ﬁ EasyChair Preprint

Ne 11059

Simplified Predictive Strategy of Mechanical Life
Cycle Model in Three-Phase Asynchronous Motor

Istvan Bendidk and Sandor Semperger

EasyChair preprints are intended for rapid
dissemination of research results and are
integrated with the rest of EasyChair.

October 9, 2023



Simplified Predictive Strategy of Mechanical Life
Cycle Model in Three-Phase Asynchronous Motor

Istvan Bendiak
University of Obuda Kandé Kalmdn Faculty of Electrical Engineering Institute of Automation and Energy Systems Department of Automation
Budapest, Hungary
bendiak.istvan@uni-obuda.hu

Séandor Semperger
University of Obuda Kandé Kéalman Faculty of Electrical Engineering Institute of Automation and Energy Systems Department of Automation
Budapest, Hungary
semperger.sandor @uni-obuda.hu

Abstract— The target area of the research is the assessment of
the mechanical excitation frequencies of three-phase
asynchronous motors, primarily caused by bearing and shaft
adjustment, and the understanding of the wear process.
Measurements and calculations are basically based on a wear
map, not only using spectrum analysis methods. Spectrum
analyzes do not solve the steps for deweloping error detection
methods in all cases. The processing of measurement results was
preceded by several measurementcycles, the results of which were
usedto create the wear map.
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I. INTRODUCTION

The target area of the research is to assess the mechanical
excitation frequencies of three-phase asynchronous motors,
primarily due to bearing and shaft adjustment, and to learn about
the wear process. The field of science is one of the widely
studied branches, however, it has a niche area that does not
provide clear guidance (in the case of current signal shape
analysis) in the cycles of bearing wear. The research foundations
are partly derived from vibration diagnostics.

The design of the wear characteristic fields is based on four
elements, the outer and inner ring of the bearing, rolling
elements, primarily running rolling elements and the bearing
basket, as well as the analysis of errors resulting from shaft
alignment errors. In the case of axis adjustment, analysis of
excitation errors resulting from perpendicularity and
parallelism, angle errors in the amplitude and frequency range.
The first sketch of the wear process and setting up step rules,
creation of simplification paths. In the process of attrition, the
development of the structure of points and forecasts returns.
This is based on the examination of the motor current signal
based on phase current and Park-vector component analyses.
The first part of the thesis deals with the presentation of the
background of the research, the second with questions based on
the wear process.

Electric machines are part of an integrated system
(frequency converter, sensors, software, etc.) and work with it
indispensably. In this flowchart, it is possible to set up an
operational map of the machine. There are many rotating
machines in the industry, cooperation and controlare necessatry,
continuous condition monitoring. Here, the goal is not only to
detect error signals, but to manage and develop a source of
information that goes beyond this, moving towards the field of
self-learning electric drives. The joint work of machines and
systems, the analysis and correction of each other's operating
characteristics, and the drawing of conclusions. The course work
primarily deals with signals of mechanical origin and creates
analysis possibilities from them. The field of expertise is a well-
established and widely cultivated sector in domestic and
international terms. I am looking for the place and raison d'étre
of my own work in this extremely rich field of literature. The
international literature provided extremely rich knowledge for
the creation of the thesis, which | will examine with my own
measurement results.

Il. DEVELOPED BEARING DEFECTOMETRY

Motorcurrent signature analysis is an extremely widely used
method, with an already developed equipment park and
measurement procedures, and | examine its possibilities in this
chapter. Primarily, the diagnostic application of Park vectors
(space vectors) is given priority. The international literature
extensively discussesspatial vectorexaminations, and the study
of this method has given new possibilities in diagnostics.

The chapters contain several spectrums so that the widest
possible range of signal processing options can be explored. In
signal analysis studies, amplitude frequencies play a significant
role in the representation of time-varying signals. The issue of
information recording is, on the one hand, the motor's power
supply (mains or frequency converter), and, in summary, the
waveforms and frequency components of the voltage and
current connected to the motor and their appropriate sampling.

Setting up the bearing fault map (in part mechanical life
cycle map) is the first step that lays the foundation for setting up
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the map to be drawn that can be used to infer wear. It is not
possible to create an algorithm without setting up fault metrics.

If wear is assumed at specific geometric points of the
bearing. If, for example, several errors occur onthe inner ring -
which is not precisely known in reality - then the error
frequencies must be multiplied by an integer multiple. In
addition to the bearing frequencies, the excitation frequencies
resulting from the axis adjustment must also be associated, so
the number of examined signals increases significantly. The
experimental results showed that not only the bearing
frequencies should be calculated and checked, but also the shaft
adjustment frequencies. It is not advisable to deviate from this,
because ashaft adjustment error will affect the bearing and vice
versa.

The basic concept of the measurement is that the tested
engine is also a sensor. All errors are detected through the air
gap. The resulting radial movement cannot be of the order of
millimeters. The examined asynchronous motor has an air gap
of the order of a tenth of a millimeter, the rotor rubs against the
stator, the detected mechanical faults appear based on axial
magnetic pull-compression displacement, which the rotor
transmits with the iron, the stator core. The mediating tool of the
test is the magnetic field, including the rotating field, so its
characteristics must also be taken into account. The space vector
theory does not necessarily solve the fault finding problems
(phase symmetry, the mechanical component will be present,
because the three-phase vectors do not separate the versions of
the error signals in the shape fidelity of a track geometry). The
field shape description and path change method included in
space vector theory often make error analysis difficult and the
effect of errors on each other cannot be clearly followed, so |
came to the conclusion that I will create a wear matrix that shows
the reasons. and the results of the wear process.

I1l. BEARING LIFE CYCLE MODEL, WEAR ALGORITHM

The aim of the first phase of the research is to create a process
analysis map that goes beyond the usual analyzes of function
transformations. The research is not complete withouta process
that sheds light on the characteristic fields generated by a single
row deep groove ball bearing.

« In addition to the four bearing fault frequencies, bring the
axis adjustment frequency toa common path in the process
of wear.

» s it possibleto parallelize the frequency ranges

» Atwhich element does the error signal start firstand in what
frequency range

* How do gault frequencies interact?

« By increasing the harmonic number, how much noise is
added to the measurement processing

These questions can only be answered with a life cycle
model.

A model was made according to the x table. The four bearing
error frequencies and one shaft adjustment frequency are
calculated together with the harmonics. The calculation does not
differ from this for now.

There are components appearing at lower frequencies, e.g.
basket wear and signals with a significantly higher frequency
range, such as:inner ring.

The measurements and calculation results of the first semester
can be seenin Figure 1. Life cycle model, wear process diagram.
The figure refers to a deep groove ball bearing or, in general, a
single row deep groove ball bearing. The calculation takes into
accountthe frequency converterpower supply and calculates it
as a function of the power supply frequency. The frequency
components are calculated by Fourier transformation. The
horizontal axis is time, the vertical axis is frequency.

Fig. 1. Life cycle model ofa single-rowdeep groove ball bearing,
assuming continuous wear, based on motor current signature analysis.

Field parts are as follows:

« Green field: Bearing outerring sector

« Purple field: Bearing inner ring sector

» Brown field: Bearing cage sector

« Cray field: Bearing rolling elements sector

» Black field: shaft misalignment setting fault part sector

A. Steprule

The diagram is small, so the frequency value is not visible,
butit is a process diagram that can be followed based on colors,
which is also the purpose of this. Lifetime goes from left to right
by touching the red fields along the blue field route. Its size is
such that you can see all the fields together. The route goes
through the blue field.

B. Step process

The start of the error signal moves from left to right in the
blue field (yellow is the intervention range). The red fields are
specific error frequencies calculated by Fourier transformation.
The initial wear starts from the red field on the left (inner ring
error frequency, purple field). The goalis to reach the red fields
on the right, butthen the drive systemis completely destroyed.

You can't skip a red field, you can't go diagonally, provided it
doesn't cross a blue field and doesn't create an ambiguous
situation. The number of steps can be reduced, but then there
may be a situation where the process reaches the top of the next
red field, then it becomes ambiguous and gives an anomaly,
because it either skips a step oranalyzes ared field twice, neither
of which is allowed.

Blue squares cannotcross each other in any area. You have
to touch the red fields and continue through them. Red fields can
be next to each other (they are), the reason for this is that the
error frequencies are close to each other. So the interaction is
easier to see than in spectra. You have to enter the red field from



the long or shortside, you cannotavoid it, then you would miss
an error frequency, and the interpretation of the wear process
would be meaningless.

IV. TIMELINESSOF MACHINE SHUT DOWN

The basic question of the process: Where should the machine
be stopped?

When entering the brown field, the bearing basket starts to get
damaged, at which point it is no longer possible to prevent an
unplanned shutdown in time, because it is possible that the
failure phenomenon will be accelerated in a higher load
condition.

Yellow field, critical shutdown, provided that there are no
sudden load changes during the operating time. The frequency
and values are notvisible in the figure, but its important role is
to show the behavior of mechanical defects in a map-like
manner, as a relief map, which is divided into heights

Fig. 2. Bearingwear process diagramwith finalstop field, critical stage.
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Fig. 3. T hree-phase asynchronous motor performance test and
measurement of shaft coupling heating.

Fig. 4. T hree-phase asynchronous motor performance test and
measurement of shaft coupling heating.
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Fig. 5. T hree-phase asynchronous motor performance test and
measurement of shaft coupling heating.
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Fig. 6. T hree-phase asynchronous motor performance test and

measurement of shaft coupling heating.

Fig. 7. T hree-phase asynchronous motor performance test and

measurement of shaft coupling heating.
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Fig. 8. T hree-phase asynchronous motor performance test and
measurement of shaft coupling heating.

The research uses proven mathematical transformations as

input analysis to the algorithm, fast-time and short-time Fourier

transform (fig. 9-12).
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Fig. 11. Thefollowing transformations showthe motor current waveforms
test path fast-time Fourier transformations. Finding and identifying fault
frequencies.
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Fig.12. T he following transformations showthe motor current waveforms
test path short-time Fourier transformation. Finding and identifying fault
frequencies.

The number of steps is compared in a table in the next chapter.
V. STEPSAND THE LIFE CYCLEFOR THEBEARING AND SHAFT
ROT AT ION FREQUENCY (KNOCK FREQUENCY)

The table shows the change in mechanical fault frequencies
of the asynchronous motor as a function of the life cycle
(duration).

" The appearance of faulty components due to the load!
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Fig. 10. Thefollowing transformations showthe motor current waveforms
test path fast-time Fourier transformations. Finding and identifying fault

frequencies.

Difference
All Stepsin step
Sector Element . .
Steps YellowField Reduction
Option
Green Outer ring 113 36 77
Purple Inner ring 194 59 135
Brown Cage 216 60 155
Rolling
Gray 220 63 157
elements
Black Shaft knock 81 53 28
Summary 833 307 526

Tab. 1. Step numbers and their comparison is based on Fig. 2.

The purpose of the step counter is to analyze the stopping
lane and the interaction of the fault frequencies that appear there.



The figure shows the widened stop field (yellow route). The
reason for the widening is that the analyst waited for the inner
ring error frequency, which previously only occurred in the
higher frequency range, to re-enter the wear path (purple grid
field) in the first stage of the cycle. However, increasing wear
on the bearing can be assumed at this point. It is advisable to
stop as planned in the yellow field.

Process analysis is accompanied by a lot ofnoise, so the stop
field must also be reviewed, with measurements and faster
calculations. In practice, the key question is always: How much
safety margin is left? In the yellow field, the figure is already
gradually decreasing, at which point the bearing has exhausted
its middle-aged life cycle.

What could be its purpose? Reducing the yellow field bar,
but it does not necessarily solve the problem, because this map
represents continuous operation.

VI. MOTORCURRENT TRACK GEOMETRY CALCULATION OPTION

Field geometry questions: Archimedes [22] approximated
the circumference of the circle with the circumference of the
polygons written on the curve, in the case of n=96, the method
gives avalue for mwas the circumference of the unit diameter. For
the coordinates given by the space vector diagram of the
asynchronous motor current with the points appearing in the
given time interval ly and ly, Ix on the y-axis and ly on the x-
axis. Definition: The length of the curve y=f(x), asx<sh: If fis
continuous and differentiable on the closed interval [a,b], then
thecurve y=f(X) x=a and x= the length of the section between b

[22]:
f’l dy dx—f + [f'(x)]2 dx.

The calculation had the following basic motive. Defining the
shape fidelity of the space vector trajectory geometry with a
specific numerical value, the further calculations are compared
to this, with the appropriate calculations and multiplications.
Note that this calculation can be used for this trajectory, it will
differ in practice, which means that the integrand will change
dueto the change in the geometric shape.

Examination of the shape fidelity of the asynchronous motor
stator current field vector path geometry with an arc length
calculation algorithm, characterized by the fact that the
calculation interprets the shape of the path arc and selects the
corresponding integrand, then stores the value of the arc length
and compares it with the next measurement result, and the search
algorithm interprets the frequency of the tested signal and its
amplitude. Each signal component forms a different track
geometry, mapping this is the basic task of the calculation. In
addition, the search algorithm also has specified functions ofthe
failure frequency of bearings as shown in the first statement, that
is, another task of the algorithm is to generate the space vector
model to assist the calculation and/or to perform lifetime
estimation.

The elements of the statement are individually known
solutions, the search for novelty can be explored in the joint
effect.

VII. PREPARAT ION OF INTELLIGENT DRIVES

Learning mechanical errors using Kohonen's self-organizing
map. Setting up a necessary topology, the characteristics of the
asynchronous machine are reflected by the grid points of
neurons arranged in a plane and the locally discrete topology of
their responses. One of the properties of a map is the "feature
map". A vital issue is the layout and how many steps the signals
can be processed in. Taking into account the modulating effect
created by the switching frequency of the frequency converter
semiconductors in the excitation of the components of the
frequency components caused by the bearing and shaft
adjustment, and to help set up interpretation sets for higher
frequency ranges. Task-oriented priority management of
incoming signals.

Bearing frequency search realized with the help of a
spectrum formed from current-field vector components of a
three-phase asynchronous motor (power supply via mains or
frequency converter), characterized by the fact that after and/or
during the production ofthe current spectrum, a search function
(algorithm) is run that specifically searches for the reference to
the bearing signals, the basic carrier of which takes into account
the amplitude change before and after frequency and filtering.
The search algorithm is able to find signals and multiply signals.
It can also calculate the frequency components of the signak
based on the description of the path geometry of the current
space vector with probability of occurrence. The algorithm
learns the machine error and produces reference spectra and
restores aspace vector pattern from them.

CONCLUSION

The reason for the simplification may be the fact that the
interaction of information and noise must be decided. If a
smaller signal works in a completely different frequency range,
don't run an algorithm that analyzes a part that has more noise
than useful information. Here we can talk abouta controlled
learning process.

Further development opportunities

e Exchange of bearing frequency fields, reduction of field
crossing points.

e Currently, it arranges steps based on frequency components,
changing this.

e Bxamination of characteristic fields based on amplitude
distribution.

e Analysis of nearby frequency connections.

o |s fault frequency skipping possible (red field)?
o What simplification process can be produced?
e <Examination of the number of withdrawals

The axis impact frequency field cannot be omitted. The
technological process of the electric drive largely determines
this question and in many cases they focus on the axs
adjustment. In theory, it can be examined in this way as an early
prediction, butin the case of the largest harmonic, it is necessary
to examine when it enters the characteristic field.



A. Preparation for the development of a self-learning electric
drive system

The measurement results are inputs to fuzzy systems. The
presentation of the sets refers to the mechanical results of the
rotary machine. The purpose of this chapter is to prepare the
discussion in the fuzzy system. The basic idea starts from the
fact that | assign the changes of the four bearing frequencies
and associated amplitude values to ranges. The reason for this
is that many errors affect each other and the signals must be
compared notonly to each other.

During the measurements and analyses, the simple
numerical data comparison did not necessarily lead to results,
because multiple modulations also occur. As a consequence of
this, signal amplification also affects the reading result,
especially in the higher frequency ranges.

Purpose, to create the sets that will be presented with respect
to the bearing. The selection of ranges follows classical set
theory, i.e. whether the given value is an element of a setornot.

Under given conditions, the amplitude changes of the four
bearing frequencies (if only the fundamental harmonics are
taken into account, which is quite simple), can be designated as
a uniform range, which can be called the fundamental set
(universe).

The analysis must also be extended to harmonics generated
by bearing frequencies. This should be characterized by their
license plate number, which increases the value of this domain
quite a bit. As a result, they have to be divided into separate
ranges using the registration numbers belonging to the
harmonics, this selects the sets and helps to create the
membership functions.

During the measurements, a number of questions arose as
to which ranges a signal can be assumed to be faulty. The

purpose ofthe calculations is to approximate non-contradiction.

After forming the membership functions, the rules between
the linguistic terms of the fuzzy sets and the input and output
values must be established. The formation of the rules of the
fuzzy system depends significantly on the nature of the
regulated equipment.

Adaptive fuzzy systems: Fuzzy controls can be static fuzzy
based on state variation. The static fuzzy controller is robust
and suitable for controlling complex or poorly defined dynamic
systems, but it does not behave adaptively in the event of
unknown parameter and structure changes of the controlled
process and its environment.

Adaptive fuzzy control is similar to conventional adaptive
control in its basic structure, principles, and mathematical took
of analysis and design.

There are two fundamental differences between them. The
fuzzy controller has the same universal nonlinear structure even
in the case of different regulated equipment and processes,
while the classic adaptive controller changes from task to task.
In contrast to the conventional version, the dynamics of the
controlled system and human knowledge about the control
method can also be incorporated into the fuzzy controller.

Diagnostic testing of electric rotating machines is a
dynamically developing field. After the measurements, it was
necessary to develop an analysis strategy that reaches the

standard of international scientific works, which is why the
previously mentioned mathematical sets were included: Fast
Fourier Transform (FFT), Discrete Fourier Transform (DFT),
short-time Fourier transform (Short-time Fourier transform,
STFT), continuous Wavelet transform (Continuous Wavelet
Transform, CWT), Constant Q Gabor transform (Constant-Q
Gabor Transform, CQT)), Hilbert Huang transform (Hilbert-
Huang Transform, HHT), Wigner-Ville Distribution (WVD),
Fuzzy systems, neural networks, statistics and machine learning
(Statistics and Machine Learning. The purpose is notonly data
analysis comparison, conclusion, deduction, but also the
development of self-learning systems, learning the direction
towards machine intelligence. For this, it is necessary to
measure the continuous operation of the motor, analyze current
waveforms, and train in error metrics. Searching for a
frequency indicating an axis adjustment error and setting up
analysis sets. Application of operations research in the
functions created about the fault.
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