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Nomenclature 
 
ὅὅὛ - Confined compressive strength  

ὨὦὭὸ - Bit diameter  

ID - Internal diameter  

OD - Outside diameter  

Ὁὣ - Youngôs modulus  

Ὂ - Force  

ὊὰὥὸὩὶὥὰ - Lateral force to destabilize the structure  

ὊώὭὩὰὨ - Maximum allowable axial force on drill -pipe  

FὦὭὸ - Force between the bit and the formation  

G - Shear modulus  

g ï Gravitational acceleration  

Ὧ - Buckling effective length factor  

ὰ - Length of drill pipe  

ὓὛὉ - Mechanical Specific Energy  

ὖὧ - Buckling critical load  

ὶὧὫ - Distance from the center of rotation to the center of gravity  

ὶὰ - Distance from the center of rotation to the point of application of the lateral force  

ὟὅὛ - Uniaxial compressive strength  

ὺὦὭὸ - Rate of penetration  

„  Ultimate strength  

„   Ultimate shear strength  

„  Shear yield point  

„  Tensile yield strength  

ʐ  Max torque  

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

ʐ  Yield torque  

ʃ  Angle 

ʈ Ⱦ  Coefficient of friction 

ʍ  Density 

ʖ Bit angular velocity 
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Some Commonly Used Abbreviations 
 

ROP ï Rate of penetration 

WOB ï Weight on bit 

RPM ï Revolutions per minute 

TVD  ï Total vertical depth 

ID  ï Inner diameter 

OD ï Outer diameter  

DSATS ï Drilling systems automation technical section 

ANN ï Artificial Neural Network 

WBM  ï Water based mud 

OBM  ï Oil based mud 

PV ï Plastic viscosity 

SF ï Safety factor 

YS ï Yield strength  

USS ï Ultimate shear stress 

UTS ï Ultimate tensile strength 

UCS ï Uniaxial compressive strength 

TFA  ï Total flow area 

BHA  ï Bottom-hole assembly 

TD ï Total depth 

DP ï Drill pipe 

HWDP ï Heavyweight drill pipe 

SPP ï Standpipe pressure 

MSE ï Mechanical specific energy 

CCS ï Confined compressive strength  

MAOP  ï Maximum allowable overpull 

DDOP - Digital detailed operating procedure 

PDM ï Positive displacement motor 

KOP ï Kickoff point 

PID ï Proportional integral controller  

ANN ï Artificial Neural Network  
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2 Part 1: Drillb otics 2021 Competition 
 
 Table 1: Team members and supervisor 

 

*  Have been a part of the UiS Drillbotics team and Drillbotics competition in 2019-2020.  

Yellow boxes represent the preliminary members of the competition team, (any changes will be reported in 

monthly reports). 

  

The two previous years have been a challenge for students, supervisors, and the industry. 

COVID-19 has significantly constrained the Drillbotics project regarding rig-access, 

mechanical workshop, and overall physical attendance. This project demands a broad 

spectrum of specific subject matters corresponding to a multidisciplinary team. Team B has 

been rebuilt with a total of eleven people. There are seven students from the Institute of 

Energy and Petroleum (IEP), two from the Institute of Mechanical and Structural Engineering 

and Materials Science (IMBM), and two from the Institute of Computer Science and Electro-

Technology (IDE). All except for three petroleum engineering students are on their MSc 

studies. Five students from team B will attend the physical competition while other members 

support the current and future application of the rig. Team members have been assigned 

personal tasks related to the main and subsystems of the rig. Also, organizational tasks related 

to company visits, seminars, and project promotional work are assigned to build stronger 

relations between students and the industry.  

Name Previous degree obtained Current degree 
Jon Erik Karlsen*  
Team lead 

BSc in Mechanical Engineering MSc in Mechanical systems 

2020-2022 

Karim Mostafi    BSc in Petroleum Engineering MSc in Petroleum Engineering 

2020-2022 

Mya Chordar BSc in Petroleum Engineering MSc in Petroleum Engineering 

2020-2022 

Navaneethan 

Kurukkal  

BSc in Mechanical Engineering MSc in Mechanical Systems 

2020-2022 

Isar Adnan BSc in Computer science MSc in Computational Engineering 

2021-2023 

Mohammad Suleman BSc in Petroleum Engineering MSc in Computational Engineering 

2020-2022 

Carol Ladino BSc in Petroleum Engineering MSc in Petroleum Engineering 

2020-2022 

Magnus Wersland* BSc in Electrical Engineering MSc in Robot Technology and 

Signal Processing  

2020-2022 

Nikolajs Tugalevs  BSc in Petroleum & Process Engineering MSc in Petroleum Engineering 

2020-2022 

Tord Aaroe BSc 3rd year Petroleum Engineering  BSc in Petroleum Engineering 

2019-2022 

Sondre Hjelm BSc 3rd year Petroleum Engineering BSc in Petroleum Engineering 

2019-2022 

Jonas Hoyland BSc 1st year Petroleum Engineering BSc in Petroleum Engineering 

2021-2024 

Dan Sui* Project Lead, Institute of Energy and 

Petroleum (IEP), Phone: (+47)51831769 

Professor 
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2.1 Problem Description 
ñThis yearôs 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 yearôs competition on a virtual rig 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 rigò.  

The team is constructing an autonomous laboratory-scale drilling system capable of drilling a 

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

The 2022 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 12ò W x 24ò L x 24ò H (30 x 60 x 60 cm), a 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 sizes will be provided. DSATS 

bit, developed by Baker Hughes, will  be of 1.5ò diameter (1/4ò inch larger than previous 

yearËs competition) and 2ò length. Students are permitted to use their own drill bit; not to 

exceed 1.5ò diameter. To facilitate a directional well, the same drill pipe as used in the 

previous year, 3/8ò diameter x 36ò length (0.049ò c), shall be used. However, stainless steel 

tubing will be permitted for the competition. Drill pipe for tests performed in the Spring of 

2019 on aluminium drill pipe specimen. Due to the nature of the competition, the directional 

well must be drilled autonomously. The drilling system should; therefore,  

1) be capable of optimizing the drilling parameters to achieve high rate of penetration  

2) handle any faults or drilling incidents that may occur during the operation 

3) drill bit steering towards the designated target area based on real-time downhole data 

The drilling operation is not to exceed three hours. Facilitate for autonomous drilling 

operation; The combination of surface and downhole sensors is mandatory, 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 1ò 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 kickoff point. The teams will 

kick off from vertical at any depth below the 4ò vertical surface hole. On the competition day, 

an RSS or AKO motor will be used. The bottom hole assembly (BHA) should be able to 

implement both systems. The drilling rig is limited to 25 BHP; any lower power consumption 

resulting from energy-efficient designs will receive additional consideration. Spending more 

than USD 10,000 may be penalized for running over budget. To evaluate the wellbore 

integrity of the drilled well section, the DSATS committee shall run a flexible casing into the 

wellbore and use this to gauge the borehole quality. The casing will be nearly equal in 

diameter to the 1.5ò drill bit. An over-gauge and the under-gauge casing will also be used as a 

no-go measurement.  
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The following criteria should be considered while evaluating the drilling operation (the 

following pages are extracted from the Drillbotics 2020-2021 Guidelines): 

2.2 Project Timeline 
Figure 1 display the project timeline. 

 
Figure 1: Project timeline taken from the 2021 competition guidelines. 

2.3 Evaluation Criteria /Weighting of Competition 
Figure 2 presents the evaluation and weighting of the competition.  

 
Figure 2: Evaluation criteria taken from the 2022 competition guidelines. 
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2.4 Directional Drilling Scoring  
Figure 3 gives the directional requirements for the 2022 competition.  

 
Figure 3: Directional objectives, automation requirement and deliverables to be used during competition, taken from the 

2022 competition guidelines 
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Figure 4 below is an excerpt of the 2022 deliverable requirements. 

 
Figure 4: Directional deliverable requirements, taken from the 2022 competition guidelines. 
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2.5 Baker Hughes vs. In-House PDC Drill Bit  
As for previous years, the DSATS committee will provide the team with a bit upon request. 

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

inches in total length. The bit features a short bit length and a 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 Bakerôs bit, see Figure 5. The results from our first 12-cutter 

design, and the bit managed to drill upwards of 4 cm/min in some sections whilst eliminating 

most of if not all bit-walking and lateral vibrations. Due to a change in the recirculation 

system (pneumatic to water-based), a redesign of the internal bit-flow paths of the in-house bit 

must be performed if our own bit is going to be used. Figure 6 presents bit specification for 

that has been used in previous testing and will be used as a baseline for further testing [6]. 

 

Figure 5: In-house bit on the left and DSATS bit on the right 

 

Figure 6: In-house, DSATS and Alibaba bits specifications 
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2.6 Well-Log Analysis of Previous Well From the 2019 Competition  
Experiment 1: Vertical well section 

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

a 7-degree whipstock 

Figure 7 above represents the first drilled well section with BHA logging tools. It 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 crucial 

drilling parameter affecting the ROP. The MSE varied 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 Figure 7, 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 8 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. 

 

Deviation well 1, homogeneous cement, 7 degrees whipstock 

Figure 8 display the 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 
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offset of approximately 10 mm. Evaluation of well-integrity detected a probability of bit 

whirl, possibly caused by the under gauge BHA. It is, however, difficult to monitor and 

confirm bit whirl with the current configuration. 

 
Figure 8: Well profile using 7 degrees whipstock in homogeneous cement 

Experiment 2: Vertical well section  

 

Figure 9: Experiment 2: Well log representing rig performance when drilling with downhole motor in vertical pilot hole 

section for 170 mm TVD to later RIH with whipstock. Riser is used to ensure verticality. 
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Figure 9 displays the second well-log. It showcases a drilled pilot hole section, which 

evaluates 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 then 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) then 0.025 (15 

kg WOB) mm/rev. This results in an ROP increase from approximately 0.5 m/hr to 1.5 m/hr.  

 

While the increased WOB led to an improvement in ROP, a slight build can be observed 

(according to measurements and visual inspection). It is likely caused by bending of the 

knuckle joint at high WOB. The range for WOB (build inclination) starts at approximately 12 

kg (up to a maximum of 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. 

 

Experiment 3: Deviation well with WOB 5 to 20kg  

Continuing to vary the WOB, the same approach as before is used in an inclined section in 

Figure 9 as in Figure 10. 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 the WOB setpoint, the MSE does not 

decrease.  

 

Figure 10: Experiment 3: Well log representing rig performance when RIH to 240 mm TVD and then drilling with downhole 

motor to 600 mm TVD. A 7 degrees whipstock is used to kick off. 



 

19 

 

A possible explanation for this is that increased friction between the non-rotating BHA and 

the wellbore in the inclined section leads to a lower ROP than expected (approximately 1 

m/hr).  

 

The horizontal build is calculated from measurements to approximately 100mm. It has 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 

explanations of both the MSE, overestimated 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 vibration against the wellbore influence the measurements 

for inclination calculation. Another explanation can be that only half of the BHA is 

submerged inside of the well. This leaves the BHA even more unconfined, which affects the 

entire assembly's vibration cycle. 

 

Experiment 4: Pilot hole, 0-166 mm MD. Inclination well from 109 mm to 600 mm MD. 

Figure 11 and Figure 12 demonstrate a complete well. First, drilling to 166 mm MD using the 

riser for a vertical pilot hole, then lowering a 10-degree whipstock into the well before the bit 

kick-off. A pilot hole, where 65 mm are drilled with a WOB setpoint of 10 kg before 15 kg, is 

used for the remaining parts of the well section. Previous conducted experiments proved when 

WOB was increased ROP increases from approximately 0.5 m/hr to 1.5 m/hr 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 erroneously). 

 

An ROP is achieved of approximately 1 to 1.25 m/hr when the 10-degree whipstock is applied 

within the inclined section when WOB is kept at either 10, 15, or 18 kg respectively. 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 actual build is approximately 42 mm. A 

possible theory explaining the low horizontal build is related to the small cross-over between 

the bit and the pneumatic motor. It 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. However, this is still lower than the whipstock dogleg at KOP. It is possible 

that a higher horizontal build was achieved with the 7-degree whipstock since the effect of the 

bit returning to near-vertical once the cross-over is rotating inside of the whipstock would get 

limited. Another explanation is that one of the cutters on the PDC bit, received from Baker 

Hughes, was observed to be chipped after the operation. Most likely, it is the cause of the 

observed reduction in ROP. 
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Figure 11: Experiment 4: Well log, downhole motor drilling of 166 mm TVD pilot hole. 

 

 
Figure 12: Experiment 4: Well log representing rig performance when RIH to 109 mm TVD (whipstock KOP) and then 

drilling with downhole motor to 600 mm TVD. A 10-degree whipstock is used to kick off. 
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2.7 2020 Drilling Observations and Current Updates 
In 2019, the downhole rotational system was revised to a pneumatic motor. It can rotate 

independent of the electric top-drive and was the primary component for reducing vibrations 

and dedicated top drive for directional control. Careful considerations and measures have 

been implemented to eliminate the damaging vibrations without achieving the desired results. 

When switching to the pneumatic system, the vibrations were heavily reduced compared to 

our conventional way of drilling. Converting various previously rotating parts to static proved 

to impact vibrations and drilling efficiency significantly. MSE and ROP have been used as 

qualification measures for evaluating drilling efficiency. The design has taken inspiration 

from industry solutions for directional drilling.  

In 2020, problems related to twisted pipe at the top-drive connection were resolved by 

implementing the independence of the downhole motor design. The connection region of the 

pipe and top drive experience cyclic fatigue due to whirl and lateral vibrations during drilling. 

It originates from the negative loading from the hoisting system exerted on the BHA since the 

weight from the BHA is too low to put weight on bit. However, such a drastic design change 

did come with some issues. Previous issues were solved, but naturally, new issues surfaced.  

The shaft on the pneumatic motor was not designed for high bending stresses. The shaft has 

high strength in the axial and torsional direction, but no compensating measures were made to 

strengthen the shaft in the lateral direction. It led to the occasional breaking of the motor shaft 

and practically destroying the motor. Axial and lateral forces of the shaft were reduced by 

introducing a three-part sleeve. This sleeve absorbed all the external forces and concentrated 

the load into the bit. The sleeve design proved to be a good solution, but the length-width ratio 

of the sleeve induced stuck pipe.   

In 2021, it was intended to introduce a new BHA design, development, and testing. Due to 

prolonged durations of lockdown, restricted lab access, and canceled orders, only concepts 

and early prototyping were performed. In addition, it has taken some time to introduce new 

members to the project due to the multiple primary and subsystems of the rig. Luckily two 

members were introduced in 2019 and 2020 that are helping new members get up to speed.  

The main aim for 2022 is to work on the current rig with partly integrated ideas from 2021 

competition goals. Subtasks of the rig systems are new designs related to hoisting, sensors, 

recirculation, and downhole motor. The team has ordered components for the new rig 

platform. To further strengthen the team's knowledge of the project. It will be based on the 

same structure as the old rig but has increased capabilities for modifications for future teams. 
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3 Safety Case 
The most imperative goal of the team is to work safely while operating the rig. This can be done 

by controlling risks. The following section describes different methods on how to maintain safe 

conditions in the workshop and how the team plans to follow occupational safety and health 

organization (OSHAôs) hierarchy of controls, shown in Figure 13. 

 

 
Figure 13: OSHAôs hierarchy of controls 

3.1 Elimination   

The most effective safety measure is elimination. Elimination focuses on physically removing 

hazards from the work area. An example of elimination in our workshop is the implementation 

of safety glass around the rig. All moving components of the rig are housed in the rigôs frame 

and behind safety glass. This eliminates the chance that anything will be caught in the moving 

systems or any debris from injuring a team member. 

 

3.2 Substitution   

Substitution replaces a hazard with a non-hazardous solution. An example of the team 

implementing this is by modifying the rigôs frame to use wheels while moving the rig and use 

stable feet during drilling. This substitution eliminates the possible hazard of the rig moving 

while drilling. This could injure personnel and be detrimental to the rig. A second example is 

to use a jack or other available lifting devices rather than carrying the formation manually. This 

substitutes manually caring the rock and risking injuries to team members. 

 

3.3 Engineering Controls   

Engineering controls focus on isolating the hazards from personnel, but donôt remove the 

hazards. An example on the rig is the remote control and monitoring system for the rigôs 

operation. This system keeps the team members from needing to touch the rig while it is in 

operation. Another example of this is the emergency cut off for the rig. It is located a few meters 
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away from the rig anytime it is drilling so it is always safe to access. If pressed the rig will 

immediately stop drilling. 

 

3.4 Administrative Controls  

Administrative controls change the way that personnel work. Each team member is required to 

complete a machine workshop hosted by IMBM at the University of Stavanger. Each student 

is also required to take additional training for each piece of heavy machinery they plan to 

operate. In addition to this training the shop has proper signs that clearly state the hazards in 

the area. The university also requires that each workshop has an up-to-date virtual binder of 

data safety sheets that is available to everyone at the university. 

 

3.5 Personal Protective Equipment (PPE)  

PPE is the last defense between a worker and the hazard. Proper PPE is required for anyone 

working in the facility with the rig. PPE required for each job is different but common PPE 

required are ear protection, goggles, and protective footwear. Ear protection can guard team 

members from the noise generated by heavy machinery such as pumps, compressors, or the rig 

itself. Protective googles are used any time the rig is drilling since component can fly off during 

the rotation of the bit. Protective footwear should be used when heavy components are being 

moved to protect team memberôs feet from being crushed if the load should fall. 
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4 Rig Systems and Design 
The laboratory-scale drilling rig in Figure 14 is designed to imitate the main functionality of a 

typical drilling rig. It consists of several vital systems such as a rotational system for power 

transmission to the bit, a hoisting system for tripping in and out of the well, and a circulation 

system to remove cuttings and lubricate the bit and wellbore. There is, however, one challenge 

when downscaling the entire 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 of the pipe. On the laboratory scale, the weight of the pipe, BHA, and bit 

is insufficient to provide such required WOB.  

 

Therefore, an additional force to gravity must be exerted towards the formation, which on the 

laboratory-scale system is solved by one servo motor attached, driving a linear ball-screw-rail 

rather than traditional draw works. Since adding WOB from above the drill pipe leaves the 

entire system in compression during the drilling operation, high caution must be taken regarding 

the drill pipe, which is the weakest component of the system. Another challenge with replicating 

an actual drilling rig is the total length of the drill string assembly. Aluminum pipes with low 

wall thickness (WT) can be used to reproduce some of the slenderness and challenges of drilling 

with several kilometers of drill pipes. Full transparency of the drilling operation is enabled 

through an unconfined system; 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.  

 

 
Figure 14: Drilling Rig 
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4.1 Rotational System 
 

4.1.1 Top Drive and Rotary Union  

No significant changes will be made to the top drive, as the motor provides sufficient RPM 

and torque to the rig. The top drive is a hollow-shaft brushless motor that transfers torque 

directly to the drill string assembly, with an instantaneous torque of 8.59 Nm and a rated 

torque output of 2.86 Nm. Even if RPM during drilling is limited to 1500 by the rotary union 

in place, the motor delivers 3500 RPM if required. 

 

A rotary union is a device that provides sealing between a stationary supply passage and a 

rotating part. It permits the flow of a fluid into or out of the rotating part. The rubber hose 

from the motor to the rotary union is the stationary part, while the drill string is the rotating 

part. The rotary union used for this system is a DEUBLIN 3/8ò NPT RH (D55-000-001). This 

rotary union has a low torque rating and can handle WBM, OBM, and aerated mud. 

 

4.1.2 Pneumatic Motor 

The idea is based on rotating the bit using a downhole motor. The air motor seen in Figure 15 

has proven to have enough torque and rotational motion. An air-driven motor has a higher 

power density; therefore, a smaller air-driven motor can deliver the same power as its 

electrical counterpart. Air motor speed will be regulated through simple flow-control valves, 

and its torque will be varied by controlling pressure. There are many different types of 

pneumatic motors; however, we are using an air vane motor for drilling. Vane motors 

essentially consist of a rotor that 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, producing the rotary motion. One challenge will be the length of such a motor. 

The used motor from DEPRAG has the following performance data:  

 

¶ Nominal power: 170W 

¶ Nominal speed: 750 rpm 

¶ Nominal torque: 2.1 N/m 

¶ Air consumption: 0.3 m^3/min  

 

Based on previous experience with drilling using our system, these performance numbers 

related to rotation and torque are efficient enough. However, the size of an air vane motor 

with the required performance data is significant, as shown in the dimension sheet to the left. 

With a length of >200 mm, and rigid stainless steel, problems with inclined regions of the 

borehole such as stuck pipe and friction emerged. 
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Figure 15: DEPRAG pneumatic motor 

4.1.3 Positive Displacement Motor (PDM)  

The new rig design will include a positive displacement motor as a downhole motor with 

water as the working fluid. Due to the design constraints in terms of size, the aim is to design, 

fabricate and construct a customized PDM with an optimized output RPM and torque. The 

pneumatic motor will be used as a backup downhole motor. The main sections of the PDM 

are the power section and the transmission section. The transmission section will consist of 

either a single or double universal joint. The power section of the PDM will be discussed 

below. 

 

The theoretical modelling of the PDM includes the modelling of the power section geometry 

and thereafter determining the theoretical output of the PDM. Two journal articles by Nguyen 

et al. and Samuel et al. have described the theoretical/analytical modelling of PDMs. These 

models will be utilized to determine the geometry and theoretical performance of the PDM to 

be used in the new rig. Hereafter the modelling method prescribed by Nguyen et al. will be 

discussed. 
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The cross section of both the stator and the rotor in the PDM are made up of modified 

hypocycloids. The modified hypocycloids are constructed with a semicircle (diameter = d) 

additionally constructed at the cusp of the original hypocycloid. 

 

A PDM will consist of a K-lobe stator and a (K-1) lobe rotor. The difference between the radii 

of the stator and the rotor is the eccentricity (e) of the PDM. The cross-sectional area for flow 

(ὃ ) in a PDM is given by the equation below: 

 

ὃ ςʌὩ ὑ ς τὨὩ 

 

The diameters of the rotor and the stator are equal to the base diameters of the rotor and stator 

plus the semicircle diameter d (equations below). 

 

Ὀ Ὀὦί Ὠ ςὩὑ 

Ὀ Ὀ Ὠ ςὩὑ ρ Ὠ 

 

The relationship between the rotor and stator diameters is given by the equation below: 

 

Ὀ
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The relationship between the rotor and stator pitch lengths is given by the equation below: 
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ὖ

ὑ

ὑ ρ
 

 

The output torque and RPM of the PDM depend on the pressure drop and flow rate of the 

fluid across the PDM. In this regard the theoretical torque and speed are given by the 

equations below. These are the models prescribed by Nguyen et al.  

 

ὗ ςʌὩ ὑ ς τὨὩὑ ρὖὔ 

Ὕ πȢπρσςφςʌὩ ὑ ς τὨὩὑ ρὖɝὖ– ὪὸὰὦὪ 

 

The models prescribed by Samuel et al. for RPM and torque are as follows: 
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Using the models in the abovementioned journal articles the performance of the PDM 

constructed as part of the new rig will be compared and validated.  

 

A simple concept of the power section of the PDM is shown in Figure 16 below for a 3/4 

PDM. During the fabrication phase different power sections will be tested to determine the 

optimal configuration for maximum RPM and torque. The relationship between number of 

lobes and torque and rpm is that an increase in number of lobes gives an increase in torque 

and decrease in RPM and vice versa. This can be viewed below in Figure 17.  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Concept of Power 
section of 3/4 PDM 

Figure 17: Number of lobes vs torque and RPM output of a PDM Figure 16: Concept of Power 
section of 3/4 PDM 

Figure 17: Number of lobes vs torque and RPM output of a PDM 
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4.2 Hoisting System  
The rig has been modified with a new single hoisting system rather than the three-actuator 

system as seen in Figure 18. It is mounted in a closed environment, i.e., the internal parts such 

as drive-screw and linear stabilizers are shielded from outside factors. It is powered by a 

single servo motor capable of high loads. The top drive is mounted in a sandwich 

configuration positioned at the top of the floating plate, and three load cells are triangularly 

positioned between the lower top plate and an upper floating plate seen in Figure 19. The 

floating plate transfers the WOB to the load cells. In an inertial frame, the measurement is 

tension but is converted to compression. The motor is equipped with a brake that can stop the 

hoisting or lowering of the top drive. It also offloads the holding torque on the servo motor 

while the system is idling. The servo motor communicates through a dedicated PLC that 

transfers the signals directly to the in-house control system. The load cells have been reused 

from previous years since they work well; there has not been a need to make any changes to 

this.  

 
Figure 18: The 3rd stepper motor (red circle) with open guide to the left and the new enclosed guide to the right 

 
Figure 19: Plates in sandwich configuration for mounting of top drive motor and load cells 
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4.3 Circulation System, Pneumatic  
The system, as of now, has been operating with a pneumatic system, Figure 20. It has 

provided the downhole motor with air converted to torque to the drill bit. The system has been 

run with a pneumatic system. It has provided the downhole motor with air converted to torque 

to the drill bit. This has for now been stripped of the rig and plans for a water circulation 

system are in progress. When using the pneumatic motor as a rotational provider, the air is 

needed both for power generation and cuttings transportation. The pneumatic motor requires a 

high flow rate of 300 LPM to have any torque transferred to the bit; a compressor with an 

output of 16 bar has been used to deliver enough flow to the downhole motor. The solenoid 

valve is a 2-way, normally closed control valve. The valve control takes place through the 

control electronics, which converts an analog 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 

motor's rotational speed. Figure 21 represents the various bit RPM at different valve opening 

positions.  

 
Figure 21: 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 

 

 

 Figure 20: Pneumatic line up. (Yellow lines) 
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4.4 Circulation System, Water 
Figure 22 displays a new circulation system concept 

for the rig. It should provide drilling fluid for the 

PDM (positive displacement motor) system and 

hole cleaning. Depending on the PDM design, the 

requirements of the pump are unknown.  The old 

system used in 2018-2019 used a positive 

displacement pump for hole cleaning. It had a flow 

rate of 19 l/min with a maximum working pressure 

of 3.1 bar. Logically, the new pump must be able to 

deliver much higher working pressure to supply the 

bit with enough torque and RPM.  

By the competition guidelines, the RSS system 

explained in 4.30, must also be able to be 

implemented. This system would be powered by the 

same pump and fluid line system as the PDM. The 

difference would lie in the connection of the BHA 

where the drill string must have the same coupling 

for both PDM and RSS systems.  

4.5 Cuttings Transport System 
The air supplied to the pneumatic motor is flowing at 300 l/min. While drilling, the process 

produced a large amount of fine dust, covering the laboratory. This was not acceptable, and an 

efficient cuttings transport system is imperative. Cement and sandstone particles should not be 

inhaled, so for HSE reasons require a complete collection of cuttings.  Two ash vacuums are 

used to collect the particles from accommodating the fine collection of particles. Since most 

of the particles travel by the same velocity as the air, the cuttings must be confined in a space 

where they can be extracted from the air. Therefore, a confinement box was designed to be 

3D printed in ABS. 

 

4.6 Water Based Filtration System  
Implementing a water-based circulation system will automatically remove the need for a 

bulky ash vacuum cleaner and remove the demand for the confined box used for containing 

the dust. Instead, a two-part filtration system can be used to remove and separate the cuttings. 

This would save space, dependency on other systems and consolidate the fluid circulation and 

the collection of cutting into one system. 
 

 

 

 

Figure 22: Proposition of a new circulation system 
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4.7 Power and Electrical Set-up 

 

Figure 23: Depiction of Electrical Setup on the rig, ensuring HSE and protecting equipment. 

Figure 23 (a) above display the electrical cabinet still in use and the old Arduino box in Figure 

23 (b). 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 yearôs competition to be integrated into this 

cabinet.  

New from this year is a sub panel mounted on the rig where most of the components that are 

sensitive to noise is going to be placed. Since we were running out of space in the old cabinet 

and the new PLC allows us to have remote I/O connected over a fieldbus (namely EtherCAT) 

we saw this as a good option. It shortens a lot of the cable runs and moves them away from 

components which produce a lot of EMI. Additionally, it should make moving the rig easier 

as we will have less cables to disconnect. 

4.8 Whipstock 
A whipstock solution is NOT likely to be used again for 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. The whipstock was previously used to kick off the well 4 inches (10.16 cm) 

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. 
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Therefore, we had to design a whipstock displayed in Figure 24 that would accommodate a 

drill bit of the same size as the pilot hole.  

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 24, 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 the hole 

with the whipstock inserted. 

 

4.9 Riser System Positioning Unit and 2022 Modifications 

The riser system positioning unit seen in Figure 25 has been used for whipstock positioning 

and control of the BHA in previous years. The riser (yellow object) is mounted to two lead 

screws and two Nema23 stepper motors, moving in the x-direction only.  

 

The idea for 2022 is to modify the system, which will enable stabilizing option while making 

the first contact with the formation and drilling the first inches of the pilot hole. The BHA will 

be able to go down to the top formation level, and the riser system will skid in with the help of 

the two linear guides mounted in parallel. It will grab the BHA and hold it while ensuring that 

the amount of friction in the axial direction is minimal. The system will probably have a fixed 

y-axis to save height since we only need two moveable axes. The x-axis actuators would 

mount to a frame of aluminium tube. It allows us to easily remove the whole module if 

needed, removing just four bolts, and unplugging two connectors. The stepper motors are 

controlled from the new PLC using EL7031 Stepper motor terminals. Two 8-pin connectors 

have been installed between the rig and the control system to make it easy to disconnect if the 

WPU must be removed. 

 

Figure 24: Whipstock used in 2019 competition 
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4.10 Slip Ring / Data Swivel 

The slip ring in Figure 26 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, CAN-High, CAN-Low). 

- 3x currently not in use  

 

 
Figure 26: Slip ring 

  

Figure 25: Riser system used in 2019 competition 
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4.11 Drill Pi pe 

Different pipe materials were tested in the spring of 2020 to investigate better-suited materials 

for the operation. The guidelines suggest using the same drill pipe as the previous yearôs 

competition, Figure 27. The following calculations and estimates are obtained from tests 

conducted in 2018 on the specified pipe. Theory and equations are from [1]:  

  

 
Figure 27: Pipe specification 

From the ASM Aerospace Specification Metals inc. Figure 28 displays the data sheet of the 

specifications for aluminium alloy 6061-T6 that can be used [2]: 

 
Figure 28: 6061-T6 

4.12 Pipe Slenderness 

The slenderness of the drill pipe must be considered when investigating 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 the critical slenderness ratio 

(Eq. 5), then it is empirically found that Eulerôs critical load formula (Eq. 6) is applicable. If 

not, then Johnsonôs parabolic formula (Eq. 7) should be used to determine the critical load for 

buckling. Slenderness is by definition, the relation between the effective length of the drill 

pipe (l) and gyradius (k) and can be found by using Eq. 1: 
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The gyradius is defined in Eq. 2: 

╔▲Ȣ  Ὧ  , 

I is the minimum moment area of the cross-section and A is the cross-sectional area, given by 

Eq. 3 and 4 respectively. 
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The critical slenderness ratio is given as follows (Eq. 5): 
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where E is the modulus of elasticity and ůy is the tensile yield strength. 

For situations where both ends are fixed, it is common to use a factor of 0.90 × L to find the 

effective length of the drill pipe (see Figure 29). Where L is the original length. Inserting 

values from the previous tables into the above formulas will create the results displayed in the 

following table. The results can be used in further calculations. 

 

 
Figure 29: Drill pipe slenderness data 

4.13 Pipe Buckling 

Since Drillbotics is a competition, ROP will maxed as much as possible to push the systems 

hard but within HSE regulations. Rate of Penetration (ROP) is aimed to be maximized for all 

formations such that drilling through unknown rock samples can be performed as fast as 

possible. One of the critical 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 aluminium drill pipe, buckling of the pipe will be expected if the WOB were to be set too 

high. Buckling occurs when a structure, such as a drill pipe in this case, is subjected to 

compressive stress and starts a sideways deflection. The deflection may cause the drill pipe to 

wear due to abrasion along the borehole wall. If the deflection becomes too great, the drill 

pipe will start to deform plastically and eventually lose all its load-bearing capacity. The 

strength of the drill pipe should be known to avoid and prevent the buckling effect. The issue 

of the buckling effect may be resolved by using either Eulerôs critical load formula or 

Johnsonôs parabolic formula, given by Eq. 6 and 7, respectively, depending on the slenderness 

ratio. 
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Where Ὂ  is the Eulerôs 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 is the 

unsupported length of the column. 
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ůCr is the critical stress, ůy is the tensile yield strength, E is the modulus of elasticity, and  

is the slenderness ratio. It is empirically found that Eulerôs critical load formula will not be 
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accurate below the critical slenderness ratio. One should then use Johnsonôs parabolic 

formula, which is valid for lower slenderness ratios [3]. 

 
Figure 30: Plot of the Eulerôs curve (represented in red) and Johnsonôs parabola (represented in blue) for a similar situation 

and material as we have in our project [4].  

Figure 30 above displays a plot of the Euler curve (represented in red) and Johnsonôs parabola 

(represented in blue) for a similar situation and material as we have in our project. The 

material is a 6061-T6 aluminium with a circular cross-section of 1 inch. The column is pinned 

at both ends. As the plot shows, when the lengths approach zero, the Eulerôs critical stress 

approaches infinity; thus, Johnsonôs 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. This means that the Eulerôs critical load formula should give us a good 

theoretical estimate of the maximum load the drill pipe can handle without buckling. To use 

Eulerôs 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 the 

implementation of a fixed riser system above the formation, we consider the end conditions as 

fixed-fixed. 

 

  

Figure 31: The values of effective length factor, K, depending on end conditions [4]. 
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The input data and result for Eulerôs critical load formula can then be seen in Figure 32. 

 
Figure 32: Results 

The critical load has resulted in 280.5 N, which is equivalent to 28.6kg. Thus, one should not 

apply more than 28.6 kg of WOB to prevent any potential stress and damage which could lead 

to the drill pipe buckling. 

 

4.14 Maximum Pipe Torque 

The top drive motor must be dimensioned with the rotary systemôs weakest component in 

mind. In our case, the drill pipe is the component that is expected to fail first under rotation 

due to torsional vibrations. The torsional vibrations are typically 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 periodic 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 to prevent it from faili ng. One 

can calculate the maximum torque using Eq. 8.  
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where T is torque, Ű is shear stress, J is the polar moment of inertia and ɟr is the radial distance 

to centre of pipe. The radial distance to centre, ɟr, can be expressed as  and the polar 

moment of inertia for a pipe is given by Eq. 9. 
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Combining Eq. 8 and 9, we get Eq. 10: 
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where Tmax is the maximum torque, Űmax is the maximum shear stress, Do is the outer diameter 

and Di is the inner diameter. The shear strength of aluminium alloy 6061-T6 is set to be the 

maximum shear stress, Űmax, the aluminium pipe can endure before shearing. By inputting data 

from tables above, the maximum applied torque before the pipe shears is: 
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To perform safe drilling, the shear yield strength (Űy) should be known. By using Euler-

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

strength, Űy, as shown in Eq. 11: 
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This leads to a shear yield strength of Űy = 0.577×276MPa = 159.3 MPa, and by using 

formula from Eq. 10 leads to the maximum torque applied before the pipe yields: 
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4.15 Material Testing 

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

competition. An analysis of the Aluminium 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. In conjunction with the experimental tests, the 

following results have provided information related to which material should be used for 

drilling. The dimensions used for testing of the drill pipes and during drilling operations are 

listed in Figure 33 and Figure 34 and describe the mechanical properties of the drill pipes.

 
Figure 33: Drill pipe dimensions as per Drillbotics 2021-2022 guidelines. 

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

In the following subsections, the tests conducted on the drill pipes in the UiS mechanical 

workshop will be described in detail. The tests are performed as components tests, meaning a 

full -length drill pipe was used to replicate a drilling operation. 
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4.16 Tensile Test 

The tensile tests were performed on two pipe samples of each material. Figure 35 and Figure 

36 represent the results from the tensile tests for Stainless-Steel and aluminium material 

respectively. Despite slight variations in values between the specimen, it can be assumed that 

the repeatability of the tests is satisfied. 

 

The tensile load for the Stainless-Steel and aluminium 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. 

 

 
Figure 37: Results from the tensile tests. 

4.17 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 and 

aluminium pipe. The compression load for the Stainless-Steel and aluminium was 4443.86 N 

and 1325.98 N on average. The results of the different pipes are shown in Figure 38 and 

Figure 39. 

 

 
Figure 38: Results from the compression tests. 

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

aluminium and stainless-steel pipes is applicable for the setup. 

 Figure 36: Stainless-Steel 316 A269 Tensile Test 

 

Figure 35: Aluminum 6061 Tensile Test 
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Figure 39: Compression test results of 316 A269 and 6061 

4.18 Torsional Test 

The previous tests show that it was unlikely for the drill pipe to either buckle or break during 

the compression and tension test; a torsion test was conducted on the pipe. A torsion testing 

can be done by twisting the pipe along an axis until twist-off occurs. It can then be used to 

acquire information about the torsional shear stress, maximum torque, and shear modulus. In 

this test, only 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 40 below. 

 

 
Figure 40: Pipe setup in the lathe 

In the test procedure, 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 
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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 than expected. On the other hand, the aluminium pipe performed 

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 are 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. 

4.19 Fatigue Testing 

The team received lower failure forces when comparing the expected values from calculations 

vs physical 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 

simultaneously under compression and torsional forces. 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 aluminium pipes, the maximum angle of 

rotation was reached for the MTS machine. A re-calibration of the system would be necessary 

to perform the test. Unfortunately, no resources at the university were 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 a constant 

compression load of 600 N. Following the fatigue testing, Nondestructive Testing (NDT) was 

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. 

 

4.20 Summary ï Pipe Testing 

The theoretical values for Eulerôs critical load, maximum torque ETC are calculated for the 

aluminium and Stainless-Steel pipe by Jonatan Byman and presented in Figure 42 to compare 

the theoretical and experimental values. 

Figure 41: Pipe test properties 
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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 aluminium pipe; 

however, the maximum torque before shearing was almost twice as high for the aluminium 

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. However, the torsional test 

results showed a large discrepancy between the theoretical and testing values. 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 aluminium pipe performed worse than the 

theoretical yield and maximum torque values. Some discrepancy is expected between the 

experimental and theoretical values as the test specimen used for the experiments has handles 

welded onto them in each end. In addition, the experimental setup for the torsional testing was 

not optimal, and some deviation is expected. The test summary is presented in Figure 43.  

 
Figure 43: The operational limits for the Aluminium and Stainless-Steel drill pipes. 
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4.21 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. 

4.21.1 Rig Design 2020/2021 

In the previous design, the top-plate, drill string and the BHA were treated as three different 

bodies and only the top-plate characteristics including its components were 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. 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. 

It was seen 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 44, 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, 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.  

The equation below is used to convert from Hz to radians. 

 ʖ Æ ςzʌ 

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

below: 

‏  ÌÎȿ | 

 

Results of the above equation as a function of cycles between the two peaks used to calculate 

the one-cycle decrement is illustrated in the Figure 46 below. For a free, underdamped 

vibration, a linear relation exists. 
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Figure 46: Logarithmic 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 logarithmic decrement between peak n and n + 1. 

 

Assuming free vibration, the slope of the line in Figure 46 is the logarithmic decrement, ‏ = 

0.1378, and can be used in the equation below to calculate the damping ratio ɕ (equation 

below):  

 

 ɕ
Ѝ

 

 

Damping ratio in the system is ɕ = 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: 
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The underdamped oscillation measured in the experiment where initial displacement, X0, was 

given and can be expressed in the equation below and plotted in Figure 47. 
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Figure 47 - Theoretical model of the system response due to initial condition under free vibration. The blue line is the decay 

function. 
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After the model for free vibration has been developed, external excitation to the system can be 

studied. The excitation can either be harmonic or random. If the frequency of the harmonic 

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

system is put into resonance. The equation below is used to study the impact of different 

excitation frequencies [5]. 
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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 48 below. 
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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 systemôs natural frequency. When the input frequency is 

equal to the natural frequency, the system is put into resonance and the amplitude spikes. Blue continuous 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 

Ѝς 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. 

4.21.2 New Rig Design 2021/2022 

The new rig design consists of a completely different setup however with the same main 

components. The setup has been described in a previous section (Hoisting System). The 

schematic below in Figure 49 displays the setup. To conduct an experiment to determine the 

natural frequencies, the BHA plus the top drive motor and the load sensors can be modelled as 

a single degree of freedom (SDOF) mass, spring, and damper system. A free vibration test 

will be conducted when rig has been constructed. The procedure to determine the natural 

frequencies will be the same as conducted before (mentioned in the previous subsection). That 

is to load the spiring with an initial displacement and record response as fluctuations in the 

displacement. Thereafter use the logarithmic decrement method to determine parameters like 

the spring and damper constants together with the natural frequencies. There are three load 

sensors connecting the top drive plate to the supporting plate therefore the SDOF model will 

consist of three springs and dampers. 
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Figure 49: Schematic of top plate, top drive, conveyor and BHA (left). SDOF model for the determining natural frequencies 

through experimentation (right) 

4.22 Bottom - Hole Assembly  
The bottom hole assembly has undergone several transformations since the initial design. The 

previous design concepts and designs of the BHA included a top drive motor and pneumatic 

motor as the downhole motor. The new designs of the BHA will consist of the top drive motor 

and a PDM as the bottom hole motor. The previously used pneumatic motor will be used as a 

backup motor to the PDM. The previous designs, concepts, components, and manufacturing 

techniques will be discussed first and thereafter the new design concepts will be presented. 

4.23 Additive Layer Manufacturing / 3D -printing  
Additive Manufacturing (AM), 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. As part of the new BHA design, many of the components 

will be prototyped and created using 3D printing, Figure 50 presents the Markforged Metal X 

3D printer. 

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:  

1. Print prototypes or models to improve efficiency and improve decision making by 

visualization.  
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2. The option to 3D scan components and print them. Old oil fields may have a lot of 

components that are no longer manufactured. With AM one can replace the faulty 

component at a reduced cost.  

3. 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. 

4. Digital storage with technical drawings that can be printed as required, rather than a 

large physical storage with reserve parts. 

4.24  Concepts of Torque Transfer 
The previous design concepts included a universal joint concept, wire concept and a double 

universal joint concept. These will be discussed below. 

4.24.1 Universal Joint Concept 

The single universal joint concept is one of two proposed solutions to the previous yearôs 

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. Several key factors regarding the universal joint concept were 

identified.  

1. It can handle the horizontal and vertical stresses.  

2. Handle shear stress and vibrations from external forces translated from the drill bit.  

3. Maintain a compact joint and still maintain the structural integrity of the design. 

4. It will be able to meet the required rotational speeds from the motor.  

5. Manufacturing capability, able to order off the shelf component.  

Figure 50: Markforged Metal-X 3D Printer at UiS 
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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 is seen in Figure 51, it connects to the pneumatic motor with M8x0.75 

threads and M8x1.25 threads to the motor shaft. Two universal joints in different sizes were 

prepared for the experiment. 

 

Figure 51: The 2020 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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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. 

4.24.2 Wire Concept 

The steel wire concept seen in Figure 52 is the alternative solution to the single 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 are:  

¶ Flexible motor placement  

¶ Able to handle high RPM  

¶ Off the shelf wire and connections  

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

 

Figure 52: The 2020 BHA with the swageless studs (4) and steel wire (5). 

4.25 Thrust Roller Bearing 

The thrust roller bearing used in the 2020 BHA is depicted in Figure 53. It 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 can 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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4.26 Motor Shaft 

The motor shaft is mounted onto the single universal joint. The shaft transfers the torque from 

the downhole motor to the drill bit. It is press-fitted onto the motor shaft using a hydraulic 

press. Previously, a large quantity of motor shafts was CNC-machined in the workshop at the 

university and prepared for different bit connections (M14, M16 and 1/4ò NPT threads) and 

M8 threads for the universal joint connection. The bearing was installed on the motor shaft 

followed by the lower stabilizer, two brass bushings and finally a retaining ring, that holds 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. 

 

4.27 Protection Sleeve and Full Assembly  

Figure 54 presents the 2020 fully assembled BHA with the motor sleeve. It was printed in 17-

4 PH stainless steel at the University of Stavanger. Post-machining of threads and removal of 

support structure were 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 54: Full assembly of the 2020 BHA 

4.28 Drilling Assembly, Learnings from 2020 

The main challenge regarding the BHA was to assemble all components inside the 3D printed 

housing and making everything function as desired. 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 +1000 RPM, the precision of the components cannot be 

stressed enough. 

 



 

54 

 

¶ Pneumatic Motor - Universal Joint Connection  

The connection between the pneumatic motor and universal joint must be done in a 

particular way in other to ensure robustness. The connection needs to be able to transfer 

+1000 RPM and 2.1 Nm of torque from the pneumatic motor. Set screws were used to 

make the connection until they deformed. It was decided to make a pin connection where 

pins made of copper, brass, steel, and stain-less steel were tested. All pins deformed, so 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 was ordered and used for mounting. 

Threading of the universal joint proved to be the right solution for this connection. 

However, length of threads is important such that the joint will land on its shoulder to 

avoid stress concentrations at the screw. The universal joint-ball must be placed exactly at 

the bend of the printed bent sub. If there is a misalignment, the universal joint tends to 

grind against the wall of the bent sub and lose some torque to friction. The pin shown in 

Figure 55 is only to display the concept. The pins used were manufactured in the lathe 

with accurate dimensions.  

 
Figure 55: Tested connections between motor and universal joint. 

¶ 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 56, 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 56: The effect of lopsided threads. 
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¶ Shaft, Bushings and Bearings 

The CNC-machining of the motor-shaft were not perfectly accurate where the thrust roller 

bearing should be placed. 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, On the shafts used for 

drilling, the diameter was set to 20.02 mm to safely press-fit the bearing. 

 

Motor shaft length is important related to u-joint shaft length. If the motor shaft is 

mounted too far into the joint, it caused compression on the thrust roller bearing i.e., 

higher load is put onto the bearing and rotation is not possible. 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 lengths 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 57. 

 
Figure 57: The effects on shaft spacing. 

¶ Grease vs. Low Viscosity Oil  

The 2020 components were greased up to reduce friction of the rotational parts. 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 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 
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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. 

  

4.29 BHA Configuration 2021/2022 
The new BHA design concepts consist of a PDM, drill pipe, bent sub, RSS and the drill bit. 

These will be discussed hereafter. 

  

4.29.1 BHA Configuration Concept 1 

This concept of the BHA consists of the PDM placed directly below the top drive motor as 

seen in Figure 58. Fluid entering the top drive motor will directly enter the PDM, thereafter 

the drill pipe and out through the drill bit. Torque and RPM transfer to the drill bit is from the 

PDM to the double universal joint to drill pipe, to the universal joint and finally to the drill bit 

shaft. The main advantage of this setup is the ability to maximize the size of the PDM for 

maximum RPM and torque output. A disadvantage of this concept is the variety of losses in 

torque and RPM from the PDM to the drill bit. 

 

 
Figure 58: BHA Concept 1 
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4.29.2  BHA Configuration Concept 2 

The BHA concept in Figure 59 has the PDM just above the drill bit. Fluid from the top drive 

motor will travel via a drill pipe to the PDM and eventually out through the drill bit. Torque 

and RPM transfer to the drill bit is from the PDM via the double universal joint to the drill bit 

shaft. The main advantage of this concept is the direct transfer of torque and RPM from the 

PDM to the drill bit with minimal losses. A disadvantage with this method is that the size of 

the PDM is limited by the drill bit since it will travel into the bore. 

 

 
Figure 59: BHA Concept 2 
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4.30 Micro Rotary Steerable System (RSS) Design 
Rotary Steerable Systems (RSS) are a state-of-art technology for directional drilling technology 

that has not been fully applied on a micro scale. RSS are fully operated from surface and can 

be used to drill both vertically and laterally based on the forces being applied on the bit. 

Implementing an RSS on our rig would allow the team to drill to vertically and multiple BURs 

without needing to trip. There is no available RSS product in the market manufactured for 

microscale drilling. Therefore, the team must create the design, manufacture, and test the 

proposed system. The major concern for the system is the minimal downhole space and the 

complexity of the system. 

 
Figure 60: Proposed RSS design bent to 25 degrees 

 

The proposed RSS design pictured in Figure 60 above, use the point the bit principle. If tension 

is applied to the cable on the right the RSS will bend and cause the BUR to increase. Whereas 

if tension is applied to the cable on the left the system will open, and the BUR will decrease. 

The system can bend at any angle between 0° and 37° by adjusting the tension on both cables 

from motors on the surface. As a result, the system can drill at any BUR between 0 °/ft to 18.34 

°/ft. Figure 60 illustrates how the RSS will look if bent to 25 degrees. Due to limited hole size 

and hinge design the azimuth will be controlled on surface. To change the azimuth the drill pipe 

and drilling cable should be unlocked at the surface, rotated to the desired angle, and relocked 

when the cable is set to the desired angle. For safety reasons, the cable should only be rotated 

when the rig is not drilling. 
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5 Control System 

5.1 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 controller (PLC) on level 1, computer 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 (PLC) 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). New for this year is a single PLC responsible for gathering data from 

all the different sensors and controlling all the outputs. 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 in Figure 61 was designed with future implementations in mind by 

allowing for additional modules to be easily added.  
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Figure 61: 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. 

 

5.2 Control System ï Identified Improvements of Current System 

An issue with the control system used previously has been that the computer has been running 

PID control loops and in general deciding outputs based on inputs. The reason this is a 

problem is the fact that the computer is running windows which is known to not have good 

real-time features. This year with the new PLC we will try to fix this by moving lower-level 

control loops onto the new PLC and let the computer handle more higher-level data analysis. 

 

Another advantage with the new PLC is the fact that it supports voltages that are commonly 

used in industrial automation which will allow for less time spent solving problems that have 

already been solved. The ecosystem for different I/O-slices also look very healthy so if weôre 

going to add something to the rig there will most likely be an I/O module for it. 

 

5.3 Current Configuration of Top Drive in Control System 

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 10V since RPM 

should not exceed 1500 RPM in order to prevent damage on the system. This leads to a factor 

of 
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The output slice on the PLC has a voltage range of -10V->10V and a resolution of 16 bits. 

 

ὄὩὧὯὬέὪὪ ὶὩίέὰόὸὭέὲ  
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Which gives the smallest increment in RPM to be 

 

Ὑὖὓ Ὂ ὄzὩὧὯὬέὪὪ ὶὩίέὰόὸὭέὲπȢπτυχυὙὖὓ 

 

Which is an improvement from earlier years, however it shouldnôt matter for our use. 

However, going from a range of 2.7V to 10V and using shielded cables will hopefully result 

in less noise. The driver for the Top Drive has a PID loop built in which might need some 

tuning but it makes it easier for the PLC since that control loop gets offloaded. 

 

5.4 Torque 

The motor can provide 2.86Nm of 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 to provide torque again. Therefore, the maximum 

measurable torque is 8.59Nm and should correspond to 10V. This leads to a factor of 

 

Ὂ
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The output slice has a 20V range and 16 bits of resolution, however for Torque weôre only 

going to be using 0V->10V. Which gives us 15 bits of resolution. 

 

ὄὩὧὯὬέὪὪ ὶὩίέὰόὸὭέὲ 
ρπὠ
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πȢπππσπυὠ 

 

Which gives the smallest increment in torque to be 

 

ὝέὶήόὩ Ὂ  zὄὩὧὯὬέὪὪ ὶὩίέὰόὸὭέὲπȢπππςφὔά 
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5.5 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, and a downhole well trajectory environment as seen in Figure 62. Also, showing 

the real-time position, inclination, and orientation of the bit which is displayed in Figure 63. 

 

Figure 62: 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 63:  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. 
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The GUIs have been created using PyQT and QtEditor and are in their own gRPC module in 

the control system. 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 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 execute 

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 64: Visualization-panel, Developed for the 2018 Competition. 
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6 Sensor Development and Sensor Packages 

6.1 Surface Sensors 

Equipped on the rig is currently a total of nine (9) sensors, Table 2; these have been described 

in last year´s phase 1 design report and consist of. 

- 3x Load Cells measuring the hook load and WOB. 

- 1x RPM Encoders situated in the Top Drive 

- 1x Torque Encoders situated in the Top Drive 

- 1x Pressure Transmitter at the discharge of dual pumps 

- 1x Height Distance Sensor measuring the displacement of the drill floor 

- 2x virtual stepper motor encoders (Whipstock) 
 

Table 2: Table of Surface Sensors Currently installed on the rig 

Sensor Signal Type Measurement Range Unit  

Load Cell Z1 Resistance, 200Ý nominal -200 ï 200 Newton [N] 

Load Cell Z2 Resistance, 200Ý nominal -200 ï 200 Newton [N] 

Load Cell Z3 Resistance, 200Ý nominal -200 ï 200 Newton [N] 

Height Sensor Analog (4-20mA) 0.00 ï 3.00 

0.00 ï 118.11 

Meter [m]  

Inches [in] 

Pressure Transmitter Analog (4-20mA) 0 - 10 Bar [barA]  

Torque Encoder Analogue (10V) ï  

(self-defined range) 

0 ï 8.59 Newton [N] 

RPM Encoder Analogue 10V) ï  

(self-defined range) 

0 - 1500 Revolutions per minute 

(RPM) 

Virtual Encoder; 1 - 10 ɛ-steps / 1.8° 

(= 2000 steps per revolution) 

Degrees [°] that get converted 

to actuator displacement 

Virtual Encoder; 1 - 10 ɛ-steps / 1.8° 

(= 2000 steps per revolution) 

Degrees [°] that get converted 

to actuator displacement 
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6.2 Inertial Measurement Unit (IMU)  

The downhole sensor chosen by the team for this yearôs 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 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. 

 

6.3 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. The downhole 

sensor slot is presented on the motor sleeve in Figure 66. 
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Figure 66: Current BHA and IMU placement 

6.4 Printed Circuit Board (PCB)  

Due to the space limitations the team designed a custom flexible PCB seen in Figure 67. To 

overcome the challenges with space limitations in our BHA, all the components are surface 

mounted. The PCB is based off a Teensy 3.2 and includes an ARM Coretex-

M4(MK20DX256VLH7), ICM-20948 9-Axis IMU and a CAN transceiver as the main 

components. 

 

Figure 67: Current PCB for IMU. 

  

La¦ ǎƭƻǘ 
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6.5 Strategy of Drilling Operation 

General principles of Directional Drilling  

Most directional wells begin as vertical wellbores. At a designated depth, known as the 

kickoff point (KOP), the directional driller deflects the well path by increasing well 

inclination to begin the build section. Surveys taken during the drilling process indicate the 

direction of the bit and the toolface or orientation of the measurement sensors in the well. The 

directional driller constantly monitors these measurements and adjusts the trajectory of the 

wellbore as needed to intercept the next target along the well path. Initially, directional 

drilling involved a simple rotary BHA and the manipulation of parameters such as WOB, 

rotary speed, and BHA geometry to achieve the desired trajectory. Changes in BHA 

stiffness, stabilizer placement and gauge, rotary speed, WOB, hole diameter, hole angle, and 

formation characteristics all affect the directional capability and drilling efficiency of a BHA. 

 

By varying stabilizer placement in the drillstring, the directional driller can alter side forces 

acting on the bit and the BHA, causing it to increase, maintain or decrease inclination, 

commonly referred to as building, holding or dropping angle, respectively (below). 

¶ To build  angle, the directional driller uses a BHA with a full-gauge near-bit stabilizer, 

another stabilizer between 15 to 27 m [50 to 90 ft] above the first, and a third stabilizer 

about 9 m [30 ft] above the second. This BHA acts as a fulcrum, exerting a positive 

side force at the bit. 

¶ To hold angle, the directional driller uses a BHA with 3 to 5 stabilizers, placed about 

9 m apart. This packed BHA is designed to exert no net side force. 

¶ To drop angle, the directional driller uses a BHA with the first stabilizer 9 to 27 m 

behind the bit. This BHA acts as a pendulum, exerting a negative side force at the bit. 

Relatively to our project, a digital detailed operating procedure (DDOP), as shown in Figure 

68, has been optimized and developed to execute the drilling of a directional well 

autonomously. The figure shows the main 8 phases necessary to do a DDOP 

  

Figure 68: Eight phases constitute the digital directional drilling operation 

https://www.slb.com/drilling/bottomhole-assemblies
https://www.slb.com/drilling/bottomhole-assemblies/reamers-and-stabilizers/rhino-integrated-borehole-enlargement-system/cutter-blocks/stabilizer-blocks
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In order to drill a directional well using the laboratory drilling rig, a sequential draft has been 

customized and is displayed in Figure 69. 

 

Figure 69: Digital Detailed Operating Procedure for Directional Drilling, developed in 2019. 
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7 Smart Drilling (AI) Control Algorithm  

Rock samples that are used during drilling operation will be relatively uniform, which makes 

it possible to obtain a good amount of training data for smart drilling. Through this operation, 

the system will be able to optimize the ROP by making optimal decisions that maximize the 

quality and reduces time. In addition to this, the maximal deviation angle will be reached 

while keeping the mechanical stress levels on components within the tested safe parameters. 

An artificial neural network (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. 

An ANN is based on a collection of connected units or nodes called artificial neurons, which 

loosely model the neurons in a biological brain. Each connection, like the synapses in a 

biological brain, can transmit a signal to other neurons. An artificial neuron receives a signal 

then processes it and can signal neurons connected to it. The "signal" at a connection is a real 

number, and the output of each neuron is computed by some non-linear function of the sum of 

its inputs. The connections are called edges. Neurons and edges typically have a weight that 

adjusts as learning proceeds. The weight increases or decreases the strength of the signal at a 

connection. Neurons may have a threshold such that a signal is sent only if the aggregate 

signal crosses that threshold. Typically, neurons are aggregated into layers. Different layers 

may perform different transformations on their inputs. Signals travel from the first layer (the 

input layer), to the last layer (the output layer), possibly after traversing the layers multiple 

times. 

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. 

ὥ „ ύ ὥ ὦ  

Where the Ὦ  is the Ὦ  neuron, ὰ is the ὰ  layer, ὥ is the activation, „ is the Sigmoid function 

given below, ύ is the weight of for the specific layer and activation of the subsequent layer. ὦ 

is the bias for the specific layer and neuron. 

„ὼ
ρ

ρ Ὡ
 

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.  

ὥ „ύὥ ὦ „ᾀ  

Where ᾀ is just a useful quantity worth naming for further calculations. 
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In our scenario, the input layer will be sensor data that is statistically significant to the rate of 

penetration. This might be WOB, torque, magnetometer, or drill angle, among other things. 

The data acquisition must be done in real time, with the input parameters being time 

synchronized to a great degree. Before the data is supplied into the network, it must be 

filtered. A greater sample frequency improves reaction time and is necessary for developing a 

representative model for real-time drilling choices. 

Hidden layers are neurons that are not directly coupled to an input or output and instead take 

one or more subsequent activation values. A deep learning network is one that has numerous 

hidden layers. 

The output layer contains the end values that are utilized to control the real rig while drilling. 

Based on the model, these outputs will provide the best rate of penetration achievable in the 

system's current condition. The rate of penetration is the most important sign of fitness. 

Backpropagation allows the system to modify its weights and biases in response to new 

training data. The system is carefully constructed to allow calculation of ‬ὅȾ‬ύ and 

‬ὅȾ‬ὦ where ὅ is the cost function with respect to any weight ύ or bias ὦ 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. 

ὅ
ρ

ς
ώ ὥ  

Where Ὦ is a specific neuron, ώ is the desired output and ὒ 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 ᶯὅ π. 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. 

‏
‬ὅ

‬ὥ
„ ᾀ  

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

‏ ᶯὅṩ„ ᾀ ὥ ώṩ„ ᾀ  

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. 

‏ ύ ‏  ṩ„ ᾀ  

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.  
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‬ὅ

‬ὦ
 ‏

The rate of change of the cost can also be calculated with respect to a specific weight, giving 

the final building block for backpropagation.  

‬ὅ

‬ύ
ὥ  ‏

Using these building blocks a neural network based smart drilling control system should be 

feasible.  
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8 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 pilot hole (at + 

108.908 mm for the 10-degree whipstock), the relationship between horizontal build and TVD 

gets calculated so that: 

Ὄ

ὝὠὈ
ὓὈ ρπψȢωπψάά

ὬέὶὭᾀέὲὸὥὰὦόὭὰὨ

ὝὠὈ
 

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 70 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: 

Ὓὸὥὸόί
ὌȾὝὠὈ

ὌȾὝὠὈ
 

If the build status is Ó 1, the system will be in a drop angle mode, and if the build status is Ò 1, 

the machine will be in a build angle mode and needs to increase the build-rate by increasing 

the WOB. 

 

Figure 70: Illustration of how the machine uses a look up table to confirm whether sufficient build is achieved at any given 

depth. 












