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Summary and Introduction

The proposed updates to the autonomous drilling rig are in accordance with guidelines and
constraints set forward by the DSATS Drillbotics Committee for the Drillbotics 2019 Competition,
hosted by SPE. The competition involves designing and building a small-scale autonomous drilling rig,
which is capable of autonomously drilling through a homogeneous sandstone rock-sample, in the
least amount of time, while achieving as high of a build angle as possible (directional drilling). The
mechanical properties of the aluminum pipe define the drilling machine ́s maximum operating
capabilities, i.e. the RPMmax, τmax and WOBmax, as this is the weakest component in the drilling
assembly. To successfully achieve the required objective and avoid any drilling incidence, for instance
damage to equipment, a key element in the design process has been to build an accurate system,
which is capable of quick detection and adaptation to various drilling scenarios and changes to the
drilling environment, making use of machine learning to detect changes in the drilling environment.
In the future, the approach of detecting drilling incidents will progress from being detection when
one or more thresholds are violated into a more intelligent approach where the machine can
recognize anomalies (based on developed database of such anomalies) using machine learning. The
drilling rig is limited to 25 BHP power consumption, and any team spending more than USD 10,000
may be penalized for running over budget. To evaluate the wellbore integrity of the drilled well
section, DSATS committee shall run a flexible casing into the wellbore and use this to gauge the
borehole quality. Casing will be nearly equal in diameter to the 1.25” drill bit, and an over-gauge and
under-gauge casing will also be used as a no-go measurement.
The team envision to use a BHA as illustrated below, comprised of drill string  sensor sub 
knuckle joint  pneumatic downhole motor  PDC bit.

Figure 1: Depiction of proposed 2019 Competition Assembly. The addition of knuckle joint should allow for closed-loop
steering using downhole data transmitted to surface in real-time via wired-pipe telemetry to a data swivel.

To ensure that as high of a build-rate as possible is achieved directly below the pilot hole, and to
provide good conditions for a highly deviated wellbore section throughout the rock, the team
envision to use a robotic arm or similar setup to position a whipstock into the pilot hole, and from
there use steering principles that will be programmed into the autonomous control algorithms to exit
the rock within a pre-programmed target zone (taking into account the error of downhole sensors).
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Nomenclature
𝐶𝐶𝑆 - Confined compressive strength
𝑑𝑏𝑖𝑡 - Bit diameter
ID - Internal diameter
OD - Outside diameter
𝐸𝑌 - Young’s modulus
𝐹 - Force
𝐹𝑙𝑎𝑡𝑒𝑟𝑎𝑙 - Lateral force to destabilize the structure
𝐹𝑦𝑖𝑒𝑙𝑑 - Maximum allowable axial force on drill-pipe
F𝑏𝑖𝑡 - Force between the bit and the formation
G - Shear modulus
g – Gravitational acceleration
𝑘 - Buckling effective length factor
𝑙 - Length of drill-pipe
𝑀𝑆𝐸 - Mechanical Specific Energy
𝑃𝑐 - Buckling critical load
𝑟𝑐𝑔 - Distance from the center of rotation to the center of gravity
𝑟𝑙 - Distance from the center of rotation to the point of application of the lateral force
𝑈𝐶𝑆 - Uniaxial compressive strength
𝑣𝑏𝑖𝑡 - rate of penetration
− Ultimate strength

𝜎
𝜎

− Ultimate shear strength
− Shear yield point

𝜎
𝜎

− Tensile yield strength
− Max torque

τ

− Tolerable torque as a function of the response to avoid exceeding the yield torque

τ
τ

− Yield torque

θ

− Angle

μ

/

− Coefficient of friction

ρ − Density
ω̇

−Bit angular velocity
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Some Commonly Used Abbreviations
ROP – Rate of penetration
WOB – Weight on bit
RPM – Revolutions per minute
ID – Inner diameter
OD – Outer diameter
DSATS – Drilling systems automation technical section
ANN – Artificial Neural Network
WBM – Water based mud
OBM – Oil based mud
PV – Plastic viscosity
SF – Safety factor
YS – Yield strength
USS – Ultimate shear stress
UTS – Ultimate tensile strength
UCS – Uniaxial compressive strength
TFA – Total flow area
BHA – Bottom-hole assembly
TD – Total depth
DP – Drill pipe
HWDP – Heavyweight drill pipe
SPP – Stand pipe pressure
MSE – Mechanical specific energy
CCS – Confined compressive strength
MAOP – Maximum allowable overpull
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Part 1: Drillbotics 2019 Competition
1. Problem Description

“This year marks the fifth competition for the title of Drillbotics® champion and a chance for
sponsored travel to present a paper at the next SPE/IADC Drilling Conference and at an event
organized by DSATS”.
The teams shall construct and optimize an autonomous laboratory-scale drilling system, capable of
drilling a directional well through a homogeneous sandstone rock sample provided by the DSATS
Drillbotics Committee of the Society of Petroleum Engineers (SPE). The rock sample will have
dimension 12” W x 24” L x 24” H (30x60x60 cm) and be provided on test site (Celle, Germany) for the
competition. A smaller rock sample can be provided upon request. DSATS will furthermore provide
compressive strength values for the sandstone sample. In terms of drilling bits, different drill bit size
will be provided. DSATS bit, developed by Baker Hughes (see Section 1.5), will be of 1.25” diameter
(1/8” inch larger than previous year´s competition) and 2” length. Students are permitted to use their
own drill bit; not to exceed 1.5” diameter. To facilitate for a directional well, the same drill pipe as
used last year, 3/8” diameter x 36” length (0.049” wall thickness) shall be used. Please see Section
15. Drill pipe, for tests performed in the Spring of 2018 on drill pipe specimen. Due to the nature of
the competition, the directional well must be drilled autonomously, i.e. no human intervention is
permitted during the duration of the drilling operation. The autonomous drilling system should
therefore; 1) be capable of optimizing the drilling parameters to achieve a high rate of penetration
(ROP), 2) handle any faults or drilling incidents that may occur during the operation and 3) steer the
drill bit towards the designated target area, based on real-time downhole position data and a closedloop control system. The drilling operation is not to exceed three (3) hours length. To facilitate for
autonomous drilling operation, the rig must be equipped with sensors. New of this year, the
combination of surface and downhole sensors is mandatory, and to avoid disqualification for sensor
failure, redundant or immediately replaceable items should be part of the design and
implementation. Time to replace a sensor is added to the drilling time. The teams can drill a vertical
pilot hole not more than 1” deep from the rock´s top face. From our understanding, kick-off to
achieve the deviated well section can start below this 1” pilot hole section. We are furthermore
required to exit rock sample within defined target area, obtaining as much displacement as possible
from well center along North-axis of the rock sample.
The drilling rig is limited to 25 BHP power consumption, and any team spending more than USD
10,000 may be penalized for running over budget. To evaluate the wellbore integrity of the drilled
well section, DSATS committee shall run a flexible casing into the wellbore and use this to gauge the
borehole quality. The casing will be nearly equal in diameter to the 1.25” drill bit, and an over-gauge
and under-gauge casing will also be used as a no-go measurement.

Furthermore, to evaluate the drilling operation the following criteria shall be considered (the
following pages are extracted from the Drillbotics 2018-2019 Guidelines).
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1.1 Project Timeline, Spring of 2019:

Figure 2: Project Timeline taken from the 2019 Competition Guidelines.
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1.2 Evaluation Criteria / Weighting of Competition:

Figure 3: Evaluation Criteria taken from the 2019 Competition Guidelines.
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1.3 Directional Control Scoring Target

Figure 4: Directional Control Scoring Target to be used during competion taken from the 2019 Competition Guidelines.
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1.4 Directional Control Scoring Target Example:

Figure 5: Directional Scoring Target Example taken from the 2019 Competition Guidelines.
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1.5 Baker Hughes Drill Bit that will be provided:

Figure 6: Baker Hughes PDC bit specifications taken from the 2019 Competition Guidelines.
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2. Drillbotics UiS Team

Over the course of the last years, the awareness of the Drillbotics competition and student
organization at the University of Stavanger, UiS Drillbotics, has grown. Due to an increasing demand
for multi-disciplinary knowledge in project teams and benefits by involving so-called subject matter
experts, the student team at the University is now comprised of nine (9) Bachelor of Science and
Master of Science students from the Institute of Energy and Petroleum (IEP) and the Institute of
Computer Science and Electro-Technology (IDE). The students in the team work on several other
organizational tasks such as hosting a seminar, arranging company visits and so on, to increase the
understanding of drilling automation and smart-drilling among fellow students on campus. In terms
of the Drillbotics competition, UiS Drillbotics will cover travel costs and expenditures related to any
additional students to the five team members participating on competition day.
Last year, seven (7) students wrote thesis on the project directly related to the competition, in which
three (3) graduated with a Master of Science and four (4) students with a Bachelor of Science. This
year, two (2) students will write their Master of Science thesis, and three (3) students Bachelor of
Science thesis. In addition, four other students are involved with the project that have worked on the
project in the past or are currently working to develop a more suitable database for data
management and quality insurance. The team members and supervisors are:

Team members writing thesis´:
-

Erik Andreas Løken* (Project Lead), MSc student IEP
Phone: (+47) 90062172
Jens Løkkevik (Co-Manager and Financial Lead), MSc student IEP
Sander Skjørestad (Directional Drilling), BSc student IEP
Magnus Steinstø (Control System Architecture and Algorithms), BSc student IDE
Carsten B. Guggedal (Control System Architecture and Algorithms), BSc student IDE

Team members with other responsibilities:
-

Andreas S. Jakobsen* (Collaboration with industrial partners), MSc student IEP
Magomed Khadisov* (Directional Drilling), MSc student IEP
Håkon Hagen* (Mechanical Advisor), Msc student IEP
Redjol Resulaj (Database Architecture, Design and Implementation), MSc student IDE

Supervisors:
Professor Dan Sui, (Project Lead) Institute of Energy and Petroleum* (IEP)

Phone: (+47) 51831769

Associate Professor Tomasz Wiktorski, Institute of Computer Science and Electro* (IDE)
Senior Research Scientist Robert Ewald, Norce Research *

* Have been a part of the UiS Drillbotics team and Drillbotics competition in 2017-2018.
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3. Well-log Analysis of Previous Well

During the competition last year, we encountered several problems throughout the drilling process.
The mechanical issues were closely related to the new BHA design that was used last year. Due to
mechanical weak points it broke during drilling, and we had to exchange it with a simpler but more
robust design. Some lessons learned and results from previous drilling operations of vertical wells are
as following:

3.1 2017 Competition Rock
The first well that was drilled with all improvements made prior to the 2018 competition was the
competition rock from 2017. The rock sample was cut open using a water jet cutter and the cross
section was displayed as seen in Figure 7. During test drilling, the system is stressed to expose weak
components or part of the code that needs to be rewritten to improve the performance. In addition,
data measured by the sensors are logged and saved to a database which will be used to develop a
more intelligent drilling system. The first wells presented in this Section has been drilled with a bit
provided by IRIS and the BHA manufactured for the 2017 competition.

Figure 7: 2017 Competition Rock sample made by water cutting the competiton rock and covering the individual layers in a
resin.

Data from the drilling operation logged with the HBM system are plotted in figure on the next page.
These data queried by the high-frequency DAQ system are not linked to the decision-making PLC’s
but are very useful when doing post analysis and to take learning from the drilling and understand
the system. The drilling data gathered on the Arduinos are also showed on a monitor in real time
together with the history of the algorithmic decisions.
After drilling, the well and tools (BHA and bit) was examined to look for wear and or mechanical
fatigue.

Figure 8: Wear on BHA caused by a complete drilling operation through the 2017 Competition Rock.

The wear on the drill collars between the stabilizers is possibly from the gravel layer as seen in the
depiction of the competition rock, where the large cutting has been crushed on the way out of the
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hole. Some wear on the BHA is to be expected, but to extend the lifetime of the 3D-printed BHA,
hard particles can be infused into the stabilizer blades to better withstand the abrasive formations.

Figure 9: Well Log and Results from 2017 Competition Rock - Drilling while encountering motor overload during drilling.

Before the competition rock was penetrated, thee stops took place which can be seen on the drilling
logs where the torque to the far-left spikes and RPM (3rd plot from left) drops to 0. The high torque is
most likely a result of the stabilizers getting stuck downhole. This prove that the drill pipe and its
connections can handle high torque since a failure did not occur. However, take aways from the first
well is that more effort must be put into reducing the possibility to jam the stabilizers by improving
the hole quality. Another finding from the drilling data is that the transition from cement to sandstone
is clearly visible on the MSE and ROP plot.

3.2 Rock Sample consisting of hard tiles and cement
The second well analyzed was a few centimeters drilled in a hard rock sample composed of tiles and
cement made by IRIS in 2016. The result is showed in the figure below.
Due to large distance between the riser and the rock, the bit had
the possibility to travel on the rock surface resulting in an
eccentric hole with poor quality. The well log from drilling this
hard rock sample is shown on the next page.

Figure 10: Top View of short well section
drilled in hard tile/cement rock sample.
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Figure 11: Well Log and Results from rock sample shown in Figure 10.

The drilling was eventually put to a halt due to a twist-off in the lower pipe fitting.

Figure 12: Illustration of how aluminum drill pipe would twist off inside Swage lok connectors due to heavy vibrations
eventually leading to fatigue.

The pipe was re-torqued after drilling well 1 (Figure 9), and that could be the reason for the twist-off.
It is important to have correct make-up torque of the fittings to avoid pipe damage. Correct make-up
torque is 1 ¼ turn. Further, one learned from drilling the first well that the pipe and connections can
handle high torque spikes which may lead to the conclusion that the time in use and cyclic load can
result in a twist off. If the severity of the vibrations is high during the operation, the time before
failure will highly likely be shorter.
Drilling in the hard formation continued with the same assembly used to drill the first two wells.
Several twist-off occurred and even one of the stabilizers twisted off in the threads. Since the threads
do not land on a shoulder the connections are more potent to a fault compared to threads that land
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on a shoulder. Closer investigation revealed that the stabilizers was slightly over gauged compared to
the drill bit. The BHA was designed to be used together with the bit provided by Baker Hughes for the
competition which was slightly larger than the bit provided by IRIS. During the first wells drilled, the
stabilizers reamed open the hole, which resulted in being significantly larger than the bit diameter.
Before drilling proceeded, the bit was changed out with a new bit provided by Baker Hughes suitable
for the BHA dimensions. Going further, several types of formation was drilled with the new setup to
gather data to be used for machine learning. Still, some incidents such as twist off and broken
threads occurred after several wells drilled with the same equipment. One can conclude that less
vibrations are necessary to avoid failure meanwhile increasing the effective ROP.
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3.3 Various Drilling Experiments in a Chalk Rock Sample

Figure 13: Well Log and Results from First Drilling Operation in a Chalk Rock with the system drilling the rock autonomously.

Figure 14: Well Log and Results from Second Drilling Operation in a Chalk Rock while manually varying drilling parameters.
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Figure 15: Well Log and Results from Third Drilling Operation in a Chalk Rock varying the WOB manually.

Figure 16: Second part of a Well Log and Results from Third Drilling Operation in a Chalk Rock.
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3.4 Various Drilling Experiments in Cement Rock Samples

Figure 17: Drilling of a Cement Rock Sample varying RPM with constant WOB set-point.

Figure 18: Drilling of a Cement Rock Sample varying WOB with constant RPM set-point.
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Figure 19: Drilling of a Cement Rock Sample in which WOB is varied and a higher RPM set-point is kept constant.

Figure 20: Drilling of a Cement Rock Sample in which WOB is varied and an even higher RPM set-point is kept constant.
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Figure 21: Drilling of a Cement Rock Sample in autonomous drilling mode, only allowing the system to increase the drilling
parameters.
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3.5 Observations made during drilling in the spring of 2018

Higher rotational speeds do not directly result in higher ROP and more efficient drilling. Therefore,
choosing a lower rotational speed during the competition to reduce the risk of destructive incidents
will be considered. The rig's optimization algorithms will always seek to find the best solution to a
problem by trying many different combinations of drilling parameters along with pre-programmed
remedial action strategies. From testing of the autonomous mode, we have noticed a trend where
the algorithm keeps increasing RPM up to 800-1000 RPM, then the algorithm starts increasing WOB
gradually to further increase the ROP. One of the competitors, the University of Oklahoma, was able
to drill through this the 2018 competition rock in under 18 minutes. The sample's height was 17.5in
(43.75cm); i.e. they must have had an average ROP of at least 2.43cm/min. From testing during the
spring of 2018, our system drills through uniform soft to medium hard formations at an impressive
rate, with more than 4cm/min being drilled at certain parameter combinations.
The implementation of downhole sensors was one of the major upgrades in the design-phase for the
2018 rig. However, the team was only able to lay the groundwork for 2019 to be able to use the
downhole tool for real time decisions.
The weight measured by the load cells is not exactly "Weight on bit", but rather top plate load. The
top plate load is affected by the axial vibrations experienced during drilling. These vibrations
measured by the load cells make it hard to make perfect real time decisions for WOB-control through
using a proportional integral derivative (PID) controller. However, the improvements made to the
PID-controller and mechanical changes like EMC-shielding reduced electromagnetic interference
from the other systems and our current WOB-controller does not spike to unreasonable values as it
did in 2017. Optimal use of the accelerometer data would allow us to be able to measure the
amplitude of all vibrations, in particular the lateral and torsional vibrations. The load cells are only
connected to the Z-axis, which means we don't have any way to detect heavy lateral vibrations, and
from 2017 we also noticed that measuring the lateral plate movement did not correspond to actual
bit vibrations. Since fault detection is one of the judging criteria, having a measurement of lateral
vibrations with the system being able to act on them instantaneously and change the drilling
parameters if necessary, would be very viable.
During drilling of the aforementioned rock samples, it was decided to use the drill bit provided by the
Drillbotics Committee and another PDC test bit taken from IRIS. A new potential ROP-optimization
method has been identified. If the team can find a solution to break down the cone structure that
appears in the slot between the PDC-cutters when drilling in hard formations, the cutters will
possibly penetrate the formation more efficiently. In the industry, bits are equipped with a central
stinger element to break down rock at the center of the bit, which in return increases ROP and
stability. The team might design such a “stinger bit” during the spring of 2019, if time available and
unsuitable results from using the 1.25” Baker Hughes competition bit and other bits that have been
ordered.
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4. UiS Drillbotics Key Performance Indicators (KPI)
To ensure that the UiS Drillbotics organization is coordinated in working towards its target, a series of
Key Performance Indicators (KPIs) have been defined. These are;

4.1 Energy Consumption and Cost
In terms of Energy Consumption, the selected components that get integrated on the drilling rig /
systems should require as little power as possible. To monitor the exact energy consumption, the
team will install electrometers. To ensure high drilling efficiency, sensors such as acoustimeters and
temperature sensors will get installed to calculate or estimate energy wasted to the surroundings
during drilling as a KPI.
In terms of cost, the organization has a responsibility to construct the drilling rig within the
US$10,000 limit defined by the DSATS committee, and within the organizational budget at any time
(depending on partners and sponsors). Within this budget, an adequate amount should be reserved
to ensure that team members who are interested can attend conferences related to drilling
automation or digitalization and/or publish papers on work conducted on the project.

4.2 Research Generated
The price of winning the UiS Drillbotics competition is to publish a paper in the SPE Journal. As a
contingency, the student team should plan to annually attend at least two conferences (either
domestic or international), in which one or more conference papers or journal papers should get
submitted for publication. A minimum of three (3) thesis related to the project should get published
annually. This ensures that one of our organizational requirements which is to facilitate for students
to write appropriate thesis is met.

4.3 Industrial Collaboration
To ensure that research is conducted in accordance with industrial needs, and/or aims at improving
existing solutions or solving industrial challenges (yet on the laboratory scale), the student team and
organization should at any given time have a partnership with a company. This is also an important
measure to expose the team members to the industry and networking.

4.4 Funding
Funding of the project should annually be secured in the fall semester. An effort should be made to
get sponsors from both the University and the industry, to ensure that the research is independent,
yet is industrially relevant.

4.5 Seminar Hosting
To promote drilling automation, digitalization, and the Drillbotics competition, the team shall host
one seminar annually on campus. The seminar for 2019 is planned to be held in the middle of March
2019, with registration and speakers registered no later than (NLT) 31st of January 2019. Last year,
almost 200 students and industry representatives attended the seminar entitled Digitalization and
Drilling Automation.
For more information regarding this seminar, please contact Andreas S. Jakobsen (+4793052570 /
Andreassj96@gmail.com).
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Part 2: Control System
5. Database for Real-Time and Post-Analysis

During every drilling experiment, the sensors installed in the rig gather a large amount of
timestamped data. These timestamped data are commonly known as time series data. There have
been many drilling experiments conducted over the years and a lot of data have been gathered. The
first couple of years, the data were kept in flat text files and there was a lack of organization. A large
amount of data was not properly labelled, classified or sorted. In 2017, the team received help in
implemented a database in PostgreSQL to store sensor data.
The database and web application that served as a user interface for the database and hosted both
the application and the database was hosted externally. However, this database was implemented in
a conventional relational database management system. Storing time series data in a RDBMS is not
very efficient in the long term. There are more efficient database technologies out there that are
specialized for this kind of task. Furthermore, the hosting infrastructure in use was not very reliable.
After some research on the existing solutions for time series data, the range of alternatives was
narrowed down to two possible candidates: InfluxDB and TimescaleDB. They are both state of the art
time series database systems, but we were unsure which of them would best fit our needs. That’s
why we ran our own benchmark tailored particularly for our data.
To compare the technologies, we installed the two database systems in identical environments and
created databases with identical datasets. Then, many queries were run against both databases and
their execution time was measured. Based on the results, we concluded that TimescaleDB is a faster
and more reliable solution for our purposes.
TimescaleDB, was created by heavily modifying the architecture of PostgreSQL, a well-known
relational database management system. It is offered as an extension of PostgreSQL and enhances its
functionality and performance. The best part is that TimescaleDB preserves all the features and
capabilities of a conventional relational database system. The data are organized in tables. The tables
have columns, rows, indexes, primary keys, foreign keys, constraints and all the desirable features
that we are usually reserved for relational databases.
In short, TimescaleDB is the best of both worlds: it leverages the features of relational database
systems but offer great query optimization for time series data. This is very convenient, because in
this way, we don’t have to implement different databases for the sensor data and other ordinary
data.

28

2018-12-31

6. Data Management and Quality Control

The database is the cornerstone for data storage and utilization. However, in order to easily manage
that data, an application that serves as the interface between the users and the database is
necessary. A separate small application is also responsible for pushing the data to the database.
The sensors’ signals are sampled at a specific frequency and these data are stored in text files in a
computer. A small Python script is executed in this computer, which reads the text files and pushes
the data to the database. The script can either be executed manually by the conductor of the
experiment, or it can be scheduled to be executed at a specific time of day. For simplicity, the
scheduling can be achieved by using Task Scheduler, which is a built-in job scheduler program of the
Windows operating system.
One other important objective in this project was to create a user-friendly platform to access the
data. We have achieved that by writing a web application, where team members can log in and
manage the stored data. The user can download the data gathered in specific experiments, or a
specific subset of those data. He/she can visualize the data by generating graphs, query experiments
using different parameters, manage the installed sensors in the rig, register the drilled rocks, manage
the account, and so on.
The back end was developed using the Python programming language. Django was the web
framework of choice. In the frontend, JavaScript, HTML and CSS were the used technologies. The
frontend libraries and frameworks used are Bootstrap, jQuery, jQuery UI, Pooper JS and Chart.js.
Below, you can see a screenshot of the dashboard of this application.

Figure 22: Depiction of newly developed database for logging all drilling parameters and results.
Please contact Redjol Resulaj for more information on the design of the database.
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7. Control System Architecture

There are several parts in the current architecture, such as Human Machine Interface (HMI),
automated drilling, manual steering and data management as part of a high level and a low-level
control system. The reason for having a low level and a high-level control system is due to the fact
that the system needs to be able to handle both time critical and time demanding operations. For
instance, if the drill string gets stuck, the system needs to set rotational speed in the top drive to 0
(complete stop) as quickly as possible for the drill pipe not to twist off. The response time required
for such has been calculated for previous year’s competitions and is taken into account in the control
system.
The system is also using multi-threading for executing several instructions / doing several operations
simultaneously. For multi-threading to work, we need to achieve synchronization between the
threads. This is done using locks, were the different threads lock the shared variables they use,
achieving synchronization. We are currently using 3 Arduinos, and hence are using three threads for
reading/sending commands, acquiring data and storing data.
The system is using a Universal Serial Bus (USB) for communicating with the Arduinos and acquiring
the sensor data. A high frequency rate is set to be able to get the data as close to real time as
possible. There is no way of telling if there is data to be received or that data has been sent, so the
system is constantly checking the bus for data in a loop. When reading the data from the USB serial
port, there is no guarantee that the data will arrive in the correct order. The data is then stored and
used by the system to help automate the drill.
An output queue is implemented for storing the commands sent from the control system to the
Arduinos to control the rig. This is implemented using a queue, to make sure the Arduinos read and
execute every command that is sent to it. The queue is also lock protected.
The system has 3 control modules, which is circulation, hoisting and rotation. These modules are
used to control the rig through commands sent to the Arduinos.




Circulation: Responsible for controlling the pumps, i.e. turning it on/off.
Hoisting: This module is responsible for calculating and using the virtual sensor data. The
data is used for calculating the ROP and adjusting the stepper motors accordingly.
Rotation: Controlling the rotation system, defining the RPM, torque output and so on.

For achieving automated drilling, the system is designed as a Finite State Machine (FSM). This means
that, the system is always in a single state, defined by the architecture. The system is doing some
calculations and/or operations defined by the state. When a new event occurs, a new state is
entered, for instance, the system is in the calibration state and when it is done calibrating it enters a
new state, starting drilling. With this implementation, the system will have a predictable behavior.
The system has several algorithms that does various calculations for controlling the rig. Algorithms
are used to, for instance, calculate which drilling parameters that result in the highest ROP. ROP is
calculated for different WOB and RPM  the algorithm then searches and tries to find the best
combination between the two parameters for finding the optimal ROP.
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8. Control System – Identified Improvements of Current System

One issue that we have is that the data from the Universal Serial Bus (USB), which in turn comes from
the Arduinos, have an unpredictable order. There is no guarantee that the data read from the USB
port is in the correct order. This means that we might be using “old” data from one Arduino with
“new” data from another Arduino. The optimal performance would be to use the data that is
gathered at the same time from all the Arduinos, since they describe what state the system is in at
the given time. When using data from different Arduinos that is not sampled at the same time, the
calculations done to achieve optimal ROP would be corrupted since the numbers used for the
calculation is not sampled at the same time. This problem could be solved using a USB-1808 Series,
High-Speed, High-Precision, Simultaneous USB Device, which lets you have several simultaneous
analog input ports and provide an analog and digital output at the same time. This would solve the
problem of having the data arriving in unpredictable order, by getting all the input at the same time.
Another improvement that would benefit the system was to improve upon the algorithms that
calculate the ROP. This could be done by altering the algorithm altogether and/or altering the area
for which the algorithm searches. The algorithm could use either line or area search. A third
improvement would be to implement Recursive Neural Networks (RNN) / AI to make the program
learn and adapt to what worked well and what didn’t work well. This will be discussed further in
Section 28.
Additionally, the control system is programmed as a finite state machine (FSM). Currently, the FSM
transitioning integrated in the control system can be visualized as:

Figure 23: Finite State Machine Transitioning, Implemented in the Control System for the 2018 Competition.

In the FSM, there is no clear central system, action system or perception system, making it ideal for
an autonomous drilling system. An approach to further develop our FSM will possibly include adding
additional states, both operating states and/or sub-states to the normal drilling state, as well as
improving the efficiency in terms of state-transition.
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9. Current Configuration of Top Drive in Control System
9.1 RPM

The maximum desired RPM is limited by the rotary union which has an upper limit of 1500 RPM. This
means the RPM should be equivalent to an outputted signal of 3.3V since RPM should not exceed
1500 RPM in order prevent damage on the system. This leads to a factor of
𝐹

−

1500𝑅𝑃𝑀
− 454.5𝑅𝑃𝑀/𝑉
3.3𝑉

The Arduinos have a resolution of
𝐴𝑟𝑑𝑢𝑖𝑛𝑜 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 −

3.3𝑉
− 0.806𝑉/𝑖𝑛𝑡𝑒𝑔𝑒𝑟
4096𝑖𝑛𝑡𝑒𝑔𝑒𝑟𝑠

Which gives the smallest increment in RPM to be
𝑅𝑃𝑀

−

454.5
𝑅𝑃𝑀/𝑚𝑉 ∗ 0.806𝑚𝑉/𝑖𝑛𝑡𝑒𝑔𝑒𝑟 − 0.366𝑅𝑃𝑀/𝑖𝑛𝑡𝑒𝑔𝑒𝑟
1000

By setting the RPM to a fixed value, then using the HBM DAQ system to measure the voltage
feedback, one can find the real relation between RPM and the voltage feedback. Two values for RPM
was selected and voltage feedback was measured.
By computing the measurements multiple test measurements leads to following equation for the
relation between feedback voltage and RPM.
𝑅𝑃𝑀 − 466.5 ∗ 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 − 69.54
From the equation one can see that if voltage is 0 the RPM is -69.54. This must be corrected in the
code such that 0 voltage corresponds to 0 RPM.
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9.2 Torque
The motor can provide 2.86Nmof operating torque and has maximum instantaneous torque of
8.59Nm. If the instantaneous torque should exceed 8.59Nmthe top drive motor and driver goes into
safe mode and must be restarted in order to provide torque again. Therefore, the maximum
measurable torque is 8.59Nm and should correspond to 3.3V. This leads to a factor of
𝐹

−

8.59𝑁𝑚 2.603𝑁𝑚
−
3.3𝑉
𝑉

As determined earlier, the Arduinos has a resolution of
𝐴𝑟𝑑𝑢𝑖𝑛𝑜 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 −

3.3𝑉
− 0.806𝑉/𝑖𝑛𝑡𝑒𝑔𝑒𝑟
4096𝑖𝑛𝑡𝑒𝑔𝑒𝑟𝑠

Which gives the smallest increment in torque to be
𝑇𝑜𝑟𝑞𝑢𝑒

−

2.603
𝑁𝑚/𝑚𝑉 ∗ 0.806𝑚𝑉/𝑖𝑛𝑡𝑒𝑔𝑒𝑟 − 0.0021𝑁𝑚/𝑖𝑛𝑡𝑒𝑔𝑒𝑟
1000

By computing the measurements from the calibration process a formula for the relation between
torque and feedback voltage can be determined.
𝑇𝑜𝑟𝑞𝑢𝑒 − 2.705 ∗ 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 − 0.366 [𝑁𝑚]

From the formula one can see that if the feedback voltage is 0, the torque is −0.366. This must be
corrected in the code such that 0 voltage corresponds to 0 torque.

33

2018-12-31

10. Human Machine Interface / User Interface

In 2017-2018, the team developed a 3-panel user interface (UI) for manual/automated control of the
rig. These were developed using PyQt, and linked to the control system of the rig, written in Python.
The three panels were:
Control-Panel:

Figure 24: Drillers Cabin, Developed for Manual / Autonomous Control ahead of the 2018 Competition.

Real-Time Data Flow:

Figure 25: Real-Time Data Monitoring of
the Drilling Parameters and ROP / MSE.
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Due to the nature of autonomous drilling without human intervention, the driller must be able to
understand how the algorithm operates, while monitoring the current drilling parameters, resulting
drilling rate, efficiency and whether drilling incidents occur and if they actually get resolved.
Visualization-panel:

Red box:
AI Search Algorithm,
displaying how WOB and
RPM is manipulated along
with the resulting
ROP/MSE at each change
of parameters in the
state-space.
Green box:
Drilling incident tracker,
highlighting on-going
drilling faults, a tracker of
how many and when such
incident occurred and
how long it took to
executed remedial action
and solve problem.
Orange box:
Real-time drilling
parameters (gauges and
numerical values), and
estimated instantaneousand average ROP.
Blue box:
Depth-plot / well-log
representation, in realtime, with a formation
classification algorithm to
illustrate which rock
formation the system
believes is being drilled.

Figure 26: Visualization-panel, Developed for the
2018 Competition.
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While we are currently somewhat satisfied with the user interfaces on the rig, several changes and
additions are planned. Minor changes are for instance; integration of an ability to switch between
depth-based and time-based well-log plots in real-time to accommodate the drillers need, expand
the formation classification section to highlight the certainty of its prediction and correlation
between machine learning formation detection algorithm and actual real-time drilling data and so
on. Due to this year´s addition of drilling a directional well, we envision a 3-D virtual environment
showing the planned well trajectory and the current position (with error estimates):

Figure 27: How we envision our Well Trajectory Monitor looking like for the 2019 Competition.

Ideally, such a GUI should include accurate position information, whereas the accumulated error over
depth is calculated continuously.
Furthermore, an important factor to consider will be the estimated target given the current bit
position. This will be the error between planned well trajectory and bit position in which the steering
algorithm must act according to. Another important consideration is the increased wellbore friction
that will occur when drilling the directional wellbore. It will therefore be important to discretize the
drill string and have accurate knowledge of the friction and forces acting in the wellbore, to prevent a
stuck pipe scenario, or damaging forces to the drill pipe, BHA and bit.
The well trajectory monitor will also play a key role in terms of illustrating the occurring vibrations,
inclination of pipe and magnetic orientation. The various sensors that will be installed for the
competition will be described later in Section 18-20.
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11. Machine Learning

Without disclosing too many ideas of classification algorithms that we intend to develop further and
implement into the control system, a machine learning approach to rock classification and fault
detection will be fully implemented prior to next year’s competition. This will be a major effort in the
team, along with increasing the effectiveness of our control system, the AI search-algorithms for
drilling parameters that achieve optimal ROP and naturally also the directional drilling objective.
Machine learning is a subfield of artificial intelligence (AI) concerned with algorithms that can change
a written code on the go while the program is running, hence introducing learning to the computer.
In most cases, the algorithm is given a dataset to train on such that it can recognize patterns and
generalize to make predictions on other datasets it might see in the future. There are different
machine learning algorithms available. Some algorithms are proven to perform better than others on
specific types of problems.
Choosing the right algorithm and preprocessing the data appropriately is often required to get good
results. The algorithms are separated into two main categories depending on the solution to the data
is known, namely supervised- and unsupervised learning.

Figure 28: Snapshot of how data from a load cell for various rock samples/operations are sorted and plotted against two
common features. On the y-axis, P75 is used and on the x-axis, mean value is used to differentiate between the data from
the load cell sensor.
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An illustration from last year’s approach to use machine learning to distinguish different operations
and rocks being drilled using single sensor data is given below:

Figure 29: Depiction of varying signatures in the sensor data from a single load cell sensor during different drilling
operations.

More information regarding the approach that we will select, our lessons identified throughout the
development phase and results achieved can be expected in monthly reports and on the competition
day. Just imagine how by using the same approach one might for instance pick up damaging
vibrations to predict fatigue.

Figure 30: Hopeful end-state is when machine is not only able to distinguish different rocks, but pick up the trends in data
signals that could predict fatigue or other damage to equipment or borehole.
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12. Plug & Play: Interoperability

One of DSATS’ goals is to promote plug and play capability to accelerate the implementation
of drilling automation. A DSATS committee is preparing definitions and examples of proposed data
communication protocols and interfaces. Once this is available, the Drillbotics competition will
require the use of these standard protocols. This will not be a requirement for 2019 but it will be
included in future competitions.

12.1

Plug & Play: Concept

12.2

API to be developed with Industry / Operator Company

What does plug and play mean? In the Oil and Gas Industry the term is not well defined and there is
no common agreement on its meaning. In general, it conveys a message of inter-connectivity and the
ability to connect modular equipment, in an easy and effective way, to form a production system
that is fit for purpose and rapid to deploy.

UiS Drillbotics will collaborate with a leading industry operator in their efforts towards automated
and digitized drilling operations. The project will be to facilitate that our rig and control system can
be connected to an API that will communicate commands from an electronic rig action plan (eRAP)
for the rig to execute. Physical simulations are invaluable, and the threshold for testing is lower on a
small-scale rig rather than a full-scale rig such as for instance the onshore test rig Ullrig in Stavanger.
Testing will include testing “real world problems” like;
1.
2.
3.
4.

What happens if you lose connection with the APIs
What happens if you can’t maintain the necessary data-acquisition speed.
How does the system act if the network is slow?
What other challenges do we face that we did not think of?

To facilitate for this API integration, all our real-time data must come through an OPC-UA server. The
“end-state” will be for the operator company to come with an eRAP, and through the API
communicate these commands for our control system to understand and execute.
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13. Prediction/Simulation

Adding to what has been described in Section 10 with regards to the Trajectory Monitor we envision
to develop early in the spring of 2019, an attempt will be made to develop a “what if trajectory is left
unchanged” prediction model. The model will aim at describing the likely exit target, time until exit,
and also calculate the distance to a point of no return unless a corrective measure is executed by the
drilling algorithm. Point of no return in this sense describes the depth and position during drilling, at
which if such point is exceeded, the planned exit (according to planned well trajectory) cannot be
achieved.
For instance; if the depth of the rock is 60 cm, one has drilled 20 cm, the drill-bit is off-set from the
planned well-trajectory by 6 cm, and the rig has calculated from previous drilling operations that
horizontal correction can only be done at 1 cm horizontally / 5 cm vertical true vertical depth (TVD)
drilling, one will need to drill vertically for 30 cm with maximum horizontal gain to reduce the off-set
to 0 cm (horizontally). In addition, the off-set will grow the higher the TVD becomes, for instance by 1
cm horizontally / 10 cm TVD drilled, along the pre-programmed well trajectory.
One can then estimate that if the off-set is 6 cm horizontally, when at 20 cm TVD, the point of no return
will arrive at roughly 30 cm depth – i.e. 10 cm TVD below the current bit position, if no additional build
is programmed into the planned well path.
If however the planned build continues by 1 cm horizontally / 10 cm TVD drilled, if only correcting 6
cm horizontally over the remaining 40 cm of the rock, the designated target would still be 2 cm short
(off-set) when exiting the rock as one has reduced the off-set by 8 cm horizontally / 40 cm TVD. This
suggests that at 20 cm depth, to exit as planned, one needs to gain 10 cm horizontally / 40 cm TVD
drilled, which is not possible as maximum build would be 8 cm horizontally / 40 cm TVD.

Figure 31: Illustration of how a prediction model should alert the system when it needs to correct the well trajectory.

This emphasizes the importance of not only ensuring good position control, but also the necessity of
a prediction of what the autonomous actions of the rig will lead to further along the operation.
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Part 3: Mechanical Rig Design
14. Rig Systems

The laboratory-scale drilling rig is designed to imitate the main functionality of a normal offshore
drilling rig. Both consist of several key systems such as rotation/power transmission to the bit, a
hoisting system for tripping in and out of the well, and mud circulation to remove cuttings and
lubricate the bit and wellbore. There is however, one particular challenge when downscaling the full
machinery to the laboratory scale. On the full scale, the combined weight of the assembly (bit, BHA,
drill collars and pipes) is sufficient to provide the necessary weight on bit (WOB) to penetrate the
rock formation. The neutral point is kept in the weight pipe / collars, and the actual drill pipe remains
in tension which significantly reduces the risk of buckling and twisting off the pipe. On the laboratory
scale, the weight of the pipe, BHA and bit is insufficient to provide such required WOB [1]. Thus, an
additional force to just gravity must be exerted towards the formation, which on the laboratory-scale
system is solved by using three linear actuators rather than traditional drawworks. Since adding WOB
from above the drill pipe leaves the entire system in compression during the drilling operation, high
caution must be taken with regards to the drill pipe which is the weakest component of the system.
Another challenge with replicating an actual drilling rig is the length of the total drill string assembly.
To reproduce some of the slenderness and challenges of drilling with several kilometers of drill pipes,
aluminum pipes with a low wall thickness (WT) can be used. To enable full transparency of the
drilling operation, the designed system is unconfined, hence for all drilling operations surface
conditions apply. This implies that one may assimilate the confined compressive strength (CCS) with
the unconfined compressive strength (UCS) for the rock samples that are drilled with the rig. A
picture of the existing drilling rig with key components installed is given below.

Figure 32: The resulting drilling rig, ahead of the 2018 Competition.
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14.1

Rotational System

This year we have decided to have two options available.
Option one (vertical drilling):
Like we have done for the last couple of years we have a hollow-shaft top drive motor providing
rotation to the system. The currently installed top drive transfers torque directly to the drill string
and provides a rated torque of 2.86Nm and a maximum instantaneous torque of 8.59Nm. The hollow
shaft allows the mud injection hose to travel up the derrick and to be connected to the top drive
from above, using a swivel (rotary union). Hence, the drilling fluid can be circulated through the
rotating shaft of the motor and into the pipe at any time. The decision to attach the mud injection
hose from above the top drive, rather than beneath, was made due to difficulties in locating smallscale rotary unions that wouldn’t produce considerable amounts of viscous friction when the motor
rotates at a high rotational speed in a low-pressure surface environment.
The top drive provides rotational speeds up to 3500 RPM. The RPM is however currently limited to
1500 RPM due to the rotary union which is being used. The RPM- and torque-output from the motor
can be controlled by varying two analog voltage signals that get transmitted from programmable
logic controllers (PLCs) to the dedicated motor driver which is used to control the top drive. In the
motor driver, a dynamic braking function exists. This function allows the autonomous control
algorithm or the drilling engineer to define absolute motor torque limitations, in which rotation is
immediately stopped if this limit gets exceeded. This suggests that for instance when drilling is
conducted using fragile aluminum pipes that are very susceptible to buckling and twist-off due to
their low mechanical strength and buckling limit, the maximum torque that the top drive can deliver
can simply be programmed below the drill string yield point. The programmable braking function
can be deactivated during experiments, for instance when simulating drilling incidents for research.
This is our conventional way of drilling and has been proven to work well in conventional vertical
drilling. We do not want to throw away the possibility to drill the conventional way due to building
and training machine learning algorithms and AI.
Option two (directional drilling):
New for this year we want to have only the bit rotating while the drill string is kept stationary. In
order to achieve this goal, we have decided to use a compact pneumatic motor downhole in the
bottom hole assembly. This idea is based on the mud motor concept in the industry and will be
elaborated on in Section 22.
This year down hole measurement should be incorporated into the closed loop control and one
challenge we have faced is EMI from the 3-phase top drive motor. Sensors have performed perfectly
in laboratory conditions, but as soon as they are in proximity of the top drive the signals disappear
completely. This issue has been addressed and alternatives for the top drive motor is on the drawing
board. One suggestion is to make use of relays to turn off the top drive during drilling, and solely rely
on the downhole motor. The top drive is turned on when an azimuth-change is to be made, allowing
the control system to change the mechanical angle of the top drive and thus orientation of bit.
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14.2

Hoisting System

The construction is equipped with a complete hoisting system consisting of actuators, stepper
motors and brakes. The top plate is where the top drive and other components are mounted. The
top plate is positioned between three tri-axial load cells connected to the actuators with selfmanufactured brackets. The decision was made to use three actuators based on providing enough
lifting force and for proper stabilization. Another benefit of using three actuators is the resolution of
weight setpoints inputted into the system giving the possibility to have small incremental changes in
WOB. The brakes have been implemented to be able to stop hoisting/lowering of the top plate if
necessary, as well as to reduce the holding torque on the stepper motors when the system is not
running. To avoid the breaks being mistakenly opened or closed, a solid-state relay open and close
the breaks simultaneously. This eliminates the risk of an individual actuator braking. Communication
between the actuators, brakes, relays and motor is established with the help of the micro-controllers
(e.g. Arduinos). New to this year is the addition of HBM single-axis load cells, that can sustain -200N
(tension) to 200N (compression) force. These load cells were purchased last spring, but not installed
– seeing as making changes to key sensors prior to competition date is not considered a viable
practice.
Each actuator is controlled by a dedicated stepper motor with a step-angle of 1.8 degrees, in which
each step-angle consists of 10 microsteps, i.e. 2000 steps/rev. Each lead-screw revolution
corresponds to 8mm travel length, i.e. the system operates with an elevation resolution of 4μm. Very
high actuator precision is required for optimal WOB control, which has been a key design criterion
upon constructing the system. This year we have decided to go for more powerful stepper motors
translating even more load to the drilling system. Previous years we have observed that the stepper
motors work at the upper limit of what they can endure, increasing the chance of overheating and
failure. The new load cells and more powerful stepper motors will allow the system to increase the
maximum WOB from approximately 300 N WOB up to 500 N WOB. To address our vibration
challenge, we have changed from spring loaded couplings between the actuators and stepper motors
to rigid couplings. Our belief is that since we have allowed for vibration generation through the
spring-loaded couplings it would be benefitable to eliminate that part of the system. The new
stepper motors have the following specifications:

Figure 34: Datasheet for more powerful Stepper Motors that have been
installed prior to the 2019 Competition.

Figure 33: Rigid couplings that replace the
previously used spring-loaded couplings
between actuators and stepper motors.
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14.3

Circulation System

Due to the decision on having two separate ways of providing rotation to the drilling system. Two
separate circulation systems are required.
Option one (vertical drilling):
The current circulation system is a simple system consisting of two alternating pumps of model
Xylem Flojet Diaphragm Electric Operated Positive Displacement Pump. The pump is powered by a 12
V DC output and has a maximum flow rate of 19 l/min (LPM) and maximum working pressure at 3.1
barg. Last year the pumps were mounted on a separate platform connected to the main frame. With
a plastic hose connected upwards along the rig and through the hollow shaft motor, drill pipe, BHA
and exiting through the bit and nozzles out to the bucket system.
This setup is used for when we drill the conventional vertical way with water or mud as drilling fluid.
The sole purpose for the drilling fluid is cuttings transportation and in some sense cooling of
components such as bit.

Option two (directional drilling):
When using the pneumatic motor (see Section 22) as rotational provider one need air both for power
generation and cuttings transportation. The pneumatic motor requires a quite high flowrate 500-700
LPM in order to have any torque transferred to the bit-which means we need a quite extensive
compressor. Which compressor to purchase has not been determined yet, due to regards that must
be taken in terms of cost, ease of transportation and more significantly noise levels generated by
high-flow compressors. The chosen compressor will be mentioned in the January 2019 report.
Below is a depiction of how today’s dual-pump configuration has been installed inside of the drilling
rig, to ensure that all key systems are contained within the frame of the rig. It is possible, that even
when using a compressor and pneumatic motor (rotating at several thousand RPM), the competition
rock will have to be submerged in water, in which the air flow is turned off for a short time period
(for instance every few minutes), allowing water to enter the hole to cool the bit, in which when the
compressor gets turned on again, the water in the hole will get pushed out of the hole along with
cuttings. Testing of heat generated at the bit at different rotational speeds will be conducted.

Figure 35: Pump Configuration as per today.
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14.4

Power / Electrical Set-up

Figure 36: Depiction of Electrical Setup on the rig, ensuring HSE and protecting equipment.

In accordance with HSE regulations and good practice, all high-voltage components are placed within
a fuse box cabinet. This cabinet houses both the fuses for single-phase and 3-phase power systems as
well as all motor drivers, power supplies and so on. Good space in the electrical cabinet will allow
additions to next year’s competition to be integrated into this cabinet. All micro-controllers,
amplifiers and so on have been installed in a Faraday Cage; to protect the systems within and to
reduce the electromagnetic interference caused by the 3-phase top drive, driver and 3-phase grid at
the University.

In addition, the team manufactured protoshields for the Arduino micro-controllers last
year. These ensure that each sensor and/or
wire is connected to the microcontroller in
screw-terminals, rather than being
susceptible to getting pulled out during
transport or during work near the microcontrollers.
Figure 37: Self-manufactured proto-shields for PLCs and screwterminals.
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15. Drill Pipe

This year, to facilitate for deviated drilling, the guidelines suggest using the same drill pipe as used in
last year’s competition. The following is taken from calculations and estimates made during the
spring of 2018 on the specified pipe, with theory and equations being taken from [1].

From the ASM Aerospace Specification Metals inc. data sheet, the specifications for Aluminum alloy
6061-T6 can be used [2]:

15.1

Pipe Slenderness

The slenderness of the drill pipe is something we must consider when we look into what the drill
string can handle. In engineering, the slenderness is a measure of the tendency for a drill pipe to
buckle. If the Slenderness Ratio (Eq.1) is found to be greater than Critical Slenderness Ratio (Eq.5),
then it is empirically found that Euler’s Critical Load formula (Eq. 6) is applicable. If not, then the
Johnson’s parabolic formula (Eq. 7) should be used to determine the critical load for buckling.
Slenderness is by definition the relation between effective length of the drill pipe (l) and Gyradius (k)
and can be found by using Eq. 1:
(𝑬𝒒. 𝟏) 𝑆𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠 =

1
𝐴
=𝑙∗
𝑘
𝐼

The gyradius is defined by:
(𝑬𝒒. 𝟐) 𝑘 =

,

where I is the minimum moment area of the cross-section and A is the cross-sectional area, given by
Eq. 3 and 4 respectively.
𝜋
∗ (𝑑 − 𝑑 )
64
𝜋
(𝑬𝒒. 𝟒) 𝐴 = (𝑑 − 𝑑 )
4

(𝑬𝒒. 𝟑) 𝐼 =
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The critical slenderness ratio is given as follows (Eq. 5):
(𝑬𝒒. 𝟓)

𝑙
𝑘

=

2𝜋 𝐸
𝜎

where E is the modulus of Elasticity and σy is the tensile yield strength.
For situations where both ends are fixed it is common to use a factor of 0.90 × L (see Figure 39),
where L is the original length, to find the effective length of the drill pipe. Inputting the values listed
in the tables at the beginning of this section (for pipe and aluminum) into the formulas above, we get
the following results shown in the table below. The results will be used in further calculations.

As a result, the slenderness ratio of our drill pipe was much greater than the critical slenderness
ratio, 280.2 > 70.2, which means that the Euler’s Critical Load formula is applicable for further
calculations on buckling.

15.2

Pipe Buckling

Since Drillbotics is a competition, we want to able to push our system to the upper limit of its
threshold, yet balance it with HSE. We continuously strive to maximize the Rate Of Penetration (ROP)
for all formations so we can drill through the unknown rock sample as fast as possible, and one of the
most important adjustable parameters is Weight On Bit (WOB). Buckling of the drill pipe is the main
limiting factor when it comes to selecting a maximum WOB. Due to the thin aluminum drill pipe it
was expected that it would easily buckle if the WOB was set to be too high. Buckling occurs when a
structure, such as a drill pipe, is subjected to compressive stress and start a sideways deflection. The
deflection may cause the drill pipe to rapidly wear due to abrasion along the borehole wall. If the
deflection becomes to great the drill pipe will start to deform plastically and eventually loose all its
load bearing capacity. In order to prevent the buckling effect it is important to know the strength of
the drill pipe. By using either Euler’s Critical Load formula or Johnson’s parabolic formula, given by
Eq. 6 and 7 respectively, depending on the slenderness ratio.
𝜋 𝐸𝐼
(𝑬𝒒. 𝟔) 𝐹 =
(𝐾𝐿)
where FCr is the Eulers critical load, E is the Modulus of elasticity, I is the minimum moment area of
inertia of the cross section, K is column effective length factor and L the unsupported length of the
column.
(𝑬𝒒. 𝟕) 𝜎

=𝜎 −

1 𝜎
𝐸 2𝜋

𝑙
𝑘
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where σCr is the critical stress, σy is the tensile yield strength, E is the modulus of elasticity and ( ) is
the slenderness ratio.
It is empirically found that Euler’s critical load formula will not be accurate below the critical
slenderness ratio. One should then use the Johnson’s parabolic formula, which is valid for lower
slenderness ratios [3].

Figure 38: Plot of the Euler curve (represented in red) and Johnson’s parabola (represented in blue) for a similar situation
and material as we have in our project [4].

The figure shows a plot of the Euler curve (represented in red) and Johnson’s parabola (represented
in blue) for a similar situation and material as we have in our project. The material is a 6061-T6
aluminum with a circular cross section of 1 inch. The column is pinned in both ends. As the plot
shows, when the lengths approaches zero, the Euler’s critical stress approaches infinity, thus the
Johnson’s parabola should be applied for more accurate results [4].
In our case, we have calculated the slenderness ratio to be much greater than the critical slenderness
ratio (shown in the end of Section 15.1). This means that the Eular’s critical load formula should give
us a good theoretical estimate on the maximum load the drill pipe can handle without buckling.
In order to use Euler’s critical load formula, one must determine an effective length factor. One
determines the effective length factor depending on the end conditions of the column. Due to
implementation of a fixed riser system above the formation, we consider the end conditions as fixedfixed.

Figure 39: The values of effective length factor, K, depending on end conditions [4].
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The critical load was found to be 280.5 N, which is equivalent to 28.6kg. Thus, one should not apply
more than 28.6 kg of WOB to avoid the drill pipe from buckling.

15.3
Maximum Pipe Torque
The top drive motor must be dimensioned with the rotary system’s weakest component in mind. In
our case, the drill pipe is the component which is expected to fail first under rotation due to torsional
vibrations. The torsional vibrations typically are caused by a phenomenon called stick-slip. Stick-slip
causes the drill bit to stop rotating, making the drill string accelerate and decelerate in a periodically
manner. Stick-slip is usually a result of high frictional forces on the BHA and drill bit from the
formation. In worst case scenarios, the drill bit comes to a complete stop and the top drive motor
keeps on rotating. Then, it is important to know how much torque the drill pipe (weakest link) can
endure in order to prevent it from failing. One can calculate the maximum torque using Eq 8.
(𝑬𝒒. 𝟖) 𝑇 = 𝜏

𝐽
𝜌

where T is torque, τ is shear stress, J is the polar moment of inertia and ρr is the radial distance to
center of pipe. The radial distance to center, ρr, can be expressed as

and the polar moment of

inertia for a pipe is given by Eq. 9.
(𝑬𝒒. 𝟗) 𝐽 =

𝜋
(𝐷 − 𝐷 )
32

Combining Eq. 8 and 9, we get Eq. 10:
(𝑬𝒒. 𝟏𝟎) 𝑇

=𝜏

∗

𝜋 𝐷 −𝐷
(
)
16
𝐷

where Tmax is the maximum torque, τmax is the maximum shear stress, Do is the outer diameter and Di
is the inner diameter. The shear strength of aluminum alloy 6061-T6 is set to be the maximum shear
stress, τmax, the aluminum pipe can endure before shearing. By inputting data from tables above, one
can calculate that the maximum torque applied before the pipe shears is:
𝑇

=𝜏

∗

𝜋 𝐷 −𝐷
16
𝐷

= 𝟐𝟒. 𝟕 𝑵𝒎
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In order to perform safe drilling, one should also know the Shear yield strength (τy). By using EulerMascheroni constant of 0.577, one can convert tensile yield strength, σy, to shear yield strength, τy,
as shown in equation 11:
(𝑬𝒒. 𝟏𝟏) 𝜏 = 0.577 ∗ 𝜎
This leads to a shear yield strength of τy = 0.577×276MPa = 159.3 MPa, and by using formula 10
which gives the maximum torque applied before the pipe yields to be:
𝑇 =𝜏 ∗

𝜋 𝐷 −𝐷
16
𝐷

= 159.3 ∗ 10 ∗

𝜋 𝐷 −𝐷
16
𝐷

= 𝟏𝟗. 𝟎 𝑵𝒎
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15.4
Destructive testing of Drill Pipe
Real values and theoretical values are not always coherent. Therefore, we wanted to put theory into
practice and do some testing of the drill pipes at the University of Stavanger. The testing was
conducted using an INSTRON model 5985 located at the machine hall at the University. The INSTRON
model 5985 is a universal testing machine, where you can do both tensile and compressive testing
with a maximum force of 250 kN. The tensile test was conducted on four samples while the
compression test was conducted on three samples to ensure coherent results. By doing these kinds
of tests one can determine important mechanical properties like modulus of elasticity, maximum
load, tensile and compressive stress and strain. The results are presented in the figures below.

Figure 40: Tensile Stress - Destructive Testing of the 0.049" WT Drill Pipe.

Figure 41: Tensile Stress Values - Destructive Testing of the 0.049" WT Drill Pipe.

Since the drill pipe is not the standard (in terms of geometry) for doing tensile testing, it was
expected that it may occur some anomalies or deviations from each sample. For example, when
clamping down the pipes, we had to fill the ends of each sample with a hard and strong anchoring
cement in order to make it internally strong enough to make the clamping sufficient. By not filling the
ends with a strong material the pipe would just collapse where the clamping was done and during
the test it would break just above the clamp. The non-standard way of clamping may have been the
largest contributor on the large deviations in extension before breakage as well as impurities in the
aluminum alloy and internal and external damages to the pipe. In our case, the large deviations in
extension before breakage was not a critical issue due to our interest in modulus of elasticity and
tensile yield strength. One can see that the data for each sample coincides quite well in the elastic
region shown in figure above.
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Figure 42: Compressive Stress and Values - Destructive Testing of the 0.049" WT Drill Pipe.

The compression test was conducted using the full length of drill pipe in order to replicate the real
situation as much as possible. Sample 1 and 2 was tested in an orderly manner, simply by
compressing them, while sample 3 was first compressed until yield, then restarted the test from zero
compressive stress. This approach cannot be seen in figure above, but one can see that the Load at
yield had a great decrease of about 30%.
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16. Natural Frequency and Resonance

Mechanically, resonance in the system can potentially lead to severe vibrations which makes
regulation and control system architecture challenging. Before one can identify and avoid damaging
excitation frequencies, the natural frequency of the system must be known. Sources of excitation
frequency during drilling can be bit-rock interaction and actuator stepping. Top-plate, drill string and
the BHA can be treated as three different bodies all with its desired natural frequency of vibration.
Here, only the top-plate characteristics including its components has been investigated.
An experiment was performed to measure the response to initial condition by using load cells. The
load cells are mounted underneath the top-plate, similar to having load cells underneath the crown
block. The measured quantity is calibrated to be the applied load in kilograms. Keep in mind that the
load cells use strain gauges to measure change in strain or deflection of the cantilever beam,
therefore the oscillations reflect displacement, but a correlation has not been made, but can be done
using a measuring probe. A weight was attached to the bottom flange without the drill sting
connected, hence introducing an initial displacement of the plate, X0. The string holding the weights
was cut and the free vibration response to the initial displacement was measured with the load cells
and shown in Figure 43, below. From the measurement, characteristic properties can be calculated
and a theoretical model for the system can be developed. Furthermore, the stiffness, k and friction, c
can be back-calculated.

Figure 43: Measured oscillations after release of weight, i.e. response to initial displacement, X0. Data was measured using
load cells and HBM QuantumX DAQ device with 4800Hz sampling frequency.

We clearly see that the oscillations decay and dies out after approximately 1.5 seconds. After the
release, it overshoots and undershoots alternately, hence it must be an underdamped system. More
information about the dampening is obtained by studying the decay between the peaks. Peak
amplitude and location can be found using the findpeaks function in MATLAB.
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Figure 44: Figure to the left captures first 20 peaks of Figure 40, giving sufficient information about dampening and period.
On right, a welch power spectrum estimate showing the dominant frequency of the oscillation, supporting the period
measured in left plot.

From Figure 44, the damped frequency, 𝜔 of approximately 30Hz is found. In the time domain, the
frequency is calculated by fd = 1 = Td, where the period T is the time measured between two peeks.
Eq. 12 is used to convert from Hz to radians.
(𝑬𝒒. 𝟏𝟐) 𝜔 = 𝑓 ∗ 2𝜋
The logarithmic decrement between the first and the nth peak are found by using
Eq. 13:
(𝑬𝒒. 𝟏𝟑) 𝛿 = ln|

|

Results of Eq. 13 as a function of cycles between the two peaks used to calculate the one-cycle
decrement is illustrated in the figure below. For a free, underdamped vibration, a linear relation
exists.

Figure 45: Logaritmic decrement between first peak and n-th peak as a function of the number of cycles between the peaks.
Slope of the line is the logaritmic decrement between peak n and n + 1.
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Assuming free vibration, the slope of the line in Figure 45 is the logarithmic decrement, 𝛿 = 0.1378,
and can be used in Eq. 14 to calculate the damping ratio ζ with the equation below.
(𝑬𝒒. 𝟏𝟒) ζ=

√

Damping ratio in the system is ζ = 0.0219. Since the dampening ratio is less than 1, it clarifies the
assumption stated based on the shape of the response that the system is an underdamped system.
Given the damping ratio, the natural frequency can be calculated as follows:
(𝑬𝒒. 𝟏𝟓) 𝜔 =

𝜔
1−ζ

The underdamped oscillation measured in the experiment where initial displacement, X0, was given
and can be expressed as in Eq. 16:

(𝑬𝒒. 𝟏𝟔) 𝑋(𝑡) = 𝑋 ∗ 𝑒

.

∗

.

𝜋
∗ sin(186.17𝑡 + )
2

Figure 46: Theoretical model of the system response due to initial condition under free vibration. The blue line is the decay
function.

(𝑬𝒒. 𝟏𝟕) 𝑘 = 𝑚𝜔 = 19.7 𝑘𝑔 ∗ 30 ∗

1
𝑘𝑔
𝑘𝑔 ∗ 𝑚
𝑁
= 17730
= 17730
= 17730
𝑠
𝑠
𝑚∗𝑠
𝑚

1
𝑘𝑔
(𝑬𝒒. 𝟏𝟖) 𝑐 = 2ζm𝜔 = 2 ∗ 0.0219 ∗ 19.7𝑘𝑔 ∗ 30 = 25.9
𝑠
𝑠
After the model for free vibration has been developed, external excitation to the system can be
studied. The excitation can either be harmonic or random. If the frequency of the harmonic
excitation force is equal to the natural frequency of the system, interference occurs and the system is
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put into resonance. Eq. 19 is used to study the impact of different excitation frequencies [5].

(𝑬𝒒. 𝟏𝟗) 𝑇 =

𝜔
1 + (2ζ 𝜔 )
𝜔
1− 𝜔

𝜔
+ 2ζ 𝜔

A plot of transmissibility as a function of frequency ratio is useful to investigate the dynamic behavior
of the system. Resonance, effect of damping and attenuation can be found from Figure below.

Figure 47: This graph illustrates how a forced oscillation transmits to the system. The amplification of the input force is
shown as a function of the frequency ratio of the input force over the system natural frequency. When the input frequency is
equal to the natural frequency, the system is put into resonance and the amplitude spikes. Blue continues line is the
response using the dampening ratio in the system found above.

From the graph, attenuation of the input amplitude is achieved if the excitation
frequency is √2 times the natural frequency of the system. Excitation frequency could either be
stepper motor pulsing or top drive RPM translated to axial oscillation by bit-rock interaction.
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17. Bottom-Hole Assembly
17.1
Directional Drilling Assembly

The proposed assembly consists of the following components (illustrated below).
1.
2.
3.
4.
5.
6.
7.
8.
9.

Top Drive Flange  Connecting Pipe to Top Drive (used to define bit orientation).
Male/Female Connector, Swagelok  Connecting Pipe to Flange.
Drill Pipe (As given by competition guidelines  see Section 15).
Male Connector, Swagelok  Attaching BHA to pipe.
Sensor Sub with 7-wires running back to surface (wired-pipe telemetry).
Male Connector, Swagelok  Attaching knuckle joint to sensor sub
Knuckle Joint, with a normally-vertical position (unless WOB > … N (TBD) applied).
Pneumatic Motor, driven by compressor mounted on surface providing air flow of 300 LPM.
Bit, either provided by Baker Hughes or self-acquired / designed.

Figure 48: Planned Assembly for the 2019 Competition.

The individual components will get addressed in the following sections.
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17.2

Vertical Drilling Assembly

Without discussing last year’s BHA too much, a similar BHA to that developed last year will be
manufactured with a higher mechanical strength at threads and connections. The BHA will use the
same concept as was introduced in last year’s competition. An image of last year’s BHA is given
below, to show the committee the developed design that allow for sensor-housing, flow past the
stabilizers and reduced interaction (friction) with the well-bore due to reduced stabilizer-blade
surface areas.

Figure 49: Downhole-Sensor BHA developed for the 2018 Competition.

The BHA consists of four parts, that assembled makes up the BHA capable of housing a detachable
downhole sensor sealed by use of O-rings and a mechanical metal to metal seal. The sensor housing
is provided in the left-most stabilizer (bottom-oriented during drilling).

Figure 50: Downhole-Sensor BHA developed for the 2018 Competition.
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18. Sensor Sub

The objective of the sensor sub is to measure different parameters downhole while drilling. To do
this, we need to design a versatile sensor sub that is easy to access and independent of the other
parts of the BHA. The goal is to let the system perform autonomous directional drilling based on
these measurements, in a closed-loop.
As mentioned, the sensor sub is designed for easy access. By making it possible to open and close the
sub (See Figure 51) without interacting with other downhole components one can do fast changes or
repairs to the sensors if needed. One can also swap existing sensors with new ones if other drilling
measurements are wanted.
In the current draft we have made three 10x3x20mm compartments in the housing (see Figure 51)
with channels for the wires leading to surface. These channels will keep the wiring safe from the
downhole environment making it easier to transmit data to surface without unwanted incidents like
torn wires. The sub is supposed to be positioned right behind the drill bit in order to make accurate
near-bit measurements. The width will be 1 inch which makes the sub slimmer than both the bit and
BHA in order to reduce noise by removing it from the wellbore wall.
The purpose of the sub is to measure Inclination, Azimuth, Well Trajectory, 3x Torques (incl. bittorque), Pressure downhole and downhole WOB. The first three measurements are digital while the
last three are analogue. To allow for pressure measurements downhole and downhole WOB, a slip
ring allowing for at least 16 wires will be required, and is not part of the first “sensor-package” that
will be deployed during the 2019 Competition.

Figure 51: Simplified depiction of a sensor-house designed towards the 2019 Competition, to house various sensors and
allow different BHAs and bits to be used.
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Figure 52: Additional illustrations of the dimensions and "inside" of sensor sub.

Another important objective is to record and keep data for a post analysis. This can be used for:
1.
2.
3.
4.
5.

The natural frequency of the system under various loads and rotational speeds,
What mode of vibrations is dominant for particular operational conditions,
What is the magnitude of loads the BHA and the bit are exposed to during drilling,
How the system responds to initial conditions and no-load, i.e. external forces are equal zero,
The system’s transient response to external loads.
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19. Downhole Telemetry

In this year’s contest, a criterion is autonomous directional drilling. This will require the use of
downhole measurement in order to give the algorithm azimuthal and inclination data for it to project
the ongoing drilling path throughout the process. The idea is to have 9 degrees of freedom (DOF)
using accelerometer, gyroscope and a magnetometer. The sensors will be placed in the sensor sub
which will be located right behind the bit. Together with measured depth, this will be able to give us
a projection on where the bit is located within the rock sample.
From the sensor sub, digital signals are transmitted through wires along the drill string. The sensors
will only have a passive role, transmitting what they measure while the system is in operation.
Because of the rotation of the drill string, a slip ring is used for allowing communication between the
stationary and rotating side of the system. From the slip ring, the signal goes to the high frequency
data acquisition module (DAQ), which has 8 channels. The DAQ also collects sensor data from the
load cells between top plate and actuators, in addition to the height sensor, RPM encoder and torque
encoder in the top drive.

Figure 53: Depiction of Control System Hierarchy and Telemetry from Sensors to Control System.

The system we have chosen between the accelerometer and the Arduino is digital using the Serial
Peripheral Interface (SPI), while the signal from the load cells are analog. The SPI system uses fullduplex and a master slave architecture. Due to the low signal strength of SPI, a novel approach is
used, in which the 9-DOF accelerometer is directly connected to an Arduino Uno circuit board, which
is further connected to the USB hub tying the PLCs to the control system. From lessons learned last
year; significant electromagnetic interference (EMI) is generated by the top drive. It will therefore be
of major importance to shield not only sensor and PLC, but also wiring running all the way from
sensors to the PC. To achieve such, a combination of EMC-filters / digital filters will be utilized.
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19.1

Slip ring / data swivel

The slip ring supports rotation up to 10,000 RPM which is significantly higher than rotational speeds
used on the rig. The slip ring is always mounted, but will not rotate during drilling with pneumatic
motor as this downhole motor (that is driven by an air-flow produced by a compressor) will ensure
bit rotation. Slip ring is however necessary to use if azimuthal corrections are to be made, by
changing the mechanical angle of the top drive.
Slip ring has seven slots:
- 4x for accelerometer/gyro/magnetometer sensor (power, gnd, scl, sda).
- 3x for strain gauge, in which gnd will be common gnd with the other sensor.
An illustration of the slip ring and wiring is depicted in the picture below.

Figure 54: Slip Ring purchased prior to 2018 Competition to allow for downhole measurements while rotating bit up to
10,000 RPM.
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20. Sensor Development and Sensor Packages
20.1
Surface Sensors

Equipped on the rig is currently a total of eleven (11) sensors; these have been described in last
year´s phase 1 design report and consist of;
- 3x Load Cells (three-axis) measuring the hook load and WOB
these could be programmed to measure three axis (total of nine strain gauges),
however, from previous lessons identified measuring the x, and y-axes on surface is
not representative of the downhole bit measurements, and as such are disconnected
to simplify the system. Load Cells will get replaced by single-axis HBM load cells.
- 1x RPM Encoders situated in the Top Drive
- 2x Torque Encoders situated in the Top Drive and mounted externally to measure the total
system torque and drill string torque
- 1x Pressure Transmitter at the discharge of dual pumps
- 1x Height Distance Sensor measuring the displacement of the drill floor
- 3x virtual stepper motor encoders
A table illustrating the sensor specifications currently equipped on the rig:
Sensor

Signal Type

Measurement Range

Unit

Load Cell Z1

Analogue (3.3V)

-100 – 100

Newton [N]

Load Cell Z2

Analogue (3.3V)

-100 – 100

Newton [N]

Load Cell Z3

Analogue (3.3V)

-100 – 100

Newton [N]

Height Sensor

Analogue (3V)

0.00 – 3.00
0.00 – 118.11

Meter [m]
Inches [in]

Pressure Transmitter

Analogue (12V)

0 - 10

Bar [barA]

Torque Sensor

Analogue (12V)

0 – 100+

Newton [N]

Torque Encoder (TD)

Analogue (3.3V –
(self-defined range)

0 – 8.59

Newton [N]

RPM Encoder

Analogue (3.3V) –
(self-defined range)

0 - 3500

Revolutions per minute (RPM)

Virtual Encoder; 1

-

10 μ-steps / 1.8°
(= 2000 steps per revolution)

Degrees [°] that get converted
to actuator displacement

Virtual Encoder; 1

-

10 μ-steps / 1.8°
(= 2000 steps per revolution)

Degrees [°] that get converted
to actuator displacement

Virtual Encoder; 1

-

10 μ-steps / 1.8°
(= 2000 steps per revolution)

Degrees [°] that get converted
to actuator displacement

Figure 55: Table of Surface Sensors Currently installed on the rig.

A challenge in the past has been the weak analog-digital converter (ADC) that is built into the
Arduino Due Microcontrollers. To increase the resolution of analog sensors attached directly to the
micro-controllers, 24-bit ADC’s have been purchased, and will be installed on the rig during January
in 2019. The ADCs will hopefully not only increase the resolution but also reduce variable
measurements caused by pulse-width modulation (PWM) exerted by the PLCs, as this is how the
digital micro-controllers output an “analog” signal.

63

2018-12-31

20.2

Downhole Sensors

Two types of downhole measurement assemblies will be developed and configured on the rig – both
allowing us to use the 7-wire slip ring to verify proof of concept. One will house downhole 9-degree of
freedom (DOF) accelerometer, gyroscope and magnetometer (for position and vibration monitoring)
and a strain gauge for bit torque measurements, whereas the other will be a single strain gauge
measuring bit torque downhole, in addition to three (3) strain gauges along the drill string assembly.
The latter is significant to measure how friction downhole will affect the actual bit torque and torque
distribution throughout the drill pipe.

20.2.1 Fully-stacked sensor sub

Figure 56: Sensor Sub and proposed positioning of sensors.

For the fully-stacked sub, early testing with the LSM9DS0 by STMicroelectronics, has proven that this
is very reliable and extremely cheap in terms of measurements (allowing the sensor to easily be
replaced between drilling operations with very low costs). The 9-DOF accelerometer, gyroscope and
magnetometer has been programmed with an Arduino UNO board (due to available libraries
supporting the SPI protocol), and shows azimuth (magnetometer), inclination and roll (gyro) and
vibrations in the x,y,z-directions (thanks to the accelerometer component). The received data is
planned to be filtered using a moving average filter. Bit velocity and displacement can be obtained by
integration of the acceleration data over time, but this requires more tuning to be successful.
The sensor is connected to surface using 3V, GND, SCL and SDA
connectors, which have been soldered to a wire running all four
connections to surface (through the data swivel). Sensory
characteristics can be accessed from: https://cdnshop.adafruit.com/datasheets/LSM9DS0.pdf

Figure 57: Flora LSM9DSO Accelerometer,
Gyroscope and Magnetometer allowing
for 9-DOF measurements.
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HBM Y-series strain gauges have been purchased and used
successfully in last year’s experiments and competition. The same
strain gauges will be configured inside the sensor sub to measure
the bit torque.

Figure 58: HBM Y-series Strain Gauges, used successfully in
2018 Competition. To be used in 2019 Competition.

A snapshot of the code, filters and results from the downhole measurements will be provided in the
February 2019 report, due to need to implement filter and integrated sensor in Control system
(Python).

20.2.2 Drill String Strain Gauge setup
To monitor the friction in deviated well sections, an emphasis will be made on designing experiments
with similar rock samples throughout the spring, to establish parameters to
correct the expected torque measurements against.

Figure 59: Depiction of experiment setup that will allow the team to develop a
correction at varying inclination and depth for wellbore friction.

By utilizing the setup shown to
the left, actual torque along the
drill pipe (percentage-wise
relative to the surface and bit
torque) will be measured at
various inclinations ahead of the
competition. Our expectation is
that this negates the necessity of
real-time torque measurements
along the pipe during
competition drilling. By
implementing both theoretical
estimates and such a
“corrected” drill string torque,
this will ensure that the drill
string is not broken, and that
required torque is produced
downhole. Our hope is that the
use of a downhole pneumatic
motor (and hence no pipe
rotation) will reduce some of the
challenges typically seen in
directional drilling.
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21. Knuckle Joint

The objective of the knuckle joint is to achieve an angle between the drill string and the BHA.
From the first competition guidelines, it became clear that we needed to have some sort of device
that could facilitate a bend in the drill string. At this point, the drill string material and properties
were not yet known. Assuming the drill pipe would be stiff and judging by the required inclination of
the well path, we would need a device that could facilitate a bend in the drill string, while at the
same time handle the torsional, compressional and tensional stress during drilling.
The purpose of the knuckle joint is to build more inclination and to relive the drill pipe and BHA of
some of the bending moment that it would otherwise experience.
We also determined that we could affect or try to affect the azimuth using the knuckle joint. In other
words, utilizing the knuckle joint for steering the bit.
Key factors regarding design:
- It needs to bend,
- Handle stresses and vibrations,
- Keep ID as big as possible to allow maximum airflow,
- Keep OD as small as possible, allowing us to build the most angle,
- Produce a design that is possible to machine or 3-D print.
Different ideas and solutions were discussed. We debated using an existing universal joint with a
modified feedthrough hose of some sort or designing and building our own. It was finally decided to
try to build or own.
We landed on a design that features a ball with its sides cut off. In essence, a flat ball. This flat ball
resides in a grove in the other upper part of the joint. The upper part of the joint is constructed of
two pieces, which come together as one. The upper part houses the flat ball.
In Figures 60 and 61, the preliminary drafts are shown (without one half of the upper part of the
joint, to show the workings).

Figure 60: Figure 57: Side View of Designed Knuckle Joint that allows the rig to change inclination (build-rate) based on
WOB applied from surface.
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Figure 61: Side View of Designed Knuckle Joint that allows the rig to change inclination (build-rate) based on WOB applied
from surface.

We started by making the first wooden prototype, and then designed the drawings above from that
prototype.

Figure 62: Prototype of Knuckle Joint Concept made out of wood.

Challenges
There still exists some challenges such as; how to machine it, make it airtight, and fastening the
parts. The plan is to machine a sleeve as the prototype has, which in addition to two locating pins will
hold the assembly together. More details will follow in monthly reports!
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22. Pneumatic Downhole Motor

The idea is based on just rotating the bit using a downhole motor. Air motors have several different
designs available to serve a wide variety of needs; using an air motor allows us to have enough
torque and rotational motion. Air-driven motors generally have a higher power density, so a smaller
air-driven motor can deliver the same power as its electrical counterpart. Air motor speed can be
regulated through simple flow-control valves instead of expensive and complicated electronic speed
controls. Air motor torque can be varied simply by regulating pressure.
There are many different types of pneumatic motors, however we believe that an air vane motor will
be the most suitable for drilling. Vane motors essentially consist of a rotor which revolves in an
eccentrically offset perforation of the rotor cylinder. The vanes form working chambers, the volume
of which increases in the turn direction. As the compressed air expands, the pressure energy
subsequently transforms into kinetic energy, thereby producing the rotary motion.
One challenge will be the length of such a motor. A motor size 2
air vane motor from DEPRAG will have the following
performance data:
Nominal power: 170W
Nominal speed: 750 rpm
Nominal torque: 2.1 N/m
Air consumption: 0.3 m^3/min
Based on previous well logs and experience with drilling using
our system, these performance numbers related to rotation and
torque should be efficient. However, the size of an air vane
motor with the performance data we require is quite large as
shown in the dimension sheet to the left. With a length of 20cm,
and it being rigid stainless steel, we might encounter problems
when trying to kick-off from vertical. In addition, connections to
connect the bit and air vane motor will have to be manufactured.
It therefore becomes important to position the pneumatic motor
below the knuckle joint.

Figure 63: DEPRAG Pneumatic Motor
that will be ordered in January 2019 and
tested during the spring to evaluate
suitability for Drillbotics Competition.
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23. Bit

The bits that are initially to be tested for this year's competition are PDC-bits that are manufactured
by an external manufacturer in China. The Chinese manufacturer was selected due to low labor costs
associated with machining the bits. We requested the following specifications; an outer diameter (OD)
of 1.5’’ (38.1 mm), braced cutters with a cutter backrake angle of 15 degrees, a cutter diameter of
0.511’’ (13 mm). The bits have one nozzle that is centered that will be used for hole cleaning.
Compared to the bit used last year, which also was a PDC-bit, with a backrake angle of 20 degrees. This
year’s bit should be more aggressive and achieve higher ROP, but we should also take into
consideration higher occurrence of vibrations due to a more aggressive bit. A consequence of an
aggressive bit is the occurrence of torsional vibrations, yet a less aggressive bit can result in poor depth
of cut and rate of penetration, making the bit unstable and increasing the chance of whirl, which we
experienced last year.

Figure 64: Simplified illustration of how backrake angle affects the bit aggressiveness.

In addition, the OD of 1.5’’ should give us a larger well diameter which together with the knuckle joint
will enable the system to build a larger angle combined with a whipstock (see next page, Section 24).
The main purpose of the bit is to achieve a high ROP but doing so in stable and reliable matter. Drilling
a well with larger diameter will require more energy, as we must penetrate and remove more rock.
But if we can mitigate the introduction of vibrations, which led to inefficient drilling last year, e.g. high
MSE, we will be able to reduce energy being wasted due to heavy vibrations during drilling. The bit
consists of three blades this year, which will contribute to stability while drilling, and more ease in
terms of steering capabilities with the assembly.

Figure 65: Illustration of how bits out-sourced to Chinese manufacturer are to be designed. Planned delivery in end of
December 2018.
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24. Whip Stock

With directional drilling being a big part of this year’s competition, there was the necessity to initiate
the build section at the kick off point (KOP). This will be done using the “point the bit” method, using
a self-manufactured whipstock. A whipstock is often used in the industry for sidetracking from an
already existing well. This is combined with cased hole section, where a whipstock is installed and then
used for sidetracking in cemented or cased wells. In the simplest form, a whipstock is according to
PetroWiki “a hardened steel ramp along which a mill turns as it cuts a hole in the side of the casing to
start a sidetrack or lateral wellbore”. In our case we will not be milling through casing, as our well is
not cased. We will use the whipstock to force the bit and the rest of the BHA and drill string in the
desired direction. This will be combined with the knuckle-joint to build an angle downhole.
According to the guidelines the pilot hole should be 1’’, and kickoff point shall be below a vertical depth
of 4’’. Thus, the idea is that the vertical ramp section of the whisptock should begin after a section of
4 inches. Our focus is that the whipstock is simple in design, and robust enough to deal with the
external forces that will be applied and change the direction of the drill bit. A few of the sketches are
presented below.

Figure 66: Different Whipstock Designs planned to be tested for the 2019 Competition.

This version of the whipstock is to be placed down hole, with the thicker section with a “lip” being
above the rock surface. Main problem with this design is the wall thickness of the whipstock. During
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the competition we will not be changing the dimensions of the bit, thus drilling throughout the whole
process with the same bit diameter. This causes problems when lowering the whipstock with a given
wall thickness. One way to work around this problem, is implementing a reamer system into the BHA,
so we can expand the well diameter and thus the diameter of the whipstock, so the pathway leading
the bit against the ramp will remain wide enough for the bit. A second design, which is much simpler,
is just a ramp with an inclination dropped into the well. As shown in the figure below (Figure 67).

Figure 67: Simplistic Whipstock Design that can be dropped into the well.

This design is optimal for its simplicity in manufacturing. Our main concern with this design is keeping
it in place in the well. The placement of the whipstock might be problematic, if the well is not constant
in diameter, and some sections are perfectly on gauge with the whipstock preventing it from reaching
the bottom due to friction. The second concern occurs when the whipstock is in place and drilling
commences. With no wall section going above the rock surface (where we can hold it in place in a
controlled environment) the whipstock might rotate and force the bit in an undesired direction.
Our suggestion is to use an insertion tool (robotic arm / actuator setup), to position and hold the
whipstock in place. The whipstock, when installed, shall have a “guide” allowing the bit to be pointed
towards the Northern direction (reducing the need of azimuthal-corrections during drilling).
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25. Whip-stock Surface Insertion Tool

For the placement of the whipstock, an insertion tool will be installed on the surface. The idea is to
use something like shown on the figure below.

Figure 68: 3-axis actuator system that can function as a "robotic arm" and position a whipstock into the well, autonomously.

The insertion tool allows the system to move in the X, Y and Z-axis. The setup will be modified
accordingly to the specifications we need, including size and a device that can hold and place a
whipstock precisely.
We also discussed the possibilities of having multiple whipstocks mounted with gradually increasing
deflection angle. Then we could gradually build a greater starting angle for the drill string to follow.
The insertion tool would then bring up the first whipstock, and then move the actuator so that the
next whipstock would be over the hole and then insert it into the wellbore.
This process would have to be automated so that at a given depth, the drill string would be pulled
out of hole and then the next whipstock would be inserted and then continue drilling. The team is
considering an approach of combining an Openbuilds Acro 3-axis actuator system of 20” x 20”
dimensions, with two Z-axis oriented actuators that each can travel 10” downwards, to position the
two whipstocks of varying angle into the initial vertical hole section. Seeing as the team is still
considering other options, with regards to robotic arms that can position and hold the whipstocks in
place (to handle expected lateral vibrations as the bit rotates on the whipstock), no final decision has
been made as to which insertion tool or method the team will develop and integrate on the rig.
Please see the monthly reports for an update on which insertion tool is selected.
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26. Summary: Drill String Considerations

From section 15, the following values were found that limit the maximum operating parameters of
the drilling rig:
Pipe critical slenderness ratio:
𝑙
𝑘

=

2𝜋 𝐸
= 𝟕𝟎. 𝟐
𝜎

Buckling limit:

𝐹

=

𝜋 𝐸𝐼
= 𝟐𝟖𝟎. 𝟓 𝑵
(𝐾𝐿)

∗

𝜋 𝐷 −𝐷
16
𝐷

Maximum torque before pipe shears:

𝑇

=𝜏

= 𝟐𝟒. 𝟕 𝑵𝒎

Maximum torque before pipe yields:

𝑇 =𝜏 ∗

𝜋 𝐷 −𝐷
16
𝐷

= 159.3 ∗ 10 ∗

𝜋 𝐷 −𝐷
16
𝐷

= 𝟏𝟗. 𝟎 𝑵𝒎

References are given at the end of this report (and in Section 15).
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Part 4: Deviation Drilling
27. Strategy of Drilling Operation
The team proposes the following strategy for the drilling operation. Please keep in mind that this is
just a sequential order of operations intended to show the proof of concept of how the rig will steer
to target.

1. Drill Pilot Hole Section, 1" Depth - ahead of competition.
2. Prepare and calibrate sensors on site - ahead of competition.
3. Start autonomous control algorithm - at competition start.
4. System initializes startup sequence to calibrate sensors, ensure all systems are live, and that data
feed is live.
5. Establish hook-load weight and tag top-depth of rock sample.
6. Using moderate WOB (to not build angle with the knuckle joint) and either top drive or downhole
motor to drill an additional 3" vertically to facilitate for whip stock.
7. Turn off pumps / compressors and Pull Out of Hole (POOH) using actuators (to approximately 15
cm above rock surface.
8. Come forward with a Whipstock insertion tool (robotic arm / actuators), and position whipstock
above 4" pilot hole.
9. Insert Whipstock into pilot hole (tag bottom of pilot hole by end of whip stock).
10. Lower bit into pilot hole until tagging top of Whipstock.
11. Start compressor to ramp up bit to medium rotational speed.
12. Exit pilot hole not using too high rotational speeds or too high WOB (to not risk damage to bit
cutters).
13. Enter Autonomous Normal Drilling State
as part of the above, make use of search-algorithm, formation classification and fault detection,
as well as downhole position sensor data.
14. Use the downhole position data to steer according to the preprogrammed well trajectory, by
rotating top drive mechanical angle for azimuthal corrections and WOB for inclination corrections.
15. Maximize ROP while ensuring that point of no return to steer to target zone is not exceeded.
16. Exit Rock at Target Zone (within ellipsis of accumulated error).
17. POOH with bit.
18. POOH with Whipstock and set robotic arm back to standby position.
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28. Smart Drilling (AI) Control Algorithm
Since the rock samples are relatively uniform, it should be possible to obtain enough training data for
smart drilling. Using input parameters from sensors, the system should make decisions to maximize
rate of penetration. This while building enough angle to achieve the maximal deviation score and
keeping the mechanical stress levels on components within the tested safe parameters.

ANN fit our smart drilling approach. Given enough historical data, the neurons can use
backpropagation to create an ever-improving model of drilling. An ANN is divided into input-, hiddenand output layers.
Neurons are the nodes of the ANN where the computation happens. The computation is a
sigmoid function to create an activation value between 0 and 1, where 1 is fully activated and 0 is no
activation. Using backpropagation, the weights and the bias can be adjusted to improve the model
with more data. Below is the general formula for activation.
𝑎 = 𝜎(

𝑤 𝑎

+𝑏 )

Where the 𝑗 is the 𝑗 neuron, 𝑙 is the 𝑙 layer, 𝑎 is the activation, 𝜎 is the Sigmoid function, 𝑤 is
the weight of for the specific layer and activation of the subsequent layer. 𝑏 is the bias for the
specific layer and neuron.
𝜎(𝑥) =

1
1+𝑒

The activation formula can be simplified further using matrices as below. This has the added benefit
of enabling efficient GPU computing, since a GPUs are excellent at computing matrices.
𝑎 =𝜎 𝑤 𝑎

+𝑏

=𝜎 𝑧

Where 𝑧 is just a useful quantity worth naming for further calculations.
The input layer will in our case consist of sensor data that proves statistically significant to
the rate of penetration. This could be WOB, torque, magnetometer, angle of the drill among others.
The data acquisition must be done real time with a high degree of time synchronization between the
input parameters. Filtering must be performed before the data is fed into the network. A higher
sampling frequency is beneficial to response time and essential for creating a representative model
for real-time drilling decisions.
Hidden layers are neurons not directly connected to an input or output taking one or more
subsequent activation values. Having multiple hidden layers is considered a deep learning network.
The output layer is the end values used to regulate the actual rig while drilling. Based on the
model, these outputs will give the best possible rate of penetration in the systems current state. The
rate of penetration is the main indicator of good fitness.
Backpropagation enables the system to adjust its weights and biases based on new training
data. The system is carefully constructed to allow calculation of 𝜕𝐶/𝜕𝑤 and 𝜕𝐶/𝜕𝑏 where 𝐶 is the
cost function with respect to any weight 𝑤 or bias 𝑏 in the network. A cost function is how good a
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neural networks prediction matches the training examples expected output. There are multiple cost
functions. A common one is the Quadratic cost function also known as mean square error as below.
𝐶=

1
2

𝑦 −𝑎

Where 𝑗 is a specific neuron, 𝑦 is the desired output and 𝐿 is the number of layers. A neural network
is essentially a function with a huge number of input variables. The goal is to minimize the total cost.
A useful tool for this is finding the gradient of the cost function. Finding global minima is an
immensely computationally demanding task.
Gradients can instead be used to find the direction of a local minima where ∇ 𝐶 ≈ 0. This
approach does not guarantee finding the global minima but is many times less computationally
expensive. Finding the local minima from multiple different starting points is relatively fast as follows.
𝛿 =

𝜕𝐶
𝜎 (𝑧 )
𝜕𝑎

Where 𝛿 is the error. Using matrices, the same calculation can be done in bulk.
𝛿 = ∇ 𝐶 ⊙ 𝜎 (𝑧 ) = (𝑎 − 𝑦) ⊙ 𝜎 (𝑧 )
The error can also be found in terms of the error in the next layer. This is essential for adjusting the
weights and biases backwards in the system.
𝛿 =( 𝑤

𝛿

) ⊙ 𝜎 (𝑧 )

The rate of change of the cost with respect to any bias is exactly equal to the error when both
current layer and specific neuron is considered.
𝜕𝐶
=𝛿
𝜕𝑏
The rate of change of the cost can also be calculated with respect to a specific weight, giving the final
building block for backpropagation.
𝜕𝐶
=𝑎
𝜕𝑤

𝛿

Using these building blocks a neural network based smart drilling control system should be feasible.
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29. Downhole Position Control

Downhole position control will be ensured by creating a virtual environment of coordinates to
represent the position of the bit at any times in the competition rock. The different sensors on
surface that measure actual travel distance (and displacement of pipe), in addition to downhole
sensors measuring the azimuth, inclination and bit displacement, will provide continuous sampling of
the bit position (all sensor data transmitted simultaneously in an array – digital communication
protocol ensures synchrony in measurements)) that will be used along with the well trajectory
algorithm and prediction model to give an estimate of the accurate bit position. Seeing as one will
not need continuous position data, for instance for < 10 mm movement, implementing digital
moving-average filters of the downhole measurements, along with ellipses of uncertainty in which
the accumulated error is provided at each “last known position” point, will be used to ensure as high
quality in the position data as possible. As was discussed in Section 13, accurate position control to
both ensure that the system have a good perception of the bit location and predict what corrective
measures that must be taken to achieve target will be especially important for this year’s
competition.
An internal directional control scoring target will possibly be implemented as part of a weighted
ranking of the rig priorities. The internal scoring target and weighted ranking will for instance
determine whether high build, combined with increased wellbore friction and reduced resulting ROP,
or whether maximizing ROP will be most important throughout the different parts of the drilling
operation.

30. Steering Capabilities for proposed system

Rotating just the bit will decrease the stress and torsional forces on the drill string. Additionally, it will
provide easy control of azimuth by using the top drive connected at the top of the drill pipe to keep
azimuth constant. If our downhole telemetry detects a change in azimuthal direction, we can easily
rotate the top drive in the required direction and get back to the original drilling direction.
Depending on what design we decide to go with, inclination will be controlled accordingly. In terms
of the whip-stock solution inclination of the whip-stock will be based on calculations on how much
we will have to build and what inclination we need to hold to reach the target. Using a knuckle-joint
concept in addition or by itself, we plan to design the knuckle-joint such that the build angle
increases with increasing WOB. Downhole steering, using mechanical levers, pistons, hydraulic jetting
and so on has been considered, and is still possibly being considered viable in the future. There are
however so many challenges associated with ensuring position control and allow steering of a bit
autonomously whatsoever that these thoughts have not been included in this report. Updates on
steering principles will follow in monthly reports.
The team is also working to integrate speech-recognition on the rig. The idea is to first test how the
drilling operation can be initiated and ended, using e.g. Amazon Alexa. If successful, the speechrecognition will be expanded upon to provided SITREPs during drilling regarding the status, and
possibly even allow decision-points to be signaled by the control system, in which the driller can
reply as to which course of action that should be selected. These experiments are part of our humanmachine interaction research, trying to understand which near-future capabilities that can developed
for the industry (seeing as complete automation, disregarding the driller, is not likely to happen in
near future).

77

2018-12-31

Part 5: Financial Considerations
31. Budget
31.1
System Components and Hardware
NB! Yellow fields are equipment purchases not included into the budget (as they are not
essential/being used during competition drilling.
Categories
Budget USD
Estimated value of existing rig/system
High speed camera with light
Drill pipes
Knuckle joint
Pneumatic motor
Connectors (3/8” NPT)
Bit
Whip stock
Compressor
Signal wires
Air hose
Stepper Motor + driver
Tool box
Surface arm / device for inserting whip stock etc.
Swivel (identical replacement for redundancy)
HBM – RTS DAQ
Sensor sub (incl. development and labor costs)
Arduino ADC
Database Hardware – server
ML – Rock classification

4,000
2,300
300
200
1,000
250
50
170
400
1,000
100
350
230
350
570
6,000
3,000 (250 – actual cost equipped on rig)
150
1,100
2,300 (used to train ML model)

Electrometer and fiberoptics

300

Monitor and PC/GPU

4,600

Total Estimate of all Hardware
Planned Rig Expenditures:

28,720
USD 9,120 excl. tax, shipping, labor
costs etc.

Figure 69: Planned Rig Expenditures for 2019 Competition.

Organizational Budget Costs

Budget USD

Events
PR Events
Autonomous drilling seminar at UiS (Lunch, coffee
etc.)
Transport of rig for demonstrations at Jåttåvågen 13 times.
Drillbotics conference in Celle (Transport,
accommodation)

570
3,500
2,300
4,600

Promotions
Seminar flyers
2x Roll-up
Team uniforms w/ Aker BP logo

230
570
2,300

Total Estimate

14,070

Figure 70: Planned total organizational costs related to UiS Drillbotics in 2019.
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In total, our total budget costs for 2019 amounts to 42790 USD (= 373,000 NOK). This, including
estimated costs for shipping, a 25% tax amounts to approximately 500,000 NOK.
Labor costs is excluded from this estimate.
31.2
Jens
Erik
Carsten
Magnus
Sander
Håkon
Andreas
Magomed
Redjol
Dan
Robert
Tomasz

Hours

Labor Costs (in team and outsourced)
32. Thesis students
40
40
27
27
27
Extra help
5
5
5
1
Supervisors
3
2
2
Outsourcing
48
236 Cost

8000
8000
5400
5400
5400
1000
1000
1000
200
900
600
600
15000
52500

Figure 71: Illustrative estimate of labor costs associated with having a full team working on the
project for a semester. Values are given in NOK and are per week.
First column shows the estimated hours used per week while the second column estimates the total
weekly cost. The estimations are based on an hourly wage of NOK 200 for the Thesis students and
Extra help. For Supervisors and Outsourcing an hourly wage of NOK 300 is estimated. The total cost is
NOK 52500 (USD 6,100) per week, illustrating that costs related to project are significantly more
dependent on labor than actual hardware costs on the laboratory-scale.
Thesis students
Jens and Erik: 40 hours are estimated because they will write their master thesis (30 ECTS) during the
spring.
Carsten, Magnus and Sander: 27 hours are estimated because they will write their bachelor theses
(20 ECTS) during the spring.
Extra help
Mainly 4th year master students that are required for keeping the project going after the thesis
students graduate. Therefore, there is only estimated a couple of hours each week as they will be
occupied with ongoing courses.
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33. Funding and Sponsorships

A corporate sponsorship is most often a contribution of goods, in-kind services or money given by a
company to a non-profit organization to fund a specific project or event. Aker BP showed interest in
sponsoring UiS Drillbotics for last year’s competition, and we’re excited to continue this collaboration
again this year. Aker BP want to collaborate with UiS Drillbotics to investigate the advantages of
using our rig as a test bench (to obtain proof of concept) for testing of new functionalities and
software. Proof of concept is key to every development process, and Drillbotics is a powerful tool to
communicate to the rest of organization with in-house demos of autonomous drilling. As part of the
collaboration, Aker BP is mentioned as a sponsor in publications, conferences and so on in which
generated research from the project is exposed in.
The motivation in UiS Drillbotics is to:
1. Facilitate for industrial collaboration through various projects based on actual industrial
demands in the E&P sector,
2. Generate valuable research that can be presented in papers and conferences in the academic
and industrial domain,
3. Ensure that graduating team members write final thesis’ that have relevance to their field of
study,
4. Highlight on-going digitalization / automation efforts among students at the University of
Stavanger.

80

2018-12-31

34. References to Previous Thesis and Publications from UiS Drillbotics
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Hjelm, O. A., and Nilsen, S. J., 2018. Master’s Thesis: “Intelligent drilling with sensor data and
machine-learning”, University of Stavanger.
Klaehaug, K.A., 2018. Master’s Thesis: “Data and control tuning of laboratory-scale
autonomous drilling rig”. University of Stavanger.
Hagen, H., Jakobsen, A., & Khadisov, M., 2018. Bachelor’s Thesis: “Laboratory drilling rig
construction, testing and modeling for optimization and problem management”. University
of Stavanger.
Sand, E. L., 2018. Bachelor’s Thesis: “Design and implementation of a control system for a
fully automated drilling rig”. University of Stavanger.
Loeken, E., and Trulsen, A. (2017, May 29.). Bachelor’s Thesis: Construction, Design and
Optimization of an Autonomous Laboratory-Scale Drilling Rig. University of Stavanger.
Holsaeter, A. (2017, June 29.). Master’s Thesis: Integration of modeling and drilling incident
management of a realtime lab-scale autonomous drilling rig. University of Stavanger.
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C.H.Geekiyanage, S., Løken, E. A., Wiktorski, E., and Sui, D. “Algorithms & architecture for a
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C.H.Geekiyanage, S., Løken, E. A., Sui, D., and Aadnøy, B. S., 2018. “Autonomous laboratoryscale drilling rig for testing and control of drilling systems”. European Oil and Gas Journal, pp.
38–39.
C.H.Geekiyanage, S., Sui, D., and Aadnøy, B. S., 2018. “Drilling data quality management; case
study with a laboratory-scale drilling rig”. In 37th International Conference on Ocean,
Offshore and Arctic Engineering (OMAE77510).
Løken, E. A., Trulsen, A., Holsaeter, A., Wiktorski, E., Ewald, R., and Sui, D., 2018. “Design
principles behind the construction of an autonomous laboratory-scale drilling rig”. In IFACOOGPl Conference.
Loeken, E., Geekiyanage, S., Sui, D. & Ewald, R. 2018. “Construction of an Autonomous
Laboratory-Scale Drilling Rig for Testing and Control of Drilling Systems”. European Oil and
Gas Journal.
Cayeux, E., Akisanmi, O., Alani, O., and Sui, D., 2017. “Challenges in the automation of a
laboratory-scale drilling rig and comparison with the requirements for full scale drilling
automation”. In SPE Conference
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Appendix A – Safety Case for the rig
Electrical Hazards
All electrical components that pose a risk of injury to personnel working adjacent to the rig are located
in a waterproof electrical cabinet. All high-voltage/ampere wires are isolated.
Handling of grounding faults:
When the assembly is complete, we will establish grounding for the entire rig with help of 6mm2 cables.
As an example, shown in the figure below, we will establish contact between the different frames by
attaching a 6mm2 earthing cable, with cable shoe, between each frame with the help of self-drilling
screws. After contact between the frames is established, we will connect the grounding to one of the
power supplies. This will ensure that the whole circuit is complete and protected by a RCD (ResidualCurrency Device).
Checking the rig to ensure a closed circuit:
After all grounding cables are attached between the framework, it is necessary to check if the entire
system is properly grounded. To do this we will use a Multimeter which allows us to check if each
individual part of our rig is grounded. The way this can be done is that the multimeter sends out a
signal from one multimeter-cable to another, and if there is contact between the two cables the
multimeter will have a closed circuit and will emit a sound. If the grounding cable is improperly
attached between the frameworks, the multimeter will not have a closed circuit and will not emit a
sound.

Figure 72: Illustration of how the
various parts of the framework will
be included in a closed circuit to
ensure that the entire rig and the
different systems are properly
earthed (grounded). 6 mm2 earthing
cables with earthing shoes will be
used.
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Other Hazards that possibly may occur
As a safety precaution, all team members who will be involved/present by the rig during
operations and/or maintenance work have completed a Machine Workshop Course, hosted by the
IMBM at University of Stavanger. This course also gives the students an introduction to how
different heavy machinery is operated (e.g. lathe, mill, welding etc.) and how to behave at a
workshop to gain access to the University workshop.
Some other hazards in addition to electrical hazards could for instance be;
-

Noise generated either by heavy machinery such as pumps, compressors and so on, or by
actual drilling with the rig setup. Precautionary measures such as ear protection must be
equipped whenever noise is expected.

-

Falling objects, for instance the competition rock if not fastened properly (or during loading of
rock into or out of rig frame). Precautionary measures include always wearing protective
footwear during loading of heavy components.

-

Back-damage related to heavy lifts. Precautionary measures include always using jack or other
available lifting device, rather than carrying out lifting operations manually.

-

Flying objects, for instance if a component comes flying off during rotation of the drill bit (and
thus pipe). For this reason, any person within 15m of the rig should wear protective glasses
during any experiment that involves rotation or potentially flying objects.

-

Rotating objects, for instance the drill pipe or BHA during drilling. As a precautionary measure,
gloves or lose sweaters are not permitted around equipment, to prevent damage to fingers
and hands.

-

Chemical reactions, in particular if for instance one is experimenting with chemicals in the
drilling mud. As a precautionary measure, equipment to handle chemicals and protective
equipment (such as gloves, lab coat, and goggles) must always be worn.
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References for Section 15 and 16
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