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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  

𝜎𝑚𝑎𝑥 − Ultimate strength  

𝜎𝑠𝑢 −  Ultimate shear strength  

𝜎𝑠𝑦𝑝 − Shear yield point  

𝜎𝑦𝑝 − Tensile yield strength  

τ𝑚𝑎𝑥 − Max torque  

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

τ𝑦𝑖𝑒𝑙𝑑 − Yield torque  

θ𝑎𝑛𝑔𝑙𝑒 − Angle 

μ𝑏𝑖𝑡/𝑟𝑜𝑐𝑘 − Coefficient of friction 

ρ − Density 

ω̇𝑏𝑖𝑡 −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 2021 Competition 

 

1. UiS Drillbotics 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 fifteen (15) Bachelor of Science and 

Master of Science students from the Institute of Energy and Petroleum (IEP), the Institute of 

Computer Science and Electro-Technology (IDE) and the institute of Mechanical and Structural 

Engineering and Materials Science (IMBM). Five (5) of these students will participate in the group B 

of the competition, the physical rig. 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, five (5) students wrote thesis on the project directly related to the competition, in which 

four (4) graduated with a Master of Science and one (1) student with a Bachelor of Science. This year, 

none of the current team members will be writing their Master or Bachelor of Science thesis. 

However, three students that are involved with the project have worked on the project in the past. 

The team is still open for recruiting members that want to write their thesis on group B of Drillbotics, 

if any changes are made to the team the monthly reports will reflect this. The team members and 

supervisors are: 

Team members writing thesis´: 

- Andreas Sandvik Jakobsen* (Project Lead), MSc student Industrial Asset Management    

Phone: (+47) 93052570 

- Jon Erik Karlsen* (Technical design and lead engineer), MSc student Engineering Structures 

and Materials 

- Jonatan Byman* (3D-manufacturing), MSc student Marine and Offshore Technology 

- Magnus Erstad (Mechanic / Business relations), MSc student Industrial Asset Management 

- Kirisan Mannivannan (Control System / Software architect), MSc student Industrial Asset 

Management 

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) 

 

* Have been a part of the UiS Drillbotics team and Drillbotics competition in 2019-2020.  
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1.1 Problem Description 
 
“This year’s competition will be to create a virtual rig, including drill string/BHA and wellbore 

interaction, and to demonstrate the model using a control model developed by each team. Due to 

the COVID-19 pandemic, the Drillbotics challenge committee decided to focus this years’ competition 

on a virtual rig in an effort to facilitate competition success while teams work together remotely. If 

school policies allow a team to design and build a physical rig and there are a sufficient number of 

teams capable of building a physical rig, the Committee will allow these teams to compete as a 

second group as mentioned below and referred to as Group B. The competition guidelines for the 

Group B competition is listed in Appendix C. “ 

The team has constructed an autonomous laboratory-scale drilling system, capable of drilling a 

directional well through a homogeneous sandstone rock sample provided by SPE DSATS. The 2020 

challenge will build on the directional drilling element by requiring teams to drill a wellbore to hit 

multiple targets at varying vertical depths and X/Y coordinates. 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 (Section 1.5) will be of 1.5” diameter (1/4” 

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. However, stainless steel 

tubing will be permitted for this year’s competition. Please see section 11 Drill pipe, for tests 

performed in the spring of 2020 on aluminum and stainless steel 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 closed-loop 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. When the test begins, the teams will start 

drilling autonomously by continuing to drill the pilot hole, keeping the wellbore as vertical as possible 

until reaching the kick-off point. The teams will kick off from vertical at any depth below the 4” 

vertical surface hole. 

The drilling rig is limited to 25 BHP power consumption and lower power consumption resulting from 

energy efficient designs will receive additional consideration. 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 
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borehole quality. The casing will be nearly equal in diameter to the 1.5” 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 2019-2020 Guidelines). 
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1.2 Project Timeline: 
 

 

Figure 1: Project Timeline taken from the 2021 Competition Guidelines. 
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1.3 Evaluation Criteria / Weighting of Competition: 
 

 

Figure 2: Evaluation Criteria taken from the 2021 Competition Guidelines. 
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1.4 Directional Drilling Scoring 

 

Figure 3: Directional Objectives, Automation Requirement and Deliverables to be used during competition, taken from the 
2021 Competition Guidelines. 
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Figure 4: Directional Deliverable Requirements, taken from the 2021 Competition Guidelines. 
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1.5 Baker Hughes vs UiS Drillbotics PDC Drill Bit  
 

As for previous years, the DSATS committee will provide the team with a bit upon request. 

We will be provided with a micro PDC bit, 1.5 inches in diameter (38.1mm) and 2 inches in 

total length. The bit features short bit length and high bit anisotropy. Most importantly, the 

bit has provision to let participants adjust the axial and side aggressiveness of the bit before 

a run by changing the exposure of the blunt tungsten carbide elements on the gage pads and 

on the bit face. 

 

One of the main objectives for the 2020 competition was to design our own PDC drill bit and 

test its performance against Baker’s bit. We are very pleased with the results from our first 

12-cutter design and the bit managed to drill upwards of 4 cm/min in some section whilst 

eliminating most of if not all bit walking and lateral vibrations. With time, we plan to conduct 

more experiments with different types of bits and designs. Our goal is to identify bit-types 

that yield the best results for directional drilling.  

 

Figure 5: Three well profiles in the homogeneous cement using a fixed 8 degree bend. From the top: UiS 12-Cutter PDC Bit, 
Baker Hughes 4-Cutter PDC Bit and Alibaba 2-Cutter PDC Bit. 
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2.1 Well-log Analysis of Previous Well from the 2019 competition  
 
Experiment 1: Vertical well section 
 

 
Figure 6 Experiment 1: Well log representing rig performance when drilling with downhole motor in inclined section using a 
7 degree whipstock 

 
 
The first well section with logging tools in the BHA was drilled from 355 mm MD 
to 440 mm MD in homogeneous cement, using a 7 degree whipstock. The WOB setpoint is 
kept constant at 5 kg, while the RPM setpoint is varied between 925 and 1075 revolutions 
per minute. The resulting ROP is approximately 0.4 to 0.5 m/hr, which is considered a good 
result given the increased wellbore friction and a low WOB setpoint. WOB setpoint has from 
experiments conducted in the past been assessed to be the most important drilling 
parameter affecting the ROP. The MSE varies between 10 and 40 MPa, and was calculated 
by hardcoding a constant torque value equal to 1 Nm (since the top drive is turned off during 
drilling with the downhole motor for less noisy data; resulting in a zero torque measurement 
in the motor encoder). From the figure, it can be observed that even with high oscillations in 
the downhole sensor measurements, approximately 7.5 mm horizontal build is achieved, 
with an offset on the azimuth of approximately 1 mm. In Figure 6 below, a cross-section of 
the first deviation well that was drilled successfully is shown after a waterjet cutting machine 
was used to split the rock sample. 
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Figure 7: Figure 6: Well Profile using 7 degrees whipstock in homogeneous cement 

Deviation well 1, homogeneous cement, 7 degrees whipstock 
Figure 9.14: Well profile using 7 degrees whipstock in homogeneous cement. 
From inspection of the rock, approximately 55 mm horizontal build was achieved 
over 490 mm TVD of drilling below KOP. In the last 150 mm of drilling, the 
knuckle joint turned slightly due to a twist in the connection between the knuckle 
joint and sensor sub, causing an azimuth offset of approximately 10 mm. From 
evaluating the well integrity, it is probable that bit whirl has occured, possibly 
caused by the undergauge BHA. It is however difficult to monitor and confirm bit 
whirl with the current configuration. 
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Experiment 2: Vertical well section  

 

Figure 8 Experiment 2: Well log representing rig performance when drilling with downhole motor in vertical pilot hole 
section for 170 mmTVD to later RIH with whipstock. Riser is used to ensure verticality. 

 
The second well log, as shown in Figure 7, showcases a pilot hole section that was drilled to 
evaluate the performance that can be achieved with high drilling parameter setpoints in the 
first vertical section of the competition well. RPM is kept nearly constant at 1040, and the 
WOB is increased from first 5, to 10 and later 15 kg. As the WOB gets increased, the DOC 
increases from approximately 0.01 (5 kg WOB) to 0.015 (10 kg WOB) to 0.025 (15 kg WOB) 
mm/rev, which results in an ROP increase from approximately 0.5 m/hr to 1.5 m/hr at most. 
While the increased WOB lead to an improvement in ROP, a slight build can be observed 
(according to measurements and visual inspection), which is possibly caused by the knuckle 
joint starting to bend at high WOB. The range for WOBBuildInclination starts at approximately 12 
kg (up to maximum 18 kg). While the MSE also for this well log is calculated with 1 Nm 
torque constantly, it can be observed that the MSE is reduced as the WOB increases, 
suggesting less energy is wasted, and a higher percentage of the combined energy usage 
goes into bit-rock interaction.  
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Experiment 3: Deviation well with WOB 5 to 20kg  

 

Figure 9 Experiment 3: Well log representing rig performance when RIH to 240 mmTVD and then drilling with downhole 
motor to 600 mmTVD. A 7 degrees whipstock is used to kick off.  

Continuing to vary the WOB, the same approach as before is used in an inclined section in 
Figure 8. For the first 235 mm, the bit is RIH, With a 5 kg WOB setpoint and an RPM of 
between 730 and 1040 to pass the KOP where a 10 degree whipstock has been inserted. The 
previously drilled well section that the whipstock had been landed in got drilled as shown in 
Experiment 2 above. Contrary to the last experiment, it is observable that while the ROP 
continues to increase with an increase in WOB setpoint, the MSE does not decrease. A 
possible explaination to this is that increased friction between the non-rotating BHA and the 
wellbore in the inclined section leads to a lower ROP (approximately 1 m/hr) than expected. 
Horizontal build is calculated from measurements to approximately 100mm, with an offset 
on the azimuth of approximately 3 to 4 mm (occurs at the end of the inclined section). Upon 
inspection of the well, approximately 45 mm horizontal build was achieved. Possible 
explainations of both the MSE, over-estimated horizontal build and only a moderately high 
ROP can be that; either the increased wellbore friction reduces the overall efficiency of the 
drilling operation and that constant vibrations against the wellbore influence the 
measurements for inclination calculation. Another possible explanation can be that only half 
of the BHA is submerged inside of the well, leaving the BHA even more unconfined, which in 
turn affects the vibration cycle of the entire assembly.  
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Experiment 4: Pilot hole section 0-166 mmMD. Inclination well from 109 mm to 600 
mmMD. 
 

 
Figure 10 Experiment 4: Well log, downhoe motor drilling of 166mmTVD pilot hole. 

 
In Figure 9 and Figure 10, a complete well was drilled, first drilling to 166 mm MD using the 
riser for vertical pilot hole, and then lowering a 10 degree whipstock into the well before the 
bit kicks off. For the pilot hole, the first 65 mm are drilled with a WOB setpoint of 10 kg, 
before 15 kg is used for the remaining parts of the well-section. As has been observed from 
previously conducted experiments, the ROP increases from approximately 0.5 m/hr to 1.5 
m/hr with an increase in WOB, and the MSE decreases as a result. In this pilot hole, the 
horizontal build and azimuth offset plots are lacking, with constant values showing (due to 
an error in calculations since the downhole sensor was calibrated erronously). 
 



 

22 

 

 
Figure 11 Experiment 4: Well log representing rig performance when RIH to 109 mmTVD (whipstock KOP) and then drilling 
with downhole motor to 600 mmTVD. A 10 degree whipstock is used to kick off. 

When the 10 degree whipstock is used, an ROP is achieved of approximately 1 to 1.25 m/hr 
in the inclined section when WOB is kept at either 10, 15 or 18 kg WOB. In terms of the 
calculated horizontal build from 167 mm to 600 mm MD, approximately 58 mm is measured 
with the downhole sensor, while the true build is approximately 42 mm. A theory, that can 
possibly explain the low horizontal build is that the small cross-over between the bit and 
pneumatic motor allows the downhole motor to return to a near-vertical trajectory just 
below the whipstock, resulting in a rathole and a much lower build at KOP than 10 degrees. 
Once the cross-over has passed the end of the whipstock, and the downhole motor with a 
larger OD passes the whipstock, the bit will get forced towards a steeper dogleg than was 
initially achieved, but still lower than the whipstock dogleg at KOP. It is possible that a higher 
horizontal build got achieved with the 7 degree whipstock, since such an effect of the bit 
returning to near-vertical once the cross-over is rotating inside of the whipstock would get 
limited. Another explaination is that one of the cutters on the PDC bit received from Baker 
Hughes was observed to be chipped after the operation, which is considered the most likely 
cause of the reduction in ROP. 
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2.2 Observations made during drilling in the spring of 2019 
 
Some key observation made during drilling in the spring of 2019 are still relevant for this 
year’s competition. During 2019, our main rotational system where changed from an all 
electric top drive motor system to a pneumatic system. Motivation for changing to a 
pneumatically driven rotational system was mainly to reduce vibrations, have motor closer 
to the bit and use top drive for directional control.  
 
In the past couple of years we have observed that we have quite excessive vibrations in our 
drilling system. Careful considerations and measures have been implemented in order to 
eliminate the damaging vibrations without achieving the desired results. When we changed 
our design to the pneumatic system, the vibrations were heavily reduced compared to our 
conventional way of drilling. By converting various previously rotating parts to now static, 
proved to have a huge impact on vibrations and drilling efficiency. We have used MSE and 
ROP as a qualification measure for evaluating drilling efficiency. The design has taken 
inspiration from industry solutions for direction drilling.  
 
Previously, we had issues with twisting of pipe at the top connection to the top drive. In this 
area, the pipe experience cyclic fatigue due to whirl and lateral vibrations during drilling. 
Since our BHA and pipe does not provide enough weight, we must apply weight with the use 
of actuators. By applying weight on bit in this manner, the entire pipe is always in 
compression, which a great contributor to the cyclic fatigue experienced in the connection. 
With the pneumatic design pipe stayed static at all times, except when we were setting tool 
face. After we eliminated the need for string rotation during drilling, we have not 
experienced any twist-off of pipe.  
 
Such a drastic design change did not come without issues. Previous issues had been 
eliminated, but naturally new issues have surfaced. The shaft on the pneumatic motor was 
not design for high bending stresses. No compensating measures were made either to 
strengthen the shaft in lateral direction. This led to the motor shaft occasionally breaking 
and practically destroying the motor. This was not addressed as an issue by the group until 
late in semester due to limit time to test system. The motor shaft has a high strength in the 
axial and torsional direction. In the 2020 competition, this issue was addressed, and 
compensating measures were made to prevent the motor shaft from breaking.             
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Part 2: Control System 

3 Database for Real-Time and Post-Analysis 
During every drilling experiment, the sensors installed on 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 has been 

collected, either in real-time using a Python script that saves real-time data received directly 

from Arduino Due microcontrollers or for post analysis using a high-frequency data 

acquisition (DAQ) module. In the first years, the data was stored in flat text files and there 

was a lack of organization. A large amount of the data lacked proper labeling or sorting. In 

2017, the team that worked with the laboratory-scale drilling rig received help to implement 

a database in PostgreSQL.  

 

The database and web application that in the past has 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 (RDBMS). 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 a properly researched available solutions for time series data, the range of alternatives 

was narrowed down to two possible candidates; InfluxDB and TimescaleDB. Both are 

considered state of the art time series DB systems, but there were uncertainties as to which 

system would best fit the rig and data. In order to compare the technologies, the two DB 

systems got installed in identical environments with identical datasets. Then, several queries 

were run against both databases and their execution time was measured. Based on the 

results, the team concluded that TimescaleDB is a faster and more reliable solution on the 

drilling rig. TimescaleDB was created by heavily modifying the architecture of PostgreSQL, a 

well-known RDBMS. It is offered as an extension of PostgreSQL and enhances its 

functionality and performance. TimescaleDB still preserves all the features and capabilities 

of a conventional RDBMS. Data is organized in tables with columns, rows, indexes, primary 

keys, foreign keys, constraints and all the desirable features usually reserved for relational 

databases. TimescaleDB satisfied both of our requirements where both leverages the 

features of relational database systems, and also offers great query optimization for time 

series data. This is convenient in order to not have to implement two different databases; 

one to store sensor data and another to store rig state data.  

 

In order to easily manage the data that gets stored in the DB, an application that serves as 

the interface between the users and the DB is required. A separate small application is also 

required; 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 on the computer. A short 
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Python script gets executed on 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 the 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.  

 

To make the data in the DB easily accessible, a user-friendly platform to access the data was 

created in the team. This is solved by writing a web application, where team members can 

log in and manage the stored data. The user can access and download the data gathered 

from either specific experiments, or a subset of those data. The user can then choose to 

visualize the data by generating graphs, query experiments using different parameters, 

manage which variables that the database shall contain, register the drilled rocks (label the 

rock types, experiments, add comments etc.), manage access to the database, and so on. 

 
Figure 12: 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. 

The back end of the DB was developed using the Python programming language. Django was 

used for the web framework. In the frontend, JavaScript, hypertext markup language (HTML) 

and cascading style sheets (CSS) got used. The frontend libraries and frameworks used are 

Bootstrap, jQuery, jQuery user interface (UI), Popper.js and Chart.js. The database is hosted 

at the University of Stavanger, while data can be pushed from any location by running a 

script that can also be downloaded from the web interface where the user accesses the DB. 

As is illustrated above in Figure 3.2, the user can select the experiment that was run from a 

list containing all uploaded experiments, and quickly visualize data from the sensors that 

shall get exported. In addition, the data can easily be down sampled to for instance 10% of 

the raw data. When working with datasets of millions of rows (measurements) and between 

five and thirty columns (sensors or features), this immediately allows the user to select 

which data-frequency to work with, rather than having to import a large dataset, carry out 

either a linear down sampling process and then save the data as a new file.  
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4 Control System Architecture  
 

The drilling system is a collection of several systems including mechanical, hydraulic, 

electrical, hardware, software, and data systems. The hardware architecture is comprised of 

three levels; programmable logic controllers (PLCs) on level 1, computers on level 2 and 

cloud-based storage of time-based data (optionally also depth-based data) on level 3. On 

level 1, the control aspect (PLCs) for 5 the five main systems on the rig are located 

(rotational system, hoisting system, pneumatic system, riser and whipstock positioning 

system and finally hydraulic mud system). Each system gets controlled through its own 

microcontroller / PLC, that both executes commands to the controllable systems on the rig 

(actuators, motors, pumps and so on) and gathers information from the equipped sensors. 

The PC located on level 2 handles the decision-making logic. This logic involves carrying out 

the digital detailed operating procedure (DDOP), ROP search algorithms, steering algorithm, 

stuck pipe model, machine learning models, detection of drilling incidents and carrying out 

remedial actions, as well as pushing the data to a configured database for post-analysis and 

data extraction (level 3). A key factor has been to ensure that all components that make up 

the drilling system are compatible for real-time and autonomous control. 

 

 In 2018, the software architecture was configured to operate as a finite state machine 

(FSM), meaning that the system at any time would operate in a particular state (from a pre-

defined number of finite states such as calibration state, normal drilling state, remedial 

action state and so on). The Arduino Due microcontrollers / PLCs were programmed using 

the Arduino integrated development environment (IDE), while the control system was 

configured using Python and the Visual Studio Code IDE. In 2019, the software architecture 

has seen a major upgrade, and is now configured as a multithreading system, meaning that 

several client/server modules, referred to as threads that run on multiple cores on the 

central processing units (CPUs), run in parallel using a gRPC API to handle communication 

between each module / thread. In addition, an API based on OPC UA has been developed to 

support remote connectivity and remote event handling, allowing external partners to 

execute commands remotely to the control system, for instance through their own API, and 

receive data from the rig in real-time upon request.  

 

The gRPC framework was used as it is suited for making distributed systems such as ours. 

The control system is split into individual modules that run microservices. Each module 

represents a gRPC server and a gRPC client, this makes it capable of both sending 

and receiving data. In addition, the modules are divided into layers that reflect 

their functionality, this gives the system a clear structure. Layers may contain a 

core element that all modules within the layer is dependent on. Modules subscribe 

to lower layer modules to receive all or some of the processed data. The control 

system architecture was designed with future implementations in mind by allowing 



 

27 

 

additional modules to be easily added. 

 
Figure 13: Illustration of the control system architecture. The data stream is uni-directional from left to right. Modules are 
represented as servers. The dotted lines separate each layer. 
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5 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 14: 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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6 Current Configuration of Top Drive in Control System 

6.1 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 

 

𝐹𝑅𝑃𝑀 −
1500𝑅𝑃𝑀

3.3𝑉
− 454.5𝑅𝑃𝑀/𝑉 

 

 

The Arduinos have a resolution of 

 

𝐴𝑟𝑑𝑢𝑖𝑛𝑜 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 − 
3.3𝑉

4096𝑖𝑛𝑡𝑒𝑔𝑒𝑟𝑠
− 0.806𝑉/𝑖𝑛𝑡𝑒𝑔𝑒𝑟 

 

 

 

Which gives the smallest increment in RPM to be 

 

𝑅𝑃𝑀𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 −
454.5

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

 

 

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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6.2 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 

 

𝐹𝑇𝑜𝑟𝑞𝑢𝑒 −
8.59𝑁𝑚

3.3𝑉
−

2.603𝑁𝑚

𝑉
 

 

 

As determined earlier, the Arduinos has a resolution of 

 

𝐴𝑟𝑑𝑢𝑖𝑛𝑜 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 − 
3.3𝑉

4096𝑖𝑛𝑡𝑒𝑔𝑒𝑟𝑠
− 0.806𝑉/𝑖𝑛𝑡𝑒𝑔𝑒𝑟 

 

 

Which gives the smallest increment in torque to be 

 

𝑇𝑜𝑟𝑞𝑢𝑒𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 −
2.603

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

 

 

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. 
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7 Graphical User Interfaces (GUIs) 
Two GUIs have been developed in 2018 and 2019 for the laboratory scale drilling rig. These are a 

visualization GUI to track the progress of the autonomous control system and drilling performance 

Figure 2.31 and a downhole well trajectory environment, also showing the real-time position, 

inclination and orientation of the bit. 

 

Figure 15: GUI is equipped with gauges and parameters showing the control system setpoints and sensor feedback as well as 
building a well log in real-time for interpretation of all stages of the drilling operation. 

 
Figure 11: GUI consists of both real-time feedback from downhole sensor and downhole vibration model, as well as real-time 
tracking of the well trajectory position with respect to the pre-programmed trajectory to steer towards. 

The GUIs have been created using PyQT and QtEditor and are located in their own gRPC module in 
the control system. 
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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 instantaneous- 

and average ROP. 

Blue box: 

Depth-plot / well-log 

representation, in real-

time, with a formation 

classification algorithm to 

illustrate which rock 

formation the system 

believes is being drilled.  

Figure 16: Visualization-panel, Developed for the 
2018 Competition. 
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8 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 17: 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 18: 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. 
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Figure 19: 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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9 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 2021, 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 20: 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 

10 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. 
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Figure 21: The drilling rig setup in June 2020. 
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10.1 Rotational System 
 

10.1.1 Top Drive 
This year the drilling rig will utilize both the hollow-shaft electric top drive motor and the 

pneumatically driven down-hole motor in conjunction. The currently installed top drive transfers 

torque directly to the drill string and provides a rated torque of 2.86 Nm and a maximum 

instantaneous torque of 8.59 Nm. 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 small-scale rotary unions that would not produce considerable 

amounts of viscous friction when the motor rotates at a high rotational speed in a low-pressure 

surface environment.  

 

The main role for the top drive is to set toolface while drilling and to hold angle whilst following a 

pre-calculated trajectory. The pneumatic system will be used as primary motor for drilling. 

Experiences from the 2019 competition gave insight in how challenging it is to build angles in such an 

environment. One can easily believe that the majority of drilling time will be used to build angle 

while drilling to be able to reach the targets. While building angle, only the bit will be rotating. 

Rotation will be applied from a downhole pneumatic motor which will drive either a flexible wire 

connected to the bit or a universal joint. This will be more thoroughly explained in later sections.  

 

This year downhole measurement should be incorporated into the closed loop control and one 

challenge has been 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. 

Another suggestion is to continue using the top drive motor and do extensive EMI compensating 

measures. One can also take survey points in certain intervals, like they do in the industry while 

making up stands. The top drive will be turned off and a survey point will be taken, which should 

ensure good quality data. 

 

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. 

Another suggestion is to continue using the top drive motor and do extensive EMI compensating 

measures. If the signals turn out to be usable, we can continue in the same manner. One can also 

take survey points in certain intervals, like they do in the industry while making up stands. The top 
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drive will be turned off and a survey point will be taken, which should ensure good quality data.  

 
Figure 22: Top drive system, consisting of the motor and the driver. 

10.1.2 Pneumatic 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 the team 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. 
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Figure 23: DEPRAG Pneumatic Motor. 

The pneumatic motor from DEPRAG is rated for 2.1 Nm nominal torque and 1500 RPM. Based on 

previous well logs and experience drilling with the laboratory-scale rig, these performance numbers 

related to rotation and torque should be efficient. However, the size of an air vane motor with these 

specs is quite large. In an attempt to reduce the outer diameter and length of the pneumatic motor 

we are in dialog with companies for them to custom make a pneumatic motor for us, more info will 

be added on this in the monthly updates. 

 

10.2 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 self-

manufactured 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 microcontrollers 

(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 
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– seeing as making changes to key sensors just 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 micro steps, i.e. 2000 steps/rev. Each lead-screw revolution 

corresponds to 8mm travel length, i.e. the system operates with an elevation resolution of 4 µm. 

Very high actuator precision is required for optimal WOB control, which has been a key design 

criterion upon constructing the system. During the 2018-2019 competition the team decided to go 

for more powerful stepper motors translating even more load to the drilling system. Previous years 

the team has 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 allow the system to increase the maximum WOB from approximately 300N WOB up to 600N 

WOB. To address our vibration challenge, the spring loaded couplings between the actuators and 

stepper motors were replaced with rigid couplings. 

 
Figure 24: One of three (3) stepper motors (highlighted with the red circle) and linear actuator system. 
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10.3 Circulation System 
 
Option one (conventional 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.  

10.4 Pneumatic System 
 
Option two (directional drilling):  

When using the pneumatic motor (see Section 10.1.2) as 

rotational provider one need air both for power generation 

and cuttings transportation. The pneumatic motor requires 

a quite high flowrate 300 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.  

   

Figure 25 Schematic of drilling rig design. 

Figure 26 Pneumatic line up. (Yellow lines) 
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The solenoid valve is a 2-way normally closed control valve. The valve control takes place through the 

control electronic which coverts an analogue input signal into a Pulse-Width Modulation (PWM) 

signal. The duty cycle of the PWM signal determines the coil current and hence the position of the 

plunger. It is used to throttle the inlet pressure from 0-100% to control the rotational speed of the 

motor. Figure 27 represents the various bit RPM at different valve opening positions.  

 

Figure 27: Bit RPMs for solenoid valve openings ranging from 60% to 100%, corrected for 0 to 2.1 Nm torque. The data is 
taken from experiments performed by Løken and Løkkevik. 
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10.5 Cuttings Transport System 
In order to not fill the entire lab area with airborne dust particles from the drilling, an efficient 

cuttings transport system is imperative. Experience shows that drilling with the pneumatic motor 

creates extremely fine cuttings which easily becomes airborne from the 300 liter per minute flow of 

air. Cement and sandstone particles should not be inhaled, so for HSE reasons require a complete 

collection of cuttings. To accommodate the fine particle collection, two ash vacuums are used to 

collect the particles. Since most of the particles travel with the same velocity as the air, the cuttings 

must be confined in a space where it can be extracted from the air. Therefore, a confinement box 

was designed to be 3D-printed in ABS.  

 
Figure 28: 3D-printed cutting transport system. 

 
The cuttings transport system is designed such that the cuttings will be confined within the riser area. 
The bottom part of the system is placed on top of the formation and is extended onto the riser wall 
(yellow). A door has also been included to be able to inspect the drilling assembly while drilling. The 
top part of the system is slid down on top of the riser. There is an internal seal which clamps around 
the pipe confining the cuttings. The cuttings are collected by the use of two ash vacuum cleaners 
which are attached to the 3D-printed parts.  
 
Manufacturing of the cuttings transport system was done using a Fortus 450mc industrial plastic 
printer to ensure the best available quality. 
  



 

46 

 

 

10.6 Power / Electrical Set-up 
 

 

Figure 29: 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 proto-shields 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 micro-controllers.  

Figure 30: Self-manufactured proto-shields for PLCs and screw-
terminals. 



 

47 

 

11 Drill Pipe 
Testing of other materials for drill pipe will be conducted in the spring 2020 to investigate for better 
suited materials.  
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]: 

 

11.1 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

𝑘
= 𝑙 ∗ √

𝐴

𝐼
 

The gyradius is defined by: 

(𝑬𝒒. 𝟐) 𝑘 = √
𝐼

𝐴
 , 

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. 

(𝑬𝒒. 𝟑) 𝐼 =
𝜋

64
∗ (𝑑𝑜

4 − 𝑑𝑖
4) 
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(𝑬𝒒. 𝟒) 𝐴 =
𝜋

4
(𝑑𝑜

2 − 𝑑𝑖
2) 

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

(𝑬𝒒. 𝟓) (
𝑙

𝑘
)

𝐶𝑟
= √

2𝜋2𝐸

𝜎𝑦
 

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. 

 

11.2 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 lose 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. 

(𝑬𝒒. 𝟔) 𝐹𝐶𝑟 =
𝜋2𝐸𝐼

(𝐾𝐿)2
 

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. 
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(𝑬𝒒. 𝟕) 𝜎𝐶𝑟 = 𝜎𝑦 −
1

𝐸
(

𝜎𝑦

2𝜋
)

2

(
𝑙

𝑘
)

2

  

where σCr is the critical stress, σy is the tensile yield strength, E is the modulus of elasticity and (
𝑙

𝑘
) 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 31: 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 approach 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 Euler’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 fixed-

fixed. 

 

 

  

Figure 32: The values of effective length factor, K, depending on end conditions [4]. 
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The input data and result for Euler’s critical load formula can then be found as: 

 

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. 

 

11.3 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

𝜌𝑟
  

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 
𝐷𝑜

2
 and the polar moment of 

inertia for a pipe is given by Eq. 9. 

(𝑬𝒒. 𝟗) 𝐽 =
𝜋

32
(𝐷𝑜

4 − 𝐷𝑖
4)  

Combining Eq. 8 and 9, we get Eq. 10: 

(𝑬𝒒. 𝟏𝟎) 𝑇𝑚𝑎𝑥 = 𝜏𝑚𝑎𝑥 ∗
𝜋

16
(
𝐷𝑜

4 − 𝐷𝑖
4

𝐷𝑜
) 

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: 

𝑇𝑚𝑎𝑥 = 𝜏𝑚𝑎𝑥 ∗
𝜋

16
(

𝐷𝑜
4 − 𝐷𝑖

4

𝐷𝑜
) = 𝟐𝟒. 𝟕 𝑵𝒎 
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In order to perform safe drilling, one should also know the Shear yield strength (τy). By using Euler-

Mascheroni constant of 0.577, one can convert tensile yield strength, σy, to shear yield strength, τy, 

as shown in equation 11: 

(𝑬𝒒. 𝟏𝟏) 𝜏𝑦 = 0.577 ∗ 𝜎𝑦 

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: 

𝑇𝑦 = 𝜏𝑦 ∗
𝜋

16
(

𝐷𝑜
4 − 𝐷𝑖

4

𝐷𝑜
) = 159.3 ∗ 106 ∗

𝜋

16
(

𝐷𝑜
4 − 𝐷𝑖

4

𝐷𝑜
) = 𝟏𝟗. 𝟎 𝑵𝒎 
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12 Material Testing 

The Drillbotics committee introduced the option of using a stainless-steel tubing for the competition. 

An analysis of the Aluminum 6061 T6 pipe and the Stainless Steel 316 A269 pipe was conducted to 

determine the proper selection of material. Buckling limits, plastic deformation and twist-off tests 

were carried out using both theoretical calculations and experimental testing. The objective was to 

test the drill pipes with respect to tensile, compression, fatigue, and torsional limitations. The 

following results in conjunction with the experimental tests will determine which material is the most 

suitable for this year’s drill string. The drill pipe specification are determined by the guidelines and 

are subject to change each year. The dimensions used for testing of the drill pipes and during drilling 

operations are listed in figure 33 and 34 and describes the mechanical properties of the drill pipes.

 
Figure 33: Drill pipe dimensions as per Drillbotics 2020-2021 guidelines. 

 
Figure 34:  The mechanical properties of Aluminum 6061 T6 and Stainless Steel 316 A269. 

In the followings subsections the tests conducted on the drill pipes in the UiS mechanical workshop 

will be described in detail. The tests are performed as components test, meaning a full-length drill 

pipe was used to replicate a drilling operation. 

 

12.1 Tensile Test 
The tensile tests were performed on two pipe samples of each material. Figure 35 and 36 represent 
the results from the tensile tests for stainless steel and aluminum material, respectively. Despite 
slight variations in values between the specimen, it can be assumed that the repeatability of the tests 
is satisfied. 
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Figure 35: Stainless Steel 316 A269 Tensile Test 

 
Figure 36: Aluminum 6061 Tensile Test 

The tensile load for the stainless steel and aluminum pipe was around 10500 N and 8000 N, 
respectively. As the maximum pulling force that the rig is capable of is 600N, there would be no 
danger of breaking the pipes during tripping out of the wellbore. The results from the tensile tests 
can be seen in Figure 37 below. 
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Figure 37: The results from the tensile tests. 

 

12.2 Compression Test 
The compression tests were performed on three pipe samples of each material to establish a 
comparative result. The results are represented below for both the stainless steel (Figure 38) and 
aluminum (Figure 39) pipe. The compression load for the stainless steel and aluminum was 4443.86 
N and 1325.98 N on average. The results of the different pipes are shown below in Figure 5.4. 

 
Figure 38: The results from the compression tests. 

There would be no danger of buckling the pipe under these circumstances and both the aluminum 

and stainless steel pipe is applicable for the setup. 

 
Figure 39: Stainless Steel 316 A269 Compression Test. 
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Figure 40: Aluminum 6061 Compression Test. 

12.3 Torsional Test 
As the previous tests showed that it was unlikely for the drill pipe to buckle or break during 
compression and tension, a torsion test was conducted. A torsion testing can be done by twisting the 
pipe along an axis until twist off occurs. This can then be used to acquire information about the 
torsional shear stress, maximum torque, and shear modulus for example. In this work, only 
information about the maximum torque was collected. The drill pipes were torsion tested by 
attaching one end of the pipe to the chuck in a lathe, whilst the other side of the pipe was supported 
by the lathe support rollers, as shown in Figure 41.

 
Figure 41: Pipe setup in the lathe 
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To perform the test, one end of the adapters was drilled and threaded before mounting a bolt of 
12.9 quality. Then a torque wrench was attached to the bolt. The torque readings were done 
manually. Before starting to apply torque, a straight line was drawn across the pipe, making it easier 
to spot when the pipe plastically deformed. The torque wrench moment was increased by 2 Nm each 
time when torque was applied. The accuracy of the reading is + − 3% (the minimum increment of 
applied torque was 0.5 Nm).  

 

 
 
When comparing these results to the theoretical values from before, the stainless-steel material 
performed better and the aluminum worse than expected. The maximum instantaneous torque from 
the top drive is 8.59 Nm, meaning that both materials have the required torsional strength. However, 
as the cyclic forces experienced by the drill pipe during a rotary drilling operation is quite severe, 
twist off of the pipe at the connector has been an issue and fatigue testing to determine which pipe 
would be the most suited was necessary. 
 

12.4 Fatigue Testing 
During a drilling operation the drill pipe is exposed to cyclic forces over a long period. The team has 
experienced pipe failure in the past at much lower forces than expected from calculations and tests. 
Extensive fatigue testing was performed in the MTS 809 Bi-Axial testing system to evaluate the effect 
of fatigue on the drill pipe. In the MTS-machine, the drill pipe is under compression and torsional 
forces simultaneously. The test duration was set to 90 minutes at a compression force of 600 N (max 
load cell compression) and 9 Nm torsional force (max top drive torque). During testing of the 
aluminum pipes the maximum angle of rotation was reached for the MTS-machine and a re-
calibration of the system would be necessary to perform the test. Unfortunately, no resources at the 
University was able to perform the re-calibration at this point and the tests were only conducted for 
the stainless steel sample. Fatigue testing was performed in the MTS-machine for the stainless steel 
pipe, one sample was tested for 138000 cycles of torsional forces applied whilst being under 
constant compression load of 600 N. Following the fatigue testing, a Nondestructive testing (NDT) as 
performed to detect any cracks in the material. The NDT was done using Bycotest C10, RP20 and D30 
plus. No signs of cracks were visible for the stainless steel pipe. 

 
 

13 Summary – Pipe testing 
The theoretical values for Euler’s critical load, maximum torque ETC ETC are calculated for the 

aluminum and stainless steel pipe by (Byman, 2020) and presented in figure 42 to compare the 

theoretical and experimental values. 
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Figure 42: Theoretical values compared to the experimental data recorded in this chapter. 

The stainless steel drill pipe had a marginally lower yield torque than the aluminum pipe, however 
the maximum torque before shearing was almost twice as high for the aluminum pipe. Having a 
higher yield and maximum torque limit is advantageous when selecting the material of the drill pipe. 
The drill pipes were also tested for their tensile, compression and torsion limits, in addition to a 
fatigue test. The tensile test results for both materials of the drill pipe exceeded the theoretical 
values. As for the compression test, the drill pipes were able to withstand compression load much 
higher than the theoretical values and should not be in danger of buckling during a drilling operation. 
However, the test conditions for the compression test are not equal to the conditions whilst drilling 
as the pipe is not fixed-fixed, but rather fixed-pinned. The fatigue test performed on the stainless 
steel pipe showed no signs of cracks or mechanical weakness after the non-destructive testing of the 
pipe. The torsional test results showed a large discrepancy between the theoretical values and the 
values from testing. The stainless steel pipe was able to withstand 50% more than the expected yield 
and 100% more than the maximum theoretical torque. In contrast, the aluminum pipe performed 
worse than the theoretical values for both yield and maximum torque. Some discrepancy is to be 
expected between the experimental and theoretical values as the test specimen used for the 
experiments have handles welded onto them in each end. In addition, the experimental setup for the 
torsional testing was not optimal and some deviation is expected. 

 

 
Figure 43: The operational limits for the Aluminum and Stainless steel drill pipes. 
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14 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 44 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 44: 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 find peaks function in MATLAB. 
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Figure 45: 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 45, the damped frequency, 𝜔𝑑 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) 𝜔𝑑 = 𝑓𝑑 ∗ 2𝜋 

 

The logarithmic decrement between the first and the nth peak are found by using 

Eq. 13: 

(𝑬𝒒. 𝟏𝟑) 𝛿 = ln|
𝐴1

𝐴𝑛+1
| 

 

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 46: 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 46 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=
𝛿

√4𝜋2+𝛿2
 

 

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) 𝜔𝑛 =
𝜔𝑑

√1 − ζ2
 

 

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) = 𝑋0 ∗ 𝑒−0.0219∗186.21𝑡 ∗ sin (186.17𝑡 +
𝜋

2
) 

 
Figure 47: Theoretical model of the system response due to initial condition under free vibration. The blue line is the decay 
function. 

 

(𝑬𝒒. 𝟏𝟕) 𝑘 = 𝑚𝜔𝑛
2 = 19.7 𝑘𝑔 ∗ 302 ∗

1

𝑠2
= 17730

𝑘𝑔

𝑠2
= 17730

𝑘𝑔 ∗ 𝑚

𝑚 ∗ 𝑠2
= 17730

𝑁

𝑚
 

 

(𝑬𝒒. 𝟏𝟖) 𝑐 = 2ζm𝜔𝑛 = 2 ∗ 0.0219 ∗ 19.7𝑘𝑔 ∗ 30
1

𝑠
= 25.9

𝑘𝑔

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 
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excitation force is equal to the natural frequency of the system, interference occurs and the system is 

put into resonance. Eq. 19 is used to study the impact of different excitation frequencies [5]. 

 

(𝑬𝒒. 𝟏𝟗) 𝑇 =
√1 + (2ζ

𝜔
𝜔𝑛

)

√[1 − (
𝜔

𝜔𝑛
)

2
]

2

+ (2ζ
𝜔

𝜔𝑛
)

2

 

 

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 48: 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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15 Bottom-Hole Assembly  

15.1 Additive Layer Manufacturing / 3D-printing 
 
Additive Layer Manufacturing (ALM), also called 3D printing, is gradually finding practical applications 
in the oil and gas industry. The industry has shown slow but steady adoption of this technology in 
recent years. Though 3D printing technology was largely limited to polymer-based products like 
Polyactic Acid (PLA) in its infancy, advancements in metal-based 3D printing is making this technology 
more relevant. 3D printing reduces the time it takes to produce complex prototypes, an advantage 
the team has made the most of. Most of the following components in this chapter have been 3D 
printed in PLA to discover design flaws and unforeseen issues. Metal-based 3D printing allows the 
team to print fully functional components for use in operation. 
 
There are several advantages and opportunities with 3D printing technology. In the coming years, 
these are the areas we believe 3D printing will create value:  
 

• One can print prototypes or models to improve efficiency and improve decision making by 
visualization.  

• The option to 3D scan components and print them. Old oil fields may have a lot of 
components that are no longer manufactured. With 3D printing one is able to replace the 
faulty component at a reduced cost.  

• Cost and lead time is reduced as the 3D printer does not require a mold. It can print different 
components in sequence, in addition to having it on-site which removes the delivery time.  

• Digital storage with technical drawings that can be printed as required, rather than a large 
physical storage with reserve parts. 

 

 
Figure 49: Markforget Metal-X 3D Printer at UiS 
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15.2 Universal Joint Concept 
 

The universal joint concept is one of two proposed solutions to this year’s directional drilling 
challenge. The main objective of the universal joint is to transfer the required torque between the 
pneumatic motor and the motor shaft without the possible problems caused by a wire. A number of 
key factors regarding the universal joint concept were identified.  

• It will be able to handle the horizontal and vertical stresses.  
• Handle shear stress and vibrations with respect to external forces translated from the drill 

bit.  
• Keep the joint as compact as possible and still maintain the structural integrity of the design. 
• It will be able to meet the required rotational speeds from the motor.  
• Manufacturing capability, able to order off the shelf component.  

 
The design of the joint is a common method of transferring torque in other machinery such as cars 
and trucks, though the dimensions differ. The Drillbotics team discussed the advantages of this 
design relative to the wire concept and the pros recognized are listed below.  

• Immediate torque on bit.  
• Reduced BHA length.  
• High operating speeds.  
• Eliminates the possible wear on the inner wall of the sleeve made by the wire.  

 
The universal joint connections to the pneumatic motor are M8x0.75 threads and M8x1.25 threads 
to the motor shaft. Two universal joints in different sizes are prepared for the experiments. 

 
Figure 50:The BHA with the motor shaft (1), thrust roller bearing (2), bushings (3), universal joint (4) and pneumatic motor 

(5). The sleeve is represented next to the components in the figure. 

The downside of the universal joint concept is the variation in the velocity out of the joint to the bit, 
this will add some vibration and stresses to the design. There are some ways to minimize this effect 
by using a double universal joint or decreasing the angle of the existing joint. If the angle is smaller, 
the effect of the different velocities of the two axles will decrease. 
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𝜔2 = 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑢𝑡 (bit) 
𝜔1 = 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑖𝑛 (𝑚𝑜𝑡𝑜𝑟, max  𝑟𝑝𝑚 𝑖𝑠 1500) = 157 𝑅𝑎𝑑/𝑠 
𝛽 = 𝑡ℎ𝑒 𝑎𝑥𝑙𝑒 𝑎𝑛𝑔𝑒𝑙𝑠 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑒𝑎𝑐ℎ𝑜𝑡𝑒𝑟 (8 𝑑𝑒𝑔𝑟𝑒𝑒𝑠) = 0,139626 𝑅𝑎𝑑𝑖𝑎𝑛𝑠 
𝛾1 = 𝑡ℎ𝑒 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 𝑓𝑜𝑟 𝑎𝑥𝑙𝑒 1( 𝑜𝑛𝑒 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑎𝑟𝑜𝑢𝑛𝑑 𝑡ℎ𝑒 𝑚𝑜𝑡𝑜𝑟𝑠 𝑎𝑥𝑙𝑒) = 2𝜋 
 

𝜔2 =
ω1cosβ

1 − sin𝛽2 ∗ cos𝛾1
=

157 ∗ cos (0,139626)

1 − (sin2(0,139626) ∗ cos2 (2𝜋)
= 158.5 Rad/s 

 
The ratio between the input and the output of the angular velocities’ balances around one percent 
from the angular input. This means in theory that it will not have any immediate effects on the 
design itself. Whilst difficult to verify, initial experiments seem to confirm this. 

 

 

15.3 Wire Concept 
The steel wire concept is the alternative solution to the universal joint concept. Using the wire could 
potentially reduce the length of the BHA as the motor placement would be more flexible. Removing 
the pneumatic downhole motor and running the wire through the drill pipe from the top drive would 
be an alternative solution that would reduce the BHA length drastically. However, doing this with the 
current design would result in minimal directional control. The key factors for the wire concept were:  

• Flexible motor placement  
• Able to handle high RPM  
• Of the shelf wire and connections  

The downsides were identified as a risk for tangled wire and wear on the inside of the sleeve. 

 
Figure 51: The BHA with the swageless studs (4) and steel wire (5). 

 

15.4 Bushings 
Bushings, also called plain bearings or sleeve bearings, reduce friction between two surfaces sliding 
against each other. In this year’s design, straight cylindrical brass bushings are used to accommodate 
loads experienced during directional drilling. The bushings sit on the motor shaft and need to be 
carefully manufactured to ensure the correct fit. If the bushings are too large, torque from the motor 
will be lost to friction on the motor shaft. If the bushings are too small it will allow the motor shaft to 
wiggle, making the drill bit unstable and bit walking may occur. The bushings are held in place by the 
use of a retaining ring. It is important that the cross-sectional area of the bushings is unharmed as 
any damage to them may cause issues with rotation. If the bushings do not spin freely, bit torque and 
drilling efficiency is reduced. 
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Figure 52: Brass bushings in gold. 

 

15.5 Thrust Roller Bearing 
The thrust roller bearing used in the BHA is designed to accommodate axial loads only and must not 

be subjected to any radial load. The thrust roller bearing is rated for 18.6 kN dynamic loading and 48 

kN for static loading at 3800 RPM. Thus, it should be able to handle the drilling operation with ease. 

The bearing sits between the motor shaft and lower stabilizer and is what enables the shaft to rotate 

while the stabilizer remains stationary. 

 
Figure 53: SKF Thrust Roller Bearing. 
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15.6 Motor Shaft 
The motor shaft connects the universal joint and bit, its job is to transfer the torque from the 
pneumatic motor to the drill bit. It will rotate at the same rotational speed as the drill bit. Press-fitted 
onto the motor shaft by the use of a hydraulic press is the lower bearing ring, the outer diameter of 
this part of the shaft should be 0.02 mm larger than the bearing ring. A large quantity of motor shafts 
were CNC-machined in the workshop at the University and prepared for different bit connections 
(M14, M16 and 1/4” NPT threads) and M8 threads for the universal joint connection. The bearing is 
installed on the motor shaft followed by the lower stabilizer, two brass bushings and finally a 
retaining ring to hold the components in place. The OD of the lower part of the motor shaft is close 
to on gauge with the bit, acting as a gauge pad. 

 
Figure 54: Motor Shaft. 

15.7 Motor Sleeve 
The motor sleeve is printed in 17-4 ph stainless steel at the University of Stavanger. Post-machining 
of threads and removal of support structure is done by the team members in the workshop. The 
purpose of the sleeve is to protect the components inside, specifically the pneumatic motor, 
universal joint, and motor shaft. There is also a dedicated slot for the custom Printed Circuit Board 
(PCB) above the middle stabilizer. The air from the exhaust on the pneumatic motor travels down the 
motor sleeve and out of an air conduit angled at 45°to ensure sufficient hole cleaning. From previous 
experience, the particles generated with the pneumatic motor are very fine and easy to transport 
even with air. 

 
Figure 55: Motor Sleeve.  
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15.8 Sleeve Analysis 
For now, the sleeve of the BHA is divided in three parts. The connections will be tested with regular 
threading’s that interlocks each other just below and above the bend, other options such as only one 
interlocking may be a choice depending on how much the BHA can be shortened and how accessible 
the inner components may be. 
 
The sleeve concept for covering the whole BHA is a new update for this year, automatically the 
analysis for the structural integrity of the sleeve will be new. A preliminary FE-Analysis have been 
made just to show the area which the main activity of the loading occurs during vertical drilling. 
Along the monthly reports there will be a more detailed sections regarding this part. 
 

 

 
Figure 56:Preliminary FEA (Von-Mises). The loading down on the Y-axis is set to 500 Newton, the bottom for the XZ plane is 
fixed and for the cylindrical support, only radial is set to fixed. Also, the indication of the max and min values are generated  
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Figure 57: Close up of the wire connection 

15.9 Drilling Assembly Challenges from 2020 prepartions 
The main challenge regarding the BHA was to assemble all components inside the 3-D printed 
housing and making everything function as desired. That meant all components had to fit perfectly 
inside their respective printed part which proved to be a challenge. Since all components are 
supposed to rotate at speeds of 1074 RPM, the precision of the components cannot be stressed 
enough. 
 

15.9.1 Pneumatic motor - Universal joint connection  
The connection between the pneumatic motor and universal joint have to be done in a particular 
way in other to ensure robustness. Keep in mind that the connection needs to be able to transport 
1074 RPM and 2.1 Nm of torque from the pneumatic motor. At first, set-screws where used to make 
the connection. After some attempts to drill, the set-screws broke, and no rotational velocity or 
torque were transported to the bit. It was then decided to try using a pin to make the connection 
rather than set-screws. Pins were made in copper, brass, steel, and stain-less steel. All the different 
material pins broke after a short amount of drilling. As attempt to strengthen the pins, chemical 
metal was used to fill voids reducing play in the pinholes, but it did not help.  
 
Since the pins did not work either, it was decided to make threads on the universal joint then screw 
the joint inside the pneumatic motor. The threading inside the motor was M8 0.75 which is not a 
standard pitch on for M8 threads. A M8 0.75 screw die had to ordered in order to make the threads.  
 
Threading of the universal joint proved to be the right solution for this connection. By screwing the 
universal joint inside motor, enough strength to deliver both rotational speed and torque is achieved. 
However, it is important to make the length of threads such that the joint will land on its shoulder to 
avoid stress concentrations at the screw. Another consideration to keep in mind is that the ball of the 
universal joint should be placed exactly at the bend of the printed bent sub. If there is a 
misalignment there, will the universal joint tend to grind against the wall of the bent sub and lose 
some torque to friction.  
 
Just for clarity, the pin shown in Figure 58 is only to display the concept. The pins used were 
manufactured in the lathe with accurate dimensions.  

 
Figure 58: Tested connections between motor and universal joint. 

 

 



 

69 

 

15.9.2 Bent Sub Threading 
The bent sub is set to have an 8 degree offset. The angled offset made the fastening the bent sub 
such that it was perfectly level with the shoulder on each side very difficult. It also has a complex 
external shape which makes it challenging to get an even grip around the bent sub. Due to the offset 
and complex external shapes, the threading of the bent sub got slightly lopsided. In Figure 8.5, the 
effect of lopsided threads is shown. From the figure one can observe that one side is landing on the 
shoulder. However, by turning the BHA 180°, one can observe that there is a gap between the 
shoulders. This means that the BHA will not be perfectly aligned. 

 
Figure 59: The effect of lopsided threads. 

 
Two of the bent subs were printed with a cutout in order to make it straight of the bit got stuck in 
hole. The two cutout shapes were a helical and a “Lego” cutout. The purpose of the “Lego” cut was 
to increase the resistance to twisting, while the helical cut has no additional measures other than 
material strength. It became obvious that the “Lego” cut was necessary to avoid twisting of the bent 
sub. This became apparent while threading the helical cut bent sub. As shown in Figure 8.6, the bent 
sub got twisted beyond the bonding strength of the printed layers and eventually parted the bent 
sub. 

 
Figure 60: Spiral bend untwisting and parting while threading. 

 

 

15.9.3 Shaft, Bushings and Bearings 
Some noteworthy observations were made with regard to the motor shaft. First of all, the CNC-
machining of the piece were not perfectly accurate where the thrust roller bearing should be placed. 
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It is particularly important to have correct tolerances when one uses a hydraulic press to press-fit a 
bearing. When press-fitting a bearing, one should not exceed more than 0.05 mm discrepancy 
between the diameter of the shaft and internal diameter of the bearing. On the shafts that were 
CNC-machined, the diameter was 20.15 mm while the bearing had an internal diameter of 19.99 mm, 
giving a discrepancy of 0.16 mm which is way too large. On the shafts used for drilling, the diameter 
was reduced to 20.02 mm in order to safely press-fit the bearing. 
 
Another important observation was on how far the motor shaft could be screwed into the universal 
joint. If the motor shaft got screwed too far into the joint, it would compress the thrust roller bearing 
to a higher load than what the bearing is rated for and rotation will not be possible. On the other 
hand, if it is screwed in too short it will cause the bushings to be compressed increasing the friction 
effectively losing torque. In addition, more of the shaft will be exposed outside the lower stabilizer 
leaving the bit more prone to vibrations. Several spacing-length were tested in order the find the 
optimal distance. After many iterations, the best suited spacing length was found to be 4.3 mm. A 
4.3mm spacing distance was achieved by using three M8 washers as shown in Figure 8.7. 

 
Figure 61: The effects on shaft spacing. 

As mentioned, precision is key for this solution and the same is true for the bushings. If the brass 
bushings are too tight around the shaft, a lot of friction will be felt. If they are too loose, the bit will 
have much play between the bushing and inner wall of lower stabilizer - making the bit highly prone 
to vibrations. Large play will cause the shaft to get a throw while rotating. The throw may damage 
the outside of the bushing making it rotate uneven. Therefore, the bushings have to be tested to 
ensure they fit perfectly. 
 

15.9.4 Grease vs low viscosity oil 
Prior to assembling all components to the BHA, the components are greased up to reduce friction of 
the rotational components. By inspecting the BHA subsequent of conducting a drilling experiment, it 
was noticed that the bearing was packed with a mix of grease and dust (cuttings) from the drilling 
operation. The mix of grease and dust appeared to be almost solidified to a point where the bearing 
did not move. Since the grease had the tendency to absorb dust, it was decided to change out grease 
for a light oil. Rather than greasing up the components, roughly 1-2 ml of oil was injected with a 
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pipette through a venting hole located above the components. By testing out the new way of 
lubricating, it was concluded that the oil evacuated the dust particles much better than the grease. 
Therefore, it is recommended to use a light oil as lubricant for the internal BHA components. Keep in 
mind that the friction causes the components to exert heat, so it is important to use an oil which has 
a sufficiently high flame point.  
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16 Whipstock 
A whipstock solution is NOT likely to be used again for the 2021 competition, however it is included 

in the report as this may change. 

The whipstock itself is basically a wedge that pushes the drill bit out in one direction as you drill. This 

allows you to build a new well branch out from another well. For our purpose, we plan to use a 

whipstock to kick off the well 4 in (10.16cm) below the surface of the rock.  

The challenge for us with respect to the competition is that we cannot change the drill string after 

the pilot hole is drilled because the whole process is supposed to be autonomous. Therefore, we had 

to design a whipstock that would accommodate a drill bit of the same size as the pilot hole. In other 

words, the same drill bit that would drill the pilot hole would have to go through the whipstock and 

drill the rest of the well as well. This was a big challenge regarding design due to the fact that the 

whipstock would have to be very rigid and sturdy. 1

 

Figure 62: The whipstock design, seen both in 3D and from below. 

The whipstock was designed in Fusion360 and 3D printed in PLA (Polylactic Acid) to verify dimensions 
and function. Multiple whipstocks with different kickoff angles were 3D printed in 316L stainless 
steel.  
 
As you can see from the picture in Figure 62, the whipstock will indeed fit into a 32 mm ID pilot hole 
and can at the same time accommodate a 32 mm drill bit. This means that we will have to ream 
some of the wall of the hole as we enter into the hole with the whipstock inserted. 
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16.1 Manufacturing and Installation 
Manufacturing of the whipstock was done using the same 3D printing method used for the knuckle 
joint and the sensor sub. We had several attempts ourselves at machining the whipstock using a 
drillpress, a lathe and a mill. However, the problem with workholding as we machined the part 
became increasingly difficult and this resulted in ruined parts. The part could possibly be machined in 
a five axis CNC machine but because including it in the 3D print would not pose a significant price 
increase it was decided to 3D print the part.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
According to the company that did the 3D printing for us, it would be an advantage to raise the 
whipstock and print it at an angle. Then in turn, multiple supports are needed to support the raised 
part of the whipstock. The supports had to be manually removed with an angle grinder, files and 
emery paper. The geometry of the stem which goes from the top of the whipstock down to the 
wedge also had to be trimmed down in order to not interfere with the cutters on the drillbit.  
 



 

74 

 

In order to secure the whipstock to the WPU, 
two aluminum mounting brackets had to be 
manufactured. The goal was to do this as 
simple as possible and include some sort of 
adjustment in order to adjust for a potentially 
warped frame or bent drill pipe. I did this by 
enlarging the screw holes in the mounting 
bracket. If any adjustment is needed one 
simply loosens the screws, adjust the 
whipstock by hand and while holding and then 
tighten the screws back up.    
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16.2 Whipstock positioning unit 
 

The x-axis would be operated of two lead screws and two 
Nema23 stepper motors. The riser would then mount to a 
carrier on both sides of the x-axis actuators. The two z-axis 
actuators would mount to two other x-axis actuator 
carriers. The z-axis actuators would be operated by two 
Nema21 stepper motors mounted in parallel (connected by 
pulleys in order to reduce the overall height of the unit). 
The whipstock would then again be mounted to the carriers 
on the z-axis to be able to be lowered into the pilot hole. 
 
The whole system was designed to have a fixed y-axis in 
order to save height and due to the fact that we only need 
two moveable axis. The x-axis actuators would mount to a 
frame of aluminum tube. This allows us to easily remove the 
whole module if needed, with the removal of just four bolts 
and unplugging two connectors. 
 
Each stepper motor have their own driver (Geckodrive 
G250X - Step Motor controllers) and are operated by the 
control system in conjunction with an Arduino Due. Two 
separate 24V DC power supplies have been installed to 
safely supply the power to the motors. Two 8-pin 
connectors have been installed between the rig and the 
control system in order to make it easy to disconnect if the 
WPU must be removed. 

 

16.3 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 necessary to use if azimuthal corrections are to be made or while 

holding angle, by changing the mechanical angle or providing rotation of the top drive. This is due to 

having a wired pipe system for downhole telemetry.  

 

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. 
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Figure 63: Slip Ring purchased prior to 2018 Competition to allow for downhole measurements while rotating bit up to 
10,000 RPM. 
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17 Sensor Development and Sensor Packages 

17.1 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) -200 – 200 Newton [N] 

Load Cell Z2 Analogue (3.3V) -200 – 200 Newton [N] 

Load Cell Z3 Analogue (3.3V) -200 – 200 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 64: 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.   
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17.2 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. 

 

There will be developed two types of downhole measurement assemblies for the rig. One will consist 

of an inertial measurement unit (IMU) for position and vibration monitoring. The other one will consist 

of four strain gauges formed into a full Wheatstone bridge; this will measure the strain on the bend 

sleeve, that will be used to calculate the angle. 

 

17.2.1 Inertial measurement unit (IMU) 

The downhole sensor chosen by the team for this year’s competition is the Inertial Measurement 
Unit (IMU) ICM-20948 from TDK InvenSense, shown in Figure 65. It is a 9-axis MotionTracking device 
and contains a 3-axis gyroscope, 3- axis accelerometer and a 3-axis compass (magnetometer). With 
the measurements from these components, one can calculate azimuth, inclinations and also 
vibrations. The ICM-20948 features I 2C and SPI serial interfaces, on-chip 16-bit ADCs, programmable 
digital interrupts and an embedded temperature sensor. The device features an operating voltage 
range from 1.71V to 1.95V. The gyroscope has a programmable full-scale range of +-250 dps, +-500 
dps, +-1000 dps, and +-2000 dps. The accelerometer has a user-programmable accelerometer full-
scale range of +-2g, +-4g, +-8g and +-16g. Communication with all registers of the device is performed 
using I 2C at up to 100 kHz (standard-mode) or up to 400 kHz (fast-mode).  

 
Figure 65: ICM-20948, TDK InvenSense 9-Axis MotionTracking device. 
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17.2.2 Sensor Positioning 

In previous years, a versatile sensor sub design has been utilized. It allowed for easy access and it was 
independent of the other parts of the BHA. One of the disadvantages with the sensor sub was the 
distance between the sensors and the bit. 
 
It was connected behind the bit, bit sub, pneumatic motor and knuckle joint. This resulted in the 
position of the bit to be tracked to be around 30 cm ahead of the sensor, making real-time steering 
difficult. To improve this, a flexible Printed Circuit Board (PCB) is introduced. This enabled the team 
to find room for the sensor package much closer to the bit. Due to an already crowded BHA, it was 
decided to incorporate a slot for the sensor package on the motor sleeve, just above the second 
stabilizer. The outer diameter of the sensor slot is lower than the stabilizers to reduce excessive 
vibrations. The downhole sensor slot is presented on the motor sleeve in Figure 66. The USB sensor 
wire will exit above the motor through a spiralled channel in the motor sleeve. 

 

Figure 66: The 32.5x24x2.9mm curved sensor slot featured on the motor sleeve. 

17.2.3 Printed Circuit Board 
Due to the space limitations the team designed a custom flexible PCB. To overcome the challenges 
with space limitations in our BHA, all the components are surface mounted. The PCB includes the 
ATMEGA328P-AU MCU, ICM-20948 9-Axis IMU, a Gauge Pressure Sensor and FT232RQ-Reel USB to 
serial UART interface as the main components. 

 

Figure 67: Curved and custom Printed Circuit Board with component placement. 
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17.2.4 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.  

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. 

 

 

 

17.3 Survey Calculations 
To track the well trajectory a 9 Degrees of Freedom (DOF) Magnetic, Angular Rate, and Gravity 
(MARG) sensor consisting of 3-axis gyroscope, accelerometer and magnetometer will be used. Data 
generated from this sensor will be used in an Attitude and Heading Reference System (AHRS) that 
will provide a 3D orientation of the drill bit. This is done by integrating the gyroscope and fusing this 
data with accelerometer and magnetometer data. With these sensors the drift from integrating the 
gyroscope is compensated for by reference vectors, gravity, and the earth magnetic field. This will 
give the roll, pitch, and yaw for the drilling bit, that will be used to calculate the bit position. The bit 
position will be tracked by using the attitude heading reference together with the vertical drilling 
speed of the top plate. As the drilling assembly is a rigid object the vertical drilling speed should be 
the same speed as the drill bit’s heading. Thus, by knowing the bits attitude and heading the Distance 
can simply be calculated using speed · time to calculate its position from a known point in space. The 
direction the bit is traveling in will be based on the orientation of the bit, the attitude and heading 
reference will tell which orientation the bit is pointed in. The calculated position based on the AHRS 
will then be compared and used together with the position calculated from using forward kinematic 

Figure 68: Depiction of experiment setup that will allow the team to develop a 
correction at varying inclination and depth for wellbore friction. 
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to estimate the most likely position of the bit. The forward kinematic equations for x, y, and z in the 
rig’s coordinate system is found by using Denavit Hartenberg method, which gives the following 
equations:  

 

𝑥 = 𝑎3 ∗ 𝐶𝑜𝑠(𝜃2)𝐶𝑜𝑠(𝜃3) 

 

𝑦 = 𝑎3 ∗ 𝑆𝑖𝑛(𝜃2)𝐶𝑜𝑠(𝜃3) 

 

𝑧 = 𝑎3 ∗ 𝑆𝑖𝑛(𝜃3) + 𝑑2 + 𝑑1 

 
Where a3 is the distance from drill bit to the bent sub, d2 is the distance from the bend to the top of 
the pilot hole, d1 is distance from the stone to top drive, θ2 is the top drive angle and θ3 is the angle 
of the bent sub. 
 
 

17.4 Ellipsoid of Uncertainty 
Before an ellipsoid of uncertainty is visualized, the array must be rearranged. This is done by 

taking the elements from the array and sorting them in a 3x3 matrix which is the covariance 

matrix. The process is shown on figure 5.10 for the matrix in NEV-axes. The process for 

rearranging 1x6 arrays into 3x3 matrices is performed for all error sources and error models. 

 
Figure 69: Arranging the 1x6 array into a 3x3 covariance matrix in MATLAB. 

 

The covariance matrix shown in figure 68 is a summation of all error sources combined into 

one finale NEV-axes matrix. Including sensor, azimuth reference, alignment, depth and 

magnetic interference errors. By finding the eigenvalues of the total covariance matrix in 

NEV-axes, the trajectory can be visualized in a NEV coordinate system. Following figure 

shows the trajectory with ellipsoids of uncertainty for every 25th element of the covariance 

matrix at 1-standard deviation. Figure 69 is two figures showcasing the trajectory with EOU 

visualized. The green lines running along the trajectory is the semi-minor and major axes of 
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the ellipsoid. The largest uncertainty is in the N-axis, the ellipsoids increase in size as depth 

from surface increases. Due to the independent sources of errors propagating and increasing 

in proportion with how far the survey point is from the origin. The EOU visualized in figure 

60 are not oriented with respect to their eigenvalues. Only considering the dimensions of the 

radii with center-points E,N,V. 

 

 
Figure 70: Ellipsoid of Uncertainty at 1-standard deviation, k = 1.8779 

Figure 70 is visualized with k = 1.8779 at 1-standard deviation, statistically this gives the 

ellipsoid a confidence level of 68.3% that the well is in fact within the volume occupied by it. 

The semi-minor and major axes are visualized below using k at 1-standard deviation in 3 

dimensions. The green line represents the semi-minor axis visualizing uncertainty along the 

E-axis, and the red line is for the semi-major axis for uncertainty along the N-axis. Additional 

Drillbotics related reading involving the trajectory and EOU can be found in (Khadisov, 

2020). 
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Part 4: Deviation Drilling 

18 Strategy of Drilling Operation 

The following digital detailed operating procedure (DDOP) has been developed to autonomously 

execute the drilling of a directional well. The DDOP is arranged in eight phases, as visualized in Figure 

71. These are: 

 

Figure 71: Eight phjases constitute the digital directional drilling operation. 
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Below, a sequential draft is shown for the implemented DDOP to drill a directional well with the 

laboratory drilling rig. 

 

Figure 72: Digital Detailed Operating Procedure for Directional Drilling, developed in 2019. 
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19 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-, hidden- 

and 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. 

𝑎𝑗
𝑙 = 𝜎(∑ 𝑤𝑗𝑘

𝑙 𝑎𝑘
𝑙−1

𝑘

+ 𝑏𝑗
𝑙) 

Where the 𝑗  is the 𝑗𝑡ℎ neuron, 𝑙 is the 𝑙𝑡ℎ 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−𝑥
 

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.  

𝑎𝑙 = 𝜎(𝑤𝑙𝑎𝑙−1 + 𝑏𝑙) = 𝜎(𝑧𝑙) 

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 
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function with respect to any weight 𝑤 or bias 𝑏 in the network. A cost function is how good a 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
∑(𝑦𝑗 − 𝑎𝑗

𝐿)
2

𝑗

 

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 ∇𝑎𝐶 ≈ 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. 

𝛿𝑗
𝐿 =

𝜕𝐶

𝜕𝑎𝑗
𝐿 𝜎′(𝑧𝐿) 

Where 𝛿 is the error. Using matrices, the same calculation can be done in bulk. 

𝛿𝐿 = ∇𝑎𝐶 ⊙ 𝜎′(𝑧𝐿) = (𝑎𝐿 − 𝑦) ⊙ 𝜎′(𝑧𝐿) 

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. 

𝛿𝑙 = ((𝑤𝑙+1)
𝑇

𝛿𝑙+1)  ⊙ 𝜎′(𝑧𝐿) 

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

𝜕𝑏𝑗
𝑙 = 𝛿𝑗

𝑙  

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

𝜕𝑤𝑗𝑘
𝑙 = 𝑎𝑘

𝑙−1𝛿𝑗
𝑙 

Using these building blocks a neural network based smart drilling control system should be feasible.  
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20 Downhole closed-loop steering 
The concept of closed-loop steering in the control system is currently limited to inclination steering 
through active management of knuckle joint bend in the BHA (through WOB setpoint manipulation). 
For every 1 mm MD that gets drilled below the whipstock KOP (at 108.908 mm for the 10 degree 
whipstock), the relationship between horizontal build and TVD gets calculated so that: 
 

𝐻

𝑇𝑉𝐷
(𝑀𝐷 > 108.908𝑚𝑚) =

ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙𝑏𝑢𝑖𝑙𝑑

𝑇𝑉𝐷
 

 
A look up table has been created which contains the H/TVD values for either a 5, 7 or 10 degree 
whipstock. This is illustrated in Figure 57 which shows a section of the downhole environment GUI 
with actual values for the well trajectory and pre-programmed values for the planned build. The look 
up table values are then called every mm, and the relationship between the actual build and planned 
build is checked by the equation: 

𝑆𝑡𝑎𝑡𝑢𝑠𝑏𝑢𝑖𝑙𝑑 =
𝐻/𝑇𝑉𝐷𝑎𝑐𝑡𝑢𝑎𝑙

𝐻/𝑇𝑉𝐷𝑝𝑙𝑎𝑛𝑛𝑒𝑑
 

If the build status is ≥ 1, the system will be in a drop angle mode, and if the build status is ≤ 1, the 
machine will be in a build angle mode and needs to increase the build-rate by increasing the WOB. 

 

 
Figure 73: Illustration of how the machine uses a look up table to confirm whether or not sufficient build is achieved at any 

given depth. 

Based on analysis of experiments that have been conducted regarding build rate by adjusting the 
WOB, the following ranges for weight on bit have been identified: WOBdropInclination = (5, 12) [kg] 
and WOBbuildInclination = (12, 18) [kg]. While downhole RPM only depends on the gradient search 
algorithm and the different phases of the operation, the voting system in the control system will 
continuously evaluate whether or not the system is in a build or drop mode. If for example the ROP 
gradient search proposes 14 kg WOB, but the system should be in a drop mode, the WOBsetpoint 
will be overwritten to 12 kg, which is the highest permissible WOB in the drop mode. While a higher 
WOB from experiments have yielded a higher ROP, another control algorithm exists that evaluates 
whether the recommended controller setpoint (within the range identified for build or drop mode) 
gets forwarded to the PID controller, or whether an even lower setpoint should be used in the event 
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of severe downhole vibrations or if the system is in a critical phase (such as passing KOP with the 
components in the BHA that have the highest OD).  
 
With regards to azimuth control, the top drive can be configured to move a certain number of steps 
through pulsing. While implementing active azimuth-steering can be highly beneficial to the current 
laboratory setup, a challenge exists with regards to the accuracy of the magnetometer sensor that is 
currently installed in the sensor sub. Such challenge is likely the result of the sensor house being 
made from a ferromagnetic material, and a possible solution can be to use a non-ferrous metal in the 
future. 
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Part 5: Financial Considerations 

21 Budget 

21.1 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 4,000 

Drill pipes 300 

BHA 3,000 

Pneumatic motor 1,000 

Connectors (3/8” NPT) 250 

Bit 50 

Whipstock 200 

Signal wires 500 

Surface arm / device for inserting whip stock etc. 100 

RTS DAQ 6,000 

Sensor sub (incl. development and labor costs) 1000  (250 – actual cost equipped on rig) 

Electrometer and fiberoptics 300 

Total Estimate of all Hardware  16,700 

Planned Rig Expenditures: USD 7,575 excl. tax, shipping, labor 
costs etc. 

 
Figure 74: Planned Rig Expenditures for 2019 Competition. 

Organizational Budget Costs 
 

Budget USD 

Events  

PR Events 500 

Autonomous drilling seminar at UiS (Lunch, coffee 
etc.) 

3,500 

Transport of rig for demonstrations at Jåttåvågen 
1-3 times. 

2,300 

Drillbotics conference in Celle (Transport, 
accommodation) 

4,600 

Promotions  

Seminar flyers 230 

2x Roll-up 570 

Team uniforms w/ Aker BP logo 2,300 

Total Estimate  14,000 
Figure 75: Planned total organizational costs related to UiS Drillbotics in 2019. 

In total, our total budget costs for 2020 amounts to 30700 USD (= 270,000 NOK).  
 
Labor costs is excluded from this estimate. 
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21.2 Labor Costs (in team and outsourced) 

Students 

Andreas 15  3000 

Jonathan  15  3000 

Kirisan 15  3000 

Magnus 15  3000 

Jon  15  3000 

Extra help 

Andrzej  5   1500 

     
Supervisors 

Dan 3  900 

Robert 1  300 

Tomasz 1   300 

Hours 85 Cost 18000 

Figure 76: Illustrative estimate of labor costs associated with having a full team working on the 
project for a semester (22 weeks). 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 students. For 

Supervisors and extra help an hourly wage of NOK 300 is estimated. The total cost is NOK 18000 (USD 

2000) per week and a total of NOK 396’000 (USD 44 600), illustrating that costs related to project are 

significantly more dependent on labor than actual hardware costs on the laboratory-scale. 

 

Students 

All students are estimated approximately 15 hrs per week on the project as none of the students will 

be writing a thesis in the coming semester. As we are all busy with our obligatory classes it is hard to 

prioritize the Drillbotics project at all times, however the students are very invested in the project 

and would not want to be without it.  
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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 (Residual-

Currency 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 77: 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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Extra references 
 
[1] R. C. Hibbeler. Mechanics of Materials. Pearson Education, 2013. 
(all drill pipe calculations are taken from this book) 
 
[2] ASM- Aerospace Speci_cation metals inc. Aluminum 6061-T6; 6061-T651. 
url: http://asm.matweb.com/search/SpecificMaterial.asp?bassnum= 
ma6061t6. 
 
[3] W. Dornfeld - Fair_eld University. Machine Design. url: http : / / www . 
faculty.fairfield.edu/wdornfeld/ME311/ME311MachineDesignNotes07. 
pdf. 
 
[4] MechaniCalc.com. Column Buckling. url: https://mechanicalc.com/reference/ 
column-buckling. 
 
[5] J. S. Lamancusa and Penn State. Noise control, viewed 28.05.2002. 
URL http://pcfarina.eng.unipr.it/Public/Acoustics-Course/ 
Penn-State-Course/12_vibration.pdf. 


