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Abstract

Presented considerations of this work includes selected issues in the area of statistical procedures use in
vibration measures study and modal analysis methods to assess the building structures and machines state.
The indicated statistical procedures are particularly important in vibration and modal research, where the
multidimensionality of diagnostic signals requires a wide application of various statistical procedures at the
stage of processing and decision-making. This paper presents the MATLAB program for determination of the
Symptoms matrix, software tools for reading and exporting files in the .unv format, the OPTIMUM computer
algorithm, the Singular Values Decomposition (SVD) computer algorithm and the state matrix analysis
program using the MAC theory.

Keywords: statistical methods, exploitation, diagnostics, redundancy, product life cycle.

SELEKCJA MIAR PROPAGACJI ENERGI W DIAGNOSTYCE DRGANIOWEJ
| METODACH ANALIZY MODALNEJ

Streszczenie

Przedstawione rozwazania tej pracy obejmujg wybrane zagadnienia z obszaru wykorzystania procedur
statystycznych w badaniu miar drganiowych oraz metod analizy modalnej do oceny stanu zuzycia konstrukcji
budowlanych i maszyn. Wskazane procedury statystyczne sg szczegdlnie istotne w badaniach drganiowych i
modalnych, gdzie wielowymiarowo$¢ sygnatéw diagnostycznych wymaga szerokiego stosowania réznych
procedur statystycznych na etapie przetwarzania oraz podejmowania decyzji. W tej pracy przedstawiono
program MATLAB do wyznaczania macierzy Symptomdéw, narzedzia programowe do odczytu i eksportu
plikow w formacie .unv, algorytm komputerowy OPTIMUM, algorytmu komputerowej analizy rozkladu
(SVD) i programu do analizy macierzy stanu z wykorzystaniem teorii MAC.

Stowa kluczowe: metody statystyczne, eksploatacja, diagnostyka, redundancja, cykl zycia produktu.

machines, mainly at the stage of use and

The achievements presented in this work are a
result from the implementation of many studies
related to the description and statistical verification
of the vibrational energy distribution usefulness in
the state degradation assessment. Both the
developed field of vibration diagnostics and applied
modal analysis methods are based on the vibration
process and use in the research as basic - different
vibration estimators. The physical aspects of the
vibration process are described in terms of time,
frequency and amplitudes, giving in practice a large
number of measures (often in excess) of the energy
distribution containing a lot of information about
the processes studied (objects). This forces the need
for widespread use of statistical methods when
developing research results for making rational
decisions.

Diagnostic ~ experiments  should  enable
guantitative assessment and in-depth analysis of
destructive processes occurring in constructions and

maintenance. An in-depth analysis of the results of

the experiment, which is the basis for the

operational decisions to be taken, should each time

contain answers to users' questions [6, 15, 36]:

* how to successfully recognize the technical
condition of a structure, machine or system in
general?

* how long and under what load can the system
operate for the next technical support?

* how to change or shape the system load for
maintaining task ability?

» what are the most advantageous ways and means
of renewing the system?

» how to protect the system against the destructive
effects of external factors?

Only a comprehensive application of
diagnostics and effective diagnostic procedures for
the state, distinguished in dedicated diagnostic
experiments, guarantee the reliable operation of
technical systems in the adopted structures of
exploitation [8, 38, 41].
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Modern technical diagnostics very widely uses
the possibilities offered by such a universal tool as
virtual engineering. For a more effective use of
these possibilities, there is a need to constantly
search for new, more effective tools supporting the
diagnostic process, as well as modeling phenomena
whose characteristic parameters allow monitoring
the increasing number of available symptoms [39].

The technical systems state analysis is
compound for a set of mathematical procedures that
they can be related to each other to develop analysis
of superior order and to find relationships between
procedures and states in different systems. There
are many relationships that can be possible with the
procedures, in this work is proposed only a few
relations (see Blad! Nie mozna odnalez¢ Zrodia
odwolania.), it is possible to formulate other
relations of procedures to do another kind of
methodologies or analysis.
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Fig. 1. Diagram of the technical state analysis

Authors of many studies assessing the
correctness of diagnostic procedures most often use
single-criterion indicators, which do not consider in
detail the impact of operating conditions of
technical means (the changing model of
destruction) on the quality of formulated decisions
(diagnoses and forecasts) [4, 6]. This is due to the
fact that the status recognition procedures are very
sensitive to the complexity of the system structure
and the randomly variable wear process. There is,
therefore, a need to conduct sensitivity tests of
these  procedures  depending on  factors
characteristic of the actual conditions of existence
in service [5, 10].

In modern technical systems, considering
technological advances as well as developed and
available possibilities for signal acquisition and
processing, it is possible to obtain a large amount of
information from signals registered in various
system states. This information must be processed

and interpreted by the available procedures for the

statistical processing of results, which is often used

by technical staff to determine the status [16, 25].

Recognition of the degradation status of a complex

system is based on a multidimensional analysis, for

which it is possible to assess the relations between
variables whose values have changed as a result of

the developing damage [3, 14, 29].

More and more often, dynamic state
identification tests used to assess changes in the
state of degradation, damage development and
location of causes of the condition were the basis
for the development of a specialized statistical
software system. It enables acquisition and
processing of measurement data, creation of many
measures of diagnostic signals, testing their
diagnostic sensitivity, statistical analysis of results
and diagnostic inference [29, 33].

The subject of this work includes selected
fragments of important research issues in the
following areas:

* statistical procedures in the measurement of
vibration energy flow measurements
(acquisition, ordering, redundancy, modeling
and presentation of results from tests and
measurements);

* estimators of vibration diagnostics in studies of
degradation of the condition of structures and
construction machines (identification of needs
and formulating requirements for measures,
processes, products and constructions);

« rules for the use of modal analysis methods in the
examination of structures and construction
machines (rules and procedures for practical
applications);

* maintaining the fitness of structures and technical
facilities (shaping technical readiness and safety
in the operation of facilities, introduction of new
technologies and technical solutions, design,
construction and rational use).

Studies of energy distribution measures (in
vibration diagnostics and modal analysis methods)
are used in many fields as a result of displacement,
velocity or deformation measurements. Indirectly
they serve to quantify the characteristics of material
properties, e.g. functional properties, the state of
destruction of the structure or the load-bearing
capacity of old buildings in the field of cultural
heritage. They can also be used in structural quality
tests to detect damage affecting the fatigue
properties of a structure. Vibration assessments of
engineering structures degradation also enable
assessment of the degradation status of materials,
elements and  structures,  assessment,  or
delamination of composite panels used in industry.

Measurements of energy distribution used in the
studies use various estimators of vibration
diagnostics and modal analysis, the usefulness of
which in indicated areas should be assessed by
dedicated and specialized statistical procedures.
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2. STATISTICAL RESEARCH SPACE

All studied mass phenomena are characterized
by certain regularities, which are difficult to study
and not all are detected and investigated. Statistical
assessments used for this characterize the
quantitative side of the studied phenomena in an
inseparable connection with their qualitative side. It
should be remembered that in nature there are no
numbers used by statistics, but only things and
processes [4, 25].

Statistical methods using a numerical
description make it possible to make the necessary
generalizations of a large amount of detailed
information. By using generalized statistical
methods to make the necessary generalizations in
the statistical description, order is introduced in the
apparent chaos of random events. This allows
detection of regularity in the form of cause and
effect relationships occurring in the studied
phenomena [2, 17, 23].

The massiveness of the data requires the use of
computer-aided research in the field of methods and
means of modeling, acquisition, processing,
inference, visualization, dissemination and storage
of information. The current development of science
requires from engineers the use of modern
computer applications, thanks to which it becomes
possible to make complex calculations and to
analyze the obtained results in a short time [39].

In general, the proposed methodology for
studying the consumption state includes detailed
procedures for the development of: a data

acquisition system and their processing and
statistical inference - repetitive in many different
issues of testing many measures of vibration
signals.

The control tools of the considerations are the
proposed statistical procedures (Fig. 2) that make
up the measurement system of vibration energy
propagation (acquisition, ordering, redundancy,
modeling and presentation of results from tests and
measurements) [1, 3, 26].

The obtained research data (uncertain,
incomplete, random) are subjected to analysis and
assessment of regularity in the field of mass
phenomena. For the purpose of highlighting the
main components of the observation matrix, the
obtained results are combined into control charts,
which are subjected to painstaking research in the
scope of:

a) data presentation:

- statistical series: detailed, distributive, temporary;

- statistical plots: linear, bar, point;

- statistical tables: working - raw statistical material
subjected to further processing.

b) use statistical tools to describe the structure of

the community:

- arithmetic mean - average value,

- geometric mean - used to examine relative
changes in a given feature,

- dominant - the value of which is the most
probable,

- range - difference between the maximum value
and the minimum value of a given feature,
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- standard deviation - average deviation of the value
of a given feature from its arithmetic mean,

- variance - the arithmetic mean of the squares
deviations of the value of the feature from its
arithmetic mean,

- coefficient of variation - determines the degree of
diversification of a given feature in the whole
population,

- asymmetry coefficient - determines the direction
and strength of asymmetry,

- concentration factor (kurtosis).

These analyzes determine the initial and
justified selection of qualitative measures, further
processed to highlight the components to the main
model. Statistical analysis of the acquired data is
also the basis for many interesting description and
trends of the events studied.

Basic statistical surveys use many methods for
qualitative and quantitative analysis of the data
obtained. These include: analysis of variance,
correlation analysis, regression analysis, factor
analysis, discriminant analysis, time series analysis,
canonical analysis, others, generally available in
various informational statistical procedures [11,34].

The MATLAB program is used for basic
engineering applications used in the analysis of
results. This program is used for computer
calculations, combining data logging and
processing, specialized calculations, visualization
and an easy-to-use programming environment [17].
The program contains the following applications:

- mathematical algorithms and their calculation,

- the creating own calculation algorithms,

- modeling and simulation algorithms,

- data analysis and visualization,

- engineering graphics applications,

- application for creating own programs, creating
their interface and graphical data analysis.

Depending on the application, the program
includes specialized packages of calculation
procedures from any areas of knowledge called

toolboxes, for example: SIMULINK, Signal
Processing Toolbox, STATGRAF, STATISTICA
and others. Such packages make it possible to
obtain basic knowledge in a given scope and apply
this knowledge to solve problems [2, 13, 39].

Statistical procedures in studies of vibration
energy  propagation measures supports the
conducted experiments and have been verified in
many publications describing vibration tests, modal
analyzes and ex-test systems.

To accomplish the objectives of the above tasks,
an engineering application was developed: State
Examination Procedures (PBS) - enabling the
generation of dedicated sets of variables of
independent symptoms of the degradation status of
the tested structures and machines.

3. MAIN ELEMENTS OF THE DEVELOPED
PBS SYSTEM

Identification tests of structures and machines
used to assess changes in the condition, damage
development and location of causes of the existing
condition constitute the basis for creating a
specialized software system for statistical
procedures. Modules of the developed system
enable acquisition and processing of measurement
data, creation of many signal measures, testing their
sensitivity, statistical elaboration and inference.

The program modules correspond to the
subsequent stages of the statistical survey of
technical objects [25, 31, 40].

The processing of vibration processes to obtain
the values of the vibration signal (estimators)
allows you to generate own and mutual measures of
the vibration signal that are used in various
applications. The dialog boxes of the proposed
module "Symptoms" used to generate own and
mutual measures of the signal are shown in Fig. 3.
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Fig. 3. Module window with the generated matrix of vibration estimators [31, 38]
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The ideal point method - OPTIMUM

Measured signals represent the space of
observation, and indirectly the development of
damages in the structure or construction machine.
Using optimization, you can characterize the
sensitivity of measured symptoms to state changes
based on distance measurements from the ideal
point [24, 27, 33]. The algorithm presented below
enables statistical evaluation of individually
elaborated symptoms, resulting in the final
qualitative ranking list of their sensitivity and
usefulness. The next steps of this procedure and its
result are shown in Fig. 4.
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Fig. 4. OPTIMUM procedure algorithm and
an example of its result [30]

Having statistically significant good symptoms,
it is possible to build cause and effect models on the
state conclusion stage. However, the quality of the
model depends on the number of measures taken,
which can be indirectly estimated in the simplest
regression models with the R? coefficient [18, 22].

Multidimensional system observation - SVD

SVD (Singular Value Decomposition) is a
numerical procedure for multivariate tracking of
changes in an object's degradation state. Detects
evolving lesions and selects the maximum
informational  status symptoms  (quantitative
assessment) in a given research situation. The
procedure uses all measured signals to assess
changes in the state of the technical system under
study, without losing any information possible to
obtain. The algorithm of the method and an
exemplary result of the applied procedure are
presented in Fig. 5.
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The SVD procedure in the newer software
implementations is modular (base) and allows
further development of the algorithm, automatically
searching for unnecessary measurement symptoms
for a given research topic.

Information system for degradation studies

The degradation status identification tests of
various technical facilities are increasingly the basis
for the creation of a specialized software system.
This program includes software for the needs of:
vibration  acquisition,  processing, statistical
inference and visualization. It enables the
acquisition and processing of measurement data,
the creation of many measures of diagnostic
signals, their testing of diagnostic sensitivity,
statistical elaboration and diagnostic inference.

The presented procedures of statistical surveys
are the sum of experience from theoretical and
experimental research of the field of vibration and
modal testing, supported by statistical procedures
[5, 20, 29].

The program structure is a modular structure
composed of the following modules (Fig. 6):
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Fig. 6. Main dialog window of the proposed statistical
survey system [31, 32, 34]

A. Read .unv module that allows processing from
UNV format to XLS format.

B. Symptoms module that allows defining,
determining and creating a matrix of many
measures of vibration processes.

Modules A and B form part of the software
responsible for acquiring and processing vibration
processes in order to obtain a matrix of
observations of vibration estimates.

C. The Optimum module uses the ideal point
method for individual assessment of the qualitative
sensitivity of the measured symptoms of vibration
processes.

D. SVD module (multidimensional description of
the state of the tested object) used to quantify the
generalized damage measures and to assess the
damage development.

E. Input / Output module used to analyze the
similarity of vibration processes and to determine
various operational measures of the tested object.

F. Optimization module used to develop models
and data in genesis (methods of approximation and
interpolation), diagnosing and forecasting states.

G. Network module using neural networks to
classify states based on the obtained results in the
form of time series.

Modules C, D, E, F, G are elements of
statistical inference and evaluation of cause-and-
effect relations, and also serve to visualize the
results obtained.

H. The MAC module is a procedure allowing the
comparison of different vectors treated as a
measure on the entry and exit of a system.

The exemplification of the developed solutions
was carried out in the operational tests of selected
objects (railway transport system, construction
elements and constructions, internal combustion
engines, gears, bearings) in which verification of
modeling procedures and degradation status was
carried out on the basis of actual signal
measurements.

4. SUMMARY

More and more frequently conducted technical
systems identification tests, also used to assess
changes in this condition, damage development and
location of the existing condition, constitute the
basis for the creation of a specialized statistical
survey system.

It enables the acquisition and processing of
measurement data, the creation of many measures
of diagnostic signals, their testing of diagnostic
sensitivity, statistical elaboration and diagnostic
inference.

The content of this study is the sum of
experience from theoretical and experimental
research in the field of vibration and modal research
of wvarious objects, supported by statistical
procedures.

The implementation of the above assumptions
required the use of the most modern specialized
measuring equipment and programs enabling the
execution of defined tasks at the required level,
characterized by optimal technological, price and
quality efficiency.

The proposed procedures have been verified in
many studies (compact studies and publications),
indicating their original capabilities useful in many
applications [32 ,43, 44].
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