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DYNAMIC BEHAVIOR OF A ROTOR SUPPORTED
BY ANGULAR BALL BEARINGS

ABBES M. S., HENTATI T., MAATAR M., FAKHFAKH T., HADDAR M.
Unité de Dynamique des Systemes Mécaniques, Ecole Nationale d’Ingénieurs de Sfax,
BP. 1173- 3038 Sfax, Tunisie, ms_abbes@yahoo.fr

Summary

The wide range and large scale usage of rolling bearings indicates their necessity and vital
contribution to the performance of modern industries. In this paper, a non linear model, predicting
mechanical behavior of the loaded angular ball bearing, have been developed. The dynamic
behavior of a rotor supported by two angular ball bearings is analyzed. The finite element method
is used and the rotor is decritizied on beam elements. A mathematical modal taking account
different sources of non linearity: the Hertzian contact force and the action of all balls on the
bearings inner races, is developed. The Newmark algorithm coupled with Newton Raphson
iterative method is used to solve the non linear differential equation iteratively.

Keywords: angular ball bearing, rotor, dynamic analysis, bearing interaction.

1. INTRODUCTION

Rotating contact bearings act as rotary joints
between two or more links of a mechanism, with
a minimum friction. In rotating machines, rotating
contact bearings are a source of internal excitation.
They transmit vibrations generated by gears and
shafts to the housing.

Stribeck R. [1] and Palmgren A. [2] have
developed an analytic model of a rolling bearing
loaded in the radial and/or axial direction. These
representations are based on two degrees of freedom
model. In this model, the authors don’t take account
of the variation of the loaded contact angle. Jones A.
B. [3] has developed five degrees of freedom model
(three translations and two rotations of the races),
the 6" d.o.f. is the bearing revolution around his
axis. He has introduced then the inertia effect
(centrifugal force and gyroscopic moment). Simple
formulas presented by While M. F. [4] consist on
modeling the roller bearing by axial and radial
stiffnesses in the ball bearing and cylindrical roller
bearing. His study is based on a numeric radial
model and the coupling between radial and axial
directions is inexistent. Gupta P. K. [5] proposes an
analytical model of the rolling bearing (ball and
roller) dynamic behavior. He determines the
interaction between the rolling elements. He takes
note of the cage presence and the lubricant. This
work shows the importance of lubrication on the
instability of the cage movement. The study
proposed by Wardle F. P. [6] shows the relation
between the rolling element number and the order of
the waviness (geometry imperfection). The author
notes the vibration frequencies resulting from the
non-linearity relation between displacement and
force. These results are validated experimentally. In
1990 vyears, an interesting and complete study is
proposed by Lim T. C. and Singh R. [7]. They
suggested an analytic approach based on the
determination of a stiffness matrix associated to five

degrees of freedom of the inner race (three
translations and two rotations) in its relative
movement with respect to the outer race.

The proposed matrix includes the beam flexion
and housing coupling for the two types of rolling
bearings (ball and roller). A three-dimensional
model is proposed by Yhland E. [8]. This model
introduces the geometry imperfections and
calculates the stiffness matrix. An algebraic non
linear eruptional system joining the forces and
moments on displacement vector and geometric
parameters is developed by Houpert L [9]. No
rigidity matrixes are formulated. Datta J. and
Farhang K. [10] propose a non linear dynamic model
in witch they introduce the masses of each bearing
element (cage, inner and outer races and rolling
elements). This study permits the prediction of the
rolling bearing dynamic behavior in different
operating conditions.

Three degrees of freedom model is suggested by
Akturk N.11 in which he introduces a geometric
imperfection. Lahmar F.12 has used the formulation
developed by Lim and Singh to resolve a non linear
dynamic problem of an helical gear system, but any
bearing defect formulation in this case is introduced.
Jang G. and Jeang S. W. [13, 14] have resolved the
dynamic equilibrium of a rotor supported by two
angular ball bearing having five degrees of freedom.
In next time, they introduce the centrifugal and
gyroscopic effects. But the rotor flexibility is
ignored.

In our study, we propose in a first time a ball
bearing model using the non linear contact between
the bearing trail and the rolling elements. The model
presented is inspired of the Lim and Singh
development (Lim T. C. and Singh R. [7]). The
deflection between the rolling elements and the race
trail is determined, we can deduct then the forces
exerted by balls on the inner race. We are interested
in a second time, to resolve the dynamic rotor
system equation of motion, the Newton-Raphson
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method coupled with Newmark algorithm are used
successively. The initial structure degrees of
freedom is computed from a static analysis taking
account the static effort exerted by bearings on the
structure.

2. BALL BEARING MODELLING

The main fundamental components of a ball
bearing are the inner race, the cage, the outer race
and the rolling elements. The important geometrical
characteristics are presented in figure 1. We note the
ball diameter Dy, the pitch diameter Dy, the outer
and inner raceway groove diameters D, and D;, the
rolling elements number Z, and the unloaded contact
angle o.

Fig. 1. Ball bearing geometric characteristics

Two co-ordinate systems, shown in Fig. 1, are
used. The first is the overall outer race co-ordinate
system ‘R;, where (X y, z,0x,6y) corresponds to the
degrees of freedom of the inner race centre. The
second is a local cage co-ordinate system R,, having
the origin at an initial rolling element centre C,. The
outer race centre Oy is assumed to be a fixed. The
degree of freedom 6, is null corresponding to the
bearing axis rotation. A positive nominal contact
angle o, implies that the angular contact bearing

should be loaded in the positive €, direction.

An external load is applied on the inner race,
(outer race fixed in her lodging), generates an inner
race centre translation yu:(0,) and angular

displacement 0% (0, ) in the global frame. They are

written as:
X

X
W 0,)=1yt  oro,)={gt D
z 0

Ry R,

An elastic deformation of the j, rolling element
occurs. It is defined as the total interaction following
the normal direction, we can write:

A :d(‘/’j)_do :\/m_do_wi 2

where d(y) and dy are, respectively, the loaded and
the unloaded relative distance between the inner and
the outer raceway groove curvature centers Oy and
0y, and A", A’ are the radial and axial elastic
deformations.

When centrifugal forces are neglected, the
loaded contact angles between rolling element —
inner race and rolling element — outer race are the
same. The loaded contact angle o is given:

tane, = Afj ©)
]

A negative elastic deformation indicates no
contact between ball and the two races. For
a positive elastic deformation, the ball races contact
can be computed from the classical Hertz point —
contact theory. The forces exerted by rolling
elements on the inner race are computed:

. cosa; Cosy
27 Kpa'® < cosa; siny; (4)
Fu=YF.= = sing;

ZZ: KpAl'.S{ R sina;siny; —a; cosa; siny }
i 3

- iR si _
=l R;sing; cosy; —a; cosa; cosy; "

3 FINITE ELEMENT DISCRETIZATION

The study consists on analyzing structural
vibrations generated by a rotor coupled by ball
bearings. Bearings outer races are fixed in the rigid
support (logging) and the inner races are fixed
rigidly on the rotating shafts. The finite element
method is used: shafts are discretized using beam
finite elements with 2 nodes and 6 degrees of
freedom per node. The beam section is constant in

€, direction. These elements take into account the
effects of torsion, bending and tensioncompression.
The generalised displacement of the jg node is given
by:

{Q}T={UJ,VJ,WJ,(PJ-,!//J-,91-} (5)
where (U,-,l//,-) and (y,,, ) are respectively the beam

i
bending in the (gg) plane and in the (gg) plane,

w; and @ j are respectively the degrees of freedom
associated with the axial and torsional deformations.

3.1. Static Analysis

In order to compute the initial structure
displacements, a static study is treated. The static
equilibrium system is written as:

N patiers

[KalXoh={Fo}+ 2 lFu()f  ©

i=1
where:
[Ktot] global stiffness matrix deduced from beam

elements matrices,
{FO} static external force,

Nopai

z{,:pal (Xo)} action of balls on the inner races
i=1

and {X 0} is the system degrees of freedom.
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Initialization
{x.},

v
Elastic deformation of all balls of all
bcaringsAi k=k+1 |

Forces exerted by all balls on all
inner races Jl.r: Ax. ), ll

l

Static equilibrium resolution

[ S o b ST o

New degrees of freedom vector

{X., }i.-l :{’\"u }a + {EX‘, }H

Static analysis solution { X}

Fig. 2. Static analysis steps

To resolve the equation of motion, we have used
the iterative Newton Raphson method, the adopted
method for non linear problems, which resolve the
system equilibrium (fig. 2).

A shaft supported by two ball bearings is studied.
The finite element method is used. An external
radial load F, = 6000 N is applied on the middle of
the shaft. The shaft has a length Lyaier, @an external
diameter dex = 50 mm and internal diameter dint
(fig. 3).

i TS aE e = Oy

Fig. 3. Shaft modeling

The load distribution on the right ball bearing is
presented in the next figures for different
configurations.

@ Lpalier = 500 mm O Lpalier = 50 mm |

i

Normal force (N)

- ¥t 8

| I |

' B L] L} L] 10
Ball Number

Fig. 4. Shaft length influence (d;,;= 0 mm)

2

For an internal diameter equal to zero and a shaft
length Lpalier equal to 50 mm and 500 mm, figure 4
presents the load distributions in the right bearing.
The distance variation between the bearings lead to
a minor variation on the load distribution: the shaft
bending influence is traduced by a highest value of

the maximal load which changes from 1300 to 1320
N.

| @dint=0mm Odint = 40 mm |

Normal force (N)

- ¢ & 88 EEE

IBaII I\;umbncrn
Fig. 5. Shaft diameter influence (Lpalier = 50 mm)

Fig. 5 presents the load distribution on the right
ball bearing for an internal shaft diameter equal to
0 and 40 mm. No difference is observed. In fact for
a small distance Lpaier, any bending is observed.

When we change the shaft length Lyaier = 500
mm, figure 6 show a large increase in the maximal
load distribution in the right bearing from 1300 N to
1588 N for a hallow shaft. The number of loaded
balls increases from 5 to 8. We can interpret that the
bearing stiffness is changed when we change the
shaft stiffness matrix and naturally when we change
the shaft characteristics and the deflection will be
more important for a shaft having an internal
diameter equal to dj, = 40 mm.

[ mdnt=0mm Tdint = 40 mm

L1 il |

4 5 L] 7 L] El 10
Ball Number

Fig. 6. Shaft diameter influence (Lpalier = 500 mm)

58 BEEEEE

Normal force (N)

The obtained results show the importance of
a coupled model: the bearing stiffness matrix is
functioning of the shaft geometric characteristics
and the bearing site.

3.2. Modal Analysis

A modal analysis is treated; the natural
frequencies and corresponding rotor mode shapes of
are computed.

For the time invariant case, the eigenvalue
problem of the gear system is:

[K¢]{¢i}=QiZ[M¢{¢i }] (")
where (2 are the natural frequencies, [K¢J is the
modal stiffness matrix, [M¢J is the modal mass

matrix normalized to the identity, and ¢ the
eigenvector matrix.

The eigenfrequencies associated to the rotor are
recapitulated on table 1.



6 DIAGNOSTYKA” 3(51)/2009
ABBES, HENTATI, MAATAR, FAKHFAKH, HADDAR, Dynamic Behavior Of A Rotor Supported By...

Table 1. Rotor Natural Frequencies

Mode number Frequency (Hz)
1 19,87
2 19,87
3 54,18
4 54,18
5 575,22

3.3. Dynamic Response

We are interested now to the system dynamic
behaviour. The system equation of motion, taking
account of the beam and bearings presence is

written:
M X+ X MK O}

N pal

= {Fo }+ Z {Fpal (t, X )}

i=1

(®)

Where
[M,, } [C] global mass and damping matrices,

[K,(t)] global stiffness matrix,
{F, } static external force,

NZ {Fpa| (t,x)} forces exerted by ball bearings on the
i=1
inner race given by equation (4).

In order to resolve equation (8), Newmark
method coupled with the iterative Newton Raphson
method, which resolve the system equilibrium at
each step, are used. The system equation of motion
is projected and resolved on a chosen modal basis,
and then the temporal responses are therefore
obtained by modal recombination. (figure 7)

l Inttislization (¥, }, {4}, {,) ‘

1

k=1

(e ) T b AT ()

1 M
Degrees of freedom vector
eremert (8] PN AVEA( AW A)
BN A AT E A AREEA

< (ARl T

-

={5), +{ak, .,

{1z}

o

Fig. 7. Dynamic Analysis process

A disk is placed on the shaft middle. The rotor
geometric characteristics are given by table 2. The
rotating frequency is f; = 50 Hz = 3000 tr/mn.

h
: Rotor

i
B H T

¢

llx.\

IJ!

E ]

&b

I-\-J

1

L}

l'«C

1

Fig. 8. Rotor supported by two angular ball bearings

Table 2. Rotor Geometric Characteristics

Geometric characteristics Dimension
Shaft length L 500 mm
Shaft Diameter dey 50 mm
Rotor Mass Mp 10 Kg
Disc thickness h 50 mm
Rotor Mass Unbalance m 0,1 Kg
z 10a
15
.11'““ I n'l (lll
5 |
;‘% 0sp
.ll I.lll" |||~l||
1'5'[1 1I]I1 1'; 2 1[1‘2! 1[1‘-1 1[Il:’| 1[;}5 1.’1‘;‘ 1[:51 1'1“-:
Time (5]
10°
e 't
E w0k I
e
E Hﬁll-.’ fe Il ’ ;"f‘ \\ Fhal+ic Fhal+2fc
R /
g L,,;/ \_Rl !
= S - I 4T~ |
L.‘;? 1w v Fha —
fe e I

1IU '.;J 30 -'.;J ‘_1;3 Lil.l .‘:.I E.IIJ ':lj.] 100
Fraquancy (Hz)

Fig. 9. Temporal and Spectral Signature of the left

inner race center displacement
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(a) — Eall bearing
Spring bearing

ot

Left inner race ceptre mdial

\ \ \ . s \
10 il : a0 &0 B0 0 BI S0 100 110 1A
Freguency iHz!

10 - -
() — Spring bearing
Eall bearing
E
Rl
3
@ 1
£ '\
i
= 44
T
= 10 . %
BZAAN
o = et
5w ]
5 —
o« 3
10*

L L s L L s L
10 20 i a0 50 86D 0 80 S0 1000 110 120
Frequancy [(Hz)

Fig. 10. Left inner race center (a) and disc center (b)
displacements spectrum for a rotor supported by
angular ball bearings and spring bearings

Figure 9 show the left inner race centre
spectrum. We note the presence of the unbalance
frequency Fpy = 50 Hz, its origin is the time
variation of the unbalance load, and the presence of
the cage frequency f, = 20 Hz, where the origin is
the bearing rotation and then the variation of the
load exerted by all rolling elements on the rotor.

We note also a modulation of the unbalance
frequency due to the cage frequency having a value
Foa * if; =30 Hz and 70 Hz for i = 1, Fyy + if, = 10
Hz and 90 Hz for i = 2.

Figure 10 show the left inner race centre (a) and
rotor centre displacements (b) spectrum. We note the
presence of unbalance frequency in the two cases
and for the two modelizations (ball bearing and
spring bearing). The vibratory level is more
important for the rotor centre displacement (point of
application of the unbalance) than the bearing
displacement.

4 CONCLUSION

In this study, a rotor is studied taking account the
ball bearing incidence. In a first time a static study is
treated. We note the importance of a coupled model;
the bearing stiffness matrix is functioning of system
geometric characteristics and bearings positions.

In a second time, a modal analysis is realised.
The system natural frequencies are computed.

Finally, a dynamic study is presented. The
displacements spectrums show the presence of two

characteristics frequencies: the unbalance frequency
which the origin is the unbalance load variation, the
cage frequency which the origin is the bearing
rotation. We note also a modulation of the unbalance
frequency due to the bearing frequency.
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MECHANICAL NOISE SYNTHESIS BY SUB-STRUCTURING

Goran PAVIC
Laboratoire Vibration Acoustique, INSA, Lyon, France, goran.pavic@insa-lyon.fr

Summary

Noise of machinery and mechanical assemblies can be synthesised by computer using
a particular jigsaw-puzzle sub-structuring approach. This approach is aimed at low noise design of
industrial products where noise is generated by individual sources built in a noise-free housing. All
the major noise mechanisms are dealt with in a step-by-step procedure, which can be potentially
used even by less advanced industries. The novelty of this approach is that it predicts trends in the
overall noise by combining data from real noise sources with a simplified modelling of the main
frame (housing). The connectivity between the source(s) and the frame is ensured by well known
impedance coupling rules. The simplified frame model has the advantage of being robust and easy
to implement. The critical components are the noise sources which have to be characterised by
measurements. The characterisation techniques can be quite demanding, but reveal a lot of useful
information to the designer apart from providing the input data to the synthesis algorithm. The
paper outlines the basics of the approach and shows some examples of its use.

Keywords: noise synthesis, noise source, machine, impedance, characterisation.

1. INTRODUCTION

Low-noise industrial products are in demand and
will likely stay so in future. Although the majority of
industries cannot justify any laborious noise
reduction effort, most of these nevertheless need to
reduce the noise in an orderly, systematic way.

The state-of-the-art software for noise prediction
cannot adequately respond to the complexity of
noise physics. The noise software is therefore
usually given a secondary role of accompanying
expensive prototype tests. The software is difficult
to use autonomously by industry and is limited to
specific phenomena only. It does not cover the most
important factor in the noise generation chain: the
noise sources.

The usual objective of the manufacturer of an
industrial product is to make sure the noise level will
stay below the limit prescribed by norms or
legislation. The noise level is either the global sound
power level or a sound pressure level at defined
position(s). In recent years an additional attention
has been increasingly paid to the subjective noise
evaluation. It thus becomes useful not only to
develop means of predicting the noise level but also
to create tools for reproducing the (future) noise of
a product under development.

The long-term industrial objective is to reduce
considerably the physical prototyping in exchange
for a virtual one. The ultimate goal is to achieve an
integral virtual prototyping, implying that all of the
technical features, noise comprised, have to be dealt
with numerically. All of these factors push towards
the development of tools which can reproduce the
future noise by synthesising it on a computer.

2. VIRTUAL NOISE SYNTHESIS

A complex product, such as a power machinery,
is made of many sub-assemblies originating from
various suppliers. Suppliers usually do not feel
concerned with the noise of assembled product while
the assemblers sometimes put too unjustified
demands on noise. Traditionally, suppliers and
assemblers lack coordination on noise control. There
is a profound shortage of information on noise of
components. Regulations concern finalised products
only, not components. Noise generation often
involves multiple phenomena, yet no design data
exist on the link between vibration, pulsation and
air-borne noise.

2.1. The complexity of noise generation

Noise of most of assembled products is governed
by the operation of some key components, such as
motors, pumps etc, integrated within an otherwise
passive frame. In many circumstances the noise of
the assembled structure is even amplified. Typical
examples of products which generate noise in this
way are household appliances, HVAC installations,
workshop machines, outdoor machinery, vehicles,
etc. In these and similar products noise is transmitted
to the surroundings as direct air-borne noise,
structure-borne noise (via feet, supports, cables etc)
and frequently fluid-borne noise (via ducts, pipes
etc). Although often being more detrimental than the
first one, the latter two noise mechanisms are rarely
dealt with in industrial conditions to a sufficient
extent. As a consequence, the noise reduction
measures become inappropriate and thus inefficient.

2.2. Virtual noise prototyping

Noise prototyping done in usual circumstances is
aimed at improving and fine-tuning the noise
performance of the future product through a series of
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steps. A virtual prototype should enable carrying out
the majority of these steps, not by physical means
but using a computer. It is however clear that such
a prototype cannot be a prediction tool entirely
computer-based. It has to include both fundamental
aspects of acoustics: physical and subjective
(psychological). The limits of the present day state
of the art in noise prediction, while not far from
satisfying the first criterion make the audible sound
reproduction still many years off. The reproduction
requires a high-level numerical prediction of the
sound waveform arriving at the reception position,
which cannot be presently achieved by entirely
relying on the computation techniques.

A new product is usually an improvement over
an existing line of products. The basic mechanical
characteristics of the product affecting noise evolve
gradually such that a complete redesign is rarely
needed. Many of the components in the improved
design will already physically exist, either in a final
form or close to it, and their noise properties can be
thus assessed by measurement. This brings the
virtual noise prototyping within the reach of the
current measurement and computation technology.
A virtual noise prototype offers a potential
advantage over the classical prototyping: an
improved physical insight which results from
breaking down the analysed product into its
components in a systematic way ("building bricks"
approach). Not only the final results, i.e. the overall
noise, can be assessed, but also it can be split into
different contributions the importance of which can
be judged in a far more straightforward way than if
this has been attempted on a real prototype.

It is clear that a realistic "virtual noise prototype"
cannot be purely virtual, i.e. exclusively
computergenerated.

A considerable experimental work has to be done
in order to make it work. This is the price to pay if
the noise reproduction of a future product is to be
achieved with sufficient realism. Even so, the virtual
approach offers a considerable advantage over the
classical one in terms of cost and time.

2.3 Noise synthesis by sub-structuring

The sub-structuring is done by modelling an
object as a series-parallel network of different parts.
The sub-structuring principle is well known and
used in various forms. It becomes useful when an
entire structure becomes too large to be handled by
numerical analysis or when an efficient handling of
local structure modifications is needed.

The theoretical grounds to the numerical
substructuring techniques in dynamics were laid
down a few decades ago [1]-[4]. Within the present
context, the sub-structuring is not employed as
a means of reducing the computation effort, but as
a basic procedure of getting the results. While the
steps of sub-structure modelling can be achieved by
either computation or measurements, the final
synthesis has to be done by computation. Thus the
present approach offers a major hybrid flexibility:

based on a dual methodology, i.e. measurement and
computation, it benefits from the realism of the
former coupled to the prediction facility of the latter.
Current noise prediction approaches do not possess
such a balanced duality. This however calls for skills
in the areas of both computation and measurement.

If a noise prototype can be realised in
a satisfactory way by virtual synthesis, an improved
physical insight can be obtained into the noise
generation process concerned. Such an insight
results from breaking down the analysed product
into its “building bricks”. This gives the virtual
prototype a clear advantage over the classical one.
Not only the final results, i.e. the overall noise, can
be assessed, but also it can be split into different
contributions. Using a virtual prototype the impact
of different noise contributions to overall noise can
be assessed in a straightforward way which usually
cannot be achieved on a classical prototype.

The noise synthesis by sub-structuring is done in
frequency domain. To meet the sub-structuring
objectives, the sources and the frame need to be
modelled in different ways. While each source
should be treated in a deterministic way - taken just
as it is, the frame would wusually be too
detailsensitive to allow for any reliable deterministic
handling. The present approach does a compromise
by treating the frame in terms of its stable acoustic
features, driven by its basic design characteristics,
which are insensitive either to structural details or to
production and installation uncertainties. It has been
shown that in the majority such a simplified
approach produces acceptable synthesis results.

2.4. Sub-Structure connectivity

Unless the source impedance is substantially
higher than the frame impedance, the frame
excitation has to be computed using
impedance/mobility matching rules applied to the
interfaces source - frame. This will produce
excitation acting on the frame which can be radically
different than that of the source taken in isolation.

A major processing step in describing the frame
consists in evaluating its baseline characteristic. This
is done by fitting the raw data onto a prescribed type
of a simple frequency function. The data are the
transfer functions of the type response / excitation.
In a lot of cases these data will be obtained by
measurements. Here one can use the reciprocity
principle in order to simplify the measurement and
improve its accuracy. This principle, widely used in
acoustics, has been summarised by Ten Wolde, [5],
and Fahy, [6].

3. SOURCE MODELLING

The source is taken into account in
a deterministic way, by establishing its detailed
characteristics e.g. via measurements. Sub-
structuring measurements are not standardised and
have to be adjusted to the requirements of
impedance connectivity. This implies that source has
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to be characterised a way which is fully independent
of its frame. This may not be an easy task. Here one
has to find ways of simplifying the characterisation
procedure, still keeping it independent from the
reception structure.

Sources like fans are particularly difficult to
characterise independently, which calls for a good
deal of simplifications.

3.1 Air-borne sources

The source needs to be characterised in such
a way to allow for the coupling with its
surroundings. Usual noise measurement procedures
are not adapted to such a characterisation. In
particular, the sound power of a source is not
a quantity which can be used.

A method which can be potentially suitable is the
substitute source technique. It has been used so far
primarily for sound radiation modelling, [7]-[12].

The technique works if the source radiates noise
by the vibration of its surface. The physical source is
replaced by a number of simple sources such as
monopoles, or by a single multipole source. The
equivalence is obtained by adjusting the amplitudes
of substitute sources such to come as close as
possible to the sound pressure produced by the
original source. Using equivalent source technique
efficient characterization can be achieved, as it was
shown by Moorhouse and Seiffert, [13]. In this case
an electric motor installed in a machine frame was
represented by 4 monopoles.

The adjusting is achieved via the transfer
functions 7 between the sound pressure at some
control points in the space around the source and the
source strengths at the positions of substitute
sources:

0=T"p M

where Q is the vector of complex amplitudes of
substitute sources, p the vector of complex
amplitudes of sound pressures at control points and
T the matrix of transfer functions. Eq. (1) as well as
other to follow are given in frequency domain, thus
applicable to each frequency independently.

The drawback of the substitute source technique
is that is applicable to a single acoustic
surroundings, the one where the measurements have
been made. If the surroundings changes, the
identified substitute source become invalid.

A general formulation for the characterisation of
an air-borne acoustical source was given in [14]. It is
based on a theoretical result by Bobrovnitskii, [15].

Here the source is acoustically modelled using
a smooth enveloping surface across which the sound
pressure is developed in a truncated series of
orthogonal functions. Using the enveloping surface,
the source excitation at a particular frequency is
given as a vector of complex amplitudes of the
sound pressures blocked at the surface. The
connectivity with the acoustical space exterior to the
surface is achieved via the source impedance, given
as a corresponding matrix. The suggested surface is

a sphere, in which case the orthogonal functions are
the spherical harmonics. While the method [14]
represents an elegant way to model an airborne
source, its practical applicability stays limited as it is
not easy to accomplish measurement of an industrial
source in a spherical cavity. To overcome the
difficulty, the concept of patch impedance,
conceived in [16], can be used to define the source
in the same way as in [14] but using discrete surface
patches instead of continuous functions, [17]. The
enveloping surface is here divided in a number of
patches. All the acoustical quantities concerned (i.e.
the sound pressure and the particle velocity) are
averaged across the patch. The sound pressure
amplitude vector of the source coupled to the
surrounding acoustical space, pc , is related to the
blocked sound pressure vector ps in the following
way:

Pe=Zw (Zss +Z )_1 Py )

with Zgg and Zzp the impedance matrices of the
source and the frame (receiver) respectively.
Figure 1 shows an example of the patch impedance
source modelling. Here the source is a vibrating
body, the receiver space is a room with partially
absorbing walls while the enveloping surface is
a parallelepiped.

The patches used for the connectivity across the
parallelepiped are shown in Figure 2. The matching
between the sound pressure spectra obtained by
direct computation and by patch impedance
substructuring is shown in Fig. 3.

Fig. 1. Sound source (dark surface) in a room. The
inner box represents the source envelope surface.
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Fig. 2. Envelope source surface. Dark rectangles
represent surface patches used for sub-structuring.
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Fig. 3. RMS room sound pressure spectrum in
a point. Full line: computed via patch sub-
structuring; dotted line: direct computation.

The matching between the two results is seen to
be globally rather good. At higher frequencies,
where the patch size gets comparable to the
wavelength, the discrepancy increases as expected.
Moreover, in this example only 45 out of 245
patches, ie. 18% of the total surface, were
accounted for. Taking more patches in computation
produces better matching, but treating a very large
number of patches in real measurements becomes
unfeasible.

3.2. Structure-borne sources

The characterisation of a structure-borne source
can be achieved by either using the free velocity and
source mobility concept or the blocked force and
source impedance concept. These two equivalent
concepts have been well known for a long time,
[18]-[19]. In practical applications the mobility
concept better suited than the impedance one. Where
the source of structure-borne noise is coupled to the
frame via discrete points, the following formulae
give the coupling force vector F,. in terms of the free
source velocity vy

F, :_(MSS + Mg )71vSf 3

with Mg and Mgy being the mobility matrices of the
source and the frame (receiver).

The main problem in practice is the measurement
of the mobility and the free velocity. The
conditioning problems, typical of matrix inversion,
deteriorate the results considerably. As a rule,
a small error in the source or receiver matrices will
result in a large error of the computed coupling
quantities.

Some considerable efforts have been dedicated to
the characterisation of structure-borne sound, see
e.g. [20]-[25]. The subject has been studied in depth,
but so far no good enough approach has been found
free from the conditioning inconveniences.

Many studies have been focused at investigating
mechanical power transmission from a source to its
frame, see e.g. [26]. However, the power is not
a concept which easily fits sub-structuring as it does
not represent an independent source descriptor,
neither it suffices to fully account for the interface
continuity conditions.

One of the difficulties of the source structure-
borne characterisation is of purely mechanical
nature: some sources cannot operate if decoupled
from the frame. Some recent approaches are aimed
at the characterisation in the coupled state, [27],
[28]. The approach described in [27] provides all the
needed source and frame descriptors exclusively
from coupled-state measurements. The constraint to
this approach is that it can be applied to cases where
the source and the frame are coupled via soft and
preferably thin mounts. The approach described in
[28] defines a way to get the blocked force of the
source from the measurements in fully coupled
conditions. The inconvenience is that the passive
source descriptor, the source impedance, has to be
identified separately by some suitable technique.

3.3. Fluid-borne sources

Sources like a ventilation fan, an IC engine
exhaust, a hydraulic circuit operated by a pump
make noise which is transmitted away in the form of
pressure pulsations.

A source of such a fluid-borne noise can be
characterised in terms of its blocked pressure and its
internal impedance. These quantities are in most of
the cases defined at the interface between the source
and the associated hydraulic circuit, e.g. at the entry
section of the exhaust tube.

The major part of publications on pulsation
sources were focused at internal combustion
engines, [29]-[42]. A major inconvenience with such
sources is that the source has to operate even when
its passive descriptor, the impedance, is measured.
This implies that the source has to be coupled to the
reception circuit during both excitation and
impedance measurements. Such sources are
therefore most conveniently characterised using
a load of known impedance attached to the source.

Since a pair of source descriptors is to be
identified, two or more different loads are needed.
Different source characterisation techniques have
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been developed, based on different source models.
The simplest one, the two-load method, assumes the
source to be linear and stationary, the latter to allow
for signal phase synchronisation between two
measurements. Provided this to be the case, the
source descriptors, the source pressure amplitude
(blocked pressure) ps and its impedance ZS are
obtained from two measurement of the operating
pressure amplitudes, p; and p,, each with a different
load impedance, Z;; and Z;5,:

ZL2 _ZLI 4
Ps = D, o)
Z,p—Z,p, I
P, — P
Z.o=— 22770 7 7 (4b)
: Z,p—Z,p; Hee

The three-load [32] and the four-load [33]
method are based on auto and cross spectra
measurement.

Thus the synchronisation is not needed but in
return an increased number of different source loads
is required, i.e. as many loads as unknown variables.
The increase in number of loads leads to the drop in
the conditioning of system matrices, making the
results increasingly sensible to measurement
imperfections. In order to improve the robustness of
the characterisation, Bodén has proposed the use of
over-determined system of equations, [34]. Even so,
the measurement of pulsating source descriptors
remains delicate if engines are concerned.

The pulsation sources, such as fans, cannot be
adequately characterised using the simple singleport
type formulae like (4a,b) which are good enough for
sources like engines and compressors.

The acoustical crosstalk between the inlet and
the outlet requires the use of multi-port methods,
[43], [44]. Specific fan characterisation approaches
suitable for sub-structuring were reported in [45].
An original approach for the characterisation of
small hermetic compressors used in household
refrigerators was proposed in [46].

4. FRAME MODELLING

In the context of noise modelling by sub-
structuring the frame (receiver) is considered to be
the acoustic path which stretches from the noise
source to the listener’s ear. This path can be
represented by a single model or, if more
appropriate, as a series connection of several
transmission paths.

The role of a path’s model is to provide
information on noise transfer from the source, either
directly or through the connections, via the frame
structure to a given reference point. This is done by
establishing an appropriate frequency transfer
function between the two.

In typical industrial cases the physical frames of
the same design will have acoustical characteristics
which disperse due to production imperfections.
This is often the case with light-weight assemblies
such as vehicles or white goods, as shown e.g. by
Kompella and Bernhard, [47].

i
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Fig. 4. Structure-borne transfer function
of a refrigerator cabinet frame. Top: modulus,
bottom: phase. Smoothened values are
superposed to the original curves

To better adapt to the reality the frame structure
is taken into account within the present approach in
an averaged sense. This is done by "smoothing out"
the frequency transfer function, as shown in Fig. 4.

5. NOISE SYNTHESIS

Once identified, the source and the frame
frequency data obtained by characterisation and
smoothing are combined within a computer for
carrying out the noise prediction. This is done by
satisfying pressure and velocity continuity

conditions at interfaces, as shown in Fig. 5.

Fig. 5. Block diagram of noise synthesis.

Fig. 6 shows an example of smoothing effect on
noise produced by a door bang. The source was
characterised in a free space, and its coupling with
a rectangular room was done using once the true and
then the smoothened transfer function obtained by
the patch impedance approach.
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Fig. 6. Noise of door bang in a room. Top: use of
true room transfer function. Bottom: use of transfer
function smoothened in 5Hz bands.

It has been found that reasonable simplifications
in the transfer function of the noise propagation
path, imposed by the smoothing, affect the synthesis
to a very small extent. On the contrary,
simplifications in source characteristics usually give
poor results.

6 CONCLUSIONS

The synthesis of noise generated by mechanical
objects like machines, vehicles, equipment etc. can
be achieved using a sub-structuring approach in
frequency domain. The object is modelled as a set of
sources and transmission paths, each of which is
characterised independently. The characterisation is
done either by measurements or by computation.
The final noise synthesis is done on a computer, by
applying the mechanical continuity conditions at the
interfaces  between  different sources  and
transmission paths.

The approach looks feasible from a scientific
point of view. It should be further elaborated in
order to reach the level of industrial applicability.

REFERENCES

[1] Hurty W. C.: Dynamic analysis of structural
systems using component modes, AIAA Journal,
3, 678-685 (1965).

[2] Craig Jr R. R., Bampton M. C. C.: Coupling of
substructures for dynamic analysis, AAIA
Journal, 6, 1313-1319 (1968).

[3] Berman A.: Vibration analysis of structural
systems using virtual substructures, Shock and
Vibration Bulletin, 43, 13-22 (1973).

[4] Hale A. L., Meirovitch L.. “A general
substructure synthesis method for the dynamic
simulation of complex structures”, Journal of
Sound and Vibration, 69, 309-326 (1980).

[5] T. Ten Wolde: “On the validity and application
of reciprocity in acoustical, mechanoacoustical
and other dynamical systems”, Acustica, 28, 23-
32 (1973).

[6] Fahy F. J.: “Vibro-acoustic reciprocity principle
and applications to noise control“, Acustica, 81,
544-558 (1995).

[7] Cremer L.: “Synthesis of the sound field of an
arbitrary rigid radiator in air with arbitrary
particle velocity distribution by means of
spherical sound fields”, Acustica, 55, 44-47
(1984). (in German)

[8] Koopmann G., Song L., Fahnline J. B.:
“A method for computing acoustic fields based
on the principle of wave superposition”, Journal
of the Acoustical Society of America, 88, 2433-
2438 (1989).

[9] Ochmann M.: “Multiple radiator synthesis — an
effective method for calculating the radiated
sound field of vibrating structures of arbitrary
source configuration”, Acustica, 72, 233-246
(1990). (in German).

[10] Yu. 1. Bobrovnitskii, T. M. Tomilina:
“Calculation of radiation from finite elastic
bodies by method of equivalent sources”, Soviet
Physics Acoustics 36 (1990) 334-338.

[11] Yu. 1. Bobrovnitskii, K. I. Mal’tsev, N. M.
Ostapishin, S. N. Panov: “Acoustical model of a
machine”, Soviet Physics Acoustics, 37, 570-574
(1991).

[12] G. Pavié: “An engineering technique for the
computation of sound radiation by vibrating
bodies using substitute sources”, Acta Acustica,
91, 1-16, (2005).

[13] A. T. Moorhouse, G. Seiffert:
“Characterisation of an airborne sound source
for use in a virtual acoustic prototype”, Journal
of Sound and Vibration, 296, 334-352 (2006).

[14] Yu. L. Bobrovnitskii, G. Pavi¢: “Modelling and
characterization of airborne noise sources®,
Journal of Sound and Vibration, 261, 527-555
(2003).

[15] Yu. L. Bobrovnitskii: “4 theorem on the
representation of the field of forced vibrations of
a composite elastic system”, Acoustical Physics
47,409-411 (2001).

[16] M. Ouisse, L. Maxit, C. Cacciolati, J. L.
Guyader: “Patch transfer functions as a tool to
couple linear acoustics problems”, Journal of
Vibration and Acoustics 127, 458-466 (2005).

[17] G. Pavié, N. Totaro: “Noise source
characterisation  using  patch  impedance
technique”, Proceedings of Euronoise 2008.

[18] F. A. Firestone: “The mobility method of
computing the vibration of linear mechanical
and acoustical systems: mechanical-electrical
analogies”, Journal of Applied Physics, 9, 373-
387 (1938).

[19] J. O’Hara: “Mechanical impedance and
mobility concepts”, Journal of the Acoustical
Society of America, 41, 1180-1184 (1967).



) DIAGNOSTYKA’ 3(51)/2009 15
PAVIC, Mechanical Noise Synthesis By Sub-Structuring

[20] T. Ten Wolde, G. Gadefelt: “Development of
standard measurement methods for
structureborne sound emission”, Noise Control
Engineering Journal 28, 5-14 (1987).

[21] J. M. Mondot, B. A. T. Petersson:
"Characterization of structure-borne sound
sources. The source descriptor and the coupling
function” Journal of Sound and Vibration, 114,
507-518 (1987).

[22] B. A. T. Petersson, B. M. Gibbs: “Use of the
source descriptor concept in studies of multipoint
and multi-directional  vibrational sources”,
Journal of Sound and Vibration, 168, 157-176
(1993).

[23] S. Jianxin, A. T. Moorhouse, B. M. Gibbs:
"Towards a practical characterization for
structureborne sound sources based on mobility
techniques", Journal of Sound and Vibration,
185, 737-741 (1995).

[24] M. H. A. Janssens, J. W. Verheij:
“A pseudoforces methodology to be used in
characterization of  structure-borne  sound
sources”, Applied Acoustics, 61, 285-308
(2000).

[25] B. A. T. Petersson, B. M. Gibbs: “Towards

a structure-borne sound source
characterization”, Applied Acoustics, 61, 325-
343 (2000).

[26] A. T. Moorhouse: “On the characteristic power
of structure-borne sound sources”, Journal of
Sound and Vibration, 248, 441-459 (2001).

[27] G. Pavi¢, A. Elliott: “Characterisation of
structure-borne sound in situ”, Proceedings of
Euronoise 2006 (2006).

[28] A. Elliot, A. T. Moorhouse, G. Pavi¢:
“Characterization of a structureborne sound
source using independent and in  situ
measurement,” Proceeding of International
Congress on Acoustics (2007).

[29] M. L. Kathuriya, M. L. Munjal: “A method for
the experimental evaluation of the acoustic
characteristics of an engine exhaust system in the
presence of mean flow”. Journal of the
Acoustical Society of America, 60, 745-751,
(1976).

[30] M. G. Prasad, M. J. Crocker: “Acoustical
source characterization studies on
a multicylinder engine exhaust system*, Journal
of Sound and Vibration, 90, 479-490, (1983).

[31] D. F. Ross, M. J. Croker: “Measurement of the
acoustical internal impedance of an internal
combustion engine®, Journal of the Acoustical
Society of America, 74, 18-27, (1983).

[32] H. S. Alves, A. G. Doige: “A4 three-load method
for noise source characterization in ducts.
Proceedings of NOISE-CON 87, 329-334,
(1987).

[33] M. G. Prasad: “A four load method for
evaluation of acoustical source impedance in
a duct”, Journal of Sound and Vibration, 114,
347-356 (1987).

[34] H. Bodén: “The multiple load method for
measuring the source characteristics of
timevariant sources”, Journal of Sound and
Vibration, 148, 437-453 (1991).

[35] H. Bodén: “On multi-load methods for
measuring the source data of acoustic one-port
sources”, Journal of Sound and Vibration, 180,
725-743, (1995).

[36] L. Desmons, J. Hardy, Y. Auregan:
“Determination of the acoustical source
characteristics of an internal combustion engine
by using several calibrated loads”, Journal of
Sound and Vibration, 179, 869-878, (1995).

[37] P. O. A. L. Davies, K. R. Holland: I.C. engine
intake and exhaust noise assessment, Journal of
Sound and Vibration, 223, 425-444, (1999).

[38] S.-H. Jang, J.-G. Ih: “Refined multiload method
for measuring acoustical source characteristics
of an intake or exhaust system”, Journal of the
Acoustical Society of America, 107, 3217-3225
(2000).

[39] R. Boonen, P. Sas: “Determination of the
acoustical impedance of an internal combustion
engine exhaust”, Proceedings of ISMA 2002, 5,
1939-1946, (2002).

[40] H. Bodén, F. Albertson: “Application of the
multiple load method for non-linear sources”,
Proceedings of 7 ICSV, (2000).

[41] S. H. Jang, J.-G. Th: “A measurement method
for  the nonlinear  time-variant  source
characteristics of intake and exhaust systems in
fluid machines”. Proceedings of 10m ICSV,
(2003).

[42] H. Rdmmal, H. Bodén: “Modified multi-load
method for non-linear sources”, Journal of
Sound and Vibration, 299, 1094-1113, (2007).

[43] J. Lavrentjev, M. Abom, H. Bodén:
“A measurement method for determining the
source data of acoustic two-port sources”.
Journal of Sound and Vibration, 183, 517-531,
(1995).

[44] J. Lavrentjev, M. Abom: “Characterisation of
fluid machines as acoustic multi-port sources”.
Journal of Sound and Vibration, 179, 1-16,

(1996).
[45] A. T. Moorhouse, P. O. Berglund, F. Fournier,
T. Avikainen: “Fan characterisation

techniques®, Proceedings of Fan Noise 2003,
(2003).

[46] L. Gavri , M. Darpas: “Sound power of hermetic
compressors using vibration measurements”,
Proceedings of the 2002 International
Compressor Engineering Conference, 499-506
(2002).

[47]1 M. S. Kompella, B. J. Bernhard: “Variation of
structural-acoustic characteristics of automotive
vehicles*, Noise Control Engineering Journal,
44, 93-99 (1996).






. DIAGNOSTYKA’ 3(51)/2009 17
CURCURU, COCCONCELLI, IMMOVILLI, RUBINI, On The Detection Of Distributed Roughness On ...

ON THE DETECTION OF DISTRIBUTED ROUGHNESS ON BALL BEARINGS
VIA STATOR CURRENT ENERGY: EXPERIMENTAL RESULTS

Giuseppe CURCURU', Marco COCCONCELLI?, Fabio IMMOVILLI?, Riccardo RUBINI?
' DTMPIG, University of Palermo, Palermo, Italy, g.curcuru@unipa.it
* DISMI, University of Modena and Reggio Emilia, Reggio Emilia, Italy,
marco.cocconcelli@unimore.it, fabio.immovilli@unimore.it, riccardo.rubini@unimore.it

Summary

This paper deals with the detection of distributed roughness on ball-bearings mounted on
electric motors. Most of the literature techniques focus on the early detection of localized faults on
bearing (e.g. on the outer ring) in order to determine the bearing life and to plan the bearing
replacing. Localized faults can be detected because they have characteristic signatures which is
revealed in the frequency spectrum of the vibration signal acquired by an external sensor, e.g.
accelerometer. Unfortunately other faults exist which do not have a characteristic signatures and
then they could not be foreseen accurately: e.g. the distributed roughness. In this paper the motor
stator current energy is proposed as a fault indicator to identify the presence of the distributed
roughness on the bearing. Moreover an orthogonal experiment is set to analyse, through a General
Linear Model (GLM), the dependencies of the current energy to the roughness level, and two
environmental conditions: the motor velocity and the loads applied externally. ANOVA
investigates the statistical significance of the considered factors.

Keywords: bearing diagnostics, distributed roughness, ANOVA, GLM, induction motor.

1. INTRODUCTION

Rotating bearings are very important component
in many industrial machines. Their failure can
reduce drastically the system reliability producing
heavy economic losses. With the development of
modern sensor-driven systems, the monitoring of
such critical components became possible. This
gives the possibility to follow the evolution of the
wear processes in real time.

We know from literature that bearing failures can
be revealed by machine vibrations [1]. Spectral
analysis is the most used methodology. It makes
possible the identification of localized faults ( inner
race, outer race, balls, cage faults) by their
characteristic faults frequencies [2].

Predictive models for the monitoring of localized
faults have been produced [3]. More recently
emphasis has been given to diagnostic via stator
current [4, 5, 6, 7, 8]. The identification of localized
faults by stator current analysis presents many
practical and economical advantages (e.g. it is not
necessary to use external sensors).

Another emerging research interest is the
generalized (not-localized) roughness [4, 9].

This is mainly generated in the industrial
environments, for example: contaminations, lack or
loss of lubrication, corrosion due to water or acids,
dust, humidity, etc.

It is particularly difficult to identify this kind of
faults by standard/established vibration or stator
current analysis, because, generally, there are no
characteristic fault frequencies at all. This has been
verified in many research publications [4, 5].

In [10] the mechanism of propagation of bearing
vibrations to stator current signals via torque
fluctuations has been investigated.

In [5, 11] new methodologies were proposed for
the identification of generalized roughness faults,
respectively employing mean spectrum deviation
(MSD) and spectral kurtosis energy (Esy).

In this paper we present the main results of our
study on simulated generalized roughness on the
bearing rolling elements. In the present work we
have hypothesized, using a General Linear Model,
an interpretative model of the degradation stochastic
process without considering the vibration of the
machine, but only involving the stator current
energy.

The paper is organized as follows. Chapter two
introduces the experimental plan and the used
machine. In chapter three we propose the data
analysis and the interpretative model. The
conclusions and the presentation of next research
steps close the paper.

2. EXPERIMENTAL PLAN

The experimental plan is set to analyse
dependencies of the stator current energy to the main
parameter of interest, which is the roughness level of
the spheres surface of the bearing, and two other
environmental conditions: the angular velocity of the
motor and the external radial load applied to the
bearing.

A test-rig is available which is composed by: an
induction machine on whose shaft is mounted the
bearing under test, a mechanical system which
externally loads the bearing and digital data
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acquisition system that records the significant
signals (vibration, current, etc.) characteristics.

The motor employed in the experiments is a 1.1
kW three phase induction machine with V,,=380V,
N,=28 rotor bars, P=2 poles pair. Rated slip and
frequency are s,=7% and f=50Hz.

The ball-bearing under test is mounted on the
shaft of the motor and it is externally loaded due to
8 identical springs working in parallel (Clamped
between two parallel plates). The elastic coefficient
of each spring is Ke=5405 N/mm. As
a consequence of working in parallel, all springs are
equivalent to a single spring with an equivalent
elastic coefficient Ke.;=43.24N/mm. The load is
transferred to the ball-bearing through an apposite
seat in order to distribute it along half part of the
bearing. The given load is measured through the
distance of separation of the two plates with respect
to their unloaded configuration.

The bearing chosen for the test is a SKF 1205
ETNO double crown self-aligning ball bearing with
plastic cage. It was chosen in order to realize a quick
and reliable disassembly to completely access each
component. The bearing parameters, taken from the
datasheet, are: outside diameter 52 mm, inside
diameter 25 mm, 2 races on the inner ring with
13 balls for each race (26 balls total), D, = 39.06
mm, Dy =7.45 mm, cos B =1, § = 0 rad.

The ball contact angle B is estimated to be
0 because of the self-alignment characteristic of the
bearing.

Each test of the experimental plan is performed
on a batch of five bearing to increase the statistical
meaning of the results. The different levels of each
experimental factor are chosen according to Table 1,
where the capital letter between parenthesis will be
used to point each factor.

2.1. Roughness level (R#)

In order to simulate a distributed roughness on
the bearing surface, each bearing is disassembled
and the spheres cleaned from the lubricating oil.
Only the spheres are then dipped into a concentrated
solution of ferric chloride (FeCl;) salt for a given
time. In particular four different roughness levels are
considered:

- level R1: new spheres.

- level R2: one hour immersion in ferric chloride.

- level R3: two hours immersion in ferric chloride.
- level R4: three hours immersion in ferric chloride.

2.2. External load level (L#)

Four different radial load conditions are
considered. The load is set by the compression of the
eight springs between two plates and their
displacement is measured with a Mitutoyo® digital
caliper. The four load steps used in the tests,
together with the corresponding displacements are:

- level L1: unloaded case. Springs not compressed.
- level L2: applied force of 411.84 N due to
springs compression of 10mm.

- level L3: applied force of 844.64 N due to
springs compression of 20mm.

- level L4: applied force of 1277.4 N due to
springs compression of 30mm.

2.3. Motor angular velocity level (W#)
Three different velocities are chosen:
- level W1: 300 rpm (rotational frequency: 5 Hz)
- level W2: 900 rpm (rotational frequency: 15 Hz)
- level W3: 1500 rpm (rotational frequency: 25
Hz)

Table 1. Experimental factors levels summary

Experimental factor
Level # | Roughness Load Velocity
[R#] [L#] [W#]
1 0 hours 0N 5 Hz
2 1 hours 411.84 N 15 Hz
3 2 hours 844.64 N 25 Hz
4 3 hours 1277.4 N

2.4. Acquisition system

An amperometer clamp placed on power cable of
the motor is used to acquire the current data, which
is sampled at 20 kHz by dSpace® 12 bit acquisition
system for a period of 10 seconds. The current
energy is calculated in Matlab® as the integration of
the amplitude square value of the Fast Fourier
Transform of the current signal as in Equation (1).

Eo = [0 dt ()

The test is carried out as follow: all the bearing
in the given test batch are opened and all their
spheres are cleaned and degreased from the
protective oil. Then the spheres of each bearing are
etched using fresh solution, afterwards each bearing
is reassembled and mounted on the motor shaft. The
induction motor used during test was ran unloaded,
e.g. was not connected to a brake or other type of
load. For each radial load level the current signal is
acquired at the different prescribed rotating speed.
After these tests the bearing is disassembled and the
next one is put under test and so on until the end of
the experimental plan.

The total amount of tests is:

5 [replications] x 4 [roughness levels] x 4 [load
levels] x 3 [velocity levels] = 240 tests.

Figures 1-3 show the current energy level
calculated for each test is reported with respect to
a specific characteristic. Figure 1 in particular shows
the influence of load levels, Figure 2 and Figure 3
respectively present the roughness levels and the
velocity levels.
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3. ANALYSIS OF THE EXPERIMENT

As outlined in the introduction, the presence of
a distributed fault is characterized by the absence of
characteristic fault frequencies both in the vibration
and in the current spectra.

Nevertheless, looking at the current spectra
obtained in the different simulated roughness levels,
it is possible to appreciate a significant difference in
the amplitude of the spectral lines.

The spectra reported — Figures 4-8 — below are
referred to specific operational conditions and to the
first two simulated roughness levels (R1, R2) in the
frequency band [0,300]Hz.

Varying the operational conditions, both the
shape of the spectra and their frequency content
heavily change. In general it is possible to observe
an increase in all components and even new spectral
lines related to the different speeds. Nevertheless, in
any operational condition, the spectra representing
the four roughness levels (R1 — R4) are
distinguishable. For this peculiarity we have chosen
the absorbed stator current energy — during the 10
seconds of acquisition time — to characterize each
roughness level in each operational condition.
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Fig. 4. Current spectrum for R1-L1-W1 test
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Fig. 5. Current spectrum for R1-L4-W3 test

In fact, changes in the current spectra (broadband
changes, new spectral lines, increase of amplitudes,
etc.) inevitably express a different energetic content.
After calculating the energies at the different
operational conditions, a statistical analysis of the
data was produced.

We have considered the General Linear Model
(GLM) to express energy Y as a linear combination
of the three considered factors — roughness, speed,
load — and, if possible, of the crossed factors.
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A new experimental factor was added to the first
three ones introduced before. This was the block
factor bearing nested into the factor roughness. In
fact, even if every bearing has the same nominal
roughness level (the immersion time in the
ferricchloride solution is the same for each bearing
for each considered roughness level), it will
inevitably exhibit a different effective roughness
level. For this reason, trials cannot be considered as
replications.

The following model was suggested:

Yijiam = 1L+ o + By + vic T i T Py + oy + Biyie +
Py &m 2

Where:
41— 1is the general mean of the energies Y;
ai, i n. - are the principal effects of factors: speed,
load and roughness.

The remaining two and three factors terms are
representative of the interactions among the three
factors;

O 1s the block factor bearing nested into factor
roughness. Considered that the model is not
deterministic, an error term g, was introduced. For
this variable we made these assumptions:
independence, normality and homogeneity of
variance.

Using MINITAB®, the original data Ys have
been analyzed. The analysis of residuals was made
to verify the hypotheses of normality and
homogeneity of variance.

The normal probability plot of the residuals is
shown in Figure 9. For the original data, we obtained
not normalized residuals because points are not
sufficiently aligned along the blue line.

Not considering the outliers, the normal plot
looks like a sigmoid. This shape is typical for those
phenomena that exhibit a multiplicative behaviour
and not an additive one.

This implies that the random variable must be
lognormal.

Making a logarithmic transformation of the
original data, GLM was applied to these transformed
data. Therefore, the new variable is log(Y) where Y
is the stator current energy.

Normal Probability Plot of the Residuals
(response is CURRENT ENERGY)
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Fig. 9. Normal plot of the residuals for the original
data (stator current energy)

The analysis of residuals for the transformed
variable shows a rectification of the residuals’
normal plot and evidences, at the same time, the
presence of some outliers ( beyond + 36 ), as shown
in Figure 10.

The analysis of variance (ANOVA) technique
provides a statistical procedure to evaluate the
contribution of the involved factors and their
interactions to the variability in the response variable
log(Y).

The ANOVA for the our data is reported in
Table 2.

The ANOVA is used to test the significance of
regression.

The F column of Table 2 shows both the results
of the F-test on the factors and their interactions.
The greater the F value, the more significant is the
factor. This means that the null hypothesis is
rejected. In this case the p-value is less than the
threshold, that we set equal to 0,05.
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Fig. 10. Normal plot of the residuals for the data
logarithmic value (stator current energy)

Table 2. ANOVA of the initial model

Source DF Seq SS Adj SS | AdjMS F P

R 205,8647 | 189,9579 | 63,3193 | 715046,27 | 0,0000

L 0,0104 0,0023 | 0,0008 8,52 0,0000

W 0,3536 0,3389 | 0,1694 1913,34 | 0,0000

R*W 0,0009 0,0009 | 0,0002 1,70 0,1220

3
3
2
R*L 9 0,0025 0,0021 0,0002 2,67 0,0060
6
6

L*W 0,0010 0,0010 | 0,0002 1,86 0,0890

R*L*W 18 0,0007 0,0007 | 0,0000 0,43 0,9810

bearing(R) | 16 0,0099 0,0099 | 0,0006 6,97 0,0000

Error 214 | 0,0190 0,0190 | 0,0001

Total 277 | 206,2627
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Table 3. ANOVA of the simplified model
Source DF Seq SS AdjSS | AdjMS F P

R 3 | 205,865 | 197,7228 | 65,908 | 745538,16 | 0,0000
L 3 | 00104 | 00023 | 0,0008 | 849 | 0,0000
W 2 | 03536 | 03532 | 0,1766 | 1997,69 | 0,0000

R*L 9 | 00025 | 00026 | 0,0003 | 321 | 00001

bearing(R) | 16 0,0099 0,0099 | 0,0006 6,97 0,0000

Error 214 0,0216 0,0216 | 0,0001

Total 277 | 206,263

The interactions R*W, L*W, R*L*W in Table 2
are not statistically significant. Table 3 shows the
ANOVA for the final model, where these
interactions were eliminated.

ANOVA suggests the importance of speed, load
and, most of all, of roughness. The only significant
interaction is that between load and roughness.

The block factor bearing nested into the factor
roughness must be considered as a technological
factor and it can be omitted from a possible
predictive model.

In conclusion the results of the experimental plan
proves that interaction model in the equation (2) has
to be changed and the new model is reported in
equation (3).

Yikm= W + Qi+ Bj+ Yk + Biyk+ €m 3)

4. CONCLUSIONS

In this paper the use of the stator current energy
as an indicator of the presence of distributed faults
on ball-bearing has been investigated.

An experimental plan is set up to analyse the
dependencies of the current energy both to bearing
roughness level and to environmental conditions.

Two factors are considered as environmental
conditions: the motor velocity and the radial load
applied externally to the bearing.

The obtained interpretative model proves that it
is possible to employ the stator current energy to
monitor the degradation level of bearings once the
operational conditions are known.

Future research activities are focused on:

1) identification of a quantitative/predictive model
by building an adequate experimental design, in
which stator current energy can be expressed as
a linear combination of the experimental factors
with numeric coefficients;

2) trying to extract from the stator current spectra
new parameters mostly influenced by the
roughness level and less dependent from the
operational conditions.
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Summary
The paper is an introductory session dedicated to the sources of vibrations in a hybrid drive,
which is meant to propel special tracked vehicle. The analysis was performed according to stand
test results of a hybrid drive. It is aimed on individual modes of operation and modes ensuing from

cooperation of diesel drive and electric drive.

Keywords: hybrid drive, diesel drive, gas engine, electric drive, vehicle, oscillations, vibrations, shocks.

1. INTRODUCTION

Vibrations (oscillations, shocks) are important
qualifiers of technical condition of machines, or
machine systems, its workload and functionality.
This fact is rather often used for monitoring of
technical condition of machines and its diagnostics.
The simplest form lies in broadband measurement
of overall vibratory effects, whether it is in
a defined band according to valid rules or according
to manufacturer’s recommendation for the particular
machine pieces. More knowledge is possible to be
obtained on the basis of frequency analysis. More
complex methods and equipment is necessary to
obtain characteristic frequency spectrum of
machine vibrations. The measurements are
proceeded systematically, targeted, generally on
a machine in perfect technical conditions with more
repetitions as time goes with period recommended
for particular machine and type of operation. As
a machine is wearing out and the conditions are
worse, the characteristic frequency spectrum is
gradually changing, i.e. foremost its components
related to individual machine parts (gear wheels,
shafts, bearings, rotors, flywheels, joints etc.). Based
on the monitoring and analysis of these spectra
changes it is possible to efficiently diagnose, detect,
identify, localize eventually prognose emergent
failure without disassembly.

It is better to transform the obtained oscillation
time history into frequency field, which means to
arrange oscillations by its components. This
application is called frequency analysis and a band
limit spectrum or (as in our case) Fast Fourier
Transform (FFT) is used to accomplish this task.

The basic equation describing the process of
vibrations is given by:

MU +CU + KU = R(). (1)

where U is the vector of acceleration of the mass and
U is the vector of measuring point‘s velocity, U is
the vector of displacement of the structure and R(t)
is time-dependent load function. M is the mass

matrix, C is the damping matrix and K is the
stiffness matrix. The equation is valid for any point
on the measured structure but mostly the center of
gravity is examined and other relevant points on the
moving parts of the construction.

1.1. Evaluation of Oscillations

This is all about determining an effective velocity
of oscillations in the frequency band 1 — 1600 Hz
and afterwards comparing it with standard
specification or with boundary values given by the
manufacturer of the machine [1] (Fig. 1).
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Fig. 1. Values of velocity oscillations

The operating diagnostic of the technical
condition of an engine on the basis of vibrations can
be divided into:

- The method using spectra with constant
relative width of bands CPB (Fig. 2),

- The method using the FFT (Fig. 3).
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Fig. 3. FFT spectrum

It is a simple, quick and cheap method, which of
course gives credit whether the machine has failed
or not. It is not giving accurate position of the
damage and that is why it is necessary to attach an
individual machine part to particular frequency
components, which in some cases turn out to be
excessively difficult (Fig. 4).

Y —

amplitude

L 4

Frequency

Fig. 4. Particular frequencies

The spectral analysis of vibrations enables
detection of the following faults, even without
disassembly:

- shaft eccentricity,

- non-axiality of shafts,

- shafts bend,

- imbalance of rotating parts,
- condition of gearing.

2. THE ANALYSIS OF OSCILLATIONS
OF HYBRID DRIVE

The operation mode of hybrid drive of a vehicle
(Fig. 5) is chosen by driver according to drive
conditions and need of the performance of the
vehicle. Analyzed hybrid drive is specified for
special tracked vehicle (Fig. 6) [2], [3].

Fig. 5. Hybrid drive system — view from the
side of the gearbox

Fig. 6. Hybrid drive system — position in a vehicle

The driving system is able to support following

modes of operation:
» mode ,,DIESEL",
» mode ,,ELECTRIC MOTOR*,
» mode ,,HYBRID".

Besides of these basic operation modes are also
important so called transition modes and battery
charging, including:

» accelerating period of vehicle,

»  coupling of couplings by transition to hybrid
drive,

» decoupling of couplings by transition to diesel
or electric drive,

» Dbatteries charging (electric motor withdraws
power from diesel engine).

2.1. Hybrid drive oscillations measurement

The measurements were performed with PULSE
system, which we are using on our workplace. The
manufacturer of the diagnostic system is Danish —
Germany firm Briel & Kjaer [6]. The values
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measured were exported into MS OFFICE 4o
application, where they were handled and its time 7 — s x
history graphically modeled. 600
The transferability of the system allows us to Lo - =
setup PULSE system according to our needs on E o sz
hardware and software and in any case a possibility 5
of upgrade. Big advantage is availability of multi- i _ﬁz;'jmom
analysis, where PULSE system performs multiple - —— acceptable
analyses in real time, for example paralle]l CPB and ' condition
FFT analysis etc. [4], [5]. . —
In Fig. 7 - 13 is shown dependency of velocity on
frequency along individual axes for hybrid drive.
The sensor was positioned on a cover of coupling Fig. 10. Decoupling the gas engine
gearbox and the measurements were performed on
atest stand, where the operational conditions of o
a tracked vehicle were simulated. A R—
1.00
o o 600 — Aty
= —axis X x axisz
408
o —good
é 500 =t condition
E i —acceptable
400 — sz condilion
308 —ﬂDﬁﬂ
condition ; hemieneyH
_f;‘niﬂl:ll"f Fig. 11. Diesel mode — propelled by gas engine
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400 condition . . . . . .
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| o | i | I condition
i e (O 2.2. Evaluations of measuremens

Fig. 9. Batteries charging

Based on performed measurements and its
graphical evaluation it is safe to state that:
» the electric drive mode and hybrid drive mode

shows low values of oscillation velocity — it did
not overlap values given by mechanical
constructions in the category (specific for
relatively light operation),
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» higher values of velocity manifest in modes of
coupling and decoupling of the gas engine
drive, where the velocities are in acceptable
intervals or they do not significantly overlap
them,

» the highest values of velocity are represented
by coupling of the diesel drive with electric
drive, where the velocities overlap
recommended values and this can have
unfavorable influence on the reliability and
lasting of the drive mechanism and its
components.

3. CONCLUSIONS

Analysis of vibrations of hybrid drive is based
on measurement results of characteristic parameters
of vibrations. Possible detection of system failure is
through comparison of overall level of vibrations
with standard apriority attached criterions.
Disadvantage of the method lies in inability to catch
nucleating failures which emits signals of very short
time intervals and that is why it is not shown in
overall level of vibrations. In the same manner the
overall noise level do not recover information about
failure localization.

It is necessary to note that our task does not end
by these measurements and it is necessary to repeat
these measurements after the hybrid drive unit is
mounted into real vehicle. Afterwards evaluate and
compare with the analysis performed on the test
stand.
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Summary

Road traffic securing safety is supervising purpose in the course of all operate and service
actions and in the course of exploitation of car vehicle and during their project designs and
production. Consequently regulatory records of state laws order range of check action and
certifying, which enable verification according to strictly definite criteria of correctness of
individual operations of units of cars.

Periodic check research enables estimate of technical condition state of chosen element of
vehicle. Regulatory records of state laws directions define range of executable action in the course
of research. However, in practice some actions are very often neglected, which can effect
diagnosis. The paper presents the results of effective diagnostic experiments, which purpose was
the analysis of influence of value of pressure in tires on results of research of shock-absorbers in
vehicles controls stations. It also presents chosen results of ranges of analytical experiments,
which purpose was the comparison of sensitivity of chosen diagnostic estimators on changes of
values of pressure in tires.

Keywords: diagnosing of shock-absorber, changeable pressure in tires, signal processing.

DIAGNOZOWANIE AMORTYZATORQW W POJAZDACH SAMOCHODOWYCH
PRZY ZMIENNYM CISNIENIU W OGUMIENIU

Streszczenie

Zapewnienie bezpieczenstwa ruchu drogowego jest podstawowym celem podczas obstugi,
czynnos$ci naprawczych oraz podczas eksploatacji pojazdéow samochodowych a takze w trakcie
procesow projektowania i produkcji. Odpowiednie przepisy i ustalenie prawa okreslaja zakres
czynnos$ci kontrolnych i wymagania certyfikacji, ktore umozliwiaja weryfikacj¢ poprawnosci
dzialania poszczegolnych elementow i zespoldw pojazdu wedtug Scisle okreslonych kryteriow.

Okresowe badania kontrolne umozliwiaja oceng stanu technicznego wybranych elementéw
pojazdu. Odpowiednie regulacje prawne dokladnie okreslaja zakres obowiazkowych czynnosci
kontrolnych, jednak rzeczywisto$¢ ukazuje, ze niektdre czynno$ci sa bardzo czgsto pomijane
w trakcie badan kontrolnych, co moze wptywaé bezposrednio na diagnozg.

W artykule przedstawiono wyniki czynnego eksperymentu diagnostycznego, ktorego celem
byla analiza wptywu wartosci ci$nienia w ogumieniu na wyniki badan amortyzatorow na stacji
kontroli pojazdéw. Przedstawiono takze wybrane wyniki eksperymentu analitycznego, ktorego
celem bylo poréwnanie wrazliwos$ci diagnostycznej wybranych estymatoréw na zmienne ci$nienie
W ogumieniu.

Stowa kluczowe: diagnozowanie amortyzatoréw, zmienne ci$nienie w ogumieniu, analiza sygnatu.

INTRODUCTION definite

operations of units of cars [4].

criteria of correctness of individual

According to adequate regulatory records of
state laws, which were analyzed in [1] vehicles
technical research consist in vehicle regulatory
compliance verification. Road traffic securing safety
is supervising purpose in the course of all operate
and service actions and in the course of exploitation
of car vehicle and during their project designs and
production. Consequently regulatory records of state
laws order range of check action and certifying,
which enable verification according to strictly

The commonly used methods of shock absorber
testing such as EUSAMA or BOGE facilitate the
assessment of the technical condition in terms of
reliability (good or bad). That is why define range of
executable action in the course of research
fulfillment is so important. However, in practice
some actions are very often neglected, that can effect
diagnosis. Authors decided to conduct effective
diagnostic experiments, which purpose was the
analysis of influence of value of pressure in tires on
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results of research of shock-absorbers in vehicles
controls stations.

Publications are known about the influence of
value of pressure in tires on results of research of
shock-absorbers in vehicles controls stations [2]. It
was decided to conduct analytical experiments,
which purpose was the comparison of sensitivity of
chosen diagnostic estimators on changes of values of
pressure in tires. It would be very helpful to find
diagnostic estimators insensitive to changes of
values of pressure in tires.

2. VIBRO-ACOUSTICS DIAGNOSTICS

Based on the analysis of the problem the
acceleration signals of oscillation from those
elements of the vehicle which have and which don’t
have suspension were chosen for the diagnostic
signals.

Acoustics or vibrations signal as the results of
changes which occur in technical system or
associated processes is a medium of the vibro-
acoustic information. As the information we
understand everything what is used to get more
efficient selection of leading operation to specified
objective [3]. Information is related indissolubly
with the signal because this signal is medium of it. It
informs us about conditions, changes or process of
physical or technical system taking under
consideration. Vibro-acoustics signals have the
biggest information’s capacity which enables to
observe changes in wide frequency band. That is
why vibro-acoustics research methods are use in
wide application in technical objects diagnostics [8,
14].

Vibro-acoustics  signals analysis is very
difficult. There are many methods of signals
analysis. The main problem in vibro-acoustics
research is difficulty of useful signal components
separation from the rest of signal without any
important information [5].

It is possible to consider many of measurement
problems on general signal level so it is considered
as the total signal in observation time. To define this
kind of signals there can be used such quantities:

a) amplitude domain,

b) time domain,

c) frequency domain.

Signal analyzed in time domain can use
autocorrelation function, probability density function
etc.

Spectrum of signal is signal energy distribution
in frequency domain. In digital signal
transformations the Fast Fourier Transform (FFT) is
used [6,7]. Using FFT is well-grounded only in case
of stationary signals.

In analysis of non-stationary signals random
processes have fundamental meaning, in which
interesting random effects can be functions of
frequency and time domain. For this kind of
processes the most often used analysis methods are:

—  short time Fourier transform (STFT),
— continuous wavelet transform (CWT),
—  Wigner-Ville distribution (WVD).

The results of these transformations are signal
distribution in time-frequency domains.
Multidimensional analysis methods of non-
stationary signals enable to observation with good
quality of distributed signal but they are time-
consuming.

Different methods of non-stationary signals
analysis used in shock-absorber diagnosis were
compared in many publications [9, 10, 11, 13]. The
new method of vibro-acoustic signals processing for
estimation purposes was developed [13]. New
measures of the conditions of shock absorbers were
proposed [9, 10, 13].

Based on gain experience and knowledge the
continuous wavelet transform (CWT) was chosen.
Additionally the diagnostic signal was analyzed in
time and frequency domain separately.

3. EFFECTIVE DIAGNOSTIC
EXPERIMENTS

Purpose of effective diagnostic experiments was
the analysis of influence of value of pressure in tires
on results of research of shock-absorbers in Fiat
Seicento on EUSAMA test contrlols station (fig. 1).

sensor on
sprung masses

sensor on test
stand plate

Fig. 2. Elements of measurement system
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The acceleration signals of oscillation from
those elements of the vehicle which have and which
don’t have suspension and test stand plate oscillation
were recorded during research (fig. 2).

Scope of research contained measures of
Eusama index and acceleration signals of oscillation
at changeable pressure in tires from 0,6 [bar] to 2,6
[bar] with 0,2 [bar] gradation.

4. RESULTS OF SHOCK-ABSORBER
DIAGNOSING ON EUSAMA TEST STAND

As the results of Eusama methods and shock-
absorber technical condition measure obtain Eusama
index. Distribution of Eusama index at changeable
pressure in tires is shown at fig. 3.
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Fig. 3. Eusama index distribution at changeable
pressure in tires

Differences between Eusama index values for
changeable pressure in tires reached 10% or even
more. That can be reason of incorrect diagnosis.

That is why so important is to find another
diagnostic estimators or project new diagnostic
system.

5. METHODS OF SIGNALS PROCESSING
FOR ESTIMATION PURPOSES

The sprung masses accelerations of vibration
signals were chosen to analysis.

time process - sprung masses

L L
L3 1o 15
time [s]
time process - un-sprung masses
4 10 15

time [s]
time process - test stand plate

L L
5 o 15
tirne [s]

Fig. 4. Recorded signals
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The methods of vibro-acoustic signals
processing for estimation purposes were presented.

Some measures of the conditions of shock absorbers
were compared.

Algorithm of time domain signals processing
for estimation purposes was presented on figure 5.
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Fig. 5. Time domain estimators determine algorithm

Algorithm of frequency domain signals
processing for estimation purposes was presented on
fig. ©.
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Fig. 6. Frequency domain estimators determine
algorithm

It was presented on figure 6 that range of
resonance analysis based on FFT is difficult,
because the signal is non-stationary random
processes. That is why next signals processing
method for estimation purposes based on CWT was
presented. Multidimensional analysis methods of
non-stationary signals enable to observation with
good quality of distributed signal [9, 10, 11].

It was used two different scales vectors for each
frequencies range for better localization of
resonance of sprung and un-sprung masses. The
Morlet wavelet was used in transformation.

It was proposed diagnostic estimators define as:

ESI' = WZSV + WnSi‘ (1)

where:
Wz, - average value of CWT coefficients in un-

sprung masses resonance window,
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Wn,, - average value of CWT coefficients in sprung
masses resonance window.

Emax = WZmax + anax (2)
where:
Wz, - maximum value of averaging CWT
coefficients in un-sprung masses resonance window,
Wn. - maximum value of averaging CWT
coefficients in sprung masses resonance window.

E
E — max
v E 3)

Sr

2

The algorithm was presented on fig. 7.

|' E 1oy l.p:m“'l'll

i

CWT coefficients averagin

Estimators galculate

(T

Fig. 7. Time-frequency domain (CWT) estimators
determine algorithm

6. RESULTS OF ANALYSIS

As the results of presented methods of vibro-
acoustic signals processing obtained proposed
estimators distribution at changeable pressure in
tires.

Time estimators distribution presents fig. 8
and 9.
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Fig. 8. Variance values distribution at changeable
pressure in tires
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Fig. 9. Maximum values distribution at changeable
pressure in tires

Frequency estimators based on harmonic
analysis distribution presents figures 10 and 11.
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Fig. 10. Harmonic values distribution at changeable
pressure in front tires
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Fig. 11. Harmonic values distribution at changeable
pressure in rear tires

CWT estimators distribution presents fig. 12-14.
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As it is presented the proposed estimators are
very sensitive to changeable pressure in tires. In
most cases accumulative trend can be adopted
according to rising pressure in tires. The results are
much better then results of Eusama index.

Results of E,, values distribution at changeable
pressure in tires are very interesting. Constant values
can be adopted according to rising pressure in tires.
In this circumstance this estimator is resistant to
changes pressure in tires. As it was proved in [13]
E,, is sensitive to shock-absorber technical condition
changes.

7. SUMMARY

The paper presents chosen results of ranges of
analytical experiments, which purpose was the
comparison of sensitivity of chosen diagnostic
estimators on changes of values of pressure in tires.
Presented methods of diagnostics information
receiving as the results of vibration signals
processing enables elaborate of automatic system of
passenger cars shock absorbers diagnosis. However
it is necessary to make more investigation in this
direction.

The presented estimators could be used as one
measure as technical state vector, which can be input
of classification system of shock-absorber technical

condition [12]. Sensitive estimators on changeable
pressure in tires can be used to detect any anomaly
of normative pressure in tires and E,, as measure
insensitive to this kind of change.
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Summary
In 1992 J. C. Shelley presented the adaptive modal filter. It was used in active vibrations
reduction systems. It is however possible to apply the adaptive modal filter to damage detection
according to the modal based diagnostics rules. Proposed method is very simple and bases on
tracking of changes of adaptive modal filter coefficients. There are two variants of adaptive modal
filter presented in the paper. For both of them the simulation and experimental verification was
performed.

Keywords: modal filter, adaptive modal filter, damage detection.

WYKRYWANIA USZKODZEN Z ZASTOSOWANIEM ADAPTACYJNEGO FILTRU
MODALNEGO

Streszczenie

W 1992 roku J. C. Shelley zaprezentowatl adaptacyjne filtr modalny. Byt on stosowany
w uktadach aktywnej redukcji drgan. Istnieje jednak mozliwosé zastosowania adaptacyjnego filtru
modalnego do wykrywania uszkodzen zgodnie z zasadami diagnostyki opartej na modelu.
Proponowane podejscie jest bardzo proste i opiera si¢ na §ledzeniu zmian wspolczynnikow
adaptacyjnego filtru modalnego. W pracy pokazano dwa warianty adaptacyjnego filtru modalnego.
Dla obu przypadkow przeprowadzono symulacyjna 1 eksperymentalna weryfikacjg
proponowanego podejscia.

Stowa kluczowe: filtr modalny, adaptacyjny filtr modalny, wykrywanie uszkodzen.

1. INTRODUCTION

Nondestructive methods of damage detection
applied to structural health monitoring can be
divided into three groups according to the principle,
that they use: methods based on the analysis of the
mechanical quantities changes, methods based on
the analysis of the electrical, electro-mechanical and
electro-magnetic quantities changes and so called
other methods. First of these groups can be further
divided onto methods which use the measurements
of static quantities (deflection, stress etc.) and
dynamic quantities in low and high frequency range.
The author is interested in the low frequency
dynamic methods, that is the methods where
vibration measurements are performed in the range
up to 1 kHz. The main idea of these methods is so
called model based diagnostics, that is comparison
of selected model parameters identified for the
reference state of the object with the same
parameters obtained for the object in the current
stage. The difference in the compared value can
indicate damage [1]. The most often used model in
this approach is the modal model. The modal model
is relatively easy to identify, and by means of
operational modal analysis, it may be identified only
from response data; it is, therefore, very useful in
diagnostics. Nevertheless, application of the model-
based diagnostics within damage detection has
several limitations and faults. First of all there is

a serious problem with distinction of the parameters’
change resulting from damage and being the
consequence of environmental changes e.g.
temperature or humidity. From the large group of
methods based on the modal model one of the most
efficient seems to be the one which uses modal
filtration [6, 7]. The method has the following
advantages: low sensitivity to the environmental
conditions, full modal analysis has to be performer
only at the beginning, possibility of automation of
the diagnostic procedures, low computational cost. It
solves then the basic problems with application of
the modal model to the model based diagnostics.
Application of the modal filter to damage detection
was proposed for the firs time by Gawronski and
Sawicki in 2000 [4]. As a damage indicator they
used the modal norm, calculated for each measuring
sensor location and for each mode from the
frequency band of interest. For calculation of these
norms the reciprocal modal vector matrix is
required, that is the modal filter parameters. Next
entire set of obtained modal norms is compared with
analogical set stored for the system in reference
state. The method allows for damage detection and
localization. Disadvantage of the method consists
mainly in large number of calculations which are
required to be done (modal norms are calculated for
each mode and each measuring location). It also
suffers from lack of unequivocal damage index,
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which would allow to detect damage properly by
inexperienced personnel.

Another manner of application of the modal
filter to damage detection can be found in El-Ouafi
Bahlous 2007 [5]. The suggested approach requires
vibration data of the system in the undamaged and
current stage along with FE model parameterized by
means of specified damage parameters. With use of
modal filtration of the system response in current
stage the residuum function is calculated. The
residua turn to be normally distributed with mean
value equal zero for undamaged system data and
mean value different than zero for the damaged case.
To verify the statistical quantities of the residua the
generalized log-likelihood ratio test was proposed.
This test allows for damage detection. Next the
procedure for damage localization and identification
is started. It bases on multiple sensitivity and
rejection tests (the number of tests equals the
number of parameters). Also in this method the
required computational power is very high. The
biggest disadvantage of this technique is necessity of
usage of finite element (FE) model. Additionally the
FE model has to be updated with respect to the large
number of modes.

Another way of using modal filtering to
structural health monitoring was presented by
Deraemaeker and Preumont in 2006 [6] Frequency
response function of an object filtered with a modal
filter has only one peak corresponding to the natural
frequency to which the filter is tuned. When a local
change occurs in the object — in stiffness or in mass
(this mainly happens when damage in the object
arises), the filter stops working and on the output
characteristic other peaks start to appear,
corresponding to other, not perfectly filtered natural
frequencies. On the other hand, global change of
entire stiffness or mass matrix (due to changes in
ambient temperature or humidity) does not corrupt
the filter and the filtered characteristic has still one
peak but slightly moved in the frequency domain.
The method apart from the earlier mentioned
advantages, which results from its low sensitivity to
environmental  conditions  has  very low
computational cost, and can operate in autonomous
regime. Only the final data interpretation could be
left to the personnel. This interpretation is anyhow
not difficult and it does not require much experience.
Another advantage of the method results from the
fact that it can operate on the output only data.

Method described above was in 2008 extended
to damage localization by K. Mendrok [7]. The idea
for extension of the method by adding damage
localization, bases on the fact, that damage, in most
of the cases, disturbs the mode shapes only locally.
That is why many methods of damage localization
use mode shapes as an input data. It is then possible
to divide an object into areas measured with use of
several sensors and build separate modal filters for
data coming from these sensors only. In areas
without damage, the shape of modes does not
change and modal filter keeps working — no

additional peaks on the filter output. When group of
sensors placed near the damage is considered, mode
shape is disturb locally due to damage and modal
filter does not filters perfectly characteristics
measured by these sensors.

There is however another possibility of modal
filter application for damage detection. In 1992 J. C.
Shelley [8] presented the adaptive modal filter. The
basic idea of this technique consisted in on-line
tracking of system modal parameters changes and
correction of modal filter parameters to make it
work for the changed system. It was used in active
vibrations reduction systems. It is however possible
to apply the adaptive modal filter to damage
detection according to the modal based diagnostics
rules. The idea is to detect changes in modal filter
parameters, which are directly connected with the
system structural changes (local changes in mass or
stiffness matrices of the system model)..

2. THEORETICAL BACKGROUND

Depending if the excitation force is known or not
two variants of adaptive procedure for reciprocal
modal vectors updating was proposed [8].

Variant no. 1 with known excitation operates in
time domain. What is also important in this version
it can work on-line. Entire adaptive procedure is
given for single input, real normal mode system, but
the technique can be easy extended to the multiple
input, complex mode case. The method requires
measurements of the inputs and outputs of the
systems, and an estimate of the pole for which the
reciprocal modal vector will be calculated.

The discrete time modal filter is adaptive modal
filter is updated as in equation (1):

Wi = Wi =218 X, )
where: yj — is the estimate of the reciprocal modal
vector for sample Kk,
vk — is the updated estimate of the
reciprocal modal vector,
Xk — 1s the vector of system response
measurements for sample K,
e, — is the error in the estimate of the modal
coordinate for sample k,
M — is the adaptive gain.
The estimate of the modal coordinate is formed
by modal filtering the response data:

A T
M =V X @)
where: 77, — is the modal coordinate estimated by

the modal filter at sample period k.

The error e, is the difference between the
estimated and actual modal coordinate:

€ =1 — 7 3)

The true modal coordinate 7 is not known. An
estimate of the modal coordinate, based on the input
force history, may be generated by driving a second
order system by the measured force f. For a real
normal mode system, the continues time reference
system is:
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where: - is the undamped natural frequency,
@y — 1s the damped natural frequency,
o — is the real part of the system pole.
The corresponding discrete time system is:

{Z:} ) [A]{Zti } +[Blf, ©

where: A and B are the corresponding discretized
versions matrices of the system matrices of the
equation (4).

The reference system of equation (5) is initiated
with zero initial conditions and driven by the
measured force f. The error in the reference modal
coordinate, due to the incorrect initial conditions,
will be inconsequential after the initial condition
error decays to the noise floor of the response
measurements. If the reference modal coordinate is
sufficiently accurate, and an appropriate adaptive
gain g, is chosen, the adaptive modal filter defined
by equations (1) through (5) will converge to the
modal filter vector which extracts the response of
only the mode of interests from the vector of
physical response measurements.

The idea of using this approach to damage
detection bases on the fact that the update of
a system is required only when some changes in the
system occur. In this variant of adaptive modal filter
the best damage indicator would be the error
function e,. Its value will be different then zero
whenever the adaptive procedure will have to work
which is always caused by the system structural
changes.

The second variant of adaptive modal filter
developed by J. C. Shelley [8] does no require the
knowledge of operational forces. For this variant it is
necessary to assume that the robust modal filter for
the structure in a suitable baseline configuration
exists. The baseline configuration will be designated
as the open loop system, and the system requiring an
update of the modal filter will be called closed loop
system.

Given a modal filter for an open loop system, an
approximation to the closed loop modal filter can be
made using the response spectra of the open loop
modal filter output. The technique is based on using
singular value decomposition (SVD) of the response
autospectral matrix to approximate the modal
vectors of the system. Obviously, this approach
assumes broadband noise as an input and sufficiently
smooth response spectra. Likewise, it cannot be
implemented in realtime, but can be implemented
online. The approach is very similar to the
pseudoinverse technique for enhancing single-
degree of freedom responses in the complex mode
indicator function method of parameter estimation.

The vector of sensor outputs, X(w), are
transformed to the open loop space, 7,(®w)), by
premultiplying X(w) by the modal filter matrix, v,
for the open loop system.

T
m,(@) =y X(@) (©)
One can form the autospectral matrix of the open

loop coordinates and decompose it via SVD at each
frequency:

1, (@)17,(0)" =U(@)Z(oV (@) (1)
where, U(@) = |u, (@), (@), Uy (@)] s

the matrix of orthonormal vectors at each frequency
that span the column space, 2(®) is the diagonal
matrix of singular values (sorted in decreasing
magnitude), and V(o) is the orthonormal matrix that
spans the row space of the autopower matrix. Ny is
the number of modes active in the frequency range
being considered (i.e. the number of columns in
Wo)--
By performing SVD at each frequency and
plotting out the singular values versus frequency, the
dominant motion in the data should show up as
peaks in this plot. The dominant shape at a given
frequency corresponding to these peaks is the
singular vector in the first column of U. For the
repeated root case or pole-crossing case, it may be
acceptable to choose both the first and the second
singular vectors at a given frequency.

The objective is to assemble a matrix of singular
vectors corresponding to the dominant motion in the
data. Since the data is transformed to the modal
space of the open loop system, there must be one
singular vector for each mode in the system.
Assuming then that this matrix of singular vectors is
a reasonable approximation to the closed loop modes
represented in  open loop  space, then
a transformation from the open loop modal
coordinates to the closed loop modal coordinates is
the inverse of this matrix. Thus, the approximation
to the mode shapes is represented by:

Ueo = lul(a)l )aul(a)z):"'aul(a)Nﬂ )J (®)
and the transformation to the approximate modal

space of the modified system is accomplished via
equation:

76 (@) =U g1, (@) ©)

This approach will break down if Uy is singular

or when the response operating shapes do not
adequately approximate mode shapes.

In this variant of adaptive modal filter good
damage indicator would be the difference between
transformation matrix Ugg obtained for the system in
reference state and the same matrix but calculated
for the system in current state. If some damage in the
system appears, the adaptive procedure will have to
work and the difference will be non-zero.

3. SIMULATION VERIFICATION

Firstly, the author decided to test the procedure
on the data from numerical simulation. The 4 DOF
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model of 4 masses connected in series was used for
that purpose. Physical parameters established for the
model are gathered together in table 1.

Table. 1. Simulation model parameters

Mass [kg] m=5m=1m;=1;
my= 1,

Stiffness  coefficient | kg; = 800; ki, = 150; ks

[N/m] =150; k3s = 150;

The following notation was used: the stiffness
between mass i and j — kj. The proportional
damping was applied. In order to determine the
analytical model of the established system, its
equation of motion was formed in the following
matrix form:

{ti=M]-{+[C]-{xj+[K]-{x} a0

For the equation (10), the eigenvalue problem
was solved assuming zero initial conditions for
displacements and velocities. As a result, 4
conjugated pairs of the system eigenvalues were
obtained. On their basis, the modal parameters were
calculated: natural frequencies, modal damping
coefficients and modal vectors. Next the model was
excited in the mass no. 3 with band noise signal of
frequency range 0 — 64 rad/sec. The responses in all
masses was then calculated and with use of Hv
estimate the frequency response functions where
computed. In the next step, the reciprocal modal
vectors were calculated, i.e. the modal filter was
formulated. Now both variants of the adaptive modal
filter was tested separately.

Because the first variant operates in the time
domain, the model was build in Matlab/Simulink
environment. The simulation was performed as
follows: in 50 second the stiffness coefficient Kys
was reduced of 20 % (simulation of damage) and the
adaptive procedure for modal filter update was
launched. In the figure 1 entire verification
procedure is presented. In the figures 2 and 3 the
results of modal filtration without the adaptive
procedure are presented both in time and frequency
domain. In the figure 4 and 5 the result of adaptive
procedure operation is shown also in time and
frequency domain. In the figure 4 additionally the
error function e, time history is plotted.

Damage
20%0 stiffness drop

n spring no. 2

Modal model
(namaral frequencies, modal
1| doopmg coeff, i cctors) ! Time — v
. o2 | Time domain simulation
; in Simulink
k> Modal filter
V///‘m {recpy ] | vectors)
Update of reciprocal modal
T veclors
Time domain simulation in
Simulink

AModal filtering with AMF

Fig. 1. Procedure for simulation verification
of the first variant of the method

x 10° System response at mass m4
T T T T T T

2 . . . . . .
45 46 47 48 49 50 51 52 53 54 55
[s]
System response in modal coordinate

0.1 T T T T T

4‘6 ” 47 - 50

ts]
Fig. 2. Results of modal filtration without adaptive
procedure in time domain — visible drop of filtration
accuracy after 50 s.

Outputs of modal filter set to MS no. 1

FRF - no damage
--------- FRF - 20 % damage

.
0 5 10 15 20 25 30 35
Frequency [rad/sec]

Fig. 3. Results of modal filtration without adaptive
procedure in frequency domain

x 10° System response at mass m4

45 46 47 48 49 50 51 52 53 54 55
[s]

Fig. 4. Results of modal filtration with adaptive
procedure in time domain
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Outputs of modal filter set to MS no. 1
T T T T

FRF - no damage
------- FRF - 20% damage
----- FRF - 20% damage - updated RMV

1
1
1
i
i

. .
0 5 10 15 20 25 30 35
Frequency [rad/sec]

Fig. 5. Results of modal filtration with adaptive
procedure in frequency domain

This stage of the first variant of adaptive modal
filter verification showed that the procedure works
very efficient. Algorithm needed about 5 second to
adopt reciprocal modal vectors to the new system.
Level of accuracy of modal filtration after updating
was satisfying. It can be seen on the frequency
domain plots, which were taken in logarithmic scale.
The plot of error function presented in the lower part
of figure 4 confirms that it can be treated as a good
damage indicator. The value of the function grew
rapidly when the damage was introduced.

In similar manner the second variant of adaptive
modal filter was verified. The same numerical model
was used but damage introduced in the system was
reduced to the 95 % of original ky; stiffness
coefficient value. In the figure 7 the plot of first
singular value obtained by SVD performed on modal
coordinate at each frequency is presented. Results of
reciprocal modal vectors update is placed in the
figure 8.

Singular values no. 1
10

10" - B

10" + B

Amplitude

107+ 4

10° L L L L

. .
0 5 10 15 20 25 30 35
Frequency [rad/sec]

Fig. 7. Plot of first singular value obtained by SVD
performed on modal coordinate at each frequency
for the damaged model.

Outputs of modal filter set to MS no. 2
T T T T

FRF - no damage
------- FRF - 5% damage H
_____ FRF - 5% damage, updated RMV i

0 L‘r 1‘0 1‘5 2‘0 2‘5 3‘0 35
Frequency [rad/sec]

Fig. 8. Results of modal filtration with adaptive

procedure in frequency domain

In the figure 9 plot of the difference between
transformation matrix Uco, obtained for the system
in reference state and the same matrix but calculated
for the system with damage Ucgg.

Fig. 9. Plot of proposed damage indicator

The characteristics presented in the figure 8§
proves that also this variant of adaptive modal filter
works properly. Proposed damage indicator showed
that the damage occurred in the system.

4. EXPERIMENTAL VERIFICATION

The laboratory stand used for experimental
validation of the proposed damage detection
procedure consists of steel frame excited with an
electrodynamic shaker. Vibrations were measured
by accelerometers placed on the frame. The photo of
the test setup without sensors and measuring
equipment is presented in figure 10, the network of
measuring points is presented in figure 11. The
frame has been tested for different damage size.
Damage in the frame has been introduced by nicking
the upper bar at the measuring point top:7.

There were 4 modal tests carried out for
different damage sizes:

* TEST 1 for an undamaged structure,
* TEST 2 for damage at point 7 with a 5 mm-deep
gash (12 %),
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* TEST 3 for damage at point 7 with a 14 mm-deep
gash (35 %),

* TEST 4 for damage at point 7 with a 20 mm-deep 07 ]
gash (50 %) 06l

Singular value no. 1
0.8 T T

0.5+ B

0.4 B

Amplitude

0.3- B

N U |
0 L I S

{ .
0 20 40 60 80 100 120 140
Frequency [Hz]

Fig. 12. Plot of first singular value obtained by SVD
performed on modal coordinate at each frequency
for the damaged model.

Outputs of modal filter set to MS no. 4

theoretical FRF

experimental FRF - no damage

=rmamaa experimental FRF - 12% damage

----- experimental FRF - 12% damage - updated RMV
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§ os} ]

R o4t B
0.3 4
0.2 B
1
location pleﬁ l " |
left:2 o J
020 40 60 80 100 120 140
Frequency [Hz]
t6 4
ng Excitation
left-4 Fig. 13. Results of modal filtration with adaptive
procedure in frequency domain
left:5
left:6
left:7

Fig. 11. Measuring point net

Because there were no time data available from
this experiment, only the second variant of the
method could been verified. The results of the
verification are presented in the following figures:
no. 12 presents the plot of first singular value
obtained by SVD performed on modal coordinate at
each frequency, no. 13 — results of reciprocal modal
vectors update. Test T2 - DI =2.8262

Similarly as it was done for the simulation
verification, the difference between transformation
matrix Uco, obtained for the system in reference
state and the same matrix but calculated for the
system with consecutive level of damage Ucoy was
calculated. The plots of resulting matrices are
presented in the figure 14. Additionally the damage
index was calculated from this matrices as
a Frobenius norm.
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Fig. 14. The differences between transformation
matrices Ucor and Ucgq for the consecutive tests

Also the experimental verification confirmed
good applicability of adaptive modal filter for
damage detection.

5. CONCLUSIONS

Both presented types of AMF proved to be
efficient for simulation and experimental data. It
means that they were able to track the system
changes and update the modal filtration results for
varying system parameters. Non of the methods
however does not allow for 100 % filtration that is
full natural modes separation.

In variant with known excitation force very
annoying is to determine the value of the gain
m, which should be selected for each of the
measuring direction separately. There are no rules or
hints how to find it proper value.

It is possible to use both variants of AMF for
damage detection. The error function ey proposed as
a damage indicator for the firs variant of the AMF is
much easier in interpretation.

It is necessary, as the future work, to find the
way for convenient presentation of the
transformation matrix UCO changes.
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Summary

Determine dynamic properties is the main question of diagnostics of susceptible element,
represented by characteristic. The changes of technical condition, as the results for example the
exploational wear, can be find in their reflection. The paper presented method of identification of
dynamic parameters susceptible elements build in suspension of car based on the analyses of
changes of dynamic behavior. Received foundations of the methods of identification were verified
in time of simulating investigations. The execution the investigations of hydropneumatic
suspension of passenger car was the next stage. The gotten results confirmed the legitimacy of
foundations the proposed method of identification dynamic parameters susceptible element build
in suspension.

Keywords: identification, characteristic of damping, car suspension, hydropneumatic strut.

IDENTYFIKACJA CHARAKTERYSTYKI TLUMIENIA ZAWIESZENIA
SAMOCHODU NA PRZYKLADZIE KONSTRUKCJI HYDROPNEUMATYCZNEJ

Streszczenie

Istotnym zagadnieniem diagnozowania elementu podatnego jest wyznaczenie jego wilasnosci
dynamicznych, reprezentowanych przez charakterystykg. Zmiany stanu technicznego, wywotane
np. zuzyciem eksploatacyjnym, znajduja w niej swoje odzwierciedlenie. W pracy zaprezentowano
metode identyfikacji parametrow dynamicznych elementdw podatnych zabudowanych
w zawieszeniu samochodu na podstawie analizy zmian stanéw dynamicznych. Przyjgte zatozenia
dotyczace metody identyfikacji zostaly zweryfikowane w czasie badan symulacyjnych. Kolejnym
etapem bylo przeprowadzenie badan hydropneumatycznego zawieszenia samochodu osobowego.
Uzyskane wyniki potwierdzity sluszno$¢ zatozen proponowanej metody identyfikacji parametrow
dynamicznych elementu podatnego zabudowanego w zawieszeniu.

Stowa kluczowe: identyfikacja, charakterystyka ttumienia, zawieszenie samochodu, kolumna
hydropneumatyczna.

1. INTRODUCTION

The operation of vehicle diagnostic functions
can be carried out by an external diagnostic device,
or on-board diagnostic systems, with the primacy
person assessment [1, 6]. In the case of the first
group of diagnostic methods in practice, it is
possible to determine the technical condition of all
components, but often raise questions are used
graduating systems that do not meet all of the
technical diagnostics. Therefore, the methods used
are subject of constant alteration, which should lead
to an improvement in the quality of diagnostic
derived estimators condition.

In the OBD (On-Board Diagnostics) the most
often ignored is diagnostic system for the
suspension (some exceptions are vehicles with
controlled flexible elements, failure of which leads
to a significant reduction in the level of security).

The aim of presented study was to propose
a method for determining the technical condition of

suspension elements. This method can be used to
improved standing diagnostic methods or the
extension of the on-board diagnostic procedures.

2. THE FORMULATING PROBLEM

Now one hydraulic shock absorbers are the
main element responsible for the minimization of
vibrations acting on the users of car vehicles [5].
During the operation changes the intended design
features of the wear and tear caused by impact on
the damping characteristics.

Appointment of the characteristics of an
element isolated from a particular system does not
at present large problem. An example is the method
of research shock-absorbers in the indicatory stand.
Drawback of such methods is the need for
disassembling.

Commonly used methods for the diagnosis of
complete suspension set up to assess the use of
simple symptom-condition status [1, 3 and 6]. Such
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an approach does not take into account the complex
relationship between the current technical condition
of a dynamic non-linear element characteristics
susceptible.

The paper assumes that the method of
identification of dynamic parameters flexible parts
buid-in car suspension will be based on an analysis
of the dynamic state variables. In this regard, the
impact of the temporary transfer of damping forces
to the temporary suppression of vibration signals
sprung and unsprung masses.

3. SIMULATION RESEARCHES

Simulation test was conducted using a dynamic
mathematical 2DOF model of the car [2, 4], which
allows to obtain easily interpreted results (Fig. 1).

— =
“% # g

K

_Jr
Fig. 1. The quarter model of car suspension. m,
— sprung mass, m; — unsprung mass,

c; — stiffness of wheel, ¢, — stiffness of suspension,
k, — damping of suspension, k; —damping of
wheel, h — excitation, z, — vertical displacement of
sprung mass, z; — vertical displacement of wheel

The quarter model of car suspension can be
considered as well the dynamics of the maps
provided that included the following assumptions:

- the vehicle has a symmetrical construction,

- the sprung and unsprung masses are rigid
solids whose entire mass is concentrated at the
point of their center of gravity,

- it will be taken to translate the mechanical
construction of the resulting system of
connecting the suspension. So the stiffness and
damping characteristics of the corresponding
elements are multiplied by these factors.

In presented model, characteristics of the
susceptible have been putted in the form of
mathematical functions. During the simulation
research have been applying different damping
characteristics, examples of which are shown in
Figure 2. No other dynamic parameters of the
model were selected on the basis of previous
authors research and are not subject to testing
during the simulation changes.
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Fig. 2. The sample characteristics of damping used
in simulation researches

During the studies different types of kinematic
extortion was used. It should marked that the
extortion should result in a variable frequency
response of model. This is associated with the
adopted assumption of the temporary transfer time
between the entry and exit damper, that is sprung
and unsprung masses.

The equation of sprung mass shows that when
the elastic element of the suspension deflection is
equal to the distortion of the static equilibrium,
instantaneous value of the dynamic forces acting on
the mass is balanced by the instantaneous value of
the damping forces. The model assumptions for
constant sprung mass enables them to establish
direct proportionality —between the wvalues:
adynamic force acting on the mass and its
acceleration. The base for the determination of the
temporary damping forces are the relative
displacement of the model masses. On this base the
set of absolute values of instantaneous acceleration
as a function of sprung mass momentary relative
speed of both masses model, as described in
Figure 3.

Identified by this way characteristics are
representation of the intended damping
characteristics. Admission to describe the shape
characteristics of the temporary acceleration is
expedient, as in the case of measurements on an
real object to measure the actual forces always
associated with the interference in its structure.
Another important result of simulation research
was the appointment minimum sampling frequency,
which should exceed the Nyquist criterion of at
least ten times.
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Fig. 3. Determine images of damping
characteristics

4. VERIFICATION OF THE METHOD IN
REAL OBJECTS RESEARCH

Experimental confirmation of the validation of
the proposed method, were research
hydropneumatic suspension of car, which an
essential element is hydropneumatic strut. This
subsystem of suspension combines the functions of
spring and damping. The design vibration damper
of hydropneumatic strut are similar to those used in
the telescopic shock-absorbers, however, damping
force is inextricably linked to the gas springs work
inside the sphere [3].

Damping characteristics of the hydropneumatic
strut was set at the testing on the indycatory stand,
which charts the work was obtained, F (x [mm]) for
different sinusoidal forcing frequencies. Based on
the points of intersection of the graphs with the
abscissa, where the maximum damping force at the
highest speed of relative velocity of the piston set
points that describe the characteristics of damping,
which was presented in Figure 4. The
characteristics were approximation of polynomials
the 3-step degree separately for compression and
decompression.

0.7 05 03 0.1 01 03 05 07

prediosé [mis]
Fig. 4. Characteristics of shock absorber for the
sphere of the pressures of PO = 5.5 MPa

The strut with identified of technical condition
mounted in the suspension, which then exiting the
vibrations using high-powered shaker similar to
those used in the stands of the test suspension at the
control vehicle services. Amplitude of vibration
displacement shaker plate was fixed at around 6
[mml], its application in the control of frequency
adjustment of the length of time allowed forcing
cycles. In researches using thirty seconds cycles:
running start and running stop the drive stand and is
not subject to regulation section of the work force
at a constant frequency. During the researches have
been recorded signals: acceleration of vibration at
the point of the upper body strut fixing the
suspension and relative displacement wheels and
the body. Examples of the results are presented on
figure 5 and 6.

0 0 20 30 40 50 60 70
t[s]
Fig. 5. Relative vibration of displacements of the

wheels and body
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t[s]
Fig. 6. Absolute acceleration of the body vibrations

Relative displacement signal was
differentiation, which allows to determine of the
relative velocity of the wheels and body of car.
Applying similar to the one described in the case
study method of simulation is scheduled pass time
value of absolute acceleration of body and relative
velocity sprung and unsprung masses that have
non-zero-values for the moments in which the value
of relative displacement was equal to the deflection
of the suspension in a static equilibrium position.
Obtained by this way realizations were put together
on a common plane normal to the axis of time
(Figure 7).
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Fig. 7. Determine image of the damping
characteristics

Empirically determined image of damping
shows some similarity to the real hydropneumatic
strut characteristics. It can be assumed that apparent
differences arise from the variable values of body
weight per wheel excitation to vibration.

5. CONCLUSION

The presented results confirmed the validity of
the proposed methods of identifying the parameters
of dynamic element susceptible built in suspension.
The aim of further work is to develop methods for
estimating the temporary value of the sprung mass

i L i 1 i L il
1] 10 20 30 40 50 80 70

400

per wheel for different amplitude and frequency of
vibration.
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IDENTIFICATION OF CHANGES OF MACHINE TECHNICAL STATE
ON THE BASIS OF RESULTS OF PRINCIPLE COMPONENT ANALYSIS
OF A SEQUENCE OF THERMOGRAPHIC IMAGES’
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44-100 Gliwice ul. Konarskiego 18a, tel (032) 237 10 63, fax (032) 237 13 60,
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Summary

During continuous object observation with the use of a thermographic device, a sequence of
thermographic images can be recorded in time function. On the basis of an acquired series of
thermograms, determination of diagnostic signals and identification of changes of a machine
technical state is possible. An approach presented in the paper concerns application of a Principal
Component Analysis (PCA) method. In order to verify the method, an active diagnostic
experiment, during which sequences of thermographic images were recorded and analyzed
according to their components, was carried out. The obtained results showed that diagnostic
signals provided by PCA could be used for identification of changes of a technical state as well as
classification of the state with considerably high efficiency.

Keywords: machine diagnostics, thermovision, thermography, Principal Component Analysis (PCA).

IDENTYFIKACJA ZMIAN STANU OBIEKTOW TECHNICZNYCH NA PODSTAWIE WYNIKOW

ANALIZY GLOWNYCH SKEADOWYCH SEKWENCJI ZDJEC TERMOGRAFICZNYCH

Streszczenie

Podczas ciaglej obserwacji termowizyjnej obiektu technicznego rejestrowana jest sekwencja
obrazéw w czasie. Na podstawie zarejestrowanej sekwencji obrazow mozliwe jest wyznaczenie
sygnatéw diagnostycznych pozwalajacych na identyfikacje stanu technicznego obserwowanego
obiektu. W artykule zaproponowano metode diagnozowania maszyn na podstawie wynikow
analizy sktadowych gtéwnych (PCA) sekwencji obrazow termowizyjnych. W celu weryfikacji
metody przeprowadzono czynny eksperyment diagnostyczny, podczas ktdrego rejestrowano
sekwencje obrazow, ktore poddano analizie sktadowych. Uzyskane wyniki wykazaty, ze metoda
sktadowych gtéwnych pozwala na identyfikacj¢ zmian stanu technicznego oraz efektywna
klasyfikacjg stanu technicznego maszyny.

Stowa kluczowe: diagnostyka maszyn, termowizja, termografia, analiza gtéwnych sktadowych.

image is a source of diagnostic information which

Modern machinery diagnostics is, in most cases,
based on observation of residual processes like
vibro-acoustic processes, thermal processes, etc. A
fundamental task of diagnostics is faults detection
realized on the basis of diagnostic signals extracted
from process variables [3] observed by wvarious
contact and non-contact sensors. One of the
measurement devices broadly applied [6] to
maintenance and technical state assessment of
machinery are thermovision cameras. With the use
of a thermographic camera, one can carry out non-
contact simultaneous temperature measurements at
many points of an object and record them in a form
of a thermographic image.

As a result of continuous thermovision
monitoring of machinery, a sequence of
thermographic images is recorded. Each acquired

can be extracted by application of proper methods of
image analysis. Features extracted from every image
of the acquired sequence can be treated as diagnostic
signals and be applied to identification of a machine
technical state as well as failure localization.

In order to estimate a technical state of
a machine, a method of analysis of a sequence of
thermovision image is proposed [2]. The method is
based on a concept of “micro” (dynamic) and
“macro” (operation) time which is frequently
applied in machine diagnostics [l]; moreover,
according to the method, the process of analysis of
asequence of thermographic images could be
divided into two stages. The first stage of the
analysis constitutes application of various image
processing and analysis procedures for infrared
images in order to extract image features. It enabled

* Scientific work financed from resources assigned to science in the years 2007-2009 as a research project.
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us to determine diagnostic signals in “micro” and/or
“macro” time (Fig. 1).
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Fig. 1. Concept of analysis of thermographic signal
in both “micro” and “macro” time domains

The second stage of the method referred to
analysis of diagnostic signals which had been
determined at the first stage. For these purposes,
classical signal analysis methods can be applied.
Determination of diagnostic signals on the basis of
a sequence of thermographic images is an arduous
task due to a huge amount of features that could be
extracted from an image. The currently conducted
research consists in application of different methods
of IR images analysis in order to obtain diagnostic
signals that include as much diagnostic information
about a technical state of a machine as possible. One
of the methods which could be used to determine
such diagnostic signals is Principal Component
Analysis (PCA). Literature [4, 5] shows that
application of PCA to a sequence of thermographic
images provides good results in the area of detection
and characterization of structural defects of
materials during active thermographic experiments.

In the article, the results of PCA application to
a sequence of thermographic images acquired during
operation of a rotating machine in various technical
states were presented.

2. APPLICATION OF PCATO IR
THERMOGRAPHIC SEQUENCES

PCA is a common technique for reduction of
dimensions of multidimensional data as well as
information retrieval from data sets. It is a classical
multivariate analysis based on 2nd order statistics of
the data and is useful for data compression and
detection of linear relations. PCA was applied to
analysis of image sequences during thermal non-
destructive tests [4, 5].

Let us consider a sequence of n; IR image frames
(nyxny pixel) (Fig. 2) acquired during continuous
thermovision observation of a machine under
operational condition. The considered sequence
could be represented as three dimensional data
volumes V(ij,k) where i =1, 2,..., N, j = 1, 2,...,N,,
andk=1,2,..., N..

image frame

frame (time)

vertical pixel {position)

3 - 2
N1
] 2 ssssersssssssnasarnas i

horizontal pxel (position

Fig. 2. Sequence of thermographic images [5]

The information contained in the original volume
V is in both space (e.g. hot spots, geometry and
location) and in time (thermal contrast evolution). In
order to perform PCA, the data set V needs to be
reduced to a two-dimensional array by a raster-like
operation on the pixel values in each image frame
producing a matrix A. There are two possible ways
to convert V into the matrix A [4].

Case 1: By regarding V as a sequence of
thermograms, A; has nyxny rows (each row is an
unrolled image) and n; columns. The data dimension
is nyxny and the number of cases (or measurements)
is ny. In this case, from a spatial (dimensional) point
of view, the principal axes represent images and the
projected data are temporal profiles.

Case 2: V is considered as a sequence of thermal
contrast profiles, A, has n; rows (each row is a time
profile) and nyxny columns. The data dimension is n;
and the number of cases is nxny. In spatial
interpretation, the principal axes are temporal
profiles and the projected data represent images.

In the article, the first case was taken into
account in order to obtain diagnostic signals in
“macro” time but, also, the second one could be used
in order to analyse images in “micro” time. Such
analysis applied to short image sequences recorded
in “micro” time allow us to evaluate new images
where only data with high variation could be
included. Such new images obtained at different
moments of “macro” time give a sequence of images
for further analysis (Fig. 1).

PCA of matrix A; of dimension (Nyxny)xn
consists in converting it to a temporal components
matrix TC=U'A;" of lower dimension sxn,
(s<(nyxny)) by projecting A; onto a new set of
principal axis. Us is a matrix where S columns are
the projection vectors that maximize the variance
retained in the projected data. Each principal axis
corresponds to the normalized orthogonal
eigenvector of the scatter matrix S=(A-Amean)(A-
Anean)’ of (nxny)x(nyxny) elements. The simple
approach to PCA is to use singular value
decomposition (SVD) of S: S=UDUT where U is the
eigenvector matrix (i.e. modal matrix) and D is the
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diagonal matrix whose diagonal elements
correspond to the eigenvalues of S (in
a descending order). The choice of s is based on
a desired amount of the variance proportion retained
in the first s eigenvalues [4]:

>
— _i=l

f=——

N, xny
2.4,
i=1

where d; is the i™ element (eigenvalue) of the
diagonal matrix D. In a number of cases, more than
95% of variance is contained in the first three
components, at times, in the first five components.

(1)

2.1. Active diagnostic experiment

In order to acquire a sequence of thermographic
images, an active diagnostic experiment was carried
out. The experiment was performed with the use of
a laboratory stand consisting of a laboratory model
of rotating machinery and thermovision system.
During these observations, a sequence of
thermograms was acquired. Thermographic images
were recorded every 30 seconds. The total number
of recorded images amounted to 840. The machine
was working with rotation speed equal to 1150 rpm.
During machine operation, the following technical
states were simulated:
S1 — machine without faults — 240 images,
S2 — 50% throttling of air pump - 120 images,
S3 —90% throttling of air pump — 120 images,
S4 - 90% throttling of air pump + clearance of
second bearing mounting — 120 images,
S5 —load of disk brake — 120 images,
S6 — faulty bearing no 2— 120 images.

2.2. Analysis of an acquired image sequence

For the purposes of PCA, two regions of
thermovision image were taken into consideration.
The regions of interest (ROI3 and ROI4) included
IR view of bearing housings (Fig. 3) which are
interesting because most of machine failures are
visible in bearings operation.

Fig. 3. Exemplary thermographic image with selected
regions of interest (ROIs)

One could expect that changes in a machine
technical state affect changes of bearings
temperature and should be recorded in a sequence of
thermographic images.

Application of PCA to the recorded sequence
resulted in 600 temporal components where only the
first three were taken into consideration. In figure 4
and 5, plots of temporal components for ROI3 and
ROI4 were shown, respectively.

In the case of ROI3, it is clearly visible that
changes of temporal component values in time
function reflect changes of a machine technical state.
Plots of temporal components determined for ROI4
do not show explicitly all changes in a machine
technical state. Differences in abilities to detect
technical state changes in the case of the considered
bearings are caused by different bearings loads. It
seems that any changes in a machine technical state
could be more easily detectable in the first bearings.
Inequality in bearing loads is caused by
manufacturing and mounting imperfections.
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Fig. 5. First three temporal components provided
by PCA for ROI4

During a diagnostic experiment, two very similar
technical states S2 and S3 were intentionally
simulated. Distinguishing between the two states
causes considerable difficulties, especially in the
case of ROI4. One could observe that the first
temporal components computed for both ROIs did
not enable us to simply detect the moment when
a technical state passes from state S2 to S3. Better
results of identification of changes in a machine
technical state were provided by the second and
third temporal components.
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2.3. Classification of a machine technical state

In order to quantitatively estimate diagnostic
signals provided by PCA, classification of a machine
technical state was performed. A neural network was
applied as a state classifier. The network has
4 layers: input (Lj,), hidden (L;, L,) and output
(Low); its parameters were presented in Tab. 1. All
neurons in the input layer have input weights values
equal to 1 and biases values equal to 0. Input
parameters of the network were the first three
temporal components. Parameters of neurons of the
hidden and output layers were determined as a result
of network training performed with the use of
a general purpose, scaled conjugate gradient
backpropagation algorithm [3].

Tab. 1. Parameters of neural network

layer Liy L, L, Lou
number of 3 6 3 |
neurons

transfer . log- log- log-
function linear sigmoid | sigmoid | sigmoid

A number of learning examples was set to 588 as
70% of the total number of examples (840).
The efficiency of classification [3] was assessed by
means of calculation of a relative number of
correctly classified examples:

I
eff =—1-100% )
L,
where: 1; — number of correctly classified examples,
1, — number of all classified examples.

On the assumption that an acceptable error of the
classification was 25%, every example that exceeded
this error was classified as incorrect. The results of
the classification were presented in Tab 2.

Tab. 2. Efficiency of classifier

ROI1d Classifier Efficiency [%]
TC1 - TC3
3 100,0
100,0

5. CONCLUSIONS

In the article, the results of research concerning
verification of a proposed concept of machine
technical state evaluation performed on the basis of
results of Principal Component Analysis (PCA) of
a thermographic images sequence was presented.
The obtained results showed that diagnostic signals
provided by PCA could be used for identification of
changes of technical states. Analysis of temporal
components plots allowed us to detect changes of
a machine technical state. It seems that, for these
purposes, the second and third temporal components
are more useful than the first ones. Machine
technical state classification, which was performed

on the basis of the first three temporal components,
provided very good results, which confirms utility of
PCA in evaluation of changes of a machine technical
state.
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PROBLEMS OF DEVELOPMENT OF WIRELESS SENSORS
FOR EXPERIMENTAL MODAL ANALYSIS
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AGH University of Science and Technology, Department of Robotics and Mechatronics,
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Summary

Experimental identification of structural dynamics properties of large civil engineering
structures usually involves application of long signal cables during the experiment. Such
cables are heavy, difficult to handle and to be laid by testing engineers, as well as they are
often damaged during use. That is why recently more and more often wireless sensors have
been applied in modal testing of large civil engineering structures. Authors tested application
of Mica2 modules with TinyOS software for PC in measurement system. Possibility of
application of GPS synchronisation of measurement of multiple MEMS accelerometers was
also studied. Authors present a short description of results of testing of a prototype of the
developed wireless vibration measurement system in laboratory and field. The indications for
future improvement of the prototype system are discussed.

Keywords: Experimental Modal Analysis, Civil Engineering, Wireless sensors.

PROBLEMY BUDOWY I ZASTOSOWANIA SIECI CZUINIKOW BEZPRZEWODOWYCH
W BADANIACH MODALNYCH

Streszczenie

Eksperymentalna identyfikacja dynamicznych wilasnosci strukturalnych budowli wymaga
zwykle zastosowania diugich przewodow sygnatowych. Takie przewody sa cigzkie, ktopotliwe
w przenoszeniu i ukladaniu oraz wrazliwe na powstawanie mechanicznych uszkodzen w czasie
uzytkowania. Z tych powodoéw ostatnio coraz czgSciej w badaniach modalnych budowli sa
stosowane czujniki bezprzewodowe. Autorzy przetestowali zastosowanie modutéw Mica2 oraz
oprogramowania TinyOS dla komputera PC w systemie pomiarowym. Rozwazyli takze mozliwos¢
synchronizacji pomiaru przy pomocy wielu akcelerometrow MEMS z wykorzystaniem GPS.
W pracy zaprezentowano opis wynikow testowania zbudowanego prototypu bezprzewodowego
systemu pomiaru parametrow drgan uzyskane w laboratorium i na rzeczywistym obiekcie.
Wskazano kierunki doskonalenia zbudowanego prototypu systemu pomiarowego.

Stowa kluczowe: Eksperymentalna Analiza Modalna, diagnostyka obiektow budowlanych, czujniki
bezprzewodowe.

1. INTRODUCTION

Some of the Civil Engineering (CE) structures
focus attention of engineers who investigate
dynamics of systems due to specific shape and/or
size. The considered group of structures that are
referred to by the authors as the large ones,
comprises: skyscrapers, stadiums, bridges, tunnels,
dams, towers, masts, antennas, tall factory chimneys
and large elastic foundations. All of the mentioned
objects possess considerable compliance what makes
them susceptible to external loads that cause both
static and dynamic deflections. Depending on the
type of the structure it might be subjected to effect
of: wind, water current as well as waves, ground
movement (micro-seismic phenomena) and various
kinds of forces induced by traffic. Deflections
caused usually by a composition of the listed above
loads may produce problems with a proper service
of such the structures (large static deformation, high

amplitude vibration) and sometimes even their
irrevocable damage due to the occurrence of
excessive stresses. The branch of the system
dynamics that deals with elastic deflection resulting
from dynamic loads is called structural dynamics
[1]. Generally, the way a structure vibrates depends
on properties of the materials, dimensions and the
way the structure is connected with its environment
(boundary conditions). Sometimes in engineering
practice other effects like change of the properties of
materials due to variation of loads as well as
temperature distribution as well as variations have to
be also considered. The most common way of taking
into account the structural dynamic parameters of
large CE structures is determination of these
properties by numerical simulation during the design
process. As there exist some uncertainties dealing
with: values of material properties, dimensions,
properties of connections of various elements of the
structures as well as of the boundary conditions it is
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very common to investigate the structural dynamic
properties experimentally in a procedure of system
identification based on vibration measurement.
Additionally, nowadays, more and more often
parameters of structural dynamic models are being
used as the base of condition monitoring and/or
diagnostics  [2]. The experimental system
identification technique aiming at determination of
the structural dynamic properties is called
Experimental Modal Analysis (EMA) [3, 4, 5].

2. EXPERIMENTAL MODAL ANALYSIS
OF CIVIL ENGINEERING STRUCTURES

The direct aim of EMA is estimation of natural
frequencies w,, modal dampings (damping ratios) &,
and mode shapes v,, r=1, 2, ... , n [4]. These three
types of parameters are elements of the modal model
of a system under consideration and they do not
depend on the excitation F(t).

Usually the spatial distribution of mass, damping
and stiffness is being described in practice by certain
(quite a large number in case of Finite Element
Method use) amount of lumped elements.

Determination of the modal model is physically
equivalent to a transformation of a Iumped
parameter (mass, damping and stiffness) dynamic
system to a set of independent oscillators

The experimental techniques of determination of
the modal model base on definition of the dynamic
compliance H(w), that is a ratio of the Fourier
transform X(w) of response signals x(t) to the
Fourier transform F(w) of the excitation F(t). It
might be determined basing on results of
simultaneous measurement of the excitation forces
F(t) and responses x(t) to these excitations [3, 4, 5].

H(w)= X@) (1)
F(o)
On the other hand, the dynamic compliance H(w)
depends on modal model parameters [4] in the
following way:

H,(jw)= Z(’J’a")’ Lo p]r_ Loty J 2)

r=1

Lk=1,2,...,N
where: p, - a r-th constant scaling coefficient.

Assumptions of the EMA comprise: linearity,
Maxwell reciprocity, stationarity and low or
proportional values of damping coefficients [4].

The traditional approach to the experimental
identification of modal parameters consists in
excitation of a single mode shape at a time. Usually
the harmonic excitation forces are used. In case of
the CE structures:

—  for slender, tall structures (like masts or
chimneys) the sudden release of elastic cords
attached to the object in a way
corresponding to maximum amplitudes of

deflections of mode shapes under
investigation may be practiced,

—  for bridges the sudden release of loading
masses suspended under the bridge may be
practiced.

The mentioned techniques of modal testing base
on analysis of damped free vibrations of the tested
objects for their actual boundary conditions.

In engineering practice of EMA usually Phase
Separation Method (PSM) [5] - commonly identified
with EMA is used. During the experiment the
response to wide frequency band excitation forces
(impact, broad band white noise or swept harmonic
ones) is measured along with the excitations. The
parameter estimation techniques [3, 4, 5] that assure
effective discrimination of the mode shapes which
were excited during experiments are precise but
considerably sophisticated and that is why the
estimation has to be computer assisted. The PSM
method is widely applicable in engineering practice
in laboratory conditions as well as in the industrial
environment, if only there exists possibility to
measure excitation forces. There are at least three
examples for which measurement of forces is
technically difficult, if possible at all. These are
cases of modal testing of: means of transportation
during motion, rotating parts during motion or, the
last but not the least, CE structures in service.

Let us focus attention on the CE structures.
There exist specialized testing facilities like
European Laboratory for Structural Assessment [6]
or Building Research and Consultancy [7] where full
scale structural testing of buildings and/or bridges is
carried out. The use of such the facilities is limited
in case of large CE objects partly since they cannot
be moved as a whole to the testing facilities and
partly due to difficulty of replaying of the tested
structure real (field) boundary conditions during the
laboratory testing.

In the field conditions, in which CE structures
are typically structurally tested, initiation of their
appropriate vibration constitutes quite a serious
problem. Demand of use of considerable values of
amplitude of the excitation forces during testing,
which is a consequence of substantial mass and
stiffness of large CE structures, causes that the
actual excitation amplitude values have to be rather
calculated than precisely measured in case of
application of large impact devices (a dropped mass)
[8] or unbalance mass exciters [8] that are attached
during testing to the tested structure. Additionally,
preparation to such tests is time consuming, so that
the required interruption in service of the tested
structures limits the applicability of the mentioned
excitation techniques.

Faster development of EMA of large CE
structures followed the change of the attitude of the
testing engineers to the necessity of measurement of
excitation forces during testing. The Operating
Deflection Shape (ODS) [9] analysis, practiced in
mechanical engineering, started to be applied to
analysis of results of vibration testing (the technique
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was referred to as Basic Frequency Decomposition
[10]) of CE structures that were subjected during
service to environmental (wind etc.) or operational
(traffic etc.) loads. The considered technique was
inappropriate for identification of the close (in
frequency) mode shapes. This drawback was
overcome partly with introduction of operational
Least Squares Complex Exponential (LSCE) modal
parameter estimation algorithm [11], the tool of
Operational Modal Analysis (OMA). Later CMIF
[4] or Frequency Domain Decomposition [10]
parameter estimation technique was introduced, but
the real breakthrough in structural testing of large
CE structures came with application of stochastic
subspace identification (SSI [12]) estimation
technique [8]. The most effective in use proved to be
Balanced Realisation (BR) algorithm. The SSI
algorithms are superior to other ones as they tolerate
some nonstationarity of measured signals and might
be effective even when some modes are excited only
occasionally.

The problem of efficient testing corresponds to
the excitation force spectrum. Majority of modal
parameter estimation methods assume white noise
ambient excitation what is not always achievable in
engineering practice. That is why the application of
sophisticated estimation methods like SSI or
operational PolyMAX [13] does not compensate the
general drawback of their use i.e. identification only
of mode shapes that were actually excited during the
experiment and that were appropriately represented
in the recorded signals as a result of the type of
spectrum of excitation forces present during
experiments. By the way, due to unmeasured
excitations the identified mode shapes are not scaled
and their scaling requires usually carrying out of an
additional experiment [14].

Testing of large CE structures becomes more and
more applicable nowadays. First, the experimental
modal model is used for validation of results of
numerical calculations. EMA is the only way of
determination of structural parameters when no
validated numerical structural dynamics (usually FE)
model is available. Additionally, more and more
often modal parameters are being used for condition
monitoring (occasional or permanent) of large CE
structures [15].

Selected examples of investigation of structural
dynamics properties of CE structures comprise
testing of: skyscrapers [16], stadiums [17, 18],
bridges [19, 20, 21], tunnels [22], and large elastic
foundations [23].

Structural testing of CE structures might base on:
relative displacement, absolute acceleration or strain
measurement [15].

There are three important problems of modal
experiment carried out on large CE structures:

— how to apply appropriate sensors,
— how to transfer measured signals to the dynamic
signal recorder or analyzer,

— how to carry out analysis of the recorded signals
and make the results accessible.

The vibration sensors used for structural
dynamics testing of large CE structures are usually
the seismic accelerometers to assure appropriate
accuracy of measurements in low frequency range
(<10Hz). The sensitivity of the used accelerometers
varies from 0.1 V/m/s2 (piezoelectric sensors,
0.5Hz+2kHz of measuring frequency range and
mass of 0.21 kg [24]) up to 250 V/m/s2 (capacitive
sensors, 0+50Hz of measuring frequency range and
mass of 7 kg [25]). The sensors have to be resistant
to the operational conditions encountered during
field type of testing. The properties of the sensors
should not vary considerably with change of
environmental conditions (e.g. temperature) and
time, what altogether makes the appropriate
vibration sensors quite expensive devices.

Presently, transfer of the measured signals
consists usually in the analogue type of transmission
via a signal cable that connects a sensor to
a recorder/analyzer. In case of large CE structures
this technique cause many problems. Long signal
cables are difficult to be laid and then removed after
testing. They are susceptible to mechanical damage
due to forces applied by the testing engineers as well
as caused by the own weight of the cables. Some
loss of measuring signal energy occurs during
transmission via long cables and the motion of
cables along with a tested structure may induce
electrical distortions to measuring signals.

There exists a need to carry out many structural
tests of various objects in a relatively short period of
time what indicates that the applied measurement
system should be mobile to be easily transferred
from one object to another [15]. There is also
a problem of minimising of power consumption of
the measurement system, important in the field
conditions.

Finally, when application of vibration parameters
in condition monitoring or Structural Health
Monitoring (SHM) systems is considered the price
of the measurement system should be minimised, the
signal transmission distortion should be kept low
and remote as well as easy access to the signal
records should be assured.

One of the factors that contribute considerably to
progress in structural testing of large CE structures
is the wireless technology.

3. WIRELESS TECHNOLOGY IN PRACTICE
OF DYNAMIC MEASUREMENT

Direct benefit of application of Wireless
Measurement Systems (WMS) is an increase of
number of the measuring points and simplification
of measuring systems due to cable length reduction.

The authors focused on development of
a wireless accelerometer based measuring system.
The properties of the typically used accelerometers
are discussed in [26].
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In order to identify parameters of the structural
model it is necessary to record extensive data-set of
structural response. Currently, these data sets are
collected by expensive wired and powered data
acquisition systems, which consist of one central
unit with fixed number of channels. Each channel is
connected to one sensor by wired connection acting
as ‘antenna’ for all electrical noise common in
industry environments. Data acquisition system
consists of signal conditioning, data storage unit and
power supply. The time for set up of wired system
can take 2-3 weeks in case of large structures [27].

Wireless measurement systems can reduce cost
of the whole system due to low cost per channel and
simplification and freedom of sensor placements.
The general block diagram of classic and wireless
measurement solution is presented in figure 1.

a) classic measurementsystem b) wireless measurement system

\k.ws \k.ws \k. ws

SENSOR ~ SENSOR
SENSOR
[ ] ([ ]

i %
1 P SENSOR \k. p
SENSOR ws ws
WIRELESS
SENSOR SENSOR (WS)
SENSOR \k .Y

I 1
ws
MAIN MAIN
UNIT UNIT

Fig. 1. Block diagram of classic and
wireless measurement system.

There are still many important problems
concerning application of WMS, which are being
investigated. Some of them like: a set of sensors
organization, data synchronization or energy
consumption are discussed briefly in following
subsections.

3.1. Wireless measurement system sensor
topology
There are two standard network topologies

widely used in practical implementation of WMS

[28]:

— Star topology — uses one of the node as
a central base station, which communicates
directly with each sensor in the network. This
topology needs small software overhead during
protocol development but, at the same time, it
reduces distance between sensors and requires
higher energy consumption for the whole
network. With this topology it is relatively
simple to design an accurate synchronization
technique. Finally, this topology enables fast
replacement of standard measurement system to
wireless solution.

— Mesh topology — enables to design large sensor
networks with small energy consumption,
distributed over the structure, but requires
difficult structure of communication protocol and
synchronization technique. This kind of network
structure is suitable for SHM purposes.

The described above network topologies are

shown in figure 2.

©, % @\@

@ STAR @ @ MESH @
STATION | *—o, @
Fig. 2. Star and mesh topology of

&
STATION
wireless measurement system.

3.2. Wireless measurement system
synchronization methods
Precise data synchronization mechanism in

WMS must be implemented for further proper

parameter estimation. Difference in phases of

measured signals may lead to considerable errors of
modal parameters estimation. There are several
methods for data synchronisation:

— distributed synchronization — that bases on
distribution of reference time over the sensor
network. There are few possible realizations of
this method like: network time protocol NTP
[29], reference broadcast synchronization RBS
[30], timing-sync. protocol for sensor networks
[31] and time diffusion protocol TDP [32],

— ‘post-facto’ synchronization — that bases on
calculation of the transfer time between sensor
and base station and further data synchronization
at the base [33],

— GPS based solutions — that bases on precise time
synchronization at the sensor node by Pulse Per
Second (PPS) signal and time information
received from serial output of the GPS receiver
[26, 34].

The choice of the synchronization method
depends on many additional factors like:

— required power consumption — the least power
consuming method is the ‘post facto’
synchronization, which enables to achieve
accuracy in the order of ms,

— network  topology —  the  distributed
synchronization gives the good results in mesh
based sensor networks but this method requires
high energy consumption,

— synchronization accuracy — the GPS solution the
best synchronization accuracy gives the best
synchronization accuracy within few ps but
requires satellite signal source and higher power
consumption.

In the measuring system developed by the
authors the ‘post-facto’ synchronization and GPS
synchronization mechanisms were implemented.

3.3. Energy consumption

One of the most important parameters of WMS is
overall energy consumption. In case of large scale
SHM systems located over the structure the energy
consumption should be as low as possible, allowing
of years of active operations. In case of vibration



DIAGNOSTYKA’ 3(51)/2009 53
BOJKO, LISOWSKI, BEDNARZ, Problems Of Development Of Wireless Sensors For Experimental

measurement systems there is great potential of
energy harvesting from the vibrating object [35], in
case of outdoor systems it is possible to use solar
energy or wind energy. Harvested energy is
transformed to electrical energy and stored in
batteries. The energy consumption highly depends
on applied hardware and software, so great care
should be taken during design of wireless systems
operating for years.

In case of measurement for EMA of CE
applications the problem of energy consumption is
less important, because high capacity batteries or
AC mains energy may be applied.

The developed by the authors wireless sensor
was powered from high energy battery.

4. PROBLEM DEFINITION AND PROPOSED
SOLUTION METHOD

Basing on analysis of problems of application
of EMA to large CE structures and properties of
available wireless signal transmission techniques
the authors decided to develop and implement
a WMS which:

— assures correct estimation of modal
parameters,

— 1is easy applicable to EMA of large CE
structures,

— has a low energy consumption.
In this section two developed solutions are reported.

4.1. Measurement system based on MICA2
modules with TinyOS

The general view of the first considered wireless
system [36] that was intended to be used on CE
objects is presented in the figure 3.

The reported solution uses MICA2 wireless
modules as sensors nodes of the star topology
wireless network. The sensor software was
developed using TinyOS operating system, enabling
data acquisition, storage and transfer. The data
synchronization was achieved using ‘post facto’
technique.

The developed MoteViewer application was
running on PC over the wireless base station that
controls synchronization and proper data transfer
from sensors.

: fin Mote iever
Basestation b NET

Group 80 Group 81

Fig. 3. General scheme of first WMS
for testing CE objects.

Wireless modules enable acquisition of 20
seconds long vibration signal with frequency of 200
Hz. The limitation of the storage time comes from
FLASH memory applied on MICA2, the sampling
frequency is also limited to 200Hz due to software
overhead of TinyOS operating system. A measured
signal coming from an Oceana Sensors [37]
integrated accelerometer with 10g measurement
amplitude range is sampled on the module by 10 bit
AD converter and saved in flash memory. After
reception of all samples data can be transferred over
the radio to the base station for synchronization with
data coming from the other sensors, and then
analyzed.

The results of the first tests of the measuring
system prototype were unsatisfactory. The analysis
of the recorded data showed that the measured
signals had great noise level at 25 Hz and measured
amplitude was very small comparing to full scale of
A/D converter. The source of noise at the 25 Hz
comes from flash write procedure and its high
influence to amplifier built inside the applied
accelerometer. This unwanted feature was difficult
to overcome due to completed electronic circuit and
lack of additional accelerometer documentation. The
small amplitude of the signal and poor parameters of
A/D converter (actual resolution of 8 bits)
implemented on MICA2 caused additional problems
with proper signal analysis. The authors decided to
design and implement their own wireless sensor
which is briefly described in the next subsection.

4.2. Developed measurement system based on

GPS synchronization

The diagram of the second WMS developed by
the authors is presented in figure 4. The base module
of the system contains acquisition board equipped
with: ATmega 128 controller, 4 Mbit flash memory,
9 independent channels of 16 bit resolution A/D
converters, a temperature sensor, adjustable low pass
filters and supply circuits for controllers, filters and
sensors. The base module allows connecting
a 16LVS GPS signal satellite Garmin receiver.

GPS RECEIVER SENSORS

GPS
6LV ATmega A
\1/ 128 W )
2.4 GHz XStream Flash LLTEWERATURE

19 200 kbps memory

e} —

RADIO MODEM ACQUISITION BOARD
Fig. 4. Diagram of the developed
WMS.

Serial output of the GPS sensor is used for time
reception and the digital input PPS signal is used for
+1 ps synchronization of the modules over the
network. As a radio module the XStream 2.4GHz
OEM radio modem from MaxStream [38] was



54 DIAGNOSTYKA’ 3(51)/2009
BOJKO, LISOWSKI, BEDNARZ, Problems Of Development Of Wireless Sensors For Experimental

chosen. The parameters of the radio module allow
user implementation of different network strategies
and supply long range data transfer up to 180 m for
indoor and 16 km for outdoor applications. The
maximum data transfer achieved by the applied
radio modem is 19.200 kbps, which is sufficient for
the presented application. The applied sensors from
Oceana Sensors [37] have integrated amplifiers with
voltage output and sensitivity of 1000 mV/g with 4 g
maximum acceleration amplitude.

The maximum current consumption of the
complete WMS is equal to 250 mA and with applied
battery pack of 5000 mA capacity allows for 20
hours of continuous operation. The maximum
sampling frequency of the module is 500 Hz. The
module was also equipped with specially developed
T-LC noise cancellation filter for sensor supply.
First test on the structure showed that obtained
metrological properties are sufficient for testing
carried out on CE objects. The general view of the
developed wireless sensor is presented in fig. 5.

. B

Fig. 5 icture of developed WMS.

5. ASSESSMENT OF PERFORMANCE OF
THE PROTOTYPE WMS

The testing of the prototype of the developed
measurement systems consisted of three stages:

— comparison of the measurement results obtained
with use of a set of wireless sensors with each
other as well as with a reference acceleration
sensor,

— comparison of values of modal parameters

estimated basing on the simultaneous
measurement carried out with use of a set of
wireless sensors and a set of standard
accelerometers.

— a trial measurement aiming at identification of
modal model of a bridge structure.
For recording of signals provided by the used
standard accelerometers the multi-channel LMS
SCADAS III dynamic signal analyzer was used.

5.1. Comparison of measurement results in the
time domain
Checking the data synchronization between
sensors was the main purpose of the first stage of
testing. The experiment was done for a set of three

sensors. The sensors were attached to an
electrodynamic shaker and excited with 30 Hz sinus
wave. The results of comparisons of time signals and
estimated spectra are presented in fig. 6.

a)

Armplitude

s
772
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b)
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22 24 26 2B 30 32 34 36 3B
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Fig. 6. Comparison of time signals (a)
and of amplitude spectra (b).

The recorded time histories of all wireless
sensors and of the reference signal correspond each
other. There was found no phase shift between
signals measured by various sensors what proved
appropriate properties of the measured signals for
application in EMA.

5.2. Modal analysis of laboratory test frame

The aim of experiment carried out during the
second stage of testing was to estimate modal
parameters of the object presented in figure 7 using
OMA technique basing on measurement done with
use of the developed WMS.

Fig. 7. a) geometry.of measured object, b)
experimental setup
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The  excitation  signal  (provided by
electrodynamic shaker) was a frequency band
limited (0+200 Hz) white noise. The testing was
composed of the two following experiments:
— experiment for MICA?2 sensors,

— experiment for WMS based on
synchronization.

The first experiment was completed in 5
measurement runs. During each run the time signals
were recorded. The sensors were placed at different
locations during each measurement run. For
estimation of modal parameters BR OMA algorithm
implemented in VIOMA [39] toolbox was used.

The results of the 1* experiment are presented in
table 1, examples of estimated modes shapes are
presented in figure 8. The comparison between
mode shapes was done with use of Modal Assurance
Criterion (MAC) [4].

GPS

Table 1. Modal parameters of laboratory test frame
estimated during the 1* experiment.

reasons the resultant quality of estimation of modal
parameter was poor.

The problems encountered during the first
experiment of testing made the authors improve the
developed WMS. The improvements consisted in:
use of GPS synchronization, application of a better
A/D converter and accelerometers of higher
sensitivity.

The results of second experiment are presented
in table 2. Examples of estimated modes shapes are
presented in figure 9.

Table 2. Modal parameters of laboratory test frame
estimated during the 2™ experiment

Wireless Piezoelectric
Sensors accelerometers
Natural Modg ! MOA ¢ Natural Modg !
damping | [%] damping
frequency . frequency .
[Hz] ratio [Hz] ratio
[%] [%]
10.96 2.36 90 11.22 3.96
25.50 0.17 --- --- ---
--- --- --- 37.71 1.66
43.89 0.72 95 44.06 0.78
51.06 0.35 - - -
59.43 2.52 88 59.89 2.58
82.09 0.51 --- --- —

. Piezoelectric
Wireless sensors
accelerometers
Natural Mod.al M(,A C Natural Modg 1
damping | [%] damping
frequency . frequency .
[Hz] ratio [Hz] ratio
[%] [%]
11.07 3.18 90 10.96 2.77
43.81 0.97 95 43.92 0.77
59.60 2.52 95 59.63 2.09
81.58 1.58 47 82.24 2.10
118.91 0.50 79 119.30 0.26
121.33 0.31 51 121.24 0.32
158.58 0.30 75 158.28 0.32
159.95 0.28 33 160.53 0.26

Analysis of the results presented in table 2 shows

The analysis of results of the first experiment
showed that, in case of application of MICA2
sensors, the performance of the implemented A/D
converter ~was  unsatisfactory  for  precise
representation of acceleration in the recorded data.

w;=10.96 Hz w,~43.89 Hz

Fig. 8. Examples of mode shapes of
test frame estimated during 1st
experiment.

There appeared also a problem with insufficient
sensitivity of the used sensor. For the mentioned

that all mode shapes of system present in the
considered frequency range were estimated properly.
The relatively high differences in the compared
estimated modal damping ratios values are common
in practice of EMA. At current stage of the
considered WMS development the authors are
convinced that the results of the second stage of
testing proved its applicability to EMA.

The additional experiment was carried out on the
tested frame.

w,=43.81 Hz ws=118.91 Hz

Fig. 9. Examples of mode shapes of
tested frame estimated during the 2nd
experiment.

Higher amount of measuring points was used
during the additional experiment. The enhanced
geometry of the tested object is showed in figure 10.
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example of the estimated mode shapes is presented
in figure 12.

Fig. 10. Geometry of measured

object.

The results of the additional experiment are
presented in table 3.

Table 3. Modal parameters of laboratory test frame.

. Piezoelectric
Wireless sensors
accelerometers
Natural Modg ! MOA ¢ Natural Modg !
damping | [%] damping
frequency . frequency .
[Hz] ratio [Hz] ratio
[%o] [%]
43.91 0.64 95 43.85 0.78
59.74 2.29 98 59.68 2.41
118.71 0.60 97 118.89 0.61
155.88 0.57 94 155.49 0.48
159.28 0.78 86 158.53 0.49

The achieved level of correspondence of modal
parameters obtained with use of signals measured by
the developed WMS and by the applied standard
measuring system was considered to be satisfactory.

5.3 Modal analysis of a single bridge span

The last stage of testing of the developed WMS
was modal experiment carried out on one span of
a bridge. The measuring set-up during the testing is
showed in figure 11.

m%&% BRI
“ ||||lll||,[] !l'

Fig. 11. Measuring set-up during
modal testing of a bridge span

Values of the estimated natural frequencies and
modal damping coefficients are listed in table 4. The

Table 4. Modal parameters of a span of a bridge.
. Piezoelectric
Wireless sensors
accelerometers
Natural Mod.al MOA C Natural Modg !
damping | [%] damping
frequency . frequency .
[Hz] ratio [Hz] ratio
[%] [%]
2.16 18.68 30 1.84 3.77
3.16 5.47 58 3.16 2.76
5.24 3.43 33 5.43 2.52
a) 5.24 Hz
b) 5.43 Hz

Fig. 12. An example of identified
mode shapes (a) wireless test, (b)
traditional test

The obtained results of modal identification were
compared with results obtained (a year earlier) with
use of the standard measuring system. In the
considered frequency range 3 mode shapes were
identified. Two of them possess high qualitative
resemblance to results obtained with use of the
standard measuring system.

One pair of compared natural frequency values
consists of almost equal values. Nevertheless at the
moment the results of the both considered tests are
not sufficiently consistent to fulfill the demand of
correct parameter estimation due to low correlation
of the identified mode shapes. There is a variety of
reasons that might cause the obtained inconsistency
of results. Some of them are: application of low cost
sensors that are not suited to accurate measurement
at low frequency range (problem of a large constant
value of spectrum amplitude), limited excitation
forces arising during the testing due to traffic jams,
low number of sensors applied what caused
necessity to carry out five partial experiments,
ambient temperature and humidity variation. The
authors plan to repeat the testing with use of the
more sophisticated sensors

On the other hand when demand of easy
applicability is considered the used WMS proved to
be very convenient in use. The main benefits of use
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of the system covered: easy placement of necessary
cabling (to connect sensors to the base modules), no
need to pass any cables across the roadway as well
as no need to use any extra power supply. Some
problems were caused by relatively slow rate of
radio transmission of collected data to computer
after the measurement. This becomes important
when during modal tests the base modules should be
used many times due to necessity to perform a set of
partial experiments. The optional direct wire
connection (RS) of the modules to a computer was
implemented in each module to overcome this
problem when necessary.

The energy consumption of the measurement
system proved to be small during the carried out
experiment. Majority of the initially stored energy
was still available in batteries after the test.

Finally, it should be noted that the developed
WMS was positively assessed be the modal testing
engineers. The idea of use of modules connected by
cables with sensors located nearby proved to be
convenient for application in modal testing. In the
opinion of the authors such a solution is not the best
choice in case of use for the condition monitoring
purpose, when capability of each sensor to transfer
the data in a wireless way to the computer seems to
be very useful.

6. SUMMARY

Preliminary assessment of performance of the
prototype wireless measurement system proved its
applicability to experimental modal analysis of large
civil engineering structures. Application of wireless
transmission technology makes it applicable also for
condition monitoring (SHM) purpose.

The proposed solution the time synchronisation
problem based on GPS signal is very accurate and
offers independence of the synchronization from the
sensor network topology.

It seems to be possible still to lower the power
consumption of the developed sensors to make them
more convenient in applications to condition
monitoring. One of the suggested research directions
consists in optimization of the necessary time for
power down and wake up period of the GPS sensor
in order to keep synchronization time under the
specified value.
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Summary

This paper presents spatial, energetic characteristics of vibration loads, describing diagnostic
conditions of specific mechanical obiect. The method is applied in structural changes in
mechanical objects. The beam has been subjected to a cyclic one-sided bending. In particular
stages of the structure’s cyclic loading the transverse dynamic power has been increased to 2 kN,
from 4 to 24 kN. The frequency of cyclic overloading and transverse unloading of the beam
oscillated between 0.1- 0.3 Hz. A dynamic effect of the beam’s loads was a gradual degradation of
its structure. The beam’s degradation state, caused by the increase of load, showed the changes of
characteristics’ maxima frequencies. The decrease of the frequency of the beam’s natural
vibrations was a result of the decrease of its dynamic rigidity and the changes of the internally
dissipated energy. Maxima for high loads characterised the process of cracking and breaking of the
beam.

Keywords: degradation state, structural changes, dynamic rigidity, prestressed concrete beam.

OCENA STANU DEGRADACIJI BELEK STRUNOBETONOWYCH
ZA POMOCA ANALIZY ROZKEADU MOCY

Streszczenie

W artykule przedstawiono zastosowanie metody analizy rozkladu mocy obciazen
dynamicznych do opisu stanu technicznego obiektu i procesu degradacji obiektu mechanicznego.
Metoda stosowana jest w badaniach zmian strukturalnych w obiektach mechanicznych. Belkg
struno-betonowa poddawano wieloetapowemu cyklicznemu zginaniu jednostronnemu.
W poszczegolnych etapach cyklicznego obciazania struktury sita dynamiczna poprzeczna byla
zwigkszana o 2 kN, od 4 do 24 kN. Czestotliwos¢ cyklicznego obcigzania i odciazania
poprzecznego belki zawierata si¢ w granicach 0.1 - 0.3 Hz. Stan degradacji belki, spowodowany
wzrostem obcigzenia, objawil si¢ zmianami czgstos§ci maksiméw charakterystyk. Obnizenie
czgstosci drgan wilasnych belki nastapit w wyniku obnizenia jej sztywnosci dynamicznej
i w wyniku zmian energii dyssypowanej wewngtrznie. Maksima dla wysokich obciazen
charakteryzowaty proces pgkania i tamania belki.

Stowa kluczowe: stan degradacji, zmiany strukturalne, sztywno$¢ dynamiczna, belka struno-betonowa.

1. ANALYSIS OF DEGRADATION PROCESS
OF MECHANICAL OBJECT

In order to assess the dynamic condition of
amachine, knowledge of dissipated power is
required (real parts of dynamic load power) as well
as separation of the power of inertia force and
dynamic rigidity power (imaginary parts of dynamic
load power).

The machine which dynamic characteristics in
terms of frequency are described by matrix H, is
exposed to externally forcing vector (F). The answer
vector of vibration rate (Vi) is calculated. The
dynamic load power distribution matrix (Nik) is
defined as the quotient of vector of vibration rate
(Vi) and transposed forcing action vector (Fk).

Elements of the dynamic load power distribution

matrix (Nik) are the function of dynamic time (t) and
evolution time of condition ().

The model takes into account changes of the
object dynamic properties and increase of vibration
quantity amplitudes. The changes occur because of
destruction process taking place during the object
exploitation. Base element of evolution destruction
process is energy dissipation phenomenon.

Evolution of wear and machine part damages
needs to build an energetic model that describes the
machine behavior vs. dynamic evolution time (long
time ®) in all lifetime of the machine.

A discrete dynamic machine MIMO model can
be described by the matrix equation of motion:

M[D(®)]k(t,®)+ C[D(®)]x(t,®)+
+K[DO))x(0,1)]" %(t,0)=F'(t,0)x(t,0) (1)
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where:
M, C, K - mass, dumping and stiffness matrices,
F(t) - excitation vector,

i(t), X(t), X(t) - acceleration, velocity and
displacement vectors,
T — denotation of matrix or vector transform.
Term FT (t, 0 )x (t, e) presents matrix of input
power "supplied" to the system as result of the
loading force vector F(t, 9), matrix of the dumping

force power {C[D(G)]X(t,e)}T X(t,) is a power
dissipated by dumping C, and internal power of the
structure is stored interchangeable by inertial force
power {M[D(e)])"((t,e)}T X(t,0) and dynamic stiffness
power {K[D(6)]X(t,0)f" X(t,6)-

In terms of frequency, the load power

distribution is described by formula (1), where the
elements of dynamic characteristics are the functions
of destruction’s measurements (formula 2).
Elements on the main diagonal of the powers loads
distribution matrix are the characteristics of the
dissipated power in a machine. The odd elements are
the compound values. Imaginary parts are
measurements of power. They carry as a result of
impact of each force applied to the machine at points
k and nominated at nodal points i.

The powers Re GN i (®), being real values, are
a measure of dissipated powers; the powers
ImGNik (©), i=k, are force powers of dynamic

rigidity and inertia of mechanical structures
transferred to spots “i”.

2. STRUCTURAL CHARACTERISTICS OF
PRESTRESSED CONCRETE BEAMS

The examples of application of dynamic load
power method for object technical state description
and structural parameters changes in process of its
degradation will be presented.

The diagnostic tests have been made concerning
the technical condition of the beams subjected to
forcing actions applied in sequence in escalating
degradation stages as a result of successively
succeeding dynamic loads F, put in the middle of the
beam: 0 — 24 kN.

<‘>A

Fig. 1. Location of testing points of vibration
acceleration and points subjected to forcing actions
by a modal hammer

- Fig. 2. Beams have been subject to
dynamics load until their crack

The figures below (fig.3-9)) presented the
comparison of the testing load power spectral
density power GN of the beams, determined in
particular conditions of the technical degradation of
the object. The dynamic characteristics and the
testing load vibrating power values reflect the
intensity of beams’ degradation (cracking).

The state of beams degradation, caused by the
increase of the dynamic load, manifests itself in
reduction of characteristic maxima frequency which
means reduction of vibration frequency of the beams
as a result of reduction of their dynamic rigidity and
change of the internally dissipated energy and
change of the internally dissipated energy. On the
basis of the analysis of the changes of energetic
modes extremes (imaginary parts of the power
spectral density of the testing loads power) relevant
changes (decrease or increase) of the beam’s
dynamic rigidity have been determined. Frequency,
damping changes and dynamic rigidity in
mechanical object posing the mechanical system
structural degradation were defined.

Damping changes are different for particular
energetic modes. The greatest damping changes are
observed for the mode of low frequency. On the
basis of the analysis of the energetic modes changes
relevant changes (increase or decrease) of dynamic
rigidity of particular beams as a result of their
degradation have been determined.

The square of the frequency of natural damped
vibrations of energetic mode of a mechanical object
is as follows:

o? = w3 —h? @)

where:
ith energetic mode of the object, (00i — the freque-
ncy of natural undamped vibrations of ith energetic

mode, h; — damping measure of ith mode.
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Table 1. Dynamic loads - technical condition changes of the steel concrete composite beam

transverse | number observation of the beam frequency frequency frequency
load of cycles degradation condition 1 mode 2 mode 3 mode
[kN] 140-210Hz | 700 -1000 Hz | 2100 - 2600 Hz
2 3 4 5 6 7
0 0 no fractures 176,5 928,1 2429,6
0-4 200 no fractures 181,2 926,6 2425,0
0-6 200 no fractures 182,8 926,6 2418,4
0-8 200 no fractures 184,4 925,0 2414,1
0-10 200 no fractures 184,4 925,0 2414,1
0-12 200 no fractures 184,4 925,0 2414,1
0-14 200 no fractures 182,8 921,8 2407,0
0-16 200 first fractures were shown at 179,6 915,6 2396.8

the bottom and on the side
surfaces of the beam -
fractures reach 1/3 cross -

section
0-18 40 the same amplitude 16 kN
(to high frequency)
0-18 50 further propagation of the 175,0 904,6 2362,4

fracture which reaches 3/4
cross - section on the side
surfaces of the beam

0-18 150 as above 175,0 900,0 23422

0-20 200 fracture on the side surfaces 171,8 886.0 2310,0
of the beam reaches 4/5
cross — section

0-22 115 as above
0-22 85 as above 168,8 870,2 22484
0-24 100 width of the fracture (spread)
increase at the bottom
0-24 100 as above 167,2 858,0 2189,0
10 ] 10 ‘
0k 0 kN
. ' ok ] 04 ki
. ook ] 33%%
gqim e | ‘ 0-12 kM ||
= g7 0-16 kM |] =) ‘ 3’@5
B 0-18p kN < 0150 ki
= 0-18r kN = - oR
& 10" 020 kN |] = 0181 kN
G 10 005 14 ] 020 kN
- T
g 0-24 ki P 0-22 kN
107 li %7 10 7 F 0-24 kM H
107 \-.’ 't 1
10711 1 L 1 L 1 L
0 1000 2000 2000 4000 5000 6000 7000 10" ‘ ‘ ‘ ‘ ‘ ‘
t[Hz) 0 1000 2000 3000 4000 5000 6000 7000

f[Hz]

Fig. 3. Absolute values of GN(f) beam

testing load power spectral density power Fig. 4. Real parts of GN(f) beam testing load

power spectral density power
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Fig. 5. Real parts of GN(f) beam testing Fig. 6. Impulse loads power spectral density
load power spectral density power imaginary parts changes, describing object
structural degradation (scope 30-7000 Hz)
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Fig. 7. Impulse loads power spectral density imaginary parts changes, describing object structural
degradation (scope 150-220 Hz)
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Fig. 8. Impulse loads power spectral density imaginary parts changes, describing object structural
degradation
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Fig. 9. Impulse loads power spectral density imaginary parts changes, describing object structural
degradation (scope 2100-2600 Hz)

As a result of the process of technical
degradation of a mechanical object there was
a decrease of the frequency of modes (reinforcing of
the beam’s rigidity) or an increase of the frequency
of modes.

The value of a relevant change (decrease,
increase) of dynamic rigidity of a mechanical object
as a result of its structural degradation is received:

3)

On the basis of the analysis of the energetic
modes changes (fig. 10 - 11) relevant changes
(increase or decrease) of dynamic rigidity of
particular beams as a result of their degradation have
been determined (fig. 12).

09t
098 - S o
nat ‘

changes of frequency modes

0.96

] 2 4 & 8 10 12 14 16
load [kN]

Fig. 10. Changes of frequency of
modes

damping [%]

changes of dynamic rigidity [%)

load [kN]

Fig. 11. Energetic modes damping
changes resulting from beam
degradation

1766 Hz
928 0Hz
24296 Hz

. . . .
5 10 15 20 25
dynarmic load [kiN]

Fig. 12. The changes of dynamic rigidity of
a pretensioned prestressed concrete beam as
a result of a degrading dynamic load

CONCLUSION

The processes determining the machine life
characteristic and the measures of changes of its
technical state have an energetic dimension.
Therefore, one should use energetic methods in
performing tests in the field of rigidity of
mechanical objects.
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2. In order to assess the dynamic condition of
a mechanical system, it is required to know
dissipated power (real parts of dynamic load
powers) and separate the powers of inertia forces
and dynamic rigidity forces (imaginary parts of
dynamic load powers). The method is applied in
research into energy dissipation and structural
changes in mechanical objects.

3. Vibration damping is a value posing the initial
degradation and structural stage of mechanical
object. Dynamical rigidity changes, appearing as
cracking, occur mainly in the second — final
stage of mechanical object technical degradation.
Analysis of the changes enables determinig loads
power limiting values, causing mechanical object

element  structural degradation  processes
initiation
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Summary

The paper deals with an application of entropy of signal in frequency domain to
vibroacoustical diagnostics of ball bearings. Crossing of rolling elements over a crack located at
one of the raceways is a reason of appearance of a sequence of shocks. Presented method of
diagnosing is based on an assumption that impulses, which are results of bearing faults cause
instantaneous changes of signal in frequency domain. This changes of signal are estimated with
use of entropy of signal in frequency domain. During the research the Shannon entropy and the
relative entropy were applied. Distribution of signal in frequency domain was estimated with use
Fourier Transform (normalized Power Spectrum Density) or Discrete Wavelet Transform. In the
paper the influence of rotational speed of shaft on efficiency of proposed method were presented.

Keywords: vibrations, diagnostics, signal processing, entropy, rolling element bearings.

ZASTOSOWANIE WYKORZYSTUJACYCH ENTROPIE ANALIZ SYGNALOW
DO IDENTYFIKACJI NIESPRAWNOSCI EOZYSK TOCZNYCH

Streszczenie

Artykul poswigcony jest zastosowaniu entropii widma sygnatu do wibroakustycznej
diagnostyki tozysk tocznych. Przetaczanie si¢ elementdw tocznych przez lokalne uszkodzenie
jednej z biezni tozyska powoduje wystapienie szeregu uderzen. Prezentowana metoda
diagnozowania bazuje na zalozeniu, ze impulsy ktére sa wynikiem uszkodzeniem tozyska
wywotuja chwilowe zmiany sygnatu w dziedzinie czgstotliwosci. Te zmiany sa oceniane
z wykorzystaniem entropii widma sygnalu. W badaniach zastosowano entropi¢ Sharona i entropig
wzgledna. Rozklad sygnalu  w dziedzinie czgstotliwosci wyznaczano z zastosowaniem
transformacji Fouriera (znormalizowane widmo mocy sygnatu) albo dyskretnej transformacji
falkowej. W artykule przedstawiono wyniki opisujace wplyw predkosci obrotowej watu na wyniki
zaproponowanej metody.

Stowa kluczowe: drgania, diagnostyka, analiza sygnatow, entropia, tozyska toczne.

1. INTRODUCTION

Typical failures of rolling bearings can be caused
by material fatigue, insufficient lubrication,
corrosion or plastic deformation. The most common
defects, such as pitting and spalling, are caused by
the material fatigue of the bearing raceways. The
first symptoms of the bearing defects, related to the
material fatigue, are fatigue cracks appearing at
contact surfaces of the bearing elements.

Crossing of rolling elements over a crack located
at one of the raceways is a reason of appearance of
a sequence of shocks. The majority of methods
concerning the rolling bearing diagnostics is based
on observation and analysis of vibrations caused by
these shocks [1, 8].

The impact caused by crossing of rolling
elements over a fatigue crack (as a unit delta
function) produces a broad spectrum of energy in the
frequency domain. Natural frequencies of the
bearing elements and housing are excited up to a few
dozens kilohertz.

General assumption of the research is that
impulses, which are results of bearing faults cause
instantaneous changes of signal in frequency
domain. This changes of signal will be estimated
with use of entropy of signal in frequency domain.

2. ENTROPY OF SIGNAL IN FREQUENCY
DOMAIN

The Shannon entropy is a measure of the
uncertainty or disorder in a given distribution. Let us
now suppose that we have the distribution {p;} of
power of signal in frequency domain, for example
power spectral density [3].

We define the entropy of signal in the
frequency domain as

H (p)=-) p;-logp,] O

J=1
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where:

pi(j=1 2, ..n) - distribution {p;} of signal
segment in frequency domain, for example power
spectral density,

J — the number of the levels of distribution
(spectral lines).

Spectral entropy of signal appears as a measure
of the degree of order/disorder of the signal, so that
it can provide useful information about the
underlying dynamical process associated with the
signal.

3. THE PROPOSED METHOD OF BEARING
DIAGNOSTICS

The successive transformation of signals during
the analysis were:

— Division of vibration signal into short segments
corresponding to time period of short changes of
a signal in frequency domain caused by impacts.

— Estimation of distribution for each short
segments in frequency domain.

— Estimation of entropy values of each signal
segments.

— Creation vector of entropy values (signal of
entropy).

— Spectral analysis of the vector of entropy
values.

— Analysis of the values of the spectral lines,
whose frequencies are equal to the bearing fault
characteristic frequencies.

In the following, the signal is assumed to be
given by the sampled values x = {x,, n=1,2 ..., N},
corresponding to an uniform time grid with sampling
time A¢.

In order to study temporal evaluation, the
analyzed signal is divided in i overlapping temporal
windows of length K and for interval L (were K and
L are natural numbers). On the basis of laboratory
test of bearing with diffrent faults, the best results
were obtained when time period of signal windows
(short segment) was equal 1 + 4 [ms].

Temporal window number i of signal x one can
write x' = {x'; } = {x,,n=i-L, i-L+1, ..., i -L+K}.
The number of temporal windows is equal to 7 = (V-
K)/L . The time period between two windows is
equal to At;, = L- At.

For each short signal windows {x"} distribution
of power in frequency domain {pij} is estimated.
Distributions in frequency domain were estimated
with use of Fourier Transform or Wavelet
Transform.

In the case of Fourier Transform a normalized
Power Spectrum Density represented spectral
distribution of signal. In the case of Wavelet
Transform in order to obtained an orthogonal results
of decomposition a Discrete Wavelet Transform was
applied [2, 5].

The number of distribution levels was equal to
the number of wavelet decomposition levels.
Decomposition was taken up to the level j = 24 or

32. During the research as mother wavelet function
was applied the Daubechies 7.

Relative wavelet energy for the resolution level j
of spectral distribution p;is define as

p,=— @)

where E; - energy for the resolution level j , E, —
total energy of signal window.

Then entropy values H' of each spectral
distribution {p’j} is estimated in accordance with the
formula (1). The obtained value is assigned to the
central point of the time window.
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Fig. 1. Spectrum of vector of entropy values while
the outer ring had medium fault. Distribution of
signal in frequency domain: a - Fourier Transform,
b - Wavelet Transform

A vector of entropy values (signal of entropy) is
created. The vector included 7 values with sampling
time At L.

Bearings condition is not determined on the
basis of maximum value of entropy as effects of
bearing faults. Fundamental to its state identification
is the frequency of instantaneous changes of entropy
value. At the end power spectrum density of the
vector of entropy values is estimated.

Confirmation of the bearing fault is a distinct
magnitude of this spectral line, whose frequency is
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equals to the frequency of crossing of a roller over
the cracks (bearing characteristic frequency) [7].

Fig. 1 presents obtained results in case of fault of
outer ring, while distributions in frequency domain
were estimated with use of Fourier Transform and
Wavelet Transform. The distinct magnitude of the
spectral line whose frequency is very close to the
bearing characteristic frequency (BPFO = 192 Hz)
confirmed existence of the fault of the outer ring.

Results of preliminary research presented in the
Fig. 1 proved that the use of the entropy of signals
makes it possible to obtain distinct symptoms of the
bearing faults.

4. RELATIVE ENTROPY OF SIGNAL IN THE
FREQUENCY DOMAIN

The purpose of analysis is to recognize
instantaneous changes of signal in frequency
domain. Relative entropy (Kullback — Leibler
entropy) gives a measure of the degree of similarity
between two distributions [4, 6].

We define the relative entropy between two
(basic and reference) distributions in frequency
domain of short segments of signal as

J
p‘
Hy(plg)=>Y p, log,| ~" (3)

J=1 J

where:
pi(j=1 2 ..n) — distribution in frequency
domain {p;} of basic signal window,
q; (j =1, 2, .. n) — distribution in frequency
domain {g; ! of reference signal window,
J — the number of the levels of distribution
(spectral lines).
The successive transformation of signals during
the analysis with use of relative entropy were:

— Division of vibration signal into basic and
reference short windows. In order to study
temporal evaluation, the analyzed signal was
divided in i overlapping basic windows of
length K and for interval L (were K and L were
natural numbers). For each basic window
nonoverlapping reference window of length K
and for interval L=K was determined.

— Estimation of distribution in frequency domain
of each window.

— Estimation of relative entropy value for each
corresponding basic and reference signal
window.

— Creation vector of relative entropy values
(signal of relative entropy).

— Spectral analysis of the vector of relative
entropy values.

Examples of results of the proposed method with

use of relative entropy are presented in the Fig. 2.

Distinct magnitudes of the spectral lines whose

frequencies are equal to the bearing characteristic
frequency (BSF = 222 Hz ) for the rolling element
defect were obtained.
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Fig. 2. Spectrum of vector of relative entropy values
while the rolling element had medium fault.
Distribution of signal in frequency domain: a - Fourier

Transform, b - Wavelet Transform

5. IMPLEMENTATION OF THE METHOD

5.1. Analysed signals

Analysed signals were recorded on a laboratory
stand. During measurements of vibration signals
rotational speed of a shaft was changed. Bearings
faults were artificially produced by an electric pen.
A radial acceleration signal was picked up from the
top of the tested bearing casing by a piezoelectric
accelerometer. During measurements of vibration of
one bearing 20 records of samples were recorded.
Each record included 8192 acceleration values
sampled at a frequency equal to 51.2 kHz. MatLab
programs were implemented to execute signal
analyses.



68 DIAGNOSTYKA’ 3(51)/2009
WYSOGLAD, Application Of Entropy-Based Analysis Of Signals To Identification Of Rolling Element ...

o
~—'

L i L L T O Y e T | B ]

23.04 44

Ratational frequency [Hz]

L5

a5

15

15

S04 146 23.04 36
Ratational fequency Hz]

0O Entropy DWT
O Relatiwe Entropy DWT

B Entropy PSD
O Relatiwe Entropy PSD

Fig. 3. The influence of rotational speed of shaft
on the harmonic amplitude ratio, a — while the outer
ring had fault, b — while the inner ring had fault

5.2. Results of bearings diagnostics

The influence of rotational speed of shaft on
efficiency of proposed method was presented in
Fig. 3. The distinction between the spectral line with
the characteristic frequency and adjoining lines was
described with application of HAR.

A harmonic amplitude ratio (HAR) is defined as
the amplitude value of the spectral line a(f;), whose
frequency is equal to the bearing characteristic
frequency, over the average value of amplitude of
the spectrum a,,

a(f,)

HAR = —"*~ “)

aav
In all cases of application of both entropy and
relative entropy the faults of bearings were
identified. The best results were obtained while the
rotational frequency was high. The reason of that
was the difference between the power of impulses

produced by a fault.
6. CONCLUSIONS

The paper deals with an application of entropy of
signals in frequency domain to identification of ball
bearing faults. The main purposes of the research
were:

— to prove whether it is possible to diagnose
a bearing with the use of measure of changes of
vibration signal in frequency domain estimated
with application of entropy,

— to determine a set of parameters of signal
processing that makes it possible to obtained
the best results.

Results of the research presented in the paper
proved that the application of the presented method
enables us to obtain distinct symptoms of bearing
faults.

Practical application of proposed method are:

— detecting failures while additional sources of
vibrations (noise) are present,

— detecting faults at the earliest possible stage.

REFERENCES

[1] Cempel Cz.: The vibroacoustical diagnostics of
machinery. (in Polish) WNT, Warszawa 1989.

[2] Biatasiewicz J.T.: Wavelet and approximations.
(in Polish) WNT, Warszawa 2000.

[3] Majera J., McCowan 1., Bourland H.:
Speech/music segmentation using entropy and
dynamism features in a HMM classification
framework. Speech Communication 40 (2003)
pp- 351-363.

[4] Maczak J.: On a certain method of using local
measures of fatigue-related damage of teeth in
a toothed gear. COMADEM, Cambridge 2003.

[5] Mori K., Kasashima N., Yoshioka T., Ueno Y.:
Prediction of spalling on ball bearing by

applying the discrete wavelet transform to
vibration signals. Wear 195(1996), pp.162-165.

[6] Radkowski S.: Wibroakustyczna diagnostyka
uszkodzen niskoenergetycznych. Instytut
Technologii Eksploatacji, Warszawa-Radom
2002.

[7] Scheithe W.: A method for early detection of
rolling element bearing failures. Proceedings of
Carl Schenck AG, Darmstadt.

[8] Tandon N., Choudhury A.. A review of
vibration and acoustic measurement methods
for the detection of defects in rolling element
bearings. Tribology Int. 32(1999), 469-480.

Bogdan WYSOGLAD is
an assistant professor in
the Department of
Fundamentals of Machi-
nery Design at Silesian
University of Technology.
He conducts research in
the field of machine
building and maintenance.

: / “ His researches are focused
on: technical diagnostics of machinery, signal
analysis and application of methods of Artificial
Intelligence.




DIAGNOSTYKA’ 3(51)/2009
GIBIEC, Application of selected data mining methods to machinery operation

69

APPLICATION OF SELECTED DATA MINING METHODS
TO MACHINERY OPERATION

Mariusz GIBIEC

Departament of Robotics and Mechatronics
AGH University of Science and Technology, Mickiewicz Alley 30, 30-059 Krakow, 012 634 35 05,

mgi@agh.edu.pl

Summary

In this research an example of selected Data Mining techniques application to mining cutter-
loader exploitation and service planning was presented. Information, concerning a type of machine
failure or execution of servicing activity, recorded in servicing protocols, was used. Early
information about the range of expected service is essential for optimization of schedule of
services and contents of spare parts stockroom. In this research, forecasting of the maintenance
activities range was analyzed. Also the identification of sequence of activities performed during
following machine stoppages was performed. Such information makes it possible to increase the
reliability of maintenance due to conducting services of several parts during the same break in
exploitation. For these purposes algorithms of sequence and link analyses were used.

Keywords: diagnostic relations, technical condition classification, Data Mining, data analysis.

ZASTOSOWANIA WYBRANYCH METOD DATA MINING W EKSPLOATACII MASZYN

Streszczenie

W pracy przedstawiono przyktad wykorzystania wybranych technik Data Mining do
wspomagania eksploatacji gorniczego kombajnu $cianowego. Wykorzystano informacje o rodzaju
uszkodzenia lub wykonanej czynno$ci serwisowej zawarte w protokotach serwisowych
sporzadzanych przez stuzby utrzymania ruchu. Poniewaz wczesna informacja o zakresie serwisu
pomaga w lepszym jego zaplanowaniu oraz daje mozliwo$¢ optymalizacji stanow magazynowych
czgsci zamiennych, w pracy przeanalizowano mozliwo$¢ przewidywania zakresu czynno$ci
utrzymaniowych. Dokonano takze identyfikacji sekwencji nastgpujacych po sobie czynnosci
wykonywanych podczas kolejnych zatrzyman maszyny. Ich znajomo$¢ umozliwia obnizenie
kosztow utrzymania poprzez wykonanie serwisu kilku elementéw podczas jednego postoju. Do
tych zastosowan wykorzystano metody analizy potaczen i sekwencji.

Stowa kluczowe: eksploatacja, utrzymanie stanu technicznego, Data Mining, analiza danych.

INTRODUCTION

and lack of confidence measure of manually read

By reason of high cost of technology and
machines modernization the manufacturers aim at
maximization of their utilization in the technological
process. Machinery technical condition is monitored
and servicing forecasting systems are developed to
avoid unplanned stoppages and brakes in machinery
usage. From the economical point of view, not only
information concerning the date but also a range of
servicing is crucial [5]. For the manufacturer,
documentation of exploitation events, including
services, is very important during warranty period as
well as in later exploitation. Information about
execution of servicing activities are recorded by
maintenance groups or specialized service in
a form of protocols. More and more frequently
software tools are used — special forms connected
with a database are applied. The data accumulated
in electronic version can be viewed and analyzed
manually or a database query can be used. Due to
a great number of obtained results, many repetitions

dependences it is difficult to come to reliable
conclusion on the basis of the database answer to
awell formulated query. Also identification of
sequences of servicing activities is difficult but can
help in following repairs planning or in making
a decision concerning servicing several parts or
systems during one machinery stopping. To avoid
problems mentioned above the Data Mining
technique of dependences discovering was proposed.
Algorithms of sequence and link analyses are
pointed as suitable for these purposes. These
methods utilize the A-priori algorithm and its TID
modifications that optimize searching dependences
in huge databases. The proposed technique was
tested on the data covered in servicing protocols of
mining cutter-loader exploitation.

2. SEQUENCE AND LINK ANALYSES

The goal of the methods is to find relations
between appearance of groups of eclements
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(attributes of values) in database. Obtained relations
are presented in the form of rules e.g.: appearance of
a particular pattern implies appearance of another
pattern, with a certain probability. Application of
these analyses is based on definition of frequent sets
and measure of support, confidence and correlation.
If D is a database, T is a transaction and A, B are the
sets of transaction elements (attributes) then:

Support(A)=[{TeD|ANT}/|D|

Confidence(A—B) = support(AuB)
/support(A)

Support (A—B) = support(A u B)

A, B are frequent sets when their support is more
than minimum value [4].

The frequent sets identify implications if A than
B. If the sets are separate, elements of set A tend to
appear with the elements of set B simultaneously.
Data relations discovering is based on the minimum
value of support or confidence criterion . Algorithm
of A-priori method is as follows [4]:

1. Calculations of support value for 1-element
sets.

2. Selection of frequent sets (fulfilling
minimum support condition).

3. Candidate sets creation by joining frequent
sets and support calculation.

4. Filtering, selection of new frequent sets
from candidate sets, stop condition
checking and moving to step 3.

Algorithm is stopped when a new frequent
set is an empty set.

Assuming that in the considered servicing
protocols numbers of servicing activities are
numbers of transactions and activities are their
attributes, the presented algorithm returns sets of
activities that are usually performed simultaneously
with a value of frequency measure of their appearing
in database.

Taking under consideration time flow between
consecutive services their sequence is identified. It
requires defining a time period of a sequence. This
period is important for data preprocessing. New
transactions are created by joining transactions
recorded in a defined time period. Additionally, in
order to save information about servicing order, the
attributes are indexed.

The data, modified in this manner, is investigated
by the same A-priori algorithm but as a result a list
of servicing activities that should be performed in
defined time period is returned. Also their forecasted
order is identified. The results are assessed by
avalue of confidence. The link and sequence
analyses give sets of rules in the following form:

If servicing of type 1 was performed then, with
probability equal to a value of confidence, servicing
of type 2 was performed. Next, in the following step
body of rule describes what type of servicing was
performed after servicing of type 2 was completed

[1].

3. MAINTENANCE OF MINING CUTTER-
LOADER
The algorithms mentioned above were applied to

the mining cutter-loader maintenance aid. Due to

requirements of the analysis, a preliminary review of
servicing protocols delivered by the manufacturer,
was performed. Because of software requirements,
irrelevant  information = was  deleted and
standardization of naming and coding of servicing
was performed. Excel program sheets or results of
servicing database query, supply the analyses with
relevant data recorded during specified machine
exploitation. The main goal of software application
is performance of link analyses of failures
appearance in certain components of machines
utilized in a certain coal mine. Protocols that include
servicing reports concerning different mining cutter-
loaders of the same type were joined into one
document, that was used as the input of dependences
discovering (link analyze). As the result sets of
servicing activities were created. All these sets were
treated as a basis for knowledge rules formulation.

Each rule had its own value of support and

confidence. Similar to the selection of frequent sets,

rules with support value below minimum were not
treated as the result.

The number of discovered rules is vary with
respect to different values of support and
confidence. Obtained results were analyzed in
several ways:

e By defining high level of support the most
frequent services are obtained. The confidence
value suggests that replacement of an adaptation
ring implies Goetz sealing replacement with
100% confidence but in a reverse case
confidence is three times smaller. It is illustrated
in the table I.

e For high level of confidence and low level of
support obtained rules are the most probable but
they do not have to be so frequent. This kind of
analyses seems to be the most useful
considering servicing range forecasting. The
results are presented in the table II.

e If the analyses are performed with low values of
support and confidence and results are sorted
increasingly then suspicious servicing activities
are identified. It is not rationally justified to
perform these servicing activities simultaneous
and they should not be taken under
consideration in the forecasting process. The
rules for this case are presented in the table III.
In practice, a failure of driving wheel in not
connected to computer breakdown, and also
a Goetz sealing failure has no influence on
engine or a driving axle.

When a date of a particular part servicing is
known, it is useful to perform an analysis that
presents rules with the name of this part in head of
the rule. Then the names of parts that are suggested
to be serviced simultaneously with the subject part
are presented in the body of the rule. The
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probability of such arange of servicing is also
presented. In the table IV results of such an analysis
performed for a relay PC1 are presented. It is worth
noticing that a failure of this relay suggests another
relay servicing with 57% probability. But in case of
two relays failure other relays in this group need
servicing with 100% probability.

Algorithm of sequence analyses requires
specification of the order of servicing. In the
considered case study period of 7 days was assumed
as the time of sequence duration. A new database
was created based on the servicing reports collected
during this period. For each individual cutter-loader
the order of such defined sequence was noticed.

confidence values but it is always the order in
which specified components should be serviced.

Results of sequence analysis are presented in the
table V. They are similar to link analysis results
because in the considered case study the most
frequent sequences are in fact sets of servicing
activities performed during the same machinery
stopping.

In the figure 1, set of rules identified using
considered analysis is presented in graphical form
that also illustrates relative values of support by
asize of node and confidence level by a line
thickness. In the figure 2, a confidence level of the
results of link analysis is presented.

Result of analyses depends on the support and

Tab. I. Results of link analyses, support 2%

Head ==> Body Support(%) Confidence(%)
1 Driving wheel F11.576 ==> Grip 2,347418 33,3333
2 Grip ==>| Driving wheel F11.576 2,347418 55,5556
3 Goetz seal => Adaptation ring H60 2,816901 31,5789
4 Adaptation ring H60 => Goetz seal 2,816901 100,0000
Tab. II. Results of link analyses, support 0,5%
Head ==> (Body Support(%) Confidence(%)
103  |Adaptation ring ==> |Goetz seal 2,816901 100,0000
91 Relay PC2 ==> |Relay PCI 1,877934 100,0000
41 Sleeve F11.658-01 ==> |Driving wheel F11.576 1,408451 100,0000
27  |Driving wheel axle ==> |Driving wheel F11.576 0,938967 100,0000
Tab. II1. Results of link analyses, support 0,5%
Head ==> Body Support(%) | Confidence(%)

76 |Goetz seal ==> |Electric drive 300kW DSKK ]0,938967 10,5263

75 |Goetz seal ==> |Computer equipment 0,938967 10,5263

73 |Goetz seal ==> |Cutter head 0,938967 10,5263

79 |Goetz seal ==> |Loader engine SOK-250L 0,938967 10,5263

78 |Goetz seal ==> |Axle F11.673.-05 0,938967 10,5263

Tab. IV. Results of link analyses, support 0,5%
Head ==> Body Support(%) | Confidence(%)

14 |Relay PC1 ==> |[Relay PC2 1,877934 57,1429
15 |Relay PC1 ==> |Relay PC3 1,877934 57,1429
16 |Relay PC1 ==> |Relay PC2, Relay PC3|1,877934 57,1429
30 |Relay PCI, Relay PC2 |==> [Relay PC3 1,877934 100,0000
31 |Relay PCI, Relay PC3 |==> [Relay PC2 1,877934 100,0000

Tab. V. Results of sequence analyses, support 2%

V)
Head ==>|Body Support(%) )Conﬁdence(A)
15/Driving wheel axle ==>|Driving wheel F11.576, Grip, Sleeve F11.658-01(2,247191 {100,0000
16|Sleeve F11.658-01 ==>|Driving wheel F11.576, Grip, Driving wheel axle|2,247191 |100,0000
17 ilj:ve F11.658-01, Driving wheel - |__|ry o wheel F11.576, Grip 2,247191  [100,0000
20|Grip, Sleeve F11.658-01 ==>|Driving wheel F11.576, Driving wheel axle 2,247191 |100,0000
p7|Priving wheel F11.576, Grip, Driving |___ Iq)0010 F11.658-01 2,247191  [100,0000
wheel axle
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Size of node: relative support value; Line thickness: relative confidence value
Head support: 8,9; Total support: 2,8; Body support: 8,9; Confidence: 100,0
Min. support = 1,5%, Min. confidence = 5,0%,
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Values of support measure can be also used for
the purposes of machinery reliability assessing or
finding the most frequent servicing activities. It is
helpful for designers in construction improvements
and for maintenance engineers suggesting paying
more attention to monitoring efficiency of
distinguished parts. For two types of mining cutter-
loaders two sets of most unreliable parts were
obtained. A high conformity of results of Weibull
distribution models [2] application to reliability
analyses and results of sequence and link analysis
was noticed.

CONCLUSIONS

Application of Data Mining methods to
exploitation of mining cutter-loader can provide
some benefits. The first benefit of Data Mining
application is the possibility of forecasting
arange of servicing activities. While analyzing
the forecasted deadlines of services or repairs
one can observe that some activities have similar
forecasted deadlines. It allows to optimize
a maintenance strategy by servicing pointed parts
during one machinery stopping. The same effects
can be achieved with the use of knowledge
concerning connections between different
failures occurrence and parts that are often

replaced simultaneously. In case when the
deadline of particular part replacement is known,
link analyses identifies all rules connected with
this part. Analyzing probability of rules
fulfillment one can assess which elements should
be serviced at the same time. Also discovered
sequences of maintenance actions give
opportunity to optimize contents of spare parts in
stockrooms or to place early an order in case of
highly specialized services that can improve
economical effects .

Information of this type can be discovered
from a huge amount of data describing
machinery exploitation by the means of sequence
and link analyses. Rules achieved in this manner
are clear and simple to apply by maintenance
groups. All results are characterized by
a confidence value that is connected with the
probability of occurrence of the case described
by a particular rule.

A support value, counted in the course of the
analyses, is useful for identification of the most
unreliable parts. The high wvalue of support
indicates the efficiency of which requires most
attention of maintenance groups during
exploitation. Also designers can use this
information to improve parts at the stage of

prototyping.
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Summary

In work the new model of horizontal crack in a beam like structure is proposed. Application of
the proposed model is limited to the first natural frequency determination and in case of forced
vibration to the all frequency of excitation below the second natural frequency. Verification of the
proposed model was done by comparison the natural frequency determined by FEM and from
proposed model for different crack location, length and depth.

After verification of the proposed model it have been used to determination of the first natural
frequency variation as function of the horizontal crack depth, length and location.

Keywords: modelling, horizontal crack, natural frequency, vibration.

MODELOWANIE I ANALIZA DRGAN POPRZECZNYCH BELKI
Z POZIOMYM PEKNIECIEM

Streszczenie

W pracy zaproponowano model belki z pgknigciem poziomym, prostoliniowym. Zastosowanie
proponowanego modelu ograniczone jest do pierwszej czgstosci drgan wiasnych, a w przypadku
drgan wymuszonych do czgstosci ponizej drugiej czgstosci drgan wlasnych. Weryfikacji modelu
dokonano poprzez pordwnanie pierwszych czgstoSci drgan wilasnych wyznaczonych MES dla
roznych glebokosci, dlugosci 1 potozen peknigceia.

Po weryfikacji modelu wykorzystano go do wyznaczenia zmian pierwszej czgstosci drgan
wlasnych belki wspornikowej w funkcji glgbokosci, dtugosci i potozenia poziomego peknigceia.

Stowa kluczowe: modelowanie, poziome peknigcie, czgstosci whasne, drgania.

Therefore, in case of the horizontal crack in

The work concerns with modelling of the
horizontal cracks in a beam like structures. Such
kind of the damage in the element can appear in
some case of gigacycle fatigue [12], and it is
a delamination model in layer structures [4].

The aim of the damage modelling is the search of
the damage symptoms in the constructional element.
Analysis of the dynamic processes of real objects
can be expensive, time-consuming and in certain
cases impossible, whereas experiments can be easily
carried out on models, which can be used to simulate
dynamic response. For this purpose a physical and
mathematical model of the object should be built
followed by estimation of model parameters and
model verification [5].

The classical methods of the nondestructive
diagnostics like magnetic, edgy currents or powder
methods, do not allow to the diagnostics of analysed
horizontal cracks in the beam. These methods based
on detection of a discontinuity in the element i.e. to
transverse, edge cracks [1]. Ultrasound methods are
based on measure the surface waves, which
disappear exponentially with the depth, so their
utilization is also limited to the cracks about the
small depth

a beam, the best nondestructive diagnostics is the
vibroacoustic diagnostics. In model based diagnosis
[7], the model of the analyzed phenomenon is
indispensable, what in turn allow to construct the
inverse model [2, 3] and identify the technical
condition of the diagnosed (monitored) object [2].

The verification of proposed model was done by
the comparison of the first natural frequencies of the
cracked beam determined from FEM analysis and
proposed model for various depths, length and
location of the crack.

The only one approach (known to the present
author) to modeling the horizontal crack have been
done by Ishak in [6]. The proposed there model is
used to determination the transient vibration of the
infinite beam in first few milliseconds after applying
force impulse. The application of such model to
determination the natural frequencies of the finite
beam leads to incorrect results in the comparison
with the results of the FEM simulation.

2. MODEL DESCRIPTION

The object of the work is horizontal crack
modelling in a beam like structures, which can be
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used to the vibration analysis and the vibroacoustic
model based diagnostics [8]. One can use this model
to the analysis of the crack influence on natural
frequency of the beam, which in turns can be use to
the diagnostics of the element condition (the
identification of cracks) [9, 10, 11].

The considered in the work problem was
described by Bernoulli - Euler beam model (the so-
called technical equation). The analysed in the work
beam with the horizontal crack in fig . 1 is showed

ey

X

X

Fig. 1. Horizontal crack in a beam

In fig.1 / denotes element length, e — crack
depth, x; and x, beginning and end of the crack
respectively. In work a length d of the crack is also
used - d = x,- x;.

2.1. ,,2-beams” crack model
In order to construct a mathematical model of
the cracked element author proposes to divide the

element in four substructures: / - for x <0, x1> .4 -

for xe<x2,1>. The cracked sectionxe(xl,x2>, is

divided into two substructures 2 and 3 (from here the
name - the ,,2-beams’” model) one of them about the
height the even depth of the crack e second with the
height /-e. The proposed model was showed in fig. 2

1 2 3 4
[~ [ ey [

v v

Xj

X

Fig. 2. Analysed cracked beam model

Each subsection of the element is described by
Bernoulli - Euler model of beam.

The equation of motion for section / and 4 of the
beam can be written as:

Oty Ny
boox? Loor?
where: £ and p are Young's modulus and density of

EI

0 i=L4 (1)

the beam material, /; and A4; are the second moment
and cross-sectional area of the beam, y;(x,f) is the
transverse displacement, x is the axial co-ordinate
Xe (O,xl) fori=1and xe(x,,/) fori=4.

In the cracked section of the beam (i.e. 2 and 3 -
Fig. 2) the equations has a form:

0%y, (x,1) 8%y, (x,t
El, y24 +pA, y2(2 ):CI(XJ) ()
ox ot
0" y3(x,1) 0% y3(x,1)
51363—4+,0A33—2=—f1(x,l) A3)
X

where: g(x,f) is the normal contact pressure between
elements 2 and 3 in cracked section.

In proposed model it is assumed that beams 2
and 3 have identical transverse displacements and
are free to slide over each other in the axial direction
(all friction forces are neglected).

Identical transverse displacement means that
vi(x,f) = y3(x,f). After introduction the function
ya(x,t) to the eq. (3) and addition to eq. (2) the
equation of motion of the cracked section of the
beam can be written as:

64y2 0 2)’ 2

E(ly+13)+——+p(dy + A3) —5—=

Ox ot
where: I, and I; are the second moment of the 2 and
3 beam with respect to neutral axis of the whole
element (see fig. 2).

0 @

2.2. Determination of the moments of inertia

The second moments of the beams 2 and 3 with
respect to neutral axis of the whole element should
be determined from equations (with utilization of the
Steiner's theorem):

be’ h e z
l2 —3””(5‘5) ©)
b(h—e)’ e)’
I, :T+b(h—e) 3 (6)

In such situation the sum I, + I; (from eq. 4),
after rearrange takes form:
bh’

D (7

From such a solution arises that, with assumption
of the displacements equality in cracked section of
the analysed element (y,(x,f) = y;(x,f)), crack has no
influence on the dynamic behaviour of the element.

Both egs. (1) and (4) have, in this case the
identical form.

I, +1; =

2.3. Continuity of the normal stress

The second effect, which must be taken into
consideration is the continuity of the normal stress at
the beginning and at the end of the crack section. In
fig. 3 the bending stress distribution at the x;
abscissa is showed.

1 2 3

G,

&
o] G,
Fig. 3. Bending stress distribution in

beams 1,2 and 3 at crack beginning
abscissa — x;

G,

EN
Y -



DIAGNOSTYKA’ 3(51)/2009 75
MAJKUT, Modelling and vibration analysis of the beam with a horizontal crack

In order to ensure the continuity of the normal
stresses the present author propose to introduce and
take into account in mathematical model an axial
force.

Forces N, and Nj; acting respectively on beam 2
and 3, of the ,2-beams’® crack model can be
determined from continuity conditions of the
maximal value of the normal stresses:

N
of =of +—=
4,

of =of +&
3
superscript g denotes, that the stresses comes from
bending.
Such defined axial forces N, and N; can be
determined from:

_ Mgl(xl)_MgZ(xl)

N, = Az( W, W, J (®)
_ Mgl(xl)_Mg3(x1)

N; = A{ W W, ] ©)

where: M,,(x;) — value of the bending moment at the
end of the sector / cracked element (fig..2), M,(x>)
and Ms(x;) — values of the bending moments
determined in beam 2 and 3 respectively at abscissa
Xj.

3. EQUIVALENT MODEL OF THE CRACKED
BEAM

Based on egs. (7), (8), (9) and using the
assumption about equality of the transverse
displacements of the both beams in cracked section
re. yo(x, ©) = ys;(x, f), the author proposes the
building of equivalent model the horizontally
cracked element. Such model in fig. 4 is showed.

LA LA LA
/_I_L 4] 14]
N —> <—N

X7

X

Fig. 4. Equivalent model of
the cracked beam

In proposed model the cracked element has
constant area cross-section and constant second
moment of area on its whole length. The crack is
taking into consideration by introduction the axial
force N on the cracked section of the element.

In case of natural frequency determination the
use of equations (8) and (9) become impossible,
because of the lack of the possibility in the
qualification of the value of the moment bending.
The bending moment depends on the integration

constants, these meanwhile can not unambiguously
qualify, one can determine only dependences
between them.

In such a case the axial force can be identified
from natural frequency calculated for a few (at least
four) crack length d=x,- x; for one assumed crack
depth.

3.1. ldentification of the axial force

In order to determine axial force the several of
the FEM simulations was carried out. In work the
cantilever beam with material data: Young modulus
E =2.1*10"" Pa and material density p = 7860 kg/m’
and geometrical data: rectangular cross-section
bxh =0.04 x 0.04 m, and length of element /=1.2m
was analysed

Values of the natural frequencies together with
the identified on their basis axial forces were putted
in the table 1

Table 1. Identified value of axial force
x;[m]|d[m]| e |f;[Hz] | N[N]
0.40 | 0.1 |A/2]23.184| 6800
0.40 | 0.2 |h/2]23.146 | 14500
0.40 | 0.3 |A/2]23.015(26700
0.40 | 0.4 | h/2]22.758|42400
0.40 | 0.5 |A/2]22.371|61100

Based on the observations the changing of the
axial force N in function of crack length d, the
approximation function in a polynomial form was
proposed:

N(d)=ay+a, d +a, d* (10)

Constants a; was determined with use the linear
regression analysis and in analysed case have values:
ap=375.0, a;=395893, a,=1633929. The
results of the approximation (continuous line) and
result from tab. 1 (denoted by ”0”) in fig. 5 are
showed.

8 ! ! T
NIV 1 1 1
7+ —| —o data from identification

—— data from aproximation
T T T

b _4__4

0 0.1 0.2 0.3 0.4 0.5

Fig. 5. The change of the axial force
vs. crack length
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3.2. Model verification

Verification of the proposed model was done by
comparison the natural frequency of the beam with
crack about different locations, lengths and depths.

Results of the comparison the natural frequency
obtained from finite element method wpgy, and with
use of the proposed model @, were putted in tabs.
2,3 and 4.

The relative error have been determined from:

Omod ~ OFEM

oo = -100 % (11)
DFrEM
In every case of the verification, the axial force
identification have been done as it has been
described in point 3.1. with crack depth e = 4/2.
In the tab.2 the results of the verification for the
crack at the same depth like in identification process

were putted

Table 2. Model verification

x;[m] d [m] e o w[%]
0.10 0.05 h/2 0.0431
0.10 0.15 h/2 0.1642
0.10 0.25 h/2 0.5699
0.10 0.35 h/2 1.2972
0.10 0.45 h/2 2.3032

0.40 0.10 h/2 0.0129
0.40 0.20 h/2 0.0173
0.40 0.30 h/2 0.0131
0.40 0.40 h/2 0.0044
0.40 0.50 h/2 0.0045
0.90 0.10 h/2 0.0043

0.90 0.15 h/2 0.0259
0.90 0.20 h/2 0.0604
0.90 0.25 h/2 0.0950

In the tabs 3 and 4 the results of the verification
for the crack at the others depths (#/3 and h/4
respectively) than in identification process were
putted

Table 3. Model verification
x;[m] d [m] e O w[%]
0.10 0.10 h/3 0.0647
0.10 0.20 h/3 0.2510
0.10 0.30 h/3 0.6536
0.10 0.40 h/3 1.2799
0.10 0.50 h/3 2.0745
0.40 0.10 h/3 0.0129
0.40 0.20 h/3 0.0216
0.40 0.30 h/3 0.0478
0.40 0.40 h/3 0.0790
0.40 0.50 h/3 0.1110
0.80 0.10 h/3 0.0086

0.80 0.15 h/3 0.0648
0.80 0.20 h/3 0.1023
0.80 0.25 h/3 0.1513

Table 4. Model verification

x;m] | d[m] e o w[%]
0.10 0.05 hi4 0.0388
0.10 0.15 hi4 0.0993
0.10 0.25 hi4 0.2728
0.10 0.35 hi4 0.5665
0.10 0.45 hi4 0.9558
0.40 0.10 hi4 0.0173
0.40 0.20 hi4 0.0259
0.40 0.30 hi4 0.0997
0.40 0.40 hi4 0.2094
0.40 0.50 hi4 0.3386
0.90 0.10 hi4 0.0216
0.90 0.15 hi4 0.0043
0.90 0.20 hi4 0.0129
0.90 0.25 hi4 0.0259

The results of the verifications putted in tabs 2-4
indicate the correctness of the proposed model.

4. MATHEMATICAL MODEL

The equations of the beam free vibration after
separation of variables have forms :

- for xe<0,x1>
XW(x)-2x,(x)=0 (12)

- for xe(xl,x2>

X )+ px5x)-2'0,()=0  (13)
- for x e<x2,l>

xP(x)-2'%;5(x)=0 (14)
The solution of the eqgs. (12) and (14) are given
by (i =1, 3):
X; = P, cosh Ax + Q; sinh Ax +

. (15)
+R; cos Ax+ S, sin Ax
The solution of the eq. (13) is given by:
X,(x) = P, cosh x1x + O, sinh x7x + (16)

+ R, cos i,x + 8 sin k,x

where: A* = w®pA/ EI ; ﬂ:i;

EI
. _\/—ﬁ+,/ﬁ2+4/14 - fﬂ+w/ﬁ2+4/14
1= B s 2 = f

Integration constants - P, O, R;, S; (i=1,2,3)
depends on boundary and continuality conditions.

The continuity conditions at the point x =x;
describes:

- equality of the vibration amplitudes

Xg(xl)- X](X]) =0
- equality of the bending slope
Xz’(xl)' Xi’(xl) =0
- equality of the bending moments
X277 (x) - X (x) =0
- equality of the shear force
X7 (xp) - X7 (x) =0
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The continuity conditions at point x =x, are
obtained by replacing X; and x; by X; and x,
respectively in the above equations.

The boundary conditions for cantilever beam are
given by:

X,(0)=0 X3(1)=0

X{(0)=0 X3()=0

In figs. 6-8 the variation of the first natural
frequency as a function of the crack depth, length
and location is showed respectively.

The variation of the first natural frequency

denoted by o, :&-100% , where: @y, — the first
g
natural frequency of the health (undamaged) beam,
w;,—the first natural frequency of the damaged
beam, e, d, x; are the crack depth, length and
location respectively.
In fig.6 the wvariation of the first natural
frequency as a function of the crack location is
showed (both crack length and its depth is fixed).

100
S w[%]

99.9

Fig. 6. The change of the first natural
frequency vs. crack location

In fig. 7 the variation of the first natural
frequency as a function of the crack length is
showed (both crack location and its depth is fixed).

Fig. 7. The change of the first natural
frequency vs. crack length

In fig. 8 the variation of the first natural
frequency as a function of the crack depth is showed
(both crack location and its length is fixed).
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Fig. 8. The change of the first natural
frequency vs. crack depth

5. CONCLUDING SUMMARY

In the work the new model of the horizontal
crack in the beam like constructional element was
proposed. It was assumed in proposed model, that
both of the beam sectors in cracked section have the
same displacements. This assumption limits the use
of this model to determination only the first natural
frequency of the beam and in a case of the forced
vibration, for the all of the excitation frequency
below the second natural frequency of the beam.

The method of the axial force determination
limits the applying proposed model to the analysis of
the steady states of the beam (the eigenfrequency,
the eigenvectors, the vectors of forced vibrations).

The verification of model was done by the
comparison of first eigenfrequencies determined
from FEM analysis and proposed model for various
depths, lengths and the depths of the crack. The
results from tables 2 and 3 show the correctness of
proposed model of the horizontal crack in beam like
structures.
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INTRODUCTION .

DECISION SUPPORT SYSTEM FOR MAINTENANCE
OF AGRICULTURAL TECHNICAL OBJECTS

Jerzy GRUDZINSKI

University of Natural Sciences in Lublin, Faculty of Production Engineering
ul. Do$wiadczalna 50a, 20-280 Lublin, Poland, e-mail: jerzy.grudzinski@up.lublin.pl

Summary

The article presents computer advisory system (DSS) for the selection of repair method and
repair material of parts, especially of agricultural technical objects. A concept of complex DSS
based on integration of modern software technologies such as: data bases, expert systems and case
based reasoning systems as well as hipertext descriptions of technology and making use of internet
communication has been presented. Taking into account the specific character of machinery
maintenance in national agriculture, there has been indicated a possibility of mastering the
decision process by application of specialized computer software. In the recapitulation the
possibilities of specific computer software have been introduced and the directions for further
research have been suggested.

Keywords: maintenance, decision support system (DSS), internet.

KOMPUTEROWY SYSTEM DORADCZY WSPOMAGAJACY
OBSLUGIWANIE ROLNICZYCH OBIEKTOW TECHNICZNYCH

Streszczenie

Artykut prezentuje komputerowy system doradczy z zakresu doboru technologii i materialow
dodatkowych do napraw obiektow technicznych, szczegdlnie dla stosowanych w rolnictwie.
System doradczy integruje w sobie rozne techniki przetwarzania i prezentacji informacji: bazy
danych, systemy ekspertowe, systemy oparte o przypadki oraz technologi¢ hipertextu Zadaniem
systemu dostosowanego do specyfiki eksploatacji maszyn pracujacych w krajowym rolnictwie jest
doskonalenie procesu podejmowania decyzji inzynierskich. W podsumowaniu pokazane sa
mozliwo$ci doradztwa oferowane przez system oraz sugestie dotyczace kierunkéw jego rozwoju.

Stowa kluczowe: obstugiwanie maszyn, komputerowe wspomaganie decyzji, internet.

maintenance by the users or by non-authorised

The majority of technical objects used in
agriculture production are regenereateable. The poor
maintenance conditions and inconvenient age
structure  in Poland make them susceptible for
damages.

The progress in production technologies of
technical objects, necessity of agricultural and food
production costs limitation and growing ecological
requirements make producers, services and users of
agricultural technical objects, improve constantly
their conditions of using and maintenance [3].
Particular conditions of machinery maintenance in
agriculture, especially in national conditions [10,12]
render difficult proper organization of their services
and extend the number of institutions and persons,
who are responsible for their reliability.

As a result of complex conditions of national
agriculture development, two main strategies of
agricultural machinery maintenance have been
noticed:

e maintenance in service workshops officially
authorized by agricultural machinery producers—

expensive solution [11],

service workshops — cheaper solution [6].

The observation of national maintenance system
of agricultural machinery shows that there are real
possibilities of it’s improvement. There is
a correlation between effectiveness of persons
dealing with maintenance of machinery and using by
them of computer advisory systems Computer
Aided Maintenance Management Systems [15].

One of the three main ranges of CMMS
operation is supporting restoration of technical
objects operational properties. Perspective direction
of CMMS development is “expert systems
utilization for making rational selection of proper
way of tasks realisation, which can be achieved in
many ways [9].

In traditional approach to repairing processes
teaching (instruction) the emphasis is put on
technology of repair. The problems of selection of
filler materials (welding, adhesion, regenerative
composites) are presented by mechanical properties
of each group of materials, usually without taking
into account a quick progress setting in such group
of materials. Tasks of acquainting users with filler
materials properties are taken on by the producers
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and distributors, leaving decision of using that or
another product to the user, who takes responsibility
for the repair results.

The aim of the study was building of knowledge
base, which lets quick, as much as possible objective
selection of materials and repair (regeneration)
technology in the situation of territorial dispersion
of agricultural machinery service workshops or for
the repairs done by the users. Advisory system
building involved some elements of methodology
used by computer decision support systems for
materials selection at the design phase.

1. COMPUTER METHODS OF THE
SELECTION OF PRODUCTION
TECHNOLOGY AND MATERIALS

The most popular system for computer aided
engineering materials selection is CES system
(Cambridge Engineering Selector) based on
methodology of materials properties diagrams by
prof. M.F. Ashby [1] and produced by Granta
Design Ltd. Data bases of CES system contain seven
mutually correlated tables, three of which: materials,
production processes and shape of elements,
constitute a group of the main selection. The
selection of materials is done in some stages, there is
a possibility of choosing selection method
(numerical or graphic).

In spite of high renown of the system and its
popularity all over the world, usually its applications
do not go beyond the instruction of materials
science. There are known attempts of Ashby’s
methodology application for optimization of
selection production technological processes [13]
and its adaptation to the production needs [2].

In Poland the problems of computer selection of
engineering materials are dealt by a team of
scientists from Silesian University of Technology in
Gliwice. The computer system developed there and
based on object data bases technology makes
selection of material possible, which meets all active
criteria according to their importance [5].

Because of complexity of processes taking place
during bonding of different elements of materials
and a wide offer of technologies and filler materials,
computer support of welding becomes more and
more significant in the process of design. The
significant role is played by The Welding Institute in
Abington with its huge data base of computer
software on different aspects of connecting different
elements of materials. Polish research studies are
concentrated mainly in Cracow, Silesian, Warsaw,
Wroctaw Univwersities of Technology and Welding
Institute in Gliwice. The computer system
“Technologie napawania” is an example of Polish
tool for supporting the selection of filler materials
[14].

In The University of Natural Sciences in Lublin
from the beginning of 1990s invesigations have been
done on computer aided selection of materials and
technological processes of repair technical objects

applied in agricultural production and food industry
[7]. Various types of computer software were used
to build computer programmes, depending on needs
and of computer technology advancement: from
Turbo Pascal calculation software, through
measurement software and data bases, to expert
systems. Development of the Internet facilitating
quick access to the knowledge and making more
attractive forms of its transfer to the places far from
the place of university (open learning), according to
proposal of Dabkowski and Molenda [4] resulted in
directing of the investigations focus on building of
multimedia system of aided learning, which
integrates different methods of representation and
presentation of knowledge.

2. METHODOLOGY OF ADVISORY
SYSTEM BUILDING

The information of knowledge sources,
methodology assumptions and a concept of advisory
system have been published in [8]. Very important
phase of the system building was constituted by
structuring of the knowledge concerning the
technology of repairs, i.e. decomposition and
thematic grouping of information about individual
technologies application possibilities, the properties
of filler materials for repairs and setting of selection
criteria hierarchy.

The adopted criteria of filler materials selection
for welding and surface welding were: the type of
original  material,  technology  of  repair
(regeneration), more detailed type of original
material and additional requirements, e.g. working
conditions  of machine elements, position of
treatment, corrosion resistance.

For the selection of polymer — metallic or
ceramic regenerative composites the selection
criteria ~ were: the type of original material,
permissible working temperature, time for polymer
setting up, machinability after setting up, possibility
of contact with drinking water and food.

Because of lack of standards for some sorts of
filler materials for repair, the catalogs, other
information materials from producers and users’
opinions, were used for comparing them.

The advisory system was implemented as an
element of didactic sever of Chair of Bases of
Technology University of Natural Sciences in
Lublin. HTML editor and NetObject Fusion
software were used to build www pages. Advisory
part of the system was written in the environment of
object software Visual Basic and with shell Expert
System software Polshell (Aitech). Some graphics
and animation elements of web pages were reached
by downloading them from free of charge web
pages. Some graphical elements were done
individually with the help of COREL Draw
software. Pictures procession was made with Corel
Photo Paint.
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3. THE STRUCTURE OF THE SYSTEM

The architecture of the system has been designed
in a way that gives possibility to the user of quick
access to information selected by him. The whole
system has modular structure, which is presented on
Fig.1. Main page of the system shows essential
functions of the system and by means of virtual
buttons the access to each subject pages is possible.

The system has other possibilities of it’s
application:

1. Optimal selection of repair method and sort of
material for given by the user sort of wear, for
specified (according to the repair method) repair
criterion — tool: Expert System,

2. Optimal selection of filler material for specified
by the user technology of repair — tool: Visual
Basic language,

3. Technology of repair review, their advantages
and application limitations,

4. Review of filler materials and their properties,

5. Review of cases of successful repairs with their
description and picture documentation,

MAIN PAGE OF
L THE SYSTEM

6. Review of the links to internet pages of repair
devices producers and repair materials,
7. Index of terminology connected with repairs.

4. SUMMARY AND FUTURE WORKS
DIRECTIONS

The advisory system presented in the article can
help the user to learn basic terms connected with
repair of technical objects, especially applied in
agriculture. Descriptions of each technology are
completed by some practical examples of repairs
with regard to the results of repair — Fig. 2. The
system gives the information of filler welding,
surface welding materials and based on adhesion
technology.

The usefulness of the system is defined by
quantity, quality and actuality of information
contained in it. That is the reason of possibility of
putting of current knowledge for actual needs. The
works have been continued on integration of the
system in environment of integrated system of
artificial intelligence SPHINX v. 4.0 (4itech).

Filler material

Repair technology
selection module

Information module

selection module

— ! !
e type of element’s wear, defect | technology description welding
e dimension of element .
surface welding
o shape of element
o thickness of element brazing
e permissible. working examples of
temperature of element > successfull repairs th | i
e additional information crimal spraying
gluying
— repair dictionary
filling a surface
defects by composites
links to Web pages detailed questions.:
— connected with subjectof | | ...
v ADVICE: S | [
. . ADVICE: L
technology of repair, literature
regeneration proposal proposal of selected

s

material

notices concerning finishing

L material properties

Fig. 1. A block diagram of the system for the selection of repairing materials and methods
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1. INTRODUCTION

AIDING THE PROCESSES OF MACHINERY DESIGN, MAINTENANCE
AND DIAGNOSTICS USING AUGMENTED REALITY

Wojciech MOCZULSKI, Marcin JANUSZKA, Wawrzyniec PANFIL

Silesian University of Technology at Gliwice
Department of Fundamentals of Machinery Design
18A Konarskiego Str., 44-100 Gliwice, Poland
{wojciech.moczulski, marcin.januszka, wawrzyniec.panfil } @polsl.pl

Summary

The paper presents the results of a research on applications of Augmented Reality (AR for
short) which have been carried out in the Department of Fundamentals of Machinery Design,
Silesian University of Technology, Gliwice, Poland. AR is a technology rising from Virtual
Reality (VR). Generally, the main aim of application of AR technology is to aid the user in his/her
operation in the real world. There are briefly described the applications of augmented reality
concerning three important stages of a product lifecycle. The first one is the implementation of AR
in machinery designing. The second one concerns aiding a technician in his maintenance work.
And the last one is the application of AR in machinery diagnostics.

Keywords: augmented reality, virtual reality, designing, maintenance, diagnostics.

ZASTOSOWANIE POSZERZONEJ RZECZYWISTOSCI WE WSPOMAGANIU PROCESOW
PROJEKTOWANIA, OBSLUGI ORAZ DIAGNOSTYKI MASZYN

Streszczenie

W artykule zaprezentowano wyniki badan prowadzonych w Katedrze Podstaw Konstrukeji
Maszyn (KPKM) nad zastosowaniem poszerzonej rzeczywistosci (ang. augmented reality) we
wspomaganiu prac inzynierskich. Poszerzona rzeczywisto§¢ wywodzi si¢ z wirtualnej
rzeczywistosci. Podstawowym celem jej stosowania jest wspomaganie cztowicka w wykonywaniu
przez niego roznych dziatan. W artykule przedstawione sa przykladowe systemy poszerzonej
rzeczywistosci opracowane w KPKM. Zastosowania tych systeméw odnosza si¢ do kilku
podstawowych etapow zwiazanych z cyklem zycia produktu, tj. projektowaniem, obstuga
i diagnostyka tego produktu.

Stowa kluczowe: poszerzona rzeczywisto$¢, wirtualna rzeczywistos¢, projektowanie, obstuga,
diagnostyka.

maintenance and repair, assembling, robotics,

A term “Augmented Reality” (AR) [1, 2] was
originally used to describe systems that join virtual
information with a view of real environment and
present them to user’s eyes. AR in comparison with
Virtual Reality (VR) joins in one space virtual
information with information concerning the real
world surrounding the user. Virtual information is
provided in a form of labels, shadows, animations,
geometrical elements appearing on the camera view
presented to the user’s eyes or even sounds heard by
the user. A characteristic feature of AR systems is
that they place real objects and virtual data in one
space. Virtual information should be accurately
oriented (aligned) with respect to real objects.
Therefore significant task is to provide a quick,
accurate recording and merging process. Usually,
user of such a system wears a Head-Mounted
Display (HMD) and with the help of this device can
see augmented reality image.

There are many practical applications of AR
systems [1]: medicine, designing, manufacturing,

military (HUD), even in entertainment. In all the
applications mentioned the main goal of using AR
system is to aid the user in his/her operation.

2. APPLICATIONS OF AUGMENTED
REALITY

In the following chapter presented are the three
AR systems which have been elaborated in the
Department of Fundamentals of Machinery Design,
Silesian University of Technology. The first of them
aids the user in the designing process [3]. It allows
evaluating virtual concepts of a product presented in
the real world surrounding. The second AR system
was made to help the technician in his/her
maintenance work on Electronic Gaming Devices
(EMG) [5]. The last one facilitates performing
a diagnostic task that depends on sound level
measurements around the machine and reasoning
about it state [6].
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2.1. Designing

Information,  originated from  diagnostic
measurements concerning existing versions of
a designed product or similar one, can be used to
keep to a minimum (in design stage) potential
inefficiencies or failures which can occur during
operation of a designed machinery system [3]. By
this reason, proper usage of information about
failures and inefficiencies in machinery allows
designing more reliable versions of machinery.

A designer of machinery could be aided by
different modern computer techniques. AR is the
one of the modern computer techniques which can
aid the designer by providing necessary information
during designing [3]. AR system developed in the
Department of Fundamentals of Machinery Design,
Silesian University of Technology, can provide
information about symptoms of failures and
inefficiencies (e.g. exceeded limit of vibrations,
noise, temperature or pressure) in previous versions
of machinery to be designed. It is possible also to
provide information how to reduce these failures and
inefficiencies.

Information can be displayed for the designer in
the form of interactive 3D models, text, pictures,
tables, diagrams etc. that may be presented in any
place of real environment (on a table, on a wall etc.).
Representations of machinery systems might be
easier to understand if they were available, not in the
form of manuals with text, tables and pictures, but
rather as 3D models and drawings superimposed
upon the real world. The goal of the research was to
provide a solution for the interactive AR system
aiding the user in the design process [4].

Let us consider how the designer interacts with
AR system. During design process the user with
HMD on head sits in front of a computer. The user
looks through HMD over the cards from a special
catalog with markers and the AR system displays
virtual models of previous versions of a designed
product and/or some information in the form of
virtual text onto these cards. The user by changing
pages can preview all data about a selected model of
the designed product. The designer can also export
the selected 3D model to CAD/CAM/CAx software
CATIA v5r16 and then in CATIA workplane see
that model. It is possible to improve the model in
order to eliminate inefficiencies and failures in the
prospective machinery system. During the design
process the user has permanent access to the
information from a database of AR system. It is
possible to get information (in any form) about
causes of failures and procedures to eliminate those
failures. This information is displayed in the real
environment.

Fig. 1. Example of aiding a designer by AR system

When the design process is accomplished the
user can export the finished 3D model of machinery
system back to AR software and preview results of
her/his work. The model is displayed (also in 1:1
scale) in the real environment, onto the card from the
catalog. A designer can pick up the catalog and
manually manipulate the model for an inspection.
All the helpful information from AR system and
models of machinery systems can be viewed by the
user in the real environment from any perspective in
a very efficient and intuitive way [3, 4, 8].

Future work will be concerned on the develop-
ment of presented AR system. For that purpose the
authors are going to elaborate a subsystem which
can allow designing machinery systems with
improved diagnosability. The subsystem should aid
the user by providing him/her with indispensable
information (e.g. information how to chose the
optimal place for sensor) not only in order to design
reliable machinery systems but also to design
products with improved diagnosability.

2.2. Maintenance

The primary objective of the project done within
thesis [5] was to create a knowledge base for
selected devices that are capable of using AR
technology to aid in systems preventive maintenance
and development of the various electronics of the
slot machines. Based on evolving literature, and
criteria analysis it was decided that an AR system,
which enhances the effectiveness of the system with
the aid of sound, using a Personal Data Assistant
should be assembled. It was also made apparent that
revisions of the methods employed to capitalize on
the full potential of AR were necessary, making the
following steps vital to the deployment of the
technology as it was intended: developing
assumptions of the system, making requirements of
the system, and introducing examples how the
system can be used during a preventive maintenance
of devices.

The evolution of this project resulted in a PDA-
based AR system, whose function is to fulfill two
distinctive tasks [5]: one being to enable the
selection of the troubled device and the other being
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empowering individuals with the capability of
identifying specific malfunctions.

The first function is designed to enable the
selection of a faulty device, via a touch-screen tool,
while also displaying information concerning the
proper function of the respective system.
Information is transmitted as sound through
headphones, and its developments will be viewable
on the PDA’s screen. The second function of AR
system is the ability to locate the failure within the
given device; the screen will display detailed
inquiries with possible answers of either yes or no.
Based on the answers, the user is informed about
potential solutions to the problem/s at hand. The
system’s information will be generated through two
distinct sources: employee research from previous
encounters with that particular model or a paralleling
model of a given piece of equipment, and the
manufacturer’s instructional publications.

2.3. Diagnostics

There are three stages of machinery diagnostics
process where AR can be applied [7]. In the first
step (preparation of the object to the test) AR system
can facilitate tasks concerning connection of pieces
of measuring equipment, e.g. by indicating the
location of sensors or/and the right order of
connecting them. In the second step (tests of the
object) the AR system may show in the appropriate
order the location of measurement points, warn
away from some dangers (rotating elements of the
machine, high temperature) or forthcoming damage
of the machine. In diagnostic reasoning AR system
could present some measurement results, could
inform about elements of the machine or phenomena
that may be reasons of any inefficiency.

It was decided to elaborate a system whose
functioning is adjusted to the standard [9]. Basing on
this standard are carried out the classes in the
laboratory of the Department. The classes consist in
measuring noise in 21 points placed on virtual half-
sphere around the machine. Particular requirements
concerning way of measuring and dimensions of the
half-sphere (its radius, distances between the
reflecting plane and other planes) are presented in
the standard [9].

Noise level measurements are used for reasoning
about technical state of the machine. These
measurements are also performed to determine an
influence of the noise generated by machine on
a human organism and its operation.

A conception of a project assumed elaboration of
a system, whose functioning principle was based on
video see-through HMD idea of AR system, but
HMD was replaced by a monitor.

The system performs two main functions [6, 7]:
shows measurement points in the right order (Fig. 2)
and next, using measurement results, informs about
noise level in every measurement point (Fig. 3).

The elaborated system consists of an USB
camera, display monitor, PC computer with
software, cables and the square marker, printed on

a rigid piece of paper, used for tracking. Its structure
allows estimating correctly the camera position.
Matlab and ARToolKit for Matlab [8] were used as
computational software. ARToolKit, basing on the
view of the marker in the image of the camera,
determines the camera position (by calculating the
Transformation Matrix) using various methods of
image processing such as thresholding, labelling,
edge and corner recognition. Next ARToolKit
superimposes  virtual information appropriately
oriented to objects in the image of the real
environment and sends the augmented image to the
monitor [8].

[ Ry e |

Fig. 2. Example of implementation — measuring
noise level [6]

O amin

|

Fig. 3. Example of implementation — measuring
results [6]

The system under operation presents the user the
location of the current measurement point, its
projection on the ground and its identifier according
to fig. 2. The user has to put the microphone on
a projection point, and then move it upwards to the
measurement point. This task is quite difficult,
because 3D model of virtual information is projected
as 2D image. The user does not know if the
microphone is exactly in the respective measurement
point.
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When the measurements have been done and the
results have been collected, system presents them to
the user using coloured circles. A colour shade of
circles depends on measurement results. In the
figure above is a screenshot of an image generated
by the system and presented to the user.

3. SUMMARY

In the paper a very innovative AR technology
was shortly introduced. Furthermore, three
implementations of AR tightly connected with
product lifecycle have been presented. All of the
mentioned applications have been developed in the
Department of Fundamentals of Machinery Design
(Silesian University of Technology at Gliwice,).

Multitude of possible applications of AR, e.g. in
maintenance, training, computer-aided design,
diagnostics, and many others, proves the very large
usability of this incoming technology.

The authors are going to carry out
a comprehensive research on AR technology and its
applications. The main interests focus on knowledge
engineering in intelligent AR systems, CAD
supported by AR, and applications of AR in
machinery maintenance and diagnostics.
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1.

THE NOTION OF LOCAL CLOCK

THE ROLE OF LOCAL CLOCKS IN MACHINE
DIAGNOSTICS & MONITORING

Piotr KRZYWORZEKA

AGH University of Science & Technology in Cracow
Institute of Mechanics & Vibro-acoustics
krzyworz@agh.edu.pl

Summary

The paper aims to present & compare the usefulness of local clocks when machine run
becomes non-stationary due to variable working cycle. Three methods of time scale
conversion called PLL, OT land OT2 are discussed in relation to PM demodulation of
machine VA signal. Local clocks has been synchronized respectively witch linear
approximation of reference cycle trend, instantaneous cycle and carrier cycle. The results
seems to confirm quantitatively TSC utility in practice of diagnostic oriented signal
processing.. Since involved real PM signal components (carrier yc and message X) are
generally unknown, tested procedures has been tested using simulated PM signals.

Keywords: diagnostics, PLD, synchronism, order analysis, PM demodulation.

ROLA ZEGAROW LOKALNYCH W DIAGNOZOWANIU I MONITOROWANIU
MASZYN

Streszczenie

Autor stawia sobie za cel wskazanie uzytecznosci opisu sygnatu drganiowego w skalach
czasu synchronizowanych pewna funkcja cyklu roboczego maszyn. Opis zmiennosci staje
si¢ prostszy umozliwiajac stosowanie procedur wlasciwym sygnatom stacjonarnym, tu
waznej w diagnozowaniu demodulacji kata. Dla synchronizacji zegarow lokalnych
wykorzystano: liniowo odcinkowa aproksymacj¢ cyklu chwilowego, referencyjny cykl
chwilowy oraz cykl no$ny — ten ostatni niestety w praktyce bezposrednio niedostgpny, stad
weryfikacja eksperymentalna eksperymencie symulacyjnym. Wyniki potwierdzily
skutecznos¢ synchronizacji funkcja przyblizajaca cykl nos$ny

Stowa kluczowe: diagnostyka, PLD, synchronizm, analiza rzedow, demodulacja.

Time scale in which:

— variability description becomes simpler,

— essential characteristics of informational
variability are preserved,

non-informational variability is reduced, could

make diagnosing in variable operational

conditions more efficient and easy at least in the

case of cyclical machine. Furthermore Author

refers this idea to the systems in which:

e dynamic influence of the elements (also
media) is repetitive

e realisation of the primary objective includes
repetition of event sequences;

e the motion is associated with vibroacoustic
emission or other emission measurable
outside the object.

Local time scales are synchronized with
reference event sequences
synchronized with some characteristics y(®) of
selected kinematics cycle here by:

2. —instantaneous cycle (case of OT1) [7]
®r — short-term linear approximation of ©®
growth in observation frame T (case of PLD)
(4]
®¢ — carrier cycle, generally unknown (case of
modified OT2) [5,8]

The principle of conversion is presented on
Fig. 1 (see also [2,5,8] for more details)

Realization of TSC in the case of spectral
analysis and PPM demodulation was arranged
according to the diagram on Fig.2
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Fig. 1. Principle of time scale conversion TSC —
A) measurement of referential markers
B) TSC curve A —local time ‘n’ versus dynamic time ‘t’

Order transform OT

Impulses synchronized with ® enable set of
TSC clock markers (Fig. 1A.).

Missing OT, translation curve since
(generally unknown). As a result of TSC (see
Fig 1A) using formula [4]:

dn 1

dt el 1
synchronizing cycle should be equalized — That
means:
in case of OT — [@y,...0(] — [¢]s (Fig. 1a.)
In case of OT2 — [Oc¢y,...Oc] — [Dclk

In the above (OT2 synchronization with
carrier cycle) ®c should replace ® on axe ‘¢’

PLD split instantaneous A(®) into several
line segments S with constant growth rate in

each fame which leads to 1™ order
approximation of ® change(Fig. 1a.) [5]:
A
e, = @m{n o = t}
ref 2)
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Fig. 2. Synchronization of clocks in relation witch applied TSC procedure:
a) procedure of linear decimation PLD;
b) order transform, standard version OT1;
¢) order transform synchronized with carrier cycle OT2

2. TSC AIDED PM DEMODULATION

A number of detailed researches [1, 4, 6]
indicate the occurrence of angle modulation and
its pulse version PPM as early as in the first
stages of damage evolution [6].

However, if the rotational speed, therefore
also carrier frequency are not constant, the
methods of angle demodulation, created and
optimized for carrier signals of a specified form
and constant frequency, turn out to be
inefficient.

Could PLD/AD or OA/AD? Be helpful ? The
matter of TSC has to be an elimination of carrier
phase ®c nonlinear trend. Thus TSC should be

synchronized with carrier cycle @¢ (see also [4,

5)).
3. SIMULATIONS

To wverify how TSC might aid PM
demodulation, asynchronic PDP aided or not,
was the object of simulation experiment, whose
stages are put together in fig. 2, in accordance
with (1.a,b,c)

Comparison concerned RMS spectra of PM
signals of both dynamic and cycle time, as well

as recovered signals spectra in the range of
expected importance for diagnostics.(Fig. 5. B).
Some of results are presented on Fig. 3, 4 and 5.
Leakage of original PM spectra as well as
efficiency of PM side-lobes recovery degree are
there evident

4. CONCLUSIONS

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

Order transform synchronized by signals
with cycle closed to instantaneous cycle reduces
PM effect (see Fig4. A.. b and Fig. 5. A..b) [ 3]

Order transform recover well PM spectral
side-lobes, but only when synchronized with
carrier cycle ®c, generally unknown in the case
of real machine signal PM(see Fig 4. B.b)
Contrary to the above PLL (see Fig. 3 b)

— does not require the precise carrier cycle
approximation;

— does not require complex calculations

— is simple in on-line implementation



90

DIAGNOSTYKA’ 3(51)/2009

KRZYWORZEKA, The Role Of Local Clocks In Machine Diagnostics & Monitoring

o

-

N Wb

kp=0,5 kp-0.5
G0 25
Y 20
40 15
da.
20 10
M\J‘J“M‘ﬁ'\_m °
o
200 400 500 o 5 10 15 20
50 25 v
u 20
40 b. 15
20 10
1 ; L
gl A a o
200 400 600 0 5 10 15 20
&0 250 Xr
Yr o0
40 15
C.
20 10
J)d : JL
[ | I\ | i} A A
200 400 EDD a 5 10 18 20
. B. frequency
frequency

Fig. 3. PLD case, spectra of PM signal (A), and demodulation results (B).
a) real time signal; b) after PLD transform;
c) real time reference signal, constant carrier frequency;

kp=0,5 4

x 10* x 10 kp=0,5
10 |
i sl
4 6 L
a.
4 L
2 L
200 300 400 500
x 10*
6
4 h
b 2 H
' I i
oot Mo ot e ol A I |
200 300 400 500 200 300 400
x 10° x 10°
Yr
4 L
3 I ‘
| |
’\ | 1 1y | I
) VS| S W ‘l ol | A J&JL}‘ \ A I\
200 300 400 500 200 300 400
A B frequency

Fig. 4. PLD case, spectra of PM signal, side-lobes represent PM recovery:
A) order transform 1, standard version;
B) order transform 2 synchronized with carrier cycle
a) real time signal
b) after time scale transform
c) real time reference signal, constant carrier frequency



DIAGNOSTYKA’ 3(51)/2009 91
KRZYWORZEKA, The Role Of Local Clocks In Machine Diagnostics & Monitoring

30 ] 20
sl 15
a.
10
10
5
ol 0
o 10 20 30 10 20 30
| X2 1
30
20f
20 , 15 |
|
W \ 100
\
il *“”M\uw i | |
Il \‘\H\‘\‘\\‘\”\\,\\\/\‘U“ V\/“m‘,gm ) NY 5¢ H \
W e e m/\ Y ‘ | \
ol PV VM A OJQ‘ )\ \ \
10 20 30 10 20 30
fHz] fHz]

Fig. 5. Spectra of recovered message signal:
I) order transform 1, standard version;
1) order transform 2 synchronized with carrier cycle;
a) real time signal,;
b) after time scale transform
real time reference — see Fig.4.c

The best reproduced are the modulations 5. REFERENCES

whose cause is synchronized by carrier cycle,
unfortunately unknown in real conditions. [1].  Cioch W , Krzyworzeka P.: Modulacje
niezamierzone w diagnozowaniu

6. MAIN SYMBOLS glosnika. Diagnostyka, vol. 28, 2003, 29

& ABBREVIATIONS

AP — asynchronous procedure

CS — carrier signal

MS — message signal

OT — order transform

OT/AD - OT aided demodulation
PDP — phase demodulation procedure
PLD — procedure of linear decimation
PLD/AD - PLD aided demodulation
PM - phase modulation

TSC — time scale conversion

VSM - vibration signal modulation
y(®) — synchronizer of cycle time scale
®c — carrier cycle

O — linear approx. of ® growth

® — instantaneous cycle

Xo — reference message signal

Xy, — recovered message signal

y — modulated vibration signal

Y ¢ — carrier signal

(2].

[3].

[4].

[5].

[6].

[7].

-36

Cioch W , Krzyworzeka P.: PLD aide
demodulationof starting vibratios In
rotating machinery. Diagnostyka, vol.
43,2007, 105 - 110

Korbiel T.: Order analysis in the
diagnostic of nonstatinary VA process:
Diagnostyka, vol. 43,2007, p. 99 — 104
Krzyworzeka P.: Demodulacja drgan
maszyn  przy zmianach  predkosci
obrotowej. Diagnostyka, vol. 31, 2004,
21 -128.

Krzyworzeka P.. Wspomaganie
synchroniczne w  diagnozowaniu
maszyn: Krakow-Radom. BPE, Wyd.
ITE . 2004

Radkowski ~ St.: Wibroakustyczna
diagnostyka uszkodzen  niskoenerge-
tycznych: W-wa, Radom, WITE, 2002

Piotrowski ~ A., Stankiewicz A.,
Balunowski J., Solbut A.: Diagnostics
symptoms forming in the rotating
machine monitoring based on the order
tracking analysis. 11  International
Congress of Technical Diagnostics,
Diagnostika’2000, Poland, Warsaw 19-
22 September 2000



92

DIAGNOSTYKA’ 3(51)/2009
KRZYWORZEKA, The Role Of Local Clocks In Machine Diagnostics & Monitoring

Korbiel T., Krzyworzeka P.: An
application of splines In synchronous
analysis of nonstationary machine run.
Diagnostyka, vol. 43,2007, 105 — 110



DIAGNOSTYKA’ 3(51)/2009
GARDULSKI, Metody badan amortyzatorow samochodow osobowych

93
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Streszczenie

Podzespotem decydujacym o bezpieczenstwie jazdy samochoddéw jest jego zawieszenie,
w ktorym istotne znaczenie maja elementy tlumiace, ktdorymi najczgséciej sa teleskopowe
amortyzatory hydrauliczne. Dlatego w procesie eksploatacji tak wazne sa badania ich stanu
technicznego w trakcie ktorych nie tylko powinna by¢ dokonywana ocena ich przydatnosci do
dalszej eksploatacji, ale réwniez identyfikacja typowych uszkodzen . W artykule przedstawiono
powszechnie stosowane sposoby diagnozowania amortyzatorow, wsrdd ktorych wyrdzni¢ mozna
dwie metody badan: amortyzatorow wybudowanych z pojazdu i amortyzatoréw zabudowanych
w pojezdzie.

Stowa kluczowe: zawieszenia samochodowe, metody badan amortyzatorow,
metody wibroakustyczne badan, transport.

TESTING METHODS FOR VEHICLE SHOCK ABSORBERS

Summary

The suspension is the component decisive about safety of drive of cars, in which dumping
elements have essential meaning, which the most often are telescopic hydraulic shock-absorbers.
Therefore in exploitation process so important investigations of their technical condition are in
track which opinion of their usefulness should be made not only to more far exploitation, but also
the identification of typical damages. The common used method in practical ways of diagnosing of
shock-absorber in article were introduced. There are two methods of investigations: built from and
shock-absorber built-in in vehicle suspension.

Keywords: vibro-acoustic methods, testing methods, shock absorbers, transport.

1. WPROWADZENIE

Bezpieczenstwo ruchu drogowego zalezy od
wielu czynnikow, migdzy innymi od stanu
technicznego zawieszenia pojazdu. W trakcie
eksploatacji nastgpuje zuzycie eksploatacyjne
polaczen sworzniowych i kulistych oraz zmiana
charakterystyk elementow sprezystych i thumiacych.
Diagnozowanie luzéw w polaczeniach thumikow,
drazkow, tozysk jest stosunkowo proste. Informacje
o nich uzyskuje si¢ poprzez badania zawieszen na
stanowisku o wymuszeniu sitowym (popularnie
zwanymi szarpakami). Aby uwidoczni¢ luzy
konieczne sa duze sily wymuszen, albowiem
zawieszenie obciazone jest silami napigcia
wstepnego elementow sprezystych.

Zuzycie elementow sprezystych widoczne jest
w badaniach elastooptycznych zawieszen oraz przy
pomiarze statycznego ugigcia sprezyny. Duzym
problemem badawczym jest szybka ocena stanu
technicznego elementéw tlumiagcych zabudowanych
w  pojezdzie. Na tlumienie drgan, poza
amortyzatorami maja wplyw opony, sprezyny,
przeguby kuliste, tuleje metalowo — gumowe
i stabilizatory. W wigkszos$ci przypadkéw o wartosci
thumienia decyduja jednak amortyzatory, ktore sa
mechanizmami 0 silnym thumieniu

1 niesymetrycznej charakterystyce. W samochodach
poza tlumieniem drgan musza one zapewnia¢ dobra
przyczepno$¢ opony do podloza przy roéznych
rodzajach nawierzchni i roznych predkosciach jazdy
oraz podczas hamowania.

Efekty niesprawnosci amortyzatorow to:

- duze amplitudy przys$pieszen drgan nadwozia,

- przechyly poprzeczne i podluzne pojazdu
decydujace o komforcie jazdy i stabilnosci,

- wydhuzenie drogi hamowania,

- nadmierne sity dynamiczne powoduja szybsze
zuzycie elementéw pojazdow oraz niszczenie
nawierzchni drogi.

Zawieszenia wspolczesnych samochodow sa
ztozonymi uktadami mechanicznymi. Wystgpujace
w nich elementy tlumiace jak 1 sprezyste maja
nieliniowe charakterystyki ulegajace zmianom
eksploatacyjnym.  Utrudnia to  wnioskowanie
diagnostyczne i rozrdznialno$¢ poszczegdlnych
uszkodzen.

Samochéd  posiada  wiele  czgstotliwosci
rezonansowych, wsrod ktorych wyrdzni¢ nalezy
rezonans mas resorowanych (1-3Hz)
i nieresorowanych (8-18Hz). O komforcie jazdy
decyduje pierwsze pasmo, a o bezpieczenstwie jazdy
drugie pasmo czgstotliwosci.
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Z posréd metod badawczych amortyzatorow
nalezy wyroznic:

a) badania stanowiskowe,

b) badanie bezstanowiskowe.

Badania stanowiskowe mozemy z kolei podzieli¢
na:

— badanie amortyzatorow zabudowanych
W pojezdzie,
— badanie amortyzatorow niezabudowanych

w pojezdzie.

2. BADANIA AMORTYZATOR('),W
ZABUDOWANYCH W POJEZDZIE

Metody badawcze amortyzatoréw
zabudowanych w samochodzie mozna podzieli¢ na
metody [2]

1) drgan wymuszonych,

2) drgan swobodnych,

3) plyt najazdowych.

Trzecia metoda ze wzgledu na mata doktadno$é nie
jest praktycznie stosowana.

Grupa metod drgan wymuszonych sprowadza si¢
do testerow wibracyjnych:

- 0 zmiennej amplitudzie drgan,
- o statej amplitudzie drgan.

Istota obu metod jest wymuszanie drgan
pionowych badanego kota jezdnego powyzej
czestotliwosei rezonansowej. W trakcie badan koto
spoczywa na ptycie wlaczonego wzbudnika drgan.
Po przekroczeniu czgstotliwosci rezonansowej
nastepuje wylaczenie sity wymuszajacej. Na skutek
thumienia drgan przez amortyzator, elementy
zawieszenia 1 opony — nastgpuje obnizanie
czgstotliwosci drgan. Wskaznikiem stanu
technicznego amortyzatora  jest  amplituda
wystgpujaca przy czgstotliwo$ci  rezonansowej
zawieszenia. Efektywno$¢ thumienia mozna okresli¢
na podstawie analizy drgan:

- w funkcji nacisku kota na podloze (metoda

EUSAMA),

- w funkcji czasu (metoda Boge).

3. METODA EUSAMA

Europejskie ~ Stowarzyszenie =~ Producentow
Amortyzatorow (EUSAMA) opracowalo metodg
oceny efektywnosci tlumienia[l, 2, 7]. Zasada
pomiaru polega na procentowym okresleniu sity
przylegania kota do podtoza. Ocena skuteczno$ci
tlhumienia amortyzatora okresla wskaznik Eusama
opisany zalezno$cia:

wE =nin 100% ()
st
gdzie:
Wiin — zmierzona minimalna sita dynamiczna
przylegania opony do podioza,
W, — statyczna sila przylegania opony do podtoza
(spoczynkowa).

Rys. 1. Schemat ideowy stanowiska badawczego
badan amortyzatoréw wg metody EUSAMA:
1) plyta najazdowa, 2) tensometryczny uktad

pomiarowy, 3) uktad analizujacy, 4) silnik
elektryczny

W trakcie badania koto samochodu spoczywa na
nieruchomej plycie urzadzenia wymuszajacego.
Dokonywany jest wowczas pomiar statyczny (Wy).
Dla takiego przypadku wartos¢ wspotczynnika WE
wynosi 100%. Nastgpnie uruchamiany jest uktad
wymuszajacy. Plyta osiaga drgania o amplitudzie
4-8 mm z czestotliwoscia okoto 25 Hz. Po
wylaczeniu uktadu napgdowego przy czestotliwosci
ok. 16 Hz nastgpuje pomiar minimalnej sily nacisku
dynamicznego W, kota jezdnego na ptyte. Jezeli
podczas badania przy tej czgstotliwosci koto
oderwie sig od plyty, to wartos¢ WE wynosi 0%. Ta
filozofia pomiaru jest przejrzysta i logiczna.
W wyzej wymienionej metodzie nie jest potrzebna
baza danych.

NN

¢ ts)

Rys. 2. Graficzna interpretacja wspotczynnika
EUSAMA

Wada opisywanej metody badan jest wrazliwos¢
na sztywnos¢ opony 1 obcigzenie statyczne.
Sztywnos$¢ opony zalezy migdzy innymi od ci$nienia
w ogumieniu. Niskie cis$nienie podwyzsza,
a wysokie obniza warto§¢  wspodtczynnika
EUSAMA. Odwrotnie - duze obciazenie statyczne
podwyzsza, a niskie obniza warto$¢ tego

wspotczynnika.
Przyjete kryterium oceny jest nastgpujace:
a) WE= 0-20% - zly stan techniczny
amortyzatorow (niedostateczna wartos¢
thumienia),
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b) WE = 21-40% -dopuszczalna warto§¢ thumienia
— amortyzator wymaga sprawdzenia po
wybudowaniu na stanowisku indykatorowym,

c) WE =41-60% - dobra wartos$¢ ttumienia,

d) WE > 60% - bardzo dobra warto$¢ thumienia.
Roznice warto§ci EUSAMA pomigdzy stronami

pojazdu wynoszace 20-30% swiadcza

0 niesprawnos$ci amortyzatora. Watpliwosci budza

testy skutecznosci tlumienia drgan zawieszenia osi

tylnej lekkich samochodéw z przednim napgdem.

Rozwiazanie tego problemu proponuje firma

Hoffman dzielac samochody na cztery grupy

w zalezno$ci od masy.

1) Grupa I - Pojazdy klasy wyzszej o masie
powyzej 1400 kg otrzymuja nastgpujace kryteria
oceny

Dopuszczalna roznica przyczepnosci Dgp = 25%.

2) Grupa II - Pojazdy o klasie $redniej o masie 900-
1399 kg, Drp = 25%.

3) Grupa III — Pojazdy kompaktowe o masie
wlasnej mniejszej od 899 kg Dgp = 20%.
Uzyskane w wyniku badan metoda EUSAMA

wskazniki maja charakter orientacyjny.
Wprowadzajac banki danych mozna uzyskac
informacje o warto$ciach odniesienia (np. z badania
nowych pojazdéw) wzglednie obserwowac trend
zmian w trakcie eksploatacji. Przyjgcie w metodzie
statej (16 Hz) czestotliwos$ci rezonansowej ogranicza
mozliwos$ci metody. Poszczegodlne kota moga mieé
takie same wartosci WE np. 60% ale osiagane przy
roznej czestotliwosci rezonansowej poszczegdlnych
kot. Takie réznice maja wpltyw na bezpieczenstwo
jazdy. Bylo to powodem  opracowania
zmodyfikowanej metody badan.

4. METODA BADAN AMORTYZATOROW NA
STANOWISKU PLYTOWYM O ZMIENNEJ
CZESTOTLIWOSCI DRGAN
WYMUSZAJACYCH

Metoda badan amortyzatorow w oparciu
o zmienna czgstotliwo$é rezonansowa wystepuje
pod nazwa EUSAMA plus. W tym systemie badan
wystgpuja dwa etapy pomiarowe:

a) faza wstgpna

b) pomiar wspotczynnika thumienia

Faza  wstgpna, to rozgrzewanie plynu
amortyzatorowego celem uzyskania wlasciwej jego
lepkosci. Proces ten trwa okoto 10 sek. przy
wymuszeniu o niskiej czgstotliwosci drgan. W tym
czasie  dokonywany jest pomiar ci$nienia
w ogumieniu. Analizowany jest kontakt ptyty
zopona. Jezeli odchylka ci$nienia powietrza
przekracza 0,05 MPa ci$nienia nominalnego, to
nastgpuje  przerwanie = procesu pomiarowego,
sygnalizowanego odpowiednim komunikatem.

Po rozgrzaniu - rozpoczyna si¢ proces
pomiarowy ze zmieniajaca si¢ co 1 Hz w sposob
malejacy czgstotliwosceia drgan ptyty od 30 Hz do
8 Hz. Czgstotliwos¢ okreSlana jest przez
przetworniki optoelektroniczne. Na czas pomiaru
przetworniki stabilizuja kazda czestotliwosé drgan.

Szczegdtowo analizowany jest przedziat 13 do
18 Hz (rezonans masy nieresorowanej). Dla kazdego
zakresu czgstotliwosci zmierzone sa sity nacisku na
plyty podczas $ciskania i rozciagania
amortyzatoroéw. Umozliwia to okreslenie dla
kazdego typu pojazdu stosunku mas:

c=— 2
m?’l
gdzie: m, — masa resorowana

m,— masa nieresorowana

W dalszej kolejnosci nastgpuje wykreslenie
zalezno$ci wspotczynnika tlumienia w funkcji
stosunku mas resorowanej do nieresorowanej,
opisujacej stan zawieszenia zaré6wno podczas
sciskania, jak i rozciagania amortyzatora
(niezaleznie od typu pojazdu). Na podstawie
uzyskanego wykresu mozna oceni¢, czy warto$¢
wspotczynnika thumienia znajduje si¢ w strefie:

- zielonej (powyzej 80%) - stan amortyzatora
dobry,

- z06ttej (50-80%) — dostateczny,

- czerwonej (ponizej 50%) — niedostateczny.

Powyzszy  system  badan  amortyzatorow
zastosowany jest w urzadzeniu Micro- SAT 6600
firmy Beissbarth. Precyzyjnie zmieniana
czestotliwosé drgan plyty stanowiska
i uwzglednienie stalej sprezysto$ci ogumienia
(cisnienia  powietrza w  oponie) $wiadczy
o nowoczesno$ci tej metody oceny stanu
zawieszenia (amortyzatorow). Wprowadzenie fazy
rozgrzewania amortyzatorOw wpltywa korzystnie
na doktadno$é pomiarow.

Firma Hunter Engineering Company
wprowadzita do metody Eusama dodatkowa warto$¢
mierzalng — kat przesuni¢cia fazowego pomigdzy
sinusoidalnymi sygnalami przemieszczenia plyty
i sity nacisku kota na plyte (rys.3) Nie wymagato to
zmiany konstrukeji urzadzenia, jedynie
rozbudowano jedynie tor pomiarowy o uktad
mierzacy przemieszczenia plyty.

Rys. 3. Przesunigcie fazowe plyty i mas
nieresorowanych

Przemieszczenie masy nieresorowanej  jest
proporcjonalne do  chwilowej sily nacisku
wywieranego na plyt¢ najazdowa. Dlatego osiaga
maksimum, gdy kat fazowy jest rowny 0. Amplituda
przemieszczenia masy nieresorowanej zmniejsza si¢
wraz ze wzrostem kata fazowego nawet, jesli
mierzona warto$¢ nacisku pozostaje niezmieniona.
W zakresie pasma czgstotliwoSci rezonansowej masy
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resorowanej, gdy brak jest thumienia w zawieszeniu,
warto§¢ kata fazowego wynosi 180° pomigdzy
maksymalng  amplituda  przemieszczen  masy
nieresorowanej 1 resorowanej.  Zwigkszajac
thumienie maleje amplituda przemieszczenia i1 kat
fazowy. W  paSmie rezonansowym  masy
nieresorowanej przy braku tlumienia w uktadzie
zawieszenia kat fazowy ma  wartos¢ 0°
a przemieszczenie jest maksymalne. Nacisk
pomigdzy masa nieresorowang (kotem jezdnym),
a plyta pomiarowa jest najmniejszy. Zwigkszajac
thumienie w ukladzie zawieszenia redukuje si¢
warto$¢ przemieszczenia kola oraz wzrasta warto$é
kata fazowego. Warto§¢ kata przemieszczenia
fazowego jest wielkos$cia charakteryzujaca wielko$¢
thumienia. Kiedy zawieszenie samochodu ma
odpowiednia warto$¢ tlumienia (zamontowany
jest odpowiedni amortyzator) to minimalny kat
przesunigcia fazowego pomigdzy czgstotliwosciami
rezonansowymi masy resorowanej i nieresorowanej
osiagnie warto$¢ powyzej 90°.

5. METODA BOGE DRGAN WYMUSZONYCH
W FUNKCJI CZASU

Metoda stosowana przez firmg Boga polega na
zastosowaniu do pobudzania drgan stanowiska
ptytowego, ktorego ruch wymuszony jest przez
uktad korbowy [2, 7].

| 3

Rys. 4. Schemat urzadzenia firmy
Boge
1 - silnik elektryczny
2 - sprezyna
3 - urzadzenie rejestrujace
4 - ptyta najazdowa

Przebieg badania amortyzatorow  jest
nastgpujacy. Samochod najezdza kotami jezdnymi
osi na plyty stanowiska, ktore zostaja pobudzone do
drgan. Badania prowadzone sa dla kazdego kota
oddzielnie. Po wylaczeniu silty wymuszajacej
nastgpuje przejscie przez czgstotliwo$¢ rezonansowa
zawieszenia 1 ukladu wymuszajacego. Przebieg
drgan jednego kota rejestrowany jest na polowie
okragltej tarczy. Przyktadowy wykres przedstawia

rys. 5.

Rys. 5. Przyktadowy wynik badan
amortyzatora na urzadzeniu Boge

Miara jakosci amortyzatora jest podwojna
amplituda drgan rezonansowych (A.x). Wartos¢ tej
amplitudy poréwnuje si¢ z amplituda wzorcowa
amortyzatoréw dla danych typow pojazdow.
Zastosowanie  metody  pomiaru  dekrementu
thumienia jest stuszne dla uktadéw liniowych. Ze
wzgledu na nieliniowo$¢ elementow
elastosprezystych  wystgpujacych  w  obecnych
zawieszeniach samochodow osobowych — uzyskane
wyniki mozna traktowac¢ jako orientacyjne.

6. BADANIA AMORTYZATOROW METODA
DRGAN SWOBODNYCH

Istota metody polega na analizie ruchu podwozia
samochodu osobowego po impulsowym pobudzeniu
go do drgan [2]. Istnieje wiele metod wymuszenia
a mianowicie:

- Zrzut,
- spadek z réwni pochyte;j,
- rozprezenie $Scisnigtego nadwozia.

Z posrod powyzszych metod najszersze
zastosowanie znalazta metoda pierwsza. Badania
stanu technicznego amortyzatora zabudowanego
w pojezdzie przedstawia si¢ nastgpujaco. Samochod
najezdza badanym kolem na ruchomy wspornik
stanowiska pofaczony uktadem dzwigniowym
z mechanizmem podnoszenia (mechanicznym lub
pneumatycznym). Odblokowanie wyzej
wymienionego mechanizmu przez uklad sterujacy
powoduje opadanie wspornika wraz z samochodem.
Opadajace koto uderza o plyte oporowa pobudzajac
do drgan mas¢ nieresorowna i resorowana. Zapis
amplitudy przemieszczen drgan w funkcji czasu
rejestrowany jest w formie wykreslnej.

F'Y

Ay

\L/\”

Rys. 6. Wynik rejestracji badania
metoda ,,zrzutu” samochodu
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Z powyzszego wykresu wyznaczono S$rednie
tlhumienie drgan ,.k” bedace stosunkiem drugiej do
pierwszej zaobserwowanej amplitudy drgan.

k= ﬁ 3)

4,
Wartosci amplitud poczatkowych powinny by¢ sobie
réwne. Nie powinny si¢ one rdzni¢ o wigcej niz 7%.

Badanie = amortyzatorow = metoda  drgan
swobodnych umozliwia wykrycie uszkodzen
amortyzatora, ktore w znaczacy sposob wptywaja na
warto$§¢ amplitudy drgan tj. zbyt niski stopien
napetnienia amortyzatora, uszkodzenia sprezyny
zaworu zwrotnego, zuzycie talerzyka zaworu
przelewowego 1 zaworu dlawiacego. Natomiast
uszkodzona spr¢zyna oraz zacieranie si¢ zaworu
przelewowego zaworu odciazajacego nieznacznie
zmieniaja charakterystyki amortyzatorow, a zatem
sa trudno rozpoznawalne w tej metodzie.
Zatozeniem metody jest, ze uktad jest liniowy.

7. METODA BADANIA AMORTYZATOROW
NA STANOWISKU INDYKATOROWYM

Schemat kinematyczny stanowiska do badan

amortyzatorow nie zabudowanych w pojazdach
przedstawia rys. 7 [5, 6].
2

/|

Rys. 7. Stanowisko indykatorowe, schemat
kinematyczny: 1- silnik elektryczny,

2- przemiennik czgstotliwosci, 3- przektadnia
pasowa, 4- uktad korbowy, 5- prowadnice
suwakowe, 6- czujnik sity, 7- badany
amortyzator

Stanowisko napgdzane jest dwubiegowym
silnikiem  elektrycznym pradu  przemiennego
wspolpracujacym z przemiennikiem czgstotliwosci
(falownikiem). Naped przenoszony jest na
mimosrodowy uktad korbowy o zmiennej dtugosci
ramienia , do ktérego mocowany jest dolny uchwyt
amortyzatora. Przeniesienie ruchu konca
amortyzatora z ukladu korbowego odbywa si¢ za
pomoca mechanizmu suwakowego. Gorny koniec

polaczony jest z obudowa stanowiska poprzez
przetwornik sity.

Stanowisko wyposazone jest w podwojny uktad
pomiarowy — mechaniczny 1 elektroniczny,
umozliwiajacy rejestracjg wykresow
indykatorowych sity tlumienia amortyzatorow
w funkcji skoku tloka przy ugigciu i odbiciu.
Zastosowany w stanowisku uktad wymuszajacy jest
typowym uktadem korbowym (mimosrodowym),
w ktorym przebieg zmian przemieszczenia ramienia
korby w funkcji kata obrotu watu opisuje zaleznosé¢
ktoéra po zrézniczkowaniu wynosi:

z=r-o(sina + %sin 2a) “4)
gdzie j — L stosunek promienia wykorbienia do
1

dhugosci korbowodu
o - predkos¢ katowa wykorbienia

a)=@ rad /s
30

(%)
n - predko$¢ obrotowa watu
Badania  przeprowadzone przy réznych
predkosciach  obrotowych ~ walu  korbowego
umozliwiaja wyznaczenie charakterystyki
predkosciowej amortyzatora — sily tlumienia
w funkcji predkosci ruchu tloczyska .
Powszechnie stosowanym parametrem

diagnostycznym w badaniach indykatorowych
amortyzatoréw jest maksymalna amplituda sity
tlumienia. Ocena ich stanu technicznego polega na
poréwnaniu  w/w amplitudy z wzorcem sily
tlumienia amortyzatora nowego. Taka forma oceny
jest zawodna, albowiem wzorzec ustalany zostaje na
drodze usrednienia wielu wynikéw  badan
amortyzatorow nowych, ktore posiadaja duzy
rozrzut w/w sity. Poréwnanie pojedynczego,
diagnozowanego amortyzatora obarczone wigc jest
stosunkowo duzym bledem. Poza tym amplitudowy
wskaznik oceny nie niesie informacji diagnostyczne;j
o rodzaju niesprawnosci.

Do diagnozowania amortyzatorow
zaproponowano nowy parametr diagnostyczny -
moc tlumienia amortyzatora. Uzyskuje si¢ go
poprzez calkowanie uzyskanych w badaniach
wykreséw indykatorowych. Przydatnos¢ tej metody
potwierdzity badania doswiadczalne
przeprowadzone na  amortyzatorach nowych
1z zaprogramowanymi usterkami.

W badaniach wykorzystano amortyzatory
stosowane w samochodach Fiat Seicento 900
i Skoda Fabia 1.4. W tych pojazdach stosowane sa
amortyzatory nierozbieralne. Dla potrzeb badan

przeprowadzono przerobke fabrycznych
amortyzatorow na amortyzatory rozbieralne.
Badane ustabilizowane temperaturowo

przeprowadzano w warunkach laboratoryjnych.
Rejestrowano w postaci wykresow zamknigtych
zmian¢ sity tlumienia w funkcji skoku tloka.
Pomiary sity przeprowadzi¢ mozna w dwojako: przy
statym skoku ttoka i zmiennej predkosci ruchu tloka
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wzglednie statej predkosci i przy zmiennym skoku.
Wykresy predkosciowe zmian sity w  funkcji
predkosci  ruchu  tloka  uzyskano  przez
rézniczkowanie przemieszczen. Moc tlumienia
okreslano z jednego cyklu pracy amortyzatoréw
poprzez scatkowanie wykresu indykatorowego. Ze
wzgledu na asymetrie charakterystyki osobno nalezy
analizowa¢ moc tlumienia przy rozciaganiu i przy
Sciskaniu  [6]. Dla potrzeb diagnostycznych

przeprowadzono  zaprogramowane  nastgpujace

uszkodzenia:

- ubytek plynu zwiazany z rozszczelnieniem
amortyzatora,

- starzenie si¢ ptynu amortyzatorowego,
- uszkodzenia zaworéw ruchu $ciskania i
rozciagania,
- uszkodzenia uszczelnienia ttoka amortyzatora.
Przyktadowe charakterystyki amortyzatorow
z ewoluujacym ubytkiem plynu przedstawiono na
ponizszych rysunkach 81 9.

sila [N]

,f ‘/'f predkosé [mis]

Rys. 8. Charakterystyka amortyzatora

nowego
sila [N]

prediosé [mis]

0

Rys. 9. Charakterystyka amortyzatora
z 75 % ubytkiem ptynu

Przeprowadzone wyniki analiz mocy tlumienia
przy roznych czgstotliwosciach wymuszenia dawaty
dobra identyfikacj¢ ubytku ptynu w amortyzatorach.
Zaproponowany parametr diagnostyczny moze by¢
zastosowany ~w  diagnostyce  amortyzatorow
samochodowych. Moc tlumienia powinna zawieraé
si¢ w pewnych okreslonych granicach. Ustalenie ich
jest mozliwe po przebadaniu duzej grupy
amortyzatorow jednego typu pochodzacych od tego
samego  producenta.  Wymieniony  przedziat

powinien wynikac¢ z opracowan statystycznych w/w
badan .

8. METODY ANALIZY DRGAN JAKO MIARY
STANU TECHNICZNEGO ELEMENTOW
ZAWIESZEN

Stanowiskowe metody badan daja wyniki, ktore
mozna traktowac jako przyblizone. Oparta na nich

czterostopniowa  ocena  stanu  technicznego

amortyzatora jest praktycznie dwustanowa (sprawny

— niesprawny). Pozbawiona jest cech identyfikacji

uszkodzen.

Wspdlng cecha wszystkich wyzej wymienionych
w poprzednich punktach. metod jest pobudzenie do
drgan mas resorowanych i nieresorowanych. Mamy
wigc do czynienia z ukladem mechanicznym
generujacym sygnal wibroakustyczny ktory po
przetworzeniu jest niestacjonarnym procesem
losowym]. Proces ten nalezy podda¢ analizie
matematycznej. W diagnostyce powinny zostaé
wybrane takie metody analiz, ktore zawieraja
najwigcej informacji umozliwiajacych zardéwno
oceng zuzycia eksploatacyjnego amortyzatorow jak
i diagnostyke uszkodzen. Takie podej$cie do tematu
podyktowane jest nastepujacymi cechami metod
badan wibroakustycznych:

a) procesy  wibroakustyczne sa  nosnikiem
informacji o duzej pojemnosci i szybkosci
przekazywania zmian zachodzacych w badanym
obiekcie,

b) umozliwiaja przeprowadzenie pomiar6w na
rzeczywistym obiekcie w trakcie jego pracy.

W analizie procesow niestacjonarnych istotne
znaczenie maja procesy losowe, w ktorych
interesujace zjawiska losowe moga by¢ funkcjami
czgstotliwosci 1 czasu. Metody analizy podano
ponize;j.

8.1. Krétkoczasowa transformata Fouriera
Skuteczna, stosowana powszechnie do dzi$
metod¢  analizy  sygnatdw w  dziedzinie
czasowo-czestotliwosciowej zaproponowat Gabor.
Polega ona na prowadzeniu analizy
czgstotliwosciowej kolejnych fragmentow
analizowanego sygnatu wycigtych z calosci przez
tzw. funkcje okna [2]. Podczas analizy okno jest
przesuwane w dziedzinie czasu o interwal rowny
szerokosci okna. Analiza czgstotliwosci prowadzona
jest dla kolejnych odcinkow niezaleznie, co
umozliwia powiazanie poszczegoélnych sktadowych
okresowych widma z czasem 1 okre$lenie
momentoéw ich wystgpowania. Gabor zaproponowat
funkcje okna w postaci gausoidy:
p
gt)y=e ? (6)
oraz sformulowal zasad¢ konstruowania rodziny
funkcji analizujacych powstatych z funkcji okna
przez wprowadzenie przesunie¢ w dziedzinie czasu
b i w dziedzinie czestotliwosci m:

—iol
w,,(t)=g(t—b)e™ @)
Wynikiem analizy czasowo- czgstotliwosciowe;j
sygnalu f(t) sa wspotczynniki w postaci:
S(w,b) = jx(z) “w,, ()dt = jx(z) g(t—b)e " dt
= = (8)
Z powyzszych zalezno$ci wynika nastepujacy
nadajacy si¢ do praktycznego zastosowania wzor
opisujacy funkcje analizujaca:
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,i[ﬂ)
2\ d —iot
W,,=e e ©)
gdzie:

b — przesunigcie okna

 — czestosci analizujace

d — szerokosc¢ okna

W powyzszym wzorze wystgpuja  trzy
wspotczynniki, z ktorych jeden » odpowiada za
przesunigcie okna (parametr czasowy) drugi  za
warto$¢ czgstosci analizujacej wypeltniajacej okno
(parametr czgstotliwosciowy) trzeci d niezmienny
w catej rodzinie funkcji analizujacych (parametr
wyznaczajacy szeroko$¢ okna)

Metoda zaproponowana przez Gabora zwana
takze krotkoczasowa transformata Fouriera (Short
Time Fourier Transform — STFT) lub okienkowym
przeksztalceniem Fouriera opiera si¢ na stalej raz
dobranej szerokosci okna analizy, ktore ogranicza
jednoczesnie precyzje w dziedzinie czasu i zakres
czestotliwoscei analizy.

Optymalnie prowadzona analiza o doktadnosci
ograniczonej jedynie zasada nieoznaczonoSci
Heisensberga ma miejsce w dolnym zakresie
czgstotliwoscei tj. w przypadku funkcji analizujacych
W, ktorych okres //w jest rowny szerokos$ci d okna
gausoidy.  Wszystkie  wyzsze  czgstotliwosci
analizowanego sygnalu sa wykrywane z ta sama
doktadnoscia, lecz znacznie mniejsza od mozliwej
do uzyskania wynikajacej z zasady nieoznaczono$ci.

8.2 Transformata falkowa
Inna metodg analizy czasowo-czgstotliwosciowej
zaproponowali Morlet i Grossman (1984 r.).
Podobnie jak w analizie STFT sformutowano
funkcje podstawowa, reguly konstrukcji na jej
podstawie rodziny funkcji analizujacych oraz wzor
opisujacy wynik analizy w dziedzinie ¢-f (czasowo-
czgstotliwosciowej) w  postaci  funkcji  dwu
zmiennych (z1f) [2, 5].
Morlet zaproponowal nieokresowa funkcje
podstawowa:
tl
w(t)=e * -cos(5t) (10)
i nazwal ja falka-matka (fr. ondelette-mere)
poniewaz stuzy ona do konstrukcji rodziny falek
analizujacych [30,37,53] ¥ap:

Vo) =—=-p (=2
Ja o a (an
a>0 jest tzw. wspodlczynnik zwezania-rozszerzania
odpowiada za czgstotliwosci i czasowy zakres
analizy
Po wprowadzeniu dodatkowego parametru skali
a do okna lokalizacyjnego w transformacie Gabora
powstala transformata falkowa (Wavelet transform
WT).
Funkcja analizujaca W( ﬂ) nazywana falka gtowna
a
posiada wspotczynnik a ktoéry powoduje zmiang
czasu  trwania  falki oraz = wspolczynnik

b ktory zmienia potozenie falki na osi czasu.
Rownanie  reprezentuje  filtracj¢ ~ pasmowo-
przepustowa sygnaldw za pomoca filtrow o ré6znych
pasmach przepuszczania. Transformata falkowa
(WT) jest funkcja dwuwymiarowa w ktorej a — jest
parametrem skali (czgstotliwosci) za§ b — jest
parametrem translacji (przesunigcia w czasie)
a,beR, a#0.
Wspotczynniki  reprezentujace  realizowany
sygnal w dziedzinie ¢-f opisuje zalezno$é:
12)

+o0

WT(a.b) = (x(t)*p,,) = [x(0) -y, (t)dr = %Ix(r)w(%)dr (

Zaleznos¢ ta podobnie jak podana przez Gabora
zaleznos¢ (3) jest rownowazna splotowi sygnatu
analizowanego x(f) z falka analizujaca y,,(f) lub
w przypadku analizy Gabora (STFT) z funkcja
analizujaca wy, (£).

W poréwnaniu do stosowanych w STFT funkcji
okna majacych zawsze mniej lub bardziej
przyblizona funkcj¢ gaussoidy, funkcja y(t) posiada
odmienne cechy. Jest ona parzysta funkcja lokalnie
oscylujaca a poza spdjnym przedzialem oscylacji
przyjmuje warto$ci zerowe. Przebieg funkcji w(t)
jest podobny do zafalowania, lokalne oscylacje
szybko gasna wraz z odlegloscia od centrum — stad
nazwa: falka (ang. Wavelet, fr. ondelette).

W analizie falkowej inna jest w poroéwnaniu
z STFT regula konstruowania rodziny funkcji
analizujacych. W analizie STFT (Gabora) szeroko$¢
okna jest stata co powoduje wzrost oscylacji w oknie
wraz ze wzrostem czestotliwo$ci. W analizie
falkowej ilo§¢ oscylacji falki jest stala a zmianie
czgstotliwosci towarzyszy proporcjonalna zmiana
czasowego zasiggu falki.

Analiza niestacjonarnych wlasnosci spektralnych
sygnalu wymaga postugiwania si¢ oknami, ktore
automatycznie zwg¢zaja si¢ przy analizie wysokich
czgstotliwosci i ulegaja automatycznemu
rozszerzeniu przy analizie niskich czgstotliwosci.

8.3. Transformata Wignera-Ville’a (Wigner-Ville
Distribution, WVD)
Widmo wzajemne Wignera-Ville’a dwoch
sygnalow x(?) 1 y(¢) definiowane jest nastgpujaco [2,
3, 8

_ Iyp#(p—Byeioe
WVny(t,f)—J.x(t+2)y (t=2)e dr(13)

jezeli x(t) = y(t) powyzsze przeksztalcenie mozna
zapisa¢ w postaci:
—j2ntk
WVD.,(1,0) = [ x(t “Dxxt+De  dr
2 2 (14)

gdzie: WVD.(t,68) — pseudo przeksztalcenie

Wignera-Ville’a

x*(t) — sygnal zespolony sprzgzony z x(t);

7 — przesunigcie w dziedzinie czasu;

6 — przesunigcie w dziedzinie czgstotliwosci
Transformata ta pozwala przeksztalci¢ sygnat

zapisany w postaci przebiegu czasowego na widmo
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czasowo-czgstotliwosciowe. Program  Matlab
posiada zaimplementowana dyskretna wersje tego
przeksztalcenia, ktora umozliwia obrobke sygnatu
zdyskretyzowanego. Poniewaz algorytm realizujacy
ta transformatg wykorzystuje dwukrotne
przeksztalcenie Fouriera warunkiem uniknigcia
zjawiska aliasingu jest probkowanie sygnatu
ciaglego z co najmniej dwukrotnie wigksza
czgstotliwoscia od kryterium Nyquista.

W celu redukcji efektow  zwiazanych
z przeciekiem widma, ktore utrudniaja interpretacje
uzyskanych wynikow, wykonuje si¢ operacje
filtracji WVD przy pomocy funkcji wagowych.
W badaniach wykorzystano funkcj¢ wagowa Choi-
Williams’a w postaci:

#(0,7) = exp(-0°7* / o%) (15)

o — parametr proporcjonalny do amplitudy przecieku
widma.

Wykorzystane przeksztalcenie mozna zapisaé
w sposéb nastepujacy:

_ Tyx T\ -2t ’[%)Z
WVD(t,@)_jx(z—z)x (t+)e e 7 dr (16)

Istotnym problemem zwigzanym 2z Ww/w
analizami jest forma przedstawienia wynikow
badan. Istnieje wiele sposobdw, wsrod ktorych ma
szczegblna uwagg zastuguja:

- wykresy warstwicowe;
- wykresy profilowe.

Wykresy warstwicowe sa wykresami ptaskimi w
uktadzie wspolrzgdnych czas-czgstotliwos$é, na ktod
re nanoszone sg linie gegstosci mocy.

Wykresy profilowe sa rysunkami
pseudoprzestrzennymi. Z jednej strony utatwiajg one
obserwacj¢ rozktadu gestosci widmowej mocy

w funkcji czasu 1 czgstotliwosci. Jednakze
»plasterkowy” system wizualizacji moze
spowodowaé opuszczenie istotnych wynikow,

a ponadto na wykresach czgs¢ wynikéw zostaje
ukryta  przez  poprzedzajace  je  profile.
Rozwiazaniem tego problemu jest wykonanie
wykresow zmian mocy w funkcji czasu dla kazdej
czestotliwosci oddzielnie.

Struktura widmowa sygnatéw niestacjonarnych
moze by¢ okreslona za pomoca podwdjnej
transformaty Fouriera niestacjonarnych funkcji
korelacji  okreslonych za pomocg wartosci
oczekiwanych (§rednich w zbiorze).

PODSUMOWANIE

Stosowane w stacjach kontroli pojazdow
tradycyjne metody  badan  hydraulicznych
amortyzatorow  teleskopowych  zabudowanych

w samochodach osobowych maja charakter
przyblizony — nie identyfikuja rodzaju uszkodzenia.
Wady tej nie posiadaja metody analizy
wibroakustycznej sygnatdéw drganiowych mas
nieresorowanych i resorowanych pojazdu opartych
na wielowymiarowych analizach sygnatow. Metody
te moga by¢é =zastosowane w SKP przy

wykorzystaniu wzbudnikéw drgan bedacych na
wyposazeniu stacji.
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MODELOWANIE I SYMULACJA PODUKEADOW MECHATRONIKI
SAMOCHODOWEJ
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Streszczenie

Artykut zawiera krotkie wprowadzenie do komputerowego projektowania i symulacji uktadow
mechatroniki samochodowej. W pracy zaproponowano wykorzystanie jezyka modelowania
multidyscyplinarnego VHDL-AMS, ktory pozwala na opisywanie systemoéw mechatronicznych na
dowolnym poziomie szczegdétowosci. Wskazano na dydaktyczne zastosowania wirtualnych
srodowisk projektowania, takich jak SystemVision z Mentor Graphics, w zakresie spajania etapu
ustalania zalozen z etapem realizacji, konstruowania czgS$ci sprzgtowej 1 programowe;j,
modelowania uktadow reprezentujacych rozne dziedziny techniki. W artykule przedstawiono
przyklady projektowania i diagnostyki wybranych poduktadéw samochodowych.

Stowa kluczowe: system mechatroniczny, wirtualny pojazd, modele symulacyjne.

MODELING AND SIMULATION OF AUTOMOTIVE MECHATRONIC SUBSYSTEMS

Summary

This paper presents a brief introduction to the development of automotive mechatronic system
models for computer simulation and analysis. VHDL-AMS multiple engineering domains
modeling language for all physical aspects of a mechatronic system at arbitrary levels of
abstraction is proposed. The significance of the virtual prototyping environments such as
SystemVision by Mentor Graphics, which bridge the gap between the architectural and
implementation levels, the gaps between multiple physical domains and the gap that exists
between hardware and software, for higher educational process of skilled engineers is pointed.
This paper demonstrates some automotive applications where the virtual design and diagnostics
are succesfully used for the analysis of the diverse subsystems.

Keywords: mechatronic system, diagnostics, virtual vehicle, simulation models

1. WPROWADZENIE analizy dziatania urzadzen wykonanych w réznych
technologiach. Modelowanie takich poduktadow

Wspomaganie komputerowe projektowania jest mozliwe za pomoca jezykow
poszczegdlnych podzespotow jak i poduktadow jest multidyscyplinarnych opisu sprzgtu

sktadnikiem wirtualnego procesu konstruowania
pojazdu. W okresie trzech ostatnich dekad ilo$¢
systemow mechatronicznych pojazdu wzrosla
z kilku do kilkudziesigciu, a ich koszt ma osiagnad
wkrotce 40% wartosci pojazdu. Modelowanie tych
uktadow wymaga metod, ktére mozna zastosowac
jednoczesnie do obiektow pochodzacych z réznych
dziedzin techniki (elektrycznych, mechanicznych,
termicznych, pneumatycznych, hydraulicznych) na
réznych stopniach szczegétowosci). Symulacja
pozwala na precyzyjna analiz¢ dzialania rozwigzan

sprzgtowo-programowych,  op6zniajac  chwilg
budowy fizycznego prototypu.

Proces  zapoczatkowany  opracowywaniem
koncepcji obejmuje modelowanie za pomoca
transmitancyjnych schematow blokowych,
tworzenie topologii sieci poktadowych
obejmujacych sterowniki, sensory, przetworniki

i elementy wykonawcze do fazy szczegodltowej

i oprogramowania VHDL-AMS [1] lub MAST oraz
standardowych programéw symulacyjnych SPICE,
przeznaczonych dla systeméw elektrycznych
i elektronicznych. Modele wykonane w postaci
schematoéw blokowych, po transformacji do modeli
reprezentujacych poszczegdlne sprzgtowe elementy
urzadzen moga by¢ wykorzystywane do
projektowania uktadow mechatronicznych
sterowanych przez rézne modutly elektroniczne.

2.WIRTUALNE SRODOWISKA
PROJEKTOWANIA

Piramid¢  obrazujaca  poszczegdlne  fazy
projektowania (rys.1) wienczy poziom koncepcji, na
ktorym formulowane sa zatozenia. Pigtro nizej
opisywane sa funkcje, ktére ma realizowa¢ uktad.
Na kolejnym poziomie nastgpuje rozpisanie tych
funkcji pomigdzy czgécia sprzgtowa i programowa
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systemu, po czym projektowane sa rozwigzania
poszczegolnych elementow.

Rozne  dostgpne  platformy  programowe
pozwalaja na zintegrowanie poszczegdlnych
poziomow procesu projektowania i diagnostyki
uktadow mechatroniki samochodowe;j.

Conceptual
Hemnreds Spercd e

Functional
Systes pwoatior

Architectural
Function ¥ocaes

Rys. 1. Etapy projektowania uktadow mechatroniki
samochodowej wg Mentor Graphics [2]

Pakiety te tacza wszystkie poziomy wirtualnej
produkcji pojazdu, zardbwno w czgsci sprzgtowej jak
i programowej. Korzystajac z takich narzedzi
tworzone sa w jednym $rodowisku modele
podzespotdéw  wspotpracujacych  z  ukladami
elektrycznymi,  mechanicznymi,  termicznymi,
hydraulicznymi i pneumatycznymi oraz sieci
potaczen pomigdzy nimi.

Przyktad srodowiska wykorzystujacego jezyk
multidyscyplinarny VHDL-AMS opisu  sprzgtu
analogowego i cyfrowego, oprogramowanie SPICE,
jezyk C oraz otwarte biblioteki modeli standardow
samochodowych pokazano na rys.2. System
umozliwia projektowanie graficzne oraz analizg
matematyczna. Analiza ta obejmuje badania
statyczne 1 dynamiczne w dziedzinie czasu
i czegstotliwosci oraz wykorzystuje narzgdzia
statystyczne.

Graphical Design Model Libraries
st N TLAT AL g
System Mode| Compenent L
Models ot T 52
- '..:I =1 EE Lag™
VHDL- Mixed-
A5 simiilator | Siona!
Data Analysis & Viewing Core

5
Raesul I

Rys. 2. Struktura §rodowiska SystemVision [2]

o
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3. UKLAD STEROWANIA WENTYLATOREM

Uktady napedowe, zintegrowane systemy
bezpieczenstwa i komfortu, komputerowe sieci
poktadowe oraz instalacja elektryczna pojazdu
wymagaja obecnie mechatronicznego podej$cia do
zagadnienia projektowania 1 diagnostyki. Jako
przyktad modelowania oméwiono uktad sterowania
wentylatorem, w sktad ktérego wchodza elementy
nalezace do roznych dziedzin techniki. Model

uktadu wentylatora wykonany na stanowisku
projektowym SystemVision Educational pokazano
na rys. 3, a wykaz zastosowanych elementow
podano w tablicy 1.

V_BATTERY

[ELIEY
LENGTH=REAL 1 =1.0

20 SEC o ]
OH_TINE=DELAY_LEWGTH -4 SEC +
1 SEC

1.0
FAN_OH_OF 0001
BRTTERY 0,003

10.0E3
10.0E-3
10 .0E-B

Y_SWITCH ¥_FAHNOTOR

SUITCH_FAN_ON

nnnnn
LENGTH=REAL =1 .0

A
Y _MIRE_FUSE ¥W_FUSE_MIARE

ruac
12.0

Rys. 3. Model uktadu wentylatora chtodnicy

Tab.1. Klasyfikacja elementéw modelu wentylatora

Element Dziedzina
Akumulator Elektrochemia
Silnik DC Elektromechanika,
technika cieplna
Wentylator Mechanika
Dioda Elektronika
Przewod Elektrotechnika,
technika cieplna
Bezpiecznik Elektrotechnika,
technika cieplna
Przetacznik Mechanika
Sterowanie Technika cyfrowa

Ponizej zostana omowione modele programowe
VHDL AMS akumulatora, silnika DC, wentylatora
oraz diody poétprzewodnikowej [3].

3.1. Akumulator
Zamodelowano akumulator kwasowo-otowiowy
opisany roOwnaniami:

V = Vopen + i(Rint + Rterm)

dv.
i =C ,—< 1
c surf dt ( )
Vc = Vopen + (l - ic )Rint
V=V.+iR,,,

Model programowy akumulatora (rys.4) uwzglednia

rezystancje: wewnetrzna R, i wyprowadzen R, ,

efekt uplywnosciowy C oraz napigcie stanu

surface
jalowego Vgpen. Mozliwa jest takze modyfikacja
modelu  uwzgledniajaca  zmiany  powyzszych

parametrOw w zalezno$ci od stanu natadowania
akumulatora, poprzez pakiet danych akumulatora.
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library IEEE;
use IEEE.electrical_systems.all;
entity battery is
generic (
v_open : real := 12.6;-- Open circuit battery voltage
r_int : real := 0.015;-- Internal (effective) impedance
c_surface : real := 10.0;-- Surface Capacitance
r_terminal : real := 0.001); -- Terminal resistance
port (terminal p, m : electrical);
end entity battery;
architecture ideal of battery IS
quantity v across i through p to m;
begin
v ==v_open + i*(r_int +r_terminal);
end architecture ideal;
architecture surface capacitance of battery is
quantity v across i through p to m;
quantity vc : voltage; -- Voltage across surface capacitance
quantity ic : current; -- Current through surface capacitance
begin
ic == c_surface * vc'dot;
ve ==v_open + (i - ic)*r_int;
v ==vc + i*r_terminal;
end architecture surface capacitance;

Rys. 4. Model akumulatora samochodowego

3.2. Silnik DC

Zamodelowano silnik elektryczny z magnesem
trwalym (rys.5), zasilany napigciem stalym poprzez
dwa wyprowadzenia typu elektrycznego i wyjsciu

mechanicznym  typu  obrotowego,  opisany
réwnaniami rézniczkowymi:
. di
v=ko+iR i, +L—
dt ©)
. dow
T=-kji+do+J—
dt

library IEEE;

use IEEE.mechanical_systems.all;
use IEEE.electrical systems.all;
entity DCMotor_1v is

generic (
r_wind : resistance; -- Motor winding resistance [Ohm]
kt :real; -- Torque coefficient [N*m/Amp]
1 :inductance; -- Winding inductance [Henrys]
d :real; -- Viscosity [N*m/(rad/sec)]
j  :moment_inertia); -- Moment of inertia [kg*meter**2]

port (terminal p1, p2 : electrical;
terminal shaft_rotv : rotational_velocity);

lend entity DCMotor_rv;
architecture basic of DCMotor_rv is

quantity v across i through p1 to p2;

quantity w across torq through shaft rotv to rotational velocity ref;
begin

torq == -1.0*kt*i + d*w + j*w'dot;

v == kt*w + i*r_wind + 1*i'dot;
end architecture basic;

Rys. 5. Model silnika pradu statego

3.3. Wentylator

Wentylator  jest elementem  decydujacym
o mechanicznej statej czasowej uktadu. W modelu
z jednym wejsciem mechanicznym typu obrotowego
(rys. 6) zalozono, ze potrzebny moment obrotowy
jest zalezny od potozenia, predkosci i przyspieszenia
katowego wg zaleznoSci:

T=d]a)+d2a)2+JC;—at) A3)

library IEEE;
use IEEE.mechanical systems.all;
entity fan is
generic (dI : real; -- First order drag coef [N*m/(rad/s)]
d2 : real;-- Second order drag coef [N*m/(rad/sec)**2]
j: MOMENT INERTIA);
--Moment of inertia [kg*meter**2]
port (terminal rotvl : ROTATIONAL VELOCITY);
end entity fan;
architecture ideal of fan is
quantity w across torq through rotvl
to ROTATIONAL VELOCITY_REF;
begin
torq == d1*w + d2*w*abs(w) + j*w'dot;
lend architecture ideal;

Rys. 6. Model wentylatora

3.4. Dioda poélprzewodnikowa
Zastosowano  aproksymacje  charakterystyki
diody potprzewodnikowej krzywa wyktadnicza :
v
1

v,

i=i_e" (4)

sat

gdzie [, jest pradem nasycenia, v napigciem na

dwoch wyprowadzeniach typu elektrycznego, a v,
napigciem cieplnym diody. Realizacje modelu
pokazano narys. 7.

library IEEE;
use IEEE.math_real.all;
-- Use IEEE natures and packages
use IEEE.electrical systems.all;
-- FUNDAMENTAL_CONSTANTS
package needed for Boltzmann constant --(PHYS_K = Joules/Kelvin)
land electron charge (PHYS_Q = coulomb)
use [EEE.FUNDAMENTAL _CONSTANTS.all;
entity diode is
generic (
Isat : current := 1.0e-14); -- Saturation current [Amps]
port (
terminal p, n : electrical);
end entity diode;
architecture ideal of diode is-- Declare internal quanties and constants
quantity v across i through p to n;
constant TempC :real :=27.0;-- Ambient Temperature [Degrees]
constant TempK : real :=273.0 + TempC; -- Temperaure [Kelvin]
constant vt : real := PHYS_K*TempK/PHYS_Q;-- Thermal Voltage
function limit_exp( x : real ) return real is
variable abs x  : real := abs(x);
variable result : real;
begin
ifabs_x < 100.0 then
result := exp(abs_x);

else
result := exp(100.0) * (abs_x - 99.0);
end if}
-- If exponent is negative, set exp(-x) = 1/exp(x)
if x < 0.0 then
result := 1.0 / result;
end if}

return result;
end function limit_exp;
begin -- ideal architecture-- Fundamental equation
i == Isat*(limit_exp(v/vt) - 1.0);
end architecture ideal,;

Rys. 7. Model diody potprzewodnikowe;j

3.5. Wyniki symulacji

W celu okreslenia wplywu  momentu
bezwladnos$ci wentylatora oraz rezystancji uzwojen
silnika DC wykonano symulacje¢ 5-krotnego
zalaczania 1 wylaczania ukladu w czasie 100s.
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Parametry dla  poszczegdlnych
symulacji 1 — 4 podano w tabeli 2.

przebiegdéw

Tab. 2. Zatozenia symulacji uktadu wentylatora

Symulacja Moment Rezystancja
bezwladnosci silnika DC
Numer kgm’10° Q
1. 5000 6
2. 3000 6
3. 500 6
4. 300 2

Na rys. 8 podano charakterystyki predkosci
obrotowej wentylatora [rad/s’], natomiast na rys. 9
charakterystyki napig¢ akumulatora [V] w funkcji
czasu.
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Rys. 8. Charaterystyki czasowe predkosci obrotowe;j
wentylatora
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Rys. 9. Charakterystyki czasowe napigcia
akumulatora

4. PODSUMOWANIE

Projektowanie i  diagnostyka  systemow
mechatronicznych pojazdu jest zagadnieniem coraz
bardziej skomplikowanym. Wymaga zintegrowania
dziatan prowadzonych przez rdézne zespoly
specjalistow, na réznym poziomie szczegdtowosci
z poduktadami nalezacymi do réznych dziedzin
techniki.

Zadanie to mozna zrealizowaé postugujac sig
jezykiem programowania multidyscyplinarnego
VHDL-AMS, ktory daje mozliwo$¢ modelowania

zarowno uktadow analogowych jak i cyfrowych.
Wykorzystanie platformy programowej tworzacej
wirtualne $rodowisko projektowania, takiej jak
SystemVision z obszernymi bibliotekami modeli
przyspiesza proces projektowania. Wbudowane
interfejsy pozwalaja na komunikacj¢ z innymi
programami symulacyjnymi, a narzgdzia
matematyczne i graficzne daja mozliwo$¢ analizy
i diagnostyki w trakcie projektowania rozwiazan.
Omowiony system posiada duze walory edukacyjne
i moze stuzy¢ jako pomoc dydaktyczna
W nowoczesnym procesie nauczania budowy
i diagnostyki pojazdow.
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ROZPOZNAWANIE OBRAZOW Z WYKORZYSTANIEM
NEURONOWEGO KLASYFIKATORA NBV
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Streszczenie
W artykule przedstawiono neuronowy klasyfikator NBV o konstrukcji inspirowanej strukturg
sieci neuronowej CP (ang. Counter Propagation), ktory wykorzystuje koncepcjg stosowang
w klasyfikacji minimalnoodlegtosciowej, a w swym dziataniu nawiazuje do idei funkcjonowania
klasyfikatorow SVM (ang. Support Vector Machine).

Stowa kluczowe: rozpoznawanie obrazow, sztuczne sieci neuronowe, klasyfikator neuronowy.

PATTERN RECOGNITION USING NBV NEURAL CLASSIFIER

Summary
The article presents the NBV neural classifier whose structure has been inspired by the
structure of CP (Counter Propagation) neural network, which uses the methods applied in the
minimum-distance classification, while in its operation it draws on the idea of functioning of SVM

(Support Vector Machines) classifiers.

Keywords: pattern recognition, artificial neural networks, neural classifier.

1. WSTEP

Diagnostyka techniczna jest dziedzing wiedzy
zajmujaca si¢ rozpoznawaniem stanu technicznego
obiektu diagnozowania. W  praktyce pelne
rozpoznanie stanu technicznego obiektu nie zawsze
jest mozliwe i konieczne. Godzac si¢ z pewnym
dopuszczalnym poziomem nieokreslono$ci stanu
wprowadzamy zazwyczaj ustalong liczbg klas stanu
odpowiadajacych rozréznialnym stanom obiektu,
czyli stanom, ktorych rozpoznanie jest uzasadnione
ze wzgledu na dalsze postgpowanie z obiektem.
W najprostszym  przypadku  zbiér  stanow
technicznych obiektu mozna podzieli¢ na dwie
klasy: klas¢ stanu zdatnosci i klasg stanu
niezdatnosci. Wynikiem rozpoznawania stanu
technicznego obiektu jest wigc stwierdzenie
przynaleznosci jego stanu do jednej
z klas z gory ustalonej klasyfikacji standw.
Rozpoznawanie stanu obiektu sprowadza si¢ zatem
do klasyfikacji stanu, a uktad dokonujacy
rozpoznawania stanu nazywany jest systemem
klasyfikujacym stan lub krotko klasyfikatorem
stanu.

Zrédtem danych diagnostycznych moze byé
obserwacja diagnostyczna obiektu prowadzona za
posrednictwem  sygnatdéw generowanych przez
obiekt. Zarejestrowane sygnaly sa nastgpnie
poddawane przetwarzaniu i analizie, w wyniku
ktoérej otrzymywany jest zbidr cech tych sygnalow.
Wartosci tych cech sg uwarunkowane, w réznym
stopniu, stanem, w jakim znajduje si¢ obiekt
diagnozowania. Uporzadkowany zbiéor N wartoSci

cech sygnatdéw zwiazanych z funkcjonowaniem
obiektu mozemy nazwa¢ wektorem obserwacji stanu
obiektu X = [x; x, ... xy]'. Kazdemu wektorowi
obserwacji stanu obiektu mozna przyporzadkowaé
punkt, nazywany obrazem stanu obiektu,
w  odpowiednio  okreslonej = N-wymiarowej
przestrzeni (rozpigtej na zbiorze N cech sygnatow).
Przestrzen ta, bedaca zbiorem  wszystkich
mozliwych  wektorow  obserwacji  (dziedzing
rozwigzywanego zadania klasyfikacji stanu obiektu),
moze by¢ nazwana przestrzenia obserwacji stanu
obiektu. Kazdy stan obiektu moze mie¢ zatem swoj
obraz w przestrzeni obserwacji stanu obiektu,
ktorego polozenie zdefiniowane jest,
zgromadzonymi w wektorze obserwacji stanu,
wartosciami cech sygnatow zwiazanych
z funkcjonowaniem obiektu.

Wektor obserwacji obrazuje w pewnym stopniu
stan techniczny obiektu, gdyz warto$ci jego
sktadowych  (warto§ci  cech  sygnatow) sa
uwarunkowane (cho¢ z réznym nasileniem i nie
wylacznie) stanem w jakim obiekt si¢ znajduje [3].
Moga zatem istnie¢ podstawy do wnioskowania
o stanie obiektu na podstawie informacji zawartej
w  wektorze obserwacji stanu  obiektu.
Sklasyfikowanie obrazu (wektora obserwacji) stanu
obiektu odpowiada woOwczas zaszeregowaniu
odpowiadajacego mu stanu badanego obiektu do
okreslonej klasy stanu (rozpoznaniu stanu obiektu).

Rozpoznanie stanu obiektu (sklasyfikowanie
obrazu stanu) wymaga oczywiScie posiadania
pewnej  wiedzy. W  wielu  przypadkach
zdefiniowanie wlasciwych kryteriow klasyfikacji
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jest jednak istotnie utrudnione. W zwiazku z tym,
budujac diagnostyczne systemy klasyfikujace coraz
czedciej sigga sig do metod rozpoznawania obrazoéw
(ang. pattern recognition) [2, 20], ktoérych teoria
rozwingla si¢ wraz z badaniami zwiazanymi ze
sztuczna inteligencja [16]. Klasyfikatory odwotujace
si¢ do metod sztucznej inteligencji potrafia bowiem
w trakcie procesu uczenia pozyska¢ automatycznie
odpowiednia wiedzg ze zbioru uczacego, ztozonego
z udostgpnionych przyktadow (uczenie si¢ na
przyktadach - wiedza jest zawarta
w udostgpnionych przyktadach). Kazdy element
z tego zbioru (przyktad uczacy) sktada si¢ wowczas
z obrazu (wektora obserwacji) i z informacji na
temat klasy, do ktorej nalezy (numer klasy).

Mozliwos¢ interpretacji procesu diagnozowania
jako procesu rozpoznawania obrazéw stanu obiektu
sktania do zainteresowania si¢ inteligentnymi
klasyfikatorami odwotujacymi si¢ do metod
rozpoznawania obrazow. W niniejszym artykule
przedstawiono wyniki prac naukowo-badawczych
autora dotyczacych opracowania nowych metod
klasyfikacji obrazow, prowadzonych w ramach
badan nad wykorzystaniem metod sztucznej
inteligencji w diagnostyce techniczne;j.

2. KLASYFIKATOR NEURONOWY NBV

Prezentowany neuronowy klasyfikator NBV,
dziatajacy na podstawie algorytmu najblizszego
wektora brzegowego (ang. NBV — Nearest
Boundary  Vector), wykorzystuje koncepcje
stosowana w klasyfikacji minimalnoodleglosciowej
(ang. minimum-distance classification) [6, 14, 16],
w  swym dzialaniu nawigzuje do  idei
funkcjonowania klasyfikatorow SVM (ang. Support
Vector Machine) [1, 4, 5, 11, 15, 18, 19], a jego
konstrukcja inspirowana jest strukturg sieci
neuronowej CP (ang. Counter Propagation neural
network) [8, 9, 10, 12, 13, 15, 17].

2.1. Idea dzialania i uczenia klasyfikatora NBV

Stosowany algorytm klasyfikacji bazuje na
oryginalnej koncepcji wektorow brzegowych (ang.
BV — Boundary Vectors) dzielacych metryczna
przestrzen obserwacji na swoje strefy wplywow
(obszary im najblizsze — przy uwzglednieniu
stosowanej metryki), ktore, po odpowiednim
przyporzadkowaniu do odpowiadajacych im klas,
tworza  obszary  decyzyjne odpowiadajace
rozroéznianym klasom (czg$ci przestrzeni obserwacji,
takie, ze wszystkim obrazom znajdujacym si¢ w tym
obszarze odpowiada taka sama decyzja — klasa). Na
ksztatt obszarow decyzyjnych maja wpltyw tylko
wektory brzegowe, ktore, podobnie jak wektory
wspierajace (ang. support vectors), leza niejako na
»granicach” obszarow decyzyjnych. Przyklady
uczace, ktore nie sa wektorami brzegowym i leza
»W glebi” obszaréw decyzyjnych, nie wplywaja na
ksztalt 1 potozenie granic migdzy obszarami
decyzyjnymi.

Podobnie jak w przypadku klasyfikatora SVM
i wektorow wspierajacych, liczba wektorow
brzegowych jest zarazem liczba neuronow
(konkurencyjnych) W pierwszej warstwie
klasyfikatora neuronowego NBV. Liczba neuronéw
(liniowych) w drugiej warstwie klasyfikatora
neuronowego  NBV  jest rowna  liczbie
rozpoznawanych klas. Klasyfikator NBV jest zatem
hybrydowa siecia neuronowa zbudowana z warstwy
neuroné6w konkurencyjnych i warstwy neuronow
liniowych. Jego architektura ma wigc strukturg sieci
neuronowej CP i jego dziatanie w trybie
odtworzeniowym (egzamin) jest analogiczne do
funkcjonowania sieci CP. Klasyfikator NBV
wyposazony jest jednak w inne, nowe algorytmy
uczenia (reguly Wwyznaczania warto$ci wag
neurondw  poszczegélnych  warstw).  Ogdlng
strukturg klasyfikatora NBV przedstawiono na

rys. 1.

wektor obserwacji wektor klasyfikacji
(obraz) (rozpoznanie)

X

X2

[>HO>N~P‘>€*<W)

X m

neurony neurony
konkurencyjne liniowe
(wektory brzegowe)
Rys. 1. Struktura neuronowego
klasyfikatora NBV

Schemat algorytmu wyznaczania wektorow
brzegowych danej klasy przedstawiono na rysunku
2. Przyjeto nastgpujace oznaczenia: Dy — odleglosé
(w sensie wybranej metryki) obrazu danej klasy od
najblizszego mu obrazu nalezacego do innej klasy,
Dp — odleglo$¢ obrazu danej klasy od obrazu
bazowego, bsc — wspotczynnik nasycenia brzegu
wektorami (ang. boundary saturation coefficient).
Zbior wektorow brzegowych zawiera wektory
brzegowe wszystkich klas. Wspotczynnik nasycenia
brzegu  wektorami  (bsc)  reguluje  liczbg
wyznaczonych wektorow brzegowych danej klasy,
okreslajac w ten sposob stopien zapehienia brzegoéw
obszaréw decyzyjnych wyznaczonymi wektorami.
Wigksza  warto§¢  wspotczynnika  odpowiada
wigkszej liczbie wektoréw brzegowych. Warto$§é
nominalna wspotczynnika nasycenia brzegu wynosi
jeden.
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Dla kazdego obrazu danej klasy
oblicz odlegtos¢ D,

v

Uporzadkuj obrazy danej klasy
wg rosngcej odlegtosci D,

!

Wybierz pierwszy obraz
(o najmniejszej odlegtosci D,)

Znakuj obraz

Przyjmij oznakowany obraz
jako obraz bazowy Wybierz kolejny
¢ obraz

Usun obrazy danej klasy
dla ktérych bsc - Dy <D,

Czy pozostaty
nieoznakowane
obrazy ?

TAK

NIE

Przyjmij oznakowane obrazy jako
wektory brzegowe danej klasy

Rys. 2. Algorytm wyznaczania
wektoréow brzegowych danej klasy

Podobnie jak w przypadku sieci neuronowej CP,
prezentacja wektora obserwacji X uruchamia proces
wspolzawodnictwa neuronéw  konkurencyjnych.
Wartosci  wag  neurondw  konkurencyjnych
odpowiadaja warto$ciom sktadowych tych uczacych
wektorow obserwacji (obrazoéw), ktore zostaly
uznane za wektory brzegowe. Zwycigza neuron,
ktérego wektor wag W; = [w;; wp ... W[M]T najmniej
rozni si¢ od prezentowanego wektora X. Zwycigzca,
neuron z—ty, spenia relacje:

d(X,W.) = min d(X,W,)

1<i<BV

@)

gdzie:
d(X,W) — odlegtos¢ (w sensie wybranej metryki)
migdzy wektorem X, a wektorem W;

BV - liczba wektorow brzegowych.

Warto$¢  wyjSciowa  neuronu  Zwycigzcy
przyjmuje  warto§¢ 1. Wartosci  wyjsciowe
pozostatych  neurondéw  konkurencyjnych  sa

sztucznie zerowane. Do dalszego przetwarzania w
kolejnej warstwie sieci przesylana jest zatem
wylacznie jedna warto$¢ wyjsciowa, pochodzaca od
neuronu zwyci¢zey. Druga warstwa przetwarzajaca
sktada si¢ z neurondéw liniowych potaczonych
z wszystkimi neuronami warstwy konkurencyjnej
(kazdy z kazdym). Wartos¢ wyjsciowa i—tego
neuronu warstwy liniowej opisana jest zalezno$cia:

BV
V=2 @
j=1

gdzie:
w;—waga na pofaczeniu migdzy i—tym
neuronem liniowym, a j-tym neuronem
konkurencyjnym;

u; — warto$¢ wyjsciowa j—tego neuronu warstwy

konkurencyjne;j.

Wagi neuronoéw liniowych przyjmuja wartosci
binarne 1 przypisuja (adresuja) poszczegdlne
neurony konkurencyjne (wektory brzegowe) do
okreslonych klas. Wartosci wag okreslane sa w toku
analizy zbioru uczacego — kazdy przyktad uczacy,
a zatem i ten, ktory zostal uznany za wektor
brzegowy, niesie informacj¢ na temat klasy, ktora
reprezentuje. Wektor Kklasyfikacji Y  (wektor
odpowiedzi klasyfikatora) ma postaé wektora
zerojedynkowego, w ktorym potozenie jedynki
okresla rozpoznana klase.

Z diagnostycznego punktu widzenia, wektor
brzegowy (wektor wag neuronu konkurencyjnego)
mozna traktowa¢ jako graniczna (brzegowa)
sygnatur¢ okreslonego rozroznialnego stanu obiektu
(kojarzenie sygnatur z rozroznialnym stanem
obicktu odbywa si¢ za pomoca wag neuronu
liniowego). Rozpoznanie stanu obiektu odbywa sig
przez pordwnanie zaobserwowanego stanu obiektu
(wektor obserwacji) z wzorcami granicznymi
rozroznialnych stanow obiektu (wektory brzegowe).

Warto zwrdci¢ uwage na to, ze w przypadku
klasyfikatora NBV i metody uczenia opartej na
wektorach ~ brzegowych  mamy  jednoczesne
okreslenie struktury i warto$ci parametrow (wag)
klasyfikatora (tak samo jak wtedy, gdy stosowane sa
klasyfikatory SVM i metody uczenia oparte na
wektorach wspierajacych). Natomiast w przypadku
stosowania tradycyjnych sieci neuronowych i metod
ich uczenia zazwyczaj potrzebne jest najpierw
dobranie struktury sieci (np. ustalenie liczby
neuroné6w w warstwach), a dopiero pdzniej
nastgpuje ustalanie warto$ci parametrow (wag)
uprzednio wybranych struktur.

2.2. Geometryczny wskaznik pewnoSci
klasyfikacji

Odpowiedzia klasyfikatora NBV na prezentacj¢
wektora obserwacji jest decyzja zaliczajaca obraz do
odpowiedniej klasy obrazow. Klasyfikacja obrazu
odbywa si¢ na podstawie wypracowanego w toku
analizy zbioru przyktadow uczacych podziatu
przestrzeni obserwacji na rozlaczne obszary
decyzyjne. W wyniku dziatania klasyfikatora
prezentowany wektor obserwacji zostaje w sposob
,»ostry” przydzielony do tej klasy, do ktorej nalezy
ten wektor brzegowy, w strefie wplywow ktorego
znalazt  si¢  rozpoznawany obraz. Decyzja
klasyfikatora nie niesie jednak ze soba zadnej
informacji na temat tego, jak daleko od powierzchni
decyzyjnej (rozdzielajacej wektory obserwacji
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nalezace do réznych klas) i identyfikujacego go
(najblizszego mu) wektora brzegowego lezy
sklasyfikowany obraz. Na skutek tego w jednakowy
sposob sygnalizowane jest rozpoznanie obrazow
lezacych zar6wno na ,brzegach” jak i ,,w glebi”
obszaréw decyzyjnych. Potrzeba rozroézniania takich
sytuacji wydaje si¢ by¢ oczywista — w przypadku
obrazéw polozonych w poblizu powierzchni
decyzyjnej ewentualne  watpliwosci co do
prawidtowosci klasyfikacji moga by¢ zdecydowanie
wigksze niz w przypadku obrazéow potozonych
z dala od takiej powierzchni. W celu relatywizacji
wynikdw rozpoznania klasyfikator NBV zostal
zatem wyposazony w modul wyznaczajacy
geometryczny wskaznik pewnosci klasyfikacji (ang.
geometrical classification certainty index), ktorego
formute okresla wzor:

gcci = M (3)

Al

gdzie:

d;— odleglos¢ migdzy rozpoznawanym
obrazem, a  identyfikujacym  go
(najblizszym mu) wektorem brzegowym
(reprezentujacym klasg, do ktorej obraz
zostaje zaliczony);

dy — odlegltosc migdzy rozpoznawanym
obrazem, a najblizszym mu wektorem
brzegowym alternatywnej klasy (klasy,
ktora druga w kolejnosci rosci sobie
»pretensje” do rozpoznawanego obrazu);

D4, — odlegtosé miedzy identyfikujacym
rozpoznawany obraz wektorem
brzegowym, a najblizszym

rozpoznawanemu obrazowi wektorem
brzegowym alternatywnej klasy.

Wartos¢  wskaznika jest wyznaczana na
podstawie wzajemnego potozenia rozpoznawanego
obrazu i dwoch wektoréw brzegowych — tego, ktory
go zidentyfikowal (reprezentujacego ustalong
w wyniku klasyfikacji klasg) i jego antagonisty
(bedacego przedstawicielem klasy alternatywne;j).
Bezwymiarowa posta¢  wskaznika umozliwia
wykorzystywanie go nawet w wielozjawiskowe;j
przestrzeni  obserwacji  (sktadowe  wektora
obserwacji moga mie¢ rézne jednostki — bo moga
dotyczy¢ roznych zjawisk). Geometryczny wskaznik
pewnosci klasyfikacji przyjmuje wartos¢é
z przedziatu [0,1]. Wartos¢ 0 sygnalizuje potozenie
rozpoznawanego obrazu na powierzchni decyzyjnej
(dy = dp. Wartos¢ 1 sygnalizuje polozenie
rozpoznawanego obrazu  pokrywajace sig
z polozeniem  identyfikujacego go  wektora
brzegowego (d; = 0; dy = Dy) lub znajdujace si¢
w jego ,cieniu” (dy = Dy + dj). llustracje
ksztattowania  si¢ ~ warto§ci  geometrycznego
wskaznika pewnosci klasyfikacji w  sytuacji
przedstawionej na rysunku 3 (metryka euklidesowa,
D, =100) prezentujg rysunki 4 1 5.

powierzchnia rozpoznawany

decyzyjna obraz
(x =-50) (x:y)

N\

wektor brzegowy
alternatywnej klasy
(x=-100;y = 0)

wektor brzegowy
identyfikujacy obraz
(x=0;y=0)

I
I
Il
I
I
|
I
I
|
|
I
I

Rys. 3. Schemat przyktadowe;j
sytuacji klasyfikacyjnej
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Rys. 4. Tlustracja ksztaltowania si¢
wartos$ci geometrycznego wskaznika
pewnosci klasyfikacji — prezentacja
przestrzenna

200~
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Rys. 5. Ilustracja ksztattowania si¢
warto$ci geometrycznego wskaznika
pewnosci klasyfikacji — warstwice

Wzbogacenie podstawowej odpowiedzi
klasyfikatora NBV (rozpoznana klasa) o warto$§¢
geometrycznego wskaznika pewnosci klasyfikacji
i okreslenie alternatywnej klasy zwigksza
mozliwosci interpretacyjne otrzymanych za jego
pomoca wynikow klasyfikacji — powstaje mozliwos¢
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»rozmycia” klasyfikacji. Wprowadzajac okreslony
poziom ufno$ci mozna utworzy¢é, na bazie
geometrycznego wskaznika pewnosci klasyfikacji,
pewien margines niepewnos$ci. Stwarza to podstawy
do przyjmowania niektérych wynikow klasyfikacji
za pewne, a innych za watpliwe (wskazujac przy
tym mozliwe alternatywne rozpoznanie) lub
wydawania decyzji wymijajacej (klasa jest wowczas
nieokreslona).

3. ANALIZA SKUTECZNOSCI DZIALANIA
KLASYFIKATORA NBV W SYTUACJI
WYSTEPOWANIA ZAKELOCEN
WARTOSCI DANYCH WEJSCIOWYCH

Z diagnostycznego punktu widzenia, wazne jest
aby wytrenowany klasyfikator dziatat skutecznie
w przypadku wystgpowania zaktdcen pomiarowych
badz fluktuacji wartosci danych wejSciowych
(wartosci  cech  sygnatow). Rzeczywistosé
diagnostyczna zazwyczaj obfituje bowiem w wiele
sytuacji bedacych przyczyna wystgpowania tego
typu zaburzen. Na potrzeby testowania skuteczno$ci
dziatania klasyfikatora, zaburzenie wartosci danych
wejsciowych mozna w prosty sposdb uwzglednic,
wprowadzajac do oryginalnych danych addytywny
szum, ktorego oddzialywanie rosnie w trakcie
kolejnych testow.

Ogodlnie rzecz ujmujac, skuteczno$¢ dziatania
klasyfikatora zalezy od jakosci dyskryminacyjnej
uzyskiwanych w toku uczenia klasyfikatora
powierzchni  decyzyjnych (powinny zapewnic
mozliwie najwigkszy margines separacji) oraz od
stopnia trudno$ci rozwiazywanego zadania. Ksztalt
tworzonych przez klasyfikator NBV powierzchni
decyzyjnych zalezy, w przypadku konkretnego
problemu klasyfikacyjnego, jedynie od wybranej
metryki (w przyktadach zamieszczonych
w  niniejszym  podrozdziale — wykorzystywano
metryke euklidesowa) i potozenia w przestrzeni
obserwacji wektoréow brzegowych, ktorych liczba
jest regulowana warto$cia wspotczynnika nasycenia
brzegu. Ilustracje dzialania klasyfikatorow NBV
trenowanych z réoznymi warto$ciami wspotczynnika
nasycenia brzegu przedstawiaja rysunki 6 +8. Za
pomoca cyfr zilustrowano hipotetyczny rozktad
obrazow (3 klasy) w dwuwymiarowe] przestrzeni
obserwacji. Pogrubione cyfry oznaczaja wektory
brzegowe poszczegolnych klas. Wartos¢
wspotczynnika nasycenia brzegu roéwna jeden
zapewnia uzyskanie minimalnej liczby wektorow
brzegowych BV, pozwalajacej na dokonanie
prawidlowej klasyfikacji (Rys. 6). Zwigkszanie
warto$ci wspotczynnika skutkuje wyznaczeniem
wigkszej liczby wektorow brzegowych
i ,,uszczelnieniem” w ten sposob ,,granic” migdzy
obszarami decyzyjnymi (Rys. 7).

bsc=1 BV=16

Warto$¢ drugiej cechy
-~

‘Wartos¢ pierwszej cechy

Rys. 6. Ilustracja dziatania
klasyfikatora NBV (bsc = 1)

bsc=1,25 BV=21

Warto$¢ drugiej cechy

6 7 8 9
Warto$¢ pierwszej cechy

Rys. 7. llustracja dziatania
klasyfikatora NBV (bsc = 1,25)

Wigksza liczba wektorow brzegowych moze
zwigkszy¢ skuteczno$¢ dziatania klasyfikatora
w zetknigciu z danymi zaburzonymi zakloceniami
lub bledami pomiarowymi. Powoduje jednak
rozbudowe pierwszej warstwy  klasyfikatora
(wigksza liczba neurondéw  konkurencyjnych).
Warto$¢ wspoétczynnika nasycenia brzegu mniejsza
niz jeden skutkuje wyznaczeniem zbyt matej liczby
wektoréw brzegowych i w konsekwencji biedng
klasyfikacja (cyfry przekreslone symbolizuja
btednie sklasyfikowane wektory — Rys. 8).
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bsc=0,75 BV=11

Wartos$¢ drugiej cechy

Warto$¢ pierwszej cechy

Rys. 8. Ilustracja dziatania
klasyfikatora NBV (bsc = 0,75)

Znaczenie wspoOlczynnika nasycenia brzegu
wektorami, wplywajacego na liczebnosci zbioru
wektoréw brzegowych, obrazuja wyniki testow
skuteczno$ci  dziatania  klasyfikatorow NBV
trenowanych z roznymi  wartoSciami  tego
wspotczynnika (Rys. 9).

1051

— bsc=1,00 | BV=16
100 bsc=1,25 | BV =21
—— bsc=075 | BV=11

Sprawnos¢ rozpoznania [%]
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Odchyleni we zaklocenia / Odchyleni wartosci skladowej

Rys. 9. Wyniki testow skutecznosci
dziatania klasyfikatorow NBV

Testy skutecznosci dziatania klasyfikatora NBV
badaja jego zdolno$¢ do poprawnej klasyfikacji
dostarczanych obrazéw (wektorow obserwacji).
Miara skutecznosci dziatania klasyfikatora jest jego

sprawnos¢, czyli procent poprawnie
sklasyfikowanych obrazow. Danymi
wykorzystywanymi  do  testowania  dziatania

klasyfikatora sa uzywane w procesie jego uczenia
wektory obserwacji (obrazy), przy czym wartosci
ich sktadowych (cech) zostaja zaktocone losowo,
przez dodanie do nich (zaklécenie addytywne)
warto$ci liczbowych pochodzacych z generatora
liczb losowych, dzialajacego na bazie rozktadu
normalnego o  zerowej  wartoSci  Sredniej
i zmieniajacym si¢ (rosnacym w kazdym kolejnym
teScie)  odchyleniu  standardowym  (warto$¢
odchylenia standardowego zaklocenia wartoSci
kazdej sktadowej ustalana jest proporcjonalnie do

odchylenia standardowego warto$ci tej skladowe;j).
Dodawanie losowych wartosci do sktadowych
wektora obserwacji wywoluje przemieszczanie si¢
obrazu w przestrzeni obserwacji (co moze
skutkowa¢ przesunigciem si¢ obrazu do obszaru
decyzyjnego odpowiadajacego innej klasie) i stuzy
badaniu wrazliwos$ci klasyfikatora na wystgpowanie
zaktocen pomiarowych badz fluktuacji wartosci
sktadowych (wartosci cech sygnatéw). W celu
rzetelnego zbadania wptywu zaktocen losowych na
dziatanie klasyfikatora, dokonuje si¢ zwigkszenia
(np. 50 razy) liczebnosci obrazoéw
wykorzystywanych do testowania klasyfikatora
w stosunku do liczby obrazéow uzywanych do jego
uczenia.

Wyniki testow skutecznosci dziatania
klasyfikatorow NBV pokazuja, ze klasyfikator
trenowany z warto$cia wspotczynnika nasycenia
brzegu wektorami mniejsza niz jeden, nie jest
w stanie klasyfikowa¢ poprawnie nawet obrazow
uzywanych w procesie jego uczenia (nie mowiac
o obrazach  ,zakloconych”).  Klasyfikatory
trenowane z warto$ciami wspolczynnika co najmnie;j
rownymi jeden poprawnie klasyfikuja obrazy
wykorzystywane W  procesie  jego  uczenia
i charakteryzuja si¢ pewna odpornoscia na
zaklocenia (wigksza warto§¢ wspotczynnika potrafi
zwigkszy¢ odpornos¢ klasyfikatora).

Skuteczno§¢ dziatania klasyfikatora zalezy
jednak w duzej mierze od stopnia trudnosci
stawianego mu zadania, czyli od tego, w jakiej
przestrzeni obserwacji (na jakich cechach -
parametrach diagnostycznych) przyszto mu dziataé.
Problem ten mozna zilustrowaé pewnym
przyktadem.

Na rysunkach 10 i 11 przedstawiono dwie
dwuwymiarowe przestrzenie obserwacji o réznych
wlasnosciach  dyskryminacyjnych dwoch — klas.
Mozna zauwazy¢, ze pierwsza przestrzen obserwacji
(Rys. 10) charakteryzuje si¢ wyraznie lepszymi,
w stosunku do drugiej (Rys. 11), wiasnoSciami
dyskryminacyjnymi obrazoéw (symbolicznie
przedstawionych za pomoca cyfr) nalezacych do
dwoch réznych klas — tylko w pierwszym przypadku
obrazy nalezace do tej samej klasy grupuja sie
w pewnych odrgbnych wycinkach przestrzeni.
Rysunek 12 przedstawia wyniki testow skutecznos$ci
dziatania  klasyfikatorow NBV  trenowanych
(bsc = 1) w tych przestrzeniach obserwacji.
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Rys. 11. Rozktad obrazow w drugiej, mniej
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= picrwsza, korzystniejsza przestrzen
—— druga, mniej korzystna przestrzen

Sprawnosé rozpoznania [%]

L L L L L L L L L )
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Odchyleni dardk klocenia / Odchylenie dowe wartoci cechy

Rys. 12. Wyniki testow skuteczno$ci
dziatania klasyfikatorow NBV

Oba klasyfikatory nauczyly si¢ bezbtednie
rozpoznawa¢ obrazy uzywane Ww procesie ich
uczenia. Wyraznie jednak wida¢, ze klasyfikator
trenowany w przestrzeni obserwacji
o korzystniejszych wlasno$ciach dyskryminacyjnych
klas, jest znacznie odporniejszy na zakldcenia
warto$ci cech (danych wejsciowych klasyfikatora)
niz klasyfikator trenowany w przestrzeni obserwacji
o mniej korzystnych wlasnosciach. Zwraca przy tym
uwage fakt, ze takze klasyfikator trenowany w mniej
korzystnej przestrzeni obserwacji wykazuje sig,

w obecnos$ci niewielkich zaktdécen wartosci danych
wejsciowych, duza sprawnoscia, co dowodzi
skutecznosci stosowanego algorytmu klasyfikacji
i jego zdolnosci do tworzenia skomplikowanych,
ztozonych ksztaltow powierzchni decyzyjnych,
niezbednych w tak niesprzyjajacej (Rys. 11)
rozpoznawaniu przestrzeni obserwacji. Uzyskany
margines separacji obrazow jest jednak w tym
przypadku niewielki, co skutkuje szybkim spadkiem
sprawnos$ci rozpoznania w sytuacji wystgpowania
coraz to wigkszych zaklocen wartosci cech.

4. PODSUMOWANIE I WNIOSKI

Powierzchnie decyzyjne klasyfikatora NBV
sktadaja si¢ z hiperptaszczyzn, bgdacych granicami
stref ~ wplywoéw  poszczegélnych  wektorow
brzegowych (obszar6w najblizszych, w sensie
wybranej metryki, poszczegélnym  wektorom
brzegowym). Stad tez kluczowe znaczenie
w dziataniu klasyfikatora NBV ma wyznaczenie,
w trakcie jego uczenia, wektorow brzegowych,
bedacych ~ wzorcami  poszczegélnych  klas.
W zwiazku z tym klasyfikator NBV jest istotnie
wrazliwy na ewentualne bledy w zbiorze uczacym.
Wysokie wymagania odno$nie jakosci danych
uczacych wynikaja w tym przypadku z zagrozenia,
ze jesli wektorem brzegowym zostanie ten wektor
uczacy, ktorego przynalezno$¢ do okreslonej klasy
jest w zbiorze uczacym blednie okreslona, to
woOwczas cate jego otoczenie bedzie blednie
klasyfikowane.

Powyzsze zastrzezenie nie zmienia jednak
przeswiadczenia autora, ze klasyfikacja
z wykorzystaniem algorytmu najblizszego wektora
brzegowego moze by¢ uzyteczng metoda
klasyfikacji obrazéow. To przekonanie znajduje
swoje uzasadnienie nie tylko w tym, ze klasyfikator
NBV charakteryzuje si¢ mozliwo$cia tworzenia
roznorodnych ksztalttow powierzchni decyzyjnych
dajac tym samym szans¢ rozwiazania zlozonych
zadan klasyfikacyjnych (dane rozlozone
wielomodalnie 1 nieliniowo  separowalne).
Stosowanie klasyfikatora NBV, w naturalny sposob
przystosowanego do rozpoznawania wielu klas,
wydaje si¢ by¢ po prostu wygodne ze wzgledu na
automatyczny dobor struktury klasyfikatora w toku
jego uczenia, ktore jest mato ktopotliwe ze wzgledu
na ograniczenie do minimum  problemow
decyzyjnych z nim zwiazanych.

Warto mie¢ jednak §wiadomosé, ze zastosowanie
nawet najlepszego klasyfikatora nie przyniesie
w petni satysfakcjonujacych efektow, gdy przyjdzie
mu dokonywac rozpoznawania obrazow
w  niekorzystnej, pod wzglegdem wlasno$ci
dyskryminacyjnych klas, przestrzeni obserwacji.
Objawia¢ si¢ to bedzie staba zdolno$cia
klasyfikatora do wuogodlniania (generalizowania)
nabytej w toku uczenia wiedzy na nowe, nieznane
mu wczesniej oraz ,,zaklocone” obrazy. Podkresla to
wage wyboru mozliwie najkorzystniejszej, pod
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wzglegdem wiasno$ci  dyskryminacyjnych klas,

przestrzeni obserwacji (wyselekcjonowania
najkorzystniejszych cech - parametrow
diagnostycznych),  ktéorego  mozna  dokonaé
dysponujac  skutecznymi  metodami  selekcji

informacji diagnostycznej [7].
Praca naukowa finansowana ze s$rodkow na
nauke¢ w latach 2008 — 2011 jako projekt badawczy.
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1. WSTEP

MOZLIWOSC WYKORZYSTANIA DRGAN KADLUBA SILNIKA
W SYSTEMACH OBD W ZAKRESIE MONITOROWANIA
WYBRANYCH PARAMETROW REGULACYJNYCH

Grzegorz BORUTA

Katedra Mechatroniki, Uniwersytet Warminsko-Mazurski
ul. Heweliusza 10, 10-724 Olsztyn, g.boruta@uwm.edu.pl

Streszczenie

Przedstawiono wpltyw wybranych parametréw regulacyjnych tlokowego silnika spalinowego
o zaplonie samoczynnym (kata wyprzedzenia i ci$nienia wtrysku oraz dawki paliwa) na wybrane
parametry sygnatu drganiowego rejestrowanego na jego kadlubie i glowicy (wybrane sktadowe
zawarte w widmach amplitudowo-czgstotliwosciowych przyspieszen drgan prostopadlych do
powierzchni mocowania czujnikow pomiarowych na kadhubie 1 glowicy). Przedstawiono réwniez
koncepcje (algorytm diagnozowania 1 konfiguracje ukladu pomiarowo-decyzyjnego)
wykorzystania uzyskanych wynikow w systemie poktadowego diagnozowania tego silnika
w zakresie wykrywania niewlasciwych wartos$ci ci$nienia wtrysku oraz dawki paliwa.

Stowa kluczowe: diagnostyka wibroakustyczna, ttokowy silnik spalinowy o zaptonie samoczynnym,
system diagnostyki poktadowej

THE POSSIBILITY OF THE APPLICATION OF ENGINE CRANKCASE VIBRATIONS
IN OBD SYSTEMS TO SELECT REGULATIVE PARAMETERS MONITORING

Summary

The influence of select regulative parameters of the Diesel engine (injection advance angle,
injection pressure and fuel charge) on select parameters of the vibration signal measured on his
crankcase and cylinder head (select spectral components of vibration accelerations perpendicular
to measurement sensor clamping surfaces on crankcase and cylinder head) was presented. The idea
of the obtained results application in on-board diagnostics system of this engine to the detection of
wrong values of the injection pressure and the fuel charge (i.e. the diagnostic algorithm and the
measurement-and-analytic device configuration) was presented too.

Keywords: vibroacoustic diagnosing, Diesel engine, OBD system

Przyktadem zastosowania

sygnatow

Dotychczasowe badania mozliwosci
wibroakustycznego  diagnozowania  tlokowych
silnikow  spalinowych napgdzajacych pojazdy
skupiaty si¢ glownie na poszukiwaniu zwiazkoéw
migdzy réznymi parametrami rejestrowanych
sygnatow wibroakustycznych a stanami
technicznymi wynikajacymi ze zuzycia
eksploatacyjnego tych silnikéw. Obecnie jednak,
uwzgledniajac  postgp  inzynierii  materialow
eksploatacyjnych i konstrukcyjnych ttokowych
silnikdéw spalinowych, gdy ich trwato$¢ jest
poréwnywalna, a czgsto nawet wigksza niz trwato$§¢
catych pojazdow, w diagnostyce tlokowych silnikow
spalinowych obserwuje si¢ tendencje do skupiania
uwagi na  zmianach  stanu  technicznego
wynikajacych nie z ich zuzycia eksploatacyjnego,
ale z mogacych wystapi¢ rozregulowan i innych
usterek wplywajacych na jakos¢ eksploatacji, w tym
na jako$¢ spalania paliwa, determinujaca np. zuzycie
paliwa, toksyczno$¢ spalin czy hatasliwos¢ pracy
silnika.

wibroakustycznych do oceny jakoS$ci spalania paliwa
w silnikach o zaptonie iskrowym (o ZI) sa uktady
sterujace katem wyprzedzenia zaptonu
wykorzystujace czujniki spalania stukowego [3].
Spalaniem stukowym nazywane jest spalanie paliwa
inicjowane nie przez kontrolowany zaplon od tuku
elektrycznego  migdzy  elektrodami  $wiecy
zaplonowej, ale w efekcie jego samozapalenia si¢
w przypadkowych miejscach komory spalania,
w ktorych lokalnie wystapity odpowiednio wysokie
i wyzsze niz podczas normalnego spalania
temperatury i ci$nienia mieszaniny palnej powietrza
i paliwa (np. benzyny). Spalaniu stukowemu
towarzysza fale podwyzszonego ci$nienia tadunku
wewnatrz cylindra, ktore po dotarciu do Scian
komory spalania wielokrotnie si¢ od nich odbijaja,
powodujac  charakterystyczne = wysokoczgstotli-
wosciowe drgania kadtuba silnika. Poniewaz sposob
przygotowania mieszanki palnej i spalania w silniku
o zaplonie samoczynnym (o ZS) wykorzystuje
wilasnie takie spalanie (inicjowane samozapalaniem
sig paliwa (np. oleju napedowego)
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w przypadkowych miejscach komory spalania,
w ktorych lokalnie wystapily odpowiednio wysokie
temperatury 1 ciSnienia mieszaniny palnej),
wystgpowanie fal podwyzszonego cisnienia tadunku
wewnatrz cylindra jest w takich silnikach typowe [6,
7] 1 obecnie stosowane elektroniczne urzadzenia
sterujace katem wyprzedzenia wtrysku paliwa
w silnikach o ZS dziataja na innej zasadzie,
niewykorzystujacej czujnikow spalania stukowego
[3]-

Dany stan techniczny silnika okreslaja wartosci
jego parametrow struktury [2]. Parametrami
regulacyjnymi silnika sg takie parametry struktury,
ktorych wartosci mozna zmienia¢c w pewnych
zakresach okre§lonych w instrukcji jego eksploatacji
podczas  wykonywania obslug  technicznych.
Parametrami  regulacyjnymi tlokowego silnika
spalinowego o ZS sa np. luz zaworowy, kat
wyprzedzenia 1 ci$nienie wtrysku oraz dawka
paliwa, napigcie paskow klinowych, luzy w ukladzie
sterowania pompa wtryskowa czy napigcie sprezyn
w regulatorze predkosci obrotowej [4]. Gléwnymi
parametrami regulacyjnymi determinujacymi jako$§¢
spalania paliwa sa kat wyprzedzenia i cis$nienie
wtrysku oraz dawka paliwa. Badania niezawodnosci
pojazdéw napedzanych przez silniki o ZS pokazuja
jednocze$nie, ze wlasnie te parametry sg jednymi
z parametréw struktury najczesciej ulegajacych
niepozadanym zmianom w trakcie eksploatacji
pojazdow [8].

Hatasliwo$¢ pracy silnika o ZS, nazywana takze
Htwardo$cia” pracy, jest zwiazana z duza predkoscia
wzrostu cis$nienia, towarzyszaca samozaptonom
i kinetycznemu (wybuchowemu) spalaniu paliwa
w cylindrach [6, 7]. Zauwazono, ze nadmierna
predkos¢ wzrostu cisnienia (przekraczajaca okoto
0,5 MPa/1° obrotu watu korbowego) powoduje
charakterystyczne, metaliczne, glosne i wyraznie
styszalne stuki. Wystepowanie tych stukow nie jest
w pelni wyjasnione i tlumaczy si¢ wzajemnymi
uderzeniami o siebie elementéw ukladu tlokowo-
korbowego silnika dociskanych do siebie z sila
pokonujaca cisnienie w filmie olejowym w ich
skojarzeniach. Im wigcej paliwa utworzy spalang
kinetycznie = jednofazowa  mieszaning  palng
z powietrzem (np. w wyniku zbyt wczesnego
rozpoczgcia wtryskiwania paliwa do cylindréw),
tym wigcej paliwa ulega spaleniu kinetycznemu
i gwaltowniej narasta cisnienie oddziatujace na
Sciany komory spalania, w tym na tlok, i wzrasta
poziom drgan generowanych podczas pracy uktadu
tlokowo-korbowego  (silnik  pracuje  bardziej
»Htwardo”).

Na ,,twardo$¢” pracy wielocylindrowego silnika
0 ZS wplywa tez nierownomierno$¢ pracy jego
cylindrow. W przypadku wystapienia zré6znicowania
jako$ci pracy poszczegoélnych cylindréw, wywolanej
roznicami  jakosci  wtryskiwania 1 ilo$ci
wtryskiwanego paliwa (np. w wyniku zréznicowania
cisnien wtrysku i dawek paliwa dla poszczegolnych
cylindrow) zaburzeniu ulegnie wplyw
poszczegolnych  cylindrobw na  wytworzenie

sumarycznego momentu obrotowego  silnika.
Poniewaz silniki wielocylindrowe sg konstruowane
tak, aby praca poszczegélnych cylindrow byla
robwnomiernie rozlozona w czasie trwania petnego
cyklu pracy silnika, to nierownomierne dawkowanie
paliwa spowoduje, ze czg$¢ cylindrow wytwarzac
bedzie inny moment obrotowy niz pozostate.
Wywola to dodatkowe zwigkszenie obciazen
przenoszonych przez elementy ukladu ttokowo-
korbowego 1 moze objawia¢ si¢ wigkszym
poziomem drgan generowanych podczas pracy tego
uktadu.

2. EKSPERYMENT DIAGNOSTYCZNY

W celu okreslenia zwiazkéw pomigdzy
wybranymi symulowanymi stanami technicznymi
badanego silnika (z roéznymi warto$ciami kata
wyprzedzenia wtrysku paliwa do cylindrow
(nominalna 1 zmniejszona) oraz z roéznymi
warto$ciami cis$nienia wtrysku i dawki paliwa do
jednego, wybranego (w opisywanym eksperymencie
drugiego) cylindra (nominalnymi i zmniejszonymi)
a wybranymi miarami sygnatéw wibroakustycznych
rejestrowanych na jego kadlubie pod katem
mozliwosci ich wykorzystania w poktadowym
systemie diagnostycznym pojazdu przeprowadzono
czynny eksperyment diagnostyczny [1]. Obicktem
badan byt rzedowy, szesciocylindrowy,
niedotadowany silnik o ZS typu S359, zasilany
w paliwo przez rzedowa, szesciottoczkowa pompe
wtryskowa typu P76-150/M  z mechanicznym
dwuzakresowym regulatorem predkosci obrotowej
typu R8E-20 oraz wyposazony we wtryskiwacze
typu WI1F-01 z rozpylaczem trzyotworowym typu
D1LMK148/1. Fabryczne nastawy regulatora pompy
wtryskowej powinny zapewnia¢ utrzymywanie
wartosci  predkosci obrotowej biegu jatowego
w zakresie 500+650 obr/min, a wiec czas trwania
jednego obrotu watu korbowego badanego silnika
pracujacego z ta predkoscia obrotowa nie powinien
by¢ dhuzszy niz 0,12 s. Symulowanie niewtasciwych
wartoéci parametrow regulacyjnych realizowano
poprzez ich zmniejszanie, gdyz ten kierunek zmian
przyjeto jako bardziej prawdopodobny na podstawie
analizy dziatania badanego silnika i typowych zmian
jego stanu  technicznego spowodowanych
eksploatacja [4]. Badania wykonano dla silnika
rozgrzanego do temperatur eksploatacyjnych,
nieobcigzonego zewngtrznie oraz — pracujacego
z predkoscia obrotowa biegu jalowego, czyli dla
warunkéw zachodzacych migdzy innymi podczas
postojow pojazdu zwiazanych z organizacja ruchu
drogowego (ustgpowanie pierwszenstwa,
zatrzymanie przed czerwonym S$wiatlem itp.
powszechnych sytuacji, zwlaszcza w ruchu
miejskim).

W trakcie badan jednocze$nie rejestrowano
sygnaty drganiowe (przebiegi czasowe przyspieszen
drgan prostopadtych do powierzchni montazu
czujnikdw drgan) oraz strobujace, niezbgdne do
usrednienia synchronicznego sygnalow
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drganiowych. Usrednianie synchroniczne jest
powszechnie stosowang technika ograniczania
wplywu zmian predkosci obrotowej wirujacego
elementu na parametry widmowe sygnatow
wibroakustycznych rejestrowanych dla maszyn
z takim wirujacym elementem (tu: walem
korbowym w tlokowym silniku spalinowym) [5].
Technika ta polega na analizie sygnatu
wibroakustycznego o dlugosci rownej czasowi
trwania okre$lonej liczby obrotow wirujacego
elementu, wyznaczonemu na podstawie przebiegu
sygnalu strobujacego. Jej etapami sa w skrocie:
wydzielenie z przebiegu czasowego sygnatu
wibroakustycznego odcinkdow rozpoczynajacych sig
w chwilach przyjetych za poczatki ,,0kresow”
sygnatu strobujacego i o dlugosci rownej czasowi
trwania najkrotszego takiego ,,okresu”, usrednienie
wartos$ci przebiegu czasowego sygnalu
wibroakustycznego dla okreslone;j liczby
wystgpujacych po sobie takich wydzielonych
odcinkow oraz odpowiednie powielenie
otrzymanego usrednionego przebiegu czasowego
1 otrzymanie sygnatu wibroakustycznego o dlugosci
wymagane] dla przeprowadzanej dalszej analizy
tego  sygnatu. Pewna wada  usredniania
synchronicznego jest wystgpowanie
w otrzymywanych dyskretnych widmach sygnatu
wibroakustycznego niezerowych skladowych tylko
dla czestotliwosci bedacych catkowitymi
wielokrotno$ciami  przyjetej czgstosci  obrotow
wirujacego elementu f,,. W trakcie badan sygnaly
drganiowe usredniano dla 20 obrotow watu
korbowego. Korzystano z uktadu pomiarowego,
ktérego schemat pokazano na rys. 1 [1]. Sygnaty
rejestrowano przez 5s, a wigc czas ponad
dwukrotnie dhuzszy od czasu trwania 20 obrotow
watu korbowego (potem, w trakcie opracowywania
wynikoéw (usredniania synchronicznego) wybierano
z nich odpowiednie fragmenty), probkujac je
z czestotliwoscia 10 kHz. Na ich podstawie

wyznaczono dyskretne widma amplitudowo-
czgstotliwosciowe przyspieszen drgan usrednionych
synchronicznie w zakresie 0+2000 Hz

z rozdzielczoscia okoto 0,04 Hz (dzigki 250-
krotnemu powieleniu otrzymanego usrednionego
przebiegu czasowego sygnatlu  drganiowego,
dajacemu ok. 25-cio sekundowy przebieg czasowy
tego sygnatu), zaleznie od przyjetego czasu trwania
jednego obrotu watu korbowego badanego silnika.
Sygnaly drganiowe rejestrowano za pomocg
piezoelektrycznych tadunkowych czujnikéw drgan
typu B&K 4384, przykrgconych do otworow
wykonanych ~w  nadlewie technologicznym,
znajdujacym si¢ na wysokosci osi watu korbowego
z prawej strony kadluba badanego silnika, oraz
w glowicy, w osi drugiego cylindra po lewej stronie
silnika tuz przy potaczeniu glowicy z kadhubem.
Otrzymane sygnaly tadunkowe byty przetwarzane na
sygnaly napigciowe i wzmacniane we wzmacniaczu
fadunku typu B&K NEXUS. Sygnat strobujacy
otrzymywano z czujnika  fotoelektrycznego
produkcji  Zaktadu  Elektroniki ~ Pomiarowe;j

Wielkosci  Nieelektrycznych umieszczonego na
jednym z koncow watu korbowego. Sygnaty
rejestrowano i przetwarzano za pomoca ukladu
analityczno-pomiarowego typu Roadrunner firmy
Skalar Instruments.

i

Rys. 1. Schemat uktadu pomiarowego do
wibroakustycznego diagnozowania ttokowego
silnika spalinowego [1]. 1 — czujniki przyspieszen
drgan, 2 — wzmacniacz fadunku, 3 — uktad
pomiarowo-analityczny, 4 — badany silnik, 5 —
czujnik predkosci obrotowej watu korbowego

W wyniku przeprowadzonych badan i analiz
stwierdzono, ze w otrzymanych widmach
amplitudowo-czgstotliwosciowych najwyzsze
sktadowe wystepuja dla czgstotliwoscei 3 1 6 f,, przy
czym obserwowane zmiany wielkosci tych
sktadowych sa bardzo niewielkie (osiagaja warto§¢
okolo 2+3%). Bardzo wyrazne sa za to zmiany
sktadowej rzedu 124 f,,. Sktadowa ta, ale tylko dla
stanow technicznych z niezmienionymi ci$nieniem
wtrysku i dawka paliwa do drugiego cylindra, jest
wyraznie wyzsza niz wszystkie pozostale, sasiednie,
niewielkie sktadowe i osiaga wielko§¢ sktadowej
rzegdu 6f, w widmach sygnaléow drganiowych
zarejestrowanych na glowicy oraz dwukrotna
wielko$¢ sktadowej rzedu 6f, (a wigc polowe
wielkosci najwyzszej skltadowej rzedu 3f,)
A widmach sygnatow drganiowych
zarejestrowanych na kadtubie silnika. Obserwowane
zaniknigcie  analizowanej  sktadowej na tle
sktadowych sasiednich moze wynika¢ z cyfrowego
sposobu  rejestracji sygnalu  drganiowego.
Rejestrujac cyfrowo sygnat pobiera si¢ jego wartosci
w ustalonych 1 wynikajacych z czgstotliwosci
probkowania chwilach czasu. Zmiana wartosci

parametrow regulacyjnych silnika moze
spowodowac takie zmiany rejestrowanego sygnatu
drganiowego usrednionego synchronicznie

(w ktérego widmie wystepuja niezerowe sktadowe
tylko dla czestotliwosci bedacych catkowitymi
wielokrotno$ciami  czesto$ci  obrotow  watu
korbowego), dla ktorych pewne sktadowe widmowe
tego sygnatu przestaja by¢ widoczne. Nie oznacza to
jednak, ze cze$¢ sygnatu zanika w efekcie zmian
wartos$ci parametréw regulacyjnych, ale ze przestaje
by¢ widoczna, bo albo rzeczywiscie zanika, albo
tylko zmienia swoje potozenie w czasie — przesuwa
si¢ na osi czasu w miejsce pomig¢dzy chwilami, dla
ktoérych pobierana jest probka sygnatu. Na rys. 2

przedstawiono  otrzymane  dyskretne = widma
amplitudowo-czgstotliwosciowe sygnatow
drganiowych usrednionych synchronicznie
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zarejestrowanych na glowicy i kadlubie silnika dla
nominalnych wartosci analizowanych parametrow
regulacyjnych. Na rys. 3 przedstawiono fragmenty
takich  widm  otrzymanych dla  sygnalow
zarejestrowanych na kadhubie silnika dla wszystkich
standbw regulacyjnych. Fragmenty te zawieraja
analizowana skladowa rzedu 124f,, ktéra dla
réznych wartosci predkosci obrotowych watu
korbowego  silnika  (ok.  580+640 obr/min),
ustalanych przez regulator biegu jatowego w pompie
wtryskowej, wystepowata na czgstotliwosciach od
ok. 1,2 do ok. 1,32 kHz.

3. KONCEPCJA METODY
DIAGNOSTYCZNEJ

Z zaprezentowanych wynikow badan wynika, ze
zmiany wartosci sktadowej widmowej rzedu 124 f,,
wystgpujacej w otrzymanych widmach sygnalow

drganiowych usrednionych synchronicznie
z okresem réwnym przyjgtemu czasowi trwania
kolejnych obrotow watu korbowego,

zarejestrowanych na silniku  rozgrzanym do
temperatur eksploatacyjnych i pracujacym na biegu
jatowym, szczegllnie sygnaléw zarejestrowanych
w poblizu watu korbowego, pozwalaja na wykrycie
wystapienia zbyt malego ciSnienia wtrysku lub zbyt
matej dawki paliwa do ktorego$ cylindra (bez
mozliwosci stwierdzenia, ktory z tych parametrow
regulacyjnych ulegt zmniejszeniu i bez mozliwosci
wskazania, dla ktorego cylindra to zmniejszenie
zaszlo) w przypadku zmniejszenia sig tej sktadowe;j
do poziomu niewyrdzniajacego jej na tle
sktadowych sasiednich [1].

Zakres  uzyskanej diagnozy  (,,parametry
regulacyjne sa nominalne” albo ,.ci$nienie wtrysku
lub dawka paliwa do ktdregos$ cylindra sa mniejsze
od nominalnych”) jest stosunkowo waski, ale
wystarczajacy na sygnalizowanie przez odpowiedni
monitor poktadowego systemu diagnostycznego
koniecznos$ci zgloszenia pojazdu do serwisu w celu
doktadnego, warsztatowego diagnozowania
i wykonania ewentualnych regulacji, wymagajacych
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odpowiednich czynnosci demontazowo-
montazowych. Proponowana procedura
diagnozowania jest stosunkowo prosta i mozna ja
fatwo zaimplementowaé¢ w systemach diagnostyki
poktadowej pojazdow napedzanych przez silniki
0 ZS, wykorzystujac juz obecne w takich systemach
elementy $ledzace predkos¢ obrotowa watu
korbowego i1 uzupetniajac te systemy o odpowiednie
elementy pozwalajace na pomiar sygnalow
drganiowych (zlozone z odpowiedniego czujnika
drgan i wzmacniaczy) i ich usrednienie
synchroniczne oraz podejmujace odpowiednie
decyzje diagnostyczne zglaszane uzytkownikowi
pojazdu  (ztozone z  filtrow  pasmowych
i odpowiednio oprogramowanego procesora).
Proponowany algorytm procedury
diagnozowania poktadowego jest nastepujacy [1].
Po wuruchomieniu silnika pokladowy system
diagnostyczny zaczyna monitorowac stan silnika,
w tym temperatury cieczy chtodzacej i oleju
silnikowego. Po rozgrzaniu silnika do temperatur
eksploatacyjnych i  wykryciu pracy silnika
z predkoscia biegu jalowego, uruchamiany bylby
monitor rejestrujacy i odpowiednio przetwarzajacy
sygnaty pochodzace z czujnikéw drgan i predkosci
obrotowej walu korbowego oraz na podstawie

uzyskanych wynikdw  wnioskujacy o stanie
monitorowanych parametrow regulacyjnych.
W przypadku wykrycia niewlasciwego stanu

technicznego monitor sygnalizowatby to kierowcy
odpowiednim komunikatem wySwietlanym na
ekranie systemu diagnostycznego albo zapaleniem
odpowiedniej lampki kontrolnej. W przypadku zbyt
kroétkiej pracy silnika z predkoscia biegu jalowego
(krétszej niz czas potrzebny na wykonanie przez wat
korbowy silnika 20 obrotow w warunkach
ustabilizowanej pracy na biegu jalowym),
spowodowanej np. zachowaniem si¢ kierowcy,

dzialanie tego monitora byloby oczywiscie
przerywane
2
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Rys. 2. Widma amplitudowo-czestotliwosciowe sygnalow drganiowych
usrednionych synchronicznie zarejestrowanych na gtowicy i kadtubie silnika
dla nominalnych wartosci analizowanych parametrow regulacyjnych
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Rys. 3. Fragmenty widm amplitudowo-czg¢stotliwosciowych sygnatéw drganiowych
usrednionych synchronicznie zawierajacych sktadowa rzedu 124 f,,
zarejestrowanych na kadtubie silnika dla:
s000 — nominalnych warto$ci analizowanych parametrow regulacyjnych,
s001 — zmniejszonej warto$ci dawki paliwa,
s010 — zmniejszonej wartosci ciSnienia wtrysku,
s011 — zmniejszonych warto$ci ciSnienia wtrysku i dawki paliwa,
s100 — zmniejszonej wartosci kata wyprzedzenia wtrysku,
s101 — zmniejszonych wartosci kata wyprzedzenia wtrysku i dawki paliwa,
s110 — zmniejszonych wartosci kata wyprzedzenia wtrysku i ci$nienia wtrysku,
s111 — zmniejszonych wartosci wszystkich zmienianych parametrow regulacyjnych.
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Uktad pomiarowy realizujacy ten algorytm
powinien sig sktada¢ z takich samych elementow jak
uktad stosowany podczas realizacji prezentowanych
badan (z ograniczeniem do rejestracji sygnatu
drganiowego tylko na kadhlubie silnika), to jest
z dwoch toréw pomiarowych i uktadu (urzadzenia)
analityczno-pomiarowego. Pierwszy z  torow
pomiarowych, do rejestracji przyspieszen drgan,
powinien zawiera¢ ladunkowy, piezoelektryczny
czujnik przyspieszen drgan o temperaturze pracy
przynajmniej do 150°C z liniowa charakterystyka
w zakresie 0+4 kHz i wspolpracujacy z nim
wzmacniacz tadunku. Czujnik drgan nalezy
zamontowa¢ na stale za pomoca wkretu po
wczesniejszym wykonaniu odpowiedniego
gwintowanego otworu w kadhlubie silnika (np.
w nadlewach technologicznych na wysokosci osi
watlu korbowego). Drugi z toréw pomiarowych
powinien by¢ dowolnym urzadzeniem
wspolpracujacym z urzadzeniem analityczno-
pomiarowym i generujacym sygnat strobujacy raz na
jeden obrét watu korbowego. Uktad analityczno-
pomiarowy powinien pozwala¢ na jednoczesng
rejestracje sygnatu drganiowego 1 strobujacego
przynajmniej przez czas trwania 20 obrotow watu
korbowego silnika pracujacego z ustabilizowana
predkoscia biegu jatowego poprzez ich probkowanie
z czgstotliwoscia 10 kHz w pasmie do 2 kHz, na
usrednienie synchroniczne sygnatu drganiowego, na
wyznaczenie dyskretnych widm amplitudowo-
czestotliwosciowych z rozdzielczo$cia wynikajaca
z 250-krotnego powielenia otrzymanego okresu
sygnalu drganiowego usrednionego synchronicznie
oraz na Wwyznaczanie maksymalnych wartos$ci
uzyskanych sktadowych widmowych zawartych
w trzech sasiednich pasmach: od nie mniej niz
200 Hz do 1000 Hz, od 1000 do 1400 Hz i od
1400 Hz do nie wigcej niz 2000 Hz, przy czym
skrajne pasma powinny mie¢ dlugos$¢ przynajmniej
kilkudziesieciu Hz, aby obejmowaly przynajmniej
kilka skltadowych widmowych wystepujacych
w widmach sygnatow drganiowych usrednionych
synchronicznie jako catkowite wielokrotnosci
przyjetej czgstosci obrotow watu korbowego.

4. WNIOSKI

Sledzenie wartosci  wybranych  sktadowych
widmowych sygnatow drganiowych usrednionych
synchronicznie  zarejestrowanych na kadlubie
tlokowego silnika spalinowego o ZS pozwala na
wykrycie zmian pewnych parametrow regulacyjnych
(np. nierébwnomiernosci ci$nienia wtrysku i dawki
paliwa do poszczegolnych cylindrow silnika). Na
obecnym etapie badan uzyskiwana diagnoza jest
diagnoza jakosciowa. Opracowanie odpowiedniej

metody diagnozowania dajacej informacje iloSciowe
(tzn. jak duze sa te rozregulowania, dla ktdrego
z  cylindrow  wystapily) oraz  opracowanie
odpowiednich metod diagnozowania innych
parametrow  regulacyjnych  silnika ~ wymaga
prowadzenia dalszych badan.
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faz uszkodzen metodami
sztucznej inteligencji

ITE, Radom, 2008

W pracy podjeto zagadnienie diagnozowania
obiektow technicznych metodami rozpoznawania
obrazéw. Na wstegpie wykazano, ze nieinwazyjne
rozpoznanie stanu obiektu wymaga wykorzystania
takich cech rejestrowanych sygnatdéw, ktore niosa
warto$ciowg informacje z punktu widzenia jej
przydatno$ci w zatozonej klasyfikacji stanu obiektu.
Rodzi to potrzebg powstania skutecznych metod
selekcji  informacji  diagnostycznej, na tyle
wnikliwych, aby mogly podota¢ zwigkszajacym sig
wymaganiom diagnostycznym, czego przyktadem
moze by¢ coraz powszechniejszy postulat detekcji
uszkodzen w jak najwcze$niejszym stadium ich
rozwoju. Zwrdcono rowniez uwage na fakt, ze
w  przypadku  skomplikowanych  obiektow
technicznych jawne okreslenie relacji
diagnostycznych bywa czesto istotnie utrudnione, ze
wzgledu na ztozono$¢ obiektu i brak wystarczajacej
wiedzy o strukturze obiektu oraz wiasnosci losowe
procesow  eksploatacji  iniepelna, niepewna
informacj¢ o przebiegu zjawiska czy procesu. Takie
sytuacje sklaniaja do siggania po rozwiazania
z dziedziny sztucznej inteligencji.

Monografia przedstawia wyniki prac naukowych
autora zwigzanych z wykorzystaniem metod
sztucznej inteligencji w diagnostyce techniczne;j.

Prace te stuzyly efektywnemu rozwiazaniu dwoch
kluczowych zadan zwiagzanych z diagnozowaniem:
zadania oceny uzytecznosci i w konsekwencji
wyboru optymalnych, z punktu widzenia zalozonej
klasyfikacji stanu, cech rejestrowanych sygnatow
(parametrow diagnostycznych), na bazie ktorych
realizowane bedzie rozpoznawanie stanu obiektu
izadania  budowy  modulu  wnioskujacego
(klasyfikatora), przeprowadzajacego rozpoznanie
stanu obiektu na podstawie wybranych parametréw
diagnostycznych.

W monografii zamieszczono krotki przeglad
podstawowych metod 1 $rodkdw  sztucznej
inteligencji majacy na celu przedstawienie tla
i korzeni opracowanych rozwiazan. Zaprezentowane
zostaly takze wybrane klasyfikatory dokonujace
rozpoznawania obrazow, z ktérych autor czerpal
inspiracje do swoich prac.

Gléwna  czgs¢  monografii  poswigcono
omowieniu opracowanych metod selekcji cech
i klasyfikacji obrazéw. Znalazta tutaj swdj opis
zardwno oryginalna podprzestrzeniowo
zorientowana geometryczna metoda selekcji cech
(ang.  Subspace-oriented Geometrical Feature
Selection method), jak i oryginalny klasyfikator
NBYV (ang. Nearest Boundary Vector classifier).

Duza czg¢$¢ monografii zostatla poswigcona
przedstawieniu ~ wynikow  testow  dziatania
opracowanych przez autora rozwiazan
(zrealizowanych praktycznie w postaci procedur
srodowiska MATLAB) na danych symulacyjnych.
Obszernie zaprezentowano takze wybrane przyklady
wykorzystania nowych metod selekcji cech
i klasyfikacji obrazéw w diagnostyce okreslonych
obiektow  technicznych. Monografie — zamyka
podsumowanie wraz z wytyczonymi kierunkami
dalszych badan naukowych.
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Monografia jest przeznaczona dla badaczy
zajmujacych si¢ zjawiskami magnetosprezystymi,
zwlaszcza  efektem  Barkhausena, inzynieréw
z zakresu areologii, inzynierii materiatowej
i wytrzymatosci materiatow.

Podstawowymi zadaniami stawianymi systemom
technicznym - czlowiek, maszyna, otoczenie sa:
zapewnienie wysokiego poziomu efektywnosci,
niezawodnosci i bezpieczenstwa dziatania oraz duzej
trwalosci 1 zywotnosci. Wspodlczesne maszyny
charakteryzuja si¢ duzym stopniem zlozonosci
zespotéw 1 instalacji, co korzystnie wptywa na ich
efektywno$¢ w trakcie uzytkowania. Niestety, ma to
jednoczesnie niekorzystny wplyw na niezawodnosc,
a niekiedy nawet na bezpieczenstwo dziatania.
Zagrozenie bezpieczenstwa pracy ludzi ze strony
techniki nastepuje wskutek powstania odpowiednio
silnego  czynnika powodujacego  uszkodzenie
elementow (podzespotow) maszyn. Jesli w wyniku
tego uszkodzenia zostanie przekroczona granica
,hieuchronnosci wypadku", wowczas dochodzi do
zdarzenia (awarii, wypadku, katastrofy), ktore jest
zdarzeniem losowym. Uszkodzenia maszyn pociagaja
za sobg znaczne straty zwigzane z wyprowadzeniem
ich ze stanu gotowosci do wykonywania zadan
i konieczno$cia naprawy lub wymiany. Zapewnienie
wysokiego poziomu efektywnosci, niezawodnosci
i Dbezpieczenstwa dzialania maszyn wymaga
operatywnego 1 efektywnego ustalenia przyczyn
pierwotnych uszkodzen, inicjujacych niebezpieczne
zdarzenia.

Szczegolnie niebezpieczne sa przypadki naglego
uszkodzenia, np. spowodowanego zmeczeniem
materialu. Z reguly doprowadzaja one do naglego
wyjécia maszyny z uzytkowania oraz niekiedy do
niebezpiecznego zdarzenia. Dotychczas nie ma
mozliwosci przewidywania stanu zmgczenia materiatu
elementdow maszyn. Nadal aktualny jest problem
opracowania i wdrozenia odpowiedniej metody
umozliwiajacej biezaca oceng stanu stopnia
zmeezenia elementdw maszyn, a nastgpnie na tej
podstawie okreslenia momentu przerwania ich
uzytkowania wskutek osiagnigcia stanu
granicznego. Realne wydaje si¢ okreslenie stopnia
zmeezenia elementéw maszyn oraz prognozowanie
bliskosci wystapienia mikropgknigcia przez pomiar
wielko$ci  fizycznej charakteryzujacej zmiany
naprezen wilasnych oraz zmiany zachodzace
w mikrostrukturze materiatu.

W rozdziale pierwszym niniejszej monografii
dokonano charakterystyki warstwy wierzchniej
elementow maszyn oraz metod badan mikrostruktury
i naprezen wlasnych. Opisano wlasciwosci warstwy
wierzchniej, zwlaszcza mikrostrukture i napre¢zenia
wlasne  oraz  twardos¢.  Scharakteryzowano
nieniszczace  metody  badan  mikrostruktury
materiatu, uwzgledniajac metody magnetyczne.
Opisano metody pomiaru naprgzen wiasnych
niszczace oraz nieniszczace, takie jak: optyczne,
emisji  termicznej, akustycznej interferometrii
holograficznej i  akustycznej  interferometrii
widmowej, rentgenograficzna, dyfrakcji neutro-
nowej, ultradzwigkowsq oraz magnetyczne.

W kolejnym rozdziale pracy przeanalizowano
wlasciwosci magnetyczne materiatow. Opisano
zachowanie magnetyczne materiatdbw: diamagnet-
kow, paramagnetykow, ferromagnetykow, anty-
ferromagnetykow oraz ferrimagnetykow.

W  rozdziale trzecim przedstawiono uktady
pomiarowe do detekcji i analizy sygnatu efektu
Barkhausena (SEB).

W  rozdziale czwartym omowiono wplyw
warunkow eksperymentu na stan namagnesowania
elementu badan oraz na parametry sygnatu efektu
Barkhausena. Dokonano analizy doboru wartosci

parametrow pomiarowych ~ w  przyrzadach
badawczych, tj.: optymalnego zakresu pradu
magnesujacego, wplywu czgstotliwosci

magnesowania na dobor pradu magnesujacego i na
parametry SEB oraz przeprowadzono analizg
optymalizacji parametrow nastawianych
w przyrzadach pomiarowych.

Metode badania naprgzen o warto$ci usrednione;j
z okreslonej glebokosci warstwy wierzchniej
elementu maszyny opisano w rozdziale piatym.
W rozdziale tym opisano rowniez sposob i wyniki
badania jednoosiowego stanu napr¢zenia o wartoSci
usrednionej z okreslonej glebokosci
z wykorzystaniem opracowanej funkcji kalibracji.

W rozdziale széstym zaprezentowano nowo
opracowana nieniszczaca metode badan rozktadu
naprezen w funkcji glgbokosci warstwy wierzchniej,
bazujacej na falkowej analizie SEB.

W rozdziale siodmym przedstawiono wyniki
badan wlasciwosci struktury warstwy wierzchniej
metoda efektu Barkhausena. Zaprezentowano
wplyw  wilasciwosci  mikrostruktury  stali, tj.:
wielkosci  ziarna, zawarto$ci wegla, rodzaju
struktury, twardo$ci oraz parametrow obrobki
cieplnej.

W rozdziale 6smym omoéwiono wyniki badania
zalezno$ci pomigdzy stanem zmegczenia materiatu
a poziomem szumu Barkhausena.

W rozdziale dziewiatym pracy przedstawiono
wyniki badan wptywu stopnia zmgczenia materiatu
na stan struktury dyslokacyjnej i koncentracjg
wakansow.
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