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The article is a continuation of the authors’ elaboration (DABROWSKI, DZIURDZ, 2016). The aim of
this continuation is to prove that a proposed way of modelling and using the coherent analysis to filter
nonlinear disturbances is a useful technique in vibroacoustic diagnostics. The thesis was proved by solving
the task of diagnosing the damage of the gear of the car gearbox on the basis of the measurement of
mechanical vibrations and the noise in the engine chamber.
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1. Introduction

Vibroacoustics as a separate scientific discipline
came from the postulate that the processes of prop-
agation of mechanical vibrations and noise should be
spoken in one language (BATKO et al., 2008; CROCKER
[Ed.], 2007). There are different paths of energy prop-
agation, usually parasitic, generated by a large num-
ber of interactions necessary for a proper operation
of machines and equipment. It shows that the models
which we use in practical tasks should describe com-
plex multi-input and multi-output systems.

One would think that developing FEM and BEM
techniques might allow engineers to deal with this task,
however, there are works available which show the
mechanism of generating the noise by particular sys-
tems (eg. MADEJ, 2003; ZHOU, CROCKER, 2010; HER-
RIN et al., 2010; OPPERWALL, VACCA, 2014) in the en-
vironment relatively little disturbed, and acoustic field
between the elements of a complex drive system can be
at most precisely measured (BATKO et al., 2006). Un-
fortunately, it does not solve the problem of modelling
complex paths of propagation of vibracoustic energy
inside the structure of the machine. This task will re-
main a challenge for researchers for a long time. There-
fore, the issue of design of models at a higher level of
abstraction still remains valid. The models are iden-
tified on the basis of the measurements (KONIECZNY
et al., 2015). The problem is very important. While
proposing the model of propagation of vibroacoustic

energy in a complex structure of the machine, we may
face the following problems:

1. The relationship input <+ output (where input is
treated as the source of vibrations and noise, and
the output is treated as the point where we are
going to minimize vibroacoustic interactions or get
the information about the technical condition of
the “input” for the needs of technical diagnostics)
is usually non-linear (BATKO et al., 2008).

2. The term “source” of vibration and noise in the cre-
ated model is not unequivocal. Let’s consider the
example of a drive system of a machine equipped
with a combustion engine. Of course, the main
physical source of the vibroacoustic processes is the
combustion inside the cylinders. However, there a
question arises: what plays the role of the “source”
inside the tight engine housing among the many
mechanisms transferring the power (KOMORSKA,
PUCHALSKI, 2013; 2015)? Curvilinear surfaces of
the block and engine’s head? Such a “source” is
not described by any elementary model. For the
rest of the machine together with the operator’s
stand which is situated nearby, the average noise
inside the housing of drive system is usually the
“source”. It is generated by both the same en-
gine and auxiliary mechanisms (electric generator,
pumps, mechanical fans), and elements of the drive
system (transmissions, clutches and bearings). Se-
lected points with the highest intensity act as “the
sources” for a description of external field of the
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machine. The whole machine is reduced to the
selected point (a dipole or other model source)
for a description of simultaneous interactions of
many machines in a defined space. The location
of such points is made on the basis of the measure-
ments, where mutual methods proposed by Profes-
sor Z. Engel (BATKO et al., 2006) may occur to be
especially useful.

However, the term “source” or “input” of the sys-
tem in modelling the paths of propagation of vibroa-
coustic energy is a term obligatorily defined for the
needs of created algorithm.

Due to these two mentioned reasons in most algo-
rithms used to model the vibroacoustic behaviour of a
machine different kinds of simplifications are used. The
most important simplification is a description of prop-
agation paths of vibrations and noise independently. It
is obviously contradictory to the postulate of vibroa-
coustics mentioned in the introduction. Therefore, it
is necessary to ask whether at the current stage of the
development of computational methods and modelling
techniques it is unavoidable. Of course, a complex ma-
chine (or vehicle) is a particularly negative case con-
trary to the research of acoustic field and vibrations of
the ground accompanying the movement of the train.
However, in these two basic tasks, i.e. minimization
of vibroacoustic dangers and in technical diagnostics,
the research and description of mutual relations be-
tween propagation of different forms of vibroacoustic
energy give positive results, even taking into account
the necessity of modelling at relatively high level of ab-
straction. We think that the best way to convince the
reader of this thesis is to show examples of technical
applications. DABROWSKI, DZIURDZ (2016) presented
the proposition of algorithm of noise minimization at
the machine operator’s stand. To do this they had used
coherent analysis allowing for identification of paths of
vibroacoustic energy propagation. This article was de-
voted to a diagnostic task.

2. Diagnostic task

This example attempts to answer the question
whether it is possible to diagnose the state of wear
of the gear with a damaged tooth (Fig. 1) car gearbox
based on observations of vibrations of the block of the
engine or the noise recorded inside the engine chamber.

At first glans this task may seem to be absurd.
“Classic” books on vibroacoustic diagnostics say that
the measurement of vibrations and noise should be
done in possibly close distance to the diagnosed mech-
anism or kinematic pair. However, it is not always pos-
sible and the signal observed from a short distance is
not necessarily the least disturbed. In addition, a vi-
bration sensor placed on the engine can be used for
many other tasks and it is much more difficult to place
the sensor on the housing of the gearbox. Finally, from

Fig. 1. The gear with denoted damaged tooth.

the cognitive point of view the answer to the question
if the diagnostic information can be obtained was in-
tentional.

According to the notation adopted in (BATKO et
al., 2006; DABROWSKI, DZzIURDZ, 2016; DABROWSKI,
1992) signal observed in the frequency domain can be
written as:

X:ggf{t;{m(t,@,n,r)}, (1)

where: {z;(...)} — observed random process, which is
generally a function of many variables, where the most
important are: ¢ — time of observation (dynamic time),
0 — evolutionary time or another state variable used in
technical diagnotics, n — serial number of the particu-
lar machinery (technical devices are not identical) r —
coordinates of the measuring point.

g't; and ‘E denote the operators of selection and av-

eraging in time domain and frequency, so that it is
possible to compare the determined model with the
characteristics of a random process in the area which
is a subject of analysis. The diagnostic task will be
solved when the following relations is found:

l’(f,@i, ) - .’Iﬁ(t,ej, ) = Aij = 0= Q(A), (2)

where A is a diagnostic symptom. Dependency 6(A)
should be monotonous.

Following the ideas presented by DABROWSKI
(1992) let’s consider a simplified model describing the
relation between the source of vibrations V;, the vibra-
tion observation points X; and the noise Y (Fig. 2).

Ve

@Y
Fig. 2. A simplified model of propagation
of vibroacoustic process.
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Propagation paths are described with the following
dependencies:

Xy =V -Hyx, +91,
Xy =V - -Hyx, + P2, (3)
Y =V Hyy + 3,

where H;; indicate appropriate Frequency Response
Functions, and @; non-linear disturbances.

If disturbances @; are small, we are able to elimi-
nate them through appropriate signal processing, and
the frequency response functions can be calculated ac-
cording to the following formula:
G (1)
Gii

When we put the first of such equations into the
remaining two, we will obtain:

H;; =

Hyy
Hyx, '

Hy x,

Xo = X, Y =X, (5)

Hyx,’

This fact confirms the relativity of the source se-
lection. In formulas (3) the observation point after the
linear scaling of its spectral density X; acts as the
“source”. Linear scaling of spectral density of the in-
put does not change the value of frequency response
function because the vector of scale coefficients will
“shorten” after expanding the dependency (RANDALL,
1987), which results directly from additivity of inte-
gration.

Let’s make further considerations. Formula (1) in-
dicates that the observed process {z(...)} depends on
several variables. From a theoretical point of view in
the model of Fig. 2 spatial variable does not have to be
the first characteristic of the measuring point (output)
r, it can be also the state variable 6.

We may assume that the “input” in our system is
the observation carried out at any measuring point,
and the “output” is the observation carried out at the
same point but for a different state of use (at a different
time @). The condition for the correctness of this rea-
soning is to provide “identical” work conditions of the
machine (the same rotational speed), which is virtu-
ally impossible with a given accuracy, but the observed
signals can be synchronized, e.g. with decimation tech-
nique or resampling technique specified in (DZIURDZ,
2010; 2013). Thus, let’s bring our model to the form
presented in Fig. 3.

The states of use of the machine are the “outputs”
of this model X; and X5 and the state of appropri-
ability is the “input” according to the given reasoning
Xo. The measured spectral density at these points (in
our case these are points of evolutionary variable 0) is
shown in Fig. 4.

71 and Z5 in a discussed model indicated distur-
bances which in this case act as a diagnostic symptom
(Fig. 3).

Fig. 3. Model of propagation of vibroacoustic
signals adopted in a diagnostic task.
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Fig. 4. The spectral density of power
in different states of appropriability
(Xo, X1, X2).

These disturbances can be differently interpreted
and selected. This paper similarily to (DABROWSKI,
DzIURDZ, 2016) assumes that the increase of damages
of the gear tooth goes together with the increase of the
not coherent disturbance of observed vibrations. With
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the use of filter properties of the frequency response
function we can write (BENDAT, PIERSOL, 2010; RAN-

DALL, 1987):

leads to the dependency:
(9)

Power and cross spectral densities were denoted by

(1-7x)Gxx =Gzz.

g Gvz Gvx I (6)
VX T Gvv Gyy 7% Gij, and ordinary coherence function denoted by *yfj
H® Gxx " . Gyy The-re?,glts presented in Flgs.-5 and 6 were obtained
VX T Gxv vx|1l+ Gxx —Guy (7) due to limiting frequency band with the operator to the
range 19002200 Hz (i.e. around the first gear mesh
using the equation: frequency).
. Let’s continue early presented considerations. If
9 H ‘(, ))( (8) linear scaling of spectral density of the source does not
vx g3 change the non-coherent spectral rest Z; let us try to
VX
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Fig. 6. The diagnosis of the “major” damage of the gear.
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transform the source spectrum in accordance with the
dependency:

Gyy =
VX0

where the vector of linear multipliers of frequency com-
ponents was marked by k, and the filtered noise com-
prising lower components by ¥ which in effect leads
to generating “artificial” abstract source assumed as a

model whose spectral density is marked with G ;.
It comes down to assuming the model spectrum
uniformly distributed in frequency scale. This spec-
trum contains only dominant harmonic elements co-
herent with the outputs Gxo (zero state) GX; (minor
damage) and GX» (major damage). Such a defined op-

Operational condition
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eration is presented in Fig. 7, and Fig. 8 shows the
computation results.

To finish the presented argument let’s use a devel-
oped procedure to check the sensitivity of acoustic sig-
nal which comes from a microphone placed inside the
engine chamber to studied damage by a simple change
of vibration spectra X; on the noise spectrum Y;. The
selection operator and the model spectrum Gz ob-
tained from the analysis of vibrations is the same for
the both spectra X; and Y; (Fig. 9). Taking the integral
from spectral density of residual functions as a mea-
sure of damage (symptom), there were obtained the
results presented in Fig. 10. Thus, the effectiveness of
the proposed diagnostic technique is not a subject to
discussion.
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Fig. 7. The idea of replacing the spectrum of the input signal with a model signal.

Model
< 107
&
2
E
S
s
o
102
1900 1950 2000 2050 2100 2150 2200
f[Hz]
First stage of defect — Z,
2
10 i
1
10’ 1
1
N 1
NQ 100 !
= I
% 10"
o
102
1
-3 1
1900 1950 2000 2050 2100 2150 2200

f[Hz]

G, [(m/s?)?]

Operational condition - Z,

1072 f

1

o3 1

1900 1950 2000 2050 2100 2150 2200
f[Hz]

Second stage of defect — Z,
102 I i

10’

1900 1950 2000 2050 2100 2150 2200

f[Hz]

Fig. 8. The “residual” functions for different states in the diagnostic band for vibrations.
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Fig. 10. The resulting diagnostic symptoms of damage development for the
measurement of vibrations and noise.

3. Conclusion

Solving effectively complicated task of vibroacous-
tic diagnosis it has been demonstrated on the exam-
ple of the validity of the postulated in the introduc-
tion also, in particular: Effective effective solution of a
complicated vibroacoustic diagnostics showed validity
of the theses stated in the introduction, especially:

e The relativity of choice of the “input” in modelling
and identification of paths of vibroacoustic energy
propagation.

e It has been shown that the coherent analysis,
which gives an opportunity to separate uncorre-
lated part of the signal treated as a disturbance
which changes in the function of variables 6 (state)
or r (position) can in effect lead to a monotonic
measure which is a diagnostic symptom.

Spectral frequency response functions (ordinary
coherence functions) do not have to concern the
relation between the physical extortion and the
response of the system. They may be treated as
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useful characteristics of multidimensional process.
The method of studying these dependencies re-
lated to a model is particularly useful. The choice
of the model used to assess the noise may be made
on the basis of the analysis of mechanical vibra-
tions. Damage of the gear is the source of the vi-
broacoustic process, where the part of energy is
propagated in the vibration form and another part
in the form of air noise.

The last of these conclusions confirms the main
thesis about the total usefulness of vibration and
noise analysis in a diagnostic task like in the task
of minimization of vibration and noise dangers.
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