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Abstract: Measurement While Drilling (MWD) is a technology for assessing rock mass conditions by
collecting and analyzing data of mechanical drilling variables while the system operates. Nowadays,
typical MWD systems rely on physical sensors directly installed on the drill rig. Sensors used in this
context must be designed and conditioned for operating in harsh conditions, imposing trade-offs
between the complexity, cost, and reliability of the measurement system. This paper presents a
methodology for integrating physics-based observers into an MWD system as an alternative to
complement or replace traditional physical sensors. The proposed observers leverage mathematical
models of the drill’s electrical motor and its interaction with dynamic loads to estimate the bit speed
and torque in a Down-the-Hole rig using current and voltage measurements taken from the motor
power line. Experiments using data collected from four test samples with different rock strengths
show a consistent correlation between the rate of penetration and specific energy derived from the
observed drilling variables with the ones obtained from standardized tests of uniaxial compressive
strength. The simplicity of the setup and results validate the feasibility of the proposed approach to
be evaluated as an alternative to reduce the complexity and increase the reliability of MWD systems.

Keywords: measurement while drilling; DTH drilling; physics-based observers; MRAS observer

MSC: 93-05; 93-10; 93B53

1. Introduction

Measurement-while-Drilling (MWD) refers to the process of measuring variables
downhole and transmitting them to the surface, typically in near real time, without remov-
ing the drill string from down-hole or interrupting the drilling operation [1-4]. Depending
on the type of drilling unit and performed task, different types of sensors are incorporated
in the bottom-hole assembly (BHA) to measure variables such as thrust, air pressure, feed
pressure, percussion pressure, drilling depth, penetration rate, torque, and rotation speed
and time, among others [5,6]. These variables provide valuable information for computing
different indexes for the rock mass characterization (i.e., variations in rock material, discon-
tinuities, fractures, etc.) [7-9]. The timely collection and processing of these operational
variables provide quantitative data for engineering design purposes, facilitate the adequate
operation of the drilling equipment to prevent damages from material fatigue and excessive
stress, and make the drilling process more efficient [10-12].

Among the measured drilling variables, the rate of penetration (RoP) is one of the
metrics that better correlate with the variations of the rock mass. Early works in rock
mass characterization while drilling were calculated by measurements of RoP and its
relationship with the rock quality index (RQI) [7], rock resistance, and lithology [8]. Later
works incorporated other variables such as torque, rotary speed, thrust, flushing medium
pressure, and hole length to compute additional indices such as rock fracture index [3], rock
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mass P-wave (primary or pressure wave) [10], uniaxial compressive strength (UCS) [11],
Brazilian tensile strength, and cohesion and elastic modulus [5].

Another key parameter to determine the properties of the rock mass for optimal design
of blast and mine production is the specific energy (SE) [9,13]. The SE is affected by drilling
variables (including rotational speed, torque, RoP, and thrust) and rock properties such
us rock strength and degree and extension of the fractures [2]. The study detailed in [14]
describes the relationship of the SE with the ratio between compressive and shear strength
(called K€ factor). The authors in [15] correlated drilling variables and blast performance to
the data analysis of different drilling parameters such as hardness coefficient, minimum SE
drilling, maximum SE drilling, and specific blasting energy.

Several studies have been carried out for integrating, treating, and interpreting the
measurements and indices obtained from MWD systems in different applications. For
example, in [16], the authors processed data collected from MWD systems using neural
networks and fuzzy logic for rock recognition in blasting applications. The authors in [17]
used the collected information from the strata and geological faults to update a 3D geologi-
cal model. The work in [12] proposed processing MWD readings using machine learning
algorithms for the timely detection of operational problems during well-drilling processes,
facilitating safe operation and extending the lifetime of drilling equipment. The work
reported in [18] described a holistic solution that covers the data acquisition system and
data processing algorithms for automatically identifying drilling cycles based on motor
current and audio signals.

Typical MWD systems reported in the literature rely on the direct sensing of multiple
drilling variables using various sensors located along the drilling rig. To keep the system
working correctly, these sensors must be robust to withstand operation in harsh environ-
mental conditions and installed in such a way as to avoid creating additional points of
failure for the drilling rig [19]. Moreover, sensors require a transmission medium to send
information to the surface, which is particularly challenging for sensors in the BHA [19,20].
Considering the aforementioned challenges, the use of observers, i.e., instances that use
mathematical relations to estimate drilling variables using other signals that may be easier
to measure, represents a promising alternative for reducing the complexity of the instru-
mentation required for proper characterization of the rock mass. Observers have been
extensively studied and applied in other application domains such as motor control [21-23],
motion control [24], electric traction [25,26], and paper making processes [27], among others.
However, this approach has yet to be applied to MWD systems.

This paper describes the design and implementation of an MWD system based on
robust observers to estimate the rotary speed and torque applied on the drilling surface by
a Down-The-Hole (DTH) drilling hammer. The proposed observers estimate the variables
of interest using voltage and current measurements taken from the power lines feeding
the induction motor that controls the rotational motion in the rotary-percussive DTH drill
rig. The observer design considers the physical models that describe the well-known
interaction between load torque and induction motor drive, complemented, depending
on the case, by state feedback control or adaptive control laws to provide proper stability
and command tracking for the estimated variables. According to technical references, DTH
hammers operate with impact frequencies ranging from 10 to 28 Hz [28-30], generating
high-frequency torsional impacts on the motor shaft, which ultimately generate highly
dynamic variations in the magnitude of load torque. Therefore, a relevant objective for
this study is to evaluate the ability of the proposed observers to obtain stable estimations
of the process variables, considering the highly time-varying loads present during DTH
drilling operations. The experimental validation of the proposed observers would enable
complementary operation or the removal of physical bit speed and bit torque sensors
located in the drilling rig and, by extension, improve the reliability and economic feasibility
of MWD systems.

The performance of the proposed observed-based strategy is evaluated by analyzing
the data obtained from different rocks and concrete test blocks compared with standardized
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UCS tests, which are also correlated with the computed SE. The obtained results show
variation ranges from 0.0032 m/s to 0.0103 m/s in RoP, 54.76 Nm to 70.23 Nm in bit torque,
and 25.30 MPa to 10.30 MPa in SE when comparing the strongest and the weakest rock
grade tested. As expected, the results show that higher values of instantaneous SE match
with high-strength rocks represented by higher values of UCS and vice versa.

The reported results provide evidence about the practical utility of observers for low-
ering the cost and expanding the adoption of MWD technology, which can eventually lead
to an increment of the available data to develop and test new techniques for characterizing
the rock mass.

2. Materials and Methods
2.1. DTH Dirilling System

The DTH drilling system used for this study consists of an induction motor as a
primary rotary actuator that drives the rotary bit through a gearbox (rotary head). A
pneumatic control console distributes high-pressure air from the rotary screw compressor
to the feed mechanism and DTH hammer for percussion and hole cleaning. Table 1
summarizes the main technical specifications of the experimental drill rig implemented
for this study, and Figure 1 shows the main components and their interconnections. In the
figure, the yellow arrows indicate the air pressure lines interconnections, the green arrows
indicate the location of a pressure sensor and a depth sensor for direct measurement of
operational variables, and the light blue arrows indicate the location of the power line
terminals at the drill motor end. The voltage and current of the motor are three-phase
signals measured at the output of the power converter that supplies power to the motor
(not shown in the figure) and are used to estimate the torque and compute the SE. All
readings from the sensors are collected and processed in a dedicated data acquisition (DAQ)
system with advanced processing capabilities that enable the implementation of different
observer algorithms.

motor

power lines =
| ' 1

depth -"L—
7 sensor || ki
= d X - .
pressure f ~ airline from : : - § E air lines
sensor i compressor % L 1 from
5 f i console
(b) Control console (c) DTH drill rig

Figure 1. DTH drilling setup including main components and their interconnections.
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Table 1. DTH Drilling system specifications.

Item Value

Hole diameter 90-130 mm
Working pressure 0.5-1.0 Mpa
Air consumption 6m3 /min
Motor power 4 kW
Motor speed 1440 rpm
Motor voltage 380V
Compressor power 37 kW
Compressor pressure 0.8 Mpa
Gearbox reduction ratio 11

Bit speed 90 rpm

2.2. Observer-Based MWD System

The MWD system proposed for this study combines physical sensors and observers
to simplify the instrumentation required for rock mass characterization. Figure 2 shows a
general interconnection diagram for the designed solution, using different color lines and
boxes to illustrate the signal flow for the different sensors, including the hammer pressure
sensor (Py,), drilling depth sensor (D), motor voltage sensor (V), and motor current sensor
(I). In the figure and the rest of the document, the symbol A above a variable indicates an
estimated variable.

Table 2 summarizes the technical specifications for the sensors used in this study.
Voltage and current sensors are installed in the power lines from the power converter to
the motor, while the depth sensor is installed in the drill rig. The P;, sensor is installed
in the pneumatic console, and, in this case, it is monitored to ensure that the pneumatic
system is operating within safe ranges. All sensor readings are filtered and conditioned
in the DAQ and signal processing unit (MicroLabBox processor [31] and then used to
estimate drilling variables.

The V and I signals measured at the power converter are used to estimate the bit
speed (wy) and bit torque (Ty) using a chain of observers. In Figure 2, the data flow for
the observers is marked with red arrows and boxes. Voltage and current are three-phase
signals that are converted to gd components through Clark’s transformation (stationary
reference frame) before entering the observers. For simplicity, this step is omitted in the
diagram. First, the rotor speed model reference adaptive system (MRAS) observer uses the
V and I readings to estimate the rotor speed (@,). Using @, and the measured values of
V and I, another observer estimates the rotor flux linkages (A,). Finally, the last observer
in the chain uses @, and A, together with the measured I to estimate both @}, and Tp. The
design of these observers is described in detail in Section 2.3.

The green path represents the computation of the RoP obtained as the derivative of the
D sensor in time. The RoP is later used to compute the SE (in ]/ m3), which represents the
ratio between the energy involved during the drilling process and the volume of material
drilled, being defined as:

. Fb djb X Tb 1
~ A" AxRoP @
where F, is the bit thrust force measured in N, A is the drilled area or bit surface measured
in m?, Wy isin rad/s, Tb is in Nm, and the RoP is measured in m/s. For this study, F, is
kept constant at 1623.86 N (given by the mass of the mobile drilling structure itself).

The observed-based MWD system is completed with a graphic display implemented
on a computer equipped with the ControlDesk software used to configure the signal data
acquisition and for real-time display.

SE
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Observer-Based MWD System
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Figure 2. Schematic diagram of the proposed observer-based MWD system.
Table 2. MWD sensor specifications.
Sensor type Quantity Range Output
Voltage diff. probe 3 DC + AC peak: 1000 V +/-50V
Current clamp 3 DC + AC peak: 30 A +/—100 mV/A
Depth (TOF laser) 1 0.25-2.5m 0-10V
Hammer pressure 1 0-10 bar 0-10V

2.3. Observers Design

The design of the different observers in this application is based on the physical
models that govern the behavior of induction motors interacting with dynamic loads.
Implementing these models requires identifying the resistances and inductances of the
motor stator, magnetizing branch, and rotor.

For this study, these parameters were obtained from the motor identification routine
performed via software available for motor converters [32]. The obtained parameters and
motor specifications are summarized in Table 3.

Table 3. Induction motor parameters.

Parameter Value
Rated power 4 kW
Rated speed 1440 rpm
Rated voltage 380 V
Rated frequency 50 Hz
Stator resistance (R;) 1.3809 O
Rotor resistance (R;) 0.6843 Q)
Stator leakage inductance (Ljs) 0.1670 H
Rotor leakage inductance (Lj;) 0.1675 H
Magnetizing inductance (L) 158.37 mH

2.3.1. MRAS Back-EMF Rotor Speed Observer

The first observer in the proposed MWD system is the MRAS Back ElectroMotive
Force (BEMF) speed observer used to obtain ;. In this study, the MRAS-BEMF observer is
chosen to avoid problems with pure integration associated with the more commonly used
MRAS estimator based on rotor flux models [33,34]. Figure 3 shows the block diagram of
the implemented MRAS-BEMEF rotor speed observer, derived from equations of the three-
phase induction motor dynamic model after applying Clarke’s transformation resulting in
a two-phase model (d — g coordinates) in a stationary reference frame. To estimate the rotor
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speed, the observer uses a reference model (known as the voltage model) that does not
include the speed estimate. In contrast, the adjustable model (known as the current model)
includes speed estimates. For this and the following observers, the parameters denoted
by R represent resistances, and parameters denoted by L represent inductances, while the
subscripts s, m, and r denote stator, magnetizing branch, and rotor parameters, respectively.
Moreover, combinations of resistances and inductances generate time constants represented
by T, while o denotes the leakage coefficient. Some of these parameters can be directly
obtained from Table 3. Detailed specifications for each parameter can be found in [33].

Vi ! Reference model

Adaptive model

Figure 3. Block diagram of the MRAS Back-EMF rotor speed observer (from [34]).

2.3.2. Rotor Flux Linkage Observer

A flux linkage is defined as the product of the number of turns in a coil and the
magnetic flux passing through the coil. For induction motors, this variable is required to
estimate the instantaneous electromagnetic torque developed by the machine. There are
several methods to estimate rotor flux linkage space vector (A,). The model chosen for
this study is the rotor flux model described in [35], considering its insensibility to changes
in motor parameters influenced by temperature. Figure 4 shows the block diagram of
the RFLO. Again, this model is derived from the induction motor dynamic two-phase
model (d — q coordinates) in a stationary reference frame. It should be noted that this
observer requires the rotor speed signal, which is estimated by the MRAS-BEMF rotor
speed observer previously described using the same nomenclature.
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Figure 4. Block diagram of the rotor flux linkage observer (build from [35]).

2.3.3. Bit Speed and Torque Observer

The last observer required for the proposed MWD system is the Bit Speed and Torque
Observer (BSTO). The block diagram of this observer is shown in Figure 5 and is based on
the velocity observer described in [27], designed for papermaking applications. This BSTO
estimates the bit torque within the observer bandwidth and can be seen as a (disturbance)
state filter where lagging can be significantly near or above the observer bandwidth. The
BSTO uses the estimated rotor speed scaled from the MRAS BEMEF observer to obtain
the estimated motor speed (w;;, = @, /number of pole pairs), which is then converted to
estimated bit speed (@) through the gearbox reduction ratio GR (see Table 1) as shown in
the following equation:

2
P x GR

d)b = (2);/ X (2)

where P is the number of poles of the motor.

Bit speed & bit torque observer

I Bit speed & bit torque estimation | 1 Electromagnetic ~
I . . I | torque estimation Adr
o, T

bl

Velocity
observer

Figure 5. Block diagram of the bit speed and bit torque observer.
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This observer also requires the estimation of electromagnetic torque (T) acting as a
feed-forward signal. In this case, the T, can be calculated as:

T, = %g% X (Adrlgs — Agrlas) ®3)

According to Figure 5, the resulting bit torque (T,) has a negative sign and, therefore,
should be multiplied by —1 to obtain a positive value.

The mechanical parameters of the BSTO Jr, br, and T, represent the total inertia, total
viscous drag, and the Coulomb friction, respectively. The Jr is the sum of all components
individual inertia (motor, gear reducer, and hammer inertia), while bt is the sum of the
motor and gear reducer viscous drag. The Coulomb friction is an approximate model
used to calculate the force of dry friction, and in this case, its constant value reached
1.7 Nm. All these parameters can be calculated from the T, vs. w;, curve obtained from
acceleration ramps and steady operation under no load conditions [36]. Table 4 summarizes
the mechanical parameters of the drill rig obtained from experimental tests.

Table 4. Mechanical parameters of drill rig.

Parameter Value
Total inertia 0.0244 Kg m?
Total viscous drag coefficient 0.0100 Nms/rad
Static friction 1.7 Nm

3. Results

In this section, the proposed observer-based MWD system is experimentally evaluated
considering four different drilling testing specimens with different compositions that cover
a wide range of compressive strengths. The objective of the experiments is to assess
the correlation of the estimated drilling variables &, T;, and SE with the properties of
the specimens.

3.1. Drilling Testing Specimens

Figure 6 shows referential pictures of the four types of specimens evaluated in the
experiments, including rocks collected from local quarries and concrete blocks with dif-
ferent compositions. The characteristics of the specimens used in the experiments are
summarized below:

*  Specimen of type (a) is a high hardness tonalite (granite) phaneritic crystalline formed
by plagioclase (large crystals), quartz, biotite, and hornblende. The approximate
dimensions of the testing samples are 300 mm x 700 mm x 400 mm (height x width
x depth).

*  Specimen of type (b) is a metamorphic rock from a pelitic protolith presenting foliation
between slate and schistoseis. The approximate dimensions of the testing samples are
200 mm x 500 mm x 300 mm (height x width x depth)

*  Specimen of type (c) is a concrete block composed of 55% of concrete type H-25
(compressive strength > 25 MPa) and 45% of gravel of one inch or smaller size. The
approximate dimensions of the testing samples are 300 mm x 300 mm x 300 mm
(height x width x depth)

*  Specimen (d) is concrete H-10 (compressive strength > 10 MPa). Sample dimensions
are similar to specimen c.

For purposes of laboratory characterization, the four specimens were subjected to the
standard test method of uniaxial compressive strength (UCS) [37] using a hydraulic press
machine (Matest C089). The rock and concrete cores tested were obtained directly from the
rock and concrete samples. The cores were prepared based on the ASTM D4543 standard,
applying a vertical load and registering the measured load and vertical displacement until
core breakage. Table 5 shows the UCS results for the specimens, including the rock grade



Mathematics 2022, 10, 4814

90f18

and classification reported in [38]. It can be seen that the testing specimens cover a wide
range of rock strengths, from very strong to (equivalent) weak rocks for concrete blocks.
The table also includes an identifier for each specimen based on the particular properties,
which will be used in the rest of the document to refer to each sample.

(@ (b) @
Figure 6. Rock and concrete specimens for evaluation of observer-based MWD system: (a) quarry
rock 1; (b) quarry rock 2; (c) concrete/gravel block 1; (d) concrete block 2.

Table 5. Laboratory results of UCS for testing specimens.

Specimen UCS (MPa) Classification (Grade) Identifier
Quarry rock (a) 161.51 + 11.54 Very strong (R5) QR-R5
Quarry rock (b) 92.64 + 42.89 Strong (R4) QR-R4
Concrete block with gravel (c) 2542 +1.43 Medium strong (R3) CB-R3
Pure concrete block (d) 14.54 4 3.65 Weak (R2) CB-R2

3.2. Estimation of Rotor Flux

Figure 7 shows the gd components of the stator current (a) and voltage (b) input
signal in a rotating reference frame along with the estimated output rotor flux linkages
gd components generated by the RFLO (c). The measured V and I correspond to no-load
operation at a speed of 1440 rpm on the motor side. Voltage components are not pure
sinusoidal since they are obtained from a pulse width modulated (PWM) converter after a
low pass filter stage set at 500 Hz. Current components are filtered similarly, reaching a peak
close to 3.2 A for both gd components. Finally, based on measured voltages and currents
combined with the motor equivalent circuit parameters, the resulting flux linkage output
signals are estimated, reaching an amplitude around 2 Wb-t and showing an expected 90°
phase offset between gd components, in the same way as voltage and current signals. It
should be noted that @, is a required input signal for the RFLO that comes from the MRAS-
BEMF rotor speed observer. The tuning of the adaptive mechanism (K, and K; gains)
for the MRAS-BEMF observer imposes a trade-off between fast response and high noise
and disturbances rejection. Detailed descriptions of features, including dynamic tracking
performance and stability analysis, can be found in [33,34]. The evaluation of the MRAS-
BEMEF observer is described by integrating @, as the input signal (speed reference) for the
BSTO. In the same way, the flux linkage signals estimated for the RFLO are subsequently
incorporated as input signals for the electromagnetic torque estimation T, required for the
proper operation of BSTO as shown in Section 2.3.3.
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Figure 7. Evaluation of RFLO under no load conditionL (a) gd current components; (b) gd voltage
components; (c) gd estimated rotor flux linkage components.

3.3. Bit Speed and Torque Estimation

To assess the operation of the BSTO, the experimental evaluation considers a typical
motor starting cycle beginning at time 10 s with a speed ramp that reaches the rated speed
(load side) of 90 rpm at 15 s and then continues operating at a constant speed. Then,
around t = 35 s, the drilling operation of a QR-R5 (see Table 5) starts, stopping later at time
t = 97 s when the testing specimen is completely traversed. To facilitate the analysis, in the
following figures, the inputs variables (&, and T;) of the BSTO are shown referred to the
bit side. According to Figure 5, it should be noted that the referred input speed signal @y,
is equivalent to @y, (= @, /GR). To evaluate the effect of bandwidth tuning of the BSTO (in
practice, this selection is user defined), two different values are considered: (i) b, = 0.3 Hz,
kso = 0.048 Hz, and k;5,= 0.006 Hz; and (ii) b, = 25 Hz, ks, = 4 Hz, and k;,,0.5 Hz.

Figure 8 shows the observer performance considering a bandwidth of case (i). This
figure shows that the observer speed tracking is poor, especially when drilling starts and
stops (t = 35 s and t = 97 s, respectively). However, the bit torque component (T;) of
the electromagnetic torque is adequately isolated from friction and inertial components.
This relatively low bandwidth produces a significant filtering effect showing negligible
magnitude oscillations for T}, but with a significant lagging impact. Thus, if better speed
tracking is desirable, the observer bandwidth should be incremented.

Figure 9 shows observer performance when case (ii) is selected. In this case, both
observer speed output @y, and bit torque have proper tracking properties; however, T,
has a higher oscillatory component but lower lagging when compared with the previous
lower observer bandwidth case. Regarding the T}, profile, Figures 8 and 9 show that during
the drilling operation, two stages can be distinguished. First, from t = 35 s, the drill bit
penetrates the testing specimen, and the bit torque increases linearly until t = 45 s. Then, the
bit torque is kept practically constant, developing almost 55 Nm, until the rock specimen is
completely traversed around t = 97 s when the bit torque falls to zero.

Figures 8 and 9 demonstrate that the proposed BSTO can isolate the drilling torque
component from frictional and inertial components present in the mechanical system, even
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when low bandwidth is set. Therefore, the bandwidth choice is a user option that sets a
trade-off between filtering and lagging properties when T; is the target signal.
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Figure 8. Evaluation of BSTO under drilling condition, considering low bandwidth observer tuning:
(@) @pmo referred to bit side; (b) T, referred to bit side.
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Figure 9. Evaluation of BSTO under drilling condition, considering proper bandwidth observer
tuning: (a) Wy, referred to bit side; (b) T, referred to bit side.

3.4. Evaluation of the Observer-based MWD System

Considering the four testing specimens previously described, the next step in this
study is the experimental evaluation of the overall performance of the observer-based MWD
system, including measured and estimated variables. To evaluate the performance under
significantly different drilling materials, the cases of QR-R4 and CB-R2 are selected for
detailed analysis, including the collected signals coming from both sensors and observers.
Figure 10 shows the signals obtained from physical sensors that include depth, RoP, and
hammer pressure. Figure 11 shows the observer-based signals of bit speed, bit torque, and
the specific energy considering the drilling operation of QR-R4.
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variables: (a) depth; (b) RoP and average RoP; (c) Py,.
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Figure 11. Evaluation of observer-based MWD system during drilling condition of QR-R4, estimated
variables: (a) @p; (b) Tp; (c) SE.

Figure 10a shows that the total depth for the sample test QR-R4 reached 15.6 cm in a
period of 56.9 s, giving an average RoP of 0.0026 m/s (see Figure 10b). In Figure 10c, the
hammer pressure is stabilized at t = 10 s, approximately after the bit is entirely in the rock
sample. Recall that the P}, signal is monitored for the safe operation of the pneumatic system
but also allows us to observe the start and end time of the drilling operation along with the
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magnitude evolution required for comparative analysis of different specimens. Figure 11a,
shows that the estimated bit speed is nearly constant at 90 rpm during the drilling period;
however, the estimated bit torque component increased from 0 to 40.6 Nm att =11.84 s to
then stay nearly constant until the end of the evaluation (see Figure 11b). Figure 11c shows
the specific energy calculated from Equation (1), considering the average RoP to avoid an
excessively noisy signal. The SE, in this case, reached an average of 23.2 MPa during steady
drilling operation (after t = 10 s). These results show that when the drilling specimen is
uniformly composed, the T}, develops a nearly constant shape after the bit is completely
inserted in the drilled material, and therefore the resulting SE follows the same behavior
when a steady RoP is assumed. Thus, it would be possible to establish ranges of operation
for both T, and SE for different rock mass being drilled when the same drill rig machine
and bit are used.

Figure 12 shows the signals obtained from physical sensors of deep, RoP, and hammer
pressure, while Figure 13 shows the observer-based signals of bit speed, bit torque, and the
specific energy considering drilling operation of CB-R2. Compared with the previous case
(Figure 10a), the total depth is almost double, reaching 32.4 cm but with a shorter drilling
period of 29.6 s. As a result, the average RoP is 0.0103 m/s, representing about four times
the RoP obtained for the previous case. Figure 12c shows that this test was performed with
a similar hammer pressure (around 6.8 bar in steady state) than the previous case. Looking
at Figure 13b, the bit torque reached 70.23 Nm during steady operation (after t =10s),
representing an increment of 72% when compared with Figure 11b. Considering that this
case represents the drilling of the weakest test sample, the resulting specific energy was
10.3 MPa, representing 44% of the SE obtained for the stronger QR-R4.
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Figure 12. Evaluation of observer-based MWD system during drilling condition of block 2, measured
variables: (a) depth; (b) RoP and average RoP; (c) P;,.



Mathematics 2022, 10, 4814

14 0f 18

120
i 100 - i
B A A
80 4
Il Il Il Il Il
0 5 10 15 20 25
time [s]
@)
100
El
Z. sof
&
0 Il Il
0 5 10
40 4
T
o
=
—20r 4
L
n PP y RPN (U UPTINIY WV 0 Toumw AR R o
O Il Il Il Il Il
0 5 10 15 20 25

time [s]
(c)
Figure 13. Evaluation of observer-based MWD system during drilling condition of block 2, estimated
variables: (a) @y; (b) Tp; (c) SE.

Following the same evaluation procedure described in Figures 10-13, Table 6 sum-
marizes the results of RoP, Tj,, and SE for the four testing specimens. The results of UCS
(shown in Table 5) are also included to facilitate the analysis. The results summarized in
Table 6 show a correlation between the average SE and the UCS. Although this correlation is
not proportional, it is clear that SE computed by the observer-based MWD system increases
when the UCS of the testing sample increases. Regarding the average RoP, CB-R2 has the
highest value since this concrete block has the weakest sample classification according to
its UCS value. Consequently, although the CB-R2 specimen has the highest bit torque with
the highest RoP, the SE reaches the lowest values among the four samples. Both QR-R5 and
QR-R4 specimens represent particular cases. In the case of QR-R5, the combination of a
high bit torque and relatively low RoP results in the highest specific energy. On the other
hand, QR-R4 has the lowest RoP but, combined with lower bit torque compared to QR-RS5,
results in the second highest SE value.

Table 6. Experimental results of average RoP, average steady Tb, average steady SE and UCS for
4 testing specimens.

Specimen RoP;yg [m/s] Tb,avg [Nm] SE;yg [MPa] UCS [MPa]
QR-R5 0.0032 54.76 25.30 161.51
QR-R4 0.0026 40.57 23.24 92.64
CB-R3 0.0054 60.39 16.85 25.42
CB-R2 0.0103 70.23 10.30 14.54

4. Discussion

The proposed observer for the bit speed and bit torque observer incorporates the
estimations of the rotor speed from the MRAS-BEMEF observer and the electromagnetic
torque that uses rotor flux linkage estimates coming from RFLO. Therefore, considering
an application perspective, we can focus on the outputs of the BSTO to evaluate the
interactions between different estimated variables and their stable tracking under no-load
conditions and dynamic load torque. The highly time-varying load condition typical in the
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target operational scenarios is evidenced in Figure 8b, where the estimated electromagnetic
torque presents high oscillations during the drilling operation, reaching variations in its
magnitude of up to 120 Nm (from 50 to 170 Nm around t = 82 s). The results show that,
despite these dynamic oscillations, all variables interacting in the BSTO converge to a stable
behavior and generate stable estimations for bit speed and bit torque, demonstrating that a
proper use of MRAS and feedback control engineering tools allow stable observer tracking
of drilling variables under different operational scenarios.

As mentioned in Section 2.3.3, the bandwidth of the BSTO is a user-specified parameter
that represents a trade-off between the tracking error in the estimated bit speed Wy, and
the noise and delay on the estimated bit torque. In general, a high-bandwidth configuration
for the BSTO will provide low tracking error in the @, signal of the velocity observer
(framed by the purple dashed line in Figure 5) but a noisy torque estimation. On the
other hand, a low-bandwidth configuration will degrade the tracking error in the @Wmo
signal but produce a smooth torque estimation with an additional delay compared to the
estimation with low bandwidth configuration. At this point, it is important to note that the
Wmo is an internal signal that is only used for estimating the bit torque, while the actual
bit speed output @}, of the BSTO is obtained from the MRAS-BEMF observer. Therefore,
from an application perspective, a low bandwidth tuning can be perfectly acceptable for
practitioners focused on the estimation of a smooth bit torque component with a tolerable
lag, despite the expected degradation in the speed tracking.

The results obtained from the experiments on the testing specimens show that, as
expected, the drilling of stronger rocks produces lower RoP compared to weaker blocks;
however, the bit torque has an opposite behavior, increasing its magnitude when drilling
weaker rocks. The SE index incorporates these variables and shows a clear correlation
with the UCS index for all tested samples, consistent with the specialized literature. The
experiments show that the observer-based system can track variations in the bit torque
and specific energy at different stages of drilling a single specimen. Moreover, the average
magnitude of the monitored variables shows significant relative variations among the
different testing specimens. Therefore, it is reasonable to expect that the proposed system
can identify changes in the lithology along the borehole in deep drilling operations.

In this study, the RoP signal is computed as the simple derivative of the depth sensor
readings with respect to time, considering fixed sampling intervals. In practice, the depth
readings are expected to be noisy due to the intrinsic vibration in the system components
during the drilling operations. Using a simple derivative algorithm, the variations in the
depth readings produce an oscillating instantaneous RoP, even generating non-physical
negative values when drilling high-strength rock due to higher vibrations (see Figure 10).
Although we circumvent this problem by using the average RoP over a time window, it
would be interesting to test improved algorithms that take into consideration the effect of
rock strength (rocks with higher strength generate more vibration than weaker rocks) in
the RoP estimation, avoiding non-physical estimations without adding excessive delay.

The overall results show that the proposed observer-based measurement system can
effectively estimate the bit rotational speed and bit torque of a DTH drilling rig using mea-
surements of current and voltages taken from the motor power lines, which are normally
located in safe cabinets that are easy to access and do not require specialized telemetry. The
observers can either operate in redundancy with physical bit torque and bit speed sensors
located in the drilling rig to increase the reliability of the MWD system or replace physical
sensors to simplify the required instrumentation and reduce deployment and operational
costs. To the best of our knowledge, this is the first study reporting evidence about the
effectiveness of observers in MWD systems for estimating indexes for rock mass characteri-
zation. Although the proposed topology is implemented and tested in a laboratory setup,
the presented methodology for the design, tuning, and implementation of the observers
follows logical steps that can be directly adapted for industrial settings.
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5. Conclusions

This study presents the design and evaluation of an observed-based MWD system.
The proposed system comprises three observers that used physics-based models of motor
dynamics to estimate the bit rotational speed and bit torque in a down-the-hole drilling rig
using measurements of current and voltage taken at the motor power line, away from the
harsh drilling operational environment. The estimated variables are then combined with
the rate of penetration derived from a physical depth sensor to obtain the specific energy
associated with the drilling process.

The performance of the proposed observer-based MWD system is evaluated by an-
alyzing the variables estimated during the drilling of different testing specimens with
different rock strengths, covering from very strong to weak rocks according to the UCS
index. Experimental results showed that the observers reached stable responses under both
no-load conditions and rapid variations in the load torque derived from high-frequency
torsional impacts in the motor shaft that typically occur during DTH drilling. Moreover, the
on-field computed value of specific energy obtained using the observed variables showed
a consistent correlation with the off-line laboratory results for the UCS, which is one of the
most representative parameters for rock mechanic characterization.

By providing evidence about the utility of observers for complementing or replacing
traditional physical sensors located on a drilling rig, we expect the results will provide a
baseline for further studies oriented to increase the reliability and economic feasibility of
MWD systems. Advances in this area can also increase the quantity and quality of data
available for performing exhaustive data-driven analysis in rock mass characterization
and intelligent process monitoring, which would lead to improvements in engineering
calculations and timely decision making during rock excavation procedures in mining,
construction, and oil, among other industries.
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