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Abstract: In rotary-percussion drilling, the impact frequency is a crucial variable that is closely linked
to operational factors that determine the efficacy of the drilling process, such as the rate of penetration,
bit wear, and rock mass characteristics. Typical identification methods rely on complex simulation
models or the analysis of different sensor signals installed on specially adapted setups, which are
difficult to be implemented in the field. This paper presents a novel study where the impact frequency
is identified by motor current signature analysis (MCSA) applied to an induction motor driving a
DTH drilling setup. The analysis of the case study begins with the definition of characteristic drilling
stages where the pressure and sound signals allow the detection of an impact frequency of 14.10 Hz,
which is then used as a reference to validate three MCSA identification approaches. As a result of the
analysis, the envelope approach is the most robust for nearly real-time implementations considering
its simplicity and range of coverage. Experimental results provide evidence about the feasibility of
the proposed MCSA methods to be integrated into Measurement-While-Drilling (MWD) systems to

improve drilling condition monitoring and rock mass characterization.

Keywords: impact frequency; motor current signature analysis; DTH drilling; hammer pressure;
frequency side bands; signal envelope; measurement while drilling

1. Introduction

Rotary-percussion drilling has been recognized as an efficient drilling method due
to its capability to provide a higher rate of penetration (RoP) compared with the conven-
tional rotary drill, especially for high compression strength rock formations composed
of dolomite, limestone, sandstone, granite, etc. [1]. Among percussion drilling methods,
Down-the-Hole (DTH) drilling is widely used in industrial applications such as mining,
blast hole, tunneling, construction, geological exploration, and oil and gas production,
among others [2—4]. Besides high RoP, DTH drilling provides operational and economic
advantages, such as low power losses, accurate hole geometry, and reduced drill string
stress [5].

One of the most important variables studied in percussion drilling, particularly in
DTH drilling, is the impact frequency [6-8], defined as the number of impacts of the
hammer bit over the drilling surface per unit of time. Numerical simulations reported in [9]
suggest that a significant increase of RoP can be achieved by increasing the percussive
frequency of pneumatic hammers. In [10], authors show simulations to confirm that
increasing the impact frequency produces a significant improvement in the RoP but also
highlight that high frequencies can also be detrimental to the service life of torsional impact
drilling equipment. The impact frequency can also be ranked to establish performance
thresholds depending on the characteristics of the equipment and drilling surface. The
work in [11] shows that when impact frequency is lower than the threshold frequency, the
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detritus removal volume is reduced in the rock breaking process considering polycrystalline
diamond drill bits.

The adequate operation ranges for the impact frequency vary depending on the
mechanic properties of the drilling surface, drilling angle, and hammer type [12-15].
According to [16], DTH hammers usually operate with impact frequencies ranging from
10 to 28 Hz, generating high-frequency torsional impacts, which produce highly dynamic
variations in the magnitude of bit torque. The work in [17] shows that as the hammer
vertical deviation angle increases from 0° (vertical) to 90° (horizontal), the impact frequency
of the pneumatic hammer decreases from 10.8 to 10 Hz, resulting in a reduction of the
effective energy per blow of 22.5%. In [18], the authors report that the recommended impact
frequency value will depend on different drilling conditions; thus, when considering a back
rake angle of 55°, the best penetration performance is achieved for an impact frequency of
30 Hz, while under a crushing efficiency criterion, the recommendation is 50 Hz. Higher
impact frequencies can be found in other types of drilling technologies. For instance, in [19],
a sonic drill results in an impact frequency of 70 Hz while the hydraulic rock drill drifter
analyzed in [20] can reach an impact frequency close to 75 Hz.

It is clear that regardless of the type of percussive drilling machine and bit technology,
the impact frequency is a crucial variable to be monitored and analyzed for increasing
drilling efficiency, stability, and tool life. Typical frequency identification methods rely on
complex simulation models or signal analysis using measurements from different sensors
(e.g., pressure, sound, strain) installed in specially adapted setups that are difficult to imple-
ment in field applications. For instance, the authors in [21] use the acoustic signal recorded
by a microphone placed near the impacting system to obtain the experimental data of the
impact frequency. In [17], the impact frequency is obtained by the statistical analysis of sev-
eral waveforms monitored by the data acquisition system, including pressure transducers,
photoelectric whirl measuring apparatus, laser rangefinder, and a sensor placed at the end
of the rock sample that is capable of monitoring the force acting on the rock during impact.
On the other hand, in [20], the impact frequency is obtained by the FFT analysis of signals
captured from the strain gauge bridge, pressure sensor, and flow sensor after a wavelet
transform for reducing noise and improving the resolution ratio in both time and frequency
domains. Overall, the proposed frequency identification approaches are unattractive for
deployment in conventional diesel-powered pneumatic or hydraulic drilling machines due
to the requirement of installing, operating, and maintaining sensors that may not be readily
available and must withstand extremely harsh operational environments.

There is currently a growing tendency towards incorporating electrical equipment
at the different stages of mining. Replacing traditional diesel-powered equipment with
electrical counterparts brings multiple benefits, such as reducing exhaust gases, fumes,
and particulate matter that may be harmful to workers [22,23]. Analyses also show that
electrifying the different stages of the mining process can potentially reduce operational
costs [24]. The proliferation of electric trucks and loaders in mining facilities [25,26] is a
concrete example of this tendency. Given this trend, it is reasonable to expect that diesel-
based drives in current drilling machines will eventually be replaced with electrical drives.
Moreover, using electrical motors in drilling machines will facilitate the deployment and
adoption of advanced monitoring techniques currently used in other application domains.
In particular, Motor Current Signature Analysis (MCSA) techniques reported and used in
other application domains could be directly applied for condition monitoring and fault
detection in drilling machines, including broken rotor bars [27,28], bearing damage [29,30],
eccentricity [31,32], electrical stator faults [33,34], among others [35]. In addition, MCSA can
also enable the development of new low-cost methods for monitoring the impact frequency
in drilling applications, which have not been reported in the literature.

This paper proposes and evaluates three methods for estimating the impact frequency
in a pneumatic DTH drill rig using measurements of the current in the three-phase induc-
tion motor that provides the rotational motion to the DTH hammer. The advantage of using
motor current signals is that these signals are commonly monitored for safety, monitor-
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ing, and control purposes so that the frequency identification tasks can be implemented
with already deployed equipment without further intervention or modifications to the
drilling rig.

To evaluate the proposed MCSA approaches for impact frequency identification, we
perform the following tasks: (i) we first use measurements of hammer pressure and sound
signals to establish reference margins for the impact frequency of a DTH drilling rig while
operating over a high-hardness rock specimen, and (ii) we then assess the accuracy of the
estimated frequency obtained by applying three different functions to the measured motor
current signals, including side bands, waterfall plots, and envelopes. The experimental
evaluation shows that, for the considered case study, all the proposed MCSA methods
enable the estimation of the impact frequency of the DTH drilling rig while operating over
the rock sample. Moreover, the analysis permits establishing operational requirements
for these techniques to be applied in practical scenarios. Considering the simplicity of
the implementation, the results provide evidence of the practical utility of the proposed
methods for promoting the adoption of this technology in field drilling operations.

2. Materials and Methods

This section provides an overview of the operating principle of the pneumatic DTH
percussive drilling system and describes the components of the experimental setup used for
the study. Moreover, the analysis of hammer pressure and audio signals during the drilling
operation is presented, which provides a reference frame to define different drilling stages
of interest and to validate the proposed identification approaches of impact frequency
based on MCSA.

2.1. Principles of Percussion DTH Drilling

A pneumatic DTH hammer is driven by pressured air coming from an air compressor
that provides the energy (by axial pressure) to move the percussion piston that hits the
drill bit with a specific impact frequency and energy for rock breaking [5]. As seen in
Figure 1, the compressed air also flows through the drill bit, performing hole cleaning by
removing the detritus outside the drilled hole. In this study, the rotary torque is provided
by an electric motor connected to a drill string by a gearbox to produce, together with the
compressor, the rotary percussive drilling action over the rock specimen. As mentioned
in Section 1, the incorporation of electric drives to replace traditional diesel equipment
is a growing trend due to the multiple operational benefits that they incorporate into the
different processes. Particularly, this study uses an induction motor powered by a variable
frequency drive (VFD), considering both their wide use for industry application and the
implementation of advanced monitoring techniques based on MCSA that are currently
used for motor condition monitoring.

2.2. DTH Drilling Setup

The experimental setup used in this research is composed of a pneumatic drill rig
driven by a 4 kW, 380 V, 1440 rpm, 50 Hz induction motor as a primary rotary actuator that
provides the required torque to the rotary bit through a gearbox. The pressured air from a
33 kW rotary screw compressor is distributed in the pneumatic control console to feed a
DTH hammer for percussive action and detritus cleaning. The rated speed of the drilling
tool bit is 90 rpm. For detailed technical specifications about these components, see [16].
Figure 2 shows the main components of the experimental setup and their interconnections,
where the yellow arrows indicate the air pressure lines, the green arrows indicate the
location of a pressure sensor for direct measurement of operating pressure, and the light
blue arrows indicate the location of the power line outputs of the VFD and power lines on
the drill motor connection box. Table 1 summarizes the relevant technical specifications
of the current and pressure sensors used in this study to implement different techniques
for estimating the impact frequency. It should be noted that three-phase motor currents
signals are measured at the output of the VFD (not shown). All readings from the sensors
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are collected and processed in a dedicated data acquisition (DAQ) system (MicroLabBox
processor [36]) with advanced processing capabilities that enable the implementation of the
different MCSA algorithms proposed. The pressure and current sensor data analyzed in
this paper are captured at a fixed sample frequency of 50 kHz, while the drilling machine
rotates at rated speed.
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Figure 2. Descriptions of the DTH drilling setup, including the main components and their intercon-
nections. The setup extends the one described in [16] with additional sensors.

Table 1. Drilling setup sensor specifications.

Sensor Type Range Output Bandwidth
Current clamp DC + AC peak: 30 [A] 4100 [mV/A] 20 [kHz]
Hammer pressure 0-10 [bar] 0-10 [V] 1 [kHz]

Additionally, a Sony HDR-XR500V video camera recorder (not shown in the figures) is
used to capture the environmental sound signal during the operation of the drilling rig with
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a sample rate of 48 kHz. The sound signal is analyzed independently of the other sensors
and is used only as a confirmation method to validate the identified impact frequency using
the hammer pressure signal.

2.3. Characterization of Drilling Stages

Before obtaining the impact frequency from current signal analysis, it is necessary to
characterize the dynamic behavior of the pressure and current signals during the different
stages of drilling. This characterization allows us to determine ranges of values associated
with no percussive and stable percussive action of drilling over a sample rock specimen.
For this study, the rock specimen is a high-hardness tonalite (granite) phaneritic crystalline
formed by plagioclase (large crystals), quartz, biotite, and hornblende. The approximate
dimensions of these testing samples are 300 mm X 700 mm X 400 mm (height x width
x depth). Figure 3 shows the behavior of the hammer pressure (Pj,) and motor current
(Iy) signals captured before and during the perforation of the rock sample, with the main
stages of the drilling process separated with dashed vertical lines. In this experiment,
the pressurized air was distributed to the DTH hammer pipes by the pneumatic console
compressor at t = 20 s while the induction motor started 10 s later at t = 30 s.

P, [bar]
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5 ] 1 T

0 20 40 60 80 100 120 140 160
time [s]
(b)
Figure 3. Characteristic profile of monitored signals during operation (NP: no percussion, TR:
transition, SP: stable percussion): (a) hammer pressure; (b) motor current.

The first stage, defined as no percussive (NP) operation, starts when P}, is stabilized
around 3.6 bar while I, is kept stable, reaching peaks around 3.12 A. The current signal
during the NP stage represents the no-load current, i.e., the magnetizing current required
to set up magnetic flux inside the motor air gap. The second stage is called the transition
(TR) stage and starts when the DTH hammer makes contact with the rock surface, showing
the presence of oscillations in the hammer pressure and motor current due to the activation
of hammer percussion. The P}, signal shows an exponential increase in its magnitude as the
drill bit gets deeper, to be stabilized around t = 75 s with a mean value of 6.9 bar. During the
TR stage, the amplitude of the motor current increases until reaching peaks around 4.2 A.
The third and last stage represents the drilling operation with stable percussion (SP), which
starts once the hammer bit is entirely inside the rock specimen and ends at t = 118 s when
the drill bit traverses the rock sample. During the SP stage, P, shows a stable oscillation
around the mean value of 6.9 bar, and the peak current oscillates between 2.6 and 4.2 A
due to the DTH hammer percussion. After the drill bit traverses the rock, both hammer
pressure and motor current signals rapidly decrease until the previous values observed for
the NP stage are reached.
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2.4. Identification of Impact Frequency Using Hammer Pressure and Sound Signals

To assess the effectiveness of the proposed MCSA techniques for impact frequency
identification, we first need to establish reference values that can be compared with the
ones obtained from the analysis of the motor currents. To this end, we independently
analyze the hammer pressure and sound signals to determine and verify a reference value
for the target impact frequency during the SP stage.

Figures 4 and 5 show the time and frequency domain plots of P;, during the NP-stage
and SP-stage, respectively. Figure 4a and its zoom in Figure 4b shows a stable pressure
signal with a DC value around 3.55 bar. The frequency spectrum of this signal shown in
Figure 4c confirms the absence of frequency components associated with percussive action.
Conversely, Figure 5a,b show that significant oscillations in the P, values appear during
the SP stage. Figure 5c shows the frequency spectra, evidencing the appearance of one
dominant frequency component at 14.10 Hz followed by a second harmonic frequency
at 28.15 Hz. Considering that the rest of the harmonic content only shows multiples of
the dominant component (the impact frequency in this case), the frequency spectra in the
figures are limited to 30 Hz.

It should be noted that the DC component in the Pj, signal appears in the spectra (for
frequency equal to zero); however, this DC component is irrelevant for the analysis, and it
is only included to keep consistency with the plotted signal in the time domain and could
be suppressed by subtracting the mean value to the raw reading of the sensor.
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Figure 4. Hammer pressure signal analysis during NP-stage: (a) P}, signal; (b) zoom of P}, signal;
(c) frequency spectrum P, signal.

The sound signal captured with the video recorder is used to confirm the impact
frequency found by analyzing the hammer pressure signal. In this case, the sound signal
is not synchronized with the rest of the sensors in the setup, and we delimit the different
drilling stages by the visual inspection of the video feed. Figure 6 plots the spectrum of the
sound signal captured during the SP stage, which shows similar frequency components
to the one derived from the hammer pressure signal. Since the camera’s microphone
includes band-pass filters designed to capture frequencies in the range between 20 Hz and
20 kHz (corresponding to the typical listening range of the human ear), the amplitude of
the impact frequency at 14.10 Hz appears to be lower than the amplitude of the second
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harmonic located around 28.15 Hz. Despite the apparent distortion in the spectrum of the
sound signal, and given the restricted scope of the target problem, the spectrum of the
sound signal allows us to corroborate that the impact frequency of the DTH hammer in the
experiment is 14.10 Hz.
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Figure 5. Hammer pressure signal analysis during SP-stage: (a) P}, signal; (b) zoom of P}, signal;
(c) frequency spectrum of Pj,.
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Figure 6. Frequency spectrum of the sound signal during SP-stage.

3. Results

Using the reference frame described in Section 2, this section describes and evaluates
the three approaches proposed for impact frequency identification using MCSA: side bands
analysis, waterfall plots, and envelope analysis.

3.1. Side Bands Approach

Figures 7 and 8 show the time and frequency domain representation of the motor
current signals during the NP and SP stages, respectively. Figure 7a shows the expected
sinusoidal signal with a nearly fixed amplitude of 3 A. The plotted motor current corre-
sponds to the sum of the magnetizing current and mechanical friction associated with the
rotating components of the drill rig, including gearbox and bottomhole assembly. The
spectrum in Figure 7b shows that the motor current signal has a fundamental component
around 47.9 Hz with an amplitude of 2.96 A. The fundamental frequency corresponds to
the stator voltage frequency that feeds the induction motor from the VFD. Since the VFD
implements its own control law, the voltage frequency reaching the motor differs slightly
from the 50 Hz of the grid, considering the speed reference and the instantaneous motor
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load. Figure 7c shows a zoomed-in view of the spectrum around the fundamental frequency,
showing that during the NP-stage, there are no additional frequency components other
than the fundamental associated with the power supply.
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Figure 7. Motor current signal analysis during stage-a: (a) zoom of I, signal; (b) frequency spectrum
of Iy;; (¢) zoom of frequency spectrum of I;;.
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The current signal in the temporal domain plotted in Figure 8a, shows that, once
the drilling starts, the current presents a variable amplitude with peaks reaching around
4 A. The frequency spectrum in Figure 8b shows a fundamental component at 48.2 Hz,
slightly higher than the frequency obtained previously during the NP-stage due to the
increment of the load torque in the SP-stage that reduces the motor speed. As a result,
the VFD control law increases the feed frequency to keep motion at the constant reference
speed. The amplitude of the fundamental component is only 2.51 A, which suggests
that amplitudes higher than 2.51 A observed in the temporal domain are associated with
additional frequency components present during the stable percussion drilling operation.
Effectively, the zoomed-in view in Figure 8c shows the presence of two groups of side
bands around the fundamental frequency originating from different operational dynamics.
According to the analysis to detect defects in the cage of induction motors presented in [37],
the pair of side bands close to the fundamental frequency represents the “twice slip frequency
side bands” whose values and related current amplitudes are defined by the drive train
inertia and torque and speed oscillations. The same work states that the farther group of
side bands can be associated with oscillations of mechanical loads, which, for our case study,
are produced by the percussive action of the hammer. This group of symmetrically spaced
side bands is located at 34.07 Hz and 62.27 Hz and is related to the cyclic variation around
the mean average speed caused by the hammer operation. The average distance of these
bands to the fundamental frequency is 14.10 Hz, corresponding to the impact frequency.
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Figure 8. Motor current signal analysis during stage-z: (a) zoom of I, signal; (b) frequency spectrum
of Iy;; (¢) zoom of frequency spectrum of I;,.

From a practical perspective, this method requires the user to know the rated range of
variations of the impact frequency, which can usually be found in the technical specifications
provided by the hammer’s manufacturer. If the range of rated frequency is unknown, it
may be difficult to discriminate the side bands related to the impact frequency from the
other side bands expected to appear in the current frequency spectrum.

3.2. Waterfall Plots Approach

The second method evaluated for identifying the impact frequency from MCSA is
based on the short-time Fourier transform (STFT), which splits the motor current time signal
into short segments of equal length to then compute the FFT separately on each segment.
The resulting frequency spectra are displayed in a 3D waterfall plot, which facilitates
visualizing the variations of the spectrum over time. Figure 9 shows a waterfall plot for the
motor current during the SP stage, considering time segments of 2.66 s. This figure clearly
shows the variations in the amplitude of the fundamental component of the frequency
spectrum over each time segment. Considering that these variations can reveal the impacts
of the DTH hammer over the drilling surface, the next step is to extract the amplitudes
of the fundamental component of motor current to create a new data array (I, f,,4) and
then to apply the FFT to the new data array to identify the impact frequency. Figure 10a
shows the evolution of the resulting I, 7,4 data array over time. The enlarged view of this
data is shown in Figure 10b, where circles represent the amplitudes of the fundamental
component captured for each sampled segment. For this analysis, a time segment of 0.02 s
is chosen, considering that these windows cover approximately one complete cycle of the
fundamental component of 50 Hz (1/0.02 = 50 Hz), which allows us to capture variations
on fundamental current on each cycle. The frequency spectrum in Figure 10c confirms that
the impact frequency of 14.10 Hz is detected. Notably, the maximum frequency captured in
the spectrum in Figure 10c is approximately 24 Hz, corresponding to the Nyquist frequency
of Im, fund-

Since this method must capture the fundamental cycles of the motor current, which are
defined by the rated frequency of the motor, the maximum frequency of the spectrum will
naturally be limited to half of this frequency, i.e., 25 Hz for a nominal frequency of 50 Hz
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and 30 Hz for a nominal frequency of 60 Hz. This limitation is important, considering that
the impact frequency can be within a wide range of values (see Section 1) and can even
exceed the fundamental frequency of the stator. Therefore, the application of this method
will be restricted to drilling machines with operational impact frequencies lower than the

Nyquist frequency. To overcome this limitation, the following method studied in this paper
is the enveloping approach.
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Figure 9. Waterfall plot for motor current during stage-z.
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Figure 10. Impact frequency identification from waterfall plots during stage-z: (a) I, fynq signal;
(b) zoom of L, £, signal; (c) frequency spectrum of I, 714

3.3. Envelope Approach

In signal processing, the envelope function of an oscillating signal is a curve outlining
the extremes of the signal in a smooth way. Envelope functions provide a convenient
way to represent instantaneous changes in the amplitude of an oscillating signal, and it is
then suitable for analyzing the changes in the amplitude of the motor current observed
during the SP-stage. The envelopes of the motor current signal are computed using spline
interpolation over the local maxima (i.e., current peaks), separated by n samples. The
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maximum number of spline interpolation samples (11,4,) between successive current peaks
is obtained by

_f 1
Ninax ff 1)

where f; is the sample frequency and f is the fundamental frequency of the motor current.
For our case study, fs is 50 kHz and f; is 48.2 Hz (see Figure 8), resulting in a #1yax = 1037
that represents an upper-bound for n.

To illustrate the effects of the choice of the number of samples # used for spline inter-
polation in the shape of the resulting envelope, Figure 11 shows the motor current signal
during a window of the SP-stage, including the upper (red line) and lower (yellow line)
envelopes considering three values of n. The depicted examples consider n = 530 (lower
than n,4x), 1 = 970 (close to 1,;4x), and n = 1200 (greater than #1,,4). The plot shows that
setting a low value of n produces a distorted envelope that does not capture the amplitude
peaks of the current signal. On the other hand, when the number of samples is greater
than 71,4y, the envelope signal cannot consistently capture the current peak modulation,
generating artificially higher amplitude peaks. When considering several samples close to
Nmay, the resulting envelopes accurately outline the peaks of the motor current.
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Figure 11. Upper (red line) and lower (yellow line) envelopes of motor current signal (blue
line) during SP-stage with different number of samples for spline interpolation: (a) 530 samples;
(b) 970 samples; (c) 1200 samples.

To illustrate the effect of the chosen n over the spectra of the resulting envelopes,
Figure 12 shows the frequency spectra for the three values of n presented above. Figure 12
shows that impact frequency is identified with a certain accuracy grade regardless of the
number of samples used for the spline interpolation. However, the amplitude of both the
motor current at the impact frequency and the artificial frequency content are significantly
affected by n. For n = 530, the noticeable distortions in the envelope shape and the
overestimation of the peaks of the current signal amplify the current amplitude at the impact
frequency and generate artificial frequency components comparable in amplitude to the
impact frequency. As expected, for n = 970, the impact frequency is clearly distinguishable,
and the amplitude coincides with the magnitude of the current. In the case of n = 1200, the
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impact frequency is still clearly distinguishable in the spectra, but the overestimation of the
peaks of the current signals represented in the envelope generates a higher amplitude for
the impact frequency and artificial frequency content.

The observed results suggest that the method for frequency identification using the
envelope approach is not very sensitive to the choice of the parameter n. Indeed, repeating
the procedure described above for different values of n and performing a sensitivity analysis
over the identified frequency, we determined that, for our case study, setting the number of
samples in the range (0.53 X 1y4x) < 11 < (0.93 X 1y ) permitted us to identify the impact
frequency. Considering that the values f; and f; required to compute 7ny,,x are known,
selecting a proper value for n using the previous expression is straightforward.
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Figure 12. Frequency spectra of upper envelopes for motor current signal during SP-stage:
(a) 530 samples for spline interpolation; (b) 970 samples for spline interpolation; (c) 1200 samples for
spline interpolation.

4. Discussion

The analysis of the three proposed methods based on MCSA to identify the impact
frequency in DTH drilling systems allows us to establish advantages and disadvantages
between them. In some cases, the differences are derived from practical implications, while
in other cases, they are related to mathematical limitations.

The side bands approach has the most straightforward implementation of the eval-
uated approaches since it only requires direct FFT analysis of the motor current signal
during the SP-stage and calculating the frequency offset difference between the side bands
with the fundamental component. However, since additional side bands are expected to
appear in the spectrum due to different dynamics, the user must know the rated operational
range for the impact frequency of the drilling rig. Moreover, recent works show that, in
the case of incipient motor faults, additional side bands can appear close to the frequency
components associated with oscillating loads [35,37], further complicating the separation
of the frequency of interest.

Compared with the side bands method, the waterfall approach requires the FFT-based
algorithms to be performed twice to identify the impact frequency. The first execution
is used to construct the waterfall plot (using STFT), and the second execution computes
the frequency spectrum of the fundamental component of I, extracted from the waterfall
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plot, from where the impact frequency can be identified. The method is sensitive to the
time segment selected for the construction of the waterfall plot, which should be carefully
chosen to properly capture the dynamic variations of the current amplitude due to hammer
percussion. By capturing these variations, the frequency spectrum of the resulting data
array L, rynq Obtained from the waterfall plot will include frequency content related to the
impact frequency. However, the maximum impact frequencies that can be captured by this
method are inherently restricted to the Nyquist frequency of the sampling rate used to
construct I, rn4. As explained in Section 3.2, the maximum impact frequency that can be
identified in practice will be around half the rated motor frequency.

The last evaluated method corresponds to the envelope approach, which uses spline
interpolation between local peaks of the motor current amplitude. In this approach, the
modulation of the motor current due to the torsional impacts traduced in load torque
dynamic variation is detected by applying the FFT to the envelope signals. The method
requires the number of samples n for spline interpolation to be specified as an input
parameter, which can be intuitively selected through a preliminary analysis of the current
signal. A sensitivity analysis applied for the case study showed that this method is not very
sensitive to the choice of 1, providing an ample range for the value of n without degrading
the results. The envelope method overcomes the inherent limitations of the side bands and
waterfall approaches, providing a simple and effective technique for identifying both the
impact frequency and the related motor current amplitude.

Future research in this topic will include extensive experimental evaluations using
different hammer bits and rock samples within a wide range of compressive strengths to
validate the proposed approaches in a wide range of operational conditions. Considering
that the impact frequency is related to drilling efficiency variables such us RoP, bit wearing,
and rock properties of drilled formations, further works will also integrate the MCSA-
based impact frequency identification into Measurement-While-Drilling (MWD) systems
designed to monitor the drilling process in nearly real-time, providing complementary and
valuable information to characterize the rock mass during the drilling operation.

5. Conclusions

This paper proposes and evaluates three methods for identifying the impact frequency
in a pneumatic DTH drill rig driven by an electric motor using MCSA. The estimated
impact frequency obtained with the three proposed methods for an experimental reference
setup was consistent with values obtained from an independent analysis of pressure and
sound signal analysis during both the NP-stage (no percussive drilling) and the SP-stage
(stable percussive drilling). The experimental study showed that the proposed side bands
and the waterfall approaches present restrictions that may limit their application scope in
practical scenarios. Overall, the proposed envelope approach represented a simple, more
robust alternative for identifying the impact frequency.

The application of the proposed methods for impact frequency identification tailored
for drilling operations represents a novel application of MCSA techniques. Given the
evidence about the feasibility of identifying impact frequency via MCSA, the future scope
of this research will address integrating impact frequency analysis and related motor
current amplitude into observed-based MWD systems to develop more robust rock mass
characterization analytical tools for industrial applications.
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