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GLOSSARY

Casing - The tubular structure that is placed in the drilled well to maintain the well opening
(Allaby, 2020).

Crude Oil - The mixture of liquid hydrocarbons in their natural state or obtained by
condensation or extraction of natural gas (Office of Oil & Gas, 1997).

Deposit — One or more reservoirs grouped or related to each other within the same geological,
structural, or stratigraphic characteristics (Allaby, 2020). There may be two or more reservoirs in
the same reservoir, separated vertically or laterally by impermeable rocks or local geological
barriers.

Downstream - The sector in charge of all those activities that go from refining crude oil to its
commercialization and distribution (Kurdi, 2010). Gasoline and diesel are some of the
downstream products.

Exploration & Production (E&P) - A specific sector within the oil and gas industry that
researches new methods, techniques, and technologies to extract hydrocarbons (Kurdi, 2010).

Geological Formation — A rock unit that is distinctive enough to separate it from surrounding
rock layers. The rock unit is formed of sediments and rock with similar lithology and
sedimentary facies (Allaby, 2020).

Horizontal Directional Drilling (HDD) - A trenchless construction method used to install
pipelines of various sizes and materials below the ground surface (Lowson, & Beckman, 1997).

Improved Oil Recovery (IOR) - Also known as tertiary recovery, and it is the extraction of
hydrocarbons from an oil field that cannot be extracted otherwise (Zhang et al., 2018).

Midstream - The link in the oil chain that is in charge of all the tasks related to the
transportation of crude oil and oil derivatives, whether by pipe, truck, or ship (Kurdi, 2010).

Natural Gas — The mixture of gaseous hydrocarbons at atmospheric pressure and 15°C as it
arises from a deposit in its natural state (Allaby, 2020).

Oil Exploration — The term used in the oil industry to search for oil or gas (Sheehan, 2014).
Oil Reservoir — A rock formation in which oil and gas have accumulated (Ma et al., 2016).

Rate of Penetration (ROP) - The speed at which a drill bit breaks the rock (Allaby, 2020).
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Reservoir — The stratum or subsoil sector that contains, or is thought to contain, an accumulation
of hydrocarbons, which can be produced or extracted (Allaby, 2020).

Upstream - The exploration and production activities of the hydrocarbon industry. This link in
the chain is in charge of searching for potential deposits and exploiting wells (Kurdi, 2010).

Weight on Bit (WOB) - The amount of downward force exerted on the drill bit (Allaby, 2020).
Well — The hole drilled in the rock from the surface of the earth of a deposit to explore or exploit

the crude oil of the subsurface. Wildcat wells are those that are carried out without full
knowledge of the rock structure (Allaby, 2020).
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ABSTRACT

The oil and gas industry faces a lack of compact drilling devices capable of performing
horizontal drilling maneuvers in depleted or abandoned wells in order to enhance oil recovery.
The purpose of this project was to design and develop a smart sensing system that can be later
implemented in compact drilling devices used to perform horizontal drilling to enhance oil
recovery in wells. A smart sensor is the combination of a sensing element (sensor) and a
microprocessor. Hence, a smart sensing system is an arrangement that consists of different
sensors, where one or more have smart capabilities. The sensing system was built and tested in a
laboratory setting. For this, a test bench was used as a case study to simulate the operation from a
micro-drilling device. The smart sensing system integrated the sensors essential for the direct
operational measurements required for the robot. The focus was on selecting reliable and sturdy
components that can handle the operation Down the Hole (DTH) on the final lateral micro-
drilling robot. The sensing system's recorded data was sent to a microcontroller, where it was
processed and then presented visually to the operator through a User Interface (Ul) developed in
a cloud-based framework. The information was filtered, processed, and sent to a controller that
executed commands and sent signals to the test bench’s actuators. The smart sensing system
included novel modules and sensors suitable for the operation in a harsh environment such as the
one faced in the drilling process. Furthermore, it was designed as an independent, flexible
module that can be implemented in test benches with different settings and early robotic
prototypes. The outcome of this project was a sensing system able to provide robotic drilling
devices with flexibility while providing accurate and reliable measurements during their

operation.
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CHAPTER 1. INTRODUCTION

Oil is a non-renewable resource formed over millions of years, as organic materials from
dead organisms are exposed to intense heat and pressure (Allaby, 2020). Beneath the earth's
crust, it is possible to find many different geological formations where oil can be stored.

Geologists classify reservoir shapes, or traps, into two types: structural and stratigraphic
traps. Stratigraphic traps are formed when other beds seal a reservoir bed or when the
permeability changes within the reservoir bed (Boomer, 2008). The principal types of
stratigraphic traps can be seen in Figure 1.1. Lateral drilling or “horizontal drilling” is important
in the oil and gas industry to improve the existing oil well’s productivity, creating access to
different deposits across the section, and providing connectedness to the porous network where
hydrocarbons reside.

anticline fault trap stratigraphic trap

impermeable
limestone

water in
reservoir rock

Figure 1.1. Principal types of petroleum types (Britannica, 2017).

The oil chambers are zones filled with petroleum that often must be accessed horizontally
due to the geological properties of the ground surrounding them. This is because different
formations enclose the chamber, and reaching it with typical drilling methods is not possible.
The problem is that only 62% of oil can be extracted with vertical drilling techniques, and
horizontal drilling technologies are required to enhance oil extraction in some stratigraphic traps
(Office of Oil & Gas, 1997). Therefore, such a type of technique must be implemented as a way
to increase the payout and profitability of depleted and abandoned wells (Sheehan, 2014).
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Nowadays, vertical drilling techniques are widely used both for off-shore and on-shore
oil deposits, and compact fluid power robots that integrate Down-the-Hole (DTH) and Rotary
Steerable Drilling (RSD) technologies have been proven to be successful both in experimental
settings and fields (Du et al., 2008; Wang et al., 2014). However, the oil and gas industry
requires novel approaches to enhance the recovery and, as a consequence, increase their profits
(Sheehan, 2014). Over the last three decades, step-change innovations have been developed and
optimized, namely, Horizontal Directional Drilling (HDD) and hydraulic fracturing (Jongheon &
Hyun, 2017).

Current HDD techniques have some drawbacks related to their operation and capabilities
(Zhang et al., 2018). Commonly, HDD devices can steer in a range between 3-4 degrees/100 ft
for long-radius applications and from 8-19 degrees/100 ft for medium radius applications. Short-
radius applications require up to 100 degrees/100 ft of steering. Currently, short-radius drilling
technologies are one of the most researched fields (Wang et al., 2019). On the other hand,
hydraulic fracturing has been a widely used method to extract oil from structural and
stratigraphic traps. Still, it has its limitations and drawbacks for oil extraction (Stephenson,
2015). A robot capable of reaching the structural and stratigraphic traps without the necessity of
injecting, recirculating a high-pressure fluid, and cracking the rocks, would make a difference in
the industry (Sheehan, 2014).

Horizontal drilling techniques have been implemented as a way to increase the payout
and profitability by extracting oil from depleted and abandoned wells (Ma et al., 2016). Fluid
power is widely used for a range of applications because it is very adaptable and reliable.
Currently, it can be found in a variety of industries such as transportation, construction,
aerospace, and manufacturing (Vacca, 2018). Researchers have found a solution to some of the
challenges faced not only with the horizontal drilling process but in general within the oil and
gas industry by using fluid-powered devices.

However, one disadvantage of fluid power systems is the low power efficiency derived
from the several sources of power losses in the systems. Thus, hydraulic energy harvesting is a
technology of current research that has the capacity to improve the energy efficiency of fluid
power systems (Cikim et al., 2014). In addition, drilling processes have proven to be very energy

inefficient due to the many factors involved in the operation, such as temperature, circulating
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pressure losses, and mechanical frictions (Chang et al., 2018). The average energy efficiency was
estimated at 21%; thus, there is an enormous opportunity for research to address this problem
(Oak Ridge National Laboratory, 2012). There are tools designed for horizontal drilling in the
market, but they are not capable of performing drilling operations at a smaller scale, particularly
in smaller well bores. Also, they require additional tools and significant, capital-intensive

equipment on the surface to operate them.

1.1.The Problem

The oil and gas industry lacks compact drilling devices capable of performing horizontal
drilling maneuvers in depleted or abandoned wells in order to enhance oil recovery in geological
formations with hard-to-reach structural and stratigraphic traps. Developing such devices and
integrating several systems to ensure a consistent and continuous drilling operation is
challenging. This study focuses on the development of sensing systems that can be implemented

in compact drilling devices, offering reliable measurements for guidance and control.

1.1.1. Significance

Only 62% of oil can be extracted through vertical drilling techniques (Office of Oil Gas,
1997); therefore, horizontal drilling technologies need to be investigated to maximize oil
extraction in geological formations where hydrocarbons are trapped (Ma et al., 2016).
Companies are continually looking for new methods and technologies to increase hydrocarbon
extraction, and those who can implement horizontal drilling techniques can improve oil
extraction by up to 42% (Sheehan, 2014).

Advancements in fluid power systems can improve efficiency, and therefore more
powerful and compact machines can be developed for current applications.

During the drilling process, improvements such as enhanced operating efficiency of fluid-
powered tools, precision during the operation, and reliable path-planning are only achievable
with feedback from sensors and transducers. A transducer is a sensor or system element that
converts a physical variable into an electric signal that can be read and interpreted by another
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system. The electric signal is a representation of the variable measured, and nowadays,
intelligent sensors use machine learning and redundant measurements to improve data
acquisition (Hu & Hao, 2013).

Therefore, a sensing system is one critical element of any drilling device since it allows
the user to control and operate machinery. Additionally, the sensing system can provide
information regarding the operation process, the environment, the device's health, and it can be
used to feed data to other systems such as the control system that will coordinate the operation of
the device.

1.2.The Purpose

The purpose of this project was to design and develop a smart sensing system that can be
later implemented in compact drilling devices used to perform horizontal drilling to enhance oil
recovery in wells. The sensing system is based on the advantages of both Measurement while
Drilling (MWD) and Logging while Drilling (LWD) technologies. The developed system and
cloud-based architecture are based on a modular design that can be easily implemented on

drilling devices of different diameters while ensuring reliable measurements.

1.2.1. Research Questions

The research questions that had to be answered in order to realize the outcomes
associated with the purpose are listed as follows:

a) What are the existing mechanisms used for drilling horizontal laterals for oil extraction in
depleted and abandoned wells?

b) What type of telemetry system is required to ensure a reliable connection between the
Bottom Hole Assembly (BHA) sensors and the surface?

c) What type of sensing and communication capabilities are required to gather real-time data
while performing down-the-hole (DTH) drilling operations?

d) How will the information gathered from the sensors be interpreted and processed for the
use of a lateral micro drilling device?
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1.2.2. Significance

The research project's deliverable was a working prototype of a smart sensing system
based on a modular design that can be implemented in robots capable of performing horizontal
drilling operations. The system includes a cloud-based dashboard that provides a visual
representation of the operational variables. Even though the research project was a part of a
larger project with a broader goal, this thesis's scope focuses on designing and developing the
sensing system and its communication components. The smart sensing system includes novel
modules and sensors that provide output signals similar to those suitable for the operation in a
harsh environment, such as those faced in the drilling process. The sensing system was designed
considering it as a module that will be integrated into a prototype. Thus, it was designed to be
flexible and to have the ability to be easily implemented in different testing settings.

The final goal and part of future work (refer to section 5.1.2) was to implement the
sensing system in a compact robot that must be able to perform drilling operations in wellbores
of between three and five inches in diameter. Such a robot will also be capable of creating
horizontal laterals within the range of short-radius applications. The sensing system is a critical
component that will enable the device mentioned above to achieve its goals by providing reliable
measurements and real-time feedback to the operator. A thorough analysis of the sensors that a
drilling device requires to operate was performed in order to ensure that the sensing system
meets all the expected operational requirements, and its performance can be evaluated based on
predefined criteria.

1.3. The Impact

Vertical drilling techniques cannot be used for all drilling operations. Frequently, the
interbedded zones (geological formations where oil and gas are trapped) are inaccessible, and
other techniques such as HDD are required (Ma et al., 2016). Sheehan (2014) estimated that
companies able to implement HDD technologies could increase their hydrocarbon extraction by

up to 42%, representing an increase in the well's payoff and the company's profits.
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Nowadays, there have been developments in compact solutions for drilling operations.
Jian et al. (2012) designed and implemented a steering mechanism for a drilling robot used for
geological exploration. This robot can drill between 20-100 m and is composed of a drilling and
a steering section. One key feature of their design is the use of electrical components that allows
them to have a smaller design footprint, but their prototype has less drilling power. Therefore, a
solution like this cannot be implemented in the oil and gas industry since a balance between
power and size is required, which can be achieved using fluid and robust control systems. The
table below shows the expected specifications that the micro-drilling robotic device will have. As
can be seen, the robot’s general specifications (e.g., dry weight, length) change according to the
assembly type. However, the drilling and fluid power parameters are the same since the drilling
operation is expected to be performed in the same basin. Thus, the power requirements have to
be met independently of the type of assembly chosen.

Table 1.1. Micro-Drilling Robotic Device Specifications.

Category Parameter Assembly type
General Worm robot device
Dry weight 88 Ib. (~40 kg)
Diameter 3.3in (0.084 m)
Length 5.6 ft (1.71 m) (fixed)
Drilling
Bit type ® 3.75in (0.095 m) PDC bit
ROP 15 ft/hr (4.6 m/hr)
WOB 450 pounds (2 kN)
Turning radius/steering angle 100 ft/ 16°
Torque 100 Nm
Rotational speed [100;200] rev/min
Fluid Power
Pressure 1800 PSI (140 bar)
Flow rate 5.9 GPM (22.3 liters/min)
Hydraulic Horsepower 7.5HP

Liu et al. (2019) provided a review and classification of downhole robots. They proposed
two categories according to the type of structure and application. The first category is downhole
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traction robots, and the second is downhole drilling robots. The authors outlined that the critical
component that differentiates these two categories is the presence of a circulation channel for the
drilling mud across the robot. The drilling mud is an element required in the drilling operation
for lubrication, temperature control, and to decrease the wear of the drill bit. In addition, it helps
to remove the reservoir cuttings created caused by the drilling operation.

The significance of this project is summarized by two main aspects: time and costs. The
drilling operation is continuous, highly sensitive to external factors, and an expensive process.
According to Beattie (2020), the average cost-per-barrel of oil can go from 30-40 USD using
conventional drilling methods and up to 40-90 USD when horizontal drilling techniques are
implemented.

Therefore, a horizontal drilling device capable of enhancing the oil extraction in depleted
wells can bring both a reduced time and an accelerated return on investment. However, such a
device cannot be developed without a reliable and robust sensing system that allows it to

maximize efficiency by improving its operational control.

1.4. Assumptions

For the project's purposes, the researcher made the following assumptions related to the
smart sensing system's design considering its future implementation in a micro drilling robotic
device. The smart sensing system is integrated into a test bench which will be used as an
architecture to validate the system’s reliability. The details of the test bench, operational
characteristics, capabilities, and elements will be discussed in detail in Chapter 4.

The assumptions for this research work are listed below:

1. Itis assumed that the test bench provides an environment with conditions similar
to the ones expected during the drilling operation.

2. The currently selected sensors might not be the definitive ones that will be used in
the micro drilling device. Still, they are similar in operation principle and provide
a comparable output.

3. Itis assumed that the laboratory tests’ measurements are an accurate

representation of the conditions and response of the sensing system DTH.
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1.5. Delimitations

The delimitations for this research work are listed below:

1.

The smart sensing system was designed to be easily implementable and adaptable
to different compact drilling devices.

The opportunity exists to scale the system by adding more sensors. Still, the
additional sensors must also be suitable for the harsh environment faced during a
drilling operation and must provide an output readable by the Analog to Digital
Converter (ADC). Otherwise, an additional signal conditioning component such
as the ones in section 3.5.3 must be added.

The extent of the number and characteristics of the sensors that can be added will
be limited by the microprocessor's capabilities to receive, process, and transmit
the signals.

For future work, the sensing system will be implemented in a robotic drilling
device of three to four inches in diameter and will fall into the category of "short-
radius™ horizontal drilling applications, that is, to steer and drill at a rate of ~100
degrees/100 ft.

The construction of a special enclosure for the electronics will be considered for
the Printed Circuit Board (PCB) design, but it will not be part of this project's
scope.

The research project's scope only considers the smart sensing system'’s
development and testing of its sensors, communications, and user interface

required for its functioning and operation.

1.6. Limitations

The researcher's fields of expertise are not oil extraction nor geology but rather are

focused on industrial robotics, instrumentation, and fluid power systems. Therefore, a thorough

review of the literature was performed, and continuous feedback from experts in the field was

provided to fill any gaps in fundamental knowledge. To aid in replicability for a future industrial
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product, the researcher selected commercially available components to create a fully functional
prototype of a smart sensing system when possible. For non-available and special elements,
custom machined components were made. In the case of sensors that required additional
electronics to protect from electrical overcharge, overcurrent, noise, and temperature, the
researcher designed the necessary mechanisms to mitigate these factors that affected the system's
reliability. There was also a limitation regarding the type of sensors that were used due to the

harsh environment in which the system will be implemented in the future.

1.7. Micro Drilling Robot Implementation

The present work was part of a research project projected to be a three-year effort that is
divided into three phases, as seen in Figure 1.2. The project's final expected outcome is to have a
fully functional prototype of a micro drilling device that will be used in depleted wells for
horizontal drilling.

Phase one of the project consisted of the initial proof of concept and a thorough literature
review. This phase is intended to provide the researcher with the base knowledge required to
understand the problem, the relevance, and the constraints. Phase one also included the prototype
design, its different segments, frame, mechanism, and components. This phase's key deliverable
was the virtual assembly and the first version of the bill of materials of the prototype.

Phase two of the project involved the construction and controlled testing of some of the
prototype's mechanisms and components. For this phase, a test bench was created as well as the
criteria for the Design of Experiments (DOE), and the researcher developed a smart sensing
system that was implemented in a controlled environment. This phase required a high level of
hardware and software development since this phase's deliverable was a physical working
prototype. A set of systems and interfaces allowed an operator to perform activities in a
controlled environment. A DOE was implemented to define the experiments to be performed on
the test bench that will be developed. Data gathering and analysis were executed in each set of
experiments to move forward to phase three.

Phase three consists of the optimization of the prototype. The data examined in Phase two

will be utilized to perform design analysis and optimization that will lead to further
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improvements. The cycle of constant development, test, debugging, and implementation aims to
have a working prototype that will be tested in a real environment. The design improvements
will be focused on the manufacturability and reliability of the robot's frame and mechanisms and

the experiments' replicability.

+ Characterization of the problem
»Review of technologies
* Design of mechanics

Phase 1: g
Prototype . [_)eS|gn qf systems
Design +Creation of virtual assembly
*Research of communication and control systems
* Development of sensing system
Phase 2: +Pilot testing
Prototype «IP disclosure

Construction

* Optimization of pilot testing
+ Design improvements

Phase 3: . .
Prototype *Real environment testing
Optimization « [P disclosure and commercialization

Figure 1.2. Flow diagram of the research project phases.

The project's scope focused on developing a smart sensing system that was designed for
implementation in the drilling robot. The research project was divided into three pillars; the first
one centered around the sensors and smart modules to be used, the second towards the
communication, and the last one on the User Interface (Ul).

The thesis focuses on Phase 2: Prototype Construction, specifically on the literature

review of the communication and control systems used in the oil and gas industry. An in-depth
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analysis was done to identify such systems' characteristics and perform an evaluation to
categorize each one's advantages and drawbacks. With qualitative and guantitative analysis, the
researcher selected the most appropriate technologies to build such a sensing system.

A smart sensing system was developed, and it integrated the sensors required for the
direct and indirect operational measurements as are necessary for the future’s implementation on
a drilling robot. The system was designed as an independent module that was implemented in a
test bench but focusing on selecting reliable and sturdy components that will handle the
operation DTH on the final micro drilling robot.

The system also integrated a User Interface (UI) that showed graphically the different
variables being measured. The Ul was deployed in a cloud-based dashboard. This will aid the
user in making decisions regarding the operation of the robot. Finally, the integration of the

sensing and communication systems was performed.
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CHAPTER 2. REVIEW OF LITERATURE

The oil and gas industry is constantly evolving and searching for novel technologies and
methods to increase the machinery's efficiency. The development of new devices and
technologies to reach and enhance oil extraction is also continuously researched (Sampaio, 2017;
Vestavik et al., 2011). Thus, the industry is very competitive, and the sponsors highly protect the
findings and intellectual property generated by projects.

Figure 2.1 and Figure 2.2 show the connection diagrams generated to visualize and
identify the connections between the sensing systems and other research project components,

such as fluid power systems and industrial robotics within the oil and gas industry.

Design
Optimization
Oil & Gas
Industry

Fluid Power Drilling
Systems Operation

Energy Hydraulic
Efficiency Systems

Hydraulic
Components
(e.g.,
cylinders,
valves,
actuators)

Sensing
Systems

Figure 2.1. Sensing and fluid power systems connection diagram.
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Figure 2.2. Industrial robotics and sensing and communication systems connection diagram.

2.1. Rotary Drilling

Rotary drilling systems were developed and are widely used for creating oil wells. They
consist of a sharp rotating drill bit that applies force downwards and removes the cuttings with a
circulating drilling fluid. However, when moving horizontally with this technique, more space is
required, and more time is needed compared to other methods. The system must steer the drill bit
using a cone angle of at least 6 degrees in any direction (in the case of using Rotary Steerable
System — RSS). The use of a deflector shoe or using only part of the drill bit’s nozzles allows for
the creation of a new drilling path.
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Figure 2.3. Rotary drilling schematic with its main components (left). Directional drilling techniques (center and
right) (Azar & Samuel, 2007).

Directional drilling technologies demand has been growing in the last few decades as the
oil and gas industry requires novel methods to access pay zones and enhance oil extraction (Park
et al., 2013). The current research project presents a smart sensing system as one of the pillars to
respond to the proposed research questions and achieve the expected outcomes, specifically
thinking ahead to future applications and implementation in a drilling device with a Rotary
Steerable System (RSS).

Park et al. (2013) identified Point-the-Bit and Push-the-Bit technologies as the most
common types of RSS, and they introduced a new hybrid RSS. They found that more steerability
can be achieved in small-diameter robots by having four axes of action instead of three (as most
manufacturers currently have). Thus a mechanism similar to this one would be beneficial to
perform more accurate drilling operations.

Kim et al. (2015) acknowledged directional RSS as the most advanced system for
horizontal and unconventional drilling. In their article, the authors presented a model that aims to
estimate and reduce RSS devices' friction. As they describe it, friction is one of the components
of the drilling operation that reduces the tools' performance and increases the wear of the

elements while adding to the "dog-leg" effect (creation of undesired conical trajectories).
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One of the drawbacks of RSS is the precision and accuracy of the drilling operation.
Devices that implement RSS tend to require stabilizers and centralizers to avoid the "dog-leg"”
effect and correctly create a path to the interbedded or pay zone (Fang et al., 2017). Researchers
have design methods and technologies to increase the accuracy of RSS by adding torsional
vibration analysis (Wang et al., 2014) or using the information gathered by sensors and
algorithms to create 3D paths of the drilling device (Atashnezhad et al., 2014; Sampaio, 2017).

Li et al. (2017) and Atashnezhad et al. (2014) have designed algorithms and prediction models to
calculate the wellbore trajectories with a different approach.

Park et al. (2013) were not alone in the implementation of hybrid RSS. Kim et al. (2015)
presented their version of an RSS using a three-axis steering mechanism and combining both
push-the-bit and point-the-bit technologies. The implementation of these technologies, along
with robust sensing and control systems, provided their robot with better steerability and
increased overall length.

An RSS is complemented with control and sensing systems. Yang (2011) highlighted that
in the past, such systems were only implemented in laboratory settings; however, nowadays, they
can be found in Bottom Hole Assemblies (BHA). Yang implemented a Field Programmable Gate
Arrays (FPGA)-based communication system with a closed-loop controller to increase the
reliability of the drilling device. Similarly, Gooma (2016) designed a control system using a
Gravitational Search Algorithm (GSA) and non-linear models to create a system that evaluates
the drilling operation in real-time and adjusts it to preset settings in order to increase the

performance. Similar models have been developed by Wilson (2017) and Baig (2015).

2.2. Basin Conditions

The optimal drilling method and the well cost prediction require a deep understanding of
the location and well depth. A reservoir model, including the rock’s mechanical and thermal
properties across the different basin areas, along with the operational measurements, is required
to ensure a successful drilling process.

Knowing the geological composition of the basin where the robot will operate is
important for the smart sensing system's design. Specifically, since the type of sensors that will
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be implemented and the enclosure into which they will be placed are related to the working
environment.

In the geologic time scale, the Illinois Basin (Figure 2.4) contains formations from the
Precambrian and Paleozoic up to the Mesozoic periods, with the Cambrian- through
Pennsylvanian sections being the most relevant period for this work. The basin is filled with
marine rocks ranging in this period (Panno et al., 2018). Most of the rock is sedimentary, having

Limestone (Carbonate), Dolomite (Carbonate), Sandstone (Clastic), and Siltstone (Clastic).

o

\Q@, ILLINOIS

‘ lllinois Basin

Figure 2.4. The Illinois Basin (Panno, 2018).

Rocks have several properties that affect the drilling operation’s performance, such as
porosity, permeability, matrix composition, strength, and ductility. These properties are affected
by in situ stresses. Field experience has demonstrated that the ROP decreases as the depth
increases (Azar & Samuel, 2007). When a compressive load is applied at a controlled rate, rocks
present two types of behavior. In the first case, the rock will deform (strain) almost linearly
before it fails. This is called brittle failure. In the other case, the rock can strain a considerable

amount before failure; this is called ductile failure.
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In Figure 2.5, a schematic of the induced stresses under this type of loading on the rock is
shown, and stresses are denoted by o1-principal maximum, c2-intermediate, and oz-minimum
stresses. The typical stress-strain curves for rock failure can also be seen in the figure below.
Curve 2 presents the scenario of increased confining pressure, which directly increases the

minimum principal stress, generating higher values for both stress and strain for a brittle failure.

3 Ductile

Differential Stress (psi)

// | 1 Brittle

03 I I I T | I I I I | I I I T

Strain %

Figure 2.5. Schematic of induced stresses and typical stress-strain curves for rock failure (Azar & Samuel, 2007).

When drilling into the rock, the stresses at the drill bit are altered because the borehole
fluid pressure is less than the overburden stress that initially acted on the rock. To predict a
particular rock's strength, it is necessary to determine the local stresses and the pore pressures
that are immediately adjacent to the drill bit teeth. From a general perspective, the minimum
principal stress is perpendicular to the borehole bottom and is equal to the differential pressure,
which is the difference between the borehole pressure (mud pressure) and the local pressure.

Figure 2.6 shows how the ROP and stress are affected by the pore pressure increase.
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Figure 2.6. Stresses in compressive strength test and tooth penetration (Azar & Samuel, 2007).

The smart sensing system developed for this project is expected to be implemented into a
prototype that will work predominantly with sandstone. As a sedimentary rock, it has a porosity
value of around 0.15 (¢ = 0.15) with a mineral composition of mostly quartz. The most relevant
mechanical properties of the basin can be seen in Figure 2.7 and Figure 2.8. These properties
were determined using mineral volume fractions and other log-derived and core data by
(Rockhold et al., 2014) during the planning for the construction and operation of an underground

COs- injection well in Morgan County, Illinois.
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Figure 2.7. Core (black dots) and wire-line log derived matrix density, porosity, intrinsic permeability, matrix
thermal conductivity, and specific heat capacity (Rockhold et al., 2014).
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Figure 2.8. Core (black dots) and wire-line log derived bulk density, compressional slowness (DTCQ), shear
slowness (DTSM), Poisson's ratio, and isotropic Young's modulus (Rockhold et al., 2014).
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2.3. Wellbore Conditions and Geometric Constraints

Depending on its purpose and/or function, there are different types of oil wells;
exploration, appraisal, production, relief, and injection wells. For this project, the smart sensing
system is expected to be implemented in a robot that will operate in production wells. According
to Hossain and Al-Majed (2015), production wells are made to create a flow path from the
reservoir to the surface, and after that, through pipelines to a storage facility or to a production or
refinery facility.

The process of drilling a well for oil extraction is not an easy task. There are several steps
involved that require specialized equipment, technical knowledge from experts, and weeks, or in

some cases, months of preparation (Islam & Hossain, 2020).

a. Boring
The first step for creating the production well is laborious. This task is done with a drill
bit and a set of pipes that are used to create a vertical hole in the ground. Depending on the
geography and soil basin conditions, the well can be bored directly on top of the oil reserve.

There are some cases where this cannot be done, and a directional drilling method must be used.

b. Circulation
Once the vertical drilling process starts, drilling fluid or “mud” is continuously injected
into the hole and pumped back to the surface. This circulation helps to remove debris and rock
cuttings from the hole. The drilling fluid also gives support and stability to the well, and it even

acts as a cooling and lubricating element for the drill tool.

c. Casing
Once the desired depth is achieved, the casing is cemented in place to provide structural
support to the well and prevent a possible collapse. The typical well casing diagram can be seen
in the following figure.
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Figure 2.9. Well casing diagram (Industrimigas, 2013).

d. Completion
This process comes after drilling and casing the well, and it is the one in which the well is
prepared to extract the oil. In this phase, small holes are made in the casing portion, which
passed through the production zone. These holes are also called “perforations,” which provide a
path for the oil to flow. When low pressures are present, a pump is installed to bring the oil to the

surface (this occurs mainly in depleted zones).

e. Production
Production is the most critical phase in every well’s life cycle. In this phase, the oil rig
(Figure 2.10) is placed along with the “Christmas tree” valve, which is a set of valves that
regulate in and out pressures and flow, as well as the overall access to the wellbore. Through the
Christmas tree (Figure 2.11), the oil is pumped into the surface using only the well’s pressure.
Once the pressure decreases, a pump is connected to the Christmas tree so the oil can still be

collected. The oil rig is removed once the well is drilled before production starts.
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Figure 2.10. Oil rig diagram with main components (Freudenrich & Strickland, 2018).
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Figure 2.11. Wellhead or “Christmas tree” (Lee, 2017).

36



f. Abandonment
Once the well reaches the end of its useful life, it is plugged, closed, and abandoned to
protect the surrounding environment. It is essential to mention that in most cases, the useful life
IS not determined by the amount of oil in the reserve, but by the economic impact of extracting
from it. A well that is abandoned (Figure 2.12) still has some oil in interbedded zones, but to
reach them would require alternate remedial methods such as horizontal drilling or another

tertiary intervention technique.

Christmas
Tree

Figure 2.12. Completed well (McDowell, 2006).

2.4. Weight on Bit (WOB) and Torque Calculations

Researchers have worked and identified models for calculating variables related to
drilling (indirect measurements). The work made by Soares et al. (2016) provides a summary and

insight into the diverse and most used models available. The models evaluated have in common
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that they consider the rock's physical properties to estimate the Rate of Penetration (ROP). The
three models presented by Soares consider the Revolutions per Minute (RPM) and the bit
diameter.

The model developed by Bingham (1964), shown in Eq. 1, is the first evaluated and is the
most general of the three presented. Such a model considers the WOB and two constants for rock

formation: a and b.

WOB
Dp

b
ROP = a+ RPM (“22)" - (Eq.1) (Bingham,1964)

The second model evaluated is from Hareland and Rampersad (1994). Such a model was
developed specifically for polycrystalline diamond compact (PDC) bits. The number of cutters
and rock compressed area ahead of each cutter is considered to have an accurate estimation of
the ROP required (Eq. 2).

14.14*Nc*RPM=*Ay
Dp

ROP =

— (Eq.2) (Hareland & Rampersad,1994)

The last model related to the penetration rate evaluated by Soares was developed by
Motahhari et al. (2010). The model is shown in Eq. 3 and was designed not only to focus on PDC
bits but also for drilling in sandstone formations. Motahhari’s model integrates the rock's
confined compressive strength, two empirical ROP exponents (o and y), a bit-rock interaction

and bit geometry coefficient, and the wear function on the bit.

G+xRPMY+WOB%

ROP = Wf( o

) = (Eq.3) (Motahhari et al., 2010)

The researcher calculated other essential variables required to select components such as
pressure, flow rate, and hydraulic horsepower based on the previous models. The torque
calculation was based on the Illinois Basin's geological conditions, considering sandstone as the
primary rock formation. The model proposed by (Wang et al. 2018) successfully relates the
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drilling parameters using a PDC bit with the rock mechanical parameters. The required torque to

drill into sandstone using a 2.4 diameter PDC bit was calculated using Eq. 4.

cVcose cos(y+y) cuecosp
3N[1-sin(@+y+y)] 1-sing

M= | | [2R(Ly + Ly + L) — (13 + 13 + 13)] > (Eq.4) (Wang et al.

2018)

Where c is the rock cohesive resistance, V is the drilling rate, ¢ the angle of internal
fraction, y the cutting edge inclination angle (drill bit), y the angle between the cutting edge
force on the rock fragment and the drill bit normal plane, p is the friction coefficient between the
drill bit and the rock, e is the drill bit thickness, N is the rotational speed, R is the drill bit radius,
and L; is the blade length.

The models presented by these authors will serve as an early approach for the indirect
measurements that will be calculated in the future by the smart sensing system developed for the

project, and that will be required once the system is implemented in the prototype.

2.5. Statistical Modeling Techniques in Drilling Applications

Statistical models use mathematical equations to encode information extracted from the
data. In some cases, statistical modeling techniques can provide adequate models quickly and with
less computer processing requirements, even in the case of problems where more flexible machine
learning techniques (such as neural networks) may ultimately deliver better results. Statistical
models can be used as a predictive baseline to judge the performance of more technologically
advanced models.

Statistical models are widely used across several fields. In the oil and gas industry, for
example, they are used to measure productivity in the oil extraction operation (Managi, 2012), the
impact of oil price for manufacturers (Schwarz, 2013), or to develop models to estimate political
impact caused by the industry (Mucci, 2015).

For this project, statistical models were used to allow for the implementation in the future

of a control system using the sensing system's information. As mentioned before, the control and
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sensing systems feed each other with the required information to operate, and a measurement-
while-drilling system is a solution that integrates both.

Some researchers like Sun (2010) and Jia (2011) decided to take a novel approach by
creating systems specialized with specific variables (e.g., pressure or shear velocity). Still, the
literature supports the theory that a broader approach allows for creating a device that can operate
in a wider variety of settings.

ElGizawy (2009) developed a continuous MWD surveying system, which proved to be a
simple yet cost-effective solution due to the use of Micro-Electro-Mechanical Systems (MEMS)
sensors and an acquisition and processing system based on a Kalman filter. On the other hand, Luo
(2010) defined the MWD systems as a critical component to increasing accuracy and control over
the trajectory of the drilling devices. He proposed a methodology to create a MWD system that
focuses on the progressive implementation of sensors into the drilling tool to debug and improve
the measurements' reliability and accuracy.

Kimmes (2016) expanded the field by using MWD systems and incorporated vibration
monitoring and ground-penetrating radar (GPR) to measure the drilling tool's operational variables
and determine and find cracks on the wellbore. Simmilarly, Hadavand (2015) used MWD systems
along with robust geomagnetic sensors to reduce positional uncertainty in DTH applications. The
compensation model and the algorithm developed by Hadavand proved to be a solution to
minimize inaccuracy in drilling operations.

In the last decade, researchers have focused their efforts on implementing new
communications systems (e.g., wireless, fiber optic) (Wang, 2010) and continuously increase the
reliability of the operation and path trajectory on drilling devices (Abughaban, 2017). As
computational capacity in microcontrollers is increased, and sensors are developed, hybrid MWD

systems continue to emerge.

2.6. Smart Sensors

One significant improvement implemented to sensors is the addition of smart capabilities.
A smart sensor is the combination of a sensing element (sensor) and a microprocessor (Hunter et
al., 2010). The processing capabilities transform the sensor from a passive component that
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simply converts a physical variable to an electrical signal into an element that can, for example,
filter, process, store, and send data (Mahmood et al., 2021). A smart sensing system is a system
that consists of various sensors, where one or more have smart capabilities. Nowadays, these
systems are widely used across multiple fields for an extensive range of applications.

Afsarimanesh et al. (2016) developed a non-invasive, real-time smart sensing system
used for the continuous monitoring of bone health and focusing on the detection of bone loss.
Alavi et al. (2016) designed and implemented a continuous monitoring system to analyze
pavement health using a series of piezoelectric self-powered sensors. The researchers could
predict when the pavement was damaged or required maintenance with the information from the
sensors and a statistical model's design.

Zaghari et al. (2020) developed a self-powered sensing system for a smart bearing in an
aircraft jet engine. The developed system was designed to withstand high operating temperatures
(above 125 °C) and provide real-time feedback to a control system through wired
communication. Additionally, a wireless sensing system was implemented to collect
environmental data as part of a data logger of the flight conditions.

Jagannathan & Priyatharshini (2015) developed a methodology for smart farming by
integrating smart sensing and irrigation systems. The sensing system was used to acquire
information on the soil's physical properties (e.g., pH, moisture, nutrient content), and the
implementation was done using wireless communication. The sensing system fed the irrigation
system the measurements and values required to perform actions based on the crop requirements.
As a result, the authors successfully created an agricultural task automation system.

Smart sensing systems have also been effectively implemented to measure structures.
Examples of these applications can be seen with the integration of sensing systems to analyze
aerospace structures and ensure their safety and reliability (Zhang et al., 2007) or the monitoring
of structural damage in civil infrastructures (i.e., bridges) by using piezoelectric and optical fiber
sensors (Yun & Min, 2011).

As can be seen from the previous cases, smart sensing systems are used for both the

control and the continuous monitoring of other systems; this pattern is consistent across the
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literature. Smart sensing systems are also highly adaptable, and their applications and capabilities
can be easily changed according to the telemetry technology and the sensors used.

A type of smart module to be considered in the sensing system design is an Inertial
Measurement Unit (IMU), which is an electronic device that measures and reports on the speed,
orientation, and gravitational forces of a device, using a combination of accelerometers and
gyroscopes (Wen, 2019). Inertial measurement units are typically used in consumer electronics
and in systems employed to maneuver aircraft or vehicles. IMU’s are also used in spacecraft,
including shuttles, satellites, and landers (Dissanayake et al., 2001; Yi et al., 2009).

However, the applications of IMU’s are not exclusive to maneuver other devices. Inertial
Measurement Units can also be found in healthcare. For example, to use them to control artificial
limbs (Moreno et al., 2006) and to measure motor fluctuations and dyskinesia tremor in patients
with Parkinson’s disease (Dai et al., 2015)

2.7. Telemetry Technologies

One challenge that has continuously been faced by the oil and gas industry is the
transmission of data from the devices DTH to the surface reliably and consistently (Arps & Arps,
1964; Emmerich et al., 2015). There are four main types of telemetry used in drilling operations,
but hybrids or combinations of them have also been implemented in recent years (Berro & Reich,
2019).

2.7.1. Electromagnetic

Electromagnetic telemetry is a technology in which a transmitter is placed near the end of
the BHA, and a series of electromagnetic signals are sent to a receiver or antenna (\VVong et al.,
2005). The antenna can be either on the surface or drilled and placed into the ground. The
electromagnetic signals carry the information from the sensors' DTH, which are then received,
filtered, and processed (Franconi et al., 2014). One drawback of this technology is that the rock
does not allow the signal to travel to the surface in some lithologies due to the geological

properties. In such a case, some companies have developed systems that consist of running a
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wired antenna DTH to the shoe-case. Then the transmitter only sends the information to this

point via electromagnetic waves. From this point to the surface, the data is sent through cables.

2.7.2. Mud Pulse

The mud pulse telemetry consists of sending a binary coding transmission using fluids.
For this technology, a pulse generator is placed near the end of the BHA. The pulse generator is a
valve that varies the pressure inside the drillstring; then, the pressure changes are measured by a
pressure sensor that, with an ADC, will send a signal to a microcontroller (Jr et al., 2015). The
signal can be either positive/negative or continuous and with a bandwidth that goes typically
from 3 to 40 bits per second:

a. Positive pulse: A valve is closed and then opened to increase the system's
pressure.

b. Negative pulse: A valve is opened and then closed to decrease the system's
pressure.

c. Continuous-wave: A valve is gradually opened/closed, generating sinusoidal
pressure fluctuations in the system.

The mud pulse telemetry usually integrates three phases: Analog data acquisition, data
compression, and signal filtering, but in recent years two additional phases (signal modulation
and signal filtering) have been added to improve the technology into what now is known as
High-Speed Mud Pulse Telemetry (HSMPT) (Emmerich et al., 2015).

2.7.3. Acoustic

Acoustic telemetry works similarly compared to electromagnetic telemetry. In this case,
an encoded sound wave is produced near the end of the BHA. The sound wave is propagated
through the steel drillstring with the help of repeaters or "nodes" and received at the surface.
Acoustic telemetry was identified as a potential technology to transmit information in the late
1940s, and it was analyzed and developed by pioneer researchers like Alarie & Petteruti (1968),
Spinnler & Stone (1978), Squire & Whitehouse (1979), and Drumbheller (1992).
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Notable implementations of this type of telemetry can be found across the literature.
Harper et al. (2003) successfully implemented an acoustic data-acquisition system that provided
real-time BHA data wirelessly using acoustic signals sent through the production tubing (a tube
used in the wellbore through which fluids are transported). This system reduced the time
required for preparation before the drilling operation, hence, adding value and increasing time
efficiency by reducing operational costs.

Nevertheless, the amount of data that can be sent with acoustic telemetry is one of its
weaknesses. However, it has been demonstrated that this technology is more reliable and
efficient for drilling operations in underbalanced conditions than other methods (Gardner et al.,
2006). In recent years, developments have been made to address this challenge by increasing the
amount of data that can be packed and sent (Hawthorn & Aguilar, 2017).

Data analysis algorithms and filters must be implemented for this technology to
overcome noise, vibration, and acoustic impedance changes that often decrease the signal quality
(Xie, 2017).

2.7.4. Wired

Wired telemetry is one of the most recently developed technologies for real-time DTH
measurements. It consists of placing a high-resistance insulated coaxial cable and an induction
coil embedded in the double-shouldered connection (location for the coils) inside each drillpipe
joint. When the signal travels from the BHA to the surface, it modifies the current in the first
induction coil, generating an electromagnetic field, which makes a current flow in the other coil,
transmitting the current signal to the second junction and so on until reaching the surface
(Franconi et al., 2014). This method offers faster data transmission and therefore is primarily
used for LWD systems since lithology logs require more accurate sensors and, in some cases,
video transmission (Gravdal et al., 2010; Wolfe et al., 2009).

Redundancy measurements and Data Validation and Reconciliation (DVR) algorithms
are commonly used to decrease noise on signals and estimate unmeasured data on wired

telemetry applications.
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2.8. Data Security and Privacy

The Internet of Things (I0T) is a platform that has seen significant development and has
become a reality. Projections show that by 2021, 28 billion devices across several applications in
various fields will be connected to the Internet (Sisinni et al., 2018), and this will grow to 30.9
billion by 2025 (Liu, 2020). The IoT market is one of the most promising in the technology and
electronics fields (Khanna & Kaur, 2020). The projected global 10T spending for 2023 was
estimated to be approximately 1.1 trillion USD. Besides, in 2019, the 10T managed services
market revenue worldwide was 34.8 billion USD (Liu, 2020)

Even though 10T is the central platform for connecting devices, authors have divided it
into several categories according to their application, field, or final user (Ray, 2018; Sehrawat &
Gill, 2019). The Industrial Internet of Things (110T) is one of the branches of 10T that is oriented
to provide solutions to companies and manufacturers by optimizing their processes and providing
them with solutions to overcome the challenges. This is generally termed as the Fourth Industrial
Revolution or Industry 4.0 (Sisinni et al., 2018).

However, data security and privacy have always been concerns faced by researchers and
supporters of 10T and its branches (Mahmood et al., 2021; Zhang et al., 2014). Table 2.1 shows

the challenges faced by the branch of Consumer 10T and 11oT have clear differences.

Table 2.1. Comparison Between Consumer IoT and HoT (Sisinni et al., 2018)

Consumer loT Industrial 10T
Impact Revolution Evolution
Service Model Human-centered Machine-oriented
Current Status New devices and standards Existing devices and standards
L Ad-Hoc (infrastructure is not tolerated, Structured (nodes are fixed; centralized
Connectivity .
nodes can be mobile) network management)
T Not stringent (excluding medical Mission-critical (timing, reliability, security,
Criticality g (. . g ( . g y y
applications) privacy)
Data Volume Medium to High High to Very High

A demonstration of the relevance that companies and developers put into this topic is that
Liu (2020) estimated that the 10T security market revenue was 11.5 billion USD in 2019.
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For the development of the smart sensing system, information security was considered in
order to preserve data integrity and privacy when sending information from end to end across the

communication protocol selected.

2.9. Summary

Across the literature, Rotary Steerable Systems (RSS), specifically push-the-bit and
point-the-bit types, implemented using fluid-powered devices, have proven to be a reliable
solution for horizontal drilling. Inaccuracy, the major disadvantage of RSS, has been minimized
by researchers with the implementation of robust sensing and control systems. Regarding this
topic, Measurement while Drilling sensing systems are the most reliable due to their construction
and industrial communication capacities. For the control system, closed-loop controllers
implemented with microcontrollers are the most widely accepted solution due to the size of
components and low-power electronics.

From the literature review presented in this chapter, it can be determined that the
proposed project is relevant to the oil and gas industry due to the importance of sensing systems
while drilling, not only to ensure a reliable drilling operation but to control the tools in order to
maximize the efficiency of the processes. In addition to the literature review, constant
communication and assistance from experts in their respective fields were performed to ensure
and aid with the project's success.

Data transfer will be a key element of the sensing system and its successful
implementation on the micro-drilling device. The environment present during the drilling process
represents an additional challenge to the method of transmission of data. The assessment of this

challenge will be performed in future work.
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CHAPTER 3. RESEARCH METHODOLOGY

3.1. Introduction

Current drilling devices and tools do not allow companies to maximize oil and gas
extraction efficiently or effectively in depleted wells. For the development of these new drilling
devices and the implementation of novel technologies, it is required to have reliable information
from the BHA devices to the surface, information that robust and dependable sensing systems
must gather.

For the successful development and implementation of this project, the methodology used
was aimed to respond to the research questions presented in section 1.2.1 of Chapter 1. Also, it
sought to achieve the proposed outcomes, which were designing and developing a smart sensing
system prototype. The development of the prototype was based on a thorough review of the
literature. The researcher identified success and failure cases to implement the more suitable
technologies that helped obtain reliable measurements. The data from the sensors was gathered,
processed, and sent using a communication protocol, and a cloud-based dashboard was

developed to visualize the measurements.

3.2. Measuring variables

The oil and gas industry has two terms that are essential to understand how measurements
are performed in conditions as harsh and extreme as in the process of oil extraction.

Logging while Drilling (LWD) is the process of making detailed records of the
geological formation perforated by a drilling tool. The records can be either videos or physical
measurements. Nowadays, an LWD system consists of sensors that make electrical, porosity, and
lithology logs. LWD systems are implemented primarily in vertical drilling devices (Islam &
Hossain, 2020).
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Measurement while Drilling (MWD) is the system used for directional and horizontal
drilling, and it focuses more on the measurements of the drilling device (e.g., inclination,
azimuth, pressure, torque, force, temperature) (Islam & Hossain, 2020).

A system with characteristics similar to an MWD was designed considering its future
implementation in a micro-drilling device. The sensing system will collect data on the critical
variables for the prototype's operating and decision support. Inclination and azimuth
measurements will be taken to determine the robot's Down-the-Hole (DTH) position and
direction using the magnetic orientation of the earth as a reference. This information, along with
data recorded with accelerometers and magnetometers, will be used to plan and correct the
robot's direction and steering. Also, measurements of the drill bit's rotational speed, vibration
DTH, DTH temperature, mudflow volume and pressure, and torque and weight on the bit will be
sensed and recorded in real-time to provide information on the performance and technical
operation of the robot. In Table 3.1, the different variables and their types are presented.

As shown in the table below, the design of the sensing system considered the future
implementation in the micro-drilling device and its capability of handling both direct and indirect
measurements. However, it is important to outline that the scope of this research project will
contemplate only the variables that will be measured in the laboratory setting that was designed.
The measurement of the variables critical for the micro-drilling device is part of future work.

A direct measurement is obtained with a measuring instrument that compares the variable
to be measured with a standard. For example, to measure the wellbore temperature at a certain
depth, a specific sensor can be used to gather the value.

To carry out a direct measurement is not always possible because there are variables that
cannot be measured by direct comparison. An indirect measurement is one in which a quantity
sought is estimated by measuring one or more different variables, and the value sought is
calculated by estimation from the quantity or quantities directly measured. For example, to
determine the drill bit's rotational speed and the ROP, first, it is necessary to measure other

variables such as flow.
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Table 3.1. Variables Relevant for the Research.

Variable Type Setting Units of Measure
Vibration DTH Direct Micro-drilling device Hz
DTH temperature Direct Micro-drilling device [°F] or [°C]
Mudflow volume Direct Micro-drilling device [gpm] or [L/min]
Weight on bit Direct Micro-drilling device [1b] or [kg]
Inclination Direct Micro-drilling device Angle [°] in X Y, and
Z axis
Magnetic direction Direct Micro-drilling device Angle [°]
Mudflow’s pressure Direct Micro-drilling device [psi] or [bar]
Drill bit’s rotational speed Indirect Micro-drilling device [rpm]
Rate of Penetration (ROP) Indirect Micro-drilling device [ft/hr] or [m/hr]
Torque Indirect Micro-drilling device Nm
Hydraulic cylinder’s piston position Direct Test bench / Micro-drilling device [in] or [cm]
Hydraulic system’s pressure Direct Test bench / Micro-drilling device [psi] or [bar]
Hydraulic system’s flow Direct Test bench / Micro-drilling device [gpm] or [L/min]

3.3.Treatment and Instrumentation

The consistency and validity of the data are critical for developmental research. Thus, the

researcher made sure that the measurements were consistent across the experiments under similar

conditions. An inter-rater reliability plan was designed to guarantee that other researchers and

operators can gather consistent data in similar operating conditions. The validity is a judgment

based on evidence, and the researcher made sure that the results were consistent, and that

correlation was present across the variables on the tests. The assessment of both reliability and

validity was an ongoing process considered in the development of this research project.

3.4. Test Bench

A test bench was used as a case of study to implement and test the sensing system. The

test bench consists of a variable displacement pump, reservoir, a pressure relief valve, a

directional control valve, variable orifice valves, flow meters, pressure transducers, pressure

gauges, and hydraulic actuators (Figure 3.1).
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Pressure & Flow
supply unit

Figure 3.1. Hydraulic test bench.

Figure 3.2 shows the manifold used, one analog pressure transducer (upper left), and a
flow meter display (middle right). Also, the arrangement of the string potentiometer attached to
the end of the piston rod can be seen. The magnetic position transducer was placed at 3 mm of
the other end of the piston rod.

The test bench features the actuation of a hydraulic motor and a hydraulic cylinder,
critical components of a micro-drilling robot's drilling and steering mechanisms. The hydraulic
motor rotation was controlled using a directional control valve while a variable displacement

pump constantly delivered the flow.
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Figure 3.2. Cylinder and position transducers arrangement.

The extension and retraction of the hydraulic cylinder were controlled using a manifold
with four 3-way valves. A position transducer (string potentiometer) was attached to the
hydraulic cylinder to measure the rod’s position. Similarly, an additional position transducer
(magnetic) was placed at 3 mm on the rod’s end to have a redundant measurement of one of the
most relevant variables that is the piston rod’s position. Such a method of actuation will be
replicated in an additional pair of cylinders to conform a steering mechanism that will be
integrated in the future in the drilling prototype. The details of the hydraulic test bench elements
(Figure 3.3) are shown in Table 3.2.
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Figure 3.3. Test bench hydraulic circuit.
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Table 3.2. Test bench elements.

ID Description
HM1 Hydraulic Motor
DCV1 Directional Control Valve
HC1 Hydraulic Cylinder
RV1 Relief Valve
HP Hydraulic Pump
Cvi Check Valve
F1 Filter
FM1, FM2 Flow Meter
A B Position Transducer
P1, P2, P3, P4, P5 Pressure Transducer
V1,V2, V3, V4 3-Way Valve
V5, V6 Variable Orifice

3.5. Model and Architecture

The sensing system was a critical element that needed to be designed for the test bench,
and that includes characteristics that will make it easy to implement in the future on a micro-
drilling device. This system will serve as the primary block that acquires the signals that can be
later used for several purposes, like controlling the operation of the prototype's physical elements
and providing information to the operator. Another example of a sensing system's importance in
a drilling device is the robot's operating fluid pressure. This parameter must be maintained within
specific ranges; otherwise, the fluid power systems can be damaged or create an accident.
Therefore, by measuring the system's pressure and controlling it, the components' integrity and
the robot's reliability can be ensured.

The sensing system's recorded data was sent to a microcontroller, where it was processed
and then presented visually to the operator through a User Interface (Ul) developed in a cloud-
based dashboard. The data was filtered, processed, and sent to a controller that executed the
desired commands and transmitted signals to the robot's various actuators.

The architecture of the system and its components are explained in detail in the following

sections.
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3.5.1. Sensors

The system's design integrates connections for several types of output signals from the
selected sensors (i.e., PWM, digital 0-5V, analog 0-5V, analog 4-20 mA, and sine wave signals).
Table 3.3 shows the sensors that were implemented on the developed test bench. The

table lists the sensors, along with the manufacturer and model of the sensor and the quantity

required.
Table 3.3. Sensors required for the sensing system.

Sensor Manufacturer Model/Code Qty Accuracy Range

Pressure +0.25% Best Straight .
Transducer Omega PX309-5KG5V 1 Line (BSL), max 0-5000 psi

Pressure +0.5% of Full-Scale .

H I LM/2345-11 1 0-2000

Transducer oneywe Range (FSR) pst
Flow Meter Flo-Tech FSC-375 2 +1% of FSR 0.53-4.29 gpm

Position TE_ _ Sp2-4 1 +0.25% of FSR 101.6-1270
Transducer Connectivity mm

Position MPA-

+ 0, -

Transducer SicK 107THTPOBOL +0.06% of FSR 0-107 mm

3.5.1.1. Pressure Transducer

A pressure transducer is an element that transforms the pressure into an analog electrical
signal. This signal is proportional to the physical deformation of a diaphragm that induces a
change to a strain gage inside the sensor.

A total of two digital pressure transducers were considered in the sensing system. The
first sensor (Figure 3.4) was connected to the test bench's hydraulic system's low-pressure side.
The second sensor (Figure 3.5) was mounted on the hydraulic line that is linked to one of the
micro-hydraulic cylinders.

The pressure transducer PX309-5KG5V (Figure 3.4) has a stainless-steel construction. It
can measure different pressures (i.e., gage, absolute, vacuum) and offers high stability and low
drift in its measurements (Omega Engineering, n.d.). The pressure range goes from 0 to 5000 psi,
and the output is a 0-5 V signal.
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Figure 3.4. Pressure transducer PX309-5KG5V (Omega Engineering, n.d.).

The pressure transducer LM/2345-11 (Figure 3.5) has a rugged design that provides
resistance to vibration and temperature variations (Honeywell, n.d.). The construction is also
made with stainless steel, and the pressure range goes from 0 to 2,000 psi. The output for this
sensor is an analog 4-20 mA signal.

Figure 3.5. Pressure transducer LM/2345-11 (Honeywell, n.d.).
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Figure 3.6. Pressure Sensor Architecture LM/2345-11.
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Figure 3.7. Pressure Sensor Architecture PX309-5KG5V.
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3.5.1.2. Flow Meter

The FSC-375 (Figure 3.8) is a positive displacement flow meter that measures the flow
rate on a given hydraulic line. This sensor was connected to the test bench to measure the output
flow rate from the hydraulic motor. The FSC-375 sensing element is a turbine, and the output is
a frequency signal (sine wave) that changes with respect to the flow rate that passes across the
sensor. The sensor can handle pressures up to 6000 psi and temperatures up to 300 °F (Flo-Tech,

2019). The connections and processing required to read the sensor’s output are shown in Figure
3.9.

Figure 3.8. Flow transducer FSC-375 (Flo-Tech, 2019).
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Figure 3.9. Flow Transducer Architecture FSC-375.
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3.5.1.3.Position Transducer

There are different measuring methods to determine the position of the piston. The
following are not only the most commonly used but also the ones that were found to be the most
suitable for the expected application of the sensing system on the test bench.

The string-pot (draw-wire) sensor is a technology where a cable is attached to the object
that will be measured (TE Connectivity, 2020). The cable is connected to an encoder that
converts the cable's extension to a digital or analog signal proportional to the body's linear
extension or velocity (Figure 3.10).

HighTorque, Long-Life Power Spring

_ A """" *+, (Constant Diameter Spool
Flexible High Strength Cable ‘ v

Rota!ional_s_ensor

Figure 3.10. String pot sensor internal mechanism (TE Connectivity, 2020).

The magnetic field positioning sensor is a method where the sensor is directly mounted
onto the cylinder (Figure 3.11), and an inner magnet determines the piston's position as it is
extending or retracting. The internal magnet is attached to an element that varies its voltage or
current in relation to the magnetic field. This is a sensor that detects a cylinder's piston position

using a direct, non-contact method.
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Figure 3.11. A magnetic sensor positioned in a pneumatic cylinder (SICK Sensor Intelligence, n.d.).

The laser sensor is a type of sensor that uses light triangulation to determine the speed
and the distance at which the measured object moves from a reference point. This sensor can be
threaded for mounting and can be found in very small sizes (Figure 3.12), but a drawback

compared to the image-based laser sensor is that this can only measure a single point.

", ‘ vty w IRV o B AT O
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Figure 3.12. VSM-2 miniature self-contained sensor (Banner, n.d.).

The image-based laser sensor uses a combination of laser technology and image
recognition to perform accurate measurements on areas or points on a surface (Figure 3.13). This
sensor can also measure height, steps, maximum and minimum points, and width over an area.
Also, it can check differences in height over an area which might be helpful to measure the tilt or
inclination or a platform such as the one that is being implemented for the steering mechanism
(Keyence, n.d.). This type of sensor might help characterize and calibrate the other sensors in the
test bench. Still, its use on the final prototype is not feasible due to the environmental
characteristics that the robot will face.

A summary of the advantages and disadvantages of the presented sensors can be seen in
Table 3.4.
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Figure 3.13. Model 1X image-based laser sensor (Keyence, n.d.).

Table 3.4. Position sensor technologies summary.

Type Advantages Disadvantages
* Measurement can be affected by
String Pot . Low—mainte_nance and fast anq easy installation cha_mges in cable (_e.g., gravity, wind,
(Draw-wire) * The me_asurlng cable can be diverted over fluid) over Iong dlsta_nces
Sensor deflection pulleys * Measurement is sensible to
* Reliable measurement in dirty environments temperature changes over long
distances

Magnetic + Easy adjustment of the sensor
Field » Non-Contact measurement principle * Installation requires external mounting
Positioning * Reliable and accurate measurements even in harsh (more space)
Sensor environments

» Non-Contact measurement principle . .
. P P « |t is sensible to surface textures
* High output rate.

Laser Sensor . . . « Durability and longevity affected b
» Measurements can be either moving or stationary . y gevity y
the environment

+ High accuracy and signal stability

* Image recognition allows for tracking targets * It requires a fixed mounting
throughout the scan area (no specific positioning)  + Durability and longevity affected by
Image-based » Multiple measurements with one device (less the environment
Laser Sensor mounting space, fewer connections) * It requires the software provided by
+ Laser-based inspection is resistant to changes in the manufacturer to calibrate and
lighting conditions and target contrast operate
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Based on the magnetic and string potentiometer sensor's operational characteristics, it was
determined that these technologies were the best approach for the position measurement of the
piston rod.

One of the selected sensors was the model MPA-107THTPOBO1 by SICK (Figure 3.14).
This sensor includes smart capabilities for the detection of moving parts within a specific range
of its total length. Also, it uses an intelligent algorithm to adjust dynamically during operation,
delivering an output signal that is highly linear and reproducible (SICK Sensor Intelligence,

n.d.). The MPA-107THTPOBO1 can deliver different signal outputs at once; a 4-20 mA, 0-10 V,
and a digital 10-Link interface. This sensor can be submerged due to its high enclosure rate
(IP67/1P68). The method does not require contact between the sensing element and the piston,

which might be advantageous for future installation in the micro-drilling device.

Figure 3.14. MPA magnetic sensor (SICK Sensor Intelligence, n.d.).

As shown in Figure 3.15, the output of the sensor required an additional signal
conversion step. The output that was used from this position transducer was the 0-10 V signal.
Since the ADC can only read voltages between 0-5 V, a voltage divider circuit was integrated.
The details of this circuit are shown in section 3.5.3.
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Figure 3.15. Position transducer architecture for MPA-107THTPOBOL.

As the position of the rod is one of the critical measurements required for the micro-
drilling device, a second position transducer was integrated to have redundant estimations. The

other selected position transducer was a string potentiometer model SP2-4 (Figure 3.16).

Figure 3.16. Position transducer model SP2 (TE connectivity, n.d.).

62



Position Transducer

e " ADS1115 ‘‘‘‘‘‘‘
Position : Primary Signal L 05V
: > . : > ADC
Sensor Conversion :
................................ c
......................................................................... 9
T| B
5| E
i n(2
Data il Data transmissionto £
Presentation i remote point (cloud) e
Output display < <
(Node-RED)
Data Signal
recording processing
....................... RaspberryPl

Figure 3.17. Position transducer architecture for SP2-4.

The position transducer model SP2-4 is a linear sensor that integrates a rugged
polycarbonate enclosure (IP-50) with a compact design that provides high accuracy (see Table
3.3) and high repeatability (x0.05% of full stroke). Being an incremental sensor, it has an
essentially infinite resolution (TE connectivity, n.d.), allowing continuous linear readings within
the full stroke range. The output of this sensor does not require any additional signal conversion
since it is proportional to the excitation level of the sensor. The SP2-4 excitation voltage can be a
value between 3.3 and 10 V. For this project, the excitation voltage was set to 5 V, which is the
voltage level that the ADC supports.

3.5.2. Sensor Communication Protocols

The Inter-Integrated Circuit (I2C) serial communication protocol was used to connect the
ADC modules and thus, the sensors, stressing the advantages it offers for the project, such as the
use of only two wires to transmit information across the connected devices and a wide range of
high-speed data transmission rates. The wires required to use this protocol are the clock signal
(SCL) and the data signal (SDA) wires.
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The 1°C communication protocol provides a synchronous connection, thus the use of an
SCL wire. The I°C protocol was designed to handle up to 127 devices and transmit information
simultaneously; however, it can be easily upgraded using multiplexers. If no multiplexers are
used, each device on the network must have a unique address (i.e., 0-0x7F hex).

For this protocol, messages or “packages” are broken up into four components:

a) Start condition: To initiate the address frame. This puts all secondary devices on
notice that a transmission is about to start.

b) Address frame: Where the controller indicates the secondary devices to which the
message is being sent.

c) Data frames: The data that will be transmitted.

d) Stop condition: Once all the data frames have been sent, the controller will
generate a stop condition to notify that the information package was sent.

Even though this protocol allows for more than one master on the network, only one was
required, being the Raspberry Pi the master node. Three data rates are commonly available for
devices that operate with this protocol: fast mode (up to 1 MHz), high-speed mode (up to 3.4
MHz), and ultra-fast mode (up to 5 MHz). Given the data sample rate required for the project,

the fast mode was used.

3.5.3. Signal Processing

The sensing system developed for this project was designed considering its future
implementation on a robotic micro-drilling device. Therefore, the system was constructed
contemplating the use of different industrial sensors and smart modules that operate at different
voltages and that provide distinct output signals.

The signal processing part of a sensing system is critical for its correct functioning,
operation, and reliability. Signal processing focuses on the reception, analysis, modification, and
synthesis of the signals provided by the sensors. As seen in section 3.5.1, the sensors selected
and described provide output signals of various types (e.g., analog 0-5 V, digital 0-5 V, 4-20
mA). These signals were processed and transformed into a signal that the ADC’s and the central

computer can read.
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The Raspberry Pi 4 Model B (Figure 3.18) was selected as the main controller of the
sensing system. Due to its processor quad-core ARM Cortex-A72 and its 4 GB of RAM, itis a
powerful single-board computer that offers high processing capabilities (Raspberry Pi, n.d.). The
Raspberry Pi also integrates 2.4 GHz and 5.0 GHz wireless communication, along with
compatibility with Bluetooth 5.0 and BLE (Bluetooth Low Energy).

The Raspberry Pi can be used as a desktop computer running the Linux OS and also as a
development board using its 40-pin two-track connector. This connector and its several GPIOs
and serial communication ports were used to create the interface between the sensors and the
Raspberry Pi. However, it is critical to highlight that the Raspberry Pi can only read signals of
3.3 V. An input voltage higher than 3.3 V can permanently damage the GP10 block. Thus, it was
essential to process all the signals that are connected to these ports so the Raspberry Pi is
protected and can function properly.

The Raspberry Pi has proven to be a reliable, low-cost, powerful microcontroller that can
work in harsh environments for critical operations. John et al. (2017) used it to control and
automate an 11 kV substation. Pasqual et al. (2017) created a data logger for motor activity
detection in Artic environments based on a Raspberry Pi, where it was tested in real experimental

conditions.

Figure 3.18. Raspberry Pi 4 Model B (Upton, 2019).
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3.5.3.1. Data Acquisition

The Raspberry Pi does not have the capability to receive and process analog inputs.
Therefore, it is crucial to use an Analog to Digital Converter (ADC) if it is required to read an
analog signal. As shown in section 3.5.1, the sensing system included sensors whose output is
not a digital signal.

The ADS1115 (Figure 3.19) is a module that includes a 16-bit ADC. The ADS1115
includes a programmable gain amplifier to aid in reading small single or differential signals. The
ADC operates with digital voltages from 2 V to 5 V, both in power and logic. One advantage of
this ADC over others in the market is that it offers an 12C interface.

As commented in section 3.5.2, having this serial communication protocol allowed to
have more than one device connected to a bus with only two wires. In the specific case of the
ADS1115, the ADC offers four single-ended input channels that can also be used as two
differential channels (Earl, n.d.). Also, the sample rate can be programmable between 8 to 860
samples per second.

The frequency of the ADCs was set to 2400 Hz to provide a sample rate of 20 running
averaged readings per second. The averaged samples helped to reduce noise, smooth out the

values, and decrease the number of outliers.

16Bit 12C ADC+PGA
ADS1115®

Figure 3.19. Analog to Digital Converter ADS1115 (Earl, n.d.).

66



The Raspberry Pi cannot directly receive current signals. For the case of the 4-20 mA
signals, a converter module (Figure 3.20) was utilized to convert the current into a proportional

analog voltage signal of 0-5 V.

Figure 3.20. XY-ITOV 4-20 mA to 0-5 V converter module (Amazon, n.d.).

The industrial-grade XY-ITOV module provides a high stability and good linearity
measure. The current input supports 0-20 mA and 4-20 mA, and the output voltage supports 0-
3.3V, 0-5V, and 0-10 V. In this project, for the pressure transducer in Figure 3.5, the required
conversion was from 4-20 mA to a 0-5 V output that the ADC (Figure 3.19) will read.

For the magnetic position transducer (Figure 3.4), a circuit divider was required to step
down the voltage from 0-10 to 0-5 V. The voltage divider consisted of an array of two resistors
R; and R, connected in series form. The input voltage is passed through these resistors, where
they act as potential dividers. Given the maximum output of the position transducer (10 V)

across this circuit, the desired output voltage of 5 V can be obtained by using Ry = R, = 1 kQ:

R, 1kQ

1 .V =———— %10V =5V
R+ R, T TkQ+1kQ

Vour =
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V out

GND

Figure 3.21. Voltage divider circuit.

The flow sensor (Figure 3.8) provided a waveform output. Thus, a processing section was
implemented before sending the signal to the microcontroller or data acquisition module. The
analog output was translated into a digital signal that the GPIOs can support in the
microcontroller. For this, a sine wave to PWM converter circuit (Figure 3.22) was used to
transform the sensor’s wave output into a signal proportional to the input, and that can be read by

either the Raspberry Pi or an external module.
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Figure 3.22. Sine wave to PWM converter circuit.
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The converter's output was sent to the PWM to voltage module (Figure 3.23), where the
frequency of the PWM signal was transformed into an analog signal from 0-5 V or 0-10 V that
was then sent to the ADC.

Figure 3.23. FV-5K10 PWM to voltage module (Amazon, n.d.).

3.5.3.2.Telemetry

Based on the table presented by Mwachaka et al. (2018), an evaluation of different
telemetry technologies' features was performed. The original table shows the most used
telemetry technologies in the oil and gas industry and provides an analysis of their critical
features. These features were then ordered based on the expected relevance for the micro drilling
robot into which the smart sensing system will be implemented (Table 3.5). A feature in the first
position implies that it is crucial for the project, representing the biggest challenge. On the other
hand, the feature in the sixth position is less critical, and the effort can be focused on the

different challenges.
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Table 3.5. Ranking Parameters Table.

Telemetry Technology Relevance
Features Elech " Mud Wired drill for
ec. romagnetic Acoustics u |re. ri prototype
(Radiofrequency) Pulses pipe
Signal interference High Medium Medium Low 1
Signal attenuation High High Medium N/A 2
Data quantity Medium Low Medium Very high 3
Max. transmission data rate 10 20 20 57,600 4
(bps)

Installation and other cost Medium Medium Low High 5
Maximum depth (meters) 5500 3700 12,200 Unlimited 6

For the project’s purposes, the telemetry system choose was wired since the sensing
system was implemented on a test bench located in a controlled environment. Thus, it was
possible to have the advantages of wired telemetry (e.g., low signal interference, high data
transmission rates) without the disadvantages that are commonly faced in a drilling operation
(e.g., installation and other costs).

However, in section 5.1, it is described how telemetry will be a critical factor for the
successful prototype implementation in the future. In this section, based on the current
challenges and considering the constraints that a micro-drilling robotic device might face in a
drilling operation, a telemetry technology was selected and proposed to be implemented as part
of future work.

The telemetry technologies are explained in more detail along with their characteristics in

subsection 2.7 of this document.
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3.6. Cloud-based Dashboard

The test bench can be controlled virtually based on Point-to-Point (P2P) communication
from an electronic device such as a computer or a smartphone to the Raspberry Pi that controls
and monitors the sensing system. A virtual dashboard was developed, including controls,
buttons, and some of the most critical measurements to aid the operator in the device's decision-
making process. It is important to note that full cloud-based control was not considered because
of the uncertainty of having a reliable bandwidth and internet availability in the field, situations
representing a challenge and risk (e.g., losing the connection with a robot DTH would be
dangerous). In addition, as mentioned in section 2.8, data integrity and security are a challenge
faced by IloT devices.

Based on the literature review conducted, it was identified that there are two main
frameworks to develop virtual dashboards.

a) Sinatra is a web application framework for Ruby, which is an object-oriented
programming language. Sinatra was specifically developed to work and be easily
implemented for I0T applications. Most Sinatra-based platforms are free since
several companies allow integration for developing and prototyping projects
(Flatiron School, n.d.).

b) Express is a web application framework for Node.js that is a cross-platform, back-
end environment. Even though Express was created inspired by Sinatra, Express
is written in JavaScript, making it lightweight and improving its growth capability
in complex projects (Yaapa, 2013).

Node-RED was selected to develop the dashboard. It is an Express-based programming
tool to connect the smart sensing system's hardware and software. Node-RED uses the Express
application framework, and it allows the integration of several online services and the real-time
deployment of "flows" or instructions (Mardan, 2014). This framework was chosen because it
allows for connecting different platforms, making it easier to communicate the JavaScript flows
with the Linux codes from the Raspberry Pi. Node-RED also integrates several collaborative
libraries, templates, and pre-arrange flows that can be modified and adapted for different

functions.
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CHAPTER 4. RESULTS

4.1. Dashboard

Figure 4.1 shows the dashboard created in Node-RED where the user can read
operational information (e.g., processor, memory and disk usage, temperature) from the
Raspberry Pi used as the host of the service and send commands for the reboot or shutdown of
the computer.

The programming and development of the dashboard were made through function blocks.
The flows created for the design of the cloud-based dashboard can be seen in APPENDIX A.

Processor CPU Temperature Disk

L 1 46.2 .\
o U 100 0 . 100 S 16

Usage

100

Temperature Memory

= 179.521

4000

44
091718 091748 09:1818 091848 091918 0919:48 092018 0920:48 092119

Figure 4.1. Raspberry Pi monitoring and control.

Viewing Figure 4.2, it can be seen that information from five signals was being read in
real-time. The cylinder control could be performed in three ways. The first one was manually
through the “RETRACTION,” “EXTENSION,” and “STOP” buttons.

The second method to control the cylinder was through the setting of a goal distance. The
position transducer constantly provided the readings of the rod’s position. Independently of the

starting point of the cylinder, when the user inputs a desired distance, the comparison and control
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blocks (Appendix A. Figure A. 4) determined if the current position was different than the goal
position. After processing the information, the control system determined if the output signal for
the cylinder was for extension or retraction.

Two relays of an eight-channel relay shield module were used to control the manifold
valves (Appendix B. Figure B. 1). The relay module integrates optocouplers to protect the
microcontroller GPIOs from overcurrent and overvoltage from the 12 V circuit that feds the
valves (Amazon, n.d.). One of the two relays was activated to extend and the other one to retract
the rod in order to move the piston rod until it reached the goal position and then stopped.

The third method to control the piston’s rod position was by providing the control system
with a signal with the desired operation. Section 4.3, it is shown how the cylinder was operated

following a waveform input signal.

Process ~  Cylinder control -

Flow meter 8.5 gpm Distance [cm] ENTER

Magnetic 4251 em v
Sensor

P.T. #1 -155.003 psi

String pot 12.54 em

Figure 4.2. Test bench monitoring and control.

Finally, the virtual dashboard also had the capability to plot the variable almost in real-
time. However, this process was performed on the cloud with Node-RED’s servers, making the
plotting process somewhat slow and not reliable enough for the control system. For this reason,
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and as shown in the architecture diagrams of section 3.5, the data logging was performed directly
in the Raspberry Pi.

The data storing for post-processing and analysis from all the sensors was a task
performed in parallel with the operation in Node-Red, and it was executed in real-time. An
example of the plots generated in the dashboard is shown in Figure 4.3, where some of the

voltage readings from the ADCs were plotted over time.

ADC1.0 ADC2.0
33 33
2.475 2475
165 165
0.825 0.825
0 0
09:52:30 09:53:30 09:52:30 09:53:30
ADC 21 ADC 22
33 33
2.475 2475
165 —— 165
0.825 0.825
0 0
09:52:30 09:53:30 09:52:30 09:53:30

Figure 4.3. Example of plots generated for the ADC readings (time vs. voltage).

4.2.Printed Circuit Board (PCB)

The integration of all the electronic and electric components required the design of a
reliable and robust circuit board that could incorporate all the elements needed for the signal
processing, data acquisition, and control of the test bench.

A Printed Circuit Board (PCB) prototype (Figure 4.4) was developed following the
appropriate design considerations for the correct operation of the electronics, the sensors, and the

central computer. The PCB was designed based on Surface Mount Technology (SMT)
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components (Figure 4.5). This allowed the creation of a smaller and more compact version of the
board compared to Through-Hole components. The electronics schematic is shown in Appendix
B (Figure B. 1). The detailed description of the PCB elements is shown in Appendix D. As
shown in Table D.1, the PCB design included the connections required for the sensors proposed
in this project. Additionally, it has three open connections for other sensors in case that the

sensing system requires the integration of more sensors.
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Figure 4.4. Top and bottom view of the PCB for the test bench (57x72 mm).
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Figure 4.5. 3-D view of the PCB for the test bench (57x72 mm).

4.3.Experimental Tests

Based on the test bench described in section 3.4 and after the sensor’s characterization, a
set of three experiments was designed to test how accurate and reliable the sensing system is. For
all three sets of experiments, a total of three runs were made for each one of them (Table 4.1).

The first test was the extension from the “zero” position of the cylinder (5.1 cm) to 95%
of the full stroke (12.5 cm). The cylinder started from the zero position and automatically
extended until it reached the desired extension of 12.5 cm. The goal was to get to the final
position and immediately stop.

The second test was the extension from the “zero” position of the cylinder to 75% of the
full stroke (10 cm). The methodology for this set of experiments was the same as for the previous
set.

The third test was to follow a waveform to test the dynamic response from the system. In
this case, the cylinder started from the “zero” position, then it was extended until it reached
100% of the full stroke, and then it retracted back to the initial position. This process was
repeated for three full cycles.
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Table 4.1. Set of experiments.

Experiment
Stop at 12.5cm Stop at 10 cm Waveform cycle
1 4 7
# of test 2 5 8
3 6 9

In all cases, the measurement of the operational variables was performed. The variables
measured were:
e Experiment/group
e Number of reading
e Time
e String potentiometer voltage and conversion to centimeters
e Magnetic potentiometer voltage and conversion to centimeters
e Pressure transducer (1) voltage and conversion to psi
e Pressure transducer (2) voltage and conversion to psi
e Flow transducer in gpm
All the readings were obtained as a single string of data that was interpreted and
processed in real-time by the cloud-based dashboard. At the same time, the data was logged by

the central computer (Raspberry Pi).

4.4.Analysis of Results

The analysis of variance technique (ANOVA) is a tool for studying the effect of one or
more factors (each with two or more levels) on the mean of a continuous variable. Therefore, it is
the statistical test to use when comparing the means of two or more groups. This technique can
also be generalized to study the possible effects of factors on the variance of a variable.

To investigate if the sensing and control systems are working effectively and reliably, it
is required to determine if the piston rod is being extended and stopped at the desired distance

(first and second experiments). For the third experiment, it is expected that the piston will follow
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the input cycle of extensions and retractions. This section covers the ANOVA results and their
interpretation.

The null hypothesis from which the different types of ANOVA start is that the mean of
the variable studied is the same in the different groups, in contrast to the alternative hypothesis
that at least two means differ significantly. ANOVA allows comparing multiple means, but it
does so by studying the variances.

The essential operation of an ANOVA consists of calculating the mean of each of the
groups and then comparing the variance of these means (inter-variability) against the average
variance within the groups (intra-variability). Under the null hypothesis that the observations of
the different groups all come from the same population (they have the same mean and variance),
the weighted variance between groups will be the same as the average variance within the
groups. As the group means are further apart, the variance between means will increase and will
no longer be equal to the average variance within the groups.

The statistical value studied in the ANOVA is the F-ratio. This is the ratio between the
variance of the group means and the average of the variance within the groups. This statistic
follows a distribution known as the F-Fisher.

If the null hypothesis is fulfilled, the F-statistic acquires the value of one since the inter-
variance will be equal to the intra-variance. The more the group means differ, the greater the
variance between means compared to the mean of the variance within the groups. This results in
obtaining F-values greater than one and, therefore, less likely that the distribution will acquire
such extreme values (less than the p-value).

Before performing the ANOVA tests, it is critical to validate the model assumptions:

e Normality
e Constant variance
¢ Independence
e Outliers
To ensure that the ANOVA test will be robust enough, it is first necessary to check the

assumption of normality in the data from the experiments (Table 4.1). First, among the tests of
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the first experiment (stop at 99% of full stroke), then for the second experiment (stop at 75% of
full stroke), and finally for the third experiment (cycle of extensions and retractions).

The normality plot can be used to check the normality assumption graphically. As can be
seen in Figure 4.6, Figure 4.7, and Figure 4.8, the data among the experiments and for each test
fell near the lines. Additionally, most of the points fell within the 25" and 75" percentiles, which

indicate a normal distribution. Thus, the normality assumption was validated.
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Figure 4.6. Normality plot for Experiment 1.
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Figure 4.7. Normality plot for Experiment 2.
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Figure 4.8. Normality plot for Experiment 3.

In addition to the graphical validation of the normality assumption, a formal Anderson-

Darling test was performed for the first and second experiments. As shown in Table 4.2, ata
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significance level of 0.05, the result is that the test fails to reject the null hypothesis in all the
cases (Test result = 0). Thus, it can be concluded that the data comes from a population with a

normal distribution.

Table 4.2. Anderson-Darling test results.

Output
# of test Test result P-value Test statistic Critical value
1 0 0.5633 0.3077 0.7283
Experiment 1 2 0 0.3354 0.4046 0.7283
3 0 0.5579 0.3026 0.7283
4 0 0.8378 0.2124 0.7149
Experiment 2 5 0 0.8336 0.2139 0.7149
6 0 0.7825 0.2313 0.7149

The assumption of variance and independence can be confirmed graphically by analyzing
the residuals. By checking the histogram of residuals and the symmetry plots of residuals for
each test (Figure 4.9, Figure 4.10, and Figure 4.11), we can observe that there are not patterns in
the data. Additionally, it can be seen that the distribution of each test does not depend on the
others. Hence, it can be concluded that the assumptions of variance and independence are valid.

Outlier data can completely invalidate the conclusions of an ANOVA. If extreme
residuals are observed, it is necessary to study in detail which observations they belong to, being
advisable to recalculate the ANOVA without them and compare the results obtained. The data
shows no extreme outliers that could affect the hypothesis testing or that might bias the Type I or
Type Il errors.

Given that all the assumptions were validated, it can be concluded that the models are

appropriate. Therefore, the ANOVA can be performed with certainty.
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Figure 4.10. Residuals plots for Experiment 2.
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Figure 4.11. Residuals plots for Experiment 3.
4.4.1. ANOVA

4.4.1.1. Model

The statistical model for the ANOVA to be performed on the data gathered by the
sensing system is:
Yij =L +Tt+ €
Where:
i=12,..,a
j=12,..,n
U — grand mean
T; = igp treatment ef fect
€;;~N(0,0%) - error

The constraint is:

a

Zni‘[i =0

i=1
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The hypotheses are:

Hy:ty =7, =+=7,=0vs.Hy:t; # 0
For at least one i.
The test statistic is:
SSt t t.
F. = gfa_ﬂien > _ MStreatments
° SSg_ MS;
N-—a

The decision rule is, if:
Fo > Fypa-1n-a

Then H, is rejected.

4.4.1.2. Results

Viewing Appendix C, the ANOVA tables are shown. Table C.1 shows the ANOVA
results for experiment one. As it can be seen, the p-value is equal to 0.9323, which is significant.
This indicates that the measured position within the tests of the first experiment is highly similar.
Additionally, with an F-statistic = 0.0695 and at a significance level of 0.05, it can be concluded
that the test fails to reject the null hypothesis. Therefore, it can be inferred that the mean values
across the tests are equal to each other.

As a complementary test, a multiple comparison test was conducted to determine if the
tests are different from each other within every experiment. Table C.2 shows that the p-value of
all the comparisons (>0.9) indicates that the data across the tests were consistent. This supports
the previous conclusions.

Table C.3 shows the ANOVA results for experiment two. As it can be seen, the p-value is
equal to 0.9861, which is significant. This indicates that the measured position within the tests of
the second experiment is highly similar. Additionally, with an F-statistic = 0.0140 and at a
significance level of 0.05, it can be concluded that the test fails to reject the null hypothesis.
Therefore, it can be inferred that the mean values across the tests are equal to each other. Table
C.4 shows that the p-value of all the comparisons (>0.9) indicates that the data across the tests

were consistent. This supports the previous conclusions.
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Finally, Table C.5 shows the ANOVA results for experiment three. This indicates that the
measured position within the tests of the third experiment is similar, and it can be inferred that
the mean values across the tests are equal to each other. As it can be seen, the p-value is equal to
0.5784, which is not as significant as the one obtained for experiments one and two. However, by
validating with an F-statistic = 0.5484 and at a significance level of 0.05, it can be concluded that
the test fails to reject the null hypothesis. Table C.6 shows that the p-value of the three tests
indicates that the data across the tests were consistent. By calculating Tukey’s critical distance, it
can be corroborated that no tests groups have means significantly different. This supports the
previous conclusions.

The box plots show the distribution of the data in each experiment around their respective
medians. These plots provide a visual aid to perform graphical hypothesis testing by making a
comparison of the medians for each test in the experiments. As can be seen in Figure 4.12,

Figure 4.13, and Figure 4.14, the plots indicate a failure to reject the null hypothesis. The
medians within each experiment appear to be similar. Thus, it can be inferred that the tests were
reliable (with a 95% of confidence) across each experiment. This conclusion is consistent with
the results from the ANOVA.
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Figure 4.12. Box plots for Experiment 1.
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4.4.1.3. Conclusions

Based on the results obtained in section 4.4.1.2, it can be concluded that the sensing
system provided reliable measurements with a confidence level of 0.05. The ANOVA results
showed that the data taken with the sensing system were consistent across the experiments for all
the tests.

In the case of the first experiment (from zero to 95% of full stroke), the system accurately
measured the position of the piston rod, and it precisely fed the control system. The piston rod
was extended at the same speed across tests, which indicates that the hydraulic system was
stable. However, as shown in Figure 4.15, the extension of the piston rod is not entirely linear.
This is a consequence of the sizing of the hydraulic components like the pump and the valves,
which are rated to supply higher flows than those required by the hydraulic cylinder. Thus, the
pump's output was manually regulated to a flow rate that can keep up the system'’s pressure and
allow the piston rod to be moved.

The pattern described above can also be seen in the extension plots for experiments two
and three. The box plots shown above confirmed that the stopping times and the measurements
along the piston stroke were steady in the tests for the first experiment.

For the second experiment (from zero to 75% of full stroke), the results were consistent
with experiment one. The ANOVA results showed that the sensing system accurately acquired
the position signals from the test bench. The control system achieved the goal position with a
constant extension speed, and the estimation tells that it will follow this trend over 98% of the
time.

As shown in Figure 4.16, the extension of the piston rod was similar for the three tests.
The extension pattern was consistent, and the desired distance was achieved.
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Figure 4.16. Piston rod extension for Experiment 2.
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The third experiment, which consisted of following a cycle of extensions and retractions
(waveform), had results that were not as solid in the ANOVA even though they were consistent
with experiments one and two. This can be attributed to the subtle differences in the starting and
finishing times for each cycle, as shown in Figure 4.17.

Nevertheless, the ANOVA supported the conclusion that the measurements across the

tests correspond to a similar pattern. This conclusion was supported by the multiple comparison
test and the box plots.
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Figure 4.17. Piston rod extension and retraction cycles for Experiment 3.
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CHAPTER 5. SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS

5.1. Future Work and Conclusions

5.1.1. Conclusions

The first part of this study consisted of a thorough literature review that was performed to
identify the problems that the oil and gas industry faces regarding oil extraction optimization. It
was found that there is a lack of efficient machinery that allows the companies to cost-effectively
extract all the oil from the reserves, even using Horizontal Directional Drilling (HDD)
techniques. The development of efficient tools that allow increasing the payout of a well requires
drilling robots that can create small diameter branches in the wells, and that can steer faster and
more reliable than current HDD devices. One of the critical steps to create such devices is
developing trustworthy and robust sensing systems that can provide accurate operational
measurements to the operator.

The purpose of this study was to develop a prototype of a smart sensing system that could
be implemented in the future in a micro-drilling device. For this, flexibility, scalability, and
reliability were critical components of the design. The outcome of this project was a reliable
sensing system capable of acquiring, synthesizing, and filtering the data from the different
sensors present in a test bench used as a case study. The gathered data was processed and
prepared to be sent to other systems to be visualized, logged, or evaluated to perform an action
by a control system.

A prototype of a printed circuit board was developed based on the requirements of the
implemented sensing system. The board included the connectors and data processing elements to
integrate the test bench’s sensors and communicate with the chosen microcontroller. The
electrical schematics and drawings of the board were presented, and the board can be created and
integrated for future work. Additionally, the PCB included three open connectors for the future

integration of more sensors to the test bench.
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A cloud-based dashboard was created as part of the sensing system. The dashboard was
developed in Node-RED, a cloud framework that allows the user to control some of the actions
of the test bench. Furthermore, it enables the user to read in real-time the data from the sensors
easily.

One open control loop was created to determine the extension of a hydraulic cylinder.
Based on the sensing system data and with a microcontroller, the piston rod position was
determined, and an action of extension or retraction was executed based on the desired position.
The system was evaluated with different experiments moving to a desired piston rod stroke
position and following a wave form signal.

Finally, the sensing system data was tested using several statistical methods and tools,
and it was proven to be reliable and robust. The system performed according to the expectations
in all of the tests and provided accurate measurements at a significance level of 0.05.

5.1.2. Micro Drilling Robot Implementation

Even though the wired telemetry used to integrate all the elements from the smart sensing
system and the test bench provided a reliable connection and fast data rate transmissions, this
might not be possible in an oil field.

Based on the literature review and given the project’s constraints, electromagnetic or
radiofrequency telemetry was identified as the best possible solution for a micro-drilling device
such as this. Radiofrequency telemetry provides data rates at speeds that can give the reliability
and sturdiness required by a more robust control system. In addition, given that the signals sent
from the DTH device to the main computer on the surface are primarily measurements from the
sensors, the bandwidth is sufficient. The micro-drilling prototype is expected to work in depths
of around 200 to 2000 m.

For future work, an appropriate approach to take regarding telemetry would be to install
an antenna and a receiver to send data along 200 to 400 m. After that, the use of signal extenders
and repeaters will be required because the geology and the noise derived from the robot's
operation will attenuate the signal. Techniques of convolution and signal compression will be
needed once the project reaches this point.
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On the other hand, Table 5.1 shows the sensors that are recommended to be implemented
on the micro-drilling device. The table lists the sensors, along with the manufacturer and model
of the sensor and the expected quantity required. It is important to highlight that these sensors are
compatible with the sensing system developed for this thesis work.

Table 5.1. Additional devices recommended to implement on the micro-drilling device.

Element Type Manufacturer Model/Code Qty
H li
yd_rau I Actuator Bansbach HZ16 3
cylinder
Current and Sensor Adafruit INA169 1
voltage sensor
Inertial
Measurement Sensor Adafruit BNOO055 3
Unit
Position MPA-
transducer Sensor Sick 107THTPOBO1

For the sensing system, the selected Inertial Measurement Unit (IMU) was the BNOO055
(Figure 5.1), which is a 9-axis orientation module developed by BOSCH. This IMU integrates an
ARM Cortex-MO microprocessor that filters and processes the sensors' data and delivers it to the
user in a single chain of characters.

The BNOO55 output is a digital signal that is connected to the Raspberry Pi using the 1°C
communication protocol (Figure 5.2). This module provides the following measurements:

e Absolute Orientation

e Angular Velocity Vector

e Acceleration Vector

e Magnetic Field Strength Vector
e Linear Acceleration Vector

e Gravity Vector

e Temperature
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Figure 5.2. Inertial Measurement Unit Architecture.

The BNOO55 will be used to determine the relative position of the platform that will be
connected to the micro-hydraulic cylinders and determine its orientation and tilt. This module
will provide the user with information regarding the acceleration and spatial orientation of the
device. It is expected to use at least three of these modules, one that will be placed near the drill
bit, the second one on the steering mechanism, and the third one on the first section of the robot.

Most of the electronics are powered by a 12 V battery. Therefore, measuring the variables
related to the system's power source is critical for the operation. The percentage of charge and
the current and power delivered by the battery must be measured. The module INA169 (Figure

5.3) integrates the sensors to measure the voltage and current drawn on an electric circuit. The
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output of this module is an analog 0-5 V signal that is proportional to the values being read. This

module can measure voltage values from 0 to 60 V DC and up to 5 A.
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Figure 5.3. Module INA169 (Adafruit Industries, n.d.).
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Figure 5.4. Voltage and Current Transducer Architecture.

For the robot, an arrangement based on three micro-hydraulic cylinders (Figure 5.5) can

be designed to simulate what will be a steering and propulsion subsystem on the micro-drilling
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device. The double-acting cylinders have a 16 mm (0.63") piston diameter, an 8 mm (0.315") rod
diameter, and a stroke of 40 mm (1.58"). The cylinders have two ports connecting each hydraulic
chamber, and connectors and adapters can be used to direct the flow either through a hose or

with tubing.

e
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Made in 03/21

Figure 5.5. Hydraulic cylinder HZ16 (Bansbach Easy Lift, 2020).

Each cylinder rod end is attached to a spherical rolling joint and connected to a plate that
provides the desired degrees of freedom by creating a moving platform. This moving platform
will help ensure the parallelism between the cylinders. A drilling subsystem will be attached to
the base that will be moved and steered based on the micro-hydraulic cylinders’ extension and
retraction.

Regarding the control on the cloud-based dashboard, it will be required first to control the
motor’s rotation and then move forward and develop a control for speed. As a starting point, an
essential three-commands control can be implemented (Figure 5.6). In Figure A. 2, the proposed

operational block flow is shown.

STOP

Figure 5.6. Proposed control for the rotation of a motor.
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APPENDIX A. NODE-RED OPERATIONAL BLOCK FLOWS

Figure A. 1. Raspberry Pi monitoring.
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Figure A. 2. Motor control.
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Figure A. 3. Manual cylinder control.

Figure A. 5. Data acquisition, processing, and plotting.
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APPENDIX B. ELECTRONIC SCHEMATIC
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Figure B. 1. Smart sensing system general schematic.
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APPENDIX C. ANOVA TABLES

Table C.1. ANOVA table for Experiment 1.

Source SS df MS F Prob>F
Columns 0.7264 2 0.3632 0.0695 0.9329
Error 407.7273 78 5.2273
Total 408.4537 80
Table C.2. Multiple comparison test results for Experiment 1.
Comparison
Test Test p-value
1 2 0.9270
1 3 0.9742
2 3 0.9871
Table C.3. ANOVA table for Experiment 2.
Source SS df MS F Prob>F
Columns 0.0629 2 0.0315 0.0140 0.9861
Error 107.7061 48 2.2439
Total 107.7690 50
Table C.4. Multiple comparison test results for Experiment 2.
Comparison
Test Test p-value
1 2 0.99953
1 3 0.9969
2 3 0.9847
Table C.5. ANOVA table for Experiment 3.
Source SS df MS F Prob>F
Columns 7.8809 2 3.9405 0.5484 0.5784
Error 2.6515e+03 369 7.1856
Total 2.6594e+03 371
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Table C.6. Multiple comparison test results for Experiment 3.

Comparison
Test Test p-value
1 2 0.9039
1 3 0.8127
2 3 0.5505
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APPENDIX D. PCB
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Figure D. 1. PCB detailed schematic.

112

_POT

STRING

MAGNETIC

FV—-5K10




Table D.1. Description of PCB elements.

Element

Push button 1

12 V external supply

Connection for pressure transducer 1

Open connection for sensor

Push button 2

Connection for output of current to voltage converter (XY-ITOV)

Open connection for sensor

Open connection for sensor

Connection for flow meter

Connection for pressure transducer 2

Connection for output of PWM to voltage converter (FV-5K10)

Connection for position transducer (Magnetic)

Connection for position transducer (String potentiometer)

ADC 1 (ADS1115)

ADC 2 (ADS1115)

Headers for connection to Raspberry Pi GPIOs

Headers for connection to current to voltage converter

DO DO ZZr Rle|—TOmmOoO®>g

Headers for connection to PWM to voltage converter
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