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Abstract: Bucket elevators generally operate on a 24/7 basis, and for this reason, one of the main
requirements is their high reliability. This reliability can be ensured, among other things, by assessing
the technical condition of drive assemblies and working assemblies and taking appropriate measures.
Carrying out diagnostic measurements enables periodical monitoring of those mechanisms. Vibroa-
coustic methods are usually employed in operating conditions to measure vibration velocity and
acceleration at specific points, and are used as diagnostic signals. This paper presents the results of
tests of the intensity of vibrations generated in the drive unit of a large industrial bucket elevator. The
analysis of the results in the time domain and frequency domain served as the basis for evaluating
the suitability of the drive, and thus the elevator, for long-term operation.
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1. Introduction

Bucket elevators belong to a group of technical devices that are usually operated 24/7
and, therefore, must be highly durable and reliable. This applies in particular to drive
assemblies and working assemblies (chains and buckets) in these devices.

Even the smallest damage to these assemblies, or their failure, usually has severe and
costly consequences, leading to the shutdown of the elevator, which, in the case of power
plants, causes significant disruptions in the boiler supply system.

For this reason, the technical condition of bucket elevator drive assemblies (as well as
other assemblies) should be periodically inspected or monitored continuously.

One of the crucial conditions for achieving the normative duration of failure-free
operation of bucket elevators, as declared by the manufacturer, is compliance with the
guidelines outlined in the technical and operating documentation. These guidelines relate,
among other things, to the timing of periodic inspections and possible repairs. Despite
compliance with these rules, however, there are cases in which:

e  The time of failure-free operation is shorter than the normative time, and therefore,
the technical condition of the device is unacceptable;

e  Repairs and overhauls undertaken before the expiration of the normative time are not
justified, as the technical condition of the device is still acceptable.

These situations are mainly due to randomly varying properties of components and
quality of assembly, randomly varying operating loads and varying operating conditions
(predominantly negative environmental influences). The most significant examples of
varying properties of components are material imperfections and resulting heterogeneity
and improperly conducted heat treatment. The most important example of varying quality
of assembly is mounting inaccuracy. Performing repairs or replacements in specialized
workshops is sometimes not cost-effective. In such cases, the work is carried out in real
conditions, making accessing the tooling on specialized workstations difficult or even
impossible. That increases the risk of assembly errors.
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Because of the above, it is reasonable to use in-service diagnostics involving the
evaluation of a machine or equipment in binary-state categories: fit or unfit (sometimes the
concept of an intermediate state is used: conditionally fit).

Diagnosing machine drive assemblies, especially in real operating conditions, is diffi-
cult and is often performed using vibroacoustic methods, i.e., based on the evaluation of
vibration intensity at selected points (usually located at bearing nodes) of these assemblies.

The sources of vibrations in the drive systems of bucket conveyors are as follows:

e  Vibrations generated by the operation of power transmission assemblies. Components
that are the most significant sources of vibrations include drive motors, gears (bearings,
shafts, gears) and couplings;

e  Vibrations resulting from the kinematics and dynamics of the working assemblies of
this type of conveyor. The primary sources of vibrations are the bucket chain, buckets
and sprockets.

Regardless of where they occur, vibrations can be structural, technological or operational.

Structural vibrations are caused by the kinematics of bucket conveyors, which operate
cyclically. The typical vibration spectrum of an operating bucket conveyor includes the
frequency of the intake/discharge and the frequency of the links passing through the
chain wheel, with the linear speed of the chain periodically varying (pulsating) despite the
constant angular speed of the drive sprocket. In addition, during the operation of a bucket
conveyor, vibrations occur in the housing, which is usually a thin-walled box structure.

Technological vibrations, on the other hand, are caused by all kinds of manufacturing
inaccuracies and assembly errors (e.g., chain manufacturing errors, inaccuracies in the
seating of buckets on the bucket chain, etc.).

Operational vibrations are caused by the degradation of components of the working
system (especially wear and damage to links and sprockets, increased clearances in chain
kinematic pairs and bucket attachment points, corrosion, loss of lubricants, etc.). The
intensity of these vibrations increases as the degradation progresses. Therefore, vibrations
caused by operational factors are the basis for diagnosing the technical condition of bucket
conveyors (as well as other machinery and equipment).

Wear and tear processes cause deterioration in the operating characteristics of the
machinery, among other things, especially vibroacoustic ones. At the same time, during the
so-called run-in period, the vibration level initially decreases and then gradually increases.
During further operation, the level of mechanical and acoustic vibrations increases gradu-
ally until a certain point, at which point this increase changes its character to rapid and can
continue until failure occurs. In this way, vibroacoustic processes signal early enough the
impending failure state of a component, assembly or entire machine. For this reason, they
can be called failure-oriented process signals.

Using vibroacoustic methods based on the measurement and analysis of mechanical
vibrations and/or acoustic vibrations can thus be an effective way of recognizing the stage
of wear of the machine or equipment under investigation.

Based on many years of experience, values or threshold ranges of indicators of the
intensity of vibroacoustic processes have been determined for typical (most commonly
used in practice) types of machine components and subassemblies, defining the boundaries
between technical states: acceptable, conditionally acceptable and unacceptable.

Vibrations are considered one of the most valuable quantities in assessing the technical
condition of drive units. For this reason, diagnostics based on the analysis of vibroacoustic
signals supported by appropriate analyses of obtained data play a crucial role in the
maintenance of modern machines. Research on such diagnostic methods was the subject of
many works, among others [1-5].

One disadvantage of the vibroacoustic diagnostic method is the susceptibility of the
signal to interference from various other sources of vibration and noise [6]. The problem of
signal disturbance while diagnosing complex machines and mechanisms is widespread.
That is because different parts of those assemblies, like transmissions, bearings or motors,
generate different signals, which can influence the results of observations. For example, one
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should consider vibrations coming from the meshing of gears while assessing the technical
state of bearings. Such problems with signal interference have led to the development of
different filtering methods [7].

One of the approaches to increase the effectiveness of the resulting assessment is to
analyze different indicators within one signal. The processing and extraction of useful
signal features are crucial for proper diagnosis.

Vibration velocity and acceleration are used as diagnostic signals. Plenty of parameters
can be acquired in such diagnostic procedures, and among them, there are three domains in
which those indicators are obtained: time, time—frequency and frequency domains [8-10].

The most valuable indicators in the time domain include RMS, peak, mean, kurtosis,
crest factor and impulse factor [7,9,11-18].

Moreover, in the case of vibroacoustic diagnostics, additional diagnostically relevant
information can be obtained via the time-frequency domain analysis. The most popu-
lar techniques based on such an approach include fast Fourier transform and Fourier
analysis [4,9,19-22]. Wavelet analysis is another significant transformation in this do-
main [9,15,16,21,23-26]. By using these methods, we can study vibroacoustic signals in
depth and, therefore, evaluate the technical state of a given machine.

The last of the abovementioned domains is the frequency domain. As in the case of
the time-frequency domain, we use the Fourier analysis and fast Fourier transform [9,27].

One of the main advantages of using simple diagnostic indices is that they are relatively
easy to obtain by measurement. This approach is often sufficient, especially for certain
types of machine components or machines with simple kinematic and functional structures.
For example, peak velocity and vibration acceleration coefficients are helpful in diagnosing
rolling bearings. In turn, the RMS value of vibration velocity is used to classify the vibration
condition of rotating machinery.

Spectral analysis of signals is a more sophisticated tool for analyzing diagnostic
signals and, when combined with the analysis of the kinematics of the machine under
study, offers more possibilities than a simple time-domain analysis. The basis of spectral
analysis is a narrowband spectrum of the signal (FFT spectrum) or a broadband spectrum
(e.g.,in 1/3 octave bands).

Narrowband analysis is used, among other things, to identify the characteristic fre-
quencies of the machine under test in order to detect specific defects, e.g., rotational fre-
quencies of shafts, interlocking frequencies, etc. On the other hand, broadband (1/3 octave)
analysis is, for example, the basis for a general evaluation of the technical condition of
drive units—according to the guidelines of ISO-10816-3 [28].

It is also possible to perform a diagnostic assessment by applying a probabilistic
approach based on the relevant quantiles Qp of vibration signals (where p is the assumed
confidence level).

What should be highlighted is that the simultaneous use of several diagnostic ob-
servation methods can be very beneficial in formulating the correct technical condition
assessment. In some cases, concurrent measurements and analysis of different signals lead
to better diagnoses than using the same signals separately. This is the case because the
applied diagnostic methods have different sensitivities to changes in the technical condition
of the machine under observation. However, the utilization of various diagnostic methods
simultaneously is more demanding and requires more financial resources. Hence, if it is
possible and economically justified, in condition monitoring, it is recommended to use
different signals at the same time, e.g., vibration, electrical and acoustic signals. More
detailed information about such an approach can be found in [22,29,30].

It should be added that improper maintenance of steering and control systems in
electrical drives can hinder the operation of entire machines and introduce additional
vibrations. Those vibrations negatively influence the technical condition of the whole
system and can interfere with vibroacoustic signals and, therefore, impede the diagnosing
of other elements. That is why some works focus on improving the operation of electrical
motors and lowering their vibrations [31,32].
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2. Materials and Methods

Considering the numerous advantages of diagnosing the technical condition of ma-
chinery based on the analysis of vibration signals, it was decided to use vibroacoustic
signals to evaluate the suitability of the tested drive units for long-term operation.

In this study, I applied a comparative evaluation method that meant I could quickly
assess the tested elevators under actual operating conditions. Measurements were made
based on the ISO 10816-3 and PN-ISO 8579-2:1996 [33] standards, and broadband analysis
of the obtained signals was used.

The object of research was a bucket elevator, which is a real technical system operating
24/7 in a fuel feeding line under industrial conditions.

This elevator, designated for this article as BE#3, has four times the capacity (400 m?/h)
and three times the drive power (45 kW) compared to BE#1 and BE#2—two twin bucket
elevators that were the subject of research presented in [18].

The primary objective of the diagnostic study of the BE#3 elevator was to evaluate the
vibration intensity level in the drive unit and, on this basis, assess its suitability for further
long-term operation in a continuous operation system.

In this study, the vibroacoustic diagnostic method was applied by making vibration
measurements at four selected points of the drive unit, i.e., at two points on the housing of
the bearing nodes of the input high-speed shaft and two points in the bearing nodes of the
output slow-speed shaft. The distribution of the measurement points is shown in Figure 1.

Figure 1. The drive unit of the tested bucket elevator BE#3 (the locations of MP points of vibration
measurement are marked).

The vibration and acoustic signals were measured and saved in real time into the
internal memory of both measuring instruments. Then, the files were downloaded for a
later, more detailed analysis.

One of the characteristic features of the drive assembly of the BE#3 elevator under study
is the suspension of the gearbox on the drive shaft of the bucket chain and the elastic support
of the motor on a platform attached to the elevator housing. This solution ensures the static
determinability of the foundation system of the drive unit. However, the vibrations of the
elevator casing (made of thin-walled sheet) are transmitted to the drive unit, which can make
it difficult to properly assess the actual vibration severity at the “MP” test points.

3. Methods of Assessment of Vibration Severity

Diagnostic tests in real operating conditions, especially tests carried out on large
machines or equipment, are challenging due to, among other things, the considerable
height at which measurements are made (30 m or higher).

The literature proposes two main approaches to the diagnostic evaluation of vibration
severity and classification of the technical condition of machinery on this basis.
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In the USA, the preferred diagnostic measures are mainly peak values of vibration
velocity and acceleration and dimensionless quantities such as the crest factor. Examples of
this include the widely used Blake guidelines [34].

On the other hand, in European countries (under ISO recommendations), vibration
RMS velocity is generally used as a diagnostic measure. For example, ISO-10816-3 intro-
duces four categories of technical conditions depending on the RMS value of vibration
velocity (the total RMS vibration velocity).

As highlighted in paper [18], the RMS value is generally considered an appropriate
measure for steady-state signals, while the peak value is more appropriate for a signal
whose average level is relatively low but does occasionally have pulses [35]. The crest
factor is recommended and used in particular by Bruel&Kjaer Co. (Neerum, Denmark) as
an indicator for assessing the condition of rolling-element bearings [36].

With this in mind, the research and analysis of the vibration intensity of the BE#3
bucket elevator under study was carried out independently using the following approaches:

e  Analysis in the time domain;
e  Analysis in the frequency domain.

3.1. Method of Assessment of Vibration Severity Based on the Analysis of Peak Values of Signals in
the Time Domain

The concept of evaluating the intensity of vibrations in the drive unit of the BE#3
bucket elevator was implemented in two variants and was based on the use of the following
diagnostic indicators:

e  C(lassic measures, i.e., RMS and peak values of vibration velocity and vibration acceleration;
e Dimensionless factors: the crest factor (the ratio of peak to RMS) and the impulse
factor (the ratio of peak to mean) of vibration velocity and vibration acceleration.

The first approach evaluates vibration intensity by comparing the experimentally
obtained peak velocity values vPeak or/and aPeak with the values of the corresponding
limits recommended by Blake [34]. The technical condition is then placed into one of the
following categories: “D”, “C”, “B”, “A” or “AA” (Table 1). Class “C” is considered the
condition of optimum economy (optimum performance). That is the assessment from
Blake’s analysis. The quality of the evaluated object is at an acceptable level, and at the
same time, its production did not involve high costs, thanks, for example, to the not-very-
restrained requirements for manufacturing accuracy.

Table 1. Condition classification recommended by Blake based on vibration severity (based on [34]).

Upper Limits
; : Classes of Condition
Effective Velocity Peak, mm/s Effective Acceleration Peak, m/s?

140.5 981.0 AA—Danger
59.25 174.6 A—Acute Fault
25.0 31.0 B—Some Fault
10.5 55 C—Minor Fault

45 1.0 D—No Fault

Note: The table includes values converted from US customary units to SI units. The calculations assume standard
gravity g =9.81 m/s2.

In evaluating technical conditions using the Blake method, the so-called “C” is con-
sidered. The effective vibration is determined as the measured vibration velocity or accel-
eration multiplied by a service factor. The service factor is assumed to be 1.0 for typical
noncritical machinery.

In the second approach, vibration intensity is evaluated by comparing the values of
dimensionless indicators, the crest factor of velocity Cv and the crest factor of acceleration
Ca (most often), with those recommended by the literature.

The crest factor of acceleration is the most straightforward measure of impulsiveness
of vibration and usually indicates the condition of many rolling-element bearings [36]. The
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crest factor of acceleration typically starts at the level of 3.0 when the bearings are in good
condition, and the signal has no impulsive components.

For new rolling bearings, the crest factor is usually in the range Ca = 3.5 + 5.5 and
the impulse factor Ia = 4.0 = 6.5. The crest factor Ca < 8 (or the impulse factor Ia < 12)
characterizes bearings in good operating condition, while for the values Ca > 16 (or the
value Ia > 24), the bearing is eligible for replacement [35]. If Ca = 816 or Ia = 12 + 24, the
bearings can be used with certain limitations (e.g., under reduced load).

However, it should be considered that in the initial phase of damage development, peaks
appear in the vibration signal, which initially causes an increase in the crest factor. In the later
stage of damage development, the RMS component of the signal (the denominator in the
definition of the crest factor) usually also increases, which can consequently cause a decrease
in the crest factor. At a later stage, signal and crest factor peak values tend to stabilize.

A similar feature to the crest factor is kurtosis, which is also recommended as a good
fault indicator and is used for gear diagnostics.

3.2. Methods of Assessment of Vibration Severity Based on the Spectral Analysis of Signals

The vibration severity in the frequency domain is analyzed based on the broadband
(1/3 octave) vibration velocity and acceleration spectra measured on the bearing housings.

According to the guidelines of ISO-10816-3 standard (Table 2), vibration severity is
assessed by RMS velocity values. Four states are distinguished: good (“A”), acceptable
(“B”), acceptable under restricted conditions (“C”) and not acceptable (“D”).

Table 2. Numerical values used for a qualitative assessment of the technical condition of the tested
drive unit (according to ISO-10816-3).

Support Upper Limits of . . . .
Conditions Velocity RMS, mm/s Evaluation Zones/Vibration Severity
2.3 Zone “A”—yvibration severity for newly commissioned drive units
Zone “B”—yvibration severity is considered acceptable for unrestricted
Flexible 45 1 v - P
ong-term operation
71 Zone “C”—yvibration severity is considered unsatisfactory for unrestricted
' long-term continuous operation, and remedial action should be taken
>7.1 Zone “D”—vibration severity is sufficiently high to cause damage

It should be highlighted that, in the opinions of some, the recommendations of ISO-10816-3
are too restrictive as they refer solely to new drive units tested on unique stands, where the
influence of additional environmental vibrations can be kept to a minimum or isolated.

3.3. Method of Assessment of Vibration Severity in the Probabilistic Approach to Signal Analysis

Since the vibrations generated in the power unit are random variables, the analysis of
diagnostic signals should be performed in probabilistic terms.

This approach allows us to assign a certain probability to the indicators of diagnostic
signals that are used as symptoms of the technical condition. For example, the confidence
intervals or vibration velocity quantiles determined for the required confidence level can
be used as indicators.

Such an option is impossible in a deterministic approach to the analysis of
diagnostic signals.

Generally, the statistical distributions of signal values are unknown but it is most often
assumed that they have a normal distribution. However, this assumption is not always
justified since histograms of diagnostic signals from monitored machines generally have
right-skewed distributions [37].

Such an approach consists of the following stages:

o  The measured vibration signals are assumed to be random variables and then their
statistical distributions are estimated;
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e  The vibration severity is determined from the calculated quantiles Qp of the measured
signals, with p being the assumed confidence level;

e  The limits of the analyzed signals are the basis for determining the technical condition
of the equipment under study.

The measured signals can be both vibration velocities and accelerations.

To assess the technical condition of a given drive unit, the determined quantile values
are compared with the limit values.

A drive system is considered fit for further operation when the following relationships
are met:

Qp(v) < URMS(Limit); Cp(a) < ARMS(Limit) @
where UrpS(Limit) and ArRMS(Limit) are acceptable levels of vibration and acceleration, respectively.
According to the ISO-10816-3 standard, the values of Qp can be compared with the

upper limit of zone “B” (Table 2). If less demanding requirements are assumed, the values
of Qp can be compared with the higher value vrys = 8.0 mm/s.

4. Results and Discussion

Following the recommendations of the ISO-10816-3 standard, this research was carried
out during the operation of the BE#3 bucket elevator in the following conditions:

e  Without load (i.e., with the gear idling);
e  Under the nominal working velocity of the bucket chain.

4.1. Results of Vibration Severity Analysis Based on the Peak Values of the Signal

The first stage of diagnostic testing consisted of the evaluation of vibration intensity in
the drive unit of the BE#3 elevator carried out in the time domain.

The following were used as diagnostic signals: velocity and vibration acceleration
measured at four characteristic points of the drive unit (Figure 1). Examples of time
waveforms of these diagnostic signals, that is, vibration velocity and acceleration, at two
measurement points are shown in Figures 2 and 3.

(a) 20

VRMS [mm/s] (MP1V)

15

10

mm/s

0 [ ! I : I I ‘ ! | 1
0 5 10 15 20 25 30 35
(b) &
aRMS [m/s*2] (MP1V)
4
NQ 3
S

0 ' | ‘ \ ‘ \ ‘ | ' | ‘ \ ‘ \
0 5 10 15 20 25 30 35

Time, s

Figure 2. Time waveform of: (a) vibration velocity (top diagram) and (b) acceleration (bottom diagram)
at the point MP1 (in the vertical direction) in the power unit of the tested bucket elevator BE#3.
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Figure 3. Time waveform of: (a) vibration velocity (top diagram) and (b) acceleration (bottom diagram)
at the point MP4 (in the vertical direction) in the power unit of the tested bucket elevator BE#3.

A preliminary comparative analysis of the time waveforms of diagnostic signals
revealed no significant differences in terms of the overall velocity and vibration acceleration
level in the bearing nodes of the drive unit under study.

In a further stage of vibration intensity evaluation, the numerical values of the follow-
ing velocity and acceleration characteristics were determined:

e  C(Classical measures of vibration: RMS, peak values of velocity and acceleration;
e Dimensionless indices: crest factor and impulse factor. The impulse factor is particu-
larly useful in diagnostics based on vibration analysis.

Some relevant results are presented in Figure 4, where the limits of vibration severity
recommended by Blake are also marked.

Concerning the intensity of vibration in the drive unit of bucket elevator BE#3, the
analysis of the measurement results revealed that:

e  Peak values of velocity at some points exceed the lower limit of zone “C” (minor fault)
but do not exceed its upper limit. At the remaining points, the peak values of velocity
are in zone “D” (no fault).

e  Peak values of acceleration only at point MP1H slightly exceed the lower limit of zone
“C” (minor fault). At the remaining points, the peak values of vibration acceleration
are in zone “D” (no fault).

In addition, the peak coefficient values for velocity and vibration acceleration were
analyzed. The results are shown in Figure 5. The analyses show that in all measurement
points, the values of the crest factor and impulse factor for vibration acceleration do
not exceed the acceptable levels for long-term operation. Figure 5b (bottom diagram)
additionally marks the Ca = 3.0 limit recommended by B&K for rolling bearings without
damage (dashed line marks B&K).
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Figure 4. RMS and peak of: (a) vibration velocity, (b) vibration acceleration in the measuring points
MP1-MP4. According to Table 1, level B(v) = 25 mm/s, level C(v) = 10.5 mm/s, level C(a) = 5.5 m?/s.

6| [Cv: I

il

MP1V ~ MP1H MP2v  MP2H MP3V ~ MP3H MP4V  MP4H

(b) 5 -

T _ e ___

5

0_ :

MP1V ~ MP1H MP2V  MP2H MP3V  MP3H MP4V  MP4H
Point

Figure 5. Crest factor and impulse factor of: (a) vibration velocity, (b) vibration acceleration in the

measuring points MP1-MP4. Green line marks Ca = 3.0 recommended by B&K.
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Conclusion

The above findings imply that the vibration intensity of the BE#3 bucket elevator
drive unit, evaluated using peak velocity and acceleration values according to Blake’s
recommendations, makes it suitable long-term operation.

4.2. Results of Vibration Severity Analysis in the Frequency Domain

The time-based analysis of the vibration velocity waveforms was the first step in
assessing the technical condition of the tested power unit. The next step was the analysis of
the diagnostic signal in the frequency domain. This was carried out on the basis of broad-
band vibration velocity spectra (the 1/3 octave spectra). The broadband frequency analysis
of vibration velocity signals was carried out according to the primary recommendation of
the ISO-10816-3 standard.

The 1/3 octave analysis was performed in the range from 1 Hz to 10 kHz for all the
points from MP1 to MP4 in the tested power unit. Examples of results are presented in
Figures 6 and 7, where the upper limits for zones “A” to “D” of vibration severity are also
marked by relevant lines (dash, dash-dot or solid).

(@ g
6] I PV (BE#3)
——"C" VRMS(7.1)
"B" vRMS(4.5)
— — "A" RMS(2.3)
T ——

5 8 125 20 315 50 80 125 200 315 500 800 Total

(b) 5 _

44 B VP 1H (BE#3)
o "B" vVRMS(4.5)
c 3 - — "A" RMS(2.3)
&

5 8 125 20 315 50 80 125 200 315 500 800 Total

Frequency, Hz

Figure 6. Example of the spectrum of the RMS vibration velocity at point MP1 in the bucket elevator
BE #3: (a) in the vertical direction (top) and (b) in the horizontal direction (bottom); the total value is
marked as a blue column.

The broadband analysis of vibration velocity at measurement points MP1 to MP4 shows,
among other things, that the highest vibration intensity during operation of the BE#3 bucket
elevator under study occurred at the first bearing node of the input shaft (point MP1) and the
first (outer) bearing node of the output slow-speed shaft at point MP3 (Figure 8).
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Figure 7. Example of the spectrum of the RMS vibration velocity at point MP4 in the bucket elevator
BE#3: (a) in the vertical direction (top) and (b) in the horizontal direction (bottom); the total value is
marked as a blue column.
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Figure 8. Total values of the RMS velocity in points MP1 to MP4 of the tested drive units.
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This conclusion is consistent with the diagnostic evaluation based on peak value
analysis of the signals.

In the context of the requirements formulated in ISO-10816-3, it was found that the
vibration intensity at points MP1 and MP3 slightly exceeds the lower limit of the “B”
condition but does not exceed the upper limit of the “C” zone. This means that the intensity
of vibrations generated at points MP1 and MP3 on the drive unit is considered acceptable
for long-term operation but with some restrictions, and that is why proper remedial action
should be taken. At other points, MP2 and MP4, the level of vibration severity is acceptable
for unrestricted long-term operation.

Conclusion

In the author’s opinion, the slightly higher level of vibration severity at points MP1 and
MP3 resulted not from the operation of the tested drive unit but was caused by additional
vibration transferred to the support frame from the housing of the bucket elevator.

However, if one adopts less restrictive requirements for the vibration intensity level—
e.g., the acceptable vibration velocity vrms(8.0) = 8.0 mm/s (as extensively presented in the
paper [18])—then the vibration intensity at points MP1 and MP3 does meet the criteria for
unrestricted long-term operation of the drive unit.

4.3. Results of Vibration Severity Analysis in the Probabilistic Approach

A probabilistic approach to assessing vibration severity was used to estimate the
statistical distribution of velocity vrys and acceleration arys in the measuring points MP1
to MP4 of the tested drive unit (using the maximum likelihood method). The best fit with
experimental data was obtained using the two-parameter gamma distribution. Examples
of histograms of vibration velocity and acceleration are presented in Figures 9 and 10.
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Figure 9. Examples of histograms of vibration velocity vVRMS (in the vertical direction) at the points:
(a) MP1, (b) MP4. The estimated gamma probability distribution functions are shown.

In the next step, the relevant quantiles Q0.90 and median of the vibration velocity and
acceleration at the measuring points MP1 to MP4 of the tested drive unit were determined
and are presented in Figure 11. The upper limits of vibration velocity vryms = 4.5 mm/s
for zone “B” (according to the ISO-10816-3 standard) as well as the limit vgys = 8.0 mm/s
(according to the less restrictive recommendation) are also marked.
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Figure 10. Examples of histograms of vibration acceleration aRMS (in the vertical direction) at the
points: (a) MP1, (b) MP4. The estimated gamma probability distribution functions are shown.
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Figure 11. Statistical parameters of (a) vibration velocity, (b) vibration acceleration in the vertical
direction in the tested drive unit of the bucket elevator BE#3.

Larger values of the Q0.90 quantiles of the measurement signals characterize a higher
level of vibration intensity in probabilistic terms and, in these terms, can be regarded as
symptoms of worse technical conditions.

Conclusion
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Evaluation of vibration intensity using the probabilistic approach is not yet widespread
in the literature. However, the probabilistic approach to vibration intensity analysis is
more realistic, considering the nature of randomly varying signals. The machinery under
study generally generates non-Gaussian diagnostic signals, hence the need to determine
the actual statistical distributions of velocity and acceleration. This claim is based on [37]
and the author’s previous research.

5. Conclusions

The main goal of this paper was to assess the vibration severity level in the drive
unit of the tested bucket elevator and to determine if that drive unit is still suitable for
long-term operation.

The vibration velocity and acceleration were assumed as diagnostic signals, and their
characteristic features were used to determine the vibration severity. The vibration velocity
and acceleration were measured at the bearing housings of the drive unit.

The assessment of vibration severity was based on the following three approaches:

e In the time domain, based on the peak values of vibration signals;
e In the frequency domain, based on the spectral analysis of vibration signals;
e  Using the probabilistic approach to the analysis of vibration signals.

In the vibration analysis based on the peak values of signals, Blake’s recommendations
regarding the permissible limits of velocity and acceleration were taken into account.

The assessment of vibration severity performed in the frequency domain was based on
the broadband (1/3 octave) spectra of vibration velocity and the severity zones according
to the recommendations of ISO-10816-3.

The probabilistic approach to calculating vibration severity was carried out according
to the author’s concept and based on the probability density function of vibration velocity
and acceleration and the relevant quantiles. The probability density functions were esti-
mated using the maximum likelihood method from the measured data. Quantile Q0.90
was proposed to measure the vibration severity in real technical systems.

The evaluation of vibration intensity in probabilistic terms, proposed by the author,
offers new possibilities because it considers the actual random nature of diagnostic sig-
nals. The assumption that the machines under study generate Gaussian signals is not
always justified.

There are many different diagnostic methods and each of them has its advantages
and limitations. The vibroacoustic diagnostics method used by the author of the article
is a non-invasive method that can be applied during regular operation of the machine or
equipment under test.

A combination of various diagnostic methods, such as vibroacoustic diagnostics
in conjunction with thermal imaging, helps to acquire additional information (so-called
redundancy). Therefore, in the case of electric motors, in addition to the vibroacoustic
method presented in this article, such a comprehensive procedure can include multiple
methods, such as thermal imaging and measurements of the phase current, voltage and
axial flux [38,39].

It should be noted that intelligent systems based on neural networks, including
convolutional networks, are also used for condition monitoring and fault detection [40—45].
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