
 

 
 

Faculty of Science and Technology 
 

Drillbotics 2018 – Phase 1 Report 

 
Study program/Specialization: 
 
Petroleum Engineering – Drilling & Well 
Engineering 
 

 
 
 

December, 2017 

Writers: 
 

Team University of Stavanger, Drillbotics 2018 

 
Faculty supervisor: Dan Sui (University of Stavanger) 
External supervisor: Robert Ewald (International Research Institute of Stavanger) 
 

 
Report title: 

 

Drillbotics 2018: Rig Design Principles and Phase 1 Report 

Key words: 
  
Drilling Automation 
Hardware / Software design 
Control System, Drilling Problem Management 
 
 

 
         Pages: 51  
         + 2 Appendixes 
     

Stavanger, 31. Dec 2017 
          

 
  



  Team University of Stavanger, 2017-12-31 

2 

 

Content of Report 
 

Summary and Introduction ................................................................................................. 4 

Nomenclature ........................................................................................................................ 6 

Abbreviations ........................................................................................................................ 7 

1. Problem Description ..................................................................................................... 8 

2. Rig Design ...................................................................................................................... 9 

2.1 Drillbotics 2017: Current Design ............................................................................. 9 

2.2 Rotation System and Design Changes: .................................................................. 12 

2.2.1 Top Drive .............................................................................................................. 12 

2.2.2 Rotary Union ........................................................................................................ 12 

2.3 Hoisting System and Design Changes: ................................................................... 14 

2.3.1 Improved WOB measurement and PID control ............................................... 14 

2.3.2 Damper / shock absorbers between load cells and top plate ............................ 16 

2.4 Circulation System and Design Changes ............................................................... 17 

2.4.1 Pump ..................................................................................................................... 17 

2.4.2 Filtration system ................................................................................................... 18 

2.4.3 Riser ...................................................................................................................... 20 

3. Engineering Section for rig calculations ................................................................... 21 

3.1 Drill string calculations ........................................................................................... 21 

3.2 Mechanical Properties of 0.036” Wall Thickness Drill Pipes .............................. 24 

4. Downhole Measurement Tool .................................................................................... 26 

4.1 Objectives ................................................................................................................. 26 

4.2 Theoretical background .......................................................................................... 26 

4.3 Mechanical Design ................................................................................................... 28 

4.4 Accelerometer specifications .................................................................................. 31 

4.4.1 Centripetal acceleration ...................................................................................... 31 

4.4.2 Bits and resolution ............................................................................................... 32 



  Team University of Stavanger, 2017-12-31 

3 

 

4.4.3 Bitrate .................................................................................................................... 32 

4.4.4 PCB layout ............................................................................................................ 32 

5. Control System Architecture ...................................................................................... 34 

5.1 System communication ............................................................................................ 35 

5.2 Machine Learning Algorithm ................................................................................. 36 

5.3 Rock Formation Change ......................................................................................... 37 

6. PID Controller for WOB Control .............................................................................. 39 

7. Control Strategies: Downhole Drilling Problems ..................................................... 45 

7.1 Machine Learning Approach ................................................................................. 45 

7.2 Tuning / rewriting the existing “coordinator”-algorithm .................................... 46 

8. Human Machine Interface and Plug&Play Concept ............................................... 49 

9. Estimated Preliminary Costs ...................................................................................... 51 

Appendix A – Electrical Line Diagram of 2017 Rig (foundation for 2018 competition)

 .............................................................................................................................................. 52 

Appendix B – Safety Case for the rig (same as in 2017) ................................................. 53 

 
  



  Team University of Stavanger, 2017-12-31 

4 

 

Summary and Introduction 
 
The autonomous drilling rig is designed in accordance with the guidelines and constraints that 

are defined by the Drillbotics Committee of the Drillbotics 2018 Competition, hosted by SPE. 

The competition involves designing and building a small-scale autonomous drilling rig, which 

is capable of drilling through an unknown rock sample of 0.6m height in the least amount of 

time. The drilling machine is dimensioned to fully exploit, yet not exceed the strength of the 

weakest component: the aluminum drill pipe. The mechanical properties of the aluminum 

pipe thus define the drilling machine´s maximum operating capabilities, i.e. the RPMmax, τmax 

and WOBmax. To successfully achieve the required objective and avoid any drilling incidence, 

for instance damage to equipment, a key element in the design process has been to build an 

accurate system, which is capable of quick detection and adaptation to various drilling 

scenarios.  

 

Team UiS participated with a small-scale autonomous rig in the Drillbotics 2017 competition. 

Last year, the team built a fully functional rig, with some minor and significant issues, which is 

natural during prototyping. Focus this year is to improve on those issue areas identified last 

year. Due to significant costs involved in 2016 and 2017, and an intent to produce a more 

advanced, accurate and relevant drilling system, the rig from last year’s competition will be 

re-used and upgraded significantly, especially in terms of the autonomous drilling algorithms. 

Hence, this report aims to describe the planned changes and new projects to be conducted 

on the UiS Drillbotics small scale drilling rig during the Spring of 2018, including but not limited 

to: 

• Real-time downhole sensors and real-time visualization 

• Machine learning algorithms for ROP-modeling and -optimization and fault detection 

and handling 

• Data quality control improvements 

• EMC improvements for EMI reduction 

• Development of dynamic models for drill string- and BHA vibrations 

• Plug-and-play interface for remote access and control 

• New data acquisition system and HMI system 

• Upgrade of mechanical components 
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o Riser 

o High vibration-enduring connectors between top drive, drill pipe and BHA 

o Flanges mounted to the motor shaft 

o Shock-absorbers between actuators and drill floor to reduce impact of 

vibrations 

o Filtration system  

o Accessibility and mobility 

 

Due to last year´s rig being used as a foundation for this year’s competition, please find 

attached links to the Drillbotics 2017 Phase 1 Report, as well as relevant thesis´ and a paper 

written on the Drillbotics 2017 rig for reference: 

 

- Drillbotics 2017: Rig Design Principles and December Update 2016/2017 

- BSc Thesis: Construction, Design and Optimizationof an Autonomous Laboratory-Scale 

Drilling Rig 

- MSc Thesis: Integration of modeling and drilling incident management of a real-time 

lab-scale autonomous drilling rig 

- Construction of An Autonomous Laboratory-Scale Drilling Rig for Testing And Control Of 

Drilling Systems 

  

https://www.dropbox.com/s/ltj6ybq0632x0qs/Drillbotics%202017%20Phase%201%20-%20Team%20University%20of%20Stavanger.pdf?dl=0
https://www.dropbox.com/s/mxquogjyumkzx5y/Loeken_Erik%20%26%20Trulsen_Alexander.pdf?dl=0
https://www.dropbox.com/s/mxquogjyumkzx5y/Loeken_Erik%20%26%20Trulsen_Alexander.pdf?dl=0
https://www.dropbox.com/s/be6bzqry7cenzyv/Holsaeter_Andrew.pdf?dl=0
https://www.dropbox.com/s/be6bzqry7cenzyv/Holsaeter_Andrew.pdf?dl=0
https://www.dropbox.com/s/xpl5y71xuxibsqb/CONSTRUCTION%20OF%20AN%20AUTONOMOUS%20LABORATORY-SCALE%20DRILLING%20RIG%20FOR%20TESTING%20AND%20CONTROL%20OF%20DRILLING%20SYSTEMS.pdf?dl=0
https://www.dropbox.com/s/xpl5y71xuxibsqb/CONSTRUCTION%20OF%20AN%20AUTONOMOUS%20LABORATORY-SCALE%20DRILLING%20RIG%20FOR%20TESTING%20AND%20CONTROL%20OF%20DRILLING%20SYSTEMS.pdf?dl=0
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Nomenclature 
 

𝐶𝐶𝑆 - Confined compressive strength  

𝑑𝑏𝑖𝑡 - Bit diameter  

ID - Internal diameter  

OD - Outside diameter  

𝐸𝑌 - Young’s modulus  

𝐹 - Force  

𝐹𝑙𝑎𝑡𝑒𝑟𝑎𝑙 - Lateral force to destabilize the structure  

𝐹𝑦𝑖𝑒𝑙𝑑 - Maximum allowable axial force on drill-pipe  

F𝑏𝑖𝑡 - Force between the bit and the formation  

G - Shear modulus  

g – Gravitational acceleration  

𝑘  - Buckling effective length factor  

𝑙 - Length of drill-pipe  

𝑀𝑆𝐸 - Mechanical Specific Energy  

𝑃𝑐 - Buckling critical load  

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

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

𝑈𝐶𝑆 - Uniaxial compressive strength  

𝑣𝑏𝑖𝑡 - rate of penetration  

𝜎𝑚𝑎𝑥 − Ultimate strength  

𝜎𝑠𝑢 −  Ultimate shear strength  

𝜎𝑠𝑦𝑝 − Shear yield point  

𝜎𝑦𝑝 − Tensile yield strength  

τ𝑚𝑎𝑥 − Max torque  

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

τ𝑦𝑖𝑒𝑙𝑑 − Yield torque  

θ𝑎𝑛𝑔𝑙𝑒 − Angle 

μ𝑏𝑖𝑡/𝑟𝑜𝑐𝑘 − Coefficient of friction 

ρ − Density 

ω̇𝑏𝑖𝑡 −Bit angular velocity 
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Abbreviations 
 

ROP – Rate of penetration 

WOB – Weight on bit 

RPM – Revolutions per minute 

ID – Inner diameter 

OD – Outer diameter  

DSATS – Drilling systems automation technical section 

WBM – Water based mud 

OBM – Oil based mud 

PV – Plastic viscosity 

SF – Safety factor 

YS – Yield strength  

USS – Ultimate shear stress 

UTS – Ultimate tensile strength 

UCS – Uniaxial compressive strength 

TFA – Total flow area 

BHA – Bottom-hole assembly 

TD – Total depth 

DP – Drill pipe 

HWDP – Heavyweight drill pipe 

SPP – Stand pipe pressure 

MSE – Mechanical specific energy 

CCS – Confined compressive strength  

MAOP – Maximum allowable overpull 
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1. Problem Description 
 

The team will design and build an autonomous drilling machine, which physically imitates the 

functionality of a full-scale rig machinery. A rock sample measuring 12” width x 12” length x 

24” height (30 cm x 30 cm x 60 cm), is to be drilled as vertically as possible, and as quickly as 

possible. The rock sample will be “manufactured using cement, varying soil samples and 

possibly other materials not typically encountered during regular drilling. All simulated 

formations may not be parallel to each other (e.g. formation dip)”1. A time constraint to 

penetrate the rock sample is set to a maximum of two hours (120 minutes), i.e. a minimum 

rate of penetration (ROP) of 0.5 cm/min. The rock sample shall be drilled using a PDC micro-

bit with an outer diameter (OD) of 1.125” (28.575 mm), braced cutters with a cutter backrake 

of 20 degrees and a cutter diameter of 0.529” (13.4366mm) and two nozzles. The nozzles each 

are 2.35mm in diameter i.e. a total flow area (TFA) of 8.6747mm2.  

The drill string is comprised of a single aluminum tube of 36” (914.4mm) length, with an OD 

of 
3

8
” (9.525mm) and a wall thickness of 0.049” (1.2446mm), i.e. an inner diameter (ID) of 

8.2804mm. In designing the bottom hole assembly (BHA), stabilizers are permitted. Stabilizers 

shall however not exceed a total length of 3.5” (88.9mm), and may not be used in a matter to 

stiffen the drill string.  

Sensors can be applied, both on the drilling rig and the drill string, but are not permitted to 

log the rock sample (provided by the DSATS). The drilling rig will work autonomously, meaning 

calibration, drilling and problem handling is to be fully automated without human interaction. 

This applies to both sensors, motors, pumps, etc.2 All remote operation and/or intervention is 

prohibited. 

The power consumption is limited to 25 horsepower (18.643 kilowatts). This is to include all 

the components and monitoring systems in place. The official guidelines also encourage all 

teams to spend less than US$ 10,000. Exceeding this budget limit may lead to penalties from 

the DSATS committee.  

                                                 
1 Drillbotics Guidelines; International University Competition 2018 
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2. Rig Design 
 

2.1 Drillbotics 2017: Current Design 
A hollow shaft power transmission system has been chosen to provide the required rotational 

velocity to penetrate the rock sample. The brushless hollow shaft motor allows for circulation 

through the motor and is connected directly on top of the top-drive using a rotary union. The 

rotary union is attached on top of the motor, rather than beneath, to overcome the challenge 

with small-scale rotary unions producing considerable amounts of viscous friction when 

performing in low-pressure conditions at high RPM beneath the motor. To connect the rotary 

union on the top, and the drill pipe and assembly underneath the motor, two (2) flanges have 

been designed and self-manufactured at the University. The top-flange that attaches to the 

rotary union is made manually using a lathe and mill. The flange is made from aluminum, as 

this is less strong than steel and an overall easier material to shape. Like the top flange, a 

bottom flange was outsourced to the IKM Department at the University of Stavanger to make 

in the CNC-machine. This flange had to be made in a CNC-lathe and CNC-mill to prevent 

wobbling between the power transmission motor and the pipe, which is extremely difficult to 

manufacture manually using a lathe. 

 

 

Figure 1: Rig setup with main components and sensors. 
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For the drilling to be performed as vertically as possible and with an always accurate WOB, 

three actuators are connected to the steel plate where the top drive is mounted. The actuators 

are connected to the frame of the drilling rig constitute the hoisting system of the machine. 

The hoisting system will provide us with the WOB needed to effectively penetrate the rock 

sample, thus controlling the speed of bit elevation and ROP. The decision to utilize three 

actuators in the hoisting system allows the drilling machine to counteract forces in the x,y,z 

directions acting from the formation on the bit while drilling. By monitoring and adjusting the 

elevation of each individual actuator, drill string verticality throughout the entire operation is 

achieved. To measure these forces, not limited to those acting in the z-direction, tri-axial load 

cells are applied between each actuator and the top drive-plate in which the top drive is 

mounted to. By using real-time controllers, the drilling rig can detect and correct for an offset 

in drill-string verticality if said forces acting from the formation to the bit create an inclination 

in the drill string. Because the three (3) stepper motors that are attached to the linear 

actuators have a limited torque, and should not be overloaded from the weight resting on the 

actuator lead screws that the stepper motors are connected to, brakes have been installed on 

each of the actuators. 

The current circulation system enables drilled cuttings to be transported away from the bit to 

surface, whilst the biggest solids are filtered out using a multi-tiered filtration screen system. 

A water-based-mud (WBM) will be our main drilling fluid for testing and optimizing the rig. An 

oil-based mud (OBM) is proposed as a future drilling fluid to cool the drill bit, reduce friction 

to the hole and improve the vibration-challenge. 
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Figure 2: Resulting rig of the Drillbotics 2017 competition that 

is used as a foundation for this year´s competition. 
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2.2 Rotation System and Design Changes: 

 

2.2.1 Top Drive 

No significant changes will be made to the top drive, as the current 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 necessary (e.g. if the rotary union is replaced 

for high RPM vibrations research).  

              

 

2.2.2 Rotary Union 

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

rotating part to permit the flow of a fluid into and/or out of the rotating part. In our case, 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 that will be used for this system is a Deublin 3/8” NPT RH 

(D55-000-001). This rotary union has a low torque rating and can handle both WBM and OBM. 

 

Figure 3: Hollow-shaft, brushless top drive 
from Motion Control Products with Rotary 
Union from Deublin attached on top. 
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A challenge last year was that the swivel together with the mounting flanges induced 

unwanted vibrations to the system, which constrained our RMP limit for the system to 

approximately 900 RPM.  A great focus will be given to solve the alignment of the flanges such 

that the RPM can be increased to at least 1200 RPM, possibly even 1500 RPM.  

Solution: As seen in the pictures below, the swivel is in good condition with only 0.05mm 

difference between the low and high side. More attention must be given to the flanges 

attached to the motor shaft. The swivel will be mounted to the top-plate to prevent resulting 

vibrations. 

 

 

 

 

 

 

 

 

 
Due to the high requirements to alignment of flanges, and partially failed attempts at 

manufacturing these using manual lathe and older CNC-machines, both the top flange, bottom 

flange and an alignment tool will likely be outsourced to an external company and produced 

with high precision.  

Figure 4: Comparison of offset between low- and high-side of 
rotary union in place on the system. 

Figure 5: Design-schematics for top- and bottom-flanges that will be outsourced for high precision 
manufacturing.  
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2.3 Hoisting System and Design Changes: 
 

Due to the nature of the small-scale laboratory rig, the weight of the drill string, BHA and bit 

is insufficient to provide an adequate weight on bit (WOB) for drilling. Hence, a hoisting system 

design, capable of pressing down the drill pipe and providing up to maximum 300 N WOB 

consisting of a steel plate fixed between three vertical actuators is used. Three load cells (W1, 

W2 and W3) capable of detecting all forces acting on x, y and z directions are installed under 

the hoisting plate near each actuator for WOB measurement. These three actuators are 

individually controlled using three stepper motors and are synchronized to move up and down 

to adjust WOB. Control system for hoisting is designed to measure/calculate position of each 

actuator from top and feedback those data to detect and keep the hoisting plate at a 

horizontal position during drilling. 

 

2.3.1 Improved WOB measurement and PID control  

As mentioned under rig design, WOB measurements are obtained using three synchronized 

load cells (W1, W2 and W3) in compression mode. Hence, 

 

𝑊1 + 𝑊2 + 𝑊3 − 𝑚𝑔 = 𝑊𝑂𝐵, where  𝑚𝑔 represents the total weight of the drill pipe, 

BHA, bit and equipment weight on top of the hoisting plate. 

 

Post analysis of the WOB data shows several data issues with WOB measurements. These are 

briefly listed below. 

 

1. Inconsistent sampling frequencies: 

Ideally, three load cells (measuring force on z direction) are synchronized to operate in same 

sampling frequency during drilling to obtain the WOB measurement.  However, it is observed 

that this is not always the case during real time operations. Some measurements are observed 

to arrive early or late due to sensor malfunctions etc. This is highlighted in Figure 6. 
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Figure 6: An incomplete data set leading to incorrect WOB values or inconsistent  
sampling intervals issues. 

Due to these inconsistent sampling frequencies of different load cell measurements, a 

resampling method like interpolation is needed for improved WOB calculations to feed PID 

controllers for better WOB control.  

2. Incomplete/Inaccurate WOB data 

As mentioned above, due to the inconsistent sampling frequency of load cells, measurements 

obtained for WOB can paint an inaccurate picture of the real applied WOB. Hence, these 

incomplete data sets must be first identified during real time operations, then either discarded 

or filled in with an extrapolated/interpolated value using a simple gap filling algorithm. 

3. Invalid WOB data 

It is noted that some of the WOB data obtained during drilling also has negative values. This 

indicates that load cells are in tension during drilling and hence not accurate. Therefore, these 

values have to be identified during real time operation and has to be filled with a null value or 

interpolated/extrapolated values using adjacent WOB data points. Further, sampling 

frequency of the load cells and WOB PID controller reaction times must be considered when 

designing a gap filling algorithm for this.   

 

Figure 7: Depiction of how missing data 
leads to a system interpretation of WOB = 0 
which influences the PID controller precision 
and unwanted vibrations. 

 

  



  Team University of Stavanger, 2017-12-31 

16 

 

Methods/suggestions for improving WOB measurements 

1. Gap filling interpolation/extrapolation algorithm implementation  

2. Investigation of current self-manufactured amplifiers for load cells vs. inbuilt amplifiers 

in HBM Quantum X DAC proposed included in the system 

3. Sources of white noises identification and isolation via EM shielding  

4. Vibration mitigation via shock absorbers / dampers, as load cells are also detecting 

natural rig vibrations in addition to noise and random disturbances.  

5. Consider torque-PID-control instead of WOB-PID-control 

 

The last point will be elaborated under Section 5: Autonomous Control System. 

 

2.3.2 Damper / shock absorbers between load cells and top plate 

As mentioned above, the best data is obtained if unwanted vibrations from rig can be 

absorbed, thus reducing the impact of e.g. top drive vibrations or vibrations from misaligned 

flanges. These could be as simple as having  gimbal shock absorber damper balls between the 

actuator and top plate (see Figure 8). Alternatively, e.g. anti-vibration damping seats can be 

installed between the top plate and actuator brackets, which likely will reduce unwanted axial 

vibrations (that matter the most for WOB measurement). 

 

 

         Figure 8: Illustration of how the introduction of damper 
         balls or damper seats can reduce unwanted vibrations. 
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2.4 Circulation System and Design Changes 
 

For transportation of cuttings, lubrication and cooling of the drill string, a common fluid 

circulation system will be used. In the building and testing stage of the drill rig, WBM or OBM 

will be used as the circulating fluid, but mainly we will be focusing on using WBM. We may 

consider using a simple oil-based drilling fluid for the Drillbotics competition, or a combination 

of a fluid based on water and particle additives to alter the properties of the fluid.  

 

2.4.1 Pump 

When deciding which pump to choose for our system, there are several different parameters 

which need to be considered. These are: what type of fluid, pressure range, flow velocity, 

handling of particles, flow rate and physical properties of the pump (e.g. what temperatures 

can the pump endure and overall quality). We intend to use a pump that is manufactured from 

stainless materials, that can handle both oil and water to allow for both OBM and WBM 

drilling. In addition, the pump should be an electrical pump with adjustable flow rate using a 

frequency converter. Last year we experienced several issues with the pump overheating 

during longer sessions of drilling, and shutting down. The major cause of our problems was 

likely related to operating very close to the pump maximum operating flow rate. This can be 

solved by using a pump of a higher quality, that is built to operate at higher maximum 

pressure, and can be adjusted to our intended flow rate. Another alternative is to implement 

a cooling system, so that the pump can keep operating during longer drilling sessions, or 

similarly to last year, operate with two (2) pumps in parallel.  

 

Assuming that we will mainly use a water-based mud for the competition (HSE concerns), the 

flow velocity needs to be greater than or equal to 0.5m/s. This gives us a minimum flow rate 

of 8.82 l/min (LPM), and further implies that the pump should be able to provide a pressure 

head of at least 2.26 barg. Based on calculations done for the pressure loss in the current 

system, and given that we will run a continuous flow rate of Q = 11l/min, and  have the 

possibility to build up pressure in the system to see if we can ‘’stiffen’’ the drill string, a pump 

that can deliver according to these numbers, presented in the Figure 9, will be selected where 

pressure-loss is given as a function of flow rate. The reason for the high pressure-loss is due 

to uncertainties for the pressure loss in the BHA, thus adding 2 bars as a worst-case scenario. 
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This year’s design also has a relief valve, that can be manually adjusted when operating at 

higher pressures.  

 

 

Figure 9: Pressure loss in the system (2017 rig design) at different flow rates. 

 

2.4.2 Filtration system 

Currently the filtration system is based on the last year’s model (2017). The filtration system 

is a multi-tiered filtration screen system to remove the biggest solids, as fluid flows from one 

bucket to another. Mesh screens were initially considered to be used for solids control. This 

may or may not be trialed, as it might be more appropriate for a gelled fluid system (which 

this project will not be incorporating). For the time being, the design depicted in Figure 10 will 

assume use of the mesh screens, but may be omitted in future design work depending on the 

results of the practical tests, when built. Fluid is pumped from the last bucket back through 

the system. For the Drillbotics competition 2018, we intend to improve the design by primarily 

increasing the height of the buckets, and possibly attach a bell nipple so that we can avoid spill 

when running a higher pressure in the system. Also, it is important to design a ‘’protective 

screen’’ around the current filtration system to avoid spill, especially when considering the 

usage of OBM. 
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Increased 
bucket 
height 

Bell Nipple 
mounted 
to riser 

Figure 10: Proposed changes to deposit system by 
utilizing taller buckets with mesh screens and bell-
nipple for return flow from “sealed” riser 
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2.4.3 Riser  

One of the last pieces of equipment that was built last year is the guide for the drill string, in 

our system referred to as the “riser”. Initially the riser design worked as intended, during test 

drilling phases of heavier and lower samples, but when the competition rock was installed 

some parameters changed which led to complications. 

 

For example, the top of the competition rock was above the water level of our filtration 

system. This caused water coming out the drill bit to splash against the top of the rock and 

spill outside the filtration system. Also, there were key issues with alignment of the riser 

relative to the drilling floor. The riser system was highly time consuming and very sensitive to 

misalignment. Thus, misalignment of the riser caused the stabilizers in the BHA to grind 

against the top of the riser when entering the riser and during pilot-hole drilling. Another issue 

we experienced, was that the gap between the riser ID and the BHA OD was too high (a few 

millimeters), which allowed for greater movement in the vertical direction, thus causing the 

drill string to go into a whirl state at high RPMs. Even if during test phases, little to no 

vibrations occurred, the riser was manufactured using aluminum, whereas the BHA and 

stabilizers were manufactured using stainless steel. As testing occurred over a longer time 

period, the riser ID was likely increased, as the friction between the BHA and riser “carved 

out” the riser. 

 
Figure 11: Left picture: riser and alignment system. Center picture: 2017 BHA. Right picture: near-
photo of bottom-stabilizer in BHA.  

Two suggestions are proposed for the new riser design: 
1. Manufacturing of both BHA and riser in stainless steel, with a gap of < 0.5mm. 
2. Attach rubber seals outside drill collars, to prevent BHA movement while inside the riser. 
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3. Engineering Section for rig calculations 
 

Based on the mechanical properties under Section 3, some drill string calculations can be 

carried out to identify the limits of our system: 

 

3.1 Drill string calculations 

Metallurgical calculations assume a safety factor (SF) of 1.1 (10%), and that the drill string has 

the same dimensions as mentioned in the problem description, however with a 0.036” wall 

thickness (as used in last year´s competition). 

 

By assuming pure aluminum with a ultimate tensile strength (UTS) of 89 MPa, and a yield 

strength (YS) of 34 MPa. YSmax is then 89 MPa, and the ultimate shear stress (USS): 

USS = 0.65 * YSmax = 57 MPa.  

The maximum torque that can be applied before the pipe shears is: 

 

𝑇𝑞𝑚𝑎𝑥 =
𝑈𝑆𝑆

𝑟
∗

π

32
∗ (𝑑𝑜

4 − 𝑑𝑖
4) =

57 ∗ 106

0.004765
∗

π

32
∗ (0.009534 − 0.0086414) = 3.14 𝑁𝑚 

 

Hence, with SF (1.1), 𝑻𝒒𝒎𝒂𝒙 = 𝟐. 𝟖𝟓𝟒 𝑵𝒎. 

The maximum torque that can be applied before the pipe yields is: 

𝑇𝑞𝑦𝑖𝑒𝑙𝑑 =
𝑌𝑆

𝑟
∗

π

32
∗ (𝑑𝑜

4−𝑑𝑖
4) =

34

0.004765
∗

π

32
∗ (0.009534 − 0.0086414) = 1.873 𝑁𝑚  

Hence, with SF (1.1), 𝑻𝒒𝒚𝒊𝒆𝒍𝒅 = 𝟏. 𝟕𝟎𝟐 𝑵𝒎. 

 

The rig therefore needs to provide a minimum torque across the drill string of 1.702 Nm to 

work efficiently, if pure aluminum is considered (without any impurities or e.g. aluminum 

alloys that may strengthen or weaken the properties). 
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To determine the maximum allowable overpull (MAOP), the tensile strength of the drill pipe 

must be known. The maximum allowable overpull (assuming a SF = 1.1) becomes: 

𝐹𝑦𝑖𝑒𝑙𝑑 =
π

4
∗ (𝑑𝑜

2−𝑑𝑖
2) ∗ 𝑌𝑆 =  

π

4
∗ (0.009532 − 0.0086412) ∗ 89 ∗ 106 = 1129 𝑁

= 115 𝑘𝑔 

Hence, with SF (1.1), 𝑭𝒚𝒊𝒆𝒍𝒅 = 𝟏𝟎𝟒. 𝟔 𝒌𝒈. 

 

MAOP can be determined by knowing the point at which the DP will buckle and applying a SF 
to prevent this from happening. Then, we need to calculate the relationship between WOB 
and torque at the bit and the maximum allowable WOB for a given UCS (rock strength). 
 
The maximum allowable WOB (MAWOB) (assuming a SF = 1.1) becomes: 
 

𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒 =
(π2 ∗ 𝐸𝑦 ∗ 𝐽𝑧)

(𝑘𝐿)2
=

π2 ∗ 69 ∗ 109 ∗ 1.312249514 ∗ 10−10

(0.7 (𝑜𝑟 2) ∗ 0.9144)2
 

 
= 218.1 𝑁 𝑝𝑖𝑛𝑛𝑒𝑑 𝑜𝑟 26.7 𝑁 𝑠𝑤𝑎𝑦𝑖𝑛𝑔 

 

Hence, with SF (1.1), MAWOB = 198.3 N pinned or 24.3 N swaying.  

 

The torque generated by drill pipe twisting can be calculated: 

By assuming pure aluminum with a shear modulus of 24 GPa: 

𝑇𝑞𝑦𝑖𝑒𝑙𝑑 =
𝐽𝑧

𝐿
∗ 𝐺𝜃 = 1.316 𝑁𝑚 

 

In the equation: 

𝐽𝑧 =
π

64
∗ (𝑑𝑜

4 − 𝑑𝑖
4)  

L = 91.44 cm 

Twist-off angle = 0.3819573 (found from calculations) 

  



  Team University of Stavanger, 2017-12-31 

23 

 

Due to the low mechanical strength of the aluminum drill pipe used, it has a twist-off angle of 

approximately  
π

15
 rad. Hence, while drilling at ω rpm, time for twist off is approximately 

2000

𝜔
 

ms.  Hence, maximum response time of the top drive controller (Tr) is: 

𝑇𝑟𝑚𝑎𝑥 =
2000

𝜔
 𝑚𝑠 

 

When drilling at 𝜔 = 800 𝑅𝑃𝑀, 𝑇𝑟𝑚𝑎𝑥 of the top drive controller is 2.5 ms. The selected top 

drive torque sensor (T1) of the experimental setup has a maximum sampling frequency of 2000 

Hz, i.e. 2 samples per every 1ms-sampling rate or sampling time (Ts) of 0.5 ms. Therefore, 

sensor fault detection and controller action to prevent a twist-off scenario has to be well 

within 2.5 ms. Hence, at especially high RPMs, sensor data quality and sampling frequency is 

paramount for the real-time intelligent decision making of the system. 

 

With the current setup (disregarding the safety factor of 1.1), some dimensions / parameters 

that must be considered upon designing the rig is: 

 

Parameter  Value 

 

Maximum allowable over pull/ weight of DP 104.6 Kg  

Maximum WOB- Pinned 218.1 N  

Maximum WOB- Swaying 26.7 N  

Twist off angle  0.382 degrees 

Maximum yield stress 1.7 Nm 

Ultimate Tensile Strength (UTS) 2.8 Nm 

Drill bit outer diameter (OD) 28.575 mm 

Cutter back-rake angle 20 degrees 

Cutter diameter 13.437 mm 

Nozzle diameter / Total flow area 2.35 mm/8.675 mm2 

BHA length 37.89 mm 
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These are however highly likely subject to change when the new drill pipes of 0.049” wall 

thickness arrive and the final schematics for the BHA (bottom hole tool) and possibly new bit 

that will be designed by the team are ready. The new bit the team has discussed is equipped 

with three (3) PDC cutters rather than two (2), to prevent axial vibrations and torque 

fluctuations due to 2-cutters design (in accordance with industry practice). 

 

3.2 Mechanical Properties of 0.036” Wall Thickness Drill Pipes 

During the Spring of 2017, tests were conducted to investigate the mechanical properties of 

the drill pipes to be used in the Drillbotics 2018 Competition. As the University has not yet 

received the recently ordered drill pipes with 0.049” wall thickness, no tests have been made. 

These results were found for a drill pipe with 0.036” wall thickness to learn maximum static 

loads the drill string can be subjected to: 

 

 

Figure 12: Results from testing aluminum pipes with 0.036” wall thickness at apparatus at the 
University of Stavanger. For each test, three (3) identical specimen have been tested. 



  Team University of Stavanger, 2017-12-31 

25 

 

By utilizing a comparison of maximum torque limits and WOB for different drill pipe- and bit 

diameters3, the expected torque limit of the 

2018 drill pipe with an OD of approx. 9mm, 

and ID of approx. 8.1mm (0.049” wall 

thickness) is approximately 3.50 Nm (yellow 

line). 

 

 

  

                                                 
3 Eric Cayeux et al. Challenges in the Automation of Lab-Scale Drilling Rig vs Full 
Scale Rig. Society of petroleum engineers, page 4, April 2017. 

Figure 13: Torque limit vs. WOB for various pipe- 
and bit outer diameters. 
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4. Downhole Measurement Tool 
 

4.1 Objectives 

Drill string vibration is a complex phenomenon, which frequently results in NPT 

(nonproductive time). The complexity lies in the coupled action of the three vibrational 

modes: axial, lateral and torsional. The modes excite one another, which makes it difficult to 

recognize a particular mode and prevent their destructive effect. A downhole measurement 

system is a handy tool, which will allow us to capture the moment when vibrations occur and 

adjust operational parameters (WOB and RPM) in real-time to mitigate the damage to the 

string components.  

 

Another important objective is to record and keep the data to do a post analysis to determine 

the following: 

1. The natural frequency of the system under various loads and rotational speeds, 

2. What mode of vibrations is dominant for particular operational conditions,  

3. What is the magnitude of loads the BHA and the bit are exposed to during drilling, 

4. How the system responds to initial conditions and no-load, i.e. external forces are 

equal zero,  

5. The system’s transient response to external loads. 

 

The ultimate objective is to be able to control the operational parameters to reduce the 

destructive vibrations real-time and suggest universal recommendations how to prevent 

occurrence of vibrations. In addition to participating in the competition, the small-scale drill 

rig could be used by students and employees to write bachelor- and master thesis´, and 

conduct other relevant research.  

 

4.2 Theoretical background 

Analysis of the drill string dynamics (for ex. vibrations) can be studied through mass-spring-

damper models. A drill string, constrained between the rotary table and the well bottom, can 

be discretized into segments, which represent mass elements of a beam. Their response to 

the external excitation, either constant or periodical, can be described by a 2nd order ODE 

(ordinary differential equation), which is known as the equation of motion (1):  
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[𝑀]{ℎ}̈ + [𝑏]{ℎ}̇ + [𝑘]{ℎ} = {𝐹}  

Where the first term represents Newton’s second law, the third one - Hooke’s law and the 

middle term relates viscous damping and the velocity of the system. The term on the right-

hand side represents external forces acting on the system. Squared brackets are used for M 

(mass), b (damping) and k (stiffness) matrices for each element, with size nxn, where n is 

number of degrees-of-freedom of the system (DOF). Curly brackets are used for vector 

matrices: displacement, velocity, acceleration and external forces. These are the functions of 

time and their size is nx1. 

 

Depending on the objective of the study, the model can get various levels of complexity. Axial 

vibrations can be studied by assuming a single degree-of-freedom (SDOF) system. The model 

can be extended stepwise to 6 DOF (3 displacements and 3 rotations for each node) to study 

the complete system. For the current drill rig design, the most practical would be to study the 

axial and torsional vibrations, as the BHA is constrained by the riser and wellbore walls, thus 

the annular clearance is very small. In the Figure 14, the six (6) DOF system is presented (Lei, 

2014)4: 

 

 

Figure 14: Depiction of the six (6) directions of freedom for each node of a beam element. 

                                                 
4 Lei, L., 2014. Downhole weight on bit prediction with analytical model and finite element 
method, MSc Thesis, University of Calgary, Canada). 
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Being able to measure acceleration at the bit, we can study the damping effect of the 

circulating fluid over time and determine the effective system damping ratio by removing the 

physical constraints at the bottom and providing an initial displacement to the system.  

 

4.3 Mechanical Design 

Pursuing the aforementioned objectives, the major upgrade and investments for this year’s 

project is the design, manufacturing and implementation of a downhole measurement tool. 

The key focus area is data transmission and real-time calculations. Further, replaceability is 

given high priority. It should be possible to detach the tool and replace it with another tool 

without much downtime.  

 

During the design phase, various proposal has been considered. The first version of the BHA 

tool was based on gyro/accelerometer placed and soldered to a printed circuit board (PCB) 

which again is glued to a metal detachable housing. The electronic is sealed by using O-rings, 

which will press against the inner wall of the stabilizer sleeve as shown in Figure 15 (next 

page). Data is communicated with a SPI protocol via electric cables through a slip-ring to the 

microcontrollers. The fluid flow path is bent down from center under the sensor housing 

before it again bends up to center before entering the bit. Main issue with this design is mass 

imbalance. By previous drilling experience, mass balance is highly important to minimize the 

lateral vibrations in the system. Further, the SPI protocol has some limitations over large 

distances and other communication protocols had to be considered.  
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Figure 15: Closeup of the tool inside the BHA. 

Next, an off the shelf piezoelectric accelerometers was considered. A piezoelectric sensor 

would be beneficial to measure and detect high frequency shocks and accelerations. Similar 

to in the previous design, the large housing size from the manufacturer results in mass 

imbalance issues.  

 

 

Figure 16: Closeup of the tool inside the BHA. 
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Currently a PCB assembly has been designed with smaller components such that a symmetry 

and mass balance can be obtained. The BHA body has to be redesigned, but keeping the 

original BHA body gives a good impression of the scaling. The new sensor assembly has a 

slimmer design. The aim is to design and produce a detachable sensor, which easily can be 

replaced for maintenance or with another tool for other types of measurements.  

 

 

 

 

 

  

Figure 17: Closeup of the tool inside the BHA. 

 

 

Figure 17 is the first depiction of what the detachable sensor might look like. A sleeve would 

seal off the electronics by use of O-rings. The sleeve is screwed on from the left. After sleeve 

is attached, the bit can be mounted on the leftmost thread. The mechanical design and 

machining will be given high priority the next months to come.  



  Team University of Stavanger, 2017-12-31 

31 

 

 

Figure 18: Closeup of the tool inside the BHA. 

 

4.4 Accelerometer specifications 

 

The accelerometer is a digital MEMS type capable of measuring up to ±40g of acceleration in 

three directions. It can be programmed to either measure up to 10g, 20g or 40g. It can run on 

3.3 volt, which is the Arduino Due output and requires 200 microamperes during 

measurement mode. A few capacitors have to be installed as per manufacturer specifications 

to smoothen and stabilize the input voltage.   

 

4.4.1 Centripetal acceleration  

 

𝑎 =
𝑣2

𝑟
 

 

With a drilling speed of 1000 RPM and a radius of approximately 7mm from the tool center to 

the accelerometer and the distance for one revolution is 2𝜋𝑟 =  2𝜋 ⋅ 7 × 10 −3  =

 0.043983 𝑚 

 

The speed felt by the accelerometer is then 1000
1

𝑚𝑖𝑛
⋅ 0.043983𝑚 = 43.98𝑚/𝑚𝑖𝑛 =

0.733 𝑚/𝑠 
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Hence, the centripetal acceleration is 𝑎 =
𝑣2

𝑟
=

0.7332

0.007
= 76,75 𝑚/𝑠2  ≈  7,8 𝑔 

 

Due to the uncertainty of the range of g forces for our rig, 20g or 40g will be tested out before 

selecting one of these two settings.  

 

To communicate and receive data from the accelerometer, additional components are 

required and is discussed in the section below.  

 

4.4.2 Bits and resolution  

The sensor has a 20 bits analog-digital converter which means that the value of the analog 

signal can take one of 2^20 = 1 048 576 values, where 0 is min g-force and 1048576 is max g-

force. Depending on the range setting on the accelerometer, the resolution is determined. 

The resolution is twice as high if the range is ±20.48g (40.96g range) compared to ±40.96g 

(81.92g range).  

 

For the range ±40.96g there is a resolution of 12800 values between each g-force compared 

to 25600 values if the range is ±20.48g.  

 

4.4.3 Bitrate  

SPI clock speed varies from 100kHz to 10MHz on the accelerometer. SPI is a faster protocol 

compared to I2C and was therefore chosen.  

 

4.4.4 PCB layout  

Due to space limitations, surface mount technology (SMT) was used for the design of the 

printed circuit board and when selecting component, space was given high priority.  

 

A programmable microcontroller is placed on the same PCB as the accelerometer with its only 

task to receive data from the accelerometer and send it to surface with a CAN2.0B protocol. 

The program has to be written prior to installing the tool in the BHA, hence the 6-pinned 

header has been attached to the PCB to allow connection to an ISP programmer.  
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The microcontroller also runs on 3.3V thus the supply voltage can power both devices. Data 

from the accelerometer are sent to the downhole microcontroller via SPI protocol. The 

microcontroller converts the data to CAN before it is sent further via a slip-ring to the Arduino 

Due. CAN2.0B was chosen to solve the limitation SPI and I2C has with regards to 

communication length. Another major advantage of using a bus is to reduce the number of 

wires running down the drill string.  

 

 

 

 

Figure 19: PCB layout without components soldered onto board. 

 

 

Figure 20: Depiction of PCB layout with all components attached to board. 
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5. Control System Architecture 
 

A key criterion for the competition is that the rig is developed for autonomous drilling. This 

involves that a pre-programmed drilling program is insufficient as e.g. the different rock 

formations that are to be drilled are unknown. Instead, the system must continuously detect 

and adapt to changes in rock formation hardness and detect and handle potentially hazardous 

situations without requiring human intervention. In the 2017 competition, a simplified 

algorithm was used, in which the RPM and WOB of the system were incrementally increased 

to the highest possible parameter within the system boundaries. Because of time constraints, 

and limited knowledge about control system architecture design and programming, this 

meant that the system would assume that the higher the RPM and WOB would be the higher 

resulting ROP would be obtained. RPM and WOB would only be decreased if drilling incidents 

were detected, or a momentous change in ROP was detected (indicating a shift in rock 

formation). The ROP was calculated by counting the number of steps (converted to distance) 

the actuators travelled over a certain time interval.  

 

 

Figure 21: Control system hierarchy in 2017 Competition, in which the main frame  
computer defines which states the subordinate microcontrollers (programmed state 
machines) operate according to. 
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In the last competition, the overall drilling strategy and non-time-critical calculations were 

executed on a non-deterministic machine (i.e. a computer), and coordination between lower-

layered local nodes that controlled each system (i.e. Arduino Due microcontrollers that control 

the rotation system, hoisting system and circulation systems respectively). A key challenge in 

transforming the system from semi-autonomous to fully autonomous was: 

- Bad data quality, e.g. to calculate the actual WOB rather than interpreted WOB which 

was inputted to the PID Controller 

- Insufficient data, especially for near-bit torque, bit vibrations and pipe deformation 

- Finding relevant mathematical models for the scale of the system (e.g. drill string 

dynamics) 

- Designing, tuning and implementing the PID controller that control WOB 

- Detecting a formation change through numerical models (e.g. Mechanical Specific 

Energy – MSE) 

- Detection and especially mitigation of extensive vibrations, buckling etc. 

 

5.1 System communication 

In the design phase, the following control system architecture is proposed: 

 

 
    Figure 22: Proposed control system hierarchy, in which micro-controllers are 
    interconnected, allowing for synchronized internal clocks (allowing time stamping  
    of sensory data that get processed and used in models). 
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The key differences are: 

- Arduino Dues will be interconnected to allow the internal clocks of the 

microcontrollers to be synchronized. 

- A HBM Quantum X DAC will possibly be implemented, allowing for data acquisition 

from various sensors as depicted in Figure 22. In last year´s competition, nine (9) 

amplifiers were designed and self-manufactured for the load cells mounted between 

top plate and actuators. The HBM Quantum X should allow for a common 

communication protocol to be used for all critical sensors (CANBUS). 

- Due to significant electromagnetic interference (EMI) from the top drive, the boxes 

that contain all microcontrollers, wires and amplifiers will likely be repositioned away 

from the drilling floor. 

- Changing the communication protocol to e.g. CANBUS across entire system. 

 
 

5.2 Machine Learning Algorithm 

In this year’s competition, a machine learning approach will be used both for the normal 

drilling operation and possibly even fault detection. The preliminary suggestion is to use an 

unsupervised machine learning algorithm, in which various rock samples are drilled and 

extensive amounts of data get collected. By sorting these data in clusters (either hard 

clustering or soft clustering), various clustering models can be used to identify the most 

optimal drilling state, depending on formation hardness, in which the highest ROP is obtained. 

Even if the PID controller last year was implemented for WOB control, an alternative approach 

might be taken in which a torque-PID controller can be implemented. For a torque-PID 

controller to work, data of high enough quality must be obtained both for bit-torque and top-

drive torque, in which the actual drill string torque can be calculated. Through our planned 

downhole measurement tool in the BHA, and strain gauge rosettes positioned near the bit, on 

the drill string and on the flange between the drill string and top drive, these data should allow 

us to very precisely calculate the torque at different RPMs and WOBs for various rock 

formation hardness´. The unsupervised machine learning algorithm could then use e.g. a 

density model to identify at which torque the highest ROP is safely obtained, and then regulate 

WOB and RPM to achieve the desired torque. This torque will however never be allowed to 

exceed the torque limit of the weakest component: the aluminum drill pipe. If a torque-PID 
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controller turns out to be too advanced to design and tune, a WOB-PID controller will likely 

be redesigned and tuned, while the downhole sensor and strain gauge rosettes ensures that 

the drill string torque never gets exceeded. 

5.3 Rock Formation Change 

A change in rock formation can be detected by the system if: 

- ROP increases or decreases rapidly (time-based ROP calculation) 

- MSE continuously drops or increases 

- Significant difference between PID setpoint for e.g. WOB and actual measurements 

 

When the ROP-optimization algorithm sweeps the RPM and WOB in small increments, the 

ROP output and MSE get continuously calculated by the system. The optimal point should be 

when the MSE is low (i.e. the least amount of excess energy is wasted) and the ROP has 

increased up to a point in which the system experiences a near non-linear state. If the applied 

bit force is too high (in combination with a too low rotational speed), incidents such as stick-

slip, extensive vibrations and bit balling can be expected to occur more frequently, thus 

lowering the overall ROP. If e.g. the rotational speed is set too high, combined with a too low 

WOB set-point, lateral vibrations could possibly be expected to increase. However, the ROP 

will still be limited because the cutters on the PDC bit will only scratch the surface. Because of 

increased vibrations at a higher rotational speed, if the stabilizers are not perfectly positioned 

in a very tight riser, the bit can also carve out a bigger wellbore. This can in turn make the drill 

pipe and BHA even more susceptible to whirl later into the drilling operation. Allegedly, the 

mud flow rate has a negligible effect on ROP if cuttings transportation is ideal. Another factor 

that influences the ROP is the bit torque. Because we calculate the bit-torque with a constant 

friction factor (0.885) to prevent models being calculated based on other models, and the 

numerical model used for bit-torque calculations only relies on the friction factor and WOB, 

bit-torque is only calculated for surveillance purposes at the current time.  

 

The equation used to calculate the MSE is: 
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𝑀𝑆𝐸 =
4 𝜏𝑏𝑖𝑡 𝑅𝑃𝑀

𝜋 𝑑𝑏𝑖𝑡 
2 ROP 

+
4 𝑊𝑂𝐵

𝜋 𝑑𝑏𝑖𝑡
2  

From test drilling of various rock samples and calculating the MSE, the following results have 

been obtained, which demonstrate the potential of this technique: 

 

 

Figure 23: Difference in MSE that can be converted to change in UCS (UCS = CCS at surface 
conditions), which allows the system to rapidly detect a change in formation or  
a heterogeneous rock which requires the system to re-sweep  

 

If the full machine learning-approach is chosen, rock formation change should not be critical 

for the system to detect, as the system based on available data should identify how the highest 

ROP can be obtained for that specific situation, rather than sweep until the MSE is as low as 

possible (indicating an optimal ROP). 

 

As the full control system is not yet decided upon, this will be further addressed in the monthly 

report. 
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6. PID Controller for WOB Control 
 

WOB control of the small-scale rig is commenced with a digital PID controller (PI controller to 

be exact, D-control was not introduced due to the noise issues in WOB control during previous 

competition) during 2017 competition. Further theoretical study of suitability of PID controller 

for WOB control combined with drill string dynamics modeling is conducted during fall 2017 

to optimize the WOB control of the small-scale rig and presented under this section. 

 

The complete control diagram developed for the small-scale rig WOB control system is shown 

below. This contains the stepper motor electro-mechanical dynamics, a second order popular 

drill string dynamic model associated with lump string model, two possible type of filters for 

WOB data quality improvement, sensor dynamics etc. in transfer domain. 

 

 

Figure 24: PID Controller used for WOB Control (including filters applied). 

 

However, this is a MISO – Multiple Inputs Single Output system and hence for simplicity at the 

beginning a simplified model for WOB control is considered. 

 

Simplified model development for WOB control 

Assume Disturbances /F=0 and Noise =0, at the beginning. Assume model for plant as follows. 

PID Controller 

𝐾𝑝 +
𝐾𝑖

𝑠
+ 𝐾𝑑𝑠

= 𝐻𝑐 

Filter 

𝐻𝑓2 =
𝑤𝑛

2

𝑠2+2𝜁𝑤𝑛𝑠+𝑤𝑛
2 or  

𝐻𝑓1 =
1

1 + 𝜏𝑠
 

 

Sensors (LC’s) 

1 = 𝐻𝑠 

- 
+ 

WOB S.P. 
E U h 

Disturbance or F 

෍ 𝑓𝑧 

+ 

Noise 

WOB m 

WOB 
f
 

- 

  - 

HookLoad 

Stepper motor + 

Actuator 

dynamics 

Plant 

𝑀ℎ̈ + 𝑏ℎ̇ + 𝑘ℎ = 𝑚𝑔 − 𝑊𝑂𝐵 − 𝐹 

𝐻𝑝  
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𝑀ℎ̈ + 𝑏ℎ̇ + 𝑘ℎ = 𝑚𝑔 − 𝑊𝑂𝐵 − 𝐹,  

Then taking Laplace transformation to obtain transfer function (𝐻𝑝) for the system yields the 

following. 

𝑀[𝑠2. 𝐻(𝑠)] + 𝑏[𝑠. 𝐻(𝑠)] + 𝑘. 𝐻(𝑠) = 𝑊𝑂𝐵(𝑠) 

𝐻𝑝 =
𝑊𝑂𝐵(𝑠)

𝐻(𝑠)
=  {(𝑀𝑠2 + 𝑏𝑠 + 𝑘)} 

Assume no filter, no sensor and no motor dynamics in place. Then Total system transfer 

function Ht, 

𝐻𝑡 =
𝐻𝑐𝐻𝑝

1 + 𝐻𝑐𝐻𝑝
=

(𝑀𝑠2 + 𝑏𝑠 + 𝑘) 𝐻𝑐

1 + (𝑀𝑠2 + 𝑏𝑠 + 𝑘)𝐻𝑐
 

 

 

P-Control 

For p-controller, 𝐾𝑝 = 𝐻𝑐, 

𝐻𝑡 =
𝐻𝑐𝐻𝑝

1 + 𝐻𝑐𝐻𝑝
=

(𝑀𝑠2 + 𝑏𝑠 + 𝑘) 𝐾𝑝

1 + (𝑀𝑠2 + 𝑏𝑠 + 𝑘)𝐾𝑝
 

𝐻𝑡 =
𝑠2 +

𝑏
𝑀 𝑠 +

𝑘
𝑀 

𝑠2 +
𝑏
𝑀 𝑠 +

𝑘
𝑀 +

1
𝑀𝐾𝑝

 

 

Then the new simplified model for WOB controller can be illustrated as follows. 
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Figure 25: Simplified PID Controller illustration. 

 
 
Solving for poles and zeros of the system, 

 

𝐻𝑡 =
(𝑠 +

𝑏 − √𝑏2 − 4𝑀𝑘
2𝑀 )(𝑠 +

𝑏 + √𝑏2 − 4𝑀𝑘
2𝑀 )

(𝑠 + 𝜎)2 − 𝜔𝑑
2

 

Where, 

𝜎 =
𝑏

2𝑀
= real part of the poles (determines the rate of decay) 

ωd =  √
b2

4M2
−

k

M
−

1

MKp
 =imginary part of the poles (determines the oscillations frequency) 

However, this is not a conical 2nd order transfer function. If the total transfer function were of 

the 2nd order canonical form
𝑤𝑛

2

𝑠2+2𝜁𝑤𝑛𝑠+𝑤𝑛
2, . Therefore, ignoring zeros of the system at the 

beginning, for our system equivalent second order coefficient becomes, 

𝑏

2𝑀
= ζω𝑛 and  

𝑘

𝑀
+

1

𝑀𝐾𝑝
= ω𝑛

2 

 

P Controller 

𝐾𝑝 = 𝐻𝑐 

 

Filter 

𝐻𝑓 = 1  
 

Sensors (LC’s) 

1 = 𝐻𝑠 

- 

WOB S.P. 
E 

U ෍ 𝑓𝑧 

WOB m 

WOB 
f
 

Plant 

𝑀ℎ̈ + 𝑏ℎ̇ + 𝑘ℎ = 𝑊𝑂𝐵 

𝐻𝑝 
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Figure 26: Pole Placement Diagram. 

 
According to above pole placement diagram for approximated transfer function, with 

increasing Kp,  

ω𝑛 ≈ √
𝑘

𝑀
   

𝜔𝑑 ≈ √
𝑏2

4𝑀2
−

𝑘

𝑀
 𝑎𝑛𝑑  

 ζ ≈
𝑏

2√𝑀𝑘
 

 

Therefore, with increasing Kp, total transfer function changes as follows 

𝐻𝑡 ≈

(𝑠 +
𝑏 − √𝑏2 − 4𝑀𝑘

2𝑀
) (𝑠 +

𝑏 + √𝑏2 − 4𝑀𝑘
2𝑀

)

(𝑠 +
𝑏

2𝑀)
2

− (√𝑏2 − 4𝑀𝑘
2𝑀 )

2 ≈  1 

 

Hence, with increasing Kp, total PID control loop system transfer function approaches 1 or 

plant natural frequency response. Figure 27 (next page) illustrates the matlab simulated 

results for P-control for WOB control of the small-scale rig.  

Imaginary 

Real 
−𝜎 = −

𝑏

2𝑀
 

𝜔𝑑 = √
𝑏2

4𝑀2
−

𝑘

𝑀
−

1

𝑀𝐾𝑝
 

√
𝑘

𝑀
+

1

𝑀𝐾𝑝
= ω𝑛 

−𝜔𝑑 



  Team University of Stavanger, 2017-12-31 

43 

 

 

 

Figure 27: Step response of P controller with increasing Kp values. 

 

With increasing Kp total response of the system approaches 1 for a unit step change in input. 

Therefore, with increasing Kp system becomes more stable and steady state error decreases 

and time to achieve ca.98% of the steady state value decreases (high response time). 
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Ongoing and Future work 

In a similar approach PI controller and PID controller for the proposed control loop is 

investigated. This is further expected to develop adding stepper motor dynamics, filter effect 

on WOB controller (time delay due to the introduction of the filter for example), sensor 

dynamics and real plant characteristic coefficients (damping factor and stiffness coefficient) 

measured/estimated by experimental methods. Note that lump string model considered here 

is basic and drill string dynamics model development part is separately carried out by the 

group in the meantime.  

 

Velocity control of the stepper motor delay function (instead of position control) is also taken 

into consideration as a proposal for PID controller optimization strategy and further 

investigation is planned during the next year. Removal of noise, outlier problem from data (via 

proposals mentioned under section 3-hoisting system design changes) is expected to add 

stable D-control to PID controller and hence improve the performance. 
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7. Control Strategies: Downhole Drilling Problems 
 

Either, a machine learning approach to fault detection and handling will be taken, in which 

both advantages and disadvantages with supervised vs. unsupervised machine learning must 

be compared, or tuning of existing detection- and handling algorithms will be carried out. 

 

7.1 Machine Learning Approach 

Ideally, an unsupervised approach would be taken, in which the system would know and/or 

recognize situations where incidents have occurred in the past. By eliminating these situations 

(e.g. a combination of WOB and RPM parameters for a certain rock formation hardness), these 

incidents should never be allowed to occur. This might however lead to serious restrictions in 

ROP, if e.g. the system interprets any significant vibration (even those that are not serious to 

the system) as an incident. 

If we do however use a supervised machine learning approach, in which we define the output 

variables (Y = f(X)) for what an incident is, the system can perform iteratively predictions for 

different input variables, in which we correct / tune it until a satisfactory level is achieved. The 

challenge then becomes: how do we define the correct output variables. 
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Figure 28: Depiction of different Machine Learning Algorithms that can be utilized. Clustering and 
regression algorithms have been most discussed by the team so far.  

 

 

7.2 Tuning / rewriting the existing “coordinator”-algorithm 

Today, a coordinator algorithm exists that kicks in whenever a series of criteria indicates that 

a drilling incident is ongoing. Based on experiments performed, the following incidents have 

been assessed to potentially occur on the laboratory-scale, at surface conditions. 

 

1) Axial Vibrations 

2) Lateral Vibrations 

3) Torsional Vibrations, referred to as “Stick Slipping” on the laboratory-scale rig 

4) Stuck pipe 

5) Pack-off 

6) Key-seating 

7) Buckling 

8) Overpull 
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9) Rapid formation change that could lead to a peak in drill string torque and in worst 

case: twist-off of the drill string. 

 

In Figure 29 (next page), a rough explanation of how the system ideally should handle a 

deteriorating drilling incident is depicted. Experiments have been developed for most 

incidents, and based on whether a machine learning approach will be chosen or not, this will 

be further elaborated on in future monthly reports, together with a full explanation of the 

proposed control system. 
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Figure 29: Logic used in “coordinator” algorithm to handle a deteriorating drilling state. 
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8. Human Machine Interface and Plug&Play Concept 
 

The current HMI in place is as depicted (with some modifications for the autonomous UI): 

 

Figure 30: 2017 Competition UI (both for manual and autonomous drilling operations. 
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Even if for manual rig control, such a UI is beneficial, work is ongoing towards a simplified UI 

for greater rig control at the “drillers cabin”. This UI will be tailored to work both on-site and 

remotely.  

 

Figure 31: Proposition for how a simplified UI can be designed (both accessible on-site and remotely). 

 

To allow for a third-party plug-and-play interface, a remote application, either for iOS, Android 

or Windows will be developed, similarly to the depiction in Figure 31. The application will 

possibly require two tablets / monitors, as one will be used for rig control and data feedback, 

whilst the other will receive a live feed from cameras mounted on and nearby the rig for 

optimal control of the surroundings. Similarly to how the DSATS want to prepare definitions 

for what data communication protocols and interfaces will be mandatory in future 

competitions, team UiS want to have a more thorough workshop to decide which easy-to-

implement solutions that are most suited. The team is also looking into the idea of designing 

a Digital Twin, in which code and drilling programs can be simulated before it gets executed 

on the actual rig. More information on this will follow.   
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9. Estimated Preliminary Costs 
 
Because we re-use the rig from last year, we write off 50% of the cost from last year´s most 
essential components, and carry with us approximately: 4500 USD for key components, such 
as e.g. the top drive, actuators, framework etc. 
 
The rig will be built at the University of Stavanger, likely in the E-hall, Kjølv Egelands Hus, 

Kristine Bonnevies vei 22, 4021 Stavanger.  

The team UiS will receive funding from the Department of Petroleum Engineering at the 

University of Stavanger as well as from its two external partners and sponsors: 

- AKER BP 
- International Research Institute of Stavanger (IRIS) 

 
Estimated cost of 1 downhole tool (multiple will be built for easy replacement) 

Supplier Parts Qty Price eks. mva. Price inkl. mva.  

HBM Torsional strain gauge 1 250 312,50 

 Axial strain gauge 1 250 312,50 

RS-Online Accelerometer 1 499 623,75 

 Microcontroller 1 43  

 PCB Headers 2 200  

Moflon Slip-ring 1  5 000* 

? PCB 1  500* 

*Estimate 
 
Sum downhole tool - 8 791,75 NOK = 1071 USD 
 
Estimated costs of not yet purchased equipment (new pump, microcontrollers, drivers, 
bucket system, riser, electrical system etc.): 3900 USD 
 
If we exclude the costs of e.g. external labor, manufacturing, and only include components, 
the total cost of the rig is (excluding shipping, and Norwegian tax): 
 
 
TOTAL COSTS: 4500 USD (old cost) + 1071 USD (downhole tool) + 3900 USD (new purchases) 

= 9471 USD 

 

ALL additional expenses will be added in the final report, such as the cost of manufacturing 

tools, external labor, plug-and-play-related equipment (cameras, tablets etc.) and 

instruments for tuning, calibrating and building the bottom hole tool  
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Appendix A – Electrical Line Diagram of 2017 Rig (foundation for 2018 competition) 
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Appendix B – Safety Case for the rig (same as in 2017) 
 
All electrical components that pose a risk of injury to personnel working adjacent to the rig 
are located in a waterproof electrical cabinet. All high-voltage/ampere wires are isolated. 
 
Handling of grounding faults: 

When the assembly is complete, we will establish grounding for the entire rig with help of 

6mm2 cables. As an example, shown in the figure below, we will establish contact between 

the different frames by attaching a 6mm2 earthing cable, with cable shoe, between each frame 

with the help of self-drilling screws. After contact between the frames is established, we will 

connect the grounding to one of the power supplies. This will ensure that the whole circuit is 

complete and protected by a RCD (Residual-Currency Device).  

Checking the rig to ensure a closed circuit: 

After all grounding cables are attached between the framework, it is necessary to check if the 

entire system is properly grounded. To do this we will use a Multimeter which allows us to 

check if each individual part of our rig is grounded. The way this can be done is that the 

multimeter sends out a signal from one multimeter-cable to another, and if there is contact 

between the two cables the multimeter will have a closed circuit and will emit a sound. If the 

grounding cable is improperly attached between the frameworks, the multimeter will not 

have a closed circuit and will not emit a sound. 

 

Illustration of how the various parts of 
the framework will be included in a 
closed circuit to ensure that the entire 
rig and the different systems are 
properly earthed (grounded). 6 mm2 
earthing cables with earthing shoes 
will be used. 


