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Abstract

This paper presents a technique for defining the optimal parameters of a moving window when processing
the signal of a vibration accelerometer installed on a ball drum mill as part of the automation system. Time
series signals of the vibration acceleration have been synthesized based on the experimental data of frequency
spectrums with the application of the inverse Fourier transform. The lower and upper limits for the moving
window size have been defined. The frequency spectrum for the time series signal within the moving window
has been built by means of the fast Fourier transform method. An optimality criterion has been proposed. This
criterion considers the quality of the derived frequency spectrum and the computational resources of the
microprocessor system needed for processing the vibration accelerometer signal. The optimal duration of the
moving window for the analyzed example is 100 ms. The impact of the time signal sampling rate on the
frequency spectrum shape has been studied.

Keywords: vibration accelerometer; Fourier transform; frequency spectrum; time series signal; ball drum mill.

1. Introduction

Processing of the vibration signals is an important part of the procedure for obtaining data on the condition and
behavior of mechanical systems. The level of vibration of the technological equipment or its parts is measured by
means of an accelerometer. Some changes in the technological process can be defined and certain patterns can be
identified on the basis of the vibration signals. One of the examples here is the automation system of a ball drum mill,
where the vibration accelerometer is applied to define the level of mill load with the material [1]. As the mill rotates,
the balls strike the inner surface of the mill drum, where the material is located, and thus the grinding process takes
place. The strikes of the balls excite vibrations that propagate through the mill body. These vibrations are a useful
signal, but in addition to the useful signal there is also noise at the input of the vibroaccelerometer, which is caused by
the operation of water pumps, shut-off valves, mill bearings, and other technological equipment. The task of the
measurement system is to get the useful signal and filter out the noise.

The vibration sensor can be installed in different parts of the mill: on the front bearing support of the mill drum,
on the rear bearing support of the mill drum, or on the outer surface of the mill drum (in one or more places). The
signal of the vibration sensor installed on the front bearing support contains information about the amount of the
material in the inlet part of the mill drum. The signal of the sensor installed on the rear bearing support contains
information about the amount of material in the outlet part of the mill. Based on the signals of the vibration sensors
installed on the outer surface of the mill drum, it is possible to estimate the distribution of the material along the mill
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drum. Another way of using vibration sensors is to install them inside the balls. Based on the signals of such sensors,
the degree of mill load with the material can be defined [2].

By analyzing the vibrations that occur during the operation of the mill, it is possible not only to determine the level of
filling with material, but also to diagnose the condition of the technological equipment and ensure optimization of the
grinding process, reduction of energy consumption and minimization of equipment wear [3]. The methods for processing
the vibration accelerometer signals affect the operation of the whole mill automation system. Therefore, improving these
methods is an important task for ensuring high quality and reliability of the mill automatic control system functioning.

2. Analysis of recent publications

One of the methods for processing the vibration accelerometer signal is the application of a moving window [4].
In [5], a method for collecting and processing vibration signals using sensors installed on the outer surface of the mill
drum, as well as on the supports of the front and rear bearings of the mill drum, is presented. For sensors installed on
the surface of the mill drum, the window size is chosen to be 4096 samples. And for sensors installed on the bearing
supports the window size is 2048 samples at the sampling rate of 19.2 kHz. In [6], a method for determining the
characteristics of the ground material based on the signal of a vibration accelerometer installed on the surface of the
mill drum is presented. The window size for processing the time series signal here is 10 s. In [7], a method for
determining the mill load based on the vibration signal using the Adaptive Chirp Mode Decomposition and the
Standardized Variable Distance Classifier is presented. The window size here is set to 1 s. In [8], a window size of
2048 samples at a sampling rate of 20 kHz is chosen for processing the accelerometer signal. In [9], a method for
processing the accelerometer signal using the Hampel filter to eliminate noise and the Fast Fourier Transform to get
the Power Spectral Density is presented. The window size here is 9000 samples, and the signal sampling rate is 13 kHz.

The abovementioned works describe the methods, tools, and sequence of steps used in processing the vibration
accelerometer signal. However, there is no information in these works on how to determine the optimal size of the moving
window for processing the vibration accelerometer signal and what the limitations are on the size of the moving window.

3. Goal of research

Defining the optimal size of the moving window when converting a time series signal into a frequency spectrum
is an important step to ensure accurate and efficient processing of the vibration accelerometer signal. If the size of the
moving window is too small, the obtained frequency spectrum will not correspond to the real frequency spectrum and
the quality of the frequency spectrum will be unsatisfactory. Too large a moving window requires more time to
process the signal and more memory to store the moving window samples, which leads to the need to increase the
computing resources of the microprocessor system. Another factor that needs to be taken into account when defining
the upper limit of the moving window size is the rate of mill load change. If the window size is too large, then with a
rapid change in the mill load, a significant dynamic error in defining the mill load with the material may occur.

The goal of this work is to develop a technique for defining the optimal parameters of a moving window when
processing the signal of a vibration accelerometer installed on a ball drum mill to determine the amount of the material in
the mill. To achieve this goal, the frequency spectrums of the vibration acceleration signals should be analyzed for a
filled and empty mill. The sampling rate of the time series signal should be chosen. The lower and upper limits for the
moving window size should to be defined. An optimality criterion for the size of the moving window should be
developed. All these tasks were accomplished by the authors. The results are presented in this paper.

4. Main results of research work

Converting the time series signal of a vibration accelerometer into a frequency spectrum allows improving the efficiency
of its analysis, since in this way it is possible to get the useful signal and eliminate the influence of noise. In addition, the
amplitude deviations within the useful frequency band become more obvious. To build the frequency spectrum, the fast
Fourier transform method [10] implemented by means of the fft command in Matlab [11] has been applied in this work.

The frequency spectrums of the vibration acceleration signal for an empty and filled mill are shown in Fig.1.
These frequency spectrums were obtained on the basis of experimental studies [12]. The dependence of the frequency
spectrum on the mill load in a three-dimensional space is shown in Fig.2. Fig.1 and Fig.2 show that the more the mill
is loaded, the smaller the amplitude of the vibration accelerometer signal and vice versa. The useful signal of the mill
load is within the frequency range from 2 to 6 kHz.
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Fig.1. Frequency spectrums of vibration acceleration
signal for the empty and filled mill.

Fig.2. Dependence of frequency spectrum
on mill load.

Based on the experimental frequency spectrum points, a time series signal of vibration acceleration has been
synthesized using the ifft command in Matlab [13], which performs the inverse Fourier transform. In order to
synthesize the time series signal of vibration acceleration, the sampling rate and the number of samples should be set.
According to the Nyquist theorem, the sampling rate of the signal should be twice the highest frequency of the
continuous signal that needs to be converted into a discrete form [14]. We can see from Fig.1 that the highest
frequency of the vibration acceleration signal is 6 kHz. So, for this measurement system, the Nyquist frequency is
12 kHz. According to the recommendations of manufacturers of equipment for measuring the vibration acceleration,
it is recommended to set the sampling rate to at least twice the Nyquist frequency [4], [15]. Therefore, the following
parameters have been set for synthesizing the time series signal of vibration acceleration:

e sampling rate: 24 kHz;

o number of samples: 12000;
e duration of signal: 0.5 sec.

Amplitude, m.fsec2

Fig.3. Time series signal of vibration acceleration (a) and
its frequency spectrum (b) for the empty mill.
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The synthesized time series signals of vibration acceleration for the empty and filled mill are presented in
Fig.3,a and Fig.4,a, respectively (the time series signals are visualized in the selected time range from 0 to 0.025 sec).
The frequency spectrums for the empty and filled mill are presented in Fig.3,b and Fig.4,b, respectively (these
frequency spectrums are built on the basis of the whole synthesized time series signals with the duration of 0.5 sec).
The initial experimental points of the frequency spectrums, on the basis of which the time series signals were
synthesized, are also shown in these figures. Fig.3,b and Fig.4,b show that the frequency spectrums built with the
application of the fft command have the form of delta functions for the selected frequencies with amplitudes
corresponding to the initial experimental points of the frequency spectrums. This indicates that the inverse and
forward Fourier transforms were accomplished correctly.

4.1. Definition of lower and upper limits for the moving window size

Fig.3,a and Fig.4,a show that the vibration acceleration signal is of cyclic nature and the period of one cycle is
2.5 ms. In order to check how the frequency spectrum will look at different values of the window size (Ty;,), the
frequency spectrums of the empty and filled mill were built for the values of Ty, in the range from 2.5 ms to 500
ms. The results are presented in Fig.5 and Fig.6.

140 127
| Twin = 0.0025 sec Twin = 0.0025 sec
"‘ Twin = 0.01 sec Twin = 0.01 sec
120 i Twin = 0.0175 sec 10t ] Twin = 0.0175 sec
| Twin = 0.025 sec h Twin = 0.025 sec
| Twin = 0.5 sec il Twin = 0.5 sec
100 t “
, i o, 8
b Il ]
E 80r ‘.“ 2
[ / ¢ B
E ‘\ \ E
= 60 / ’ | =
£ Vg o £ A
< A Ml \\ < 4r / -
40 7 ‘. Il ‘ Il \ /] | -
1IN AT
0 | 1 | ‘“ ‘ I‘ ‘\\ 2r 1 | L i \
lJ“ na ﬂ nu .‘H\, nu ﬁ
o =——= L JL U S N ALY L
0 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000
Frequency, Hz Frequency, Hz
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window size (Ty;,) for the empty mill. window size (Ty;,) for the filled mill.

We can see from Fig.5 and Fig.6 that at T,;, = 2.5 ms (period of one cycle of the vibration acceleration signal)
the frequency spectrum has the form of a curve that rises up to a certain value, after which it begins to fall down.
With an increase in Ty, value, the frequency spectrum acquires a wedge-shaped form. With a further increase in Ty,
the width of each wedge decreases and the frequency spectrum approaches the form of delta functions. So, the larger
the size of the moving window, the better the quality of the frequency spectrum. At T, = 2.5 ms the quality of the
frequency spectrum is unsatisfactory, because the curve of the frequency spectrum has a fundamentally different form
than at larger values of the window size. At T,;, = 25 ms, the frequency spectrum acquires a satisfactory quality. For
further studies, we will consider that the lower limit of the moving window size is 25 ms.

In order to define the upper limit of the moving window size, the transient process of mill load variation in time
should be analyzed. The transient process curve is presented in Fig.7. It was built on the basis of the results of
experimental studies given in [12]. By differentiating the mill load curve, we obtain the load rate of change curve (see
Fig.8). In addition, the curve of modulus of load rate of change was built (see Fig.9) and the curve of inverse modulus
of load rate of change was built (see Fig.10).

Fig.9 shows that the maximum rate of change of mill load is 2.16 %/sec. This maximum rate of change
corresponds to the minimum time period during which the mill load can change by 1% (see Fig.10). In this case, the
minimum time period is 462 ms. We will round this value to 450 ms and consider that the upper limit of the moving
window size at processing the vibration accelerometer signal is 450 ms.
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Fig.7. Transient process of mill load variation. Fig.8. Mill load rate of change.
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Fig.10. Inverse modulus of mill load rate of change
(o — point of maximum rate of change).

(o — minimum period of time during which the mill
load can change by 1%).

4.2. Definition of lower and upper limits for the moving window size

Now when we have the values of the lower and upper limits of the moving window size, we can build the
frequency spectrums of the empty and filled mill for the window size in the range from the lower to the upper limit
(i.e. from 25 ms to 450 ms). The frequency spectrums are presented in Fig.11 and Fig.12. These figures show that the
larger the moving window size, the better the quality of the frequency spectrum. To quantitatively assess the quality
of the frequency spectrum, we will calculate the area under the curve of the frequency spectrum for different values of

the moving window size (see Fig.13,a and Fig.14,a). The smaller the area under the curve, the better the quality of the
frequency spectrum.
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As the size of the moving window increases, the number of samples in it increases too. As a result, the amount of
memory that needs to be allocated in the microprocessor system to store these samples increases, and the time for
processing the vibration accelerometer signal within the moving window increases too. To quantitatively assess the
impact of the size of the moving window on the requirements for the microprocessor system to increase its resources
and performance, we will take the number of samples in the moving window (see Fig.13,b and Fig.14,b).

To find the optimal size of the moving window, we will calculate the normalized area under the frequency
spectrum curve and the normalized number of samples in the moving window using the following formulas:

s' = s/max(s), (D)
nlWin = nWin/max(nwin): (2)
where s is the area under the frequency spectrum curve, m/sec®; s' is the normalized area under the frequency spectrum curve;

Nwin 1S the number of samples in the moving window; n'y, is the normalized number of samples in the moving window.

As the optimality criterion for the moving window size, we will take the sum of the normalized values of the
area under the frequency spectrum curve and the number of points in the moving window:

I =5"+ Ny, ®)

This is an integral optimality criterion that takes into account the quality of the frequency spectrum and the
impact of the moving window size on the resources and performance of the microprocessor system. The dependence
of the optimality criterion and its components on the moving window size for an empty and filled mill is presented in
Fig.15 and Fig.16, respectively.
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Fig.15 and Fig.16 show that the minimum value of the optimality criterion for the empty and filled mill is
achieved at Ty, = 100 ms. Thus, we will consider this value as the optimal size of the moving window for processing
the vibration accelerometer signal in the automation system of the ball mill under consideration [12].
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The frequency spectrums of the empty and filled mill for the optimal moving window size (T, = 100 ms) are
presented in Fig.17 and Fig.18. We can see from these figures that the quality of the frequency spectrums is high,
since the frequency spectrums look almost like delta functions at the points of the selected frequencies, and the

amplitudes are equal to the experimental amplitudes, on the basis of which the time series signals of vibration
acceleration were synthesized.
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As far as the moving window step is concerned, it depends on the requirements for the accuracy and resolution
of the mill load signal. If there is a need to obtain high resolution, the moving window step should be small, e.g. 50
ms for the system under consideration. In this case, the window will move along the time series signal with 50%
overlap. During the 50 ms time period, the mill load can change by approximately 0.1% at the maximum rate of
change of mill load, which corresponds to high resolution. If there is no requirement for high resolution, then the
moving window step can be set at a large value, e.g. 500 ... 1000 ms. In this case, the window with an optimal size
will move along the time series signal without overlap.

4.3. Technique for defining the optimal size of moving window

The initial data for defining the optimal size of the moving window when processing the vibration accelerometer
signal in the ball mill automation system are the frequency spectrums of the vibration signal for an empty and filled

mill, as well as the signal of mill load variation during its operation. The developed technique consists of the
following steps:

1) based on the analysis of the frequency spectrums of the vibration acceleration signal, the sampling rate of the
time series signal should be chosen (so that it is at least twice the Nyquist frequency);

2) time series signals of the vibration acceleration should be synthesized based on the frequency spectrums for
an empty and filled mill;
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3) lower limit of the moving window size should be defined (the minimum size of the window at which the
frequency spectrum is built with a satisfactory quality for the synthesized time series signal, see 4.1);

4) upper limit of the moving window size should be defined on the basis of the signal of mill load variation
during its operation (the minimum period of time during which the mill load can change by 1% at the
maximum rate of change of the mill load, see Fig.10);

5) the dependence of the area under the frequency spectrum curve on the size of the moving window should be
plotted (see Fig.13,a, Fig.14,a);

6) the dependence of the number of samples in the moving window on the size of the moving window should be
plotted (see Fig.13,b, Fig.14,b);

7) the normalized values of the area under the frequency spectrum curve and the number of samples in the
moving window should be calculated by means of formulas (1) and (2);

8) the integral optimality criterion should be calculated by means of formula (3);

9) the value of the moving window size that corresponds to the minimum of the integral optimality criterion
should be chosen.

Defining the optimal size of the moving window according to the proposed technique ensures high quality of
frequency spectrum when processing the vibration accelerometer signal, and also makes it possible to minimize the
influence of the size of the moving window on the resources and performance of the microprocessor system.

4.4. Impact of time signal sampling rate on the frequency spectrum shape

In order to investigate how the sampling rate of the time series signal of the vibration accelerometer affects the
shape of the frequency spectrum, the time series signal was synthesized with different sampling rates, namely 24 kHz,
48 kHz and 96 kHz (the duration of signal was taken equal to 500 ms). The time series signal was synthesized using
the ifft command in Matlab based on the experimental frequency spectrum data (Fig.1). The synthesized time series
signals for an empty and filled mill are presented in Fig.19 and Fig.20, respectively (time series signals are visualized
in the range of time from 0 to 2.5 ms). After that, the frequency spectrum was built at different values of the sampling
rate of the time series signal (using the fft command in Matlab). The frequency spectrums for an empty and filled mill
are presented in Fig.21 and Fig.22, respectively (these frequency spectrums were built on the basis of the whole
synthesized time series signals with the duration of 500 ms).
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Fig.21. Frequency spectrum at different sampling rates of time series signal for the empty mill.

We can see from Fig.21 and Fig.22 that within the frequency range of the useful signal (from 2 kHz to 6 kHz),
the frequency spectrum has the same shape for different sampling rates of the time series signal and it looks like delta
functions for the selected frequencies with the amplitudes equal to the initial experimental points of the frequency
spectrum. In addition, these figures show that an increase in the sampling rate of the time series signal leads to an
increase in the number of zero points of the frequency spectrum outside the range of useful frequencies (in the
direction of increasing frequency), and within the range of useful frequencies the shape of the frequency spectrum
remains the same. This means that after defining the minimum value of the sampling rate of the time series signal (24
kHz in this example), a further increase in the sampling rate does not affect the shape of the frequency spectrum
within the frequency range of the useful signal.
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Fig.22. Frequency spectrum at different sampling rates of time series signal for the filled mill.

Thus we can conclude that the optimal size of the moving window (being defined in time units) does not depend
on the sampling rate of the time series signal (for sampling rates above the minimum value), because the area under
the frequency spectrum curve (s, see 4.2) will remain the same for different sampling rates and the number of samples
in the moving window (n,;,) will change proportionally for different sampling rates, which means that the curves s'
and n'yi, in Fig.15 and Fig.16 will be the same for different sampling rates of time series signal of vibration
acceleration.

5. Conclusion

The research found that the size of the moving window when processing the vibration accelerometer signal
affects the quality of the derived frequency spectrum in the ball drum mill automation system. Too small a moving
window size leads to obtaining a frequency spectrum that does not correspond to the real frequency spectrum and the
quality of the derived frequency spectrum is unsatisfactory. In the case of too large a moving window, it is necessary
to spend more time on signal processing and involve more memory for storing moving window samples, which leads
to the need to increase the computing resources of the microprocessor system. In addition, when defining the upper
limit of the moving window size, it is necessary to take into account the rate of change in the mill load with the
material. Too large a window size with a rapid change in the mill load can lead to a significant dynamic error in
defining the value of the mill load with the material.

The frequency spectrums of the vibration acceleration signal for a filled and empty mill have been analyzed in
this work. The sampling rate of the time series signal of the vibration accelerometer has been chosen. The limits for
the moving window size have been defined. A technique for defining the optimal size of the moving window has been
developed. This technique is based on the integral optimality criterion, which takes into account the quality of the
derived frequency spectrum and the influence of the moving window size on the resources and performance of the
microprocessor system. The study of the frequency spectrum built for different values of the sampling rate of the time
series signal demonstrated that after defining the minimum value of the sampling rate of the time series signal, a
further increase in the sampling rate does not affect the shape of the frequency spectrum within the frequency range
of the useful signal.
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MeToanka BU3HAYEHHS ONTUMAJLHUX MapaMeTPiB PyXOMOro BiKHa sl
ONPALIOBAHHS CUTHAJIY BiOpoakcejiepoMeTpa

Poman ®enopummun®, Bacuns Jlumua®, Bonoaumup 3arpa171b, Oner Macusx®

aHauiOHaﬂbHuﬁ yHigepcumem «JIvgiscvra nonimexwixay, eya. C. Bandepu, 12, Jlvsig, 79013, Yrpaina
7308 «T. exnpunaoy, eyi. B. Anmonosuua, 116, Jlveis, 79057, Yrpaina

AHoTanis

VY miii cTarTi NpencTaBICHO METOMWKY BH3HAYEHHS ONTHMAJIBHUX IIapaMeTpiB PYXOMOTO BiKHA IIpH
OIpalllOBaHHI CUT'HAJY BiOpaliifHOTO akcejlepoMeTpa, BCTAHOBJICHOTO Ha KyJbOBOMY OapabaHHOMY MIIMHI Yy CKJIaji
cucTteMu aBTomaru3anii. Ha ocHOBI ekcriepuMeHTaIbHUX JaHUX YaCTOTHUX CHEKTPIB CHHTE30BaHO 4aCOBI CHI'HAJIM
BIOpONPUCKOPEHHS i3 3aCTOCYBaHHSIM 3BOPOTHOTO IepeTBopeHHs Pyp'e. BusHaueHO BEpXHIO Ta HMKHIO MEXY
pO3Mipy pyxoMoro BikHa. YacTOTHHH CHEKTp JJIsl 4acOBOI'O CHTHAJy B PyXOMOMY BiKHI MOOYJIOBaHO METOIOM
mBHAKOTO mepeTBopeHHS Dyp'e. 3anmpomoHOBAHO KPUTEPiH ONTHUMAIBHOCTI, SKHH BpPAXOBYE SKICTh
NMoOYZI0BAaHOT'O YaCTOTHOTO CIEKTPY Ta OOYMCIIOBAaJIbHI PECYpCH MIKpOIPOLECOPHOI CHUCTEMH, HEOOXiJTHI JuIs
OTIpalOBaHHS CHUTHANY BiOpoakcenepomerpa. OmnTuMmallbHa TPHUBAIICTH PYXOMOTO BiKHA Uil aHaJIi30BaHOTO
npuknanay craHoButh 100 mc. JlocmiypkeHO BIJIMB YAaCTOTH JTUCKPETH3allii 4acOBOTO CHUTHAIY Ha ¢Gopmy
n00Y/I0BaHOT'0 YaCTOTHOTO CIIEKTPY.

Karouosi cioBa: BiOpoakcenepomerp; neperBopeHHs Pyp’e; 4aCTOTHHH CHEKTP; YAaCOBHH CUTHAN; KyJIbOBHI
OapabaHHMIA MJTHH.
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