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Chapter 1

Literature Review

1.0.1 WITSML

WITSML (Wellsite Information Transfer Standard Markup Language). It is a
standard for transmitting technical data between organizations involved in oil and
gas exploration, drilling, and production. Developed by Energistics, WITSML
allows for e cient and reliable data exchange and is designed to improve data
sharing and integration among di erent systems and tools within the industry. It's
widely used for real-time data transmission, monitoring of drilling operations, and

data aggregation from multiple sources for analysis and decision-making processes.

1.0.2 PLCs

A critical aspect of the increased use of both wired and wireless devices within
automation systems is the ability to speci c and achieve the required quality of
service between the various modules of the system.

Outer shield machine limitations in PLC automation refers to the constraints of
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the physical hardware and environmental factors impacting the system. The phys-
ical limitations of the machinery, such as maximum speed, torque, and precision,
directly impact the e ectiveness of the automation process.

Inner shield formation limitations refer to the software, data processing, and
communication aspects of PLC automation. The PLC system's processing power
and memory limitations can a ect how quickly and e ciently it can handle com-
plex algorithms and large data sets. In PLC networks, the inner shield often
involves data communication, which can be limited by bandwidth, latency, and

reliability of the communication protocols used.

Figure 1.1: 3 di erent classes of PLC automation(Checcozzo 2009)

A way of classifying di erent levels of PLC automation is based on its clock
time, and how quickly it react to changing parameters, a illustration of this is

shown in Figure 1.1
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1.0.2.1 Class 1 Automation Control

This is real-time, cyclic data exchange, used for I/O (Input/Output) communica-
tion. It is typically time-critical and used for control where data are exchanged at

regular, prede ned intervals.

1.0.2.2 Class 2 PLC to PLC

This is real-time, cyclic data exchange, used for 1/0 (Input/Output) communica-
tion. It is typically time-critical and used for control where data are exchanged at

regular, prede ned intervals.

1.0.2.3 Class 3

This is explicit message/response communication, which is not cyclic. It's used for
non-time-critical information exchange, such as system management and device
con guration. Messages in Class 3 communication require a response from the

recipient.

1.0.3 OPC UA

Open Platform Communications (OPC) began its life as "OLE for Process Con-
trol", but since Object Linking and Embedding (OLE) was another Microsoft
technology, they opted for the current moniker when they started seeking OS in-
dependence. One of the driving factors behind OPC was to create a truly open,
independent platform to enable disparate systems from opposing vendors to be
able to "talk" to one another. Similar to what Modbus did for the last quarter

of the 20th century, OPC would bring industrial communications into the 21st
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Figure 1.2: Open Plattform Communication(Omron Corporation 2023)

century. Hoping to replace the plethora of proprietary Dynamic Data Exchange
(DDE) drivers, OPC would become the de facto communication standard(Johnson
2022).

OPC UA is designed to work across various operating systems, hardware plat-
forms, and programming languages, making it suitable for a wide range of in-
dustrial and 10T applications. Security is a fundamental aspect of OPC UA. It
o ers robust authentication, encryption, and data integrity mechanisms to ensure
that data exchanged between devices and systems is protected from unauthorized
access or tampering. De nes a common information model that enables devices
and systems to describe their data and functionality in a standardized way. This
promotes interoperability between di erent vendors and systems. OPC UA sup-
ports communication from eld-level devices, such as sensors and actuators, up to
enterprise-level systems. It can handle real-time data as well as historical data,
alarms, and events.

OPC UA supports various data types, including numerical, string, and com-
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plex structures. This exibility allows it to handle a wide range of industrial
data. Includes a Publish-Subscribe communication model, in addition to the tra-
ditional Client-Server model. This enables e cient data distribution to multiple
subscribers. Provides mechanisms for building highly available and redundant sys-
tems, ensuring that critical data and services are always accessible.Allows for the
creation of complex data hierarchies and information models, making it suitable
for modeling industrial processes and equipment in a structured manner.

OPC UA has gained widespread adoption in industries such as manufacturing,
energy, and process control because it o ers a standardized and secure way to
connect and communicate with a diverse range of devices and systems, regardless
of the underlying technology or vendor. It plays a crucial role in enabling Industry
4.0 initiatives and the integration of legacy systems with modern automation and

loT solutions.

1.0.4 Closed Loop Automation

A closed-loop control system is a form of control where the output of the system

is monitored and fed back into the system as input. This feedback is used to

adjust the control inputs to the system to achieve the desired system behavior.

The system's objective is to maintain the system output at a setpoint or to follow

a given output trajectory over time as can be observed in 1.3. Closed loop systems
are contrasted with open loop systems, which do not use feedback to modify the
system control inputs. Closed loop control is widely used in various applications,

including industrial processes, robotics, and electronics, because of its ability to

reduce errors and adapt to changes in the system.
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Figure 1.3: Example of a Closed Loop Control System(TechTarget 2023)

1.0.5 TWINCAT 3

TwinCAT 3 functions as a comprehensive interactive development enviroment
(IDE), o ering a complete suite of tools necessary for developing, testing, and
deploying automation applications. As an IDE, it integrates various aspects of
software development into a uni ed interface, streamlining the entire development
process. Its layout that can be seen in Figure 1.4 is similar to that of Microsoft
Visual Studio. One of the core functions of TWinCAT 3 as an IDE is its support for
diverse programming languages compliant with the IEC 61131-3 standard, such as
Ladder Diagram, Structured Text, and Function Block Diagram. This versatility
allows engineers to choose the most suitable programming style for their speci c ap-
plication. Additionally, TwWinCAT 3 supports C++ and MATLAB ® /Simulink ® ,
further broadening its application scope.(Contact and Coil 2023)

A distinguishing feature of the TwinCAT 3 IDE is its real-time control capabil-
ities. The software can convert a standard PC into a real-time controller, allowing
for precise and e cient control of automated processes. This real-time execution

is crucial in applications requiring high-speed and high-precision control in robotic
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Figure 1.4. TwinCAT 3 IDE

automation. The IDE is speci cally designed to work seamlessly with Beckho 's
range of PLCs and I/O systems. This integration facilitates a smooth work ow
from software development to hardware implementation, ensuring that the devel-
oped control strategies work e ectively with the physical control hardware. The
modular nature of TwinCAT 3 allows developers to scale their applications ac-
cording to their needs. Whether working on small, standalone machines or large,
complex systems, TwinCAT 3 can be adapted to t the scope of the project,
making it a exible choice for a wide range of industrial applications.(Beckho

Automation 2023b)

1.0.6 PID controller

A PID Controller, short for Proportional-Integral-Derivative controller, stands as
a cornerstone in the realm of industrial control systems. This control loop feedback
mechanism is widely embraced across industries due to its exceptional versatility
and uncomplicated functionality, enabling engineers to e ectively regulate various
processes.

A PID controller operates by computing an error value, which represents the

disparity between a measured process variable and a prede ned setpoint or desired

9
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Figure 1.5: Example of an PID controller(Technology Robotix Society 2023)

outcome. The controller's primary objective is to minimize this error by making
precise adjustments to the process through a manipulated variable.

The PID controller algorithm hinges on three distinct constant parameters,
which collectively form the basis of its operation.(Technology Robotix Society
2023):

Proportional (P): The proportional term responds to the present error magni-
tude. It determines the immediate corrective action in proportion to the current
error, allowing the controller to steer the process toward the desired setpoint. The
proportional term contributes to the controller's responsiveness.

Integral (I): The integral term considers the accumulated past errors over time.
It aims to eliminate any steady-state error that may persist due to imperfect pro-
portional control. By integrating the error history, the integral term ensures long-
term stability and minimizes any long-lasting discrepancies between the setpoint
and the actual process variable.

Derivative (D): The derivative term assesses the rate of change of the error.

It anticipates future error trends by analyzing how quickly the error is approach-

10
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ing the desired setpoint. The derivative term enhances the controller's ability to
prevent overshooting and oscillations. By combining proportional, integral, and
derivative components, engineers can ne-tune their control systems to achieve
precise and stable regulation, making PID control an indispensable tool in the

world of industrial automation.

Zt
WO = MV ()= Koel®)+ K; e )d + Kg et

(1.1)
where,
" Kp: Proportional gain, a tuning parameter
Ki: Integral gain, a tuning parameter
" Kgq: Derivative gain, a tuning parameter
" e Error= SP PV

" t: Time or instantaneous time (the present)

. Variable of integration; takes on values from time O to the preserit

Table 1.1: E ects of varying PID parameters K,, Ki, Kg) on the unit step re-
sponse of a system.

Parameter | Rise Overshoot | Settling Steady- Stability
time time state
error
Kp Decrease Increase Small Decrease | Degrade
change
K, Decrease Increase Increase Eliminate Degrade
Ky Minor Decrease | Decrease | Noeectin | Improve if
change theory K4 small

11
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1.0.7 Microservices

A microservices application is a transformative paradigm that o ers a highly
adaptable and scalable way to design, develop, and deploy software systems.
Mainly, a microservices application is a group of independent and loosely cou-
pled services that work in harmony to deliver complete functionality. Each service
focuses on a speci c task or feature and communicates with others through well-
de ned interfaces, often via lightweight protocols such as HTTP or message queues.
This architectural style contributes to modularity, fault isolation, and ease of de-
ployment and maintenance. Proposed data ow in a microservice application can

be seen in Figure 1.6

Figure 1.6: Software architecture for microservice application

Microservices architecture enables organizations to break down their applica-
tions into smaller, manageable components that can be developed, deployed, and
scaled independently. This fosters agility, as changes to one service do not ne-

cessitate extensive modi cations to the entire system, thus facilitating continuous

12
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integration and continuous delivery practices. Furthermore, microservices o er
high resilience and fault tolerance. When one container encounters problems, it
does not necessarily stop the entire application, as the failure is isolated to that
speci ¢ container. This makes it easier to build robust, fault-tolerant systems,
crucial for mission-critical applications.

Cloud computing and microservices are well-suited to each other due to their
compatibility in terms of elasticity. These services can be easily implemented and
expanded to accommodate di erent workloads, making them a perfect choice for
applications that require the ability to handle unpredictable loads. This ensures

that resources are used e ciently.(Sahebi and Sui 2024)

1.0.8 Machine Learning

Machine learning operates through a system that encompasses three fundamental
components:

1. A Decision Process : In general, machine learning algorithms are used
to make a prediction or classi cation. Based on some input data, which can be
labeled or unlabeled, your algorithm will produce an estimate about a pattern in
the data.

2. An Error Function : An error function evaluates the prediction of the model.

If there are known examples, an error function can make a comparison to assess
the accuracy of the model.

3. A Model Optimization Process : If the model can t better to the data
points in the training set, then weights are adjusted to reduce the discrepancy be-

tween the known example and the model estimate. The algorithm will repeat this

13
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\evaluate and optimize" process, updating weights autonomously until a threshold

of accuracy has been met.

Machine learning is a transformative force across a range of sectors, adept at
forecasting future events, analyzing complex data sets, and enabling autonomous
operation of robots. The success of machine learning hinges on the integrity of the
data; inaccuracies can skew results, while insu cient data can impair model train-
ing. Moreover, machine learning models can unintentionally perpetuate existing
biases, calling for careful consideration of training data.

Another signi cant challenge is balancing the complexity of models to avoid
over tting, where a model is too tailored to the training data, or under tting,
where it fails to capture the data's complexity adequately. In Figure 1.7 we can
se a simpli ed overview of how the models can be trained. If the model is only
trained on a very speci c training set, and then applied as a model for a problem
under di erent conditions the model would not be suited to give good predictions.
The rst model we made would than be over tted to rst training set, and not
have understanding nor adaptable to other conditions.

Despite these challenges, machine learning presents clear advantages. It o ers
enhanced accuracy in predictive analytics, enables greater automation e ciency,
allows for personalization at scale, and can reduce operational costs. However,
these benets are accompanied by disadvantages, including potential biases in
decision-making, privacy risks, dependency on high-quality data, and often, a lack

of transparency in how complex models arrive at their conclusions.(IBM 2023)

14
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Figure 1.7: Splitting of data in machine learning(IBM 2023)

1.0.9 ROP optimization

Drilling operations in the oil and gas industry are complex and costly, and while
fast drilling is desirable, it can lead to complications such as poor hole cleaning
and safety risks. Optimizing drilling processes is crucial to reduce Non-Productive
Time (NPT), improve operational e ciency, and cut costs. One key aspect of
optimizing drilling is achieving the desired Rate of Penetration (ROP), which
involves maximizing drilling speed while adhering to safety parameters.

Several factors in uence ROP during drilling operations, including formation
properties, hydraulic properties of the drilling uid, equipment characteristics (e.qg.,
bottom hole assembly and drill bit), and operational conditions. Traditional ap-
proaches relied on experience from o set wells, often with similar equipment, but
these methods are limited by the drillers' experience and may not fully exploit
optimization potential.

Machine learning and data analytics have emerged as promising tools to opti-
mize drilling processes by dynamically considering multiple variables. For instance,
Hegde and Gray (2017) proposed using machine learning algorithms with manually

selected features for ROP prediction and surface control parameter optimization

15
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for speci c depth intervals. Additionally, they introduced models for other key pa-
rameters like Mechanical Speci c Energy (MSE) and Torque on Bit (TOB) with
the aim of improving drilling e ciency.(Hegde and K.E. Gray 2017)

Machine learning models, especially when provided with su cient drilling data,
can capture nonlinear relationships among variables, which are challenging to
guantify through traditional analysis. Hegde and Gray (2018) demonstrated that
considering multiple performance indicators, including ROP, TOB, and MSE, can
lead to a balanced increase in ROP and a decrease in MSE and TOB.(Hegde,
Soares, and Ken Gray 2018)

Continuing this trend, Hegde et al. (2020) developed a more advanced model
that simultaneously optimizes four objectives, achieving a balanced result with a
signi cant increase in ROP (31%) and a substantial decrease in MSE (49%).(Hegde,
Pyrcz, et al. 2020)

In addition to these advancements, there is potential for machine learning and
other Al-based approaches to control drilling parameters and nd ideal settings
dynamically. These technologies can adapt to changing conditions and optimize
drilling e ciency continuously, providing a promising avenue for further improve-

ment in drilling operations.

16
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Work

2.0.1 Beckho PLC

TwinCAT software, have used a "double-tick" method for real-time scheduling.
This approach, while functional, has inherent disadvantages compared to isolated
cores. The primary challenge lies in the necessity to frequently switch between
real-time and non-real-time modes, that is illustrated in Figure 2.1. During these
transitions, the system saves and restores process states, an operation that in-
evitably introduces latency and jitter. This periodic context switching not only
disrupts the deterministic nature of real-time operations but also a ects the pre-

cision and reliability of control tasks.

Figure 2.1: lllustration of a double tick in the PLC due to the operating system

17
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Figure 2.2: Isolating core

By isolating a processor core for exclusive real-time processing, the system
e ectively bypasses the limitations imposed by the "double-tick" method. This
isolation creates a dedicated environment for real-time tasks, free from the inter-
ruptions of non-real-time system operations. The immediate bene t of such an
arrangement is a signi cant reduction in latency and jitter. With a core solely fo-
cused on real-time tasks, the PLC can achieve a level of performance predictability
and consistency that was previously unattainable. This consistency is crucial in
applications where even minor deviations in timing can lead to signi cant disrup-
tions or inaccuracies.In Figure 2.2 we can observe the ability of isolating a core
speci cally for an PLC. Removing the need for the OS to interact with the task

set to the PLC and reducing the base time.(Beckho Automation 2023b)

Another critical advantage of core isolation in TwWinCAT 3 Real-Time is direct
hardware access. This capability allows for more precise and immediate control
over hardware functions, particularly in the realm of network communication and
data exchange. In the context of real-time Ethernet systems, such as EtherCAT,

this direct access facilitates faster and more reliable data transmission, which is

18



CHAPTER 2. WORK

paramount in maintaining the synchronicity and coordination of interconnected

devices. (Beckho Automation 2023a)

2.0.2 Arduino controller

The Arduino ESP32 is a versatile and powerful microcontroller board that comes
with built-in Wi-Fi and Bluetooth capabilities. It is based on the ESP32 chip seen

in Figure 2.3, which has a dual-core processor that can be clocked at up to 240
MHz. The board is well-suited for Internet of Things (loT) projects due to its rich

set of peripherals.

The Arduino integrated development enviroment (IDE), supports the ESP32
through an additional board manager install. This IDE allows for straightforward
programming using C, C++ or Python with the addition of special functions and

libraries that simplify the use of the board's features. Arduino,Emeritus 2023)

Figure 2.3: Arduino ESP32

The ESP32 is supported by a wide range of libraries that can be used to
interface with sensors and actuators, handle network protocols, manage device-to-

device communications, and more. Libraries for WiFi and Bluetooth are commonly

19
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used for wireless connectivity, while others are designed for speci c applications

such as handling sensor data or creating web servers.

2.0.3 Wireless Transmission from Downhole sensors

To comply with competition rules that mandate wireless data transmission from
downhole sensors, our approach employs the Arduino ESP32S microcontroller,
strategically positioned within the Bottom Hole Assembly (BHA) near the drill
bit. In the eld of drilling operations, where real-time data monitoring and con-
trol are paramount, the Arduino microcontroller, equipped with Wi-Fi capabilities,
can be integrated into drilling equipment. This integration enables remote moni-

toring and control, contributing to more e cient and automated drilling processes.

This setup includes an accelerometer, gyroscope, and magnetometer, all crucial
for delivering real-time data to the control system. The ESP32S connects to the
local Wi-Fi network, transmitting data to a designated HTTP website. Data is
presented in JSON format, facilitating seamless API integration. This system en-
ables the creation of a digital twin, which is synchronized with an online simulator
that enhances predictive analytics and improves the e ciency of the short-loop

control system.

The control and input/output for the coordination and interfacing, both lo-
cally and via networks, of valves, limit switches, top drive, stepper motor and
other moving objects of automated machinery, can be controlled with a timing

performance within 10 milliseconds (internal clock, limitation). Their timing pro-

20
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le is subjected to these requirements to avoid collision between moving objects,
and consequently requires a small reaction time. HMI operations and interactions
involving slower user-oriented devices do not typically require such rapid response
times and usually are subjected to timing requirements in the order of hundreds
of milliseconds. The collection of statistical data from the devices is typically not

subjected to strict timing constraints and response times in the order of seconds

are usually acceptable.

Figure 2.4: Setup for test of wireless transmission

2.0.4 Transmission Through Steel Doors

The experiment involved placing the Arduino microcontroller with the ESP32 and
sensors inside an industrial heater used for dehydrating oil core samples, seen in
Figure 2.4. On the other side of the heater, a Wi-Fi-enabled device was positioned.
The results demonstrated that the Arduino microcontroller successfully transmit-
ted data through the heater's steel walls, validating its capability to overcome

obstacles like steel doors. This nding holds signi cant promise for the practical

21
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application, transferring the data from inside the BHA under dynamic drilling to
our particularly in the context of automating the drilling process and optimizing

the ROP

2.0.5 Cabhinet

Figure 2.5: Cabinet

Figure 2.5 showcases the control cabinet, integral to UiS Drillbotics rig de-
sign. At the heart of this assembly are PLC modules from Beckho with precision
and reliability. Beckho 's PLC systems are designed to o er scalable solutions,
from small, task-focused applications to comprehensive automation frameworks.
The presence of modules (two black modules in bottom center) dedicated to con-

trolling stepper motors indicates the cabinet's role in motion control tasks, where

22
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precise movements are critical. These stepper motor controllers employ microstep-
ping techniques to achieve high-resolution positioning and smooth motion pro les,
essential in applications such as robotics.

The cabinet includes power conversion units capable of transforming alternat-
ing current (AC) to direct current (DC), a fundamental requirement for powering
DC-operated components such as sensors, drives, and other control elements. The
use of such power converters underscores the system's ability to interface with a
broad range of actuators and sensors, regardless of their power speci cations. This
versatility is paramount in a modular system that might need to accommodate a
variety of additional modules or sensors in the future.

Given the modular nature of the Beckho PLC system, it is conceivable that
the cabinet is prepped for the integration of additional modules. These could
range from analog/digital input/output (1/0O) modules as seen in Figure 2.6 for
sensor interfacing to more specialized units such as temperature or pressure control

modules, essential for comprehensive process automation.

Figure 2.6: Beckho 1/O Terminal
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2.0.6 Load Cells

To calculate Weight on Bit (WOB) load cells are arranged in a triangular con g-
uration on a oating plate, the load cells measure the force exerted at each point
of the triangle. By summing up these forces and considering the geometry of the
setup, the total weight applied on the bit can be determined. A singular load cell
can be seen in Figure 2.7. This arrangement allows for compensation of any un-
even weight distribution and provides an accurate measurement of the downward
force during drilling operations. The data from the load cells can be processed
with appropriate algorithms to ensure precise WOB calculation, which is crucial

for optimizing drilling e ciency and preventing drill bit damage.

Figure 2.7: Load Cell

2.0.7 Drill bit

PDC bits are equipped with synthetic diamond cutters that are extremely hard
and durable, enabling them to maintain sharpness longer and cut through hard

rock formations e ciently. Its design and materials enable it to drill through hard
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rock formations more e ciently than traditional bits.

By using identical spare parts, it's possible to conduct multiple drilling oper-
ations under similar conditions. This consistency is crucial for machine learning
models, as it reduces the variability in data caused by equipment di erences. When
the same type of PDC bit is used across di erent runs, it isolates other variables
(like geological conditions or operational parameters) that machine learning mod-
els can analyze more e ectively.

Accumulating data from multiple runs with the same equipment allows machine
learning algorithms to better recognize patterns and anomalies. This recognition
can lead to more accurate predictions about bit performance and lifespan.Machine
learning can use this consistent data to optimize drilling parameters for specic
formations, improving e ciency and reducing costs.

Over time, as more data is collected under consistent conditions, machine learn-
ing models can become more re ned and accurate in their predictions, leading to
continuous improvements in drilling operations.The insights gained can inform the
design of future PDC bits, leading to innovations that are better tailored to speci c
drilling conditions.

The decision was made to select a component of which we had three units in
reserve, ensuring ease of replacement in the event of wear or damage. Drill bit also
needed to of a desired diameter around 40 mm, which limited our choice from the
options seen in Figure 2.8. The objective for the current design of the bottom hole
assembly (BHA) is to incorporate an Arduino ESP32 microcontroller connected to
a suite of sensors, including a magnetometer, accelerometer, and gyrometer. The
BHA will be adapted to accommodate this integration in close proximity to the

chosen component.
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Figure 2.8: Dirill bits

This adaptation will involve using Autodesk Fusion 360, a sophisticated computer-
aided design (CAD) software, for designing the BHA. This process will enable the
creation of detailed CAD models. Following this, prototypes will be manufactured
using our PRUSA 13 3D printers. This iterative prototyping stage is crucial for
validating the design before nal production.

Once a satisfactory prototype is developed, the nal component will be pro-
duced using 3D printing technology, speci cally in steel. This approach not only
allows for a high degree of precision in the manufacturing process but also ensures
the durability and robustness of the component, which are essential qualities given

its operational environment
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Figure 2.9: Dirill String

2.0.8 Drill pipes

In previous years, the UiS Drillbotics team utilized aluminum drill pipes sup-
plied by the Society of Petroleum Engineers (SPE). These pipes have consistently
encountered issues related to 'twist-o s', a recurring mechanical failure. Vari-
ous teams from di erent universities have developed unique solutions to mitigate
this problem. For instance, the team from the Norwegian University of Science
and Technology (NTNU) innovatively employed a titanium pipe insert within the
aluminum pipe. This approach adhered to the competition regulations, which
stipulate the mandatory use of the provided pipes.

In our pursuit of enhanced performance and reliability, our team has elected to
deviate from these conventional methods and competition rules. We have chosen

to adopt robust steel pipes, as depicted in Figure 2.9. These steel pipes possess a
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signi cantly higher resistance to the torque exerted by the top drive system. This
choice diminishes the likelihood of twist-o s but also broadens our operational
parameters. Consequently, this would hopefully enables us to optimize the ROP

more e ectively.

This decision, while a departure from the standard competition guidelines, is
driven by our commitment to exploring innovative solutions and achieving superior

drilling e ciency.

2.0.9 Top drive

The Worm Geared Motor described above o ers a versatile solution suitable for
various applications. Its technical speci cations make it a reliable choice, capable
of delivering precise performance while accommodating di erent torque and RPM
requirements. The motor and its implemenation in the setup can be seen in Figure

2.10

Figure 2.10: Top Drive
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The motor's design includes a geared AC motor with a 20:1 gear ratio, allowing
it to deliver a maximum output torque of 15.3 Nm while maintaining a controlled
output speed of 140 rpm. Its construction features a worm gear and a die-cast
aluminum casing, enhancing its durability and ensuring smooth operation. With
a phase rating of 3 and a supply voltage of 400 V, this motor is well-equipped to
handle the demands. Measuring 291 x 96 x 151 mm (length x width x depth), the
motor's compact design allows it to t seamlessly into the setups, even when space
is limited. This ensures exibility in con guring the motor within the laboratory
environment. Its torque capacity, controlled speed, and compact design make it

well-suited, contributing to the e ciency and precision.

2.0.10 Linear motion axis as Hoisting system

Linear motion systems encompasses various components such as , screw drives, di-
rect linear drives, digital AC servo motors, controllers, and control systems. Linear
modules are engineered to have matched interfaces, ensuring easy integration and
better performance. This eliminates compatibility issues that can arise when as-
sembling individual components.Provides the exibility to choose the right drive
mechanism for speci ¢ applications. Whether it's for high-speed motion, precision
positioning, or heavy lifting, linear modules can be customized to meet diverse

requirements.
Linear modules are designed to incorporate individual components that are pre-

cisely tuned to work together seamlessly. This results in improved e ciency and

reliability for the intended application. In practical applications, linear modules
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can act as hoisting systems or as positiong the whipstock for directional drilling,
enabling precise motion along the vertical (y) plane or (x) plane. Ensuring con-
trolled WOB and precise orientation of whipstock. Linaear motion system used

by UiS Drillbotics can be seen in Figure 2.11. (Bosch 2023)

Figure 2.11: Compact linear module

2.0.11 Swivel

A swivel joint plays a critical role in systems where there is a need to transmit
uid (like water) through a rotating interface. The swivel joint allows for the con-
tinuous ow of water while permitting rotation. While allowing for this rotation,
the swivel joint ensures an uninterrupted ow of water or other uids. It con-
tains a seal that prevents leakage and allows the uid to pass through the rotating
parts without interruption. In systems where pipes or hoses are subject to move-
ment or rotation, swivel joints help reduce stress and prevent damage. Without

a swivel joint, the pipes or hoses might twist, leading to wear, tear, or even rupture.
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Figure 2.12: Swivel used by the UiS Drillbotics rig

Swivel joints are equipped with seals (like O-rings or gaskets) that prevent
uid leakage while allowing smooth rotation. These are designed to withstand the
mechanical stress of rotation, often made from materials that reduce friction and
wear. The body of a swivel joint is robust and can handle the pressure of the uid

and the mechanical forces during rotation.

2.0.12 Circulation System

The circulation system were put together by the previous year team, and provides
Su cient operating pressure for any operation within our planned setup. Consist

of a multiple of di erent component with the aim of providing enough pressure and
accurate measurement of the pressure. The UDOR water pump in stainless steel,
the Rosemount 2051 In-Line Pressure Transmitter, and the Gems Sensors 3100
series pressure transmitter form a comprehensive circulation system for industrial

applications. The pump serves as the core component, e ciently moving uids
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Figure 2.13: Overview of circulation components

through the system, while the Rosemount 2051 Pressure Transmitter accurately
monitors pressure levels and delivers reliable process data. The Gems Sensors
3100 series pressure transmitter control the in ow to the pump. These are most
essential part of the circulation system with the individual components can be seen

in Figure 2.14

Figure 2.14: Key components used in the circulation system (Water pump, Gems
and Rosemount)

2.0.13 Virtual Frequency Drive

The core principle behind a virtual frequency drive (VFD) operation is the direct

relationship between a motor's speed and the frequency of the electrical power
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Figure 2.15: Hitachi NE-S1 and Rexroth Intradrive

supplied to it. By adjusting the frequency, the VFD can precisely control the
motor's RPM.

By varying the output frequency from the VFD, the speed of the AC motor
is adjusted. For instance, increasing the frequency speeds up the motor, while
decreasing it slows down the motor. Along with frequency, the VFD also adjusts
the voltage to maintain the motor's torque at varying speeds.

VFDs signi cantly reduce energy consumption, especially in applications with
variable load conditions. They o er high precision in controlling the motor's RPM,
essential for applications requiring exact speed regulation. VFDs enable smooth
ramp-up and ramp-down of motor speed, reducing mechanical stress and extending
the motor's life.

The VFDs available are spare parts from other projects or previous years. A
VFD-type equal to the one used in the laboratory room next us were rst applied,
seen in Figure 2.15. It was installed, but controlling the through it proved not
possible. Rexroth Intradrive was therefore installed, giving us the opportunity for

both manual and automatic control of the RPM.
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Discussion

The following sections are intended to highlight some of the challenges relating to
the rig and problems that will be areas of focus for the upcoming months. There
multiple challenges from di erent engineering disiplines providing us as students an
unique learning opportunity and pratical application of skills. Being in this phase
of building the rig opens up a wide range of solutions and gives us the opportunity
to test out several di erent ideas for how to solve the challenges without hindering

the process of our goal.

3.0.1 Integrating TwinCAT 3

The integration of TwinCAT software into the laboratory rig setup exempli es
a strategic approach to automation, primarily due to the high compatibility of
TwinCAT with various components and its inherently modular architecture. The
selection of TwinCAT as the central software platform is a forward-looking de-
cision that aligns with the rig's design principles and the broader objectives of

adaptability and scalability.
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The modular nature of TwinCAT facilitates a synergistic interaction among
diverse system components, enhancing the rig's functionality and enabling a co-
hesive operational framework. This compatibility is vital for achieving the rig's
ambitious goals, which include implementing an application programming inter-
face (API) that supports modularity and microservices, alongside real-time data
handling capabilities crucial for creating sophisticated closed-loop automation sys-
tems.

The current setup also presents certain challenges, particularly due to the ab-
sence of designated software engineers with a specialization in PLC programming.
This expertise gap has made the path to realizing the rig's full potential more
arduous and time-intensive. Despite concerted e orts to recruit individuals with
the necessary skill set, such recruitment has not yet been successful.

The simplicity of the rig's current design allows for good use of the TwinCAT
software. Its capacity for expansion and its user-friendly interface make it an
accessible and potent tool for future projects. The software's versatility makes
it particularly appealing for students interested in various elds, from robotics to

mechanical design or software engineering.

3.0.2 Designing a BHA

Designing a BHA for a small laboratory drilling rig presents a unique set of chal-
lenges and opportunities, particularly when focusing on a wireless con guration.
The move towards a wireless BHA is driven by the need to overcome issues faced
in previous designs, notably the wear and tear or detachment of cables during

drilling. However, this transition introduces new complexities, such as the need
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for a reliable power source and the accommodation of communication and control
systems within a constrained spatial envelope.

A critical component of this wireless BHA is its power system. The require-
ments include a battery capable of delivering a minimum voltage of 5V over an
extended period, rechargeable and minimal volume occupation. This speci cation
is vital to ensure consistent and e cient operation of the Arduino board, which
is integral to the BHA's functionality. The Arduino board serves as the central
processing unit, responsible for receiving and transmitting data in real time to
a computer system. This setup allows for precise control and monitoring of the
drilling process.

Given the dimensional constraints | a diameter limit of 30mm and the desire
for minimal length | designing an e cient layout that accommodates all nec-
essary components presents a challenge. The assembly must house the battery,
Arduino board, accelerometer,gyro and magnetometer all within these strict spa-
tial limitations. In addition, the design must allow for the passage of water through
the BHA, which is essential for the removal of drill cuttings, a crucial aspect of
maintaining the e ciency and safety of the drilling process.

The development process for this BHA will likely involve multiple iterations,
with 3D printing technology playing a pivotal role. The ability to rapidly prototype
and test various designs is invaluable, allowing for quick adaptations based on real-
world performance and feedback. In Figure 3.1 an iteration of a BHA developed
from the UIS team with aim of doing deviated drilling. The small square area
above the threads were designed to provide downhole sensors. It did not work as
intended due to the outer diameter of the BHA being to wide, creating too much

friction during drilling, and therefore not able to create a deviated section. Its
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Figure 3.1: 3D printed BHA

design was using uid for providing torque through its down hole motor, while
building an angle.

The application of advanced technologies such as 3D printing and real-time
data communication systems, coupled with a methodical, iterative design process,
is essential to the successful development of an e cient and reliable BHA for this

application.

3.0.3 Optimizing ow

At present, the operational requirements concerning the removal of cuttings are
satisfactorily met through a direct water hose supply, which provides a basic yet
e ective means of achieving the necessary pressure and ow. There is little danger

and downside to not having control of pressure as long as the water ow provides
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enough cuttings removal. There is no risk of potential blow-outs or caving in our
controlled laboratory settings drilling through solid cement or geopolymer.

However, this primary setup does not tap into the full spectrum of the sys-
tem's engineered capacities. The more sophisticated elements of the circulation
system, which include controlled uid intake, an integrated pressure sensor, and
the capability to exert pressure up to 200 bar, remain underutilized. These ad-
vanced features are indicative of the system's potential to o er a granular level
of control over the drilling parameters, which extends beyond mere operational
adequacy. The implementation of these advanced components provides a platform
for enhanced precision in manipulating drilling conditions, which in turn can lead
to signi cant advancements in the optimization of the drilling process.

The utilization of controlled intake allows for the modulation of uid volume
entering the system, thereby enabling a tailored approach to the maintenance
of wellbore stability and cutting transport. The inclusion of a pressure sensor
facilitates real-time monitoring and precise control of the bottom hole pressure, a
critical factor in preventing drilling-related issues such as kick or lost circulation.
The ability to generate pressures up to 200 bar expands the operational envelope,
allowing the system to adapt to a wider range of geological formations and drilling
scenarios.

The current underutilization of these features signi es an untapped potential
within the rig's design that can be leveraged to re ne drilling operations further.
This presents a valuable opportunity for educational exploration, particularly for
students with a vested interest in the intricacies of drilling technology. By engag-
ing with the system's more sophisticated capabilities, students can embark on a

comprehensive learning journey that encompasses the theoretical aspects of uid
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dynamics in drilling, the practical challenges of system integration, and the ana-

lytical dimensions of operational optimization.

3.0.4 Tuning sensors

The upcoming months will be characterized by a concerted focus on the meticulous
tuning of sensors within the laboratory drilling rig, an endeavor pivotal to the
enhancement of the rig's operational precision and feedback mechanisms. The role
of sensor tuning is multifaceted, encompassing the calibration of input and output
signals, the re nement of sensor responsiveness, and the integration of feedback
loops into the rig's control systems.

The immediate objective involves the adjustment of the VFD, the linear motion
system, and the load cells. The VFD's precise tuning is essential for controlling the
rotational speed of the drill bit, which directly a ects the ROP. By optimizing the
VFD's input and output characteristics, the system can respond more e ectively
to the dynamic demands of the drilling process, adjusting the RPM to the optimal
rate as dictated by the prevailing drilling conditions.

Simultaneously, the linear motion system, which governs the movement and
positioning of the drill string, requires ne-tuning to ensure that the WOB is
applied with precision. This aspect is critical for maintaining the desired bit-
to-rock interaction, thereby a ecting the rate at which the bit penetrates the
formation.

Load cells play a crucial role in providing real-time feedback on the WOB. Pre-
cise control of WOB is essential for optimizing drilling e ciency and preventing

drill string failures. The calibration of these sensors will enable accurate monitor-
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ing of the forces exerted on the bit, informing adjustments to achieve the optimal
balance between penetration rate and bit lifespan.

the tuning of sensors and the integration of additional monitoring technologies
represent a proactive approach to advancing the capabilities of the laboratory
drilling rig. These enhancements will not only facilitate a deeper understanding
of the drilling process but will also empower the rig to operate within a realm of
increased e ciency and safety. The deliberate and thoughtful expansion of the
rig's sensor suite is a testament to the commitment to continuous improvement

and innovation in the pursuit of optimized drilling operations.

3.0.5 Safe Envelope

Concept of a safe envelope refers to the operational boundaries within which the
drilling process can be executed without compromising the integrity of the equip-

ment or the safety of the operation.

The precision o ered by TwinCAT 3, in conjunction with the high-performance
PLCs from Beckho, allows for the meticulous control of critical drilling param-
eters such as torque and WOB. By continuously monitoring and adjusting these
parameters, the system ensures that the drilling process remains within the de ned
safe envelope. The dynamic control of torque prevents the exceedance of the drill
bit's mechanical thresholds, which could lead to equipment failure or a decrease in
drilling e ciency. Similarly, maintaining the correct WOB is crucial for e ective
drilling; too little weight results in insu cient bit penetration, while too much

weight risks bit damage and increased wear on the drilling equipment.
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A comprehensive understanding of the laboratory rig's hardware limitations is a
cornerstone to enhance ROP. Knowledge of the rig's mechanical constraints informs
the de nition of the safe envelope, enabling operators to push the drilling process
towards its optimal performance without risking overextension of the equipment's
capabilities. The precision control a orded by the automation system allows for
incremental adjustments to the drilling parameters, edging closer to the limits of
the safe envelope while still safeguarding the system's integrity.

A critical task in the upcoming months will be the coding of setpoints within
the automation system, which involves establishing the parameters that de ne the
safe envelope. Adjusting for these setpoints is a complex process that requires a
delicate balance between empirical knowledge of the hardware's capabilities and
the theoretical models that predict performance under varying operational condi-
tions.

Finding these limits is not merely an exercise in programming but a rigorous
experimental process. It will involve testing the rig under controlled conditions,
systematically increasing the operational demands, and observing the e ects on
the hardware and the drilling process. Data collected during these tests will be
used to re ne the setpoints and to further delineate the safe envelope.

The iterative process of testing and adjustment is essential for both the im-
mediate goal of optimizing ROP and for the long-term aim of expanding the rig's
capabilities. As setpoints are de ned and the safe envelope is mapped, the drilling
rig will become not only a tool for practical drilling but also a dynamic learning

platform for students.
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3.0.6 Directional Drilling with a whipstock

Figure 3.2: lllustration of how a whipstock acts as a wedge

The whipstock essentially acts as a wedge, providing a ramp that de ects the
drill bit from its original path. However, it's important to note that once the
bit has started on its new course, the current systems have limited capability to
control its direction.

Placement and the kicko direction are controlled using a linear motion sys-
tem. This system is e ective in determining the azimuthal direction of the kicko .
However, controlling the angle of inclination presents signi cant challenges. This
aspect is heavily in uenced by the hardness of the geological formation and the
stresses exerted by the drill pipe on the bit. As a result, there is an element of
unpredictability in how the bit will navigate through di erent layers of rock.

With the introduction of tools like accelerometers, gyroscopes, and magnetome-
ters, these instruments can provide real-time data on the position and orientation
of the bit, o ering valuable insights into its trajectory. However, even with this

data, the current system faces limitations in actively steering the bit. The tools
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can inform the drilling team about the bit's position and direction, but they don't
0 er a means to adjust the bit's course in real-time. This is a signi cant gap in
directional drilling technology.

Future advancements may focus on integrating these sensing tools with mech-
anisms that can adjust the bit's trajectory in real-time. Allowing for more precise

and controlled drilling operations.

3.0.7 Models and ideas for future work

The qualitative trend analysis method is a technique used to identify patterns or
trends in data without quantifying them. Instead of assigning numerical values,
this method focuses on understanding the overall direction and nature of changes
in a dataset. Qualitative trend analysis often involves visual inspection of data,

making it a valuable tool for identifying general trends, anomalies, or irregularities.

Quialitative trend analysis can help optimize parameters by visually identifying
trends or patterns in experimental or operational data. For example, in manu-
facturing processes, operators can use this method to detect recurring issues or
uctuations in parameters that a ect product quality. By recognizing these pat-
terns, adjustments can be made to optimize parameters and maintain consistent
product quality. Qualitative trend analysis can help optimize parameters by visu-
ally identifying trends or patterns in experimental or operational data. For exam-
ple, in manufacturing processes, operators can use this method to detect recurring
issues or uctuations in parameters that a ect product quality. An example of

how a visualisation of and the relationship between the parameters can be seen
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in Figure 3.3.By recognizing these patterns, adjustments can be made to optimize

parameters and maintain consistent product quality.(Ochije 2023)

Figure 3.3: Relationship between variables a ecting ROP

The method used in Figure 3.4 uses gradient ascent for optimizing the param-
eters. This algorithm iteratively adjusts parameters to nd the minimum of a
function. It does this by moving in the direction of the steepest descent as de-
ned by the negative of the gradient. In machine learning, this typically means
adjusting the weights of a model to minimize loss. If the vibration classier is
used as a constraint in an optimization model, it can limit the feasible solution
space. For example, if the optimization goal is to maximize drilling speed while
minimizing vibrations to ensure equipment integrity, the classi er might be used
to limit vibration levels below a certain threshold. In such cases, the optimization
algorithm would need to nd solutions that satisfy both the performance and vi-

bration constraints, potentially restricting the feasible solution space.

If the vibration classi er is included as an objective in the optimization model,

it may not necessarily restrict the optimization space. Instead, it becomes one of
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