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Featured Application: In the presented research, methods of processing the vibrational signal
of acceleration from horizontal drilling rig aggregates were applied. The significance of the
given study is that signal processing methods have not yet been applied to such an extent, de-
spite the fact that the mining industry requires them. The presented significant results will help
streamline the drilling process and prevent machinery accidents. Reference operating modes
have been investigated and designed to determine vibrational statistical characteristics, autocor-
relation functions, spectra, and spectrograms. Their research will help locate sources of strong
unwanted vibrations.

Abstract: During the operation of each machine, there are dynamic effects causing vibrations. Such a
device is also an experimental horizontal drilling stand with aggregates, i.e., a direct current motor
(DC), a pump, and a hydro-generator. During their operation, unwanted vibration acceleration signals
are generated. It is clear that the accompanying vibration signal carries integrating information about
the current state of the drilling rig. Vibration signal processing methods for the time and frequency
domains were used. The results of time-domain processing showed significant differences in time
waveforms, statistical characteristics, and auto-correlation functions. The auto-correlation function
pointed to the periodicity and dependence of the vibrational signal samples. Based on the acquired
knowledge, the signals were classified, and a strong source of vibration was determined. Noise
is superimposed on the harmonic components of the signals. Amplitude and power spectra were
constructed in the frequency domain. Dominant frequencies were identified for each investigated
mode in the operating mode. Power spectra removed less significant frequencies and focused on the
dominant ones. Time-frequency spectrograms revealed significantly higher frequency bands. The
proposed methods can be implemented in diagnosing the operation of the machine and aggregates,
determining the source of the greatest vibrations, wear of parts of the equipment such as the drill bit,
and recognition of the overall condition of the equipment.

Keywords: vibration response; horizontal drilling stand; time-frequency analysis; acceleration; mode

parameter; rock disintegration; mode parameters; acceleration vibration; spectrum; spectrogram

1. Introduction

Rock disintegration by rotary drilling is one of the most important technological
operations in the field of mining and mineral processing. If the disintegration process has
to be effective, it needs to be monitored, optimized, and managed [1,2]. This requires the
measurement of input process variables (such as pressure on the drilling tool F (N) and
tool speed n (rpm)) as well as output variables (such as noise, vibration, and borehole
length). An essential factor in this rotary rock disintegration technology is the interaction
of the disintegrating tool with the disintegrated rock [3]. The interaction of the drilling
tool with the rock is a source of vibrations and noise, the negative effects of which are
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fundamentally reflected in the machinery [4,5]. Knowledge of the laws of origin and
suppression of vibrations allows designers to design machines and equipment to effectively
reduce the intensity of vibration during their operation and ensure smooth operation [6].
The operation of machinery and equipment should also include their continuous vibro-
diagnostics combined with operation monitoring. Analytical, numerical, and experimental
methods are currently used to solve vibration problems [7,8]. Although numerical methods
are more often used in industrial practice, experimental analysis methods are in many cases
the only possible way to determine real dynamic parameters [9,10]. Due to this, the drilling
process is random, mainly due to the inhomogeneity of the drilled material. It is then clear
that the measured oscillating movement of the drilling device is also random. Subsequently,
the time-frequency analysis must be based on the statistical and frequency processing of the
measured vibration response signal of the drilling stand [11-13]. In this case, the vibration
response of the drilling device is the acceleration of the vibration movement in different
operating modes. In the conditions of a laboratory experiment on a drilling stand, two
basic states for vibrations can be distinguished:

e no-load vibration;
¢  vibrations during rotational disintegration of selected rocks.

Idle vibrations have the following components:

e  vibrations from main aggregates;
*  rinsing water vibrations.

The proposed signal processing methods will provide useful information in the vibro-
diagnostics of the drilling equipment, followed by the current technological state of the
equipment, as well as the time waveform of the technological process and operations [14-16].

2. Experiments Methodology—Description of the Drilling Stand

The research subject was a vibration signal generated by a laboratory horizontal
drilling stand. The drilling stand was developed and manufactured Institute of Geotechnics
at the Slovak Academy of Sciences in Kogice (UGt SAV in Kogice). The horizontal drilling
stand is designed for rotary rock drilling with small-diameter diamond drill bits up to
a diameter of 80 mm. The device enables the drilling of rock samples in the shape of a
block with dimensions of 2 x b x ¢ up to the size of 300 x 200 x 200 mm. Essential parts
of the drilling device are three main units, namely a direct current (DC) motor, a hydro-
generator, and a water pump. Their action is the dominant excitation effect resulting in
an appropriate vibration response of the entire drilling stand [17-20]. Measurements of
acceleration vibrations were designed in the dominant horizontal direction to obtain the
vibration response of the drilling rig. Measurements were carried out at the set operating
modes, i.e., if only one of the three aggregates of the facility was in operation (L-IIL), if
there was always a pair of aggregates in operation (IV.-VL), and if all three aggregates were
in operation (VIL-IX.). The following operating modes have been proposed for industrial
practice and experimental research:

I.  motor only;

II.  pump only;

II.  hydro-generator only;

IV. motor and pump;

V. motor and hydro-generator;

VL. pump and hydro-generator;

VII. motor, pump, and hydro-generator, tool spindle without the bit;
VIII. motor, pump, and hydro-generator, tool spindle with the bit;
IX. andesite rock drilling.

The conceptual scheme of experimental methodology and processing of the vibroa-
coustic signal is shown in Figure 1.

The vibration response of the drilling rig and its main aggregates is a random pro-
cess [21-24]. For this reason, it is necessary to base the analysis and rely on signal processing
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methods in the time and frequency domain [25-27]. In this case, the vibration response of
the drilling device is the acceleration of the vibration motion. Figure 2 shows an overall
view of a horizontal drilling stand located in a laboratory.
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Figure 1. Experiments methodology.
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Figure 2. Main parts of the drilling stand (1—Power switchboard, 2—experimentally drilling machine,
3—measuring system ADASH, 4—hydroelectric generator, 5—water pump, 6—sludge pit, 7—hose
for outfall of drilling fluid).

The horizontal drilling device consists of a support stand (9), on which a headstock
with a drilling spindle core (5) is mounted, and a working tool of a standard size drill bit
is screwed on. The drilling spindle is driven by a DC motor (12.5 kW, 220 V) via V-belts
(3) in a sheet metal housing. The direct current source for the electric motor’s drive is a
thyristor rectifier. The rinsing liquid water is supplied from the water pump by a rubber
pressure hose (1) connected via a sealing head (2) to the drilling spindle. The rock sample
(6) is clamped in a mechanical jig (7) which is mechanically connected to a strain gauge
head of axial pressure and torque. Parts of the device from the headstock through the core
(5) to the clamping device (7) are located in a protective sheet metal housing (4). The strain
gauge head is articulated to the piston rods of the hydraulic cylinders. The slider guide
is firmly connected to the stand (9). The rinsing liquid is drained from the sedimentation
tank (8) via a high-pressure hose (see Figure 2).

The following figures (see Figure 3) describe and present essential parts of the drilling
rig in more detail.

L] |

Figure 3. Detailed view to the drilling rig (1—headstock, 2—spindle drill, 3—core barrel, 4—drilling
bit, 5—clamping mechanism, 6—centering sled clamping mechanism, 7—head of the tensimeter
sensor).
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Adjustable working parameters of the horizontal drilling stand are the following:

*  pressure force, F 0—16,000 N;

* revolutions, n 0-2500 rpm, or 0-50 rps;
*  torque, My 0-200 Nm;

. drilled length, [ 0-0.3 m;

. volume flow of water flush, Q 0-1 x 103 m3s~1;

*  speed (velocity) of drilling, v 0-16.8x 1073 ms~ 1.

Even in laboratory conditions, practical drilling results are the rock drilling core (see
Figure 4).

Figure 4. Result of practical drilling in laboratory conditions ((a) block-shaped rock sample with
boreholes, (b) drilling rock core).

3. Theoretical Background and Calculation
3.1. Time Domain Vibration Analysis

Values of oscillating motion parameters the vibration signal respectively generally
changes over time [28-30]. For evaluation purposes, it is usually necessary to have a peak,
peak-to-peak, and the total energy content of the signal, which is given by the average and
effective value [31,32].

The following are considered essential time characteristics for the vibration accelera-
tion signal:

e amplitude x(t), which is the instantaneous value of the monitored signal parameter in
time t;
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*  peak xp(t), that represents the maximum distance of the peak of the wave from the
reference value, usually the x-axis;

*  peak-to-peak xpp(t), which is the maximum distance of opposite peaks of the wave;

* the average value x,y4(t) that represents the average value of the amplitude during
the wave according to the equation:

xavg 2|x1 1

o effective value (Root Mean Square—RMS) which is the objective value used in the
diagnostic guidelines, determined by the equation [33]:

2

The established statistical characteristics evaluate the vibration signal only statically
at a given time and do not provide information about the dynamic properties of the
signal [34-37]. They do not contain information on the statistical dependence of the signal
realization values at two different time points ¢; and f;.

The dynamic properties of changes over time are characterized by an autocorrelation
function in evaluating a single signal. The autocorrelation function can be evaluated from
a single implementation of the measured signal and the mutual time shift T = f; — #;.
Although, in general, the autocorrelation function depends on the time points t1, t, resp.
ty —t1 , in the case of a stationary signal, it depends only on 7.

An essential statistical characteristic in time analysis is the signal’s autocorrelation,
resp. autocorrelation function Ry (T) of the measured vibration signal x(¢). The au-
tocorrelation function Ry (7) is determined from one implementation and represents a
generalization of the mean value of the product of time-shifted values. The following
equation defines it:

Ryx(T 2 xi(£)(t+ 1) ®G)

The periodic parts of the vibrational signal x(¢) remain in the autocorrelation function,
and the non-periodic ones quickly disappear. From the autocorrelation function, it can be
determined the period of the periodic part of the measured signal. The autocorrelation
function provides an information about the dependence of the values of the function x(t)
at time ¢ from the values at time ¢ + 7.

From the time waveform of the autocorrelation function, it can be said for practice
that the faster the autocorrelation function decreases for increasing | 7| [38], the smaller the
statistical dependence of the signal’s successive values x(t) and the signal will also cover a
broader frequency spectrum. The slower time waveform of the autocorrelation function
is characterized by more significant statistical dependencies of successive signal values
and greater system inertia. If the signal contains a periodic component, the autocorrelation
function has the same period as the signal.

3.2. Frequency Domain Vibration Analysis

Frequency domain signal processing, when used correctly, eliminates the shortcomings
of a time-domain analysis [39,40]. The method makes it possible to locate emerging faults
vibrations of individual parts of the monitored drilling machine [41-43]. The amplitude
spectrum of the measured vibration signal x(t) is obtained by frequency analysis.

The basis of frequency analysis is mainly Discrete Fourier Transform (DFT) and Fast
Fourier Transform (FFT). The measured time-varying vibration signal is then processed
numerically [44]. The vibration acceleration signal x(t) is sampled in the time-domain in
the analog-to-digital converter (ADC).
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Its values are determined at time points distant by the regular sampling period T; (i.e.,
sample time) at the sampling frequency f;s. Because in practice, only a finite number, N, of
measured signal samples is available, it is necessary to use a discrete Fourier transform.

Before signal processing by the DFT method or FFT algorithm is necessary to be aware
of the basic parameters in the calculations:

* frequency range represents the baseband from 0 Hz to f,/2;

*  “zoom” factor, when using a frequency magnifier, indicates how many times the
frequency range is smaller;

¢ the number of spectral lines is usually N/2;

¢ the sequence number of the spectral line;

* frequency analysis resolution, indicating the spacing between the spectral lines.

The used Fourier transform X (jw) to obtain the amplitude spectrum of the vibration
signal x(t) from individual parts of the monitored drilling rig is defined by the integral equa-
tion:

X (jw) = / x(B)e 2t gt @)

If a directly measured signal generated by any part of the drilling rig is processed, a
numerical method known as Discrete Fourier Transform (DFT) is used [45]. It is suitable
for calculation (DFT) to use an efficient Fast Fourier Transform (FFT) algorithm, which is
used to process vibration signals in the frequency domain to obtain the resulting amplitude
spectrum. The following equation defines DFT:

N-1 o
X(k)= Y x(n)e#*N, n=0,...,N-1; k=0,...,N-1 (5)
n=0

The discrete value X (k) represents the amplitude. The values of x(n) and X (k) have
the same physical dimension.

In industrial practice, power spectra are also calculated in addition to amplitude
spectra [46,47]. In some complex industrial processes, in which signals are generated, they
have a stronger informative value about the current state of the technological process [48,49].
The following equation was used to calculate the power spectrum:

2
1

N o
= o | 2 x(m)e P

n=1

Sxx (w) (6)

where 1 < n < N applies to a signal in the discrete form x(n) = x(nAt) with a finite
number of samples N.

The amplitude and power spectra of vibration signals from individual parts of the
monitored drilling rig were analyzed. The FFT algorithm was used for the measured signal
with a sampling frequency of f; = 18 kHz to obtain a range from 0 to 9 kHz, a sampling
period of Ts = 0.55 ps a segment length of N = 2048 samples. The measured sampled signal
was used; therefore, mathematical equations in a discrete form are presented.

3.3. Time-Frequency Domain Vibration Analysis

When processing signals whose nature changes rapidly over time, it is often useful
to consider the frequency content of the short signal segments. It makes it possible to
formulate a more general spectrum as a two-dimensional function, dependent not only
on frequency but also on time position. The time-frequency analysis is practically based
only on the finite signal segments. Classical frequency analysis is about determining
the harmonic components of different frequencies [50-52]. However, in time-frequency
analysis, it is a matter of the most accurate localization of the occurrence of the signal’s
frequency components, both frequency, and time data. The spectrogram as a basis of time-
frequency analysis is one of the important tools of technical diagnostics. The spectrogram
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expresses changes in the power spectrum of the signal over time. In the case of evaluating a
vibration signal, time-frequency analysis can be useful in examining changes in the spectral
properties of the signal due to a change in the properties of the object being monitored.
The graphical representation of the spectrogram is in the form of image information. It can
be understood as a highly integrative source of information. Its information value is high
compared to simpler forms of information. The spectrogram of random vibration signal is
a sequence of spectra calculated one after the other. Thus, a spectrogram can be expressed
as a time sequence of its power spectra, where these power spectra have the structure of
N /2 element vectors (7).

Sxx(fkrf) = [SXX(fO/f)erX(flrj)/ B P (fg,l,]')}- @)

The elements Sy (f, j) of the power spectrum are the file mean values associated with
the j-th time moment and the k-th power frequency component of the signal f;. Parameter
N represents the number of samples in the segment of this signal.

4. Experimental Results and Analysis

The operation of the horizontal drilling stand in idle modes and during the rock
drilling process generates a vibration signal. It is evident that the vibration signal generated
by the technological drilling equipment carries up-to-date information characterizing its
technical condition and drilling process [53,54].

The presented experimental modes of operation of the device, measurement, process-
ing, and analysis of vibration acceleration signals identify and classify significant vibration
sources in the drilling process. Their identification is essential in industrial practice in
terms of wear of drill stand and drill bit parts [55,56], reducing the cost of the drilling
process, increasing drilling efficiency, reducing vibrations, and their impact on the working
environment and humans.

Stand idle modes with individual aggregates without drill bit and rock drilling can
represent reference modes to other set experimental modes.

4.1. Vibration Signal Processing in the Time Domain

The basic processing of vibration signals of acceleration in the time domain from the
drilling stand aggregates was the display of time waveforms, auto-correlation functions,
and the calculation of essential statistical characteristics.

In the time domain, the amplitudes x(t), peak x,(t), peak to peak x,,(t), average
xm,g(t), and RMS of the vibration signal from individual modes were observed. For idle
modes I. to VIIL the stand revolutions were set at 1000 (rpm) or 16.67 (rps) without pressure
force, as there was no direct disintegration of the rock, for mode IX., the revolutions were
set to 1000 (rpm), and the pressure F = 8000 N.

The measurement of one experimental mode took t = 6 s at a sampling frequency
of f; = 18,000 Hz and a sampling period of Ts = 55.5 ps. All regime measurements were
performed by an analogous principle. A segment with the number of samples N = 2048
was processed from the entire measured signal.

Figures 5-7 show the time waveforms and associated auto-correlation functions of the
vibration acceleration signals for the set operating modes of the drilling rig. The acceleration
signals’ time waveforms and auto-correlation functions at the number of samples N = 2048
are more readable. A more detailed display is chosen for a more straightforward idea of
the time waveform of the measured signal. It is possible to deduce the essential statistical
characteristics from the time waveforms directly.

Figure 5 shows the time waveforms of the separately measured signals of the motor,
pump, and hydro-generator units, representing the operating modes L-III. If modes I.-III.
are compared, then the highest values of significant statistical characteristics are at the
vibration signal from the motor, i.e., x,(t) = 12.753, xp, (t) = 25.836, and RMS = 3.831 (see
Table 1). It is clear that the motor aggregate is the main vibration generator (see Figure 5a).
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The pump achieves the lowest statistical value. It is clear from the time waveforms that
the pump and hydro-generator units have non-harmonic composite periodic signals with a
weak stochastic component (see Figure 5c,e). The time waveform of the auto-correlation
function also indicates this. In contrast, the waveform of a motor unit is strongly stochastic,
but it is assumed to include periodic components even if the random component overlaps a
composite signal containing essential diagnostic information. The auto-correlation function
of the motor decreases rapidly with increasing 7, meaning that the signal values have
less statistical dependence (see Figure 5b) and assume a broad frequency spectrum. In
contrast, the auto-correlation functions of the pump (see Figure 5d) and the hydro-generator
(see Figure 5f) have a gradual descent of the samples, representing a greater statistical
dependence and a narrow frequency spectrum.
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Figure 5. Time waveforms of the separately measured signals of the motor, pump, and hydro-
generator units ((a) the time waveform of the vibration signal of the motor, (b) the auto-correlation
function of the motor, (c) the time waveform of the vibration signal of the pump, (d) the auto-
correlation function of the pump, (e) the time waveform of the vibration signal of the hydro-generator,
(f) the autocorrelation function of the hydro-generator).
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Figure 6 shows the time waveforms of the measured signals during the operation of
the pair of aggregates in the operating modes IV.—VI. The combinations are motor and
pump, motor and hydro-generator, pump and hydro-generator. If the modes IV.-VI. are
compared with each other, then the highest values of statistical characteristics are again at
the vibration signals where the motor, i.e., motor and pump, motor and hydro-generator,
modes IV. enter into the measurement, modes IV. and V. (see Table 1). The position of the
motor unit as the primary source of vibration is confirmed. The lowest statistical values
are reached by mode VI, i.e., pump and hydro-generator x,(t) = 1.542, x,,(t) = 3.622,
RMS = 0.904. It is clear from the time waveforms that the units in mode VI, i.e., the
pump and the hydro-generator, are non-harmonic periodic signals, quasi-periodic with a
stochastic component (see Figure 6e). It confirms the time waveform of the auto-correlation
function (see Figure 6f). On the contrary, the signal waveforms of modes IV. and V. are
strongly stochastic. The strong source of acceleration vibration is the motor unit. Regimes
IV. and V. were successful. In a broader context, they have similar auto-correlation (see
Figure 6b,d) and time waveforms (see Figure 6a,c).
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Figure 6. Time waveforms of the measured signals during the operation of the pair of aggregates in
the operating modes IV.-VI. ((a) motor and pump vibration signal time waveform, (b) motor and
pump auto-correlation function, (¢) motor and hydro-generator vibration signal time waveform,
(d) motor and hydro-generator vibration auto-correlation function, (e) pump and hydro-generator
vibration signal time waveform, (f) autocorrelation function of pump and hydro-generator).
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Operating modes VIIL-IX. compared to other regimes (see Figure 7), i.e., L-VI., have
significantly higher values of statistical characteristics (see Table 1). The reason is that all
three aggregates are active during operating modes. In working mode VIII. a drill bit was
installed on the spindle as part of the research and subsequent evaluation of the vibration

signal (see Figure 7c,d). The proposed working mode VIIL. is without a drill bit on the
spindle (see Figure 7a,b).
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Figure 7. Time waveforms of the measured signals during the operation of the pair of aggregates
in the operating modes VIL-IX. ((a) time waveform of the signal of three aggregates without a drill
bit, (b) auto-correlation function of three aggregates without a drill bit, (c) time waveform of the
signal of three aggregates with a drill bit, (d) auto-correlation function of three aggregates with a drill
bit, (e) time waveform of the andesite rock disintegrating signal, (f) auto-correlation function of the
andesite rock disintegrating signal).

In the last investigated regime IX., is a direct interaction of the drill bit with the
andesite rock to disintegrate it (see Figure 7e,f). The revolutions and pressure force mode
parameters were set to n = 1000 rpm and F = 8000 N. For this mode, the observed values
of the vibration signal are clearly the highest, i.e., x,(t) = 76.205, xp,(t) = 160.711, and
RMS = 21.978. The time waveforms of the signals are stochastic and stationary. It is clear
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from the time waveform of the autocorrelation function that the investigated processed
signal also has periodic components.

Figure 8a shows a histogram with a normal Gaussian distribution. It characterizes the
operating modes in which the main vibration generator is the motor (i.e., modes 1, IV,, V,,
and VIL-IX.). For modes without motor operation (i.e., I, III., and VL.). The characteristic
histogram in the figure is Figure 8b. It can be classified as a two-vertex histogram or a
histogram with a non-Gaussian distribution. It indicates a superposition and a significant
change in the position of the measured signals [57,58].
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Figure 8. Histogram of probability distribution of measured signals ((a) normal Gaussian distribution,
(b) non-Gaussian distribution).

Table 1. Statistical characteristics of operating modes.

Operating Mode Peak  Peak-to-Peak Average Value = RMS
1. motor 12.753 25.836 —0.276 3.831
2. water pump 1.646 3.787 —0.261 0.979
3. hydro-generator 1.931 4.326 —0.249 1.032
4. motor and water pump 13.2325 26.016 —0.232 3.697
5. motor and hydro-generator 12.065 26.657 —0.267 3.576
6. water pump and hydro-generator 1.542 3.622 —0.245 0.904
7. motor, water pump and hydro-generator, tool spindle without the bit ~ 13.247 27.752 —0.2767 3.552
8. motor, water pump and hydro-generator, tool spindle with the bit 9.939 20.343 —0.292 2.948
9. andesite drilling 71.1702 159.4525 0.14856 21.1312

In the working modes L-IV.-V. and VIL.-VIIL-IX., the measured vibration signal of
motor acceleration have higher statistics parameters; the highest contains IX. mode. When
the drill bit was placed on the spindle, the values decreased. It suggests that the drill bit
has a partially stabilizing character on the drilling stand.

The complex classification of processed vibration signals in the time domain is complex.
Acceleration vibration signals in operating modes I.-IV.-V. and VIL-VIIL-IX. are stochastic
and stationary but have overlapping periodic and quasi-periodic components. The least
significant statistical component appears to be the mean value of the signals. The individual
values of the modes do not differ significantly.

Measured and processed vibration signals from the pump and hydro-generator, i.e.,
modes IL.-IIL.-VI. are classified as non-harmonic, compound periodic, or quasi-periodic
with the weak stochastic component.

The fact that there are periodic components in individual signals will be proved by
processing and evaluation in the frequency and time-frequency domain.

The processing of the measured vibration acceleration signals by time analysis assumes
that the generated vibration emissions are a possible reference source of information about
the current state of the observed aggregates and the disintegration process.

The vibration signal is an indicator of faultless operation of the units and a vibration
generator in the working environment.
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Obviously, the time characteristics are not entirely sufficient to analyze the properties
of the vibration signal at steady-state modes. However, in the case of dynamic changes in
the drilling mode, such as a change in revolutions, pressure force, disintegrating tool, or a
change in the type of disintegrating rock, monitoring the ongoing changes in the frequency
domain is effective.

4.2. Vibration Signal Processing in the Frequency Domain

The processing of vibration acceleration signals from individual aggregates in the
frequency domain requires the construction of amplitude and power spectra. It is possible
to differentiate dominant frequencies, frequency clusters, and frequency bands from the
spectra. An algorithm of FFT constructed the resulting operating mode frequency spectra.

The algorithm of FFT was used for a vibration signal with a sampling frequency of
fs = 18 kHz, a sampling period of T; = 55.5 us, and a segment length of N = 2048 samples.
Frequency spacing must be considered when analyzing and constructing signal spectra.
The frequency spacing between the spectral lines indicates the density of the spectral lines.
Denser spectral lines increase the frequency resolution of the constructed spectra. The
frequency spacing in the spectra was determined by the following equation:

18000 Hz

Significant dominant frequencies and frequency bands are recognizable from the
amplitude spectra of individual operating modes. Dominant frequencies have a signifi-
cant amplitude.

The following figures (see Figures 9 and 10) present the resulting amplitude spectra
for the operating modes I.-IX. when the individual units are running idle and with a load.

A more detailed display of the constructed spectra (i.e., zoom factor) is chosen for easier
and clearer identification and differentiation of dominant frequencies and frequency bands.

From the amplitude-frequency spectrum for mode I. if only the motor unit were
in operation, it is clear that the dominant frequency components are in the frequency
band 04000 Hz. Several clusters have significant frequency components in this frequency
band (see Figure 9a). Table 2 lists the significant frequency components. In the frequency
spectrum of the motor, it was possible to determine approximately ten dominant frequencies
that are characteristic of this aggregate. The spectrum can be said to be broad-spectrum
because it contains the basic low frequencies f; = 52.7 Hz, f, = 149 Hz, f3 = 386 Hz, and
fa =483 Hz. In the mid-frequency band from 1 kHz, there are several significant frequencies
fe =1274 Hz and f; = 1336 Hz with high amplitude. The spectrum also contains a high
frequency f10 = 4000 Hz.

From amplitude-frequency spectra for operating mode II., i.e., only the pump is
running, and mode III. when in operation is the hydro-generator unit, it is clear that
significant frequency components are located in the low-frequency band 0-1000 Hz with
one frequency above 1 kHz at the hydro-generator fg = 1318 Hz. Operating mode spectrum
II. has five dominant frequencies that are characteristic of the aggregate. The fundamental
frequencies are f; = 52.7 Hz, f, = 149 Hz, and f3 = 246.1 Hz, the other frequencies are
non-integer multiples of the fundamental revolutions frequencies (see Figure 9b).

Operating mode spectrum III. has 5 to 7 dominant frequencies in detailed view. It
contains the fundamental frequencies and the essential frequencies f; = 878.9 Hz and
fs = 1318 Hz. They represent the significant frequencies that differentiate the pump spec-
trum from the hydro-generator spectrum. These frequencies are only characteristic of the
hydro-generator unit (see Figure 9c).

In operational modes IV. and V., the spectra of 8 to 13 dominant frequencies in a
detailed view (see Figure 10d,e) can be observed. Motor vibrations strongly influence the
spectra. The frequency band is in the range of 0—4000 Hz. The basic common frequencies
are the low frequencies f; = 52.7 Hz, f, =149 Hz, f3 = 439 Hz, and higher 1723 and 4000 Hz.
The middle frequency band of both modes is in the range of 1000-3000 Hz. Also in this
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band are frequencies with high amplitudes of 1230, 1248, 1362, 1485, and 1529 Hz. This
frequency band contains several dominant frequencies closely related to the operation of
the motor and pump, motor, and hydro-generator unit combination. The spectrum of these
modes was confirmed to be broad-spectrum .
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Figure 9. Resulting amplitude spectra for the operating modes I.-VI. ((a) frequency amplitude
spectrum of the motor vibration signal, (b) the pump vibration signal, (c) the hydro-generator
vibration signal, (d) the motor and pump vibration signal, (e) the motor and hydro-generator vibration

signal, (f) the pump and hydro-generator vibration signal).

The spectrum of the operating mode V1., which represents the operation of the combi-
nation of pump and hydro-generator units, is influenced by the strong periodicity of the
measured vibration signal. Therefore, it contains the low frequencies of revolutions and its
non-integer multiples (see Figure 9f).

From amplitude-frequency spectra for operating modes VII. and VIII.,, when all three
aggregates are in operation, i.e., motor, pump, and hydro-generator, it is clear that signifi-
cant frequency components are located in the frequency band 0-4000 Hz. In addition, the
spectra contain several dominant frequencies and clusters (see Figure 10a,b).

The spectrum of the operating mode IX. (i.e., direct disintegration of the andesite rock),
contains besides the frequency band 0-2000 Hz with its dominant frequencies, also a strong
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frequency band 6000-9000 Hz. This significant band suggests that this is the part of the
spectrum that directly identifies the disintegration of the andesite rock (see Figure 10c).
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Figure 10. Detailed view of dominant frequencies in operational modes VIL.-IX. ((a) frequency
amplitude spectrum of the vibration signal of three aggregates without drill bit, (b) the vibration
signal of three aggregates without drill bit, (c) the andesite rock disintegrating vibration signal).

The presented frequency spectra make it possible to identify and recognize individual
dominant frequencies for each mode. Table 2 lists the common and different frequencies.
Common frequencies are in the lower frequency band 0-1000 Hz, and differences in the
1000-3000 Hz are visible in the middle frequency band. The most significant differences
are in the higher frequency band 4000-9000 Hz. Mainly frequency f = 4000 Hz, which
occurs in I, IV. V. VIL, VIII. operating modes do not appear in II. III. VI. without the motor.
From a scientific and professional point of view, we are most interested in those frequencies
that can be directly identified and, at the same time, are different. It is assumed that they
characterize the individual aggregates during operation, the andesite rock disintegrating
mode, and other random vibrations.

Table 2. Dominant frequencies.

Operating Mode Dominant Frequencies (Hz)

1. motor 52.73 149 3867 4834 958 1274 1336 - - 1608 2004 4000

2. water pump 52.73 149  246.1 4482 7471 - - - - - - -

3. hydro-genertor 52.73 149 2461 4482 5537 7471 8789 1318 - - -

4. motor and water pump 52.73 149.4 439.5 5537 6768 958 1248 1529 1652 1723 1951 4000

5. motor and hydro-generator 5273 1494 4395 668 958 1230 1362 1485 1723 1995 4000 -

6. water pump and hydro-generator 5273 1494 246 351.6 4482 553.7 7471 1318 - - - -

7. motor, water pump and hydro-generator, tool spindle without the bit  52.73 149.4 4395 668 958 1213 1362 1494 1670 1819 2004 4000

8. motor, water pump and hydro-generator, tool spindle with the bit 5273 1494 386.7 553 668 9053 1222 1424 1644 - 2013 4000

9. andesite drilling 52.73 149.4 2549 4746 650 870 984 1292 1512 - 2004 6000-9000

Power spectra are constructed during the analysis of a broad-spectrum vibrational
signal with stochastic components in the frequency domain. Frequency amplitude spectra
|X(jw)| created by the FFT algorithm are raised to the second power, which gives the
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power frequency spectra Syy(w). By amplifying the amplitudes, the fluctuations in the
vibration signal spectrum are reduced. The power spectra constructed by this method are
shown in the figures (see Figures 11 and 12).
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Figure 11. Power spectra by FFT algorithm ((a) frequency power spectrum of the vibration signal
of the motor, (b) the vibration signal of the pump, (c) the vibration signal of the hydro-generator,
(d) frequency power spectrum of vibration signal of motor and pump, (e) frequency power spectrum
of vibration signal of motor and hydro-generator, (f) frequency power spectrum of the pump and
hydro-generator vibration signal).

If the power spectra are compared with the amplitude spectra in the figures in all
modes, it is clear that the dominant frequencies have become visible, and the spectra have
been cleared. The number of dominant frequencies has decreased. It is clear that some
frequency components of lower power levels have been suppressed, highlighting more
power-relevant components.

These frequencies are in the reduced frequency range 0-4000 Hz (see Figure 11a—f
and Figure 12a,b). In the IX. mode, the higher frequency band 6000-9000 Hz is of strong
importance, which was marked as the band characteristic of andesite rock disintegrating
(see Figure 12c¢).
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Figure 12. Power spectra by FFT algorithm ((a) frequency power spectrum of vibration signal of three
aggregates without drill bit, (b) frequency power spectrum of vibration signal of three aggregates
with drill bit, (c) frequency power spectrum of the andesite rock disintegrating vibration signal).

4.3. Vibration Signal Processing in the Time-Frequency Domain

The dynamics of the vibration signal of the acceleration of the operating modes and
the process of disintegration of the andesite rock can be observed mainly during the
construction of the spectrograms.

The spectrograms are the result of time-frequency analysis. It can be stated that they
present the presence of frequencies or frequency bands as a function of time. The presented
spectrograms are constructed with the time of experimental measurement of the vibration
signal t = 6 s at the sampling frequency f; = 18 kHz and Ts = 55.5 ps. The spectrograms
were obtained from the operating modes L.-IX. In the figures (see Figures 13-15), the
spectrograms are shown in 2D and 3D. Dominant frequencies and frequency bands are
marked in 2D and 3D views. Recognition of dominant frequencies from spectrograms is
more difficult if they are not individually separated. Such a frequency is f = 4000 Hz. From
the spectrograms (see Figure 15e,f), it is clear that the range of the andesite disintegrating
frequency is 6000-9000 Hz.

The spectrograms confirm a broad-spectrum vibrational signal, especially when all-
important aggregates are in operation and the andesite drilling process.

The processing and presentation of vibrational signals of an acceleration in the fre-
quency domain presented by the spectra and in the time-frequency spectrograms are
adequate, consistent, and document the suitability of the algorithms and methods used.
Therefore, it can be stated that the analyzes of the measured vibration signals are correct.
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Figure 13. Spectrograms of vibration signals of acceleration ((a) 2D view of motor signal spectra,
(b) 3D view of motor signal spectra, (c) 2D view of water pump signal spectra, (d) 3D view of water
pump signal spectra, (e) 2D view of hydro-generator signal spectra, (f) 3D view of hydro-generator
signal spectra).
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Figure 14. Spectrograms of vibration signals of acceleration ((a) motor and pump in 2D view,
(b) motor and pump in 3D view, (c¢) motor and hydro-generator in 2D view, (d) motor and hydro-
generator in 3D view, (e) pump and hydro-generator in 2D view, (f) pump and hydro-generator in
3D view).



Appl. Sci. 2022, 12, 3984

20 of 26

=== s
50
40
30

20

60

50

40

30

20

amplitude (V)

amplitude (V)

amplitude (V)

60

50

40

30

time (s)

time (s)

1000 2000

00-2000
1

: 4000
5 2000 3000

a000 4000 500

- 8000
7000
5000 6000

frequency (Hz)

] 8000
o 6000 7000

frequency (Hz)

Hz

W

9000

9000

Figure 15. Spectrograms of vibration signals of acceleration ((a) three aggregates without drill bit—2D
view, (b) three aggregates without drill bit—2D view, (c) three aggregates with drill bit—2D view,
(d) three aggregates with drill bit—2D view, (e) andesite rock disintegration—2D view, (f) andesite

rock disintegration—3D view).

5. Discussion and Future Work

Laboratory experimental measurements of the vibration signal of acceleration were
carried out at two basic states of the device, namely during the operation of the device at
no load and during the operation of the device when drilling andesite rock. Nine operating
modes were measured within the adjustable states of the horizontal device.
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The sources of vibrations in the rotary drilling environment are all aggregates and
vibrations arising at the rock-drill bit interface. The very interaction of the drill bit as a
tool with the rock is the largest source of vibration. It has negative effects on parts of
the machinery. Therefore, identifying sources of vibration is important in minimizing
side effects.

The process of rock disintegration and vibration generation is also affected by the
properties of the drill bit, geomechanical properties of the rock being disintegrated (i.e.,
abrasiveness, grain size, hardness, strength, detachability), input values of pressure force
F (N) and revolutions (rpm). Higher hardness, strength, grain, and other geomechanical
properties cause stronger vibrations.

It can be stated that the vibrations generated by the device have the following
components:

¢  vibrations of power units (i.e., motor, water pump, and hydro-generator);

e  vibrations caused by contact between the drill bit and the rock;

e  vibrations from the set values of pressure force F (N) and revolutions (rpm);
¢  vibrations due to the abrasiveness of the drilling tool during drilling;

¢  vibrations from the rinsing water inlet and outlet.

The results of the proposed signal processing methods can serve as inputs for recogni-
tion, vector quantization, and machine learning methods. In addition, the vibration signal
processing in the time domain makes it possible to reliably determine specific characteristics
and classify the signal according to the displayed waveform.

According to the time changes of the statistical characteristics, the vibrations have the
character of a non-harmonic, periodic, quasi-periodic, and random signal. With periodic
vibrations, the time waveform of the vibro-diagnostic acceleration variable is repeated.
The generated vibrations are given by the superposition of compound and random vi-
brations. When processing vibration signals, the random component often overlaps a
composite signal containing essential diagnostic information, a significant problem in
industrial practice.

Time analysis is appropriate when there is a dominant vibration source; otherwise,
diagnostic information is lost. Such a dominant vibration source is the motor unit on
the drilling stand. However, the strong stochastic component of the signal caused by the
transmission of vibrations from different areas of the machine complex can prevent the
exact localization of the cause of the machine vibrations.

The total vibration of the machine is a measure of the energy associated with all
the vibrations of the stand. The advantage of diagnosing the machine based on total
vibrations is the speed and efficiency of the evaluation. The disadvantages of measuring
total vibrations are the possibility of information loss in the noise.

Frequency analysis eliminates the disadvantages of analysis in the time domain locates
the emerging failures of individual parts of the object. The amplitude spectrum and the
power spectrum give the complete frequency analysis.

Dominant frequencies can be recognized from spectra and spectrograms. It can be
stated that the individual operating modes have common frequencies of 52.73, 149.4, and
439.5 Hz in the lower frequency bands and differently in the middle band 1000-3000 Hz.
A significant frequency is the value f = 4000 Hz, which is in several operating modes.
However, when drilling rock is andesite in IX. operating mode, this frequency is not
recognized. There is a significantly specific higher frequency band 6000-9000 Hz.

Strategic is the three-dimensional representation of spectrograms, which allows us to
study the dynamic time waveform of the vibrational signal in the time-frequency domain.

The motor combined with another unit, without or with a drill bit, has a fundamental
effect on intense vibrations if we compare the proposed operating modes without direct
drilling of andesite rock.

The greatest vibrations of the drilling equipment are caused by IX. operating mode,
as the measured vibration signal includes higher frequencies, and andesite rock is disin-
tegrated. The highest values of statistical characteristics in the time domain confirm the
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correctness of the result of vibration signal processing and the conclusion regarding the IX.
operating mode.

It is a view of signal processing and its presentation. However, if we look at applied
research in terms of technical diagnostics of machines and equipment, it is complex tech-
nological machinery and a complex process of disintegration with many stochastic and
non-linear elements.

When looking at the measured and processed vibration signals in more detail, it can be
stated that the machine vibrations are closely related to the dynamic stress of the machine
and the technical condition of individual shaft parts, spindles, unbalances of rotating parts,
backlash in sliding sliders, wear of the drill bit, material fatigue. The vibrations of the rig
are driven by both rotating and rectilinear moving parts, including the movement of the
flushing fluid.

Practical experience confirms that the amplitude spectrum is used to detect the imbal-
ance of the machine’s rotating parts. For example, the headstock’s misalignment with the
drill bit is related to possible excessive wear.

The low-frequency range corresponds to the speed range of the headstock with the
drill bit. The frequency spectrum is fundamentally non-harmonic, corresponding to the
speed of the component. Other possible faults of the drilling equipment are the mechanical
play of individual parts, damaged drive V-belts, defects on sliding sliders, and electrical or
magnetic faults on electrical units.

The mid-frequency range corresponds to the frequency range of faults on electric
motors. Therefore, spectral analysis of the vibration signal makes it possible to detect
defects on the drilling stand such as wear of the contact surfaces of machine parts, ripping
the diamond from the drill bit, and bending of the headstock with the drill bit, loosening of
the drill bit.

The area of high and very high frequencies is characterized by surface fatigue of the
diamond element material, chipping of the surface layer material, abrasiveness with an
increase in play, and grooving on the sliders.

All these defects cause strong vibrations in the drilling equipment, which reduces
the efficiency of the drilling process. Therefore, the primary goal of applied research
and experimental laboratory measurements is vibration signal processing, identification
of dominant frequencies, and fault localization. This will make it possible to innovate,
reconstruct or replace faulty parts of the horizontal drilling stand.

Early machine fault diagnosis allows for early repair and replacement of damaged
parts, thus preventing an accident or damage to the entire machine.

The following applied research will deal with the exact localization of defects on the
drilling stand. Other methods for vibrational signal processing are also expected to be used,
namely digital filtering, cepstral analysis, and wavelet transform. The research will also
focus on developing new efficient methods for processing measured signals.

Methods of autocorrelation analysis, Fourier analysis, vector quantization, Statis-
tical pattern recognition, and Canonical Discriminant Analysis (CDA) are used in the
vibro-diagnostic analysis of machines and equipment in the articles, Principal Component
Analysis (PCA), and others.

The methods presented in the article are essential for solving scientific problems in
this area. The most significant problems include the recognition of drilled rock, diagnostics
of worn and faulty parts of machinery, as well as preventive technical maintenance of
machines [59-63].

6. Conclusions

Rotary rock disintegration is one of the basic and specific processes of geological
and mining activities. Therefore, its research provides useful information that can be
used in industrial practice, especially concerning efficiency, economy, and environmental
performance in the context of optimization.
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Equipment-generated vibrations have adverse effects on the drilling process, the
drilling stand as a whole, and the individual aggregates.

Nevertheless, their measurement, monitoring, identification, and classification carry
essential information about the disintegrating process. Measurements were performed at
several selected operating modes.

This paper proposed methods for processing the vibration signal of acceleration that
is generated during the operation of a laboratory horizontal drilling rig.

Because drilling and rig operation is random and non-linear, their research can be
based on time-based statistical methods. In the time domain, significant results were
achieved in the statistical characteristics, time waveform, and autocorrelation functions of
the vibration signals of the respective modes.

In the frequency domain, research focused on the use of fast Fourier transform and
the construction of signal amplitude and power spectra. As a result, dominant frequency
components and bands have been identified.

The time-frequency domain showed the dynamic properties of individual aggregates
and the whole process.

Based on the knowledge gained from the implementation of processing methods, it
can be stated that the measured vibrational signals are deterministic, non-harmonic, and
quasi-periodic, with a strong stochastic component and broad-spectrum.

A more rigorous evaluation of the vibration signal is very complicated because there
is a superposition of several signal sources in the area of aggregates but also in the interac-
tion of the drilling tool with the rock. Nevertheless, the presented research results show
sufficient differences in autocorrelation functions, spectra, and spectrograms.

It is also possible to say that signal processing methods have been applied appropri-
ately because the application of the process modeling principle is still unrealistic.

In addition to processing measured vibration signals, this paper also focused on
determining the largest source of vibrations on the drilling stand. This source is the motor
itself or in combination with other aggregates.

Due to the complexity of the horizontal laboratory drilling rig, further research will be
needed in the field of signal processing and measurement methods, optimization, and mod-
ernization with subsequent reconstruction and innovation of the drilling stand. Therefore,
the paper has a highly experimental character with an emphasis on applied research.
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