaminations

Basing on the scaleograms shown one can conclude
about high sensitivity of the method and to assume
the usability of the method for faults identification of
the above-mentioned types. The quantitative
evaluation can be calculated using degree of
scaleogram concentration factor [1].

5. USABILITY OF THE METHOD FOR LIGHT-
DAMAGED STRUCTURES

If the structure is on early damage phase, the
scaleograms often do not show differences clearly as
well. Therefore, the multilevel decomposition

analysis was performed. The main idea of the
analysis was presented in Fig. 10. and formula (4).

[

I£:A2:le
[ | [ ]

Fig. 10. Idea of multilevel decomposition [8]

S=A+3D,. 4)
i=1

In the proposed approach the detail parts of
decomposition were analyzed. Five cases of faults
location and two cases of notch depth were observed.
In the first and second case the notch with 0,25 mm
and 1 mm depth was located on XY surface at the
distance 150 mm by Y, in third and fourth case
notches were placed at the distance 220 mm by Y and
in fifth and sixth case they were oriented angularly
(60°) starting from 207 mm to 215 mm. In other cases
the notches with depths 0,5 mm and 3 mm were
placed on XZ surface on distance 200 mm by X and
on YZ surface on distance 12,5 mm by Y.

After decomposition of the signal of the
undamaged sample the biased autocorrelation of
detail parts was processed. Then, detail parts of
signals wavelet spectrum of damaged samples were
cross-correlated with the undamaged sample. Results
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were grouped by notches location. As an example the
results concerning the last two cases were shown in
Fig. 11 and its detail in Fig. 12.
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Fig. 11. Details cross-correlation of damaged and

undamaged samples
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Fig. 12. Fragment of details cross-correlation

from Fig.11

As the research shows, the detail parts of WT
spectra damage samples have higher correlation
factor, local maxima (Fig.12) near the main peak
(Fig.11) and higher peak value. This regularity was
confirmed in all the considered cases. For
quantitative scalar evaluation CFV (correlation fault
values) given by (3) were calculated and presented in
Table 2. On higher levels of decomposition the CFV
is quite different. Therefore the statistical
normalization must be included into the algorithm.

Table 2. Correlation fault values.

Case | Sur- Fz_:\ult_ Notch
No. | face localization depth CFVs
[mm] [mm]
1. - - - 0
2. XY | X:150,Y:0 0,25 48107
3.0 XY | X:150,Y:0 1 6,1-107
4. XY | X:220,Y:0 0,25 2,5-107
5. XY | X:220,Y:0 1 2,6:107
6. | XY | X:207, a: 60° 0,25 2,4-107
7.1 XY | X:207, o: 60° 1 7,6:107
8. | XZ | X:200,Z:0 0,5 7,8-107
9. Xz | X:200,Z:0 3 8,0-10™
10.| YZ | X:250,Y:12,5 0,5 1,8-10°
11.| YZ | X:250,Y:12,5 3 3,2:107

The results were presented for the first level of
decomposition. On the higher levels the regularity of
correlation differences was confirmed. In Figs. 13 —
16 the results of cross-correlation for higher levels of
decomposition are presented.

Basing on the obtained results (Table 2.), tone
can conclude about different sensitivity of the
proposed fault detection algorithm with respect to the
fault placement and its size. The sensitivity is good
enough when the fault is placed on XY surface
(compare CFV for cases 2-7 in Table 2.) and on
surface YZ (cases 10, 11 in Table 2.), but poor
enough when the fault is placed on XZ surface (cases
8, 9 in Table 2). In the case 8 and case 9 the
algorithm is less sensitive and gives underestimated
evaluation. The phenomenon can be interpreted by
natural frequency shifting in frequency response of
the investigated structure.

53
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Fig. 13. Details cross-correlation of damaged and

undamaged samples on 2™ decomposition level
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Fig. 16. Fragment of details cross-correlation on 4"

decomposition level

On higher levels of the decomposition the
regularity of obtained CFVs were similar. In few
cases on higher levels of decomposition the CFVs for
smaller faults were shown lower sensitivity of the
method. After carrying out the investigation tone can
conclude that the first level of decomposition gives
best results for CFVs calculation. In higher levels
there is a decreasing tendency of set length in detail
parts and, according to this, set length in cross-
correlation; the accuracy of CFVs were lower than in
first level of the decomposition.

6. CONCLUSIONS AND REMARKS

The research presented in this paper proves the
possibility of incipient fault detection in composite
layered structures. As the results show, the proposed
algorithm can be used for detection of even smallest
faults, when the structure is on early damage phase in
contrast to known and applied methods of signal
processing. On the cross-correlation charts the faulty
specimens can be recognized. For evaluating scalar
values that are symptoms of faults the new metrics
was introduced. The value of this metrics allows

detecting faults not less than 10° CFV, so that it can
be used as the lower threshold limit for faults
detection.

Our next research will be targeted on the other
types of faults as described in the Chapter 5. This
research concerned only the surface faults, while in
the future research the internal faults will be detected.
Moreover, the temperature influence and structure
behavior with different types of faults during fatigue
processes will be detected.
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Summary

This paper presents the results of the measurements of microindentation using Vickers’ indenter.
The research was carried out with the system: the Cr layer layer deposited on silicon substrate and
glass substrate. At the same time as the measurement of microindentation acoustic emission signals
were recorded. The results of microindentation forces in the form of load-displacement curves and
registered AE-time characteristics of the AE signals were compared with the SEM images of
indentation. During the measurements, “burst” effects were observed as discontinuities of loading
curve, that correlate with AE impulses. Rise of the maximal load resulted in the increase of damage
and caused multiplication of AE pulses. Due to the fact the Cr layer was thin, most AE pulses were
generated during the damaging of Si substrate. During the microindentation on Cr-glass system the
transient AE signals were not registered.

Keywords: microindentation, acoustic emission, Cr layer.
ANALIZA SYGNALU EA GENEROWANEGO PODCZAS POMIAROW MIKROTWARDOSCI

Streszczenie

W pracy zostaly przedstawione wyniki pomiaré6w mikrotwardosci z zastosowaniem wglgbnika typu
Vickers. Badania przeprowadzono na probkach z warstwa Cr na podlozu krzemowym i szklanym.
Podczas pomiaréw mikrotwardosci jednoczesnie rejestrowano generowane sygnaty emisji akustyczne;.
Nastgpnie porownano wyniki w postaci krzywej obciazania oraz sygnaly emisji akustycznej i obrazy
SEM odciskow wglebnika. Zaobserwowane na krzywej obciazania nieciaglos$ci zostaly powiazane
z pojawieniem si¢ impulséw EA. Wzrost maksymalnego obcigzenia wywotal zwigkszenie liczby
impulséw EA, odpowiednio do stopnia uszkodzenia materiatu. Z analizy wykresoéw wynika, iz
wigkszo$¢ rejestrowanych uszkodzen zachodzita w podtozu krzemowym. Pomiary mikrotwardosci
warstwy Cr na podiozu szklanym nie wywotaly impulsowych sygnatow EA.

Stowa kluczowe: mikrotwardo$¢, emisja akustyczna, warstwa Cr.

1. INTRODUCTION

In order to decrease the length scale in
technological applications, one needs to develop
instruments and techniques capable to characterize
mechanical properties of materials and able to
register the phenomena occurring with sub-
micrometrical resolution.

The microhardness is a very important property
for hard thin films employed for applications in
micromechanical systems.

Typically, during the microindentation the load
and unload displacement curves are registered. The
value of the hardness is calculated from the unload
data by using the Oliver and Phar method. This
calculation was developed for monolithic materials,
therefore in the case of the metallic thin films the
measurements of mechanical properties become
more difficult. Particularly measurements of thin
layers require very small depth of indentation.
Sometimes it is impossible because of the technical
realization or incompatibility with surface state of

samples. Mismatch of the measurements conditions
leads to substrate interactions on the indentation
response of thin films.

The second group of problems affecting the
measurement result is the existence of a number of
phenomena during penetration, such as: pop-in,
pile-up, cracking, delamination.

Knowledge of the presence of any of these
perturbations is very helpful in assessing the value
of hardness and Young's module. Print indentation
imaging using SEM is not always sufficient for
microhardness analysis, hence other measurement
methods that can provide information on
indentation data have been searched. Failure events
in brittle materials are accompanied by abrupt
changes in stress and strain fields, which lead to the
generation of transient elastic waves in the form
acoustic emission. The real time monitoring of
acoustic emission can then be used as a qualitative
and quantitative diagnostic method [1].

Acoustic Emission (AE) is often adopted as an
indicator of on-line damage detection and
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registration of AE signals can be used to evaluate
the phenomena occurring during indentation.
Previous studies of AE generation in the course of
penetration related cracking length to the amplitude
of signals and evaluated the adhesion of thin films
to substrate[2, 3]. Acoustic emission during
indentation loading provided essential information
in predicting what mode of failure occurs, as for
example: the substrate cracking, the film cracking
and localized detachment, the film delamination
and its propagation [4].

The aim of this study is the presentation of the
AE-signals recorded in the course of the
microindentation. The analysis of AE-signals can
allow a detailed description of the phenomena
occurring during loading and unloading of the
microindenter. The collected AE-data will be
compared with load-displacement curves and with
the SEM images of indentation.

2. EXPERIMENTAL DETAILS

The thin film of chromium 2pum thick was
deposited on Si-wafer polished substrate of 500pm
thickness and on glass-substrate of 4mm thickness.
The measurements of microindentation were
carried by a commercial CSM Micro Hardness
Tester equipped with Vickers’ indenter. The
maximum forces applied in the measurements were:
500mN and 1000mN. Loading and unloading times
were 30s and total time of indention was 75s. The
indenter approaching to the sample surface, loading
with a given speed, the period of the force
stabilization and unloading are automated.

AE signals were registered by AE-sensor with
frequencies range of 60 — 1950 kHz. AE-sensor
was fixed to the surface of the sample in 15mm
distance from the zone of indentation. A detailed
description of the measurement track is presented in
the publication [5].

In this paper the results of values of hardness
are not discussed because maximal depth of
indentation is not correctly adapted for 2um layer.
With Buckle principle the maximal depth should be
1/10 of layer’s thick, in this cause that is 200nm.
Rise of indentation depth up to 200nm cause the
influence of substrate.

The results of the AE measurements depend in
the first place on the value of the maximum load
and of the type and size of damages. AE signals are
characterized by very small amplitudes and short
duration time. In this work we propose extraction of
amplitudes of AE signals whose values are above
the noise level.

3. RESULTS AND DISCUSSION
Figure 1 shows the results of microindentaion

and AE-signals obtained during the measurement
on Cr-layer deposited on Si-substrate.

For maximal load of 500mN the 1.10pm depth of
penetration was obtained. Loading-displacement
curve (Fig. la) is almost regular. Small
discontinuities are marked by circles numbered
1...5. Figure 1b shows changes of depth and the
AE-impulses in time domain. It is clear that these
burst 1...5 are related with registered AE-impulses.
The first AE transient occur when indenter attained
of 800nm depth. Next AE-impulses arose during
loading and stopping stage. The last transient is
related to the perturbation during the indenter
removal. To summarize, during this indentation the
14 AE-count are registered. Duration time of AE-
impulses is correlated with their amplitude.
Typically, duration times were from ~0.lms to
~1ms.
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Fig. 1. The microindention results on the Cr-layer
on Si-substrate for 500mN load: a) load-
displacement curve, b) acoustic emission data and
depth-time curve

The increasing load up to 1000mN was intended
to increase the depth of penetration into the layer-
substrate interface. Figure 2 shows the results of
microindentation and AE-emission.

In this cause (Fig. 2a), number of discontinuities
on displacement-depth curve was smaller then for
500mN load. The graph contains the zooming of
the curve, with the discontinuities. First burst is
registered at the depth of penetration of 550nm and
is associated with first AE-transient amplitude of
0,018V. Two next discontinuities occurred at depth
of 1440nm and 1800nm. Their appearance is
accompanied by the maximal amplitudes of the AE
pulses: 0,20V and 0,16V. During the measurement
with 1000mN load we registered of 24 AE-counts,
with 21 counts during loading-stage. STFT
characteristics are calculated for the subsequent
pulses. Figure 3 shows AE-transient with maximal
amplitude in time and frequencies domain.

Depth [nm]
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Fig. 2. The microindention results on the Cr-layer
on Si-substrate for 1000mN load: a) load-
displacement curve, b) acoustic emission data and
depth-time curve
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Fig. 3. The AE-transient w;;hmaxfr;lal amI;litude
in time and frequencies domain

This impulse time duration is 0,93ms. The
STFT diagram calculated for AE-impulse shows an
increase of amplification of frequencies in the range
of: 150-450kHz and ~600kHz. Similar results were
obtained for most impulses, regardless of the
amplitude and their duration time.

o

The comparison of SEM images of imprints
shows Fig

Fig. 4. SEM imag of imprints for a) 500mN load,
b) 1000mN load

Rise of maximal load of indentation intensified
the damage of sample. The medial crack length for
500mN and 1000mN load are respectively:
30,88um and 71,9um. The 1000mN load causes
submicrometric fissures on the outside and inside of
area of indentation and the median cracks arrive on
inside of imprint. In both conditions of indentation
Cr-layer is not broken.

Identical  indentation  experiments  were
performed on Cr-layer on glass-substrate. Figure 5
shows the results for 500mN load.

The amplitude of AE-signal registered during
indentation Cr layer deposited on glass is very
small. We have not observed transient signal, only
continuous signals are detected. One regularity is
discovered. There is more AE activity during
loading stage than unloading stage. The last
impulse is related to the end of measurements and it
demonstrates the correct operation of the AE-track.

a) +  AE-500a
-0.0012 | | — Load-500a

-0.0014 +

- 600

Load [mN]

Fig. 5. The results of indentation Cr on glass,
a)Load-time and AE-transient-time results for
500mN load b) SEM image of imprint
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The imprint with median crack and
submicrometric fissures in the penetration area
presented on Fig. 5 is typical for all measurements.
There is no significant difference between the
effects of increased forces of indentation.

4. CONCLUSION

In microhardness studies presented on Cr layer
on Si substrate we registered numerous AE
impulses (transients). Amplitudes of first impulses
were low or average value compared with the
maximum. These transient arise at a depth of 500-
800nm and can be linked to the medial crack of Cr
layer. Consecutive pulses, particular those with the
largest amplitudes can be linked to the destruction
of Si substrate. The Si wafer is characterized by low
resistance to concentrated forces and break easily
along the crystallographic plane. Long and intense
cracks of Si cause weakening of the material and
slip of indenter with no or slight increase of loading
force. It appears as the discontinuity of load-depth
curve. During unloading the transfer of Si damaged
fragments takes place and hence a few AE
transients appear in this phase of the indentation.
Note that, the damage of Si substrate does not
appear in SEM images of imprints. The absence of
a signal pulse for Cr layer on glass appears to be
caused by a type of substrate and by an absence of
glass failure. Similar AE-results have been
published in the literature [4]. The medial cracks of
Cr layer are not the origin of AE transient. There
are sources of low increase of AE continuous
signal.

Parameters such as the load size, surface
condition, local pollution, the destruction of the
wear products and formed cracks play a significant
role especially in the emerging number of AE
pulses and their amplitude. It was possible to
detected the failure of substrate for presented AE
set-up. It seems that placing the sensor in the head
or under the sample would increase the sensitivity
of AE measurements.
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THE MEASUREMENT OF SHELL’S ELASTIC OVALITY AS ESSENTIAL
ELEMENT OF DIAGNOSTIC OF ROTARY DRUM’S TECHNICAL STATE
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Summary

In the article the author carries out classification of the typical rotary drum shell's
deformations. He shows the cyclic elastic distortion of shell's cross-section as one of the most
essential and particularly important from the fatigue life and from the durability of plant's internal
lining point of view. He describes the method and device to measurement it and he characterizes
basic diagnostic parameters, such as degree of shell section's elastic ovality and curve of ovality.
On example of data received from two rotary kilns’ measurements, he shows possibilities and the
effectiveness of the method in the range of finding the basic damages’ symptoms concerning
drum’s main elements, i.e. its support system and its shell.

Keywords: elastic deformation, ovality, rotary drum, shell.

POMIAR SPREZYSTEJ OWALIZACJI PLASZCZA JAKO ISTOTNY ELEMENT
DIAGNOSTYKI STANU TECHNICZNEGO WALCZAKA OBROTOWEGO

Streszczenie

Autor w artykule dokonuje klasyfikacji odksztatcen ptaszcza typowego walczaka obrotowego.
Wskazuje cykliczne deformacje sprgzyste przekroju plaszcza za jedne z najbardziej istotnych
i szczegolnie waznych z punktu widzenia zmgczeniowej trwalosci powloki oraz z punktu widzenia
trwalosci wewnetrznej wykladziny obiektu. Opisuje metodg i urzadzenie do ich pomiaru oraz
charakteryzuje podstawowe parametry diagnostyczne, takie jak stopien sprezystej owalizacji
przekroju i krzywa owalizacji. Na przyktadzie danych pozyskanych z pomiaréw dwoch
obrotowych piecow, wskazuje mozliwosci 1 skuteczno$¢ metody w zakresie wychwytywania
symptomow podstawowych uszkodzen, dotyczacych kluczowych elementéw walczaka, tj. jego
uktadu nosnego i jego plaszcza.

Stowa kluczowe: sprezyste odksztatcenia, owalizacja, walczak obrotowy, ptaszcz.

1. INTRODUCTION

The shell, in the form of the thin-walled steel
pipe with horizontal or close to horizontal location
of axis, is the basic component of typical rotary
drum. The rotation is the main movement of this
object, including its shell. This movement is
realized thanks to the rings, which together with the
pipe placed in them, roll on the pairs of rollers -
subordinated to each ring. It constitutes something
of the support system for the shell and
simultaneously it is the stiffener of this relatively
flexible construction.

The amount of the pairs of rollers equals the
amount of rings and holds in the scope from 2 to 4
- the most often. The length of the pipe (shell)
achieves a few dozen, and its diameter - several
meters. The general scheme of this type object
is presented in figure 1.

The production tasks, which rotary drums
realize, were listed in the study [4]. They are very

essential. In the case of many enterprises we can
judge them as the core of activity.

Fig. 1. General scheme of 3-piers (rings)
rotary drum:
1 — support system (rings and support rollers),
2 —shell (coat),
3 — drive section (motor, reducer and open gear)
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Cement plants and kilns for production
of clinker situated there, are distinct example of this
situation. Both, from this important reason, as well
as taking the high costs of repairs into
consideration, the this type machines should be
subjected to increased discipline of technical
supervision, and the evaluation techniques of their
technical state should include as wide as possible
spectrum of effective diagnostic methods and data.

Unfortunately, because of the low rotational
speed (only up to several revolutions per minute),
considerable dimensions and more than once very
high temperature of the external surface of the
drum’s shell (even up to 350°C), diagnostic tools
- applied universally - have strongly limited
application in this case. All activities aiming both to

response.

the adaptation of classic diagnostic methods (in the
field of vibro-diagnostic analysis or in the field
of measurements of geometrical parameters) and
to the study of completely new ways and
measurement-analytic tools, are very desirable and
particularly expected by operators of these big
machines.

This article presents the description of the one
of such innovatory methods and exactly the way,
which was worked out by Swedish diagnostician
- the most probably in fiftieth years the 20-th
century [6]. However this method did not gain in
common acceptance in the industry then. Attempts
of device’s implementation of prototypes basing
on this way, undertook in the farther future, also
in Poland [1], did not meet with the positive market

Fig. 2. Schemes of shell deformations’ shapes: a) view of bended pipe, a’) geometrical axis bending
(scheme of O, pipe axis o bending of), b) deformation of selected cross-section A
(sheet metal plate bending), c) torsion of pipe profile
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The most probably, this fact should be
connected with then technical level - limited in the
relation to the present state. The current
development of the technique, especially in the area
of electronic devices, allows author to revive
and by the way effectively enrich it by new useful
possibilities.

The following contents of the article includes
theoretical bases and proof of diagnostic
effectiveness both the idea as well as the device. It
is indispensable to understand the sense of the
method
of measurement of rotary drum shell's elastic
deformation during object's normal operation and
to understand the idea of the instrument designed
and implemented by the author to this end.

2. THE TYPES OF THE DEFORMATIONS
OF THE ROTARY DRUM’S SHELL

We can classify the deformations of the typical
rotary drum's shell according to the three main
criterions of: form, reason and permanence of theirs
appearance. According to the first of them, we can
list (fig. 2):

- deformations of shell’s geometrical axis O,
(pipe’s axis bending — figures: 2a and 2a’),

- deformations of cross-sections (shell’s sheet metal
plate bending — figure 2b),

- torsion of pipe profile (figure 2c).

Next, according to the reason criterion, we can
list:

- deformations caused by mechanical factors
(incorrect manufacturing of component elements,
incorrect assembly, external and self-weight
loads),

- deformations caused by thermal factors (e.g.
by unequal distribution of temperature — no-
uniform on shell‘s circumference).

All of these deformations, mentioned above, we
can additionally classify according to permanence
of theirs appearance. From this point of view we
can list:

- permanent (plastic) deformations,

- temporary (elastic) deformations,

moreover elastic strains can have a cyclic (if they
are synchronized with the object’s rotation)
or non cyclic character (if theirs values are
independent on shell‘s turns).

3. THE ELASTIC OVALITY OF SHELL‘S
CROSS-SECTION AND ITS
CONSEQUENCES

Deformations of shell's cross-section - elastic
and periodically variable, are one of the least
desirable and simultaneously the most difficult
to the quantitative determination. These
deformations are caused by mechanical factors the
most often, less by thermal. The under-ring shell’s
sections are the places, where it occurs in the most

intensive intensity. In these places the elastic shell,
mounted with the play inside the ring, changes
(self-adjust) its shape to quasi-circular inside
diameter of ring. It happens under the influence
of shell's self weight and the weight of the internal
lining [5]. This adjustment takes place at the bottom
and at the side parts of pipe profile. The shell
undergoes clear flattening in its upper area and the
value of its curvature radius violently grows up
there. Schematically, this situation was shown on
figure 3.
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Fig. 3. Scheme of drum’s shell cross-section,
where shell’s radius changes
from minimal value r,,;, to maximal 7,,,,

Thus, during the turn of the object, every point
connected with the surface of the shell migrates not
on the circle, but over the distorted outline, whose
radius of the curvature has different value for every
next circumference position of this point. The
relative changes of the radius in the function
of the angle of the object's rotation can be shown
in the form of the graph, how this is presented
on drawing 4. These changes of radius mean that
the sheet metal plate of the shell undergoes cyclic
bending, and this means also that shell's durability
should be considered in the aspect of fatigue
strength of the applied material.
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Fig. 4. The example graph of relative changes
of curvature’s radius as function of drum’s
rotation angle

The cyclic changes of the radius of the shell‘s
sheet metal plate also have the influence on
durability of the object's internal lining (if the
object is equipped with such one). The best, it can
be illustrated for furnace lining in the form of
wedge-shaped bricks with tapers adapted to
nominal - shell's inside diameter. Mainly, such
brick lining is applied in rotary kilns.
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In the situation when drum turns, his shell
undergoes deformation and forces - tensioning
and compressing - act on the lining alternately (look
at figure 5).

saz/ UL

perfect state '

’__,.,--
@—_ b A

brick is moved

bricks become loose

d) a moved brick’'s breaks

j !; C v
3

e) bricks become tighter and the edges start chipping

Fig. 5. Scheme of mechanical interaction
on rotary kiln’s brick lining
- example mechanisms of lining’s
degradation [2]

In connection with intensity of this
phenomenon, such alternating forces can lead to the
brick falling out or chipping out. Typical
mechanisms of lining degradation are shown in
figure 5. Figure 3a represents a perfect situation,
that is when the shell is not deformed and bricks
correctly adjoin each other. The distribution of
forces in the contact areas between the bricks is
then correct. Figure 3b shows a situation when the
radius of curvature increases excessively, the load
on the surface of the bricks decreases, and even the
gaps between them become wider. When the shell
radius becomes large enough, the bricks may move
/3¢/ or even fall out totally. When a brick falls out,
the adjacent bricks become loose, so in
consequence it might lead to an extensive reduction
of the lining, thus exposing the steel drum shell to
high temperatures. If a loosened brick does not fall
out but stays in place (fig. 3c), when the
circumferential position of the facility changes then
as a result of the reducing radius

of curvature it will undergo compression (still look
at fig. 5¢). Such a situation might cause the braking
of the moved brick in the cross-section compressed
by the edges of adjacent bricks and the chipping out
of a large portion of this one. The remaining part
will resume its original position, but the lining
in this area is already significantly thinner (fig. 5d).
In case of smaller radius changes or better fit of the
bricks (smaller initial play at installation), the
movement of the bricks is limited, but chipping can
also be observed. In this latter case, the chipping is
caused by micro-losses in the areas of local
accumulation of loads — on the edges. This situation
is shown in figure 5Se.

Degradation mechanisms, presented above, are
chosen examples only.

To summarize, the phenomenon of cyclic
change of the radius of curvature in the shell cross-
section has a detrimental impact on both the life of
the shell plate and on the life of drum’s internal
lining. The said strain is unfortunately inevitable,
especially because of the frequent and necessary
from the design point of view loose fit between the
shell’s outside diameter and the support ring’s
inside diameter. A periodical monitoring and
keeping the strain as small as possible is
consequently the only method to extend the life of
trouble-free drum operation in this area.

Very useful estimator uses to evaluate the
elastic strain of the shell cross-section is the
parameter called in the scientific literature the
elastic shell ovality ratio [3]. The definition of this
parameter is based on assumption, that a deformed
cross-section of the shell can be sufficiently
approximated by an ellipse, i.e. a particular case of
geometric figure from general collection of ovals.
Then the degree of flattening (ovality) of an ellipse
can be described by the following formula:

w=2a-Db) )
where:
a and b — length of ellipse semi-axes, suitably major
and minor (look at fig. 6).

Fig. 6. Ellipse and its semi-axes a and b

In the reality, the form of the shell cross-
section's deformation is more complicated, i.e. ideal
symmetry between the individual half of the ellipse
is not kept and the angle between the maximum
and minimum position of radius doesn't equal 90°
(go back and look at fig. 3). That is why in
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reference to the section of drum's shell, generalized
ovality has been assumed to present by the formula:

@ = 2(I'max — min) 2

where:
Pmaxs  Foin cross-sections’ radiuses, suitably
maximal and minimal (look at fig. 3).

However, the diagnostic parameter, defined in
a such way, is still uncomfortable for use. It doesn't
give the possibilities of comparison of objects with
considerably different dimensions i.e. different
shell's diameters. In order to eliminate this
shortcoming, parameter called ovality ratio was
used [3]. This parameter presents quotient of
ovality (mentioned above) and internal — nominal
diameter of shell‘s cross-section. It is expressed by
following formula:

wp = (rmax r_ Irmin) .100% = Z(rmaxd_ rmin) -100% (3)

where:
r, d — suitably, nominal radius and nominal
diameter of shell’s cross-section.

The measurement of elastic ovality or elastic
ovality ratio is reduced to the determination of the
volumes r,, and 7, and to determination of
relative difference between these radiuses - in
principle. The nominal diameter of the shell is the

well known value.

There are two methods of determination of
difference between the maximum and the minimum
radius: direct and indirect one. The direct method
consists in determination of the small and large axis
of the ellipse using geodesy manners. However this
method is very labour-consuming, technically
burdensome and sufficiently exact only for the
large deformations of the cross-section. The
indirect method consists in measurement of the
maximum change of the deflection of the curvature
- on the one meter long circumference's part -
during drum's rotation. It is made using special
device and calculating ovality ratio is based on
simplified formula:

o =%do--100% (4)

where:

d — inside, nominal diameter of shell’s cross-section
[m], ¢ — maximal difference of deflection of
curvature [m], determined on chord 1-meter long
(L = Im), according to figure 7.

It is possible to find the derivation of above
formula in the study [3]. The device is
characterized in the next chapter, and it is the
implementation of presented idea of measurement
of shell's cross-section's elastic ovality.

Fig. 7. Maximal deflection of curvature — example of ellipse
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4. SHELLTESTER — CONSTRUCTION AND
PRINCIPLE OF OPERATION

General structure of the device, called
Shelltester, is presented in figure 8.

The device in the form of one-meter beam,
according to measurement idea showed in figure 7,
is installed by magnetic feet to the shell’s external
surface and it - turning with the object - measures
continuously indications of electronic pin gauge,
which is installed in the middle of distance between
feet. These indications show relative changes
of deflection f'and are sent — with the help of radio-
modem (built-in inside device’s body) to radio
receiver, connected to computer PC class. There,
with the help of computing program — written by
author — data is recorded and next is suitable
processed and analyzed. Each measurement, thanks
to inclination sensor - built-in device - is released
and stopped in automatic mode — in the moment
while device moves by so called nadir point.
Picture of device ,,in action” is showed in figure 9.

Fig. 8. Scheme of Shelltester’s construction:
1 — carrying beam, 2 — body, 3 — control panel,
4 — terminal of electronic pin gauge, 5 — feet,
6 — guides of feet, 7 — clamps of feet,

8 — magnetic basis of feet,

9 — clamps of magnetic basis of feet

Fig. 9. Shelltester mounted on the rotary
kiln’s shell

5. SHELLTESTER - ROUTINE TESTS
SCOPE, DIAGNOSTIC POSSIBILITIES

The routine test programme, assumed by author
on the basis of his knowledge and experience - have
been gained till now, includes installing device
(measurements) on each drum's support - in two
shell's cross-sections - inlet and outlet, i.e. close by
front of and just behind the ring (fig. 10). In each
measurement planes, the device is located
in three places on the circumference (A, B and C),
arranged every 120°. Together, on every support
(near every ring) it is made six measurements. This
causes, that for the most typical - triple-support
drum, the number of instrument's installations
amount 18.

Fig. 10. Measurement planes for routine test
scope for triple-support kiln

For such chose diagnostic programme, there are
opportunities:

1. to determine the value of maximum degree
of shell's elastic ovality ratio in every one from
measured cross-sections and to compare the
results to the allowable value - defined for given
diameter and thickness of the sheet metal plate
of the shell.

The analysis, made by the author, shows that the
ovality ratio of under-ring shell's sections
should be placed below curves given on graph
presented in figure 11. There, upper line is
determined for minimal, and lower line for
maximal values of shell’s steel plate thickness —
for given pipes’ inside diameters, which
presents domain of graph.

The author foresaw to publish the calculation
of these allowable limits, within separate article
in the next future,

2. to execute the qualitative estimation (individual
and comparative) of all gathered curves of
deflection’s changes in the function of rotation
angle of the drum (for each cross-section and
for each circumference position). Utilitarian
example of such possibility is presented in the
next chapter. There is selected results from
measurements performed for: rotary lime kiln,
which has been operated in Mondi Swiecie S.A
and rotary kiln number 4 for clinker baking,
located in Rudniki Cement Plant.
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Fig. 11. The allowable limits of elastic ovality ratio
of shell’s cross-section in the function of inside
diameter for suitable: minimal (upper curve) and
maximal plate’s thickness (lower curve). Plate
thickness of shell are given in the brackets

6. EXAMPLE ANALYSIS OF VALUES
AND OF OVALITY CHARTS

6.1. The rotary kiln (Mondi Swiecie S.A.)

Measurements were executed 21st July 2009.
The basic parameters of the object's shell and the
conditions of the measurement are presented in
table 1. The statement of got results of
measurement in the form of the graph of cross-
section's ovality ratio - on individual supports - is
showed
in figure 12. Example ovality curves, gathered on
one of the kiln supports, are presented in figure 14.
The shell unit with the largest elastic deformations
of its cross-sections was chosen to the analysis (i.e.
the support P2).

On the basis of such selectively presented
results, it can be stated (diagnosed), as it follows:

- the average ratio of the shell elastic ovality on the
support P2 is close to the allowable value, and for
the case of the circumference position A of device
- in the inlet cross-section — it is observed even
overflow of accepted limit, what threatens with
appearing the fatigue cracks of the shell,

- ovality curves for measurements realized for
various circumference positions don't overlap, but
this situation is almost the same both for the
cross-section - located on the inlet and on the
outlet side. This suggests stable (plastic)
deformation of under-ring shell section and/or
occurrence

of the geometrical eccentricity of the shell's axis

in reference to the axis of revolution. Because

of the fact, that this wun-overlapping on
circumference positions corresponding with
positions

of rollers (30° and 330°) is only slight, it is more

probable that stable - significant value - shell's

deformation is the main cause of this situation,

curves which present average graphs for
measurement made on A, B and C position - for
the inlet and outlet cross-sections - are almost the
same, what, connected with information about
clear symmetry reference to vertical plane

(determined by angle 180°), shows that rollers'
position are correct (the symmetrical load
distribution, the uniform thrust on both rollers,
correct slope of the rollers' shafts).

6.2. The rotary kiln (Cemex Polska Sp. z o.0.
— Rudniki Cement Plant)

Measurements were executed 12th August
2009. The basic parameters of the object's shell and
the conditions of the measurement are presented in
table 1. The statement of got results of
measurement in the form of the graph of cross-
section's ovality ratio - on individual supports - is
showed in figure 13. Example ovality curves,
gathered on one of the kiln supports, are presented
in figure 15. The shell unit with very high elastic
deformations and simultaneously regards by the
author as the most interesting from the diagnostic
point of view was chosen to the analysis (i.e. the
support P5).

On the basis of such selectively presented
results, it can be stated (diagnosed), as it follows:

- the average ratio of shell elastic ovality on the
supports P4 and PS5 significantly exceeds values
accepted as allowable limits. This fact should be
connected with considerable eccentricity of shell
geometrical axis in reference to object’s axis
of rotation, and also, especially in the case of P5
support, with increased value of under-ring gap
(19,7mm — look at tab. 1). Measured values give
the basis to the fears, that fatigue cracks of shell
plate can appear. It simultaneously arise a doubts
in the range of the life time of the internal kiln
lining,

the fact, that ovality curves from A, B and C
device's position don't overlap mutually (it is
visible also on angular co-ordinate 30° and 330°),
supports opinion about existing eccentricity,
curves which present average graphs for
measurement made on A, B and C position - for
the inlet and outlet cross-sections - don’t overlap.
It suggest wrong rollers’ positions (theirs wrong
slopes) or occurrence of gaps in the contact
between them and ring’s raceway - on the outlet
side of ring. I can be effect of e.g. taper shape of
ring and/or taper shapes of rollers’ raceways.
Curves on the outlet side show distinct change of
shell’s radius, as an effect of rollers’ load
reactions. The same symptom doesn’t exist on the
inlet side.
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Table 1. The basic parameters and measurement conditions for:
- lime kiln (Mondi Swiecie S.A.),
- clinker kiln no.4 (Cemex Polska Sp. z 0.0. — Rudniki Cement Plant)

kiln - Swiecie Support #1 Support #2 Support #3 Support #4 -

shell’s inside diameter 3750 3750 3750 3750 - mm
thickness of shell’s plate 45 45 45 45 - mm
* under-ring gap 4,0 4,5 6,9 3,7 - mm

** allowable ovality ratio 0,309 0,309 0,309 0,309 - %

kiln no.4 - Rudniki Support #1 Support #2 Support #3 Support #4 Support #5

shell’s inside diameter 3750 3750 3450 3750 3750 | mm
thickness of shell’s plate 60 60 60 60 60 | mm
* under-ring gap lack of data lack of data 2,5 8,9 19,7 | mm

** allowable ovality ratio 0,335 0,335 0,310 0,335 0,335 | %

* determined during measurement using Shelltester, as difference of mean values of ring’s inside diameter

and shell’s outside diameter,

** given on the basis of chart from figure 11, as approximation of suitable values.
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Fig. 12. Values of elastic ovality ratio of shell’s cross-sections (kiln from Mondi Swiecie):
a) detailed values, given for each plane and each circumference position of device,
b) mean values from particular supports
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Fig. 13. Values of elastic ovality ratio of shell’s cross-sections (kiln no.4 from Rudniki Cement
Plant): a) detailed values, given for each plane and each circumference position of device,
b) mean values from particular supports.
According to too high temperature of shell, measurements for P1 and P2 supports wasn’t executed
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Fig. 14. Ovality curves i.e. changes of shell deflections f (kiln from Mondi Swiecie — support P2)
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Fig. 15. Ovality curves i.e. changes of shell deflections f (kiln no.4 from Rudniki Cement Plant — support P5)

6.3. The comparative analysis of kiln’s state

After detailed comparison of values and graphs
got for both kilns, it can be established that:

- kiln located in Rudniki cement Plant is an object
with clearly worse technical state. In spite, that
the diameter of his shell has the same value as in
the case of kiln from Swiecie (except of the P3
support), elastic deformations of his shell's cross-
sections are significant higher (even about 50%),

- this is particularly dangerous in the aspect of the
fact that thicknesses of the shell's under-ring
segments in Rudniki are indeed larger than
in Swiecie (60mm versus 45mm),

- un-overlapping curves got on circumference
positions A, B and C is particularly visible on kiln
located in Rudniki, where this situation appears
on the whole kiln’s circumference. In the case
of kiln located in Swiecie, un-overlapping exists
for angles from 70° to 320°, what is the natural
range of circumference - if there is under-ring
gap. This situation shows, that in Mondi problem
of ovality comes from under-ring gaps and for
kiln located in cement plant higher values of
elastic shell’s ovality are derivative of additional
irregularities in the form of errors in shell’s
geometry and in the form of shortcomings in the
positions of support system’s components (wrong
rollers’ setting).

7. SUMMARY, CONCLUSIONS

Contents, given in the present publication, can
be sum up, as follows:

1. method and device to the rotary drum's technical
state's evaluation by measurement and analysis
elastic ovality of the shell's cross-sections give
very rich diagnostic information,

2. this information - first of all it is the quantitative
determined value of the elastic ovality and
secondly the graphs of the changeability of the
shell’s deflection in the function of the angle
of the drum's rotation,

3. first of mentioned diagnostic parameters - after
comparing to the appointed allowable limit
- gives clear-cut view on the risk of appearing
fatigue cracks in the drum's steel shell.
Moreover this shows the danger of the lowering
durability of the internal object's lining, if object
is equipped in such one,

4. the graphs of the changeability of the shell's
deflection are the derivative of changeability
of the curvature radius during drum's rotation.
The mutual comparison of these graphs -
collected curves (in the range of section,
support, the object, and even in the reference to
different drums) gives possibilities for
evaluation of their shapes and for the qualitative
determination
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of reasons - causing the departures from
expected form,

. these departures make up the qualitative
symptoms of deviation from drum's normal
mechanical conditions, and they include both
basic mistakes in the geometry of the support
system (including rollers positions) and more
subtle irregularities, which can take place in the
area

of shell,

. thanks to such set of diagnostic information,
described method and device become very
valuable tool, which help to estimate the
technical state of the object - rotary drum type,

. next enrichment of the analysis may constitute
described way and device in the rank of one
of the most effective diagnostic performances.
The author plans to do it within the next future.
He intends to enrich method about the
quantitative estimation of detected irregularities,
which distort shapes of ovality curves.
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Summary
In this work were given the basics of the wireless diagnostic system which is the subject of patent
application. This system is using the method of developing signals to Fourier series.

Keywords: wireless diagnostic system, sampling signal, Fourier series.

BEZPRZEWODOWY SYSTEM DIAGNOSTYCZNY
Z WYKORZYSTANIEM BAZ HARMONICZNYCH I WIELOMIANOWYCH

Streszczenie
W pracy zostaly przedstawione zatozenia bezprzewodowego systemu diagnostycznego begdacego
przedmiotem zgloszenia patentowego [1]. System ten wykorzystuje w nadajniku metodg rozwijania

sygnalow w szereg Fouriera.

Stowa kluczowe: bezprzewodowe systemy diagnostyczne, probkowanie sygnalow, szeregi Fouriera wzgledem
wielomianow ortogonalnych.

1. INTRODUCTION

The subject of this article is wireless diagnostic
system being an alleged invention [1]. The sense of
this patent is to spread the analog diagnostic signal
— from converter, into the Fourier series due to
relevant orthogonal basis and further transmission
of the Fourier series components and their further
processing.

Input signal (wireless diagnostic system) can
be given by dismantling the electrical signal into
the series according to relevant orthogonal basis
(these series are called finite and infinite sampling
series) on the transmission side and sending in
channel information only about it’s coefficient
expansion and in receiver generate and sum them
properly.

This system is used to wireless diagnosis of
devices, mechanical machines and dangerous or
inaccesible electric installations such as high
voltage or high concentration of chemicals.

Mathematical basics of his system were given
in these articles [2, 3, 4].

The most similar systems of data transfer are
Bluetooth, IrDA and OFDM.

2. GENERAL SYSTEM DESCRIPTION

Data are delivered as non electric signal,which
is turned with converter to electric. In next faze of
converting, the signal is expanded into the Fourier
series due to exact orthogonal basis, usually
harmonic or into the series against orthogonal
polynomial by Legendre, Czebyszew, Laguerre and
Hermite. In radio channel are transmitted

informations only about coefficient expansion of
the signal. In the receiver according to received
coefficients the components of the diagnostic signal
are generated. These coefficients are next sum up
with harmonic sampling kernels such as Dirichlet,
Fejer or de la Valle Poussin kernels.

Harmonic basis will be used mostly to wireless
diagnosis of devices using signals in forms of
vibrations from different sources. These vibrations
have harmonic pattern.

In case of diagnostic signals having non
harmonic patterns - impulses, it’s better to use
polynomial kernels against Legendre, Czebyszew,
Laguerre or Hermie polynomials, which allow to
generale input signal having less coefficients in it’s
expansion, so it’s possibile to get it’s higher
compression.

The radio system will be using OFDM
modulation. It’s more safe due to unwanted data
capture in radio channel. In this channel will be
transmitted infomations about signal expansion
coefficients not about signal itself, so the capacity
of data will be increased.

OFDM transmission technique allow to
increase WLAN network discharge between
dewices significantly. OFDM rely on single stream
data coding in many carriers. In this system are
used subcarriers in which are used BPSK, QPSK or
QAM/64-QAM modulations. Maksimum speed of
data transmission - 54 Mbit/s is achieved for 64-
QAM (216 data bits per one OFDM symbol)
modulation.

OFDM modulation is based on FDM but is
used as digital modulation. Transmitted bit stream
is spread to over twelve parallel streams. Available



50 DIAGNOSTYKA’ 1(53)/2010
SYROKA, Wireless Diagnostic System With Use Of The Harmonic Polynomial Base

band is spread between couple of subchannels and
every smaller stream is transmitted by one
subchannel modulating it’s carrier with use of
simple modulation, for example PSK or QAM.
Subcarriers are chosen in certain way, that every
modulated stream is orthogonal against the others.
This way gives opportunity to eliminate the co-
channel disturbances. The alignment of channel is
simplified because of usage of slower narrow band
channels instead of one wide band channel. The
basic rule of OFDM is to get along with different,
sometimes hard environment of Chanel, for
example With narrow band interferencje without
any filters.

This solution allowed to build wireless
diagnosis system without need to switch analog
signal to digital. This system is immune for
interferences of radio wave propagation for
unwanted data capture and gives the allegiance of

receivered with minimum of band
occupancy.

Using of that system allow for immediate
diagnosis based on valuation of unwanted
components of diagnostic signal. This system
exclude A/C and C/A converters. The basic idea of
his project is decay od signal in the transmittor and
to sum the components in receiver. Precision of
mapping of signal in receiver is only up to amount
of components granted in sum not up to parameters
of transmission channel. In radio channel are
transmitted the informations about the components
of series. Thsis system can be used in other
purposes and in the same way in receiver use
informations from expansion into series in this
receiver for example to indentification, diagnosis -
telemedicine.

The block scheme of the system in case of
polynomial base is in Fig. 1, in case of harmonic
base in Fig. 2.

signal

The source of
mechanical
signal

Conversion of
themechanical signal
to electrical.

Appointing series:
1. Legendre’a
2. Czebyszew
3. Laguerre’a
4. Hermite’a

Transmitting system

The block scheme — conversion of diagnostic signals in the transmitter

Sum of coefficients of series:

Given diagnostic 1 Legendre’a
signal 1 2. Czebyszew
3. Laguerre”a

4. Hermite’a

Receiving system

The block scheme of signal conversion in the receiver

Fig. 1 The block scheme of diagnostic system using polynomial basis

The source of

signal

mechanical |

Conversion of
themechanical signal
to electrical.

Appointing Fourier
series against
harmonic system.

Transmitting system

The block scheme - conversion of diagnostic signals in the transmitter

Given diagnostic
signal

Sum of Fourier series
coefficeints

Receiving system

The block scheme of signal conversion in the receiver

Fig . 2 The block scheme of diagnostic system using harmonic basis
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3. SIGNAL ANALYSE SYSTEMS BASED ON
GENERALISED FOURIER SERIES

General block scheme of system used to define
coefficeints of signal expansion into generalised
Fourier series. Fig. 3.
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It
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function
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Fig. 3. Block scheme of system used to appoint
Fourier coefficients of diagnostic signal

Basic elements of this system are base function
genereators according to the expansion is effected.

Signal analyse — diagnosis, running in real-time.

Analysed diagnostic signal is multiplied by exact
base functions and than integrated (integrating
amplifier).

In the output of every integrating amplifier at
the final moment of integration interval the
continuous in time signal occure, which value is
exact to responsive coefficient of generalized
Fourier series.

On drawings 4, 5, 6, 7 are block schemes of
basic function generators for eight first functions.

The base to build the electronic system
generating particular basic functions are recurrence
equations.

For Hermite polynomials this equation is :
Hn+l(x)=Zan(x)_ann—l(x) (1)

According to this equation dependings which
define the eight first Hermite polynomials are :

@

-
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Fig. 4. Block scheme of generator of eight first
Hermite polynomials
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Fig. 5. Block scheme of eight first Legendre
polynomials generator

For Legendre polynomials, recurrence equation is
formed :

L) = [en -1, (-2, ()] @
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From above equation, rules defining the eight firs
Legendre  polynomials are  consequent
Ly=1
Ll =X
1

Ly =~ (x3L, - L,)
2
1

Ly = g(x5L2 -2L,)
1

L, = Z(x7L3 -3L,)

Ls = %(x9L4 —4L;)

Lg = l(xl 1Ls —5L,)

° )
L,= 7(xlz.L6 —6Ls)
1 > T

Fig. 6. Block scheme of eight first Czebyszew
polynomials generator first type

For Czebyszew first type polynomials, recurrence
equation is formed:

Tn+1(x):2XTn(x)_Tn—l(x) (5)

From above equation, rules defining the eight firs
Czebyszew polynomials first type, are consequent:

T, =1

T, =x

T, =2xT, =T,

Ty =2xT, =T, ©)
T, =2xT; =T,

Ts =2xT, - T,

Te =2xT5 - T,

T, =2xTy - T

For Laguerre polynomials, recurrence equation is
formed:

(9= =2l o)
(7)

n+1 n—
From above equation, rules defining the eight firs
Laguerre polynomials are consequent:

1)

n+l
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2 2
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4 4
(a+9) X a+4
Las = La La
5 5 4 5 3
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Fig. 7. Block scheme of eight first Laguerre
polynomials generator

Markers are:

multiplying system

multiplying and reverse phase sys
tem

turning-out phase system

The a prameter is being increased by 1 and than
transmitted to exact adder and to multiplying and
reversing system. Some parameters (a+8; a+10,
a+12) in eight first Laguerre polynomial generator
are not in use. Basicly every non even value of
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coefficient a+n is always used twice and even value
once to generate polynomial of given order.

It’s often to asume value a=0 because this
parameter is gained by one. Only in case of
fractional or irrational value of a parameter is
important to grant it’s value. In most cases a must
be chosen experimentaly depending of analysed
diagnostic signal.

4. SUMMARY

The most common solution in diagnostic
technique is to change the analog signal (from
converter) into digital the quickest way.
Transmission of whole digital signal is made in
radio channel. In the receiver of diagnostic signal is
made it’s analysis (usually digital signal
processing).
In given solution decay of diagnostic signal
into the series in the transmitter is being made. For
that reason to receiver is getting information about
malfunction (unwanted harmonic signal).
The reasons for designing wireless diagnostic

system are:

- To build wireless diagnostic system without
changing analog signal into digital.

- To ensure it’s immunity for radio waves
propagation decay.

- To ensure maximum immunity of system for
unwanted data capture.

- To ensure maximum allegiance of received
signal with minimum bundle interruption.

- To ensure the possibility of immediate
diagnosis based on estimation of unwanted
components of diagnostic signal (granting of the
pattern spectrum of the machine).
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SPECTRUM WIDTH FACTOR AS A DIAGNOSTIC PARAMETER
DETERMINING THE DEGREE OF DAMAGE OF TOOTH SURFACE
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Summary

The article discusses the issue of use of the spectrum width factor in diagnosing the
development of pitting of toothed wheels. Theoretical issues have been presented related to the
dependence of the level and structure of non-linear noise on the size, type and evolution phase of
the process of degradation of surfaces of teeth being in contact. The paper discusses an example of
diagnosis of the condition of teeth surfaces while using the data obtained during the experiment.
An analysis of the relation between the spectrum width factor and the rigidity of shafts has also
been conducted. The result of the analysis shows that the spectrum width factor can also be used in
diagnosis of machine shafts.

Keywords: spectrum width factor, pitting, toothed gears.

WSPOLCZYNNIK SZEROKOSCI WIDMA JAKO PARAMETR DIAGNOSTYCZNY
STOPNIA USZKODZENIA POWIERZCHNI ZEBOW

Streszczenie

W artykule podjeto zagadnienie wykorzystania wspolczynnika szerokosci widma
w diagnozowaniu rozwoju pittingu kot zgbatych. Przedstawiono zagadnienia teoretyczne odno$nie
zaleznoséci poziomu i struktury zaklocen nieliniowych od wielkosci, rodzaju i fazy ewolucji
procesu degradacji powierzchni zgbdéw znajdujacych si¢ w przyporze. Omowiono przyktad
diagnozowania stanu powierzchni zgbow z wykorzystaniem danych uzyskanych w trakcie
eksperymentu. Przeprowadzono rowniez analizg zwiazku wspoélczynnika szerokosci widma ze
sztywnos$cia zastosowanych watow. Wynik tej analizy wskazuje, ze wspotczynnik szerokos$ci
widma moze by¢ wykorzystany réwniez w diagnostyce watldw maszynowych.

Stowa kluczowe: wspolczynnik szerokosci widma, pitting, przektadnie zgbate.

1. INTRODUCTION - SPECTRUM WIDTH
FACTOR

The publication [10] tackles the issue of
origination and development of pitting in toothed
wheels as well as monitoring of development of
pitting with the use of spectrum width factor. The
results presented therein show that the numerous
factors can have influence on the intensity of the
pitting process. While exploiting the possibilities
offered by the test-bed, the influence of a toothed
gear’s operating conditions on the development of
spectrum width factor has been examined.

Generally it is recognized [8, 3] that pitting is
a process of wear due to fatigue which dominates in
toothed gears with soft teeth which operate at
average tangential velocity of below 50 my/s.
A factor which leads to chipping is the variable
contact stress which occurs in the area of negative
slip. In addition, attention has been drawn to the fact
[5, 9] that the physical and chemical properties of
oil, thickness of the lubricating layer, hardness of the
material and micro-geometry of surfaces will be the
factors determining the intensity of the process of

surface chipping. As a result of the surface wear
process , pitting cavities emerge which, as the defect
develops, form bigger strips of damaged surface
whose width continuously increases. These strips
most often occur in the area of a tooth’s foot, in the
area where the biggest slip occurs. This type of
surface defects leads to reduction of the size of
working surfaces and in the next stage of the
destruction process they can become a place in
which fatigue-related crack and the associated
process of fatigue-related breaking of a tooth are
initiated. Thus, diagnosis of emergence and
development of pitting can play the role of detection
of early defects during the phase of low-energy
development of fatigue-related tooth breaking.
Conducting of such a diagnosis means the need for
developing the relevant methods of detecting
diagnostic information which can be “coded” in
various ways, depending on the phase of surface
pitting process. The literature on the topic [7, 8]
identifies three main phases of the process:

- the phase of initiation of cracks in the outer

layer;
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- the phase of development and propagation of
cracks as a result of destructive operation of oil
in the contact zones;

- the phase of development of pitting cavities,
which results in removal of part of the material
from the outer layer.

Description of the mechanism of emergence of
fatigue-related cracks, while accounting for the fact
that initiation of this process occurs in Bielayev’s
point, that is in the point where the stress on the
material is the biggest, is presented in [5, 9].

Oil is forced into the cracks as the influence of
friction forces increases in the contact zone and
Bielayev’s point is moved in the direction of the
friction surface, which is a signal confirming the
start of the second phase of the destruction process.
Rolling of the elements mating in such conditions
leads to variable impact on the extensive network of
cracks and in the third stage it leads to chipping of
further particles from the elements (profiles). Such
destruction constitutes substantial disturbance of
contact conditions and hence it can become a reason
for changes of the frequency structure of the
generated vibroacoustic signal. Generally, as pointed
out in [4, 6], overall growth of the noise level, in
a broad frequency band of the analyzed signal, will
occur in the case of development of pitting.
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Fig. 1. eveldpment of pitting
on a tooth surface (from an experiment)

T

number of tooth BT 18 16 44 g}’
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Fig. 2. Development of pitting in
respective teeth of the pinion.

The method of modeling of vibroacoustic signal
generation, including the impact of various methods
of causing damage on a vibroacoustic signal’s
parameters and hence leading to change of
parameters of a dynamic model, is discussed in
detail in [10]. Pitting in toothed wheels was
examined and the results are presented below. Fig. 1
presents an example of growth of bandwidth in the
case of a surface which was chipped due to wear. In

addition, during the surveys we noted that pitting
could start on one or bigger number of teeth and
then spread to the remaining teeth (Fig. 2).

Use of spectrum width factor has been proposed
for modeling of pitting in toothed wheels. The
method of calculating the spectrum width factor is
presented below. Spectral moments have to be
determined for this purpose according to the
following formula [1]:

m, = j " S(w)dw (1)
and then the measure of spectrum width has to be
determined in the form of spectrum width factor:

2
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my = j S(w)de
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Fig. 3. Changes of the value of spectrum
width factor during the time of the strength
test.

Fig. 3 presents the changes of the value of the
spectrum width factor in time during the strength
test. In accordance with the results found in Fig. 2,
as the test continues we witness increase of the
number of teeth affected by the fatigue-related
process of surface destruction. The aforementioned
fact has been reflected accordingly by the changing
width of the bar on the abscissa. The heights of
respective bars correspond to the percentage of
destructed surface of a tooth’s side as compared to
the total surface. Let us note, that it is reflected by
the changes of spectrum width factor, however in
addition one can note the quality change associated
with damage to surfaces of further teeth. Let us note
that the qualitative change is observed already in the
case of destruction of only several percent of
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a tooth’s surface. Thus a diagnostic parameter has
been obtained which is highly sensitive, especially
during the initial phase of pitting.

2. DESCRIPTION OF THE EXPERIMENT

The experiment was conducted in revolving
power test-bed. The test-bed consists of two toothed
gears which operate in revolving power system and
it enables examination of both, toothed wheels and
toothed gear lubricants. The precise description of
the test-bed is found in [2]. Toothed wheels made of
20H2N4A steel, carburized and hardened to
hardness of 60 HRC were used in the experiment.
They were subjected to accelerated fatigue testing.

The experiment was planned in such a way so as
to enable analysis of the impact of various factors on
the degradation process (load and gear quality).

In addition two sets of shafts were used with
different torsional rigidity, which enabled
examination of the impact of torsional rigidity on the
conditions of mating of teeth coming into contact.

Parameters of examined toothed wheels are
found in Table 1.

Table 1 Comparison of parameters of examined

toothed wheels
. Input
S{O;e(r)it: Trci)rsi.zi(ﬁlal Experiment | rotational | Load
P siary time [s] speed | [Nm]
ment | of shafts
[rev/s]
1 2.~ | 10254 1222
5 8.5
2 | B85 | 3960 1303
PN
[}
3 | EZ5 | 1188 1492
-
4 [EFF ] som 24 | 1200
5 - 7770 1218
=
6 = 8238 1214
Q
7 = 4206 1309

The measurement system mounted in the test-bed
enabled registration of five different signals:

- channel 1 — revolutions marker (one marker
per revolution)
- channel 2 — signal from tensometers affixed

to the shaft, proportional to the degree at which
a shaft is twisted

- channel 3 — signal from tensometers affixed
at the of a tooth’s head, proportional to tooth
deflection

- channels 4 and 5 — acceleration of vibration in
the body of the examined toothed gear as
measured at the body’s upper part, just above the
place of mounting of pinion shaft bearing, in

a horizontal direction — perpendicularly to shaft

axis, and in vertical direction.

Channels 2 and 3 were equipped with
a telemetric system manufactured by ESA
Messtechnik GmbH. The system enabled data
transmission from rotating elements. Tensometers
manufactured by MEASUREMENTS GROUP INC.
served as the active measuring elements. The
information obtained this way was used for tracking
the deformations at the foot of a tooth as well as the
shaft torsion angle during the experiment. The
information obtained this way was used for
determining the moment of crack initiation and for
tracking of a crack’s propagation. An inductive
sensor was also installed in the examined toothed
gear. It shut down the test bed at the moment when
a tooth broke.

The experiments were conducted until total
breaking of a tooth while at the same time
conducting continuous registration (in 6-second-long
modules). It is worth stressing that no artificial
defects were introduced prior to starting the tests, so
as not to disturb this way the course of the process of
initiation of a fatigue-related breaking of a tooth.
Such a method of research differs substantially from
the research related to examining the development of
a tooth’s breaking in which artificial defects are
introduced, e.g. by cutting the tooth. The adopted
method of realization of the experiments resulted in
a situation that in most cases the teeth which broke
were not the ones for which stress measurements
were carried out.

Based on the vibration signals registered in two
directions, we were able to determine the diagnostic
parameters in the form of width factor of power
spectrum for a broadband signal of vibration
acceleration as well as of signals generated by
acceleration of vibration filtered off in the bands
with widths of 120Hz, 400Hz, 600Hz surrounding
the first eight harmonic frequencies of meshing.

Due to the fact that the time till occurrence of
a defect varied for respective toothed wheels, thus to
facilitate the analysis of results the time was
standardized and presented in the form of percentage
of time till defect occurrence.

3. MONITORING OF PITTING
DEVELOPMENT

Due to the fact that during the fatigue tests there
also occurred pitting-related damage of teeth’s
surfaces, thus it is worth analyzing the change of
spectrum width factor for such a wheel and confirm
its utility value in the process of monitoring of
pitting development. Changes of spectrum width
factors were analyzed for the wheel in which seven
teeth suffered from pitting. The information on the
development of pitting is found in the signal’s
spectrum, in direction X  (horizontal-and-
perpendicular to shaft axis) and it is presented in the
form of a spectrum width factor for the entire
frequency band (Fig. 4).
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Fig. 4. Spectrum width factor of
a signal’s vibration acceleration in direction X
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During the initial period of the test the value of
spectrum width factor demonstrated no upward
trend, while a distinct upward trend became visible
after 20% of the test’s time. This could have been
associated with the phase of initiation of pitting-
related defects. After some time the trend was
halted, which most probably meant end of the phase
of intensive development of pitting.

An interesting task is posed by determination of
the frequency band in which the information on
development of pitting can be found. To this end the
spectrum width factor has been determined in
frequency bands with the width of 120Hz around
subsequent harmonics of meshing (the first eight).
A similar qualitative change growth of spectrum
width factor, as in the case of the whole frequency
band of the analyzed signal, could be observed in the
bandwidth surrounding the third harmonic of
meshing, the scale of qualitative change in this case
is quite different (Fig. 5).

. X 3ha, bandwidth - 120Hz
0.9999
0.9998

0.99977

0.99961

spectrum width factor

0.99950

20 40 60 80 100
working time in %
Fig. 5. Spectrum width factor of signal vibration
acceleration in direction X in the bandwidth
surrounding the third meshing harmonic.

Spectrum width factor, for the signal registered
in direction Z (in the entire frequency band) whose
run is presented in Fig. 6, also maintained an upward
trend, however the level of random noise is
substantially higher than in direction X.
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Fig. 6. Spectrum width factor of signal
vibration acceleration in direction Z

In this case it is difficult to indicate the
bandwidth which is characterized by particular
sensitivity to the process of pitting development.
The bandwidth around the 6™ harmonic frequency
can be considered to be the one which reflects the
general trend in the biggest degree (Fig. 7).
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Fig. 7. Spectrum width factor of signal vibration
acceleration in direction Z in the bandwidth

surrounding the sixth harmonic frequency.

We also conducted the analyses in the bands with
widths of 400Hz and 600Hz — the obtained results
did not differ significantly. This indicates that the
information on the occurrence and development of
pitting is encoded in a narrow band around relevant
harmonic  frequencies which correspond to
occurrence of amplitude modulation.

4. ANALYSIS OF THE IMPACT OF
TORSIONAL RIGIDITY

The possibility of using the prepared
characteristics was analyzed in order to be able to
distinguish the values of individual parameters of the
experiment. The results concerning the torsional
rigidity of shafts are presented below. The grey color
denotes the runs determined on the basis of
registered signals in a situation when shafts with
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higher rigidity were mounted, while the black color
denotes the runs associated with shafts having
smaller rigidity).

It turned out that the most useful diagnostic
parameters in this task were the spectrum width
factors for the following signals:

- indirection X in the bandwidth around:
- the first harmonic frequency of meshing with
bandwidth of 400Hz (Fig. 8);
- the fifth harmonic frequency of meshing with
bandwidth of 120Hz, 400Hz, 600Hz (Fig. 9);
- indirection Z in the bandwidth around:
- the fifth harmonic frequency of meshing with
bandwidth of 120Hz (Fig. 10);
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Fig. 8. Spectrum width factor of signal vibration
acceleration in direction X in the bandwidth
surrounding the first harmonic frequency with

width of 400Hz.
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Fig. 9. Spectrum width factor of signal vibration
acceleration in direction X in the bandwidth
surrounding the fifth harmonic frequency with widths
of: a) 120Hz, b) 400Hz, ¢) 600Hz

The above presented diagnostic parameters
enable diagnosis of rigidity of the shafts which were
used. Attention should be drawn to the fact that
information on rigidity of shafts is hidden in various
frequency ranges, however the bandwidth
surrounding the fifth harmonic frequency of
meshing, with width of 600 Hz in direction X, seems
to have the biggest information value. The above
presented property results in a situation that the
spectrum width factor, determined in relevant bands,
can be used for detecting shaft defects (the defects
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which lead to changes of its rigidity). The relation
between effectiveness of separation and bandwidth
points to big influence of torsional rigidity of shafts
in toothed gears on tooth contact conditions, and in
the case of wheels with spur wheel - on the
conditions of mating along the contact line. At the
same time, the above means that the phenomenon of
frequency modulation is the most appropriate model
for the purpose of qualitative and then quantitative
description of the influence of the shafts’ torsional
rigidity on contact conditions. The results of analysis
of wvarious widths of the examined spectrum
surrounding the same carrier frequency, as presented
in Fig. 9, enable such a conclusion to be formulated.
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Fig. 10. Spectrum width factor of signal vibration

acceleration in direction Z in the bandwidth
surrounding the first harmonic frequency with

width of 120Hz
5. CONCLUSIONS

The conducted research demonstrates usefulness
of spectrum width factor in diagnosis of pitting in
toothed wheels. In addition, the parameter is
sensitive to the rigidity of the shafts used, thanks to
which it can be used for diagnosing these elements.
It is particularly interesting to examine the
sensitivity of spectrum width factor to other system
variables in the context of the factor’s sensitivity to
change of shafts’ rigidity. This means an attempt of
obtaining the answer to the following question: Will
the change of the shafts’ torsional rigidity, caused by
defect, lead in addition to any qualitative change in
the phenomenon-oriented measures which register
disturbance of conditions of mating of specific
kinematic nodes of the monitored system, other than
changes in the structure of harmonic frequencies of
meshing?
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ANALIZA DYNAMIKI WENTYLATORA PROMIENIOWEGO W WARUNKACH

1. WSTEP

NIEWSPOLOSIOWOSCI WALOW WIRNIKA I SILNIKA
Janusz ZACHWIEJA

Uniwersytet Technologiczno-Przyrodniczy w Bydgoszczy, Zaktad Mechaniki Stosowane;j,
Bydgoszcz, ul. S. Kaliskiego 7.

Streszczenie

Istotnym problemem jaki wystgpuje w diagnozowaniu maszyn wirnikowych jest poprawna
identyfikacja symptomoéw ich uszkodzen. W przypadku grupy maszyn przeptywowych, do ktorej
naleza przemystowe wentylatory promieniowe, najczgsciej wystepujacymi uszkodzeniami sa:
niewywazenie wirnika, defekty tozysk oraz niewspotosiowos¢ watow. Tryb pracy ciaglej urzadzen
powoduje, ze czesto niemozliwe jest wylaczenie maszyny i bezposredni pomiar wartosci
rownoleglego przesunigcia i wzglednego kata obrotu osi walow. Dlatego rzecza istotng staje sig
poszukiwanie symptoméw tego typu uszkodzenia metodami posrednimi, dajacymi duzy stopien
pewnosci w przewidywaniu wplywu niewspotosiowosci watow na dynamike pracy wentylatora.
Zagadnienia te zostaly omoéwione w artykule.

Stowa kluczowe: niewspotosiowosé rownolegla i katowa osi, holospectrum, ekscentryczno$¢ orbity.

ANALYSIS OF CENTRIFUGAL FAN'S DYNAMICS IN CONDITIONS OF ROTOR
AND MOTOR SHAFTS' MISALIGNMENT

Summary

An important problem connected with turbomachine diagnostics is identifying its failure
symptoms. In case of the fluid-flow machines, which include industrial centrifugal fans, the most
common failures are: a rotor’s unbalance, bearings defect and a shaft misalignment. Continuous
operation mode results in a fact that it is often impossible to disengage the machine and take
a direct measurement of the translation and shaft axes’ angle of relative revolution. Therefore an
important thing is to determine the symptoms of a failure using indirect methods and a possibility
to predict the influence of shafts misalignment on fan operation dynamics. These problems were
discussed in this article.

Keywords: parallel misalignment, angular misalignment, holospectrum, orbit excentricyty.

przypadkach ~ wystgpowanie
amplitud parametréow drgan jest

duzych  warto$ci
trudne

do

Uktad przenoszenia napedu wigkszo$ci maszyn
wirnikowych, sktada si¢ z szeregu elementow,
wtym waldw: czynnego i biernego, polaczonych
okreslonym rodzajem sprzegta.

W zaleznos$ci od konstrukeji, sprzggta moga by¢
sztywne, podatne lub zgbate. Sprzegla podatne
dopuszczaja niewspotosiowos¢ taczonych watdéw
w dos$¢ szerokich granicach. Nie ma watpliwosci, ze
niewspotosiowo§¢ watow jest zrodlem drgan.
Diagnozowanie niewspotosiowosci na podstawie
analizy sygnatu begdacego zapisem przebiegu drgan
wirnika napotyka na pewne trudnosci zwiazane
z niejednoznaczno$cia symptoméw uszkodzenia.
Dominujace wartoéci amplitud parametréw drgan w
czestotliwosci  synchronicznej (1x) oraz wyzszej
harmonicznej (2x) sa zazwyczaj uznawane jako
oznaki braku wspolosiowosci uktadu, cho¢ co do
tego nie ma petnej zgodnosci badaczy.

Ogolnie definiuje sig dwa typy
niewspotosiowosci taczonych waldow: roéwnolegla
i katowa. Najczesciej spotykana w maszynach jest
kombinacja wymienionych rodzajéw. W takich

wyjasnienia. Szersze rozpoznanie tego problemu
databy analiza numeryczna dynamiki wirnika
uwzgledniajaca rézne wlasnos$ci polaczenia watow.
Zastosowanie metody elementow skonczonych nie
zawsze to umozliwia. Sporym problemem staje si¢
chociazby sposob modelowania sprzggta.

Przez wiele lat traktowano potaczenie jako
dodatkowy czton masowy, stopniowo przypisujac
mu cechy sprezyste i wilasnosci tlumienia drgan.
Lorenzen, Niederman oraz Wattinger [1] poréwnali
predkos¢ krytyczna wysokoobrotowego kompresora
wyposazonego w alternatywne rodzaje sprzegla:
sztywne, podatne 1 zgbate dowodzac tezy, ze
potaczenie sztywne, w pewnych przypadkach moze
korzystnie wptywa¢ na stabilno$¢ drgan wirnika.
Sikhar 1 Prabhu[2] wyjasnili dlaczego rodzaj
i miejsce usytuowania sprzegla wywiera znaczacy
wplyw na poziom wibracji wirnika.

Teoretyczny  model  sprzggta  podatnego,
Taczacego silnik z wirnikiem zostat zaprezentowany
przez Xu i Marangoni [3, 4]. Doswiadczalne badanie
efektu  niewspotosiowosci  waldow  podpartych
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w tozyskach walcowych, przeprowadzil Prabhu [5].
Autor, wykazal, ze zwigkszanie kata skoszenia,
powoduje zmiang drugiej harmonicznej
w odpowiedzi  uktadu. Simon[6], modelowat
zachowanie duzego turbogeneratora w warunkach
niewywazenia 1  niewspolosiowosci.  Dewell
i Mitchell [7] okreslili dominujace czestotliwosci
drgan potaczonych elastycznie tarcz, spowodowane
katowa niewspotosiowoscia jako (2x) 1 (4x)
czgstotliwosci obrotowej. Rosenberg [8] rozwazat
dynamike wirujacego walu, napedzanego poprzez
sprzegto, w zakresie predkosci krytycznych. Pokazat
przy tym mozliwo$¢ wystapienia w modelowanych
uktadach niestabilno$¢ drgan przy
subharmonicznych predkosci krytycznej. Saigo [9]
badat niestabilno$¢ uktadu wirnikowego
spowodowang tarciem coulombowskim w sprzggle.
Okazuje sig¢, ze zmniejszenie wartosci sily tarcia,
powoduje korzystna stabilizacj¢ uktadu. Sheu [10],
analizujac  odpowiedz zespolu  napgdowego
z dwoma sprzggltami sprawdzal relacje pomigdzy
skoszeniem osi watow oraz tarciem w ich
potaczeniu. Udokumentowatl przy tym duzy wplyw
niewspotosiowosci katowej na zmienno$¢ predkosci
wyjsciowej. Hudson [11] pokazat, ze wzbudzenie
skretne moze powodowaé promieniowe drgania
wirnika.

2. BADANIA DRGAN LOZYSK WIRNIKA
PRZY PRZESUNIETYCH ROWNOLEGLE
OSIACH WALOW I ICH WZGLEDNYM
OBROCIE

Zamiarem autora bylo zbadanie wplywu
niewspotosiowosci waldow czynnego i biernego na
dynamike ruchu wirnika wentylatora
promieniowego. W tym celu analizowano charakter
drgan tozysk wirnika w warunkach duzej wartos$ci
przesunigcia rownoleglego osi watow (1.15mm
w plaszczyznie pionowej) oraz ich wzglednego
przemieszczenia katowego (0.378% w plaszczyznie
pionowej i 0.240% w plaszczyznie poziome;j).

Rys. 1. Sposéb osiowania silnika przy pomocy
instrumentu laserowego:
1. tozysko bliskie tarczy wirnika, 2. fozysko bliskie
sprzggta, 3. instrument laserowy do osiowania
watow, 4. tarcze sprzggta

Dla sprzegla tarczowego ze szpilkami i tulejami
gumowymi nie spotyka si¢ w praktyce wigkszych
bledow wzglednego ustawienia elementow tancucha
kinematycznego napedu od wymuszonych w trakcie

eksperymentu.
eccentricity
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+ 1,15 mm

+ +
H hase shaft E D D H setting shaft E

needful correction (pads) + 0,378 % needful correction {pads)
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shew

Rys. 2. Wyniki pomiaru wzglednego potozenia osi
wirnika i silnika

Rysunek 1 przedstawia sposob pomiaru odchytki
wspoétosiowosci watéw wirnika i silnika napedu
wentylatora promieniowego. Na jednym z nich
osadzony jest emiter-detektor wiazki laserowej
odbijanej przez lustro montowane na drugim wale.
Urzadzenie jest w stanie okreslic wzgledne
polozenie osi po obrocie watéw o kat 60°. Wynikiem
pomiaru sa wartosci bledu usytuowania elementu
wybranego jako aktywny (regulowany) w stosunku
do pasywnego (staly). Jako stan wzorcowy uznaje
si¢  wspoOlliniowos¢ osi  obrotu  elementéw
ruchomych. W szczegélnym przypadku obydwa
elementy tancucha kinematycznego napedu moga
by¢ traktowane jako aktywne.

Pomiary parametrow drgan tozysk wirnika
wentylatora  przeprowadzono przy predkosci
znamionowej - 15000br/min. Odpowiadajaca tej
predkosci czestotliwosé drgan synchronicznych
wynosi 25Hz. Sprawdzono réwniez, poprzez
wyznaczenie krzywej rezonansowej drgan tozysk, ze
eksploatacyjna predkos¢ obrotowa wirnika nie
znajduje si¢ w obszarze rezonansu (Rys. 3).

Obrazem drgan tozysk jest pokazane na Rys. 4.
trojwymiarowe holospectrum [14] z zaznaczonymi
wektorami poczatku fazy (IPV). Trojwymiarowosé
jest tutaj rozumiana jako zestawienie orbit
holospectrum w plaszczyznach kilku tozysk
jednoczes$nie. Pozwala to na okre$lenie roznicy
katow  fazowych w  kierunkach poziomym
i pionowym osobno dla kazdego podparcia, jak tez
pomigdzy tozyskami.
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Rys. 3. Ksztalt krzywej rezonansowej predkosci
drgan wirnika wyznaczony podczas wybiegu
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Rys. 4. Holospectrum (1x) drgan tozysk wirnika:
1. orbita w plaszczyznie 1 potozonej blizej tarczy
wimika: IPV - 0.044.9¢"2"" 2. orbita w

plaszczyznie 2 potozonej blizej sprzggta: IPV -

i227°
0.024.6¢
Z uwagi na mniejszg sztywno$¢ posadowienia
wentylatora w kierunku poziomym amplituda
przemieszczenia w  tym  kierunku, ‘tozyska
usytuowanego blisko tarczy, jest najwigksza. Choé
na widmie predkosci drgan pojawiaja si¢ ultra-
harmoniczne czgstotliwo$ci obrotowej, to mozna
powiedzie¢, ze charakter widma jest znamienny dla
wirnika z niewywazona tarcza (Rys. 5a). Widmo
predkosci drgan w kierunku pionowym (Rys. 5b),
czyli w plaszczyznie wystgpowania wigkszej
niewspotosiowosci watdw, zawiera kolejne ultra-
harmoniczne  predkosci  obrotowej  wirnika
(2x),(3%),(4x).
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Rys. 5. Charakterystyki amplitudowo-
czgstotliwosciowe predkosci drgan tozyska
blizszego tarczy w kierunku: (a) poziomym, (b)
pionowym, przed wywazaniem i osiowaniem
wirnika

Na widmie predkosci drgan tozyska
potozonego blizej sprzggta sktadowe ultra-
harmoniczne sa zaznaczone wyrazniej niz to ma
miejsce dla tozyska potozonego blizej tarczy wirnika
(Rys. 6).
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Rys. 6. Charakterystyki amplitudowo-
czgstotliwosciowe predkosci drgan tozyska
blizszego sprzggta w kierunku: (a) poziomym,
(b) pionowym, przed wywazaniem i osiowaniem
wirnika

Obecno$¢ wyzszych harmonicznych zaznacza sig
wyraznie w  kierunku pionowym, a wigc
w plaszczyznie wystgpowania katowej
nierownoleglosci osi.
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Rys. 7. Przebieg wywazania wirnika w klasie G.2.5
1. amplituda poczatkowa — 8.08 mm/s, 2. faza
poczatkowa - 320°, 3. masa korekcyjna — 12.5g,
4. pozycja masy - 115°, 5. amplituda koficowa — 0.71
mm/s, 6. faza koficowa - 81%; dobro¢ wywazania
2.403

Istotna ze wzgledow technicznych kwestia, jest
efektywno$¢ wywazania wirnika w sytuacji, gdy
oprocz sity odsrodkowej wywotanej niewywazeniem
na wirnik dzialaja  réwniez = wymuszenia
spowodowane niewspotosiowoscia watow.
Miejscem przylozenia tych sit i momentow
zginajacych wal wirnika jest sprzggto.

Wywazanie  przeprowadzono w  jednej
ptaszczyznie korekcji, przy czym plaszczyzna
pomiarowa przechodzita przez pierScien lozyska,
prostopadle do jego osi. Predko$¢ drgan i kat fazowy
mierzono w kierunku poziomym. Do tego celu uzyto
wywazarki z opcja automatycznego wyznaczania
masy probnej. Jej dobor okazal si¢ wysoce
poprawny, zapewniajac osiagnigcie zaktadanej klasy
wywazenia G2.5 przy jednym tylko uruchomieniu.
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Rys. 8. Charakterystyki amplitudowo-
czgstotliwosciowe predkosci drgan tozyska
blizszego tarczy w kierunku: (a) poziomym,

(b) pionowym, po wywazaniu wirnika

2 2
£ £
£ £
8 8 1
6 6
4 4
N N
I T
9 . -
2 s 21% 18
‘ e g o
0 Al 0 : A j .
0 50 100 150 0 50 100 150
Hz Hz

Rys. 9. Charakterystyki amplitudowo-
czgstotliwosciowe predkosci drgan tozyska
blizszego sprzggta w kierunku: (a) poziomym,
(b) pionowym, po wywazaniu wirnika

Efektem wywazania bylo zmniejszenie
amplitud predkosci drgan tozysk wirnika tak
w kierunku poziomym jak i pionowym (Rys. 8-9),
przy czym  najlepszy  skutek  osiagnigto
w plaszczyznie 1 kierunku mierzonych drgan (Rys.
8a). Widmo predkosci drgan uzyskane po
wywazaniu zawiera nadal skladowe ultra-
harmoniczne czgstotliwosci synchroniczne;.
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Rys. 10. Holospectrum (1x) drgan tozysk wirnika po
wywazaniu:
1. orbita w plaszczyznie 1 polozonej blizej tarczy
0
wirnika: IPV - 0.0141¢"%®" |
2. orbita w plaszczyznie 2 potozonej blizej
000

sprzegta: IPV -. 0.0076¢™°
Osiagnawszy klas¢ dobroci wywazenia G2.5
mozna uzna¢, ze widma prezentowane na Rys. 8-9
sa odzwierciedleniem stanu, w ktorym dominujacym
wymuszeniem sa oddzialywania, majace zrédio

w niewspolosiowosci walow.
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Rys. 11. Charakterystyki amplitudowo-
czgstotliwosciowe predkosci drgan tozyska
blizszego tarczy w kierunku: (a) poziomym,

(b) pionowym, po wywazaniu i osiowaniu wirnika

Przeprowadzone po wywazaniu tarczy wirnika
osiowanie zespotu wirnik-silnik powoduje zanik
w  widmie amplitud odpowiadajacych ultra-
harmonicznym czgstotliwosci obrotowej. Efekt ten
najsilniej wystepuje w plaszczyznie pionowej
lozyska bliskiego tarczy sprzggta.
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Rys. 12. Charakterystyki amplitudowo-
czgstotliwosciowe predkosci drgan tozyska
blizszego sprzggta w kierunku: (a) poziomym,
(b) pionowym, po wywazaniu i osiowaniu wirnika

Jest rzecza charakterystyczna, ze w wyniku
osiowania warto$¢ amplitudy drgan w czestotliwosci
obrotowej nie ulegla zasadniczemu zmniejszeniu.
Co wigcej nastapit jej wzrost w plaszczyznie
i kierunku pomiarowym przyjetym do wywazania.

mm -0.05 005

mm
Rys. 13. Holospectrum (1x) drgan tozysk wirnika
po wywazaniu:

1. orbita w ptaszczyznie 1 potozonej blizej

tarczy wirnika: IPV - 0.0085¢"1%7
2. orbita w plaszczyznie 2 potozonej blizej
sprzcgla: TPV -.0.0048¢""27"

Uszkodzeniom maszyn wirnikowych takim jak:
niewywazenie wirnika, peknigcie watu,
niewspotosiowos¢ watdéw czynnego i biernego,
tarcie migdzy elementami ruchomymi i statymi, luzy
itp. towarzysza okreslone symptomy nie tylko
w widmie amplitudowo-czgstotliwosciowym lecz
rowniez w widmach fazowych. Skuteczna metoda
diagnozowania uszkodzen powinna —uwzgledniajac
ten fakt- opiera¢ si¢ na analizie drgan uktadu
w dwoch prostopadtych kierunkach. Taki sposob
postgpowania wyznacza technika holospectrum [15].
Uszkodzenie wirnika typu niewywazenie
powoduje, Ze czestotliwosé obrotowa f; (1x) staje
si¢ dominujaca i przy tej czestotliwosci roznica
katow fazowych powinna by¢ bliska 90°. Analizy
Chena 1 jego wspotpracownikéw potwierdzity, ze
w przypadku niewspotosiowosci  watdow, ktora
wystepuje w pewnym zakresie kata wirnika,
czgstotliwo$ciami charakterystycznymi sa: f7 f2 1 f4
(f> jest dominujaca). Roéznica katéw fazowych
pomigdzy sygnalami mierzonymi w kierunku
poziomym i pionowym maleje i przy czgstotliwosci
/> jest mniejsza niz dla czestotliwosei f oraz f, 4.

AfH<Afy<Af;. Rysunki 14 i 15 przedstawiaja
wykresy ~ zmian  katow  fazowych  przy
czestotliwosciach  25Hz(a), SO0Hz(b), 75Hz(c),
100Hz(d). Roéznice katow fazowych miedzy
kierunkiem poziomym i pionowym dla tych
czestotliwosci  zestawiono w  tabelkach  pod
wykresami. W rozwazanym przypadku mamy:

- dla tozyska blizej tarczy: 6.63°<82°.15<123.06"

- dla tozyska blizej sprzegta:48.5°<51.2°<80°.
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Rys. 14. Roznica faz pomigdzy predkoscia drgan Rys. 15. Roznica faz pomiedzy predkoscia drgan
w kierunku poziomym i pionowym dla tozyska w kierunku poziomym i pionowym dla tozyska
blizej tarczy blizej sprzegta
Uzywajac holospectrum powinni$my Relacje aj<a><aq oraz ey<er<ey dla
obserwowaé symptom niewspotosiowosci watow holospectrum drgan tozyska nie spetniaja Scisle
jako wzrost dlugosci gléwnej potosi elips warunku okreslonego przez Chena. Przyczyna tego
w czestotliwosciach (2%) (4x) (1x) stanu rzeczy moze by¢ fakt, ze nie mozemy tutaj
. ’ L . moéwi¢ o wystgpowaniu czystej niewspotosiowosci.
czylia, > a, > a; oraz  zmniejszenie  ich

ekscentrycznosci  w  porzadku:e, < ey <e;.
W badaniu stwierdzono:

- dla lozyska blizej tarczy: a(lx)=14,43um,

a(2x)=16,24um, a(4x)=18,30um, oraz
e(1x)=0,903, e(2x)=0,999, e(4x)=0,825.
Pomigdzy dlugosciami wigkszych potosi elips

holospectrum  zachodzi
natomiast ich

er>ej>ey,

- dla tozyska blizej sprzegla a(lx)= 8,35um,
a(2x)=25,58um, a(4x)=35,63um,
e(1x)=0,944, e(2x)= 0,992, e(4x)= 0,920.

nierownos¢  a;<das<ay
ekscentryczno$¢ okresla relacja

oraz

Spelnione sa natomiast w odniesieniu do obydwu
tozysk zalezno$ci: a(2x)>a(lx) oraz
e(2x)<e(lx), co oslabia kryterium Chena do
przestanki, ze niewspotosiowos¢ watow powoduje
zwigkszenie A4 czestotliwosci podwdjne;j
harmonicznej dlugosci glownej potlosi elipsy
holospectrum oraz zmniejszenie jej ekscentryczno$ci
w stosunku do warto$ci tych parametrow
wyznaczonych dla czgstotliwosci obrotowe;.

3. MODELOWANIE SPRZEGLA

Matematyczny opis ruchu uktadu dwoch
niewspotosiowych wirnikow zostat przedstawiony
wpracy [16]. Zwiazki tam zamieszczone sa
wynikiem analizy réwnan wyrazajacych bilans
energii potencjalnej i kinetycznej wirnikow oraz
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lacznika posiadajacego sztywno$¢ poprzeczng
i skretng. Thumienie w uktadzie jest pomijane.

Rozwiazanie rownan ruchu dalo rezultat
nieoczekiwany dla samych autorow. Wyznaczone
bowiem charakterystyki amplitudowo—
czestotliwosciowe drgan  ukladu nie zawieraja
znaczacych amplitud drgan w czgstotliwosci (2x), co
pozostaje w sprzecznosci z dotychczasowymi
ustaleniami innych badaczy.

W  pracy [2] zostat pokazany sposob
modelowania wirnika metoda FEM uwzgledniajacy
niewspotosiowos¢. Do  wezla, w  miejscu
usytuowania sprzegla, wprowadzono sil¢ oraz
moment o wartosci wynikajacej z zalozonej
niewspotosiowosci rownoleglej ~2mm
i nierownoleglosci katowej w granicach 0°-0.6".
Rozwiazanie ograniczono do aspektow zwiazanych
z wystgpowaniem w odpowiedzi uktadu cztonow
periodycznych (1x), oraz (2x) czgstotliwosci
obrotowe;.

W dynamice maszyn w zaleznosci od
wymaganego stopnia uogdélnienia wykorzystuje sig
kilka modeli opisujacych wlasnosci potaczenia.
Model Kramera [3] pierwszego rodzaju (Rys. 16a)
nie uwzglednia innych efektow niz
bezwladnosciowe. Sprzeglo jest w tym przypadku
traktowane jako polaczenie sztywne dwoch tarcz o
okreslonej masie i momencie bezwtadnosci.
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Rys. 16. Modele Kramera: (a) pierwszego rodzaju,
(b) drugiego rodzaju
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Rys. 17. Modele Nelsona-Crandalla: (a) pierwszego
rodzaju, (b) drugiego rodzaju

W modelu Kramera drugiego rodzaju (Rys. 16b),
katowa nieréwnoleglto§¢ osi walow powoduje
zginanie elementu sprezystego w trakcie obrotu
tarcz.

Pierwsze uproszczenie Nelsona-Crandala [5]
(Rys. 17a) polega na zaniedbaniu bezwladnoSci
sprzegta, podobnie jak i zdolno$ci do tlumienia
drgan. Model uwypukla jednie cechy sprezyste przy
zginaniu elastycznej czgséci sprzggta w warunkach
niewspotosiowosci katowej i rownoleglej osi watow.

Najbardziej ogélnym modelem jest model
Nelsona-Crandalla drugiego rodzaju (Rys. 17b),
w ktorym  uwzgledniono sztywno$ci  zwiazane
z wzglednymi  przemieszczeniami: translacyjnym
oraz katowym tarcz.

To krotkie wprowadzenie do zagadnienia
modelowania niewspolosiowosci watdw pokazuje
ztozono$¢ problemu, z ktérym mierzyto si¢ dotad
niewielu badaczy, dochodzac czg¢sto do sprzecznych
wnioskow.

W diagnostyce ,,warsztatowej” panuje od lat
utarty poglad, ze dominujaca warto$¢ amplitudy
o czgstotliwosci  (2x)  stanowi  rozstrzygajace
kryterium wystgpowania niewspotosiowosci
w uktadzie. Przedstawione wyniki badan wskazuja,
Ze jest to warunek konieczny, lecz niewystarczajacy.
Aby moc formutowaé wnioski oparte o powtarzalne
i do konca znane warunki analizy, racjonalnym
wydaje si¢ rozwazenie zagadnienia na drodze
numerycznej.

Obliczenia przeprowadzono w oparciu o metody
dynamiki uktadéw wielocztonowych przyjmujac, co
ze wzgledu na konstrukcjg i warunki pracy wirnika
wentylatora nie jest specjalnie skomplikowane,
cechy tarczy i watu jako ciat sztywnych [13]. Model
sprzegla jest identyczny z zalozeniami Nelsona-
Crandalla drugiego rodzaju o sztywnosci i thumieniu
zestawionych w Tab.1. Konweniujg one z danymi

przyjetymi w pracy [12].

Tabela 1. Parametry sztywnosci i thumienia modelu
sprzegta przyjete do analizy [12]

0§ > X Y Z

sztywno$¢
translacyjna
(poprzeczna)
N/m

1.2-10° 1.2-10° 1.2-10°

thumienie
translacyjne
(poprzeczne)
Ns/m

11.3 11.3 11.3

sztywno$¢
obrotowa
Nm/rad

1.36-10° | 1.36-10° | 1.36-10°

tlumienie
obrotowe 11.3 11.3 11.3
Nms/rad
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Rys. 18. Model wirnika przyjety do analizy:

1. tarcza, 2. niewywazenie, 3. tozysko, 4. sprzegto,

o charakterze katowym i

5. silnik, 6. czton sprezysto-ttumiacy

Zatozono niewspotosiowos¢ wirnika i silnika

wartosci  0.52%

wyraznej ekscentryczno$ci (Rys. 19).

bez

eccentricity
wirnik silnik
+ 0,02 mm

needful correcnun (pads)

+ 0,522 % needful currectlon (pads)
Ws1 Vs2
1,41 mm| | 2,51 mm
shew

statll: \ | statll:

+ +
H base shatt E D D H setting shaft E

eccentricity

wirnik silnik

+ 0,00 mm =1

needful correctlon rmovingy [+ 0,000 % | needful currectlun (moving)
Hh2 Hb1 Hs1 Hs2
static \ | static +l]l]l]mm| |+I]l]l]mm
shew

+ +
|:] haze shaft ':| D D |:] =efting shaft |:|

Rys. 19. Wzgledne potozenia osi wirnika i silnika

jako
niewywazenia m =0). Sztywno$¢ i thumienie
fozysk (Tab.2) przyjgto analogicznie jak w pracach

[2, 17].

Umownie rozpgdzano wirnik w czasie 5s do
predkosci  obrotowej 15000br/min. Odpowiedz
uktadu na wymuszenie wywotlane

w badanym modelu

Tarcze wirnika w traktowano w obliczeniach
masa

doktadnie = wywazona (umowna

niewspotosiowoscia jest przedstawiona w postaci
charakterystyki Bodego (Rys. 20).

Tabela 2. Parametry sztywnosci i thumienia modelu

lozyska przyjete do analizy[2, 17]

0§ >

X Y V4

sztywno$¢
translacyjna
(poprzeczna)
N/m

10° 10° 10°

thumienie
translacyjne
(poprzeczne)
Ns/m

10° 10° 10°

150 4

25,02Hz; 124,18dB

@ 100 -
=]

50

0

50,05Hz; 105,77dB
68,12Hz; 94,04dB

0

50 100 150
Hz

Rys. 20. Charakterystyka Bodego predkosci drgan

wirnika

Na wykresie, oprocz amplitudy w czestotliwosci
25Hz zauwazalna jest ultraharmoniczna (2x) oraz
amplituda predkosci drgan wlasnych ~68Hz. Smiato

wiec mozna

przyjac, ze
w  czestotliwosci

drgania  wirnika

obrotowej nie moga mied

charakteru rezonansowego.

0-4
7

04
g

£ £
£ £
0,05 0,05 -
mm mm
T 0, T
-01  -0,05 D 0,05 0{1 -01 -0,05 D 0,056 0
-0, -0,05 4
ny4 nA1
(@) (b)

Rys. 21. Ksztalt

orbity nie filtrowane;j: (a) tozysko

blizej tarczy, (b) lozysko blizej sprzggta

Cigzar wirnika oraz przewyzszenie osi silnika
w stosunku do osi wirnika powoduje, ze trajektoria
ruchu geometrycznego $rodkow przekroju watu
wirnika w plaszczyznie tozysk sa potozone tak jak

pokazuje Rys.21.

Dominujaca warto$¢ amplitudy

w czestotliwos$ci (2x) czyni, ze ksztalt orbity tozyska
usytuowanego blisko sprzggta jest ,,jablkowaty”.
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230
200
E
E 150
100

a0

0.03

] -0.03 005 T

Rys. 22. Holospectrum (1x) przemieszczen tozysk
w modelu wirnika:
1. orbita w plaszczyznie 1 potozonej blizej tarczy

. 0
wirnika: IPV - 0.0236¢'"> |

2. orbita w plaszczyznie 2 potozonej blizej sprzegta:

. 0
PV -.0.0170e">%

mm -0.03 005 mm

Rys. 23. Holospectrum (2x) przemieszczen tozysk
w modelu wirnika:
1. orbita w ptaszczyznie 1 potozonej blizej tarczy
1710
wirnika: IPV - 0.0031¢""""
2. orbita w plaszczyznie 2 potozonej blizej sprzegta:

. 0
PV -.0.0108¢>%

Orbity holospectrum tozyska przy sprzegle
spelniaja warunek Chena: ay>a; oraz er<e;.
Rozwiazanie wskazuje, podobnie jak to ma miejsce
w badanym ukladzie rzeczywistym, mozliwos¢
wystgpowania w  widmie drgan (Rys.24-25)
amplitud odpowiadajacych Wyzszym
harmonicznym. Ich warto$ci zaleza od wielko$ci
niewspotosiowosci a takze sztywno$ci i thumienia
nie tylko sprzegla ale rowniez tozysk. W pewnych
przypadkach harmoniczne (4x), (3x) a nawet (2x)
moga by¢ na tyle mate, Ze staja si¢ niezauwazalne.

1.
) )
£ £
£ £
e
& z
2 21
LA 14| 2
3 3
0 Ll T 0 L1 .
0 50 100 150 0 50 100 150
Hz Hz
(@) (b)

Rys. 24. Charakterystyki amplitudowo-
czgstotliwosciowe predkosci drgan tozyska
blizszego tarczy w kierunku: (a) poziomym, (b)
pionowym

mm/s
mm/s

N
50Hz
N

50Hz

25Hz
25Hz

75Hz

= 75Hz

0 A || . 0 1 JJ .
0 50 100 150 0 50 100 150
Hz Hz
(a) (b)

Rys. 25. Charakterystyki amplitudowo-
czgstotliwosciowe predkosci drgan tozyska
blizszego sprzegta w kierunku: (a) poziomym,

(b) pionowym

4. WNIOSKI

Oddziatywania sit i momentow w polaczeniu
waltow silnika i1 wirnika przy ich niewspotosiowosci
nie wplywa na zmiang czgstotliwosci drgan
wilasnych ukladu. W trakcie przeprowadzonego
eksperymentu nie stwierdzono, aby
niewspotosiowo§¢ wirnika i silnika utrudniata
wywazenie zespotu.

Przesunigcie rownolegle i katowe osi walow
prowadzi do cyklicznego zginania -elastycznych
elementow sprzegla. Zginanie w czgstotliwosci
synchronicznej (1x) predkosci obrotowej wirnika ma
wplyw na zmiang amplitudy drgan.
Niewspotosiowos¢ w ukladzie jest zazwyczaj
kompensowana przez podatno$¢ i thumienie czgsci
elastycznych sprzggla na tyle, ze w praktyce nie
obserwuje  si¢ aby  drgania = wentylatora
promieniowego osiagaty wartosci niedopuszczalne
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tylko z powodu niewspolosiowosci walow.
Dowiodly tego badania, w ktorych dopuszczono
znaczne przemieszczenie rownolegle 1 katowe osi,
amimo to warto$¢ amplitudy predkosci drgan nie
zmienila sie znaczaco.

Odpowiedz uktadu w czgstotliwosci ultra-
harmonicznej (2x) i wyzszych jest charakterystyczna
cecha nieprawidlowej wspotosiowosci  watow.
Dominacji drgan w podwdjnej harmonicznej
czgstotliwosci obrotowej wirnika moze sprzyjaé
lokalizacja sprzegta i ksztalt postaci drgan wlasnych
wirnika. Poniewaz lozyska charakteryzuja si¢
okreslona podatnoscia, posta¢ modalna, przy ktorej
nastgpuje zmiana kata fazowego przed i za
sprzggtem, sprzyja wystgpowaniu drgan
w czestotliwosci (2x).

Przedstawione w pracy kryteria diagnozowania
niewspotosiowosci, oparte na analizie zmian katow
fazowych czy tez holospectrum nie nalezy
pojedynczo traktowaé jako rozstrzygajace, choc
rozosiowanie wirnika w wielu przypadkach
powoduje jasne i wyrazne symptomy w postaci
wlasnie sktadowych 2x a takze zmian charakterystyk
modalnych. Uwage t¢ mozna odnie§¢ zwtaszcza do
sprzegiel o wigkszej sztywnosci. Ogolnie nalezy
jednak przyjaé, ze dopiero zespot kilku cech
charakterystycznych wystgpujacych tacznie moze
stanowi¢ podstawe do formutowania wnioskoéw

odnos$nie wystgpowania niewspotosiowosci
w uktadzie.
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PROBKOWANIE SYGNALOW DIAGNOSTYCZNYCH
CZESC IV
PROBKOWANIE SYGNALOW W PRZESTRZENI
BERNSTEINA I PALEYA - WIENERA

Zenon SYROKA

Uniwersytet Warminsko — Mazurski, Wydziat Nauk Technicznych
Ul. Oczapowskiego 11, 10 =717 Olsztyn

Streszczenie
W pracy przedstawiono matematyczny opis sygnatow diagnostycznych przestrzeni Bernsteina
i Paleya- Wienera oraz sposob konstrukcji tej przestrzeni. Podano matematyczng teorig
w zastosowaniu do probkowania sygnalow diagnostycznych w tych przestrzeniach.

Stowa kluczowe: probkowanie sygnatow, przestrzenie sygnatow, przestrzen Bernsteina, przestrzen
Paleya-Wienera.

SAMPLING OF THE DIAGNOSTIC SIGNALS
PART IV
SIGNAL SAMPLING IN THE BERENSTEIN AND PALEY-WINER SPACE

Summary
In this article are defined the diagnostic signals in the Berenstein and Paley-Wiener space and

the way this space is constructed. The

of the diagnostic sampling signal is presented.

mathematical theory in the application

Keywords: sampling signals, signals space, Berenstein space, Paley-Wiener space.

1. WPROWADZENIE

Sygnaly nalezace do przestrzeni Bernsteina B é)

i Paley — Winera PW?, >0, 1< p<oo,sa

szczegolnie wazne ze wzgledu na wilasciwosci ich
opisu za pomoca szeregow kardynalnych. Nadaja si¢
one bardzo dobrze do opisu probkowania
regularnego.

W probkowaniu  regularnym,  momenty
probkowania sygnatow sa od siebie rowno odlegle,
sygnaty probkowane sa dolnopasmowe i maja
jednowymiarowa dziedzing potozona centralnie
wzgledem poczatku uktadu (wzgledem zera).

2. SZEREG FOURIERA
W PRZESTRZENIACH FUNKCYJNYCH

Niech N, N,, Z oznaczaja odpowiednio zbidr
liczb naturalnych, zbidér nieujemnych liczb
catkowitych, zbior wszystkich liczb catkowitych,
aR, Ry, C, zbioér liczb rzeczywistych, dodatnich
rzeczywistych i zespolonych.

W szczegblnosci R" jest n — wymiarowa
przestrzenia eukildesowa z norma w postaci:

2 2 )72
||u||2 = (ul + ... +u ) , (D

n

gdzieu:(ul, ..... u ),uleR, je{l,2, ..... ,n}.

>"n J

Tloczyn skalarny u,v € R" dany jest wzorem:
uv = Z”jv./ . 2)
j=1

Przez L/
\%

oznaczymy wektor

|_u 0 J oznacza
najwigksza liczbe calkowita nie wigksza niz u,, .

Przez [a,b], a,be R", oznaczymy n -
wymiarowy przedzial zawierajacy  wszystkie

wektory u € R" | spehiajace warunek a <u <b
(porzadek po wspotrzednych).

Dla ke N,, uecR", okreslimy nastepujace
wielkosci:

k= bk, + ...+ k,.
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Dla funkcji 5 : R” — C wielko$¢ D*s okreglimy
wzorem:

5\’“\ 5\k\
= S =
St U

D*s

3)
Niech C (R ") bedzie przestrzenia wszystkich
jednostajnie ciaglych i ograniczonych funkcji

s:R" — C, wyposazonych w norme supremum

||S|c i niech

C’(R”):: {s € C(R”} D's e C(R”) v ‘k‘ < r}

r € N, bedzie przestrzenia funkcji ciagtych r -

krotnie rézniczkowalnych w sposéb ciagly.
(r")

mierzalnych funkcji s:R" — C, dla ktorych

normy
Jr

oznacza przestrzen wszystkich

1 p
S|, = 7T— s(u du ,
(1< p<w). “4)
”S = = esssup s(u] s %)

ueR"

sa skonczone.
L%, 1R}, (1 <p< OO) jest przestrzenig

A - okresowych mierzalnych funkcji s: R" — C,
ktére sa catkowalne w p — tej potedze w przedziale

(0, ﬂ,) Znorma
b

-1
)= (sz] [lsCu) dup o)
J=1 (0,2)

s

AN

Transformata Fouriera § funkcji s € L' (R”)
jest zdefiniowana wzorem:

~ 1

s(v):= W}is(u)eiv”du, (v €R" ) (7)

Transformata Fouriera — Plancherela
funkcji s € L” (R"), 1< p<2, jest okreslona

jako funkcja s : R" — C, ktora spetnia zaleznos¢:

Y

lim B Is(u)e —;(v =0, (8

e (ﬁ)ﬂ K,(0)

L9

gdzie K, (O) C R" jest kula o $rodku w punkcie 0

. - 11
ipromieniu p >0,i —+—=1.
p q
K — ty wspotczynnik Fouriera sygnatu § € Ll/1

jest zdefiniowany jako:

-1
N n —i21'lk%
[s]; (k)= H/lj js(u)e du,
J=1 (0.2)
(kez"), ©)
a odpowiadajacy powyzszej transformacie
szereg Fouriera dany jest w postaci:

S0~ SULEE™ er). o)

kez"

W ogolnosci z jest warto$cia granicy

keZ"
N N
lim > ...

N TN k=N

Zwiazek pomigdzy transformata Fouriera
sygnatu s € L' (R") i sygnalem s € LIZ okresla
twierdzenie Poissona.

Jezeli s € L' (R" ), to szereg:

[
s;(t)= (\;é_—ykéls(t + k). (te R"),
(1)

jest zbiezny bezwzglednie prawie wszedzie.

Zdefiniujemy sygnat S; € Ll/1 taki, ze

dla kazdego g € L7 . (12)
bierajac w szczegdlnosci

—i2n%
g(u)=e( J, (13)
otrzymamy:

g A 21Tk

sl(k):s( — (kez"). (14)
W  powyzszym wyrazeniu lewa strona

wyznacza wspétczynniki Fouriera A - okresowego

sygnahlu S; zdefiniowanego za pomoca (9), a prawa

strona  jest transformata  Fouriera sygnatu

sel (R" ) zdefiniowanego za pomoca (7).

* . , .
Sygnat 5, mozna rozwina¢ w szereg Fouriera:

n

[14,

. i ACOTTE izt
) =7—- 1+ k)~ je A
’ () («/21‘[) kezz:“S( ) k;’s( A

(15)
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Jezeli obydwa szeregi wystepujace w wyrazeniu
(15) sa jednostajnie zbiezne w zwartych podzbiorach

R" to znak ,~” zastapiony moze by¢ przez ,,.=".
Splot sygnatow s, *s,, 5,,8, : R" = C jest
zdefiniowany wzorem:

(Sl 8, Xt): (ZH)_% .[Sl(u)sz(t —udu,

jesli tylko catka istnieje.
Jezeli 5, € I'(R") i s, e L”(R"). 1< p< oo,
to (s, *SZ)ELp( ”).
Jezeli s, eLl( ”) i s, eC(R”), to

(s1 *SZ)E C( ”).

Dla powyzszych warunkoéw zachodza zwiazki:

)4 < ”SlnL‘ ”SZ - a7

s, S2||c <|ls, ||Ll ”Sznc :

Dla 1 < p <2 zachodzi dodatkowo:

”Sl *S,

A

[sl»ﬁszj(v):;l(v)“(v). (19

3. OPIS SYGNALOW DIAGNOSTYCZNYCH
W PRZESTRZENI BERNSTEINA

Przestrzenie Bernsteina sa  dogodnym
narzgdziem do opisu probleméw przetwarzania
analogowo — cyfrowego. Szczegodlnie sa przydatne
do opisu procesu probkowania, gdyz analiza tego
problemu znacznie upraszcza si¢ w tych
przestrzeniach

Sygnal nazywamy catkowitym, jezeli jest
holomorficzny na zbiorze C.

Sygnat calkowity jest typu wyktadniczego
jezeli istnieja dodatnie stale A i B takie, ze

s(z) < 4e”, zecC. (20)
Z sygnalem typu wykladniczego stowarzyszona

jest liczba o, nazywana typem wyktadniczym,
okreslona jako:

leimsuplog—M(r), (21)

r—»o r

gdzie M (I’) oznacza maksymalny modut sygnatu s
w okregu |Z| =r.
Przez E_ oznaczamy sygnaly calkowite typu

wyktadniczego mniejszego lub réwnego o.

Definicja 1

Przestrzenn  Bernsteina B é’ sktada sie

z sygnalow, ktore naleiq do E_, a po

o

ograniczeniu do R naleiq do L’ (R) Norme na
B?” okreslamy jako norme z L” (R)

Dla sygnatldbw w przestrzeni Bernsteina
zachodzi zwiazek:

1 r 0
B, cB!cB  cBdal<p<r<o.
(22)
Ponadto, jesli —+—=1 oraz s, €B! i
P 9
s, €B! t0s5,€B) .

Dla kazdego sygnalu se€ B!, reN i
p 21 zachodzi:

Hs(’) <o’

P

s||p . (23)

Nieré6wno$¢ Nikolskiego przyj(r{%ﬁj nastgpujaca
postac:
Niech 1 < p < 0. Wtedy dla kazdego sygnatu

se€B’i h>0 mamy:

)
i, Sigﬁ{hZMu—hn)V} <(i+ho),

neZ
(24)
Kryterium przestrzeni
Bernsteina. Niech 1< p <00, i niech (Sn),

zwartosci w

n € N bedzie ograniczonym w normie ciagiem
sygnalow z przestrzeni B”. Niech C, bedzie
zwartym podzbiorem plaszczyzny zespolonej C.
Woéwczas istnieje podciag Sy ciagu (Sn), ktory

jest zbiezny jednostajnie na C, .

Whiosek 2
Przestrzen Bernsteina jest zupelna, jest wiec
przestrzeniq Banacha.

Dla oceR] i 1<p<o, Bl bedze

przestrzeniq sygnaléw catkowitych na C", typu
wyktadniczego O , spetniajqcych warunek:

<l o{ Sl . <)

gdzie:

nalezq do L (Rn).

Dla kazdego /1 € R i sygnatéw z przestrzeni
Bernsteina zachodzi:
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I ’
Z‘s(u + hky

/:1 n b
Il < ' < (1+O',/h_/}‘SHu'

v () 2

Jest to nierowno$¢ Nikolskiego dla przestrzeni
CVI
W przestrzeni B?, 1< p <2, transformata

Fouriera okreslona jest poprzez twierdzenie Paleya
— Wienera.

Twierdzenie 3 Twierdzenie Paleya- Wienera

A N
Zaléimy, e s € L (R) S jest transformatq
Fouriera sygnalu s zanikajqcego na zewnqtrz
przedziatu [— o, O'], wtedy i tylko wtedy gdy sygnat

s po ograniczeniu do R, nalezy do E .

Twierdzenie 4
Zatéimy, ze s € LP (Rn), 1< p<2. Jezeli

N
jego transformata S zanika prawie wszedzie na

zewnqtrz przedziatu [— o, O'], to sygnat s ma
rozszerzenie na caly zbior C" jako element B?
i mozna go zapisacé w postaci.:
1 AR n
s(0)=—= [s(av, (e R").
] oo
27

4. OPIS SYGNALOW DIAGNOSTYCZNYCH
W PRZESTRZENI PALEYA- WINERA

Niech m(B ) oznacza n- wymiarowa miarg

Lebesguea zbioru B < R", i niech B sktada si¢ z
M roztacznych sktadnikow B s J= L....M

takich, ze dla kazdego j, 0< m(B f ) < 0. Zbiér

B jest fizycznie interpretowany jako pasmo
sygnatu.
Definicja 5

Przestrzen Paleya - Wienera PW jest

zdefiniowana jako:
PW, = {s :se 2(R")nC(R"). suppsc B}

28
Jezeli B jest pojedynczym przedzia(ﬁerzq
[— I1B,11B ] C R, to przestrzen oznaczamy
PWs.
Jezeli zbidr B sklada si¢ z wigcej niz jednego
rozlacznych skladnikéw, elementy przestrzeni
PW, nazywamy sygnatem wielopasmowym.

Ponizsza definicja okresla przestrzen sygnatow

Paleya — Wienera PV(;é B ) 26)
Definicja 6 [1]

Dla >0 i 1< p<oo sygnat S(t) nalezy

do przestrzeni Paleya — Wiennera PW?, jesli

mozna go przedstawic¢ w postaci:
o

s(r)= J.g(u)eizu du,
-0

dla geL”(—a,o*)ia:HB.

(z eC ) (29)

Przestzen PW} jest podzbiorem E_,

poniewaz kazdy element PW? jest homologiczny

z C, a takze ma miejsce zwiazek :

Is(z) < “g(u)'e‘”lmzdu < el lgl,- o)

Zachodzi inkluzja :

PW cPW!, r>p2>1, 31
ktora jest konsekwencja nierownosci Holdera.
Odwzorowanie (transformata Fouriera)

A
F s — s jest ograniczona liniowa transformacja

L’(R) w L*(R) gdy 1< p<2.

W szezegblnosei, jezeli 1< p <2, to
zatozenie s € PW/ implikuje, s € B!, a wiec
zachodzi:

PW? < BY. (32)

Ponizszy zestaw twierdzen daje warunki
dostateczne, aby sygnal @ nalezal do przestrzeni

Paleya — Wienera.

Twierdzenie 7 Paleya — Wienera
Jezeli sel’ (R) to s ma analityczne

rozszerzenie do C ktére nalezy do E_, wtedy i tylko

AN
wtedy jezeli SUpp s C [— o, 0'].
W przypadku gdy p =q =2 , z powyiszego
twierdzenia wynika, iz

PW?=B

2
o [

(33)

Twierdzenie 8 [1] Paleya — Wienera (wersja L")
1. Jezeli sygnal s nalezy do E_ a po ograniczeniu

do R nalezy do L* (R) 1< p<2, to istnieje

takie, ze:

(DELq(—O',U), q=
p—1
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= J.go(u)eiuzdu : (34)

2Jezeli p e I (~o,0), 1< p<2,i

e

to sygnal s nalezy do E_ a po ograniczeniu do R

nalezy do L” (R)
Dla p > 2 zachodzi relacja:
PWE, < PW;,. (35)

Twierdzenie 9 Paleya — Wienera (wersja L )
Sygnat s nalezy do E  a po ograniczeniu do R

nalezy do L (R) , wtedy i tylko wtedy gdy mozna go

przedstawi¢ w postaci:

o

= J‘go(u)e”‘zdu . (36)

gdzie (0(0‘) = ¢)(— O') =0, i ¢ rozszerzone na

zewnqtrz przedziatu (— o,0 ) posiada absolutnie

zbiezny  szereg  Fouriera  w  przedziale

(~o0-8,06+5), 5>0.

Sygnaty nalezace do przestrzeni Paleya —
Wienera sa  pasmowo  ograniczone lub
dolnopasmowe, poczatek (zero) =zawarte jest
w srodku przedziatlu (w $rodku pasma) przedziatu
czgstotliwoscei lub czasu. Widmo takiego sygnatu

jest zawarte w przedziale [— 11B,I1B ] .

5. PROBKOWANIE SYGNALOW
W PRZESTRZENI BERNSTEINA

Podstawa rozwazan probkowania sygnatéw
w przestrzeni Bernsteina sa nastgpujace fakty
faczace splot dyskretny ze splotem ciagtym.

Jezeli s, € BY i s, € B!, 1< p< o0, oraz

q jest sprzezone z p, i 0 =I1B, wtedy zachodzi
zwigzek:

B (5h-3)pen-

Wobec powyzszego mozna wyciagnaé wniosek,
iz splot w przestrzeni Bernsteina jest rowny
pewnemu splotowi dyskretnemu.

Lemat 10

Niech s, € Bl,, s, € B}, dla BeR],

1< p<oo, l+l=1,wtedy:
P 9

k k
s 3B )
ar )HB S
(t eR"), (38)
jest szeregiem absolutnie i jednostajnie zbieznym
w R".
W oparciu o lemat (10) mozna latwo
udowodnié klasyczne twierdzenie o prébkowaniu

Shannona. Niech bowiem s € B/}, 1< p <o,

ﬁsinc( )E Bi,, 1<q<o. Z lematu (20)

otrzymamy:
kj o ( ,}
S| — sinc| B,|t, ——— | |=
2l
z s[t - %)ﬁ sinc(kj ) =s(t) 39)
kez" Jj=1

Twierdzenie. 11 O prébkowaniu w przestrzeni
Bernsteina

I<p<Lo, to

mozemy go przedstawi¢ w postaci szeregu:

Zs( jsmc Bt—n).  (40)

neZ
Szereg ten jest absolutnie i jednostajnie zbiezny na
zbiorach zwartych.
W przestrzeni Bernsteina zachodzi
Twierdzenie 12

Jezeli sygnal s € B,

Dla  kazdego  sygnalu se B,

1< p<o, reN mamy:

s"()= ZS(%j(%)rsinc(Bt —n). (1)

neZ
Szereg ten jest absolutnie i jednostajnie zbiezny na
zbiorach zwartych.
Powyzsze twierdzenie begdzie potrzebne do
analizy probkowania za pomoca nieklasycznych
jader.

6. PROBKOWANIE W PRZESTRZENI
PALEYA - WIENERA

Podstawa ar(él%ﬁ?)rébkowan{é’]% przestrzeni
PWZ2, jest ponizsze twierdzenie:

Twierdzenie 13 O prébkowaniu w przestrzeni
Paleya - Wienera

Jezeli s € PW2,, 1< p < o0, wtedy s mozna
przedstawic w postaci szeregu:

s(t)= ZS(%}inc(Bt —n) (42)

neZ
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Jjednostajnie zbieznego na zwartych podzbiorach C.
Jezeli p > 1, to zbieznosé jest absolutna.

W przypadku p =1, zbieznosé nie jest absolutna,
lecz moze by¢, jezeli g w definicji (15) nalezy do
ReH .

Przestrzen Hardy’ego H ! stanowia sygnaty s

analityczne W dysku jednostkowym
D= {Z eC: |Z| < 1}, dla ktérych:
1
sup ﬂs(re-w}dﬁ <. (43)
0Sr<l_n

Przestrzen ReH' jest ograniczona do czeSci

rzeczywistej przestrzenia H : , innymi stowy, jezeli

seH', wtedy
s(0)= lin} fRes(rej ‘9), (44)
r<l

nalezy do ReH .
Zachodzi relacja :

L’ (-T1,IT)c ReH' < L'(-TLTI). (45)

Ponizej zostaly przedstawione wlasnosci
przestrzeni Paleya — Wienera, szczegdlnie przydatne
w teorii probkowania sygnatow

1. Przestrzen Paleya — Wienera PW, jest
przestrzenia Hilberta z reprodukujacym jadrem
rownym:

BsincB(s —¢), (s,t)e RxR. (46)
Sygnat se€ PW,, mozna
zapisaé w postaci :

s(r)= Js[%}inc(& —v)dv  (47)

R

2. Jezeli ~se€ PW,;, to  zachodzi:
2 B
s(t)=——= | s(x)e™dx.
0= m 10

Sygnat s jest ograniczony do R, i S(t)—) 0
gdy t — *oo.

3. Zbiéor {\/EsinC(Bt - n)}, neZ, jest
ortonormalng baza dla PW,, przy czym n —
ty wspotczynnik szeregu Fouriera wynosi:

(a5

Ponizszy szereg dla s € PW;, jest szeregiem
ortogonalnym

s(0)= z{%}mcwz )

neZ

ktory jest zbiezny w normie PW,, absolutnie
i jednostajnie na catym R.
4. Zalezno$¢ Parsevala dla s € PW;, przyjmuje

)

Opis procesu probkowania w  oparciu
o przestrzenie Paleya — Wienera czyni klasyczna
teori¢ Shannona — Nyquista bardziej przejrzysta.

postac:

1
=1

neZ

2
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Nadanie "Medalu im. Profesora Stefana
Ziemby"
Prof. dr. hab. inz. Wojciechowi CHOLEWIE

W  imieniu czlonkéw Zespotu Diagnostyki
Sekcji Podstaw Eksploatacji Komitetu Budowy
Maszyn PAN, a takze bardzo licznej grupy
ucznidéw, przyjaciol i wspolpracownikow, oraz
cztonkow  Zarzadu  Polskiego  Towarzystwa
Diagnostyki Technicznej, zawnioskowalem
o nadanie Medalu im. Prof. Ziemby Panu

Profesorowi  Wojciechowi  Cholewie  za
caloksztalt Jego dorobku w  zakresie
wprowadzenia do dziedziny budowy

i eksploatacji maszyn metod i technik sztucznej

inteligencji, co znalazlo szczegélny wyraz w

opublikowaniu w roku 2008 serii monografii pt.:

1.W. Cholewa, T. Rogala, ,Modele odwrotne
i modelowanie diagnostyczne”, Zeszyty
Naukowe Katedry Podstaw Konstrukeji
Maszyn, Zeszyt 136 (73 s.), Gliwice 2008.

2.W. Cholewa (red.), ,Szkieletowy System
Doradczy DIADYN”, Zeszyty Naukowe
Katedry Podstaw Konstrukeji Maszyn, Zeszyt
137 (158 s.), Gliwice 2008.

3. W. Cholewa, K. T. Kosmowski, S. Radkowski
(red.), ,,Modele systeméw oceny ryzyka
i diagnostyki technicznej”, Zeszyty Naukowe
Katedry Podstaw Konstrukeji Maszyn, Zeszyt
138 (177 s.), Gliwice 2008.

Wojciech CHOLEWA, profesor zwyczajny, dr
hab. inz., od ukonczenia studiow w r. 1971
nieprzerwanie pracuje na Politechnice Slaskiej w

Gliwicach. Jest absolwentem Wydzialu
Mechanicznego  Energetycznego  Politechniki
Slaskie;j. Dzialalnos¢ naukowo-dydaktyczna

rozpoczat w 1.1971. Przeszedl kolejno wszystkie
stanowiska az do  stanowiska  profesora
zwyczajnego, ktore objat w r. 1995. Jest autorem
lub wspélautorem ponad 250 publikacji
naukowych i naukowo-technicznych, w tym
ponad 15 monografii i podrecznikow. Szczegdlne
znaczenie maja monografie: ,,Metoda
diagnozowania maszyn z zastosowaniem zbiorow
rozmytych”  (1983), ,Diagnostyka procesow.
Metody, modele sztucznej inteligencji,
zastosowania” (2002). Wypromowat ok. 150
magistrow inzynierow mechanikow, byt
promotorem 16 prac doktorskich, recenzowat wiele
rozpraw  doktorskich, ponad 15 rozpraw
habilitacyjnych i ponad 10 wnioskow na tytut
profesora. Kilku Jego wychowankéw uzyskato
stopien  doktora habilitowanego oraz tytut
profesora.

Profesor Cholewa pemlil i pelni wiele
odpowiedzialnych funkcji, wsréd ktorych nalezy
wymieni¢: zastepcg dyrektora Instytutu Podstaw
Konstrukcji Maszyn, kierownika Katedry Podstaw
Konstrukcji Maszyn Wydzialu Mechanicznego
Technologicznego Politechniki Slaskiej, dziekana
Wydzialu Mechanicznego Technologicznego (2
kadencje), prorektora Politechniki Slaskiej ds.
Organizacji i Rozwoju (2 kadencje), cztonka Senatu
Politechniki Slaskiej przez wiele kadencji, cztonka
Komitetu Budowy Maszyn PAN, czionka Zarzadu
Polskiego Towarzystwa Diagnostyki Technicznej
(przez dwie kadencje) i wiele innych.

Profesor Cholewa wielokrotnie organizowal
krajowe i miedzynarodowe sympozja
i konferencje naukowe. Byl wspotorganizatorem
I Kongresu Diagnostyki Technicznej w Gdansku
W 1996r.  Jest  wspoitworca  Sympozjow
AI-MECH/AI-METH zastosowan metod sztucznej
inteligencji. Jest powotywany do komitetéw
naukowych wielu konferencji z zakresu podstaw
konstrukcji  maszyn, sztucznej inteligencji,
diagnostyki technicznej maszyn 1 procesow.
Wspolpracowatl i wspotpracuje z wieloma osrodkami
naukowymi calego $wiata.

Prof. Cholewa bierze wudzial w pracach
redakcyjnych czasopism naukowych. Jest cztonkiem
Rady Redakcyjnej Mechanical Systems and Signal
Processing (Elsevier), cztonkiem Rady Naukowej
czasopisma ,,Diagnostyka” i wielu innych.

Prof. W. Cholewa ma duze zashugi w tworzeniu
zaplecza naukowo-badawczego. Byl inicjatorem
i organizatorem budowy Laboratorium Badan
Wibroakustycznych Instytutu Mechaniki i Podstaw
Konstrukeji Maszyn Politechniki Slaskiej
w  Gliwicach. Jest wspdtzatozycielem Centrum
Doskonatosci  AI-METH  Zastosowan  Metod
Sztucznej  Inteligencji.  Dziatalno$¢  naukowa
przyniosta mu uznanie w postaci czlonkostwa
w organizacjach i instytucjach naukowych m.in.
Akademii Inzynierskiej w Polsce.

Tworcze dokonania Profesora W. Cholewy
obejmuja nastgpujace dziaty dyscypliny ,,.Budowa
i eksploatacja maszyn”: podstawy konstrukcji
maszyn, komputerowe wspomaganie projektowania,
eksploatacja maszyn, diagnostyka techniczna maszyn
i procesow, a takze dyscypliny ,,Automatyka
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i Robotyka”, zwlaszcza w zakresie pomiaru,
przetwarzania i analizy sygnalow oraz rozwoju
zintegrowanych 1 rozproszonych  systemow
pomiarowych i1  diagnostycznych, a takze
z dyscypliny ,,Informatyka”, zwlaszcza zagadnienia
zZwiazane z rozwojem systemOw programow
diagnostycznych, systemow baz danych
i zastosowan sztucznej inteligencji. Inicjatywa
i prace W. Cholewy zapoczatkowaly z poczatkiem
lat osiemdziesiatych ubieglego stulecia
wprowadzanie  do  diagnostyki  technicznej
nowoczesnych metod sztucznej inteligencji oraz
szeroko rozumianej informatyki. Profesor Cholewa
jest autorem pojgcia ,,System doradczy”, ktory
odpowiada  angielskiemu ,Expert system”.
Zaprojektowal, kierowal wdrozeniami i osobiscie
uczestniczyl w  budowie wielu systemow
diagnostycznych, poczawszy od Programowanych
Analizatorow Sygnatow (PAS-3 do PAS-7),
poprzez diagnostyczny system doradczy DT-200
(wdrozony na bloku nr 7 Elektrowni Kozienice),
system K-015 bazujacy na zastosowaniu sieci
przekonan, system Diadyn diagnostyki maszyn
krytycznych. Obecnie Profesor kieruje zespotem
wykonujacym moduly systemu DiaSter diagnostyki
i sterowania procesow. Wszystkie wymienione
powyzej dzialy wchodza w zakres dyscypliny
»Budowa i eksploatacja maszyn”.

Profesor Wojciech Cholewa jest autorem wielu
metod, koncepcji 1 systemow, ktore zostaty
skutecznie wdrozone w zakresie diagnostyki
maszyn 1 procesow. Wprowadzil metody zbioréw
rozmytych do diagnostyki technicznej. Wprowadzit
do diagnostyki technicznej i spopularyzowat
systemy doradcze oraz inzynieri¢ wiedzy. Jest
glownym autorem koncepcji i projektu Systemu
DT-200 diagnostyki turbozespotéw energetycznych
200 MW, ktory stanowil jeden z przetomowych
projektow wdrozeniowych w zakresie diagnostyki
technicznej w latach 1995-98. Jest autorem

koncepcji modeli odwrotnych, ktoére znalazly
zastosowanie w diagnostyce maszyn krytycznych. Od
kilku lat propaguje zastosowanie sieci przekonan
(Bayesa) w diagnostyce technicznej, np. do
diagnozowania reaktoréw jadrowych (wspolne prace
z  Kroélewskim  Instytutem  Technologicznym
w Sztokholmie). Ze wzgledu na posiadang przez
siebie bardzo szeroka wiedze jest zapraszany do
recenzowania wielu prac naukowych i projektow.
Jest uczestnikiem wielu opiniotworczych gremiow,
ktoére inicjuja nowe trendy w dziedzinie diagnostyki
technicznej maszyn i proceséw. Jego prace maja
charakter integrujacy obie galgzie diagnostyki —
diagnostyke maszyn 1 diagnostykg procesow.
Dowodem na docenienie Jego szczeg6lnej roli
w zakresie integracji obu tych galezi bylo
zaproszenie Go przez J. Korbicza, J. M. Koscielnego
i Z. Kowalczuka do  wspoélredagowania
fundamentalnej monografii ,,Diagnostyka procesow.
Modele, metody sztucznej inteligencji, zastosowania”
(WNT  Warszawa, 2002), a potem do
wspoélredagowania angielskojezycznej wersji  tej
monografii pt. ,,Fault Diagnosis. Models, Artificial
Intelligence, Applications” (Berlin Heidelberg:
Springer -Verlag, 2004).

Nadanie medalu Prof. S. Ziemby Panu
Profesorowi Wojciechowi Cholewie jest realizacja
zyczenia catego §rodowiska naukowego i praktykow
zajmujacych si¢ diagnostyka techniczng maszyn
i procesow, srodowiska, ktorego Profesor jest jednym
z najwybitniejszych Tworcow, a takze wybitnym
cztonkiem.

Prof. Wojciech Moczulski
Zespot Diagnostyki
Sekcja Podstaw Eksploatacji
Komitet Budowy Maszyn PAN
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IX Mie¢dzynarodowa
Konferencja Naukowo-
Techniczna
Diagnostyka Procesow
i Systemow
DPS’2009
Gdansk-Jelitkowo

W dniach 7-9 wrzesnia 2009 roku odbyta sig
w Gdansku Jelitkowie na terenie Dworu Prawdzica
dziewiqta Miedzynarodowa Konferencja Naukowo-
Techniczna Diagnostyka Procesow i Systemow
DPS’2009, ktéra ma juz trzynastoletnia tradycje.
Konferencja  organizowana  jest  cyklicznie
poczawszy od 1996 roku przez trzy os$rodki
akademickie Politechnike Gdanska (Wydziat
Elektroniki  Telekomunikacji i Informatyki),
Politechnik¢ Warszawska (Instytut Automatyki
i Robotyki) oraz Uniwersytet Zielonogorski
(Instytut Sterowania i Systemow Informatycznych).
Byly to poczatkowo coroczne zjazdy naukowe,
ktére od 1999 roku odbywaja si¢ w cyklu
dwuletnim.

Niniejsza konferencja stanowita IX edycje
Konferencji, ktora poczatkowo nosita nazwg
»Diagnostyka Procesow Przemystowych”.
Poczawszy od roku 2007 zakres tematyczny
Konferencji rozszerzono i zmieniono jej tytutu na
»Diagnostyka Proceséw i Systemow”.

Patronat nad konferencja w Gdansku objat
Komitet Automatyki i Robotyki Polskiej
Akademii Nauk, Komitet Automatyki Polskiego
Stowarzyszenia Pomiardéw Automatyki
i Robotyki (PolSPAR), oraz Towarzystwo
Konsultantow Polskich. Bezposrednim patronat
nad konferencja roztoczyt J.M. Rektor Politechniki
Gdanskiej prof. dr hab. inz. Henryk Krawczyk.

Nad jakos$cia recenzowanych i prezentowanych
prac sprawowal pieczg Migdzynarodowy Komitet
Naukowy ztozony z 75 profesoréw: Zdzistaw
Kowalczuk, (Przewodniczacy) Jozef Korbicz, Jan
Maciej Koscielny (Wspotprzewodniczacy), oraz
Stanistaw  Banka (Szczecin, PL), Michele
Basseville (Rennes, F), Morgens Blanke (Lyngby,
DK), Piotr Bielawski (Szczecin, PL), Mieczystaw
Brdy$ (Birmingham, UK), Liliana Byczkowska-
Lipinska (L6dz, PL), Eduardo Camacho (Sevilla,
ESP), Wojciech Cholewa (Gliwice, PL), Fahmida
N. Chowdhury (Lafayette, US), Steven Ding
(Duisburg, D), Jan Duda (Krakéw, PL), Andrzej
Dyka (Gdansk, PL), Andras Edelmayer (Budapest,
H), Sylviane Gentil (Grenoble, F), Janos Gertler
(Fairfax, US), Krzysztof Janiszowski (Warszawa,
PL), Wojciech Jedruch (Gdansk, PL), Ireneusz
Jozwiak (Wroctaw, PL), Andrzej Kasinski (Poznan,
PL), Jacek Kluska (Rzeszéw, PL), Edward Jezierski
(Lo6dz, PL), Witold Kosinski (Warszawa, PL),
Kazimierz Kosmowski (Gdansk, PL), Krzysztof
Koztowski (Poznan, PL), Andrzej Krolikowski
(Poznan, PL), Marek Kurzynski (Wroctaw, PL),
Jerzy Kurek (Warszawa, PL), Piotr Kulczycki

(Warszawa, PL), Antoni Liggza (Krakéw, PL), Jan
Lunze (Bochum, D), Jan M. Maciejowski
(Cambrigde, UK), Krzysztof Malinowski (Warszawa,
PL), Andre Manitius (Fairfax, US), Wojciech
Moczulski (Gliwice, PL), Henrik Niemann (Lyngby,
DK), Mariusz Nieniewski (Warszawa, PL), Cezary
Orfowski (Gdansk, PL), Romeo Ortega (Gif, F),
Ronald J. Patton (Hull, UK), Witold Pedrycz
(Edmonton, CDN), Andrzej Pieczynski (Zielona
Gora, PL), Marios Polycarpou (Cincinnati, US),
Vicenc Puig (Barcelona, ESP), Stanistaw Radkowski
(Warszawa, PL), Ewaryst Rafajlowicz (Wroctaw,
PL), Ryszard Rojek (Opole, PL), Leszek Rutkowski
(Czgstochowa, PL), Jose Sa da Costa (Lisbon, P),
Dominique Sauter (Nancy, F), Alexey Shumsky
(Vladivostok, RUS), Sivio Simani (Ferrara, I), Jan
Sokotowski  (Nancy, F), Janusz Sosnowski
(Warszawa, PL), Marcel Staroswiecki (Lille, F),
Jakob Stoustrup (Aalborg, DK), Piotr Szczepaniak
(Lodz, PL), Andrzej Swierniak (Gliwice, PL), Roman
Smierzchalski (Gdynia, PL), Mirostaw Swiercz
(Biatystok, PL), Ryszard Tadeusiewicz (Krakow,
PL), Piotr Tatjewski (Warszawa, PL), Krzysztof
Tchon (Wroctaw, PL), Didier Theilliol (Nancy, F),
Leszek Trybus (Rzeszow, PL), Dariusz Ucinski
(Zielona Goéra, PL), Tadeusz Uhl (Krakéw, PL),
Wiestaw Wajs (Krakoéw, PL), Bogdan Wiszniewski
(Gdansk, PL), Marcin Witczak (Zielona Gora, PL),
Marian Wysocki (Rzeszéw, PL), Marek Zaremba
(Hull, CDN), Youmin Zhang (Montreal, CDN), Jacek
M. Zurada (Louisville, US).

Naukowcy ci specjalizuja si¢ w rdznych
dziedzinach teorii 1 zastosowan diagnostyki,
reprezentujac uczelnie techniczne z 11 krajow $wiata.
Lokalnym  organizatorem  konferencji  byla
Politechnika ~ Gdanska, = Wydziat  Elektroniki
Telekomunikacji i Informatyki oraz Towarzystwo
Konsultantow Polskich Oddziat Gdansk. Wspot-
przewodniczacymi Komitetu Organizacyjnego byli dr
inz. H. Kormanski i dr P. Raczynski z Wydziatu ETI
Politechniki Gdanskie;j.

Konferencja DPS, zblizona tematycznie do serii
migdzynarodowych sympozjow nt. ,,Fault Detection,
Supervision and Safety for Technical Processes —
SAFEPROCESS” organizowanych pod auspicjami
IFAC, skupia si¢ zatem na rozwigzywaniu
naukowych i technicznych probleméw zwiazanych
z diagnostyka proceséw przemystowych opartag na
matematycznych 1 inzynierskich ~ metodach
i technikach. W obecnej postaci realizuje zadanie
migdzynarodowego forum wymiany informacji
naukowej i technicznej w kraju oraz doswiadczen
inzynierskich w zakresie diagnostyki, ktora znajduje
si¢ na styku automatyki, pomiaréw i przetwarzania
sygnatow, oraz sieci komputerowych, zwlaszcza tam,
gdzie stosuje si¢ matematyczne teorie oraz narzedzia
modelowania i identyfikacji, informatyki i sztucznej
inteligencji.

Glownym celem konferencji jest potaczenie tych
dziedzin systemowej i inzynierskiej wiedzy dla
szeroko pojmowanej diagnostyki ijej praktycznych
zastosowan, w tym detekcji, izolacji, lokalizacji,
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identyfikacji, diagnozy, rekonfiguracji i sterowania.
Zadaniem tego forum bylo rowniez umozliwienie
efektywnej integracji  §rodowisk naukowych
z  inzynierami, technologami  pracujacymi
w roznych gatgziach przemystu i ustug (energetyki,
chemii, przemystu maszynowego, spozywczego,
medycyny, biotechnologii, ochrony Srodowiska,
etc.), jak roéwniez z producentami sprzgtu
ioprogramowania  komputerowych  systemow
sterowania i diagnostyki.

Konferencji DPS Gdansk’2009 zgromadzita 113
uczestnikow, ktorzy w trakcie trzech dni obrad
wystuchali 68 referatow. Szczegodlna wartosé
stanowito sze$¢ nizej wymienionych referatow
plenarnych wygloszonych przez zaproszonych
gosci:

e Michele Basseville (IRISA/CNRS, Rennes),
“On statistical change detection for FDI”

e Eduardo F. Camacho (Universidad de Sevilla),
“Fault tolerant model predictive control”

e Steven X. Ding (University of Duisburg-Essen)
“Integrated design of wireless fault tolerant
networked control systems”

e Jan Maciejowski (Cambridge University) “Fault
tolerant control - is it possible?”

e Jakob Stoustrup (Aalborg University) “Fault
diagnosis and fault tolerant control - an
optimization based approach”

e Antoni Nowakowski (Gdansk University of
Technology) “Advances of thermal IR-
diagnostics in medicine”.

Pozostate referaty skupiaty si¢ wokot takich
tematow jak: modelowanie oraz symulacja
uszkodzen i relacji symptomy-uszkodzenia; metody
detekcji i lokalizacji uszkodzen oparte na rdéznych
technikach i narzgdziach modelowania; systemy
diagnostyczne 1 ich zastosowania praktyczne
w réznych dziedzinach gospodarki; oraz problemy
bezpieczenstwa proceséw przemystowych, kontroli
jakoscei, niezawodnosci oprogramowania i inne.

Organizatorzy dotozyli wszelkich staran, aby
zapewni¢  sprawny 1  atrakcyjny  przebieg
konferencji, a specjalna wagg przytozyli do udziatu
mitodych kadr naukowych, zwlaszcza doktorantow,
ktérym uzyskali starano si¢ zapewni¢ jak
najbardziej sprzyjajaca atmosfere.

W kuluarowych opiniach uczestnikow DPS
wida¢ bylo bardzo wysoka oceng konferencji i jej
ksztattu. Szczegdlnym zainteresowaniem cieszyly
si¢ wyklady plenarne oraz zagadnienia zwiazane
z metodologia diagnostyki, systemami doradczymi,
oraz zastosowaniami metod sztucznej inteligencji.
Wedlug uczestnikow DPS’2009 warto poszerzaé
tematyke konferencji na inne obszary diagnostyki
(np. medycyng i informatyke).

Zbior referatéw konferencyjnych, w postaci
dwoch ksiazek grupujacych osobno referaty w jezyku
angielskim i w jezyku polskim liczacy tacznie prawie
700 strony zostal wydany pod redakcja prof.
Z. Kowalczuka w postaci ksiazek ,Systemy
wykrywajace, analizujace i tolerujace usterki”
ISBN 978-83-926806-2-8 oraz ,Diagnosis of
Processes and Systems” ISBN 978-83-926806-3-5
przez  Pomorskie =~ Wydawnictwo  Naukowo-
Techniczne (http://www konsulting.gda.pl/pwnt)
w Gdansku.

Dla skupienia uwagi Czytelnika zawartos¢
merytoryczna pierwszej ksiazki zostata podzielona na
osiem sekcji: modelowanie i sterowanie; diagnostyka
przemystowa; modelowanie diagnostyczne; decyzje
diagnostyczne; monitoring przemystowy; technologie
informacyjne, zastosowania diagnostyki; systemy
przemystowe.

W drugiej ksiazce zawarta jest czgs¢ plenarna
(fault diagnosis and fault-tolerant control) oraz pigé¢
sekcji technicznych (fault-tolerant control systems;
estimation and identification methods; optimal and
active sensor designs; fault diagnosis of industrial
processes; soft computing approaches).

Obie ksiazki (dostgpne pod internetowym
adresem:  http://konsulting.gda.pl/pwnt) powinny

zainteresowac inzynierow i technologdw, jak rowniez
naukowcow 1 pracownikoéw instytucji naukowych,
ktorzy pragna poglebiaé zagadnienia niezawodnosci
i detekcji bledow w systemach 1 procesach
przemystowych, zwlaszcza tych krytycznych pod
wzgledem bezpieczenstwa.

Pamiatkowe zdjecie uczestnikow Konfeencji
DPS’2009 w Gdansku na tle sterowca ,,SClenter”
(Politechnika Gdanska, WETI-KSD).

Pozostate  informacje oraz zdjecia  (fot.
M. Domzalski) z przebiegu konferencji mozna
obejrze¢ na  stronie domowej Konferencji:
http://www.konsulting.gda.pl/dps09.

prof. dr hab. inz.
Zdzistaw Kowalczuk
Przewodniczqcy IX MKNT DPS 2009
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Informacja o rozprawie habilitacyjnej
Tomasza BARSZCZA
pt. ,,Advanced methods for condition monitoring

of machinery in distributed online monitoring
and diagnostic systems”

(;,Zaawansowane metody oceny stanu maszyn

w rozproszonych systemach ciaglego
monitorowania i diagnostyki”)

Zasadnicza tematyka rozprawy habilitacyjnej sa
architektury rozproszonych systemow ciaglego
monitorowania i diagnostyki oraz metody oceny
stanu  dostosowane do  tych  architektur.
W pierwszych czgsciach pracy przeprowadzono
analize stanu rozwoju maszyn, na przykladzie
maszyn energetycznych: bloku parowo —
gazowego, turbiny wiatrowej i nowoczesnego bloku
parowego. W dalszej kolejnosci przedstawiono
biezacy stan wiedzy w dziedzinie. W rozprawie
przedstawiono biezacy stan kluczowych technologii
z zakresu systemOw monitorowania i diagnostyki.
Fundamentalne problemy badawcze przedstawione
W rozprawie to:

e opracowanie rozproszonej i otwartej architektury
systemu

e opracowanie = metod diagnostyki  maszyn,
dostosowanych do zaproponowanej architektury

e demonstracja shisznosci podejscia na duzej
instalacji (Wirtualna Elektrownia)

W ksiazce przedstawiono prace badawcze, ktore
koncentrowaly si¢ nie na propozycji podziatu zadan
pomiedzy komponenty sprzgtowe i programowe
oraz na badaniach 1 propozycji technologii
wymiany i przechowywania danych. W rezultacie
opracowano szczegOtowe specyfikacje i projekty
poszczegdlnych komponentéw systemu.

Opracowane algorytmy diagnostyczne
prezentuja mozliwosci zastosowan algorytmow
z r6znych grup. Dla kazdej z metod przedstawiono
algorytm, warunki jego stosowalno$ci oraz sposob
integracji z zaproponowang architektura systemu.
Szczegblnym  osiagnigciem  jest ~ Wirtualna
Elektrownia, w ktorej zastosowano zaproponowana
rozproszona architektur¢ do zamodelowania
elementow  calego  bloku  energetycznego.
Opracowano architektur¢ rozwiazania, ktora
posiada szczegolna cechg dwoch baz danych oraz
dwoéch interfejsow uzytkownika, dzigki czemu
mozliwe jest zastosowanie rozwiazania do
zaawansowanych analiz diagnostycznych oraz do
szkolenia operatorow i analiz biezacych danych.
Waznym osiagnigciem jest tez mozliwos¢
stosowania wariantowych modeli komponentéw
bloku energetycznego.

Nalezy podkreslié, Ze opracowane metody
zostaly  zaimplementowane i zweryfikowane
w praktyce na kilkuset instalacjach pracujacych
w wielu krajach. Wigkszo$¢ przedstawionych
metod  zostala  wdrozona do  systemow
monitorowania 1 diagnostyki. Doswiadczenia
zebrane podczas prac badawczych i do$wiadczen
eksploatacyjnych potwierdzito poprawnos$é
przyjetych rozwiazan. Otrzymane i zaprezentowane
wyniki s3 wazne zaréwno z naukowego, jak
i praktycznego punktu widzenia.

Z wuwagi na szeroki zakres problematyki
poruszanej w rozprawie, roOwnie szeroki jest zakres
potencjalnych dalszych badan. Najistotniejsze
z nich to: analiza i adaptacja nowych technologii
informacyjnych do systemdéw monitorowania
i diagnostyki oraz zautomatyzowane metody
analizy danych zbieranych przez tzw. centra
diagnostyczne.
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