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Abstract

The Society of Petroleum Engineers’ (SPE) sub-committee DSATS (Drilling System Automation

Technical Section) [14] has, the last two years, organized a student competition in an effort to

accelerate the uptake of automation in the drilling industry. The competition is called Drillbotics
TM[10] and this is a report of the Norwegian University of Science and Technology’s (NTNU)

contribution.

The main objective of the competition was to design a fully automated drilling rig that could au-

tonomously drill a vertical well as quickly as possible while maintaining rig and drill string in-

tegrity. The winning team was selected based on a set of criteria such as performance, quality of

wellbore and data handling [13]. The purpose of this report is to present the team’s solution to the

problem, describe the rig’s main design features and present the main results from the test day. It

will also seek to highlight issues related to drilling automation.

The proposed rig design was developed based on new ideas and innovative solutions, as well as

current industry practices and guidelines provided by DSATS. Through research and analysis, an

evaluation of the most likely drilling related problems and dysfunctions was made and this provided

the basis for dimensioning the drilling machine and for designing the control system.

One of the main issues addressed was ensuring that sufficient weight on bit (WOB) could be applied

without causing pipe failure. A nozzle was added in the pipe to increase the pipe’s internal pressure

and thereby also the geometrical stiffness of the pipe. Unfortunately, due to delays and insufficient

testing, the internal pressure was not increased as much as originally planned during the on-site test.

However, another design feature was implemented to reduce the risk of failure which consisted of

adding a roller bearing on the drill deck to increase the buckling limit of the pipe.

Another challenge was to mitigate vibrations in the drill string. This was achieved by adding points

of stabilization at the level of the drill deck and at the surface of the rock. This successfully damped

the amplitude of the vibrations and stabilized the string while drilling. Through testing, resonance

frequencies were detected which made it possible to plan the operating window of the rig above or

below the resonance frequencies.
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Another important design feature was how the machine optimized the control parameters to in-

crease the speed of drilling. Both the rotational speed of the string and the weight applied to the

drill string could be monitored and adjusted while drilling. The optimization function aimed to

keep a constant drill string torque set point by adjusting the WOB. This method enabled relatively

smooth transitions between different rock formations and reactions to dysfunctions related to stuck

pipe and torsional vibrations.

The performance of the rig design and control algorithms was observed and measured by DSATS

members during the on-site test at the university 8th June 2017. The drilling rig was able to au-

tonomously drill a vertical well through the rock sample provided by DSATS. The machine contin-

uously sought to optimize the operation by adjusting the control variables and reacted to problems

that occurred during the operation.

Trondheim, 2012-06-13

Martin Olsen, Runa Linn Egeland, Mayuran Vasantharajan and Astrid Lescoeur
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Sammendrag

Society of Petroleum Engineers’ (SPE) underavdeling DSATS (Drilling System Automation Tech-

nical Section) [14] har de siste to årene holdt en internasjonal studentkonkurranse, kalt Drillbotics
TM[10], for å øke interessen for automasjon i boreindustrien. Denne masteroppgaven presenterer

NTNU’s bidrag.

Målet med konkurransen er å designe og bygge en autonom borerigg som kan bore en vertikal brønn

så raskt som mulig, samtidig som den bevarer riggens og borestrengens integritet. Vinnerlaget vil

bli kåret basert på en rekke kriterier som utførelse, brønnkvalitet og behandling og visualisering av

data [13]. Formålet med rapporten er å legge frem lagets løsning på problemet, beskrive riggens

design og egenskaper, og presentere hovedresulttatene fra testfasen og konkurransedagen.

Riggens design ble utviklet basert på nye ideer og innovative løsninger, metoder brukt i industrien

og retningslinjer gitt av DSATS. Gjennom studier og analyse har de mest sannsynlige borerelaterte

problemene blitt evaluert og dette har lagt grunnlaget for dimensionering av boremaskinen og kon-

trollsystemets arkitektur.

En av utfordringene som ble adressert var å sørge for at nok vekt kunne bli lagt påborestrengen

uten å forårsake skade på utstyret. Løsningen som blir lagt frem i denne rapporten er å legge til en

dyse nederst i rret for å øke rørets indre trykk og dermed ke dets geometriske stivhet. P grunn av

forsinkelser og lite testing ble ikke trykket kt like mye som planlagt.

En annen utfordring var å mitigere vibrasjoner i borestrengen. Dette ble gjort ved å legge til

innspenninger på boredekket og ved overflaten av steinen. I tillegg ble systemets naturlige frekevenser

estimert for kunne kartlegge resonansintervaller. Dette bidro til å redusere amplituden av vi-

brasjonene, stabilisere borestrengen under operasjonen og bestemme operasjonsvinduet.

En annen viktig funksjonalitet er hvordan maskinen optimaliserer kontrollparametrene for å øke

borehastigheten. Både rotasjonshastigheten til borestrengen og vekten som blir lagt på strengen

kan overvåkes og justeres under boreoperasjonen. Optimaliseringsfunksjonen prøver å holde et

konstant dreiemoment på borestrengen ved å justere hastigheten til heisemotoren. Denne metoden

iii



gjorde det mulig å opnå gjevne overganger mellom ulike formasjoner og respondere til problemer

som låst borestreng og torsjonelle vibrasjoner.

Denne masteroppgaven har resultert i konstruksjonen av en autonom borerigg som kan bore en

vertikal brønn gjennom ukjente formasjoner. Maskinen søker kontinuerlig etter å optimalisere op-

erasjonen ved å justere kontrollvariabler og respondere til problemer som oppstår under operasjo-

nen. Funskjonaliteten til riggen ble testet foran medlemmer av DSATS 8.juni 2017 i anledning

Drillbotics TMkonkurransen.

Trondheim, 2012-06-13

Martin Aagaard Olsen, Runa Linn Egeland, Mayuran Vasantharajan and Astrid Lescoeur
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Chapter 1
Introduction and Overview

The oil and gas industry is continuously looking for new solutions to reduce costs and improve

safety and efficiency. As a results of this, the interest in drilling automation has grown during

the last decades as oil and gas prospects have become more complex and more challenging. An

increased level of automation can provide a more accurate and rapid response to drilling anomalies,

as well as reduce the need for human intervention during drilling operations.

As a response to this, the Society of Petroleum Engineers (SPE) formed the sub-committee Drilling

System Automation Technical Section (DSATS) to accelerate the uptake of automation in the

drilling industry. During the last 2 years, DSATS has organized an international student com-

petition called Drillbotics TM[10]. The aim of the competition is to design a drilling rig and related

equipment to autonomously drill a vertical well as quickly as possible while maintaining borehole

quality and integrity of the drilling rig and drill string [10]. The only manual intervention allowed

is to press a button to start the drilling operation.

Several requirements were stated in a set of guidelines, shown in Appendix E, and they formed

the basis and limitations of the design. The most important limitations were related to the pipe,

drill string design, mobility of the rig, and, downhole and surface measurements of drilling vari-

ables. In addition to this, the evaluation committee listed a set of different grading criteria. This

included safety, mobility of the rig, design considerations and lessons learned, mechanical design
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and functionality/versatility, simulation/model/algorithm and control scheme.

The drill pipe and the drill bit were provided by DSATS and their dimensions were stated in the

guidelines. The drill pipe was made of aluminum, had a length of 914 mm, an outer diameter of

9.53 mm and an inner diameter of 7.75 mm. The bit was a polycrystalline diamond compact (PDC)

bit and had an outer diameter of 28.6 mm. The total maximum length of the stabilizers was limited

to 90 mm. The total power consumption was limited to 25 hp and the WOB was unlimited. The

properties of the formation rock for the test day were unknown, but the dimensions were given

(approximately 30cmx30cmx60cm).

Another limitation to the project was the rig and material cost. The budget was limited to US$

10,000 and had to be covered through funding. Equipment could be provided by the university or

by companies that were interested in supporting the project and the cost of this was not included in

the budget. The source of funding for this project was the Department of Geoscience and Petroleum

at the Norwegian University of Science and Technology (NTNU) and Statoil. ABB sponsored the

team with a programmable logic controller (PLC).

Since this was the first time a team from NTNU participated in the DrillboticsTMcompetition, all

parts of the rig were designed in Phase I of the competition (fall semester 2016) and the construction

was done in Phase II (spring semester 2017). This report therefore contains many design features

already presented in the design report delivered in the fall semester 2016 [34]. Large parts of the

literature review and gathering of background information for the design also revolved around the

examination of the previously delivered design reports from the different universities [11].

Throughout this study, four main concerns were identified: building a rig structure that could

provide the required stability whilst being mobile; being able to provide sufficient weight on bit

(WOB); keeping vibrations under control; designing an efficient and safe control system.

1.1 Rig structure

The main purpose of the rig structure was to provide stability for the planned drilling operations.

The rig was constructed in hollow steel pipes, both to ensure the strength needed, but also to provide
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enough weight so that the rig could keep itself at bay. It was also very important to provide vertical

motion for lowering and hoisting of the drill string, torque to rotate the bit and fluid circulation.

The hoisting system consisted of a ball-screw combined with a linear roller guide system, driven

by an AC-motor. The ball screw translated the rotary motion from the motor to vertical motion.

This allowed to increase the weight applied to the drill string by increasing the torque or the speed

of the AC-motor. The rotary motion of the drill pipe was provided by an AC-motor. This motor

was mounted on a carriage attached to the ball screw. The combination of the hoisting system and

the rotary system provided the required torque to the drill bit.

Finally, a single-acting triplex pump provided fluid flow to circulate out cuttings.

1.2 Weight on Bit

The weight that could be applied at the top of the string was expected to be greatly limited by

the weakness of the drill pipe. If too much weight was applied, the pipe would enter a state of

compression and if it reached a critical load, it could buckle and fail. The weight added at the top

directly affected the force exerted by the bit on the formation. This force was equal to the force

exerted by the formation on the bit, commonly referred to as weight on bit (WOB), which meant

that insufficient weight at the top reduced the ability to drill efficiently through the formation. As

one of the main goals of the competition was to drill as fast as possible, it was crucial to optimize

the WOB while staying within the critical load criteria.

Inspired by the University of Oklahoma’s design report from 2015 [31], a nozzle was added in the

bottom hole assembly (BHA) to increase the internal pressure of the drill string. The background

for this decision was that the nozzle would lead to an increase in tension and geometrical stiffness

which would counteract the compressional forces when applying WOB. The desired internal pres-

sure of the pipe was established at the burst limit of the pipe to maximize the tension force and

thereby maximize the WOB. This solution was expected to be the main way to maximize WOB,

but the set-up was unfortunately not tested to a large enough extent to be used on the test day.

However, being such an important part of the design phase and still having the potential to improve
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the drilling operation, it will be reviewed in detail in this thesis.

1.3 Vibrations

Large and destructive pipe vibrations were expected to occur while drilling and were of great con-

cern due to the fragility of the pipe. The rig was designed to minimize the magnitude of these

vibrations and thus reduce their impact on the equipment.

A point of support was provided through a fixed plate positioned under the top drive, simulating

a drill deck with a bushing. A steel cylinder attached to a plate was positioned over the forma-

tion block to guide the bit and provide an additional point of stabilization to the drill pipe during

operations.

Vibrations were also taken into consideration when designing the drill string. To minimize the

amplitude of the vibrations the total length of the drill string was kept as short as possible and the

BHA included a welded spiral blade stabilizer.

In addition to this, resonance frequencies were identified during the testing phase and were used to

determine the drilling operating window.

1.4 Control System

The main goal of the competition was to construct a drilling machine that could operate entirely

autonomously. It was therefore of great importance to develop a control system that could ensure a

safe, efficient and entirely autonomous drilling operation.

One of the objectives was to create an algorithm that continuously tried to determine the optimal

drilling parameters. They were the amount of weight applied on the string and the rotational speed

of the string, referred to as input variables in the rest of the text. Adjusting these variables caused

a change in other drilling variables that were monitored by downhole and surface sensors, referred

to as output variables. An optimization function was developed with the goal being to increase the

speed of drilling, but also, respond to drilling dysfunctions and ensure that all drilling variables
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were within a pre-defined safe range to ensure a vertical borehole and maintain the integrity of the

drilling rig and the drill string.
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Chapter 2
Safety

The main part of the risk assessment of this project was conducted during the design phase, but

it was continuously updated as the project progressed. This was done to identify hazards and

risk factors that have the potential to cause harm, in particular harm to personnel. The risks were

analyzed and evaluated, before appropriate ways to eliminate and control them were determined.

One of the main concerns during any operation, regardless of its scale or scope, is the health and

safety of the personnel. By automating the drilling process, the need for manual intervention de-

creased which reduced risk related to personnel. The improved safety, as well as the increased

efficiency and reduced costs, are some of the main advantages of automated drilling processes.

Although manual intervention was not required for an automated drilling operation, the construc-

tion, installation and transportation of the rig required physical labor which increased the risk of

hazardous situations. Any unplanned incidents requiring manual intervention during drilling there-

fore also had to be considered.

Most accidents on a full-scale platform occur on the drill floor, especially during pipe handling [6].

Because of the scale of the rig, this was however not an issue. It was therefore important to bear in

mind that if this design was to be used for a full-scale operation, the safety hazards would be of a

different nature.

The main safety hazards during the construction and operation of this drilling rig were identified
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and safety precautions have been proposed in the sections below. A full risk assessment can be

found in Appendix A. The level of risk involved has been estimated and the acceptable level of risk

has been determined.

2.1 Safety Hazards during Construction

2.1.1 Rig Construction

During the period of construction of the rig the hazardous situations were expected to be mostly

mechanical. The handling of equipment, material and debris were the main concerns.

To minimize the risk of any accidents occurring, safety glasses and protective footwear were worn.

Hearing protection, gloves and coveralls were also required during construction activity. In addition

to this, the construction area was kept off limits to people not involved in the project.

As mentioned in the introduction, because of the small scale of the rig and the light weight of the

equipment, the risk of any severe accidents occurring was very small.

2.1.2 Electrical Practices

Safety related work practices were followed during the construction phase to prevent the occurrence

of injuries resulting from electrical shock. No power was to be supplied while connecting wires and

components. All electrical connections had to be secured and wiring had to be insulated. Qualified

personnel was responsible for the high voltage setup of the rig, while all low voltage setups could

be arranged by the team members [29].

2.2 Safety Hazards during Testing Phase

During the testing phase, the most severe risks were expected to be related to the failure of the pipe

because some of the tests aimed to reach the failure limits of the pipe. The tests were conducted in

a controlled manner, but it was important to keep in mind that no matter which precautions were

taken, working so close to failure limits increases the risk of accidents.
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One of the main safety concerns during that phase was being able to accurately estimate criti-

cal values and to study how the system behaved close to its limits without putting personnel and

equipment in danger.

Although the tests were conducted in a controlled manner, there is always a certain risk that equip-

ment can fail unexpectedly. In the occurrence of an unexpected or uncontrolled event it therefore

had to be possible to manually stop the process by pressing an emergency button. This safety

measure would mitigate injury to personnel and damage to equipment.

Leakage as a result of pipe failure was also identified as a risk. The consequence of this can be a

pressure drop followed by an increase in pump speed to compensate for the loss. Safety features

therefore had to be included in the control system to ensure that the pump would stop if the pipe

breaks.

Safety glasses had to be included to mitigate all cases related to spilling of high pressure fluid and

debris, isolating personnel from high pressure zones.

2.3 Storage and Maintenance

Although chemicals were not expected to be used, it was decided that in the case that they were,

the use had to be documented. Disposal of waste also had to be controlled and done as stated in

regulations.

2.4 Safety During Transportation

The rig was designed to ensure safe transportation. The derrick could be folded down to increase

maneuverability and stability by lowering the center of mass. Jack-up casters were put on each leg

to avoid heavy lifts for personnel and ensure easy rolling movement of the rig.
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(a) Wheel in up position (b) Wheel in down position

Figure 2.1: Caster with foot-activated lift mechanism

2.5 Safety Hazards During Operation

2.5.1 Unloading and Handling of Rock Sample

The rig was designed to operate with the rock sample placed on the ground. This meant that the

rig could be maneuvered in place, instead of moving the rock sample around. No heavy lifting

during rig up/down and operation was needed, thereby reducing the risk of personnel injury and

equipment damage.
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Figure 2.2: Demonstration of the handling of the rock sample

2.5.2 Electrical System

The water and the electrical system were kept separate from each other to avoid shorting and elec-

trical hazards. All electrical components were stored inside waterproof housing. Electrical cables

followed the motion of the carriage and were exposed to wear because of bending and twisting.

The state of the cables were therefore continuously monitored.
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Figure 2.3: Electrical cabinet to keep the electrical system separated from water

2.5.3 Safety Factors and Dimensioning

Safety factors were applied to all calculations regarding failure of equipment. The motors and the

pump were dimensioned to fit the required criteria, such as operating RPM intervals and pump rate.

The selected pump for the system had a higher pressure rating than required during the operation,

a safety valve was therefore included to ensure that the pressure did not exceed the critical values

of the system.

2.5.4 Hoisting System

Because the top drive was attached to a carriage moving vertically along a set of rails, two stopping

mechanisms were added at each of the extremities to avoid running off the rails.

The lower stopping mechanism was placed at the bottom of the rail. The upper stopping mechanism

was limited by the length of the pipe. This was due to the roller bearing on the drill deck, which
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had an inner diameter that was smaller than the outer diameter of the BHA. The BHA therefore

always had to be below the drill deck, this was ensured by placing the stopping mechanism 85 cm

above it.

Figure 2.4: Stopping mechanism on the extremities of the rail

2.5.5 Circulation System

As the rig design did not have a closed-loop fluid circulation system, a containment system was

included to collect the circulating fluid and guide it to a drainage area to avoid slips and trips, as

well as electrical shorts due to wet floor.

2.5.6 Control System

The control system ensured that the system operated within safe intervals for weight on bit, top

drive and hoisting motor torque and speed, and pump pressure. These values were estimated to

avoid failure due to buckling, twist-off, burst and vibrations. Safety limits had the highest priority
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in the control system. The operating variables were continuously monitored to check that they were

within safe ranges. If the variables were outside the safe interval, the system responded accordingly.

It was also very important to have a control system that was highly accurate and responsive. Be-

cause the machine was automatic, there were risks related to how the drilling parameters were

controlled. Typical problems with control signals were overshooting, slow response and instability.

These issues with the control system could have large and dangerous consequences for the system.

They could cause slow response to problems, too rapid increases in values or too large variations

in parameters to obtain smooth and stable drilling.

2.5.7 Emergency Shutdown of System

Although the drilling process was fully automated, there is always the possibility that uncontrolled

situations occur. A manual stop button therefore cut the power supply to the top drive and pump in

case of emergency.

The high internal pressure within the drill pipe allowed the drill pipe to withstand the force applied

from the hoisting system (This is explained in chapter 3.2.3). One of the concerns when the pump

was stopped, was the reduction of the internal pressure within the drill pipe, reducing the drill pipes

ability to withstand the force applied by the hoisting motor. It was planned to program the control

system to reset the force applied from the hoisting motor on to the drillstring when the emergency

button is pressed. This would mitigate injury to personnel and damage to equipment.
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Figure 2.5: Emergency stop button attached to the electrical cabinet

2.5.8 Safety Measures Related to Drill Pipe Pressure

As explained in the design, the pressure in the drill pipe was planned to be around 40 bar during

operation in order to maintain the drill string in tension. If the drill pipe burst, loose parts could

injure personnel and equipment. Plexiglass was therefore set up around the rig structure, isolating

the high pressure zones from the working personnel, shown in Figure 2.6. It was also important to

have as few people as possible close to the machine and to keep a distance from the machine while

it was operating.
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Figure 2.6: Plexiglass mounted to the derrick, isolating high pressure zones from working personnel

2.6 Project Risk

Project risk is defined as the possibility that project events do not occur as planned or that events

with a negative impact on the project occur. Risk identification in the project is critical in order to

manage and complete the project successfully. The earlier the risk can be identified, the earlier the

plan can be made to mitigate the effects of the potential risks.

Personnel availability risks were highly significant because the project depended on the expertise

and work availability of key personnel. If a person from the team with critical knowledge became

unavailable it could cause reduced efficiency, quality and time delay. Each team member had

different roles, responsibilities and tasks to complete. To mitigate the risk of reduced personnel

availability there was therefore always given an update and a good summary of what had been

done to at least one other team member.
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Logistics and building risks, such as equipment not being delivered in time or problems with the in-

tegration of the different components, can endanger timely delivery and quality of the end product.

Taking time to research, plan and organize was a good way to make sure that all equipment was

compatible and arrived in time. Having a good backup plan was also useful for worst case scenar-

ios, for example having a local supplier with short delivery time if the equipment is not delivered

in time.

A critical project risk that was identified was that components could be found to be unreliable

or fail during the testing phase close to the on-site testing date. This could have caused major

time delays and a low quality end product. To mitigate this risk it was important to make sure

that operations occurred within the safe operating windows and that if a component failed, there

were local suppliers that could deliver the equipment on short notice. This was the case for many

components, but some of the components could not have been easily replaced.

Poor time management can delay projects severely and in the worst case it may lead to the project

not being finished on time. Effective time planning strategies, like time schedules, priority lists

and weekly team meetings, were therefore important to make sure that the rig was ready at on-site

testing day.
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Chapter 3
Hardware

In this chapter, the design of the hardware, the reason behind the different design choices and the

construction challenges will be presented.

The first section reviews the design of the rig structure itself. The different systems ensuring the

functionality of the rig are then presented one by one. The hoisting system provides the vertical

movement of the travelling block which applies weight directly on the drill string. The rotary

system provides torque to the bit through rotation of the drill string. Finally, the circulation system

provides fluid flow to remove cuttings, and cool and lubricate the bit. It also provides pressure in

the drill string to increase its geometric stiffness and increase the allowable WOB.

The two following sections present the drill string design and the stabilizing elements at surface

designed to reduce the impact of drill string vibrations. Finally, the measurement, control and

instrumentation system is reviewed.

Following the rig design, the power consumption of the system is estimated as it is limited to 25 hp

by the competition guidelines.
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3.1 As-Built Rig Design

The rig design was based on the criteria in the competition guidelines and industry norms. Mobility,

functionality, versatility, stability, and safety were the main concerns while designing the rig. The

focus was on having a hoisting system and a rotary system with high precision and functionality to

ensure an efficient drilling operation. It was important to use equipment that was already available

in the university workshop to make the project as cost efficient as possible.

Figure 3.1.1: Overall rig view

3.1.1 Rig Structure

Steel was chosen as construction material for the main structure of the rig to ensure rigidity and

stability. It also had the benefit of being cost efficient and easily accessible. Aluminum profiles

were also considered, but were not chosen due to their high cost. The total weight of the rig

structure was approximately 170kg.
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The height of the drilling rig was chosen based on the rock sample height (60 cm) and the total

length of the assembled drill string (105.8 cm). Since no making or breaking of connections was

required, the length of the drill string was customized to drill through the block in one go. The total

length of the drillstring could accommodate a full length of drill pipe (91.4 cm), the BHA (8.0 cm)

and the drill bit (13.5 cm). Refer to Figure 3.1.2 and 3.1.3 for illustrations and dimensions of the

rig structure.

Because versatility was important when designing the rig, the height and the width of the struc-

ture were chosen to allow for a formation height up 85 cm dependent on the drill string and riser

configuration, and a width and length up to 60 cm.
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Figure 3.1.2: Side view of the rig in upright position (dimensions in mm)
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Figure 3.1.3: Front view of the rig in upright position (dimensions in mm)

3.1.2 Mobility of Rig

The drilling rig was designed to be easily moved around, as well as to ensure quick rig up and

rig down. Jack up casters were used on each leg so that the rig could effortlessly be operated by

one person. The casters also made it possible to put the structure down on its steel legs to ensure

stability during operation. The derrick was attached to the rest of the structure by hinges and bolts,
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and could be folded down for a steady and safe transport. The structure was designed to be able

to pass through a standard doorway, with a folded down height and width of 1.38 m and 0.7 m,

respectively. Figures 3.1.4 and 3.1.5 illustrate the folded position of the rig with dimensions.

Figure 3.1.4: Illustration of the rig in folded position

Figure 3.1.5: Side view of the rig in folded position (dimensions in mm)
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3.1.3 Hoisting System

The system that provided vertical movement to the drill string to perform the drilling operation

will be referred to as a hoisting system. Unlike the traditional hoisting system used in the industry

where the weight of the drill string alone provides sufficient WOB, this system needed to be able

to push down on the string to add additional weight on the bit. A traditional hoisting system with

drawworks was considered during the design phase, but found to be inapplicable because of its

complexity and lack of precision. Using a rack and pinion drive was weighed against ball screw

drive, where the ball screw was selected due to a higher accuracy and step resolution.

Figure 3.1.6: Illustration of the complete ball screw package (KGT16x5 FGR RH 1 S 1500 G9 AEG) that
was used for the hoisting system [8]

The ball screw was driven by an AC-motor. Because of the mechanical advantage of the ball screw,

this motor did not need a high torque-output, but rather a high RPM. The power calculations for

the motor are shown in section 4.3.

A linear roller guide system was combined with the ball screw to provide stable vertical motion

and eliminate horizontal movement.
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Figure 3.1.7: Illustration of linear roller guide (HGR20R-C-KAPP, HGW20CC-ZO-C VOGN) for hoisting
system [7]

A linear roller guide is a low friction system which was able to ensure accurate WOB-measurements

and provide stability and high rigidity to the structure. The lead of the ball screw, together with

the appropriate motor selection, made it possible to choose the hoisting speed and accuracy. An

accurate hoisting system, with a low-lead ball screw, facilitated small incremented and precise

WOB changes.

A carriage was attached to the ball screw which translated the rotational motion of the motor to

linear motion. To make sure the motion was smooth and stable, the carriage was guided by a set of

vertical rails. The purpose of this was to be able to attach a motor to the carriage which provided

rotary motion to the drill string while the carriage moved downwards.

3.1.4 Rotary System

The main function of the rotary system was to provide torque to the bit through the drillstring. Both

a rotary table and a top drive system were considered during the design phase, where the top drive

system was chosen as the best solution. Even though the rotary table system would have made

it easier to design the circulation system, top drive systems contain less components and provide

higher power efficiency since the motor is directly connected to drill pipe.
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The top drive system consisted of a 400 V AC-engine, and the required motor power was discussed

in section 3.5. The motor was a 3-Phase squirrel cage motor (3GAA091520-ASJ).

The vertical position of the top drive motor could be adjusted to fit the requirements of the set-up.

3.1.5 Circulation System

The function of the circulation system was to provide fluid flow to remove the cuttings from the

borehole and cool and lubricate the bit. In this project it was also used to provide additional pressure

in the pipe in order to avoid buckling.

The circulation system consisted of a pump with a water inlet and outlet. It was a single-acting

triplex pump, Hawk HC980A, and provided the required pressure to the system. The inlet was

connected to a standard water outlet using a conventional garden hose and the outlet was connected

to a high pressure hydraulic hose which guided the drilling fluid from the pump to the drill string.

The hose was directly connected to a swivel which provided the required rotation to let the drill

string rotate while the fluid circulated through the pipe.

To make the swivel withstand the required pressure, a back pressure of 8 bar on the seals had to be

applied. This was obtained using a pressure reducing valve from the circulation pump, see Figure

3.1.8.

Figure 3.1.8: Illustration of circulation circuit with swivel and pressure reducing valve
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Figure 3.1.9: Overall rig view showing the hoisting motor, top drive motor, electrical swivel, swivel and
drill string.

3.1.6 Drillstring Design

The drillstring consisted of a drill pipe and a BHA. The combined length of the drill string was kept

as short as possible to mitigate vibrations. It was stated in the competition guidelines that at least

one length of drill pipe (91.4 cm) had to be used. The BHA was optimized to fit both the sensors

and stabilizer, and had a length of 80 mm. It was also stated in the guidelines that the maximum

combined length of stabilizers could not be more than 90mm, where sections within 10% of the

bit diameter were considered a stabilizer. Since the surface stabilizer had a length of 15 mm, the

stabilizer in the BHA was limited to a length of 75 mm to fulfill the requirements. The drill bit

used during the on-site test had a length of 13.5 cm. However, as the guidelines stated that the bit

should be less than 6.4 cm, the bit used during the testing phase was 5 cm.
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(a) Picture of the bit and BHA used during testing phase

(b) Picture of the bit and BHA used on competition day

Figure 3.1.10: Drill string designs used during testing phase and on the competition day
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Figure 3.1.10 shows pictures of the two different bit and BHA configurations that were used. The

choice of BHA will be reviewed in Section 3.1.6.1.

3.1.6.1 Bottomhole Stabilizer Design

One of the main judging criteria was the verticality of the borehole. Stabilizers were used to control

the hole deviation and counteract vibrations. Several types of stabilizers were considered during

the design phase, shown in Table 3.1.1, where the integral blade stabilizer was chosen as the best

suited solution due to its durability and strength.

Table 3.1.1: Evaluation of stabilizers

Type Description Pros Cons

Integral

blade

Blades are an in-

tegral part of the

tool body

No risk of leaving

components in

the wellbore

Difficult to ma-

chine, expensive

Welded

blade

Blades are

welded onto the

tool body

Easy to make,

cheap

Weak points in

welding

Sleeve type Replaceable

sleeve mounted

onto the tool

body

Replaceable Needs threading

Non-

rotating

Rubber sleeve re-

mains stationary

while the string

rotates

Less wear on the

blades, good for

hard formations

Difficult to make,

expensive

The main body of the BHA had an outer diameter of 22.9 mm. To minimize frictional forces, the

stabilizer blades were designed with an outer diameter of 28 mm, which was slightly smaller than

the diameter of the wellbore being drilled. Spiral blades were used, and the distance between the
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blades provided enough space to transport cuttings and avoid pressure build-up in the wellbore. An

illustration of the stabilizer is shown in Figure 3.1.11.

Figure 3.1.11: Illustration of the stabilizer, showing a side cut on the left hand side. Designed by Noralf
Vedvik.

3.1.6.2 Tool Joint Design

Hydraulic connections were used as tool joints between the BHA and the pipe as well as between

the pipe and the swivel. Since the internal pressure in the drill string was in some cases high,

hydraulic connections were chosen. See Figure 3.1.12
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Figure 3.1.12: Hydraulic connections used as tool joints between BHA and pipe, and between pipe and
swivel

3.1.6.3 Incorporation of Downhole Sensor

It was important to design a BHA that could protect the downhole sensors from the high internal

pressure and the flow of water within the pipe. Figure 3.1.13 and Figure 3.1.14 display the design of

the BHA. The chosen solution was to put the sensors inside the red circled area in Figure 3.1.13 and

mount it to the part below, which served as a sensor-protector (green circle). The main objective

of the sensor-protector was to withstand the high internal pressure and protect the sensors placed

inside of it. The black O-shaped rubber ring was used to protect the sensors by preventing fluids to

flow in. A second device (blue circle), was attached from above. The drill pipe was mounted on

the top of it and interconnected the whole system.
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Figure 3.1.13: Illustration of the BHA design, showing where and how the sensors are mounted inside the
BHA. The sensors are attached to the plate inside the red circled area (3.1.13) and mounted to the sensor-
protector shown inside the green circle. The blue circle shows how the sensor-protector is attached from
above. Designed by Noralf Vedvik.

An important feature was how the wires were connected to the sensors. The small space and the

high internal pressure narrowed down the possible solutions. A single cable would have had a

good chance to withstand the high internal pressure, but would take up space and reduce the fluid

flow area. The space needed to accommodate four small wires would on the other hand be far less

than for a single large wire, but the ability to withstand pressure would be reduced. The preferred

solution was to use four small wires out of the BHA, but gather them into one cable through the

drill pipe to make it easier to change if something got broken. Figure 3.1.14 illustrates how the four

wires were lead through four small holes inside the BHA.
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Figure 3.1.14: Another illustration of the BHA design, showing where the four wires from the sensors are
lead trough the ”sensor-protector” into the drill pipe. Designed by Noralf Vedvik.

An electrical swivel was included in the design to avoid twisting of the sensor wires.

3.1.7 Stabilizing Elements at Surface

Because large and destructive pipe vibrations were expected to occur while drilling, great impor-

tance was given to the implementation of features in the design to reduce the magnitude of these

vibrations. It was therefore, in addition to the stabilizers in the BHA, added surface stabilizing ele-

ments at the surface in the form of a riser, surface stabilizer and drill deck bushing. These features

will be presented in the following sections.

3.1.7.1 Riser

A steel plate with a thickness of 10 mm connected to a steel cylinder with a length of 90 mm made

up the riser. The riser was attached to the top of the formation by screws. The steel cylinder had an

inner diameter of 45 mm in the top 7 mm, an inner diameter of 35 mm in the next 18 mm and an

inner diameter of 28.75 mm in the bottom part was welded to the plate. It was centered on the plate

and worked as a guiding shoe for the bit. Because the steel cylinder was referred to as a riser in the

guidelines, this term will be used in the rest of the text. See Figure 3.1.16 for a picture of the riser.
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3.1.7.2 Surface Stabilizer

A linear motion bearing and a radial ball bearing were attached to the drill string on top of the BHA

to provide low friction stability. See Figure 3.1.15 for illustrations of the roller bearings.

(a) Illustration of radial ball bearing [19] (b) Illustration of linear motion bearing [9]

Figure 3.1.15: Illustrations of roller bearings

A hollow cylinder providing weight was placed above the surface stabilizer to keep the stabilizer at

bay when drilling. See Figure 3.1.16
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Figure 3.1.16: Picture showing the bottomhole configuration

As the drill string moved through the riser, the two roller bearings were deposited inside the riser.

This provided stability for the drill string once the BHA and the bit had entered the formation, and

will therefore be referred to as a surface stabilizer. The combination of the riser and the surface

stabilizer provided stability during the entire drilling operation. See Figure 3.1.17 for an illustration

of this.
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Figure 3.1.17: Landing of the surface stabilizer inside the riser. Picture from on-site test day.

3.1.7.3 Drill Deck Bushing

A drill deck bushing, in the form of a linear motion bearing and radial ball bearing, was attached

to the drill deck floor and served as a stabilizing element to prevent excessive lateral vibrations and

also imitated the actual drilling operation as much as possible. The inner diameter of the roller

bearing was slightly larger than the outer diameter of the drill pipe. The pipe was guided through

the linear bearing before the BHA and the bit were attached to the string. See Figure 3.1.18 for an

illustration.

37



Chapter 3. Hardware

Figure 3.1.18: Drill string running through drill deck bushing

3.1.8 Measurement, Control and Instrumentation System

The drilling operation was controlled by a programmable logic controller (PLC). The PLC received

input variables from the sensors and the actuators and transmitted these signals to the PC. The

control algorithm in Matlab processed the signals and sent output variables back to the PLC. The

PLC could then transmit the output variables to the actuator drives in order to control the motor.

The PLC was provided by ABB and was the Basic Training Case for the AC500 PLC and the

CP600 Control Panel.
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Figure 3.1.19: Picture of the AC500 PLC [2]

The PLC was programmed using CodeSys and the control algorithm was developed using Simulink

in Matlab. The control system and algorithm are reviewed more in depth in chapters 6.1 and 4.2.

The aim of the sensors included in the control system was to measure key drilling variables. Vi-

bration, temperature, inclination and azimuth were measurements planned to be monitored by a

downhole sensor. Torque, pump pressure, pump flow rate and carriage position were suggested

surface measurements. The measurements were going to be continuously transmitted to and pro-

cessed by the PLC which in turn would send signals to the hoisting motor, top drive and pump to

adjust the WOP, RPM and pressure.
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Figure 3.1.20: Control system flow chart

3.1.8.1 Measurement and Sensors

The analog data from the sensors was planned to be transmitted to the PLC through wires which

were placed inside the drill pipe, along the pipe wall. Wireless transmission was considered, but the

water in the drill pipe, the thickness of the pipe wall and the rotation of the string, were expected to

cause noise which would have made the data unreliable.

No sensor is perfect and even sensors from the same manufacturer can yield different readings. In

addition to this, the sensors may change response if they are subjected to varying conditions like

heat, humidity and shocks. Calibrating the sensors was therefore important to build and operate a

complete automated drilling system.

Direct output from motors The RPM and the torque were direct outputs from the top drive motor.

ROP was estimated from the direct position output of the hoisting motor.

Surface sensors The following sensors were the sensors that made measurements at surface. Some

of these measurements approximated downhole measurements.

Load cell A load cell is a transducer which converts force into a measurable electrical output. It
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measures the tension in the drill string at surface, but the WOB can be estimated by suspending the

bit off bottom. As the bit is lowered and touches bottom, the hook load decreases by an amount

equal to the WOB. It was positioned between the ball screw nut and the carriage. The load cell that

was used was the model S2M from HBM and was supplied by the university [18].

Figure 3.1.21: Load cell, HBM S2M [18]

Pressure transducer A pressure transducer converts pressure into an analogue electrical signal.

The main benefit of including this sensor was to be able to estimate the pressure in the different

components of the circulation system. The pressure transducer that was planned to be used was the

model PA-25EI from Keller Druck and was supplied by the university [3].

Figure 3.1.22: Pressure transducer, Keller Druck PA-25EI [3]
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Downhole sensors An accelerometer and a gyroscope were included in the same sensor in the

BHA which was placed over the constriction. This was expected to cause some difficulty for both

the integration of the sensor in the BHA due to its small diameter and for data telemetry due to the

fluid circulation in the drill string and the small diameter of the drill pipe.

Accelerometer The accelerometer measured vibration, or acceleration, in the BHA. Its main use

was going to be monitoring the amplitude of the vibrations.

Gyroscope The gyroscope was going to provide estimates of inclination and azimuth by measuring

the angle of deflection from the vertical. As the verticality of the borehole was an important factor

during the competition, it was a valuable measurement.

The downhole sensor that was used was the model MPU-6000 from InvenSense, which is the first

6-axis motiontracking device; combining a 3-axis gyroscope and a 3-axis accelerometer [20].

Figure 3.1.23: Downhole sensor, MPU-6000 [20]
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Figure 3.1.24: Picture of implemented downhole sensor

3.1.9 Construction Cost

The cost of the rig and materials for 2016-2017 DrillboticsTMcompetition was limited to US$

10,000. The total rig cost was approximately 7,500 USD. The cost estimate from the design phase

and the actual total cost are shown in Figure 3.1.9.

Components that were already owned by the university or borrowed from companies are not in-

cluded in the total expenses as they are free of cost.

The total expenditures were covered by funding from the Department of Geoscience and Petroleum

at NTNU and Statoil.
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Description
Cost	per	
Unit Amount Comment	 Source

Rig	Structure	
Steel	pipe	(50x50x3	(mm)) 17,9	m 1	127,52							 NOK 1	311,65					 NOK E.	A.	Smith	AS
Steel	pipe	(50x80x3	(mm)) 0,7	m 489,02										 NOK -															 Provided	by	NTNU
Steel	pipe	(100x40x3	(mm)) 0,7	m 542,59										 NOK -															 Provided	by	NTNU
Steel	plate	(600x600x10	(mm)) 0,36	m	 138,24										 NOK -															 Provided	by	NTNU
Hinge 200,00							 2 400,00										 NOK -															 Provided	by	NTNU
Table	top	(wood) 2 600,00										 350,00								 NOK ByggmakkerCaster	
(Powertech	17000	Workbench	
Caster	Kit) 120,00							 6 720,00										 NOK 2	186,14					 NOK Amazon

Hydraulic	System
Pump	(HAWK	HC980A) 1 -																	 -															 NOK Owned
Hose 2,5	m 925,00										 NOK 925,00								 NOK TESS
Safety	Valve 400,00							 1 400,00										 NOK -															 NOK Owned
Electrical	swivel 2	508,30					 NOK Senring
Sealing	Swivel	primary
(ASL-610R-0200-C-2413) 1	940,00				 1 1	940,00							 NOK 1	990,00					 NOK Otto	Olsen	AS
Sealing	Swivel	secondary
(B2PT-20x30x7-10/FS6101) 690,00								 NOK Otto	Olsen	AS
Swivel	Sealing	DBS	 149,83								 NOK TESS
Swivel	O-Ring 732,00								 NOK Abra	Kulelagersenter	AS

Linear	Motion	and	Rotating	
Equipment	
Hiwin	rail	
(HGWR20R-C-KAPP,	1.48m)	 938,80							 2 1	877,50							 NOK 2	270,00					 NOK Aratron
Hiwin	wagon	
(HGW20CC-ZO-C) 686,90							 2 1	373,80							 NOK 1	680,00					 NOK Aratron
Ball	screw	
(KGT16X5	FGR	RH	1	S	1500	G9	
AEG) 3	294,40				 1 3	294,40							 NOK 5	216,25					 NOK Aratron
Bearing	fix 1	097,50					 NOK Aratron
Bearing	support	 302,50								 NOK Aratron
Hoisting	servomotor	
(NX620MC-3+PLE060+CC05IF-
USB) 8	000,00				 1 8	000,00							 NOK 21	887,50			 NOK Aratron
Shaft	coupling 385,00								 NOK Aratron
Top	drive	frequency	converter	
(ACS880-01-05A6-3+K473) 9	000,00				 1 9	000,00							 NOK 8	600,00					 NOK ABB/KYMAR
Top	drive	motor	
(3GAA091520-ASJ) 5	625,00				 1 5	625,00							 NOK 1	950,00					 NOK ABB/KYMAR

Sensors
Accelerometer,	gyroscope	
and	temperature	sensor 1 													70,00	 NOK 70,00											 NOK
Load	cell 1 -																	 NOK -															 NOK Owned

Other
Machining/raw	materials -															 NOK Provided	by	NTNU
Electrical	cables	 -															 NOK Provided	by	NTNU
Drill	pipes 								200,00	 3 											600,00	 NOK 48,58											 NOK Hobbylink
Plexi	glas 1	295,00					 NOK VINK	Norway	AS
Tool	joint	(SS-600-1-8) 300,00							 1 300,00										 NOK 241,00								 NOK Swagelok
Signal/control	cable	 457,50								 NOK Ahlsell
Rubber	cable 352,41								 NOK Ahlsell
Cam	Switch	P1-32/EA/SVB 863,24								 NOK Ahlsell
Circuit	breaker	iC60H	4P	20A/C 322,41								 NOK Ahlsell

Electrical	cabinet	(80x60x30	(cm)) 2	649,00					 NOK Ahlsell

Cost	Estimate

Total	Cost Total	Cost

Actual	Cost



Ball	bushing	linear	motion	
bearing	
3/8	inch	0.375	inch	ID 933,00								 NOK Ebay
Radial	ball	bearing	
(5/8in	bore	x	35	mm	x	1	mm	
rubber	seal	shield) 352,00								 NOK Ebay
JB	J-B	Weld	8265-SS	Original 219,00								 NOK Ebay
PLC	
(TA512	-	BAS	Basic	Training	Case	-	
1SAP182400R0001) 																		-			 NOK Provided	by	ABB
Computer 1 																				-			 																		-			 NOK Owned
Equipment	for	cementing	rock	
samples 700,00								 NOK Byggmakker

TOTAL 37	423,07					 NOK 62	734,81			 NOK
4	447,58							 USD* 7	455,78					 USD* *currency	04.06.2017
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3.2 Power Consumption

The power system consisted of a top drive motor, a hoisting motor, a fluid pump and a computer.

As stated in the guidelines [13], the total power consumption could not exceed 25 hp, equivalent

to 18.64 kw. This is a large value which meant that the fatigue of the system components was the

limiting factor rather than the electric power available. However, the operation should be as energy

efficient as possible and the expected electrical loads were therefore calculated.

3.2.1 Top Drive Motor

The top drive motor, which was the main element of the rotary system, was dimensioned from the

pipe torque limit, as the drill pipe was considered to be the weakest element in the system. The

torque limit for the drill pipe was calculated using the triaxial failure criterion showed in equation

(3.2.1) [5]. The critical point was set to be at the top of the drill pipe, where the largest axial force

and internal pressure were felt.

(σθ − σz)2 + (σr − σθ)2 + (σz − σr)2 = 2σ2
ys (3.2.1)

σθ is the tangential stress (Pa) given by equation (3.2.2), σr is the radial stress (Pa) given by equation

(3.2.3), θz is the axial stress (Pa) given by equation (3.2.4), τ is the shear stress (Pa) and σys is the

yield strength of aluminum (Pa).

σθ =
(do
2

)2 + (di
2

)2

(do
2

)2 − (di
2

)2
(3.2.2)

σr = −Pi (3.2.3)

σz =
(di
2

)2Pi

(do
2

)2 − (di
2

)2
(3.2.4)
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Pi is the internal pressure in the pipe (Pa), do is the outer diameter of the pipe (m) and di is the

inner diameter of the pipe (m).

The torque limit for the pipe was then calculated using equation (3.2.5) [5].

Tcrit ≈ τcrit
π

4
(d2o − d2i )

do + di
4

(3.2.5)

Tcrit is the critical torque limit (Nm) and τcrit is the critical shear stress (Pa).

The yield strength of the aluminum pipe provided by DSATS was 120 MPa (1200 bar) [1], the outer

diameter of the pipe was 9.53 mm, the inner diameter of the pipe was 7.75 mm and the internal

pressure was 5.26 MPa (52.6 bar) which was calculated in section 4.1.3.1. The result of the pipe

critical shear stress calculation was 55.66 MPa (556.6 bar). This gave a critical torque limit of 5.80

Nm.

Shaft power for the top drive motor can be estimated using equation (3.2.6) [4].

P = ωT · 1

ε
(3.2.6)

P is the power which in this case was the shaft power for the top drive motor (W), ω is the angular

velocity of the shaft (rad/sec) given by equation (3.2.7), T is torque (Nm) and ε is the efficiency

factor (dimensionless).

ω =
2πN

60
(3.2.7)

N is the number of revolutions per minute (RPM).

Since this system was small scale compared to a real drilling rig, and had a very unconventional bit

size, it was hard to give a good estimate of the RPM interval limits. To give a rough estimate of the

upper limit, a 1.125 bit would have 2,000 RPM to get the same tangential speed as a 12.25 bit with

a rotational speed of 300 RPM. Critical RPM values for the system had to be avoided to reduce the
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impact of large vibrations.

Using the critical torque value of 5.80 Nm, an RPM of 2,000 and an efficiency factor of 0.9, the

power consumption of the top drive motor was calculated to be 1,350 W. This was not a fixed value

and RPM had to be adjusted according to the critical values for the system.

3.2.2 Hoisting Motor

The hoisting motor power was calculated in the same way as for the top drive motor, using equation

(3.2.6). Torque was estimated using equation (3.2.8), which was given in the ball screw specifica-

tions [8].

T =
F · l

2π · εBS
(3.2.8)

F is the force acting on the ball screw (N) and l is the lead of the ball screw (m). The total force

acting on the ball screw, from weight of drill string, stiffening force, top drive motor and carriage,

was estimated to be 491 N. To ensure precision while drilling, the lowest available ball screw lead

was chosen. Aratron was chosen as supplier and their smallest available lead was 5 mm. The

efficiency factor for the ball screw was set as 0.90 [8]. Torque was then estimated to be 0.43 Nm.

To provide a rough estimate of the power consumption of the hoisting motor, the carriage was

estimated to be able to move from top to bottom of the guide system within 10 seconds, which

resulted in an RPM of 1,440. The efficiency factor for the hoisting motor was set as 0.9 [15], and

the motor power required was calculated to be 73 W using equation (3.2.6).

The power consumption varied according to the required carriage speed, but as this was only a

rough estimate, the exact speed was not required.

3.2.3 Fluid Pump

The fluid pump supplied power to the circulation system to ensure proper hole cleaning and to

provide geometric stiffness by increasing the internal pressure of the drill string.
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The power of the pump was calculated using equation (3.2.9).

PP = pQ · 1

ε
(3.2.9)

PP is the power of the pump (W), p is the pump pressure (Pa) and Q is the flow rate (m3/s).

The factors limiting the power of the pump were the maximum pump pressure and minimum pump

flow rate. The maximum pressure was estimated from the burst pressure of the pipe, as calculated

in section 4.1.3.1, and was found to be 5.26 MPa (52.6 bar). The flow rate was estimated from hole

cleaning requirements, as calculated in section 4.1.3.2, and was found to be 0.00014 m3/s. The

pump efficiency was set to be 0.9, which is a typical value for piston pumps [32]. The power of the

pump was then calculated to be 775 W.

3.2.4 Computer

The computer used for the control system used approximately 70 W, which is a maximum value

for a general laptop.

3.2.5 Summary

The power distribution for the two motors, the pump and the computer is presented in table (3.2.1).

The total estimated power consumption was 2.27 kW, which was only 12% of the power consump-

tion limit of 18.64 kW.

Table 3.2.1: System power distribution

Component Power [kW]

Top Drive Motor, PTD 1,350

Hoisting Motor, PH 73

Fluid Pump, PP 775

Computer, PC 70
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Chapter 4
Pre-Study

Several different topics had to be reviewed before starting implementing the control system or test

drilling in order to understand the strengths and limitations of the system.

The physical limitations related to the requirement to use a thin-walled aluminum pipe will be

reviewed first. It is expected that buckling will occur easily in such a weak pipe and calculations

have therefore been conducted to try to estimate how easily the pipe will fail and how this can be

prevented.

To build and operate a fully automated drilling system it was important to have a reliable control

system. This included developing a good control algorithm and ensuring fast and accurate data

handling.

To be able to develop a control algorithm that would ensure a safe and efficient drilling operation a

pre-study on typical drilling dysfunctions and drilling optimization was conducted.

To get an idea of how the control system should operate, a simulator was developed in the early

phase of construction. An overview of the choices made and the lessons learned from running

simulations is presented in the last section.

51



Chapter 4. Pre-Study

4.1 Compression Analysis

Buckling was expected to be one of the main sources of pipe failure based on the weakness of the

pipe provided by DSATS [13] and reports from previous contests. The drill string was therefore

designed to address this issue and thus limit the risk of buckling.

Buckling occurs when too much weight is applied at the top of the drill string. This puts the pipe

in a state of compression where it starts to deflect laterally and becomes prone to increased metal

fatigue failure. Furthermore, the body of the drill pipe wears rapidly due to abrasion along the wall.

The worst-case scenario is that the pipe fails because of buckling.

The buckling limit can be estimated using Euler’s buckling load. However, because there was a

high risk of experiencing drilling dysfunctions related to the weakness of the pipe, the aim was to

completely avoid entering a state of compression.

Buckling can be prevented by increasing the tension of the drill string and thus avoiding entering a

state of compression. There were two ways to achieve this, one was to reduce the weight applied

at the top and the other was to increase the weight in the lower part of the string.

Although reducing the weight applied by the top drive was a simple and effective solution, it limited

the amount of weight applied on the bit and thus slowed down the drilling speed. Increasing the

weight in the lower part of the string, in this case the BHA, was therefore chosen as the best

solution.

In the industry, the weight of the BHA is increased by adding drill collars and heavy-weight drill

pipes, however, the scale of this project made it difficult to add sufficient weight in this manner. The

proposed solution was therefore to increase the tension in the pipe wall by increasing the internal

pressure of the pipe. This could be achieved by adding a nozzle in the BHA which increased the

internal pressure and resulted in a force, Fc, acting downwards on the constriction area.

The sum of the weight of the drill string and the force Fc defined the limit of the weight that could

be applied by the top drive. It also enabled the estimation of the required diameter of constriction.

In addition to this, Euler’s critical load was estimated to provide the absolute maximum weight that
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could be applied to the top drive. After having performed these calculations, the pressure drop in

the circulation system was calculated to be be able to determine the force Fc. Following this, the

estimation of the constriction diameter was made.

A summary of the drill string compression analysis is given in Section 4.1.3.6. Finally, an overview

of the changes made during Phase II are presented in Section 4.1.3.7.

4.1.1 Euler’s Critical Load Analysis

Even though the main goal was to keep the drill string completely in tension, it was not possible

to predict how much WOB would be required to drill through the formation before testing the

machine. To set a theoretical absolute upper limit for WOB, Euler’s equation (4.1.1) for critical load

was therefore used. This enabled the estimation of the maximum load the pipe could theoretically

bear without experiencing lateral deflection [28].

Fcr =
π2EI

(KL)2
(4.1.1)

where Fcr is the critical compression load (N) on the drill pipe, E is the modulus of elasticity of

pipe material (Pa), I is the minimum area moment of inertia of the cross section of the pipe (m4)

given by Equation 4.1.2[38], L is the unsupported length of the pipe (m) and K is the effective

length factor determined by the end conditions of the pipe given in Figure 4.1.1.

I =
π

64
(d4o − d4i ) (4.1.2)

where do and di is the outer and inner diameter of the pipe respectively.
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Figure 4.1.1: End conditions of pipe [28]

Due to the implementation of a riser above the formation, the end conditions were fixed-fixed, which

yielded a recommended effective length factor, K, of 0.9.

Input data for Equation 4.1.1 can be found in Table 4.1.1.

Table 4.1.1: Input data for Euler’s critical load

E [Pa] 6.9 · 1010

I [m4] 2.27 · 10−10

K 0.9

L [m] 0.91

The critical load was found to be 230.7 N, equivalent to a weight of 23.5 kg. It was therefore

estimated that the pipe would enter a state of compression when the WOB passed 23.5 kg, when

no internal pressure is added. When the internal pressure was added, it was estimated that the

drillstring would not buckle until it reached the sum of Fc, the drill string weight and the critical

load, in this case 46.9 kg. This is described in the next sections.
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4.1.2 Weight of Drill String

The weight of the drill pipe may be estimated using Equation 4.1.3.

mDP =
π

4
(d2o − d2i )ρalL (4.1.3)

mDP is the total mass of the drill pipe (kg), dois the outer diameter of the drill pipe (m), di is the

inner diameter of the drill pipe (m), ρal is the density of the aluminum (kg/m3) and L is the length

of the pipe (m).

The outer diameter of the drill pipe was 9.53 mm, the inner diameter was 7.75 mm, the density of

aluminum was assumed to be 2,750 kg/m3, and the length was 91.4 cm. This gave a total drill pipe

weight of 0.061 kg.

To be able to make design choices, the weight of the BHA was estimated to be 0.227 kg and the

weight of the bit to be 0.300 kg. These weights were based on initial estimations and were not the

exact weights of the BHA and bit that were used during the competition. The total weight of the

drill string was therefore initially estimated to be 0.588 kg.

The buoyed weight of the string can be calculated using Equation 4.1.4 [5].

mB = mDP (1− ρw
ρal

) + (mBHA +mbit)(1−
ρw
ρsteel

) (4.1.4)

The density of steel was assumed to be 7,750 kg/m3 which resulted in a total buoyed weight of

0.498 kg.

4.1.3 Magnitude of Force Fc

The magnitude of Fc was determined to be able to estimate how much weight could be applied

through the top drive without putting the drill pipe in a state of compression. This is illustrated in

Figure 4.1.2.
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Figure 4.1.2: Illustration of force Fc counteracting the WOB and increasing the tension in the drill pipe wall

The first step was to calculate the burst pressure of the pipe as it is the limiting factor of the

system. Following this, the minimum fluid velocity was estimated in order to calculate the pressure

losses through the different components in the circulation system. These results made it possible to

estimate the maximum value of Fc and thus the maximum pump pressure. Finally, estimating the

pressure drop over the constriction enabled the dimensioning of the constriction.
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4.1.3.1 Burst Pressure

The limiting factor of the system was the risk of burst in the aluminum drill pipe due to the increased

pressure used to counteract the WOB. Barlows formula, Equation 4.1.5, was used to determine the

ultimate burst pressure [5].

pbr = 0.8
2σyst

do
(4.1.5)

pbr is the maximum internal pressure the pipe can withstand (Pa), σys is the yield strength of alu-

minum (Pa), t is the wall thickness of the pipe (m) and do is the outer diameter of the pipe (m).

The yield strength of aluminum was assumed to be 96.5 MPa (965 bar), the safety factor was chosen

as 3, the thickness of the pipe wall was 0.89 mm and the outer diameter of the pipe was 9.53 mm.

The burst pressure of the drill pipe was estimated to be 5.26 MPa (52.6 bar).

4.1.3.2 Pressure Loss in Circulation System

The main purpose of the circulation system of this drilling rig was to provide additional internal

pressure in the drill pipe to increase its geometric stiffness and reduce the risk of buckling. In

addition to this, the circulation system facilitated the removal of cuttings, cooled and lubricated the

drill string and bit.

Fresh water was selected as drilling fluid to enable the circulation of cuttings out of the well. The

use of mineral oil was considered, but due to the limited distance of transportation and the expected

low pore pressure, it was concluded that fresh water was a better choice. This was a cheaper and

more accessible alternative to standard drilling muds used in the industry.
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Inlet
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Pump
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Bit

Figure 4.1.3: Illustration of the circulation system consisting of a mud pump, hose, swivel, drill pipe, BHA,
bit nozzles and flowline.

A pump was used both to circulate the drilling fluid through the system and increase the internal

pressure of the drill string. The re-circulation of drilling fluid was not included in this design as

it required an advanced solid removal system. The fluid was conducted out of the well and into a

separate tank for storage or to a drain.

A density of 998.2 kg/m3 and dynamic viscosity of 0.001002 Pas were used in the pressure loss

calculations. This was chosen based on the properties of water at a temperature of 20 [40].

The fluid velocity through the different components was determined based on the minimum re-

quired flow velocity in the annulus to circulate the cuttings out of the well. It was decided that the

flow rate would be maintained constant during the drilling operation.

Fluid flow velocity To remove cuttings from the wellbore, the annular velocity had to be greater

than the cutting slip velocity. The cutting slip velocity was estimated using equation (4.1.6) which

is valid for all Reynolds numbers [4].
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vsl =

√
ds
f

(ρs − ρf )
ρf

(4.1.6)

ds is the particle diameter (m), ρs is the solid density (kg/m3), ρf is the fluid density (kg/m3) and f

is the friction factor.

The maximum particle diameter was in this case assumed to be half the distance between the

borehole wall and the outer diameter of the BHA, resulting in a particle diameter of 0.7 mm.

The solid density was assumed to be 2,640 kg/m3 (based on the density of granite). The friction

factor f could be estimated using an empirical relationship between Re, the sphere diameter and the

sphericity. Because Re is dependent on the unknown slip velocity, an initial simplifying assumption

was made. To calculate the initial Reynolds number, the slip velocity vsl was approximated by

Stokes relation for creeping flow around a spherical particle given by Equation 4.1.7 [4].

vsl =
d2s(ρs − ρf )

µ
(4.1.7)

The initial guess for the particle slip velocity was 0.42 m/s. Re was then calculated based on

the input data and the particle slip friction factor based on the empirical friction factor chart [4].

Assuming a sphericity factor of 1, the friction factor was expected to be 0.6. This resulted in a

cutting slip velocity of 0.16 m/s.

Iterations were then performed until a good approximation was found. The final cutting slip veloc-

ity was found to be 0.12 m/s. Based on the assumption that is usually desirable to have a transport

efficiency, Equation 4.1.8 [4], of 50% or higher, the aim was to have an annulus fluid velocity of

0.25 m/s.

va =
vsl

transport efficiency
(4.1.8)

Assuming a constant flow rate throughout the system, the minimum flow rate delivered by the

pump was determined by multiplying the annulus velocity by the annulus cross-sectional area. The
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borehole diameter was approximated by the bit diameter, 28.6 mm, and the outer diameter of the

pipe was 9.53 mm, this yielded a cross-sectional area of 570.1 mm2. The minimum flow rate in the

system was estimated to be 0.00014 m3/s based on these calculations.

The fluid velocity in the different components of the circulation system could then be calculated

based on the above results.

Pressure loss in hose The first step in the process of calculating the pressure drop through the hose

was to determine the type of flow regime. This was done by estimating Reynolds number given by

Equation 4.1.9 [4].

Re =
ρvdi
µ

(4.1.9)

Re is Reynolds number (dimensionless), ρ is the fluid density (kg/m3), v is the fluid velocity (m/s),

di is the inner diameter of the pipe (m) and µ is the fluid viscosity (Pas). The density and the

viscosity were presented in Section 4.1.3.2.

The inner diameter of the hose was assumed to be 7.75 mm, the same as for the pipe. This was an

initial estimate as the exact dimensions were not known during the design phase.

Flow with Re <2,500 is defined as laminar, 2,500 <Re <4,000 as transitional and Re >4,000 as

turbulent [4]. Table 4.1.2 shows Reynold’s number for flow rates in the interval 0.0001 - 0.0002

m3/s which was estimated to be the range of flow rates valid for this case.
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Table 4.1.2: This table summarizes the results of Re-calculations (in the right column) for different q in m3/s
(the left column)

q [m3/s] Re

0.00010 14,600

0.00011 16,000

0.00012 17,450

0.00013 19,000

0.00014 20,400

0.00015 21,800

0.00016 23,300

0.00017 24,750

0.00018 26,200

0.00019 27,700

0.00020 29,100

As seen in Table 4.1.2, Reynolds’ number was estimated to be above 4,000, and therefore turbulent,

for every single case of different flow rates. In the case of turbulent flow, the friction factor must be

determined using an empirical correlation. Colebrook’s equation, which is widely used in the field

of fluid dynamics, was chosen as a good approximation and is given by Equation 4.1.10 [4]. It is

an implicit equation and it was therefore solved numerically using Excel.

1√
f

= −4log(
0.269ε

d
+

1.255

Re
√
f

) (4.1.10)

f is the friction factor (dimensionless) and ε is the roughness of the hose (m).

The friction factor was then used in the Fanning Equation given by Equation 4.1.11 [4] to calculate

the frictional pressure drop in the hose.

∆pf =
fρv2L

25.8d
(4.1.11)
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∆pf is the frictional pressure loss (Pa) and L is the length of the hose (m). In the case of laminar

flow, a simpler set of equations may be used [4].

Figure 4.1.4: Graph showing the pressure loss in bar through the hose on the y-axis for different flow rates
on the x-axis

The pressure drop through the hose, ∆p1, with a flow rate of 0.000143 m3/s (8,6 l/min) was esti-

mated to be 190 kPa (1.90 bar).

Pressure loss in swivel It was assumed that the pressure loss through the swivel could be approxi-

mated by calculating the pressure loss through a regular 90 ◦elbow with screwed fittings. The same

method as for the pressure loss in a pipe could be used for this calculation, however, the length

had to be substituted by an equivalent length. Based on a pipe diameter of 7.75 mm, the equivalent

length was 0.9 m [40].
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Figure 4.1.5: Graph showing the estimated pressure loss in bar through the swivel on the y-axis for different
flow rates on the x-axis

The flow through the swivel was found to be turbulent and the total pressure drop through the

swivel, ∆p2, with the same flow rate as above was estimated to be 105 kPa (1.05 bar).

Pressure loss in pipe and BHA The pressure loss in the drill pipe and in the BHA was calculated

in the same way as the pressure loss in the hose. The inner diameter of the drill pipe was 7.75 mm

and the inner diameter of the BHA was 18 mm. The length of the drill pipe was 914 mm and the

length of the BHA was 80 mm.

From Equation 4.1.9 it was determined that the flow through both the pipe and the BHA would be

turbulent. Equation 4.1.10 was used to determine the friction factor and, finally, Equation 4.1.11

was used to estimate the pressure drop.
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Figure 4.1.6: The graph showing the pressure loss in bar through the drill pipe on the y-axis for different
flow rates on the x-axis
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Figure 4.1.7: Graph showing the pressure loss in bar over the BHA on the y-axis for different flow rates on
the x-axis

The pressure drop through the drill pipe, ∆p3, was estimated to be 107.0 kPa (1.07 bar) and the

pressure drop through the BHA, ∆p4, was estimated to be 0.11 kPa (0.0011 bar).

Pressure loss in bit and nozzle The pressure loss in the bit was calculated in the same way as for

a pipe (Equations 4.1.9, 4.1.10 and 4.1.11), but the pressure loss through the two nozzles was based

on Equation 4.1.12 [4].

∆pn =
ρQ2L

C2
dA

2
(4.1.12)

Q is the fluid flow rate (kg/m3), Cd is the discharge coefficient (dimensionless) and A is the cross-

sectional flow area (m2). The discharge coefficient was estimated to be 0.95 and the flow area was

determined assuming it consisted of two nozzles with circular area, each with a diameter of 4.34
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mm2.

Figure 4.1.8: Graph showing the pressure loss in bar through the bit on the y-axis for different flow rates on
the x-axis

The pressure drop through the bit, ∆p6, was estimated to be 15 kPa (0.15 bar).

66



Chapter 4. Pre-Study

Figure 4.1.9: Graph showing the pressure loss in bar over the bit nozzle on the y-axis for different flow rates
on the x-axis

The pressure drop through the bit nozzle, ∆p7, was estimated to be 150.3 kPa (1.503 bar).

Pressure loss in annulus The pressure loss through the annulus was based on Equations 4.1.9,

4.1.10 and 4.1.11. The value of the diameter used in these equations was an equivalent diameter

calculated using Equation 4.1.13 [4].

deq =
√
d2a − d2o (4.1.13)

da is the diameter of the annulus and do is the outer diameter of the pipe (m).
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Figure 4.1.10: Graph showing the pressure loss in bar over the annulus on the y-axis for different flow rates
on the x-axis

The flow rate was estimated to be turbulent through the annulus as well and resulted in a pressure

drop, ∆p8, of 0.11 kPa (0.0011 bar).

4.1.3.3 Summary of Pressure Loss in Circulation System

The results from the pressure loss calculations are presented in Table 4.1.3. The different pressure

drops have been numbered from 1-8 starting with the hose and ending with the annulus. ∆p5 is not

present in the table as it represents the pressure loss over the constriction and will be calculated in

the next section.
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Table 4.1.3: Pressure loss in circulation system

Component Pressure Loss [bar]

Hose, ∆p1 1.90

Swivel, ∆p2 1.05

Drill Pipe, ∆p3 1.07

BHA, ∆p4 0.001

Bit, ∆p6 0.15

Bit Nozzles, ∆p7 1.503

Annulus, ∆p8 0.001

Total, ∆ptot 5.675

The pressure drop through the different components of the circulation system were then used to

determine the force acting on the constriction.

4.1.3.4 Calculation of Fc

To determine the force acting on the constriction, an equation describing the pressure loss compo-

nents in the system is shown in equation (4.1.14).

ppump = Σ8
i=1∆pi (4.1.14)

The parameter that dimensioned the pressure drop over the constriction was the burst pressure of

the pipe. The internal pressure of the pipe was within this limit as long as the pressure at the

top of the pipe was less than pbr. The pressure drop over the constriction may be determined by

subtracting the pressure loss in the entire system from the maximum burst pressure as shown in

equation (4.1.15).

pc = pbr − (Σ4
i=3∆pi + Σ6

i=8∆pi) (4.1.15)
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From the previous section, the sum of the pressure drops is 567.5 kPa (5.675 bar) and based on this

the pressure drop over the constriction can be assumed to be 4,692 kPa (46,9 bar).

To determine the magnitude of the tension force Fc, the area the force was acting on had to be

calculated. For the sake of simplicity, the area was assumed to be the complete cross sectional area

of the drill pipe. It may be calculated using equation (4.1.16).

At =
π

4
d2i (4.1.16)

The inner diameter of the drill pipe was 7.75 mm which yields a cross-sectional area of 47.1 mm2.

The hydraulic force could then be calculated by multiplying ∆Pc by At. This resulted in a force Fc

of 220.5 N, equivalent to a weight of 22.5 kg.

4.1.3.5 Constriction Diameter

To dimension the size of the nozzle, Equation 4.1.17 [4] was solved for the diameter of the nozzle

using Excel.

∆pc =
1

2
ρf (1− β4)(

q

CdAt
)2 (4.1.17)

Where β = dn
di

.

Input data for Equation 4.1.17 can be found in Table 4.1.4.

Table 4.1.4: Input data for hydraulic force calculations

Density of fluid [kg/m3] 998.2

Flowrate [m3/s] 0.00014

Cdd 0.95

Pressure drop at constriction [kPa] 4,692

Inner diameter of pipe [mm] 7.75
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Table 4.1.5: Estimated values for Fcc, weight of drill string and maximum WOB.

Fc [kg] 22.5
Weight of Drill String [kg] 0.5
Maximum WOB [kg] 23.5
Critical WOB [kg] 46.5

The diameter of the constriction was found to be 1.425 mm.

4.1.3.6 Drill String Compression Analysis Results

After the analysis, it was found that the flow rate should be at least 8.4 l/min (0.00014 m3/s), so the

velocity of the circulation fluid through the annulus was 2.4 m/s so an efficient cuttings removal

may take place.

It was estimated that a total of 23.5 kg could be applied on the drillstring through the hoisting system

without internal pressure and rotation. By using a constriction with a flow diameter of 1.425 mm

in the BHA, the total weight of 46,5 kg could be applied on the drillstring by the hoisting system.

The estimation above is without surface stabilizing elements.

Having a constriction with a flow diameter of 1.425 mm did not allow the flow rate to be changed

while staying within a burst safety factor of 3 in the drill pipe, shown in Figure 4.1.11. It was

decided that a lower value of safety factor or/and changing the constriction diameter could be

accepted if a variable flow rate became necessary.
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Figure 4.1.11: Graph showing the effect of flow rate on pressure loss. The slotted line shows the total system
pressure loss for different flow rates, and the dashed line shows the resulting maximum pressure in the drill
pipe. The red arrows show the burst pressure for the pipe with safety factors of 1, 2 and 3, with burst pressure
of 52.6 bar, 78.9 bar and 157.8 bar respectively.

4.1.3.7 Changes in Phase II

At a later time in Phase II, some changes were made to the size of the constriction diameter due

the availability of drill bits in the lab. A variety of constriction diameters were chosen (1.2 mm, 1.3

mm, 1.4 mm and 1.5 mm) and a similar pressure loss analysis as the one conducted in the previous

section was conducted for each constriction diameter.
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Figure 4.1.12: Figure showing the pressure inside the drill pipe (z-axis), the constriction diameter, dc (x-
axis) and flow rate, q (y-axis).

From the analysis, it was found that neither constriction diameters of 1.2 mm or 1.3 mm would

be suitable as the pressure loss in the system would become too high for the chosen flow rates. To

overcome the pressure loss, the pressure into the drill pipe had to be so high that it would surpass the

burst pressure. Therefore, it was concluded that these constriction diameters would be unsuitable

for the required purpose. This can be seen in Figure 4.1.12. The constriction diameters of 1.4 mm

and 1.5 mm were a better choice because the pressure needed to overcome the pressure loss in the

system was below the burst pressure and fulfilled the desired minimum fluid flow velocity inside

the annulus.

By taking a closer look at the analysis, it could be seen that the constriction diameter and the

pressure loss over the constriction were inversely proportional. In this case, it means that for

a bigger constriction diameter, less force could be applied to the drill pipe before the drill pipe

entered a state of compression. In other words, the maximum allowable WOB would reduced

when increasing the constriction size. By using Equation 4.1.16, the allowable weight on bit can be
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calculated. The flow rate was assumed to be 8.4 L/min and constant, and the constriction diameters

were 1.4 mm and 1.5 mm. The results from the calculations are presented in Table 4.1.6 and Table

4.1.7.

Table 4.1.6: Fc and maximum WOB for a constriction diameter of 1.40 mm

dc 1.40 mm

Fc 224.6 N

Maximum WOB 22.9.9 kg

Table 4.1.7: Fc and maximum WOB for a constriction diameter of 1.50 mm

dc 1.50 mm

Fc 170.5 kN

Maximum WOB 17.3 kg

To achieve the greatest possible WOB, the smallest constriction diameter had to be used, in this

case 1.4 mm. By choosing a constriction diameter of 1.4 mm, a additional force of 224.6 N (22.9

kg) could be applied to the drill string by the hoisting motor while maintaining tension in the entire

drill string.

Table 4.1.8: Estimated values for Fc, weight of drill string and maximum WOB.

Fc [kg] 22.9

Weight of Drill String [kg] 0.5

Maximum WOB [kg] 23.5

Critical WOB [kg] 46.9

The corresponding absolute maximum allowable WOB (based on the buckling limit) was estimated

to be 46.9 kg.

Another important change was made to the design of the machine in Phase II. Because of the

expected vibrations and the buckling limit of the pipe, a drill deck bushing was added to increase the
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stability to the pipe. This changed the behaviour of the drill string and especially the buckling limit.

However, because this point was fixed and the pipe moved, the dynamics of the string vibrations

and failure limits changed continuously as the length of the pipe changed. It was therefore too

complex to model the string vibrations and change in buckling limit in the limit amount of time

available.

4.2 Drilling Algorithm

One of the main goals for an automated drilling machine, is that its control algorithm should be

able to select optimal drilling parameters for changing downhole conditions and detect and mitigate

problems that occur while drilling.

To learn more about problems that occur during a drilling operation, some of the most common

drilling dysfunctions were studied and are presented in the sections below. The focus was to imple-

ment this in the design of the rig in order to reduce the probability that dysfunctions should occur

and then to understand how it would be possible to detect and mitigate them.

Several ways to optimize drilling parameters were considered when developing the optimization

algorithm, these methods are reviewed in Section 4.2.2. The first one is the simplest one and aims

to maximize the two drilling parameters that are controlled by the motors in the drilling machine:

WOB and RPM. This is based on the belief that drilling efficiency is directly proportional to the

drilling parameters. The second method is based on minimizing the amount of energy required to

remove a certain volume of rock, which is described by the function of Mechanic Specific Energy

(MSE). A third method looks at how ROP changes with increasing WOB and RPM and detects any

deviation from the normal trend. Another possibility is to try to detect increased string vibration

amplitude.

4.2.1 Drillstring and Bit Dysfunctions

A goal for the drilling algorithm was that it should be able to detect the most common drilling

dysfunctions. These dysfunctions occur as a result of the interaction between the drill string and

the formation.
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A general description has been given of several different types of dysfunctions, as well as ways to

detect and mitigate them. The first four are related to vibrations in the drillstring.

Figure 4.2.1: Illustration of the three types of drillstring vibrations [37]

4.2.1.1 Axial Vibrations

Three types of drillstring vibrations were identified, one of them was axial vibrations which are also

known as longitudinal vibrations. Axial vibrations are most likely to occur when drilling through

hard spots in the formation or when there are changing characteristics causing uneven drilling.

Drilling through formations like this may cause a periodical displacement of the drillstring and bit.

If the periodical displacement increases in severity the bit can start to loose contact with the bottom

of the hole and bit bounce can be initiated.

Axial vibrations are more likely to occur when drilling a vertical or a low inclined well and when

drilling with a three-cone bit. It may however also happen when drilling with a PDC-bit. Although

this mode of vibrations is generally not expected to have a large impact on the overall drilling per-

formance, long term axial vibrations may result in premature wear or in the worst case, equipment
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damage (to the drill bit cutters, bearings, downhole tools or the drillstring itself). It is therefore im-

portant to detect these vibrations at an early stage and try to avoid or reduce their impact as much

as possible [35].

Axial vibrations usually cause significant WOB fluctuations, rig or top drive shaking, irregular

movement of the drillstring along its axis and reduced ROP [36] [35].

In this section the different steps that can be performed to avoid axial vibrations will be discussed.

There are practical strategies to mitigate or avoid drillstring vibrations through empirical methods

based on tuning surface controlled drilling parameters. Some of these parameters are the viscos-

ity and the density of the drilling fluid used in the drilling operation, the flow of the drilling fluid

through the drillstring, the WOB and the rotational speed of the drillstring (RPM) [35]. In this

project, tap water was used as drilling fluid which resulted in both constant density and viscos-

ity. There were two surface controlled parameters left that could be modified during the drilling

operation: RPM and WOB.

When axial vibration are encountered, RPM should be reduced and WOB increased, each by a

certain percentage. If the vibrations stop, drilling can resume with the new WOB and RPM. If the

vibrations persist, the first step should be repeated until the vibrations are reduced or the maximum

WOB is reached. If the maximum WOB is reached and the vibrations are still a problem, the bit

must be picked off-bottom and the string torque must be allowed to unwind. The RPM should then

be set to 40-50 % of the original value and the WOB should be increased by 10 % of the original

value. Drilling must start again with these new variables and increase the RPM gradually to the

original RPM. If axial vibrations still occur, the procedure above should be repeated again, but

instead of increasing the RPM gradually to the original RPM, it should be increased gradually to

25 % of the original rpm [36].
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Figure 4.2.2: Illustration of the procedure for mitigating axial vibrations[36]

The main idea for detecting severe axial vibrations was to use an algorithm implemented in Matlab.

The critical limit for the amplitude or frequency of axial vibrations should be estimated from exper-

iments, and the function should then be able to detect any measurements above this critical value. It
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was expected that there would be oscillations in the load cell measurements, so the function had to

be able to differentiate between oscillations occurring due to measurement errors and oscillations

due to axial vibrations.

4.2.1.2 Torsional Vibrations

Torsional vibrations are mainly due to the vibrational mechanism called stick/slip [39], where ir-

regular drillstring rotation leads to fatigue of the components. The bit stops rotating at regular

intervals causing the string to periodically torque up. To overcome the resistance, an increase in

torque from the motor is applied. The increase in torque leads to greater twisting of the drillstring

and storage of energy. When the applied torque is high enough to overcome the resistance, the bit

spins free, and all the stored energy in the pipe will be transferred over to the BHA and bit. This

can cause the BHA to accelerate up to 15 times the current rotary speed.

In normal scale drilling, torsional vibrations can lead to severe damage to both the bit and the BHA.

In this case however, the drill pipe was expected to be the weak link as it had a low yield point and

torque limit. Torsional vibrations were therefore suspected to cause the pipe to twist off close to

the connection with the BHA if the torque got to high, instead of damaging the bit and the BHA.

Torsional vibrations can be identified by a cyclic increase in torque while the ROP remains constant

or even decreases. Another way to detect torsional vibrations could be to compare the downhole

rotational speed with the rotational speed of the top drive motor. Both a positive and a negative

difference could imply torsional vibrations in the system.
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Figure 4.2.3: Illustration of the procedure for mitigating torsional vibrations [36]

This type of vibration could be detected using monitored parameters like: the torque of the top

drive motor; the rotational speed of the top drive motor; the ROP; and the rotational speed of

the BHA. There was no direct measurement of RPM in the BHA, but there was a possibility to

calculate it from the combination of data from the gyroscope and the accelerometer. A possible

way to implement this in the drilling algorithm could be to continuously monitor the parameters

and look for indications of torsional vibrations.
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The most conventional response to torsional vibrations is to place the top drive in high gear and

ensure a low-torque operation. This could be achieved by reducing the WOB while increasing the

RPM in small increments until the vibrations are mitigated. If the top drive stalls, i.e the torque

increases to maximum while the RPM goes to zero, the bit should be picked off bottom to let the

string unwind, and drilling with high RPM and low WOB will commence.

Due to the small scale of the drilling rig in this project, torsional vibrations were not expected to

cause any damage of importance. However, stick/slip was certainly expected to occur. To avoid

twist off in the pipe connection, a maximum torque of the top drive motor should be limited to the

torque limit of the drillstring.

4.2.1.3 Lateral Vibrations

Lateral vibrations are the most destructive type of vibrations, and are, together with axial vibrations,

more violent in vertical wells. Lateral vibration shocks are caused by the interaction between the

BHA and the wellbore and may cause a high-frequency, large-magnitude, bending moment which

can lead the system into whirl.

As the system is lead into whirl, the center of rotation is offset from the center of the hole, resulting

in a drillstring that walks around the hole as it is rotating around itself. Whirl is a result of bit vibra-

tions and a misalignment of the drillstring and BHA. It creates a fatigue damage in the drillstring

through bending stress cycles which may lead to failure of connections [37].
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Figure 4.2.4: Illustration of the procedure for mitigating lateral vibrations [36]

Lateral vibrations could be detected using a downhole accelerometer. A defined critical value

for the acceleration should be defined and any measurement above this value should be ”noted”. A

response from the control system would then occur if there was more than a given number of critical

measurements within a defined time interval. This could for example be more than 5 measurements

within an interval of 3 seconds.

A way to mitigate vibrations could be to reduce the RPM using the top drive and then stepwise
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increase the WOB using the hoisting motor. If the value of accelerations did not decrease and the

problem persisted, the bit would then have to be picked up off bottom to unwind the torque and

then drilling could resume. WOB would then have to be increased stepwise again.

4.2.1.4 Natural Frequency

After having reviewed the different types of vibrations, it was important to look into the possibility

of experiencing resonance due to the natural frequency of the system. Natural frequency is the

frequency at which a system tends to oscillate in the absence of any driving or damping force.

When drilling through a formation, the drilling operation leads to vibrations that pass from the bit

through the BHA and finally to the drill pipe. If the vibrations reach the same natural frequency as

that of the drilling equipment, resonance is established.

Resonance is a phenomenon that occurs when a vibrating system drives another system to oscillate

with greater amplitude at a specific frequency. In this case, it was expected that it could result in a

higher amplitude displacement of the equipment, thus damaging it even more.

Rotation of the bit causes vibrations that spread through the equipment [37]. It is therefore critical

to find the rotation speed, RPM, that does not create vibrations with the same frequency as the

drilling equipments natural frequency. By avoiding the critical RPM, the lifetime of the equipment

could be increased and the drilling operations would be optimized.

An analysis of the harmonic response for a rotating pipe was done for lateral and for axial vibrations

in order to estimate if resonance would be a problem during the drilling operation.

The analysis of lateral vibrations was simplified by assuming that the pipe behaved like a uniform

beam. The tension of the drillstring had a significant effect on the vibrations and was therefore

included in the analysis. In this case, the tension force was estimated to be 0 since Fc neutralized

the compression force. The natural frequency of the system is defined by Equation 4.2.1 [25].

w2
n = (

nπ

l
)2
T

Aρ
+ (

nπ

l
)4
EI

Aρ
(4.2.1)

n is the mode number which varies from 1 and upwards, l is the length between the top drive and
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the top of the riser which varied between 91.4 cm 31.4 cm, T is the tension within the drill pipe,

A is the cross sectional area of the pipe which was 24.1 mm2, ρ is the density of aluminum, 2,800

kg/m3, E is Young’s modulus, 68 GPa and I is the second moment of inertia, 7.3 10−9 mm4.

The lowest occurring natural frequency for this system was expected to occur for the first mode and

when the length between the top drive and the riser was at its maximum, which was 160 Hz. This

is equivalent to a rotational speed of around 10,000 RPM. This was far outside what was expected

to be a normal operating range of rotational speeds and resonance was therefore not expected to be

a significant issue when drilling.

The natural frequency of longitudinal vibrations was estimated using Equation 4.2.2.

wn =
αnc

l
(4.2.2)

where α is determined from Equation 4.2.3, c is the sonic speed, 4,928 m/s, and l is the length of

the drill pipe (91.4 cm).

αn tanαn = β (4.2.3)

β is determined from Equation 4.2.4.

β =
m

M
(4.2.4)

m is the weight of the drill pipe (0.062 kg), and M is the weight of the BHA and the drill bit (0.223

kg). This resulted in a natural frequency of 435.7 Hz. This is equivalent to a rotational speed

of 26,144 RPM. As for the lateral vibrations, this was far out of the range of operating rotational

speeds. Resonance was therefore not expected to be an issue during drilling.

From these results, it could be concluded that resonance would most probably would not occur

because the natural frequency of lateral and axial vibrations were much higher than the expected

operating frequency. Vibrations were however still expected to be a significant issue.
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Since resonance occurs when a system drives another system to oscillate with greater amplitude,

the natural frequency of the rig structure should also have been estimated. The vibrations in the

drill string could lead the rig structure to oscillate at a certain frequency which, if the oscillations

are large enough, could cause damage to the equipment.

Since the system was a lot more complex than what could be modeled using simple equations, it

was decided that tests should be run to find out if resonance could occur or not.

4.2.1.5 Interfacial Severity

Interfacial severity occurs when a harder rock, a new layer or an inclusion in the current layer, is

encountered in the formation. The force on the bit is then concentrated on the part of the bit in

contact with the hard rock instead of the entire surface area of the bit. This can cause reduced

drilling efficiency and wear on the equipment.

Interfacial severity may be detected through an increase in compression of the drillstring without

having an increase in ROP. The torque is expected to increase as the bit is unable to remove rock

efficiently at the current drilling regime.

As a harder layer is detected, the best response would be to lower the WOB, increase the RPM, and

then stepwise increase WOB again.

The aim of the drilling algorithm was to detect a change in rock properties and respond in order to

optimize drilling efficiency and prevent bit damage. A possible functionality the drilling algorithm

could have had could have been to identify a new, harder, formation layer by detecting when WOB

increased by a certain percentage of its ”initial value” and ROP decreased by a smaller percentage

of its ”initial value” at the same time or within a given time interval. The number of events that

exceeded these predetermined maximum and minimum values for WOB and ROP, respectively,

would have been counted. If the events were within the same time interval, and the number of these

events had exceeded a maximum tolerated limit, the algorithm would have responded by reducing

WOB at the same time as RPM was increased.
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4.2.1.6 Bit Balling

Bit balling is a drilling dysfunction characterized by cuttings sticking to the surface of the bit. It can

happen when drilling through water reactive shale or clay formations in which electrochemical and

mechanical sticking are the two main mechanisms that contribute to bit balling. If poor hydraulic

design is used or the mud flow is stopped, an electrostatic force may cause cuttings to stick on the

surface of the bit, and once initiated, it is easier for cuttings to build up and eventually ball up the

bit.

Bit balling may be detected by a sudden reduction in ROP, without any significant change in other

drilling variables [12]. The torque is usually lower than normal since the cutters are covered up by

cuttings and there may also be a sudden increase in standpipe pressure because balling reduces the

annular flow area which increases the pressure.

As soon as bit balling is detected, the best way to mitigate the problem is to reduce the WOB and

increase the flow rate. By doing this, the cuttings stuck on the drillstring may be washed out.

If bit balling occurs during drilling, the drilling algorithm should be able to detect it and the control

system must respond in order to mitigate the problem.

As described above, bit balling may be detected by a sudden reduction in ROP together with a slight

reduction in torque. A way to detect bit balling could therefore be detecting when ROP decreases

by a certain percentage of its ”initial value” and torque decreases by a smaller percentage of its

”normal value” at the same time or within a given time interval.

A proposed mitigation technique was to reduce the WOB using the hoisting motor and increase the

flow rate of the pump. If ROP does not increase significantly, the bit could be lifted off bottom for

a certain amount of time before continuing drilling.

Bit balling was not expected to occur as the chance of having water reactive shale or clay formations

was considered low, and the total length being drilled was only 60 cm.
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4.2.2 Optimization of Drilling Parameters

Another important part of the drilling algorithm was to be able to optimize the drilling parameters.

The choice of which method to use in the final algorithm was based on time available and on the

outcome of the testing phase. If drilling was considered efficient enough by maximizing the output

variables, it would not be necessary to implement a different optimization function. If however, it

was clear that drilling was not necessarily optimal at maximum values, but rather at lower values,

the other methods would be considered.

4.2.2.1 Maximizing Drilling Parameters

The output variables would be optimized if they were not at their maximum limit or if there was a

significant reduction in ROP. The aim would be to increase WOB and/or RPM stepwise to increase

ROP. This process would have a lower frequency than the monitoring process.

The general idea was that the two output variables would be increased by a certain percentage. This

would continue until the critical limit of any input variable was reached.

4.2.2.2 MSE

A possible optimization function that could be used in this case is the function of MSE. MSE is a

measure of how much energy is required to remove a unit volume of rock and it is usually expressed

in terms of drilling variables such as WOB, torque, ROP and RPM. Choosing the optimum com-

bination of input variables to minimize the MSE would result in optimizing the drilling efficiency

[17].

MSE is defined by Equation 4.2.5.

MSE =
Total Energy Input

V olume Removed
(4.2.5)

There are two forces acting on the bit during drilling: WOB (axial force) and torque (rotational

force). MSE can be expressed in terms of these forces, as shown in Equations 4.2.6 and 4.2.7.
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MSE =
V ertical Energy Input

V olume Removed
+
Rotational Energy Input

V olume Removed
(4.2.6)

MSE =
WOB ∆h

Area∆h
+
Torque 2π Numbers of rotations

V olume Removed
(4.2.7)

Because the distance travelled by the bit is the ROP divided by the RPM, Equation 4.2.7 can be

rearranged to give Equation 4.2.8.

MSE =
WOB

Area
+

2π RPM Torque

Area ROP
(4.2.8)

As shown in Equation 4.2.8, MSE is a function of drilling variables that were monitored continu-

ously through the drilling process. Using MSE as an optimizing function was therefore thought to

be a possible solution to ensure an effective drilling operation [17].

However, an important factor that was considered was that MSE would be a measure of energy

efficiency which was not necessarily the highest priority.

4.2.2.3 Founder’s Point

Another way to model drilling efficiency is to use the concept of the founder point.

The main concept behind this model is that when drilling trough the same formation, with constant

WOB, RPM and mud weight, the ROP should also be constant. When increasing the WOB and/or

RPM, the ROP should increase proportionally if the set of variables is efficient[30].

On the other hand, if the ROP does not increase proportionally, it means something is making the

drilling operation inefficient. Different drilling dysfunctions may be the cause for this inefficient

drilling, some of these were presented in section 4.2.1 [24].
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Figure 4.2.5: Graph illustrating the founder point. Point 1 is the point at which the critical depth of cut
occurs and point 2 is the founder point. Phase 1 is before point I occurs, phase II is between point 1 and 2,
and phase III is after point 2 [24]

The drilling response of the bit can be analyzed as three different operating phases [22]. Phase I

occurs at low WOB, where the contact area between the bit wear and the rock slowly increases

until a critical depth of cut is reached.

In phase II, after the critical depth of cut has been reached, any increase in WOB directly affects

the cutting of the rock. The ROP increases proportionally with increasing WOB until the founder

point is reached. At this point, the volume of cuttings produced is too large compared to what is

circulated out of the hole by the drilling fluid.

Phase III is the phase after the founder point. During this phase the trapped cuttings reduce the flow

path of the drilling mud which results in a low cuttings production than at the founder point. Since

the cutting production rate is proportional to the depth of cut, the depth of cut decreases after the

founder point.

The founder point is therefore the value of the drilling variables right before the drilling operation

becomes more inefficient. This is illustrated in Figure (4.2.5). Detecting the founder point may
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make it possible to define a safe and efficient operating range.

The main goal of the procedure is to drill the well with an optimal ROP for a given layer with a

systematically chosen WOB and RPM based on the detection of the founder point.

4.2.2.4 Vibration Minimization

A third way to optimize the drilling efficiency was reviewed and it was to minimize the waste of

energy. When drilling, the goal is that all the energy provided by the top drive should be used to

remove rock. However, large amounts of energy contribute to the propagation of vibrations. To

ensure that the operation is as efficient as possible, the goal could be to minimize the waste of

energy.

Vibrational motion can be understood in terms of the conservation of energy. When the pipe is

displaced from its center, some potential energy is stored in the pipe. When it is released and

returns to its neutral state, its mass is accelerated and the potential energy is transformed into

kinetic energy. The mass then decelerates and transfers the kinetic energy back to its potential.

Oscillation of the drillstring therefore amounts to transferring back and forth from kinetic energy

to potential energy.

To quantify the amplitude of the vibrations, the amount of energy in the oscillation can be calcu-

lated. By using an accelerometer downhole, continuous measurements of the movement can be

made and this can enable the calculation of the waste of energy through vibrations.

The waste of energy could then be minimized by creating an optimization algorithm that uses the

accelerometer measurements to monitor the vibration energy, and the input variables to reduce the

vibration amplitude.

As the chosen optimization function was largely determined based on test results, it will be re-

viewed in Section 6.2.

90



Chapter 4. Pre-Study

4.3 Simulator

Ideally, several tests and analyses should be performed to achieve the required knowledge to opti-

mize the control system. This was the first year NTNU competed in the DrillboticsTMcompetition

and the rig therefore had to be built from scratch. As a consequence of this, all the materials and

components had to be ordered and delivered, which again caused great time losses for testing and

optimization. Therefore, a simulator was constructed in Simulink, a graphical programming envi-

ronment in Matlab, to simulate the real drilling operation. Through this simulator it was possible

to run tests and develop the control algorithm, as well as becoming familiar with Simulink, which

in the end was used to program the real rig.

The simulator consisted of four main models that together described the total drilling system: the

Drillstring Model, the Hoisting System Model, the Circulation System Model and the Formation

Model.

4.3.1 Model

4.3.1.1 Drillstring Model

The drillstring model was developed with the aim of describing the relationship between the torque

applied by the top drive motor and the rotational speed of the drillstring. The top drive motor was

controlled by torque which was the input value for the model.

Figure 4.3.1: Illustration of the RPM model from the Simulink model

The relationship between the torque and the angular speed of the drill string was developed based on

equation 4.3.1. This equation determines the change of the body angular momentum for unbalanced
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torque on a body along the axis of rotation.

τnet =
dL

dt
(4.3.1)

τnet is the sum of the torque acting on the body (Nm), L is the angular momentum vector (kg·m2/s)

and t is time (s).

For rotation about a fixed axis equation 4.3.2 yields,

L = Iω (4.3.2)

I is the moment of inertia (kg/m2) and ω is the angular velocity (rad/s).

Combining Equations 4.3.1 and 4.3.2 resulted in Equation 4.3.3,

τnet =
d(Iω)

dt
(4.3.3)

Since multiple torques were acting on the body, it was the net torque that determined the rate of

change. In this case the net torque was the sum of the torque applied by the top drive motor and the

friction torque from the interaction between the drill bit and the formation.

τnet = τds − τfric (4.3.4)

τds is the torque applied by the top drive motor (Nm) and τfric is the torque loss due to friction

(Nm) from the interaction between the bit and formation.

τfric was estimated based on the torque friction of a rotating disk [33]. The exact definition used is

showed in equation .

τfric =
2

3
MµgR (4.3.5)
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Equations 4.3.3 and 4.3.4 together give the equation for the angular speed of the drill string shown

in equation 4.3.6.

ω =
1

I

∫
(τds − τfric)dt (4.3.6)

The moment of inertia, I, had to be calculated for the three parts of the drillstring (pipe, BHA and

bit) and added together. The following equation can be used to estimate the moment of inertia.

a = ΣIz = Σ
πρh

2
(r4OD − r4ID) (4.3.7)

This gave a general equation that required the drillstring torque (Nm) as an input and gave the

rotational speed of the drillstring as an output (RPM).

ω =
1

Σπρh
2

(r4OD − r4ID)

∫
(τds −

2

3
MµgR)dt (4.3.8)

4.3.1.2 Hoisting System Model

The hoisting system model aimed to describe how the vertical movement of the travelling block

was related to the torque applied from the hoisting motor. The hoisting motor was, in the same way

as for the top drive motor, controlled by torque as an input value. The goal for this model was to

obtain a measure of ROP and the drilled height.
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Figure 4.3.2: Illustration of the ROP model from the Simulink model

The Bourgoyne an Young ROP model, shown in equation 4.3.9, was used as an approach to cal-

culate ROP. This model considered the effect of depth, the characteristics of the formation being

drilled, the drill-bit size, the mechanical factors of the drilling process (i.e. WOB and RPM) and

the mud system properties, and allowed each one to be adjusted by drillability coefficients.

ROP = f1 · f2 · f3 · f4 · f5 · f6 · f7 · f8 (4.3.9)

f1 is the formation strength, f2 is effect of depth and compaction, f3 is effect of pore pressure, f4

is effect of differential pressure, f5 is effect of drill-bit diameter and WOB, f6 is effect of rotary

speed, f7 is effect of drill-bit tooth wear, and f8 is effect of bit hydraulic jet impact force.

Since the height of formation that was to be drilled in the competition was only 60 cm, the effect of

compaction was assumed to be negligible. The effect of pore pressure and differential pressure was

neglected as it was stated in the guidelines that the formation would not have any overpressured

zones and because the rig setup gave a differential pressure in annulus to be close to zero. The

effect of drill bit wear was also neglected due to the short distance being drilled. The hydraulic

jet impact force through the bit was considered small because of the large pressure drop across the

constriction inside the BHA, and therefore neglected.

Neglecting f2, f3, f4, f7 and f8 reduced Equation 4.3.9 to 4.3.10,
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ROP = f1 · f5 · f6 (4.3.10)

Equation 4.3.10 can be broken down to three subequations as follows

f1 = e2.303a1 (4.3.11)

a1 is the coefficient for the effect of formation strength shown in Table 4.3.1.

f5 =

[ (WOBsf

ODbit

)
−
(WOBsf

ODbit

)
t(WOBsf

ODbit

)
N
−
(WOBsf

ODbit

)
t

]a5
(4.3.12)

(WOBsf

ODbit

)
is weight on bit measured at surface divided by outer diameter of the drill bit (kg/m),(WOBsf

ODbit

)
t

is the weight on bit measured at surface divided by outer diameter of the drill bit at

which the bit begin to dig in the formation (kg/m), and
(WOBsf

ODbit

)
N

is weight on bit measured at

surface over outer diameter of the drill bit normalization value (kg/m). a5 is the coefficient for the

effect of bit diameter and WOB shown in Table 4.3.1.

f6 =

[
RPMsf

(RPMsf )N

]a6
(4.3.13)

a6 is the coefficient for the effect of rotary speed shown in Table 4.3.1.

Table 4.3.1: Drillability coefficients

Parameter Lower Boundary (unitless) Upper Boundary (unitless)

a1 0.50 3.91

a5 0.10 2.00

a6 0.40 2.23

Since the hoisting motor was controlled by torque, it was essential to find a formula that related

torque to WOB. Assuming that there would be no buckling or friction loss, the WOB would be
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proportional to the torque applied by the motor. The torque-force relation, shown in equation

4.3.14, was obtained from the product catalog for the ball screw that would be used for the hoisting

system.

Fh = WOB =
0.9∆2000∆π∆τh

l
(4.3.14)

Fh is the force (N) exerted by the ball screw onto the drill string and equals the weight on bit (N),

τh is the torque applied by the hoisting motor (Nm), and l is the lead of the ball screw (m).

4.3.1.3 Circulation System Model

To implement the circulation system in the simulator it was first suggested to use a differential

equation to model the pump pressure as a function of the difference in outflow and inflow of the

system. However, due to the small volume of the system and the extremely low compressibility of

water, the circulation system was instead implemented through static conditions.

Figure 4.3.3: Illustration of the pressure model from the Simulink model

The pump was a single acting triplex pump, and was to be controlled by the angular velocity of its

motor. The flow rate from the pump is shown in Equation 4.3.15.

96



Chapter 4. Pre-Study

qp = γp · ωp − leakage(ωp, pp) (4.3.15)

qp is the flow rate from the pump, γp is the cylinder volume i.e. the volume pumped pr. stroke, and

ωp is the number of strokes pr. min (RPM).

The leakage term, which is a function of both pressure and flowrate, had to be found experimentally,

but while working on the simulator, it was set to zero. The pump had an operating envelope of 0-

140 bar, while the simulation and the actual experiment was never expected to be run at any higher

pressure than 50 bar. Operating at 50 bar and 8.4 L/min, the pump would only be working at 35 %

of its maximum pressure and 20 % of its maximum flow rate, which should make neglecting the

leakage an acceptable assumption.

4.3.1.4 Formation Model

As the hoisting system required an effect of formation strength when calculating ROP, a formation

model was implemented to simulate different formation layers using different rock hardness values.

The model was created as a signal in Simulink MatLab that stepped between a range of predefined

values for hardness at a specified time. The formation model took drilled height as an input value,

and gave the corresponding rock hardness for that height as an output value.

4.3.2 Control System

The control system in the simulator consisted of three PID-controllers, one for each of the three

motors (pump, top drive motor, hoisting motor). These controllers aimed to reduce the errors

between the set point and the measured value of a process variable by adjusting a control variable

over time.
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Figure 4.3.4: Illustration of the PID controllers from the Simulink model

4.3.2.1 Top Drive Motor

The rotational speed of the drillstring was used to control the torque of the top drive motor. The set

point in the simulator was chosen to be 60 RPM and the PID-controller varied the torque in order

to maintain the error between the measured value and the set point as close to zero as possible.

4.3.2.2 Hoisting Motor

An estimation of ROP was used to control the hoisting motor. The set point of the ROP was chosen

to be an unreachable high value, as it was not supposed to limit the ROP. However, the value could

not be set too high, as it would speed up the motor if any air gaps in the formation were encountered,

which again would prevent a smooth transition between the formation layers. The limitation was
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in this case the torque of the hoisting motor which directly controlled the WOB. The WOB was, as

explained previously, limited by the buckling limit of the pipe.

4.3.2.3 Pump

The pump pressure was used to control the rotational speed of the pump. The set point in the

simulator was set to 50 bar and the PID-controller then controlled the rotational speed of the pump

in order to keep the error between the measured value and the set point as small as possible.

4.3.3 Logics

After having set up the low-level control system, implementing high-level logics was considered.

The idea was that in addition to having PID-controllers, the control system should be able to opti-

mize the drilling efficiency based on measurements from the drilling machine.

One of the situations simulated was encountering a harder layer which caused a reduction in ROP.

The basic logic was that if the ROP decreased below a certain value, the RPM of the top drive

should be increased to be able to maintain a certain ROP. The RPM was increased by changing the

set point for the drill string speed.

This was implemented by creating a rock hardness vector with a stepwise increase in value. The

torque and RPM of the motors, as well as the ROP, could then be monitored to see if the control

system reacted to the increase in rock hardness.
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Figure 4.3.5: Illustration of the high-level control

Figure 4.3.5 shows the logic block used to implement a change in drill string speed set point due to

an increase in rock hardness.

The biggest difficulty in this case was simulating the measurements. One issue was creating the

dysfunction itself, but an even more problematic issue was deciding what would happen once the

dysfunction had been detected and a change in set point had been made. Several solutions were

considered, but it was finally decided that a finite state machine should be used.

4.3.4 State Machine

The theory behind a state machine is that an abstract machine can be in exactly one of a finite

number of states at a given time. It consists of a set of states, a set of input events, a set of output

events and a state transition function [16].

In the case of interfacial severity, the initial state would be ”Normal Drilling”, then, a transition

function would cause a change of state if the ROP decreased below a certain level and the state

machine would transition into ”Hard Layer Drilling” for example. This new state would have a

new set of set points specific for drilling through a hard layer.

The problem with using ROP as a condition was that when the problem was solved and ROP

increased again, the state machine automatically transitioned back to ”Normal Drilling” even if the
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layer was still hard. A solution to this was to have a different condition for transitioning out of the

”Hard Layer Drilling” state. This would make it possible to keep the machine in the ”Hard Layer

Drilling” state until the formation was soft again even if the ROP went back to a normal.

Implementing a state machine could easily be done in Simulink using the Stateflow environment

[27].

Figure 4.3.6: Illustration of the possible states in a state machine

As seen in Figure 4.3.6, many states could be defined for different drilling dysfunctions. One state

could be defined as the starting state which was the default state when starting the simulation. One

of the most important things was that none of the states overlapped and that both the transition into

and out of the state was well defined.

4.3.5 Learnings from the Simulations

Several important points were taken from what was learned while working in Simulink.

The first point was the choice of low-level controllers. It was decided early on that PID-controllers
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should be used and simulating this in Simulink confirmed that this could be a good choice. It

was relatively easy to change the set points and the limits which was very useful when wanting to

optimize the drilling operation.

While simulating in Simulink, different types of set points and control methods were considered

and final choices were made based on what was the most effective way of controlling the motors.

The required inputs and outputs could then be determined based on what was required to control

the motors. The units of the different variables were also reviewed in this phase.

Working with simulating high-level logics also gave a good idea of what would be easy and what

would be difficult to implement in the real-time model.

Another issue that was discussed in this phase was noisy data. From the simulations it could be

seen that it would be very important to smooth out the data before sending output signals to the

motors in order to enable a smooth transitions between the different states. This was achieved by

using transfer functions as shown in Equation 4.3.16.

f =
1

s+ 1
(4.3.16)

Finally, using Stateflow was concluded to be a good way to create a state machine in Simulink. The

definition of the different states and the conditions for transitioning between them required more

work and study when the machine was set up, but the simulator gave a good start.
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To be able to run a fully autonomous drilling operation, it was essential to run tests on the hardware,

the data infrastructure and the control system. It was also very important to test the system as a

whole in order to determine its operating window and its limitations.

In the first phase of testing, the hardware was verified. This is often called a Factory Acceptance

Test (FAT) which is a test conducted to determine if the requirements of a specification or contract

are met. In this case the contract was the set of guidelines of the DrillboticsTMcompetition. The

tests consisted of checking that all components of the drilling machine worked as expected and that

the drilling machine was ready for use.

After having set up the system, tests had to be conducted to check that the data infrastructure of the

rig had the desired functionality. This ensured that the control system could operate in real time as

required by the guidelines.

The final phase of testing consisted of testing the control system. In the first part this consisted

of estimating the maximum limits of the drilling variables. Following this, the safety functionality

of the control system was checked. Finally, the optimizing procedure of the control system was

verified.
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5.1 Hardware Testing (Factory Acceptance Test)

The main objective of a factory acceptance test (FAT) is to test the safety instrumented system,

where the logic solver and associated software are being tested together. It is a procedure that

is normally executed during the final part of the design and engineering phase before the final

installation at the plant. The test is used to verify the functionality of the system, where the goal is

to make sure that the equipment is working as it should and that it delivers what is needed for the

subsequent use which in this case is drilling with automatic control.

The point is to check that everything that would be needed during the operation is working and

to do this through tests that would uniquely identify the problem if they fail. Some tests may

involve several functionalities acting together and due to that, if the test fails, it may not clear

which functionality caused the problem.

5.1.1 FAT Plan

During the FAT, it was, as far as possible, ensured that:

1. When the system is powered on, the equipment does not give any errors.

2. Sensors: The sensor signals that are received, displayed and logged by Simulink are observed

physically and are in accordance with reality. Check that the signals are not too noisy, as it

may be an indication of a connection problem or some external distortion.

(a) Pressure transducer: Pump is powered on, check readings from pressure transducer.

(b) Load cell: Hoisting motor is powered on, supplying weight on bit, check readings from

load cell.

(c) Gyroscope and accelerometer: Top drive motor is powered on, supplying rotation of the

drill string, check readings from downhole sensor.

3. Actuators: The torque or speed set-point for the motor being tested (hoisting, top drive or

pump) is set to a certain value in Simulink. Observe physically that there is a corresponding
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change in the motor and that its operation, according to the received sensor data in Simulink,

is according to the set-point.

4. Accuracy: Check that the torque/RPM control is accurate. Set different set-points and ob-

serve that the motor follows that set-point.

5. Safety system: Check that the safety system stops the operation when the rig goes out of its

safe operational range (e.g. max torque, max/min values for position, etc.).

6. Emergency stop: Check the functionality of the emergency stop button.

7. Operating range: Check that the hoisting system can move freely within its operating range

(max/min position).

The full FAT procedure and check list is shown in Appendix D. A review of the FAT result for each

component is given below.

5.1.2 FAT Results

5.1.2.1 Sensors

Due to delays and limited time for testing in the last part of the project, only measurements from

the load cell were processed in Simulink.

To ensure that the load cell readings were correct and accurate, the hoisting motor was powered on

and while it was supplying WOB, readings from the load cell were checked. Comparing with the

weight on a scale, the load cell readings were accepted as realistic.

5.1.2.2 Top Drive Motor

The drive was successfully connected to the PLC and the PC. Using simple Simulink blocks, the

top drive motor could be started, stopped and controlled. Both torque control and speed control

were tested, and both were working as expected.

The input variables were received and plotted in Simulink. Given a maximum torque limit, increas-

ing the friction caused an increase in torque and a reduction in RPM which could be viewed in real
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time. Changing the output variables in Simulink resulted in the wanted response from the motor.

The communication frequency was satisfactory.

5.1.2.3 Hoisting Motor

The drive was connected to the PLC and the PC. The connection was successful and both input and

output signals gave the expected results. Changes in setpoint successfully controlled the hoisting

motor.

5.1.2.4 Pump

The drive was connected to the PLC and the PC, but setting up the communication was unsuccess-

ful. Due to limited time, additional efforts were not made to fix this issue. The pump was run

manually to ensure fluid circulation.

5.1.2.5 Safety System

To test the safety system, set points above the maximum limits set in the drives were sent from the

PC to the PLC. It could be seen that the measured value would saturate at the maximum limit and

not go above it. This tested had positive results for both the hoisting and the top drive motor.

5.1.2.6 Emergency Stop

The emergency button was tested and successfully stopped all motion in the hoisting and top drive

motor. When released, the operation continued. It was therefore important to make sure that the

required settings were chosen when releasing the emergency stop button.

5.1.2.7 Operating Range

It was made sure that the hoisting system could move freely within its operating range by moving

it up to its zero position at the upper stopping mechanism and then down to the lower stopping

mechanism.
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5.2 Data Infrastructure Testing

The data infrastructure of the rig had to be tested in order to ensure its functionality. One of the

requirements from the competition committee was that the control system should operate in real-

time, it was therefore extremely important that the system was effective and accurate.

5.2.1 Data Infrastructure Testing Plan

The functionality of the data infrastructure was tested through the following steps:

1. Running the Simulink model in real time and checking the communication with the PLC.

2. Checking that the output value set in a Simulink block is received in the PLC with the same

value.

3. Verifying that input values set in a PLC register is received in Simulink with the same value.

4. Check that signals sent by Simulink and by the PLC are of correct scale.

5. Ensure that the communication frequency is sufficiently high.

6. Test that the logging solution is satisfactory.

5.2.2 Data Infrastructure Testing Results

A Simulink model was created to monitor and process the input signals from the PLC and to re-

spond by sending out control signals to the PLC. The first step was to check that the model could be

run in real-time and that communication with the PLC was successful. There were some challenges

with connecting the hoisting motor to the PLC, but after a while everything was connected and the

model was running.

Next it was made sure that output values set in Simulink were received by the PLC with the same

value. This could be seen by how the actuators reacted to changes in set points. It was easy to start

and stop the actuators, as well as increase and reduced the set points and change the direction of

rotation.
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The next part that was checked was the scaling of the signals. Some of them were scaled in the

PLC, but a few of them had to be converted in Simulink. This was done by using Simulink gain

blocks to multiply or divide the signal by the right factor.

Communication frequency quickly became an important issue because the Simulink model started

to run very slowly. By going through all the signals and their sampling rate, it was decided that most

signals should have a sampling rate of 10 per second. The output signals had the same sampling

rate as the input signals.

In addition to this the Pseudo Real Time option in the OPC Configuration Block was enabled

which made one time step in the simulation equal to one second in ”real-time”. The end time of

the simulation was also set to a finite number instead of infinite in order to solve problems with

memory allocation.

To view the signals after the end of a run, the Simulation Data Inspector in Simulink was used. This

provided graphs that could easily be viewed and compared. Chosen logs could then be exported to

the Matlab Workspace for further analysis.

5.3 Control System Testing

Once the rotary system, the hoisting system, the circulation system and the control system were set

up, the drilling machine needed to be tested to determine the safe ranges of the different variables

and to optimize the drilling operation.

The tests were divided in two different categories. The first category of tests aimed to determine

the absolute maximum values of the critical variables that were not defined directly in the PLC

or the drives. The second category tested the safety functionality of the control system and its

optimization algorithm.
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5.3.1 Testing Description and Results

5.3.1.1 Getting to Know the System and its Challenges

Initially, a test phase was planned to get to know the system. The idea behind this ”pre-testing”

drilling was to get some understanding of the range of values the drilling parameters would be in,

which challenges would limit the drilling parameters and if the design of the rig needed any minor

modifications to ensure a safe and efficient drilling operation. The main goal of this part was to

give some experience to the students as to where work should be done.

When the hoisting motor and the top drive were successfully connected to the PLC and the PC

and the signals were scaled and accurate, a few tests were run. Experiments were carried out on

different rock samples to analyze the reaction of the system to various operating conditions. Some

of the formations drilled are shown in Figure 5.3.1,

The first rock sample was a relatively hard shale. The RPM was increased up to 700 RPM and the

WOB up to 50 kg without any significant vibrations or problems. The ROP was relatively low, but

drilling was smooth and stable.

Figure 5.3.1: Pictures of test holes drilled in asphalt, marble, slate and soapstone

The second rock sample was a softer, black shale. Drilling was faster and it was easier to achieve a

higher ROP, but vibrations quickly became a problem. The vibrations in the drill string propagated

to the carriage and the hoisting system. After stopping the drilling operation and looking at the

drill string it could be seen that the BHA and the joints were not completely aligned. In addition to

this, the pipe seemed to be a little bit bent. This could have occurred before or even during drilling.
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Solutions to this problem were discussed and one of the ideas was to use a lathe in the workshop to

ensure that everything was aligned.

Bit wear, pipe wear and its impact on drilling performance were considered during testing phase

as bit/rock interactions downhole and lateral and axial vibrations were highly anticipated. As the

length being drilled was 60 cm, it was important to be able to test and set critical limits for tolerated

vibrations to avoid pipe and bit fatigue. The early drilling phase (first 30 cm) was expected to ex-

perience the highest vibration impact, as the drill string was the least supported by the rock sample,

and critical limits for acceptable vibrations were therefore planned to be set lower compared to the

late drilling phase.

5.3.1.2 Estimation of Maximum Limits

The aim of these tests was to obtain an operating envelope (Tds versus WOB). It was initially

planned to perform several additional tests in order to test the pipe when pressure was increased in

the pipe, but because the circulation system was set up very late, only two tests were run and they

were run without water.

1. Tmaxds : increase drill string torque until pipe failure. The bit should be fixed. High priority.

2. WOBmax: increase WOB without rotation and without fluid until failure. Medium priority.

To be able to get information from the tests, the load cell needed to be scaled from an analogue

signal to the WOB in kg. To do this, the torque and the speed of the hoisting motor were increased

until the carriage landed on a weighing scale and then the weight on the scale was noted together

with the value of the signal from the load cell. This relationship is shown in Figure 5.3.2.
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Figure 5.3.2: Relationship between load cell signal (kg) and weight on scale

Twist-off test The twist-off test was run on the pipe without the BHA or the bit. A torque wrench

was used to conduct the test by gradually increasing the torque until failure. Twist-off occurred at

17 Nm.

A limitation to this test was that only the torque limit of the pipe was tested, not the limit of the

entire string. The hydraulic connections used to connect the BHA to the pipe and the pipe to the top

drive had a severe limitation in the way they were connected. They were connected manually and

applying too much force damaged the pipe and applying too little could cause unscrewing during

the operation. Therefore, the torque limit of the drill string was more limited by the connections

than the actual torque limit of the pipe itself.
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(a) Demonstration of torque wrench used to conduct twist-off test

(b) Twist-off

Figure 5.3.3: Demonstration of twist-off test

Buckling Test A buckling test was run without fluid circulation, fluid pressure or rotation. It did

however have the drill deck bushing and the riser in place. This provided some additional stability.

A plot of hoisting motor torque versus time can be seen in Figure 5.3.4. It can be seen that the

hoisting motor torque increases until 130 s and falls after that. The buckling limit for the pipe
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without fluid pressure or rotation was 0.22 N.m.

Figure 5.3.4: Graph of hoisting motor torque during buckling test
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Figure 5.3.5: Picture of pipe after running buckling test

Summary The results from the two different maximum limit tests are shown in Table5.3.1
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Table 5.3.1: Estimation of maximum limits

Test Parameter Result Comment

Tmaxds Tds 17 Nm Only tested

on pipe, not

entire drill-

string

Tmaxh Tmaxh 0.22 Nm Tested with

drill deck

bushing

5.3.1.3 Safety Functionality Testing

These tests were performed to check that the control system worked and that the safety functionality

was ”according to standard”.

1. Gradually increase drill string torque, and check that the system respects the limit. Also

check that it is possible to change this limit during operation. High priority.

2. Gradually increase hoisting motor torque, and check that the system respects the limit. Also

check that it is possible to change this limit during operation. High priority.

For both the top drive and the hoisting motor the system successfully respected the limits set in

the drives and in the Simulink model. It was possible to change the limits in Simulink during the

operation. It was not checked whether or not it was possible to change the limits in the drives while

operating. However, since these limits were absolute limits they should not be changed.

5.3.1.4 Identification Testing

The aim of these tests was to increase the understanding of the system and its interactions with rock

formations. Ultimately, this gave a basis for choosing the optimal operating parameters.

One way to do this was to for example to try to determine the optimal values for WOB and RPM.

This was done by measuring ROP/vibrations/... at different combinations of RPM and WOB for
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one formation This should give an indication of the optimal drilling parameters. If time allows,

several formations will be tested.

Resonance An interesting observation was made when conducting the identification tests. When

increasing the WOB and the RPM, large vibrations that propagated to the rest of the structure started

occurring at a certain point which was initially thought to be the limit of the operating range. After

some more testing it was however discussed if this could be the natural frequency of the system.

To test this idea, the RPM was increased quickly past the point were vibrations were the most

violent. This proved to be a good idea because the amplitude of the vibrations were greatly reduced

at higher RPM.

It was then discussed if the same frequencies would cause resonance at different WOBs. Tests were

therefore conducted for WOB=15 kg, WOB=25 kg, WOB=35 kg, WOB=45 kg and WOB=55 kg.

For each WOB the RPM was gradually increased as high as possible. When analyzing the data

from the tests it was observed that the vibrations at the resonance frequencies could be observed on

the load cell measurements. The resulting graphs for WOB=15 kg and WOB=25 kg can be seen

below. In addition to this, a graph of WOB=14.3 kg was added to show resonance at 1100 RPM.
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Figure 5.3.6: Graph of WOB and RPM versus time showing resonance around 800 RPM.
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Figure 5.3.7: Graph of WOB and RPM versus time showing resonance around 800 RPM.
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Figure 5.3.8: Graph of WOB and RPM versus time showing resonance and unstable drilling conditions
when drilling with RPM above 1100.

The resonance frequencies were finally estimated to be around 600 RPM, 840 RPM and 1100 RPM.

Discovering this made it possible to push the efficiency of the drilling operation even further and

increase the ROP above what was previously expected to be the maximum.

Bit bouncing Another important observation that was made when conducting the identification

tests was bit bouncing at low drilling RPM. Bit bouncing resulted in poor borehole quality which

was difficult to recover.
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(a) Formation: Slate (b) Formation: Soapstone

Figure 5.3.9: Poor borehole quality after experiencing bit bouncing

The results related to resonance, unstable drilling conditions and bit bouncing lead to the final deci-

sion that the RPM of the top drive should be kept constant. The final chosen value was 1000 RPM

which, from the performed tests, was found to almost always ensure a stable drilling operation.

Weakest link of the design The weakest link of the design was found to be the connection between

the BHA and the drill string. This connection point suffered from excessive drill string torques and

torque peaks. It was therefore important to set a max drill string torque limit in the control system

drive to avoid twist-off. Based on several test, this limit was set to 4 Nm. The control drill string

torque was set to a set-point below safety limit to avoid excessive peaking of the drill string torque.
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Figure 5.3.10: Twist-off at the connection between the BHA and the drill string when drilling asphalt

Internal drill string pressure Due to the limited amount of time before the competition day, and

the difficulties with the machining and making of the high pressure swivel, the required testing to

obtained the desired results could not be performed. Together with all this, a minor leakage in the

swivel would have made the results somewhat untrustworthy.

However, to at least get a subjective impression of the effect of the internal pressure, 40 bars of

operating pressure was applied to the circulation system on the night before the competition. When

the bit was off-bottom and the pressure was applied, it was possible to see that the drill string would

straighten out. When drilling, it was also possible to see that the drill string vibrations would reduce

with increasing circulation pressure.
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Chapter 6
Automation

To be able to drill automatically, several components and elements from the discipline of control

engineering had to be implemented. In this chapter, the components, the design, the optimization

and the data infrastructure will be presented.

The first section reviews the components used to make the the control system work as a whole. It

presents the PLC, the drives of the actuators, and the Simulink model.

The subsequent section explains the structure of the optimization function and why it was chosen. It

demonstrates the in-depth study of how the different drilling parameters change in different drilling

conditions, the limitations of the system and the final state machine used on the competition day.

The last section describes the data infrastructure and the data handling of the system. The commu-

nication between the different components, the storage of the data, data visualization and response

time will all be presented and explained in detail.

6.1 Control System

A PLC provided by ABB was used to control the drilling operation. The PLC communicated with

the PC where a Simulink model ran a control algorithm.

A feedback control system was used to control the drilling process. This means that the error

123



Chapter 6. Automation

between the control signal and the output from the drilling process was used to bring the output

from the drilling process closer to the control signal. PID controllers are common and effective

for control loops including sensors, actuators and control algorithms and were therefore chosen as

controllers for the drilling machine.

In addition to the PID controllers, the Simulink model ensured that all input and output variables

were within the safety limits, signal units were converted to the right unit, an optimization function

selected the right drilling parameters and that drilling dysfunctions were detected and mitigated.

6.1.1 Programmable Logic Controller

The PLC provided by ABB was programmed using CodeSys. 12 analogue inputs and 5 analogue

outputs were required to provide sufficient information for the control system. The input ports

received signals from the sensors and the motors and the output ports sent signals to the motors.

6.1.2 Actuator Drives

The actuator drives had an important role when it came to the safety of the system. The absolute

limits of the output variables were set in the drives to make sure that no matter how the control

system acted, these limits would never be violated.

If signals from the control system violating the limits were sent from the PC, a warning appeared

on the screen.

The hoisting motor was limited by a maximum torque and a maximum RPM estimated during the

testing phase. This meant that no matter what the set point was set as in Simulink, the drives would

never output a control signal over the limit set in the drive. The top drive motor also had a maximum

torque and a maximum RPM which were also estimated during the testing phase.

6.1.3 Simulink Model

PID controllers were proposed as a possible control loop feedback mechanism for the control sys-

tem. The basic idea behind this type of controller is to read a sensor, then compute the desired
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actuator output by calculating the proportional, integral and derivative responses and summing

those three components to compute the output [21].

In this control system there were two PID controllers incorporated in the drives using the hoisting

motor speed and the top drive speed as process variables. In Simulink there were two PID con-

trollers used to control the hoisting motor. These two controllers had the two folllowing process

variables: the WOB and the torque of the drill string. Sensors and outputs from the drive encoders

were used to measure these variables and provide feedback to the control system. The set points

were the desired values of the process variables and were in most cases the maximum value for that

variable. Because of the optimization function, the set point could however vary depending on the

formation being drilled. At all time the difference between the measured process variable and the

set point was used by the control system algorithm to determine the desired actuator output to drive

the system.

6.1.3.1 Proportional-Integral-Derivative Controller Theory

Figure 6.1.1: Illustration of a PID control loop [41]

General definition The proportional response depends only on the difference between the value

of the set point and the value of the process variable which is referred to as the error term. The

proportional gain determines the ratio of output responses to the error signal which generally means

that increasing the proportional gain will increase the speed of the control response. However, if

the proportional gain is too large it may cause the process variable to oscillate. It can be defined by

Equation 6.1.1.
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up(t) = kc(ys(t)− y(t)) (6.1.1)

up(t) the proportional term of the control output of the PID controller, kc is the proportional gain,

ys(t) denotes the desired setpoint and y(t) the value of the process variable, .

The integral component sums the error term over time which results in a growing integral term

component over time even if the error is very small. It can be defined by Equation 6.1.2.

uI(t) =
kc
τi

∫ t

0

(ys(τ)− y(τ))dτ (6.1.2)

uI(t) is the integral term of the control output of the PID controller and τi is the integral time.The

steady-state difference is the final difference between the process variable and the set point. Since

the integral response will continuously increase over time unless the error is zero, the effect is to

drive the steady-state error to zero.

The derivative response is proportional to the rate of change of the process variable and causes

the output to decrease if the process variable is increasing rapidly. Increasing the derivative time

parameter will cause the control system to react more strongly to changes in the error term and will

increase the speed of the overall control system response. The derivative term can be defined by

Equation 6.1.3.

uD(t) = kcτd
d(ys(t)− y(t))

dt
(6.1.3)

uD(t) is the derivative term of the control output of the PID controller and τd is the derivative time.

The output of the PID controller is the sum of the three parts described above. It is shown in

Equation 6.1.4.
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u(t) = up(t) + uI(t) + uD(t) = kc(ys(t)− y(t)) +
kc
τi

∫ t

0

(ys(τ)− y(τ))dτ + kcτd
d(ys(t)− y(t))

dt
(6.1.4)

Tuning Tuning is the process of setting the optimal gains of P, I and D to get an ideal response

from the control system where the goal is to achieve a stable and responsive loop with minimal

overshooting. The gains of a PID controller can be obtained through trial and error. This is done

by first setting the I and D terms to zero and gradually increasing the P term until the output of the

loop oscillates. When P has been set to obtain a desired fast response, the I term is increased to

stop the oscillations. The I term reduces the steady-state error but increases the overshoot (amount

that process variable overshoots the final value). The I term is tweaked to achieve a minimal steady

state error. Finally, the D term is increased until the loop is acceptably quick to its set point.

Gain scheduling When the value of gains and time constants vary according to the current value of

the process value, the system is said to be non-linear. The problem of non-linearity can be solved

by defining different operating points and linearising the problem about these points. In control

theory this is called gain scheduling.

A gain-scheduled control system is a controller whose gains are automatically adjusted as a function

of time, operating condition or plant parameters [26]. This is a common strategy for controlling

systems whose dynamics change with such variables. This was the case in this project because the

dynamics of the system changed when the properties of the formation changed. The WOB and

RPM did not for example have the same set point in a soft sandstone as in a hard granite.

6.1.3.2 PID-Controllers in this System

The hoisting motor was controlled by a PID-controller in the drive and two PID-controllers im-

plemented in the Simulink control system. The top drive motor was only controlled by the PID-

controller in the drive.

The PID-controller of the hoisting motor drive was speed controlled. This meant that the speed set

point was an output from the PC and controlled the torque of the motor. There was a possibility to
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switch to torque control, but it was a slower signal and not as easy to control. In addition to this,

when the motor was torque controlled it tried to achieve the highest possible speed for the given

torque. This could have been dangerous if the WOB increased too much.

In the simulink model there were two PID-controllers that enabled the hoisting motor to be either

WOB or torque controlled. When using WOB control, the set point was chosen based on the

buckling limit of the pipe and the vibrations in the system. The saturations of the PID-controller

made it possible to limit the speed during landing or gaps in the formation.

When using torque control, the torque set point was chosen based on experimental results. The

output from the torque PID-controller was WOB which was then used as an input to the WOB

PID-controller.After some testing it was found that a value of 2.4 Nm was a safe value and would

reduce the risk of twist-off.

The top drive motor was controlled by torque in the drive and its set point was given by the RPM of

the motor. There was a possibility to switch to speed control, but because of the torque limit of the

pipe it was decided that torque control was safer. The RPM set point was not limited by the system,

it could in theory be very high. Tests were therefore conducted to see how the system reacted to an

increase in RPM.

The PID-controllers needed to be tuned in order to get a stable and accurate control. If overshooting

was too high, there was a large risk related to buckling of the pipe. If the reaction was too slow,

situations with too high vibrations or too high load would maybe not be mitigated fast enough.

The final gains used in the two PID controllers in the Simulink model were P=2, I=1.2 and D=0 for

the torque PID controller and P=80, I=0.1 and D=0 for the WOB PID controller.

6.1.3.3 Scaling

The analogue and digital signals were either in volt or in Boolean values and therefore had to

be converted to SI units. There was a scaling block in the PLC which enabled almost all unit

conversions to be done there. This meant that Simulink would mainly handle regular SI units.

Torque values from the top drive motor were given in percentage of the nominal torque value (7.2
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Nm), and later converted from percentage to Nm in Simulink.

The torque values of the hoisting motor first had to be converted to volts (0-10 V range) and then

converted to Nm (0-4.68 Nm).

The speed values of the hoisting motor also had to be converted to RPM by first converting the

signal to a 0-10 V signal and then to a 0-3,400 RPM signal.

The load cell also required a conversion to N. After having been converted to V, it could be con-

verted to N as 0-10 V scale was equivalent to a 0-500 N scale. This signal was then converted to kg

in order to compare it with the buckling limits that were calculated during the design phase. This

signal then showed the amount of stress the load cell felt which was inversely proportional to the

WOB. A relationship between Load Cell values and WOB was then found by pressing the top drive

down on a scale and measuring how much weight was measured by a scale for a given Load Cell

value. The relationship was approximately:

WOB = −1∆LoadCell − 38 (6.1.5)

An offset of 38 kg had to be used which was equivalent to the weight of the top drive and the

carriage. When the swivel was added, this offset was increased to 56 kg due to the additional

weight on the carriage.

6.1.3.4 Safety Limits

While drilling, several processes were running at the same time to keep the operation safe and

efficient. One of the processes was continuously monitoring input variables. The critical limits for

all the input variables were defined, this was both minimum and maximum values. The maximum

values were critical, crossing this limit could cause pipe damage, wear and/or failure. The minimum

value was defined based on what was thought to be an a acceptable value to maintain efficient

drilling. Any values below the minimum limit would lead to low ROP. These limits were based on

testing which was presented in Chapter 5.
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6.1.3.5 Overview of Simulink Model

The Simulink model was divided into several subsystems to make it easier to keep track of the

different signals, different modes of operation and set points. The signals from the PLC were read

from OPC Read blocks in a subsystem named ”Rig Data”. The signals were scaled inside the

subsystem, but the filters were added on the signals outside the subsystem.
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(a) Inputs and Outputs to the ”Rig Data” subsystem in Simulink

(b) ”Rig Data” subsystem

Figure 6.1.2: ”Rig Data” subsystem

The digital signals used to enable operations in the drives were gathered in a subsystem called

”Enable Operations”.
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(a) Inputs and outputs to the ”Enable Operations” subsystem in Simulink

(b) ”Enable Operations” subsystem

Figure 6.1.3: ”Enable Operations” data subsystem

The different set points were put in a subsystem named ”From HMI”. The inputs were set points

from the automatic controls, the set points chosen from the HMI were inside the subsystem and the

outputs were the final set points chosen depending on the mode of operation (manual/automatic,

PID/Stateflow).
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(a) Inputs and outputs to the ”From HMI” subsystem in Simulink

(b) ”From HMI” subsystem

Figure 6.1.4: ”From HMI” data subsystem

The Stateflow chart was put in the subsystem called ”Stateflow”. Inputs to this subsystem were

different measurements required to automate the operation (position, WOB...) and the outputs

were set points.
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(a) Inputs and outputs to the ”Stateflow” subsystem in Simulink

(b) ”Stateflow” subsystem

Figure 6.1.5: ”From HMI” data subsystem

The two PID controllers were gathered in a subsystem called ”PID Controllers”. The main inputs

were the drill string torque set point and the WOB set point and the most important output was the
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hoisting motor speed.

Figure 6.1.6: Inputs and outputs to the ”PID Controllers” subsystem in Simulink
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(a) ”WOB PID” subsystem

(b) ”Tds PID” subsystem

Figure 6.1.7: ”PID Controllers” data subsystem

Variable gains were added to the PID controllers in order to reduce the rate at which the the set

point was reached when the measured value was lower than the set point, and increase the rate of

change when the measured value was higher than the set point.
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Figure 6.1.8: Variable PID gains in the WOB PID controller

The final subsystem was the ”Write Data” subsystem with the OPC Write blocks, enabling the the

communication from the PC to the PLC and then to the drives.
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(a) Inputs and outputs to the ”Write Data” subsystem in Simulink

(b) ”Write Data” subsystem

Figure 6.1.9: ”Write Data” subsystem

6.2 Chosen Optimization Function

When the optimization function was finally developed, it was based on experience from testing the

rig, advice from the supervisors, literature studies and the limitations/possibilities of the drilling

machine.
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6.2.1 Data Analysis

After running several tests on different types of rock samples, data analysis of the test results was

performed to get a better understanding of the drilling operation. For the optimization of the drilling

operation, ROP and MSE were studied for different types of rock samples ranging from hard rocks,

such as marble and cement blocks, to softer rocks, such as black slate and soapstone. Several tests

were conducted on asphalt as well.

Because a decision was made to drill with a constant RPM, a more in-depth study of the effect of

a changing WOB on ROP and MSE in different rock samples was done. The results are shown in

Figure 6.2.1, 6.2.2, 6.2.3, 6.2.4, 6.2.5 and 6.2.6.

Figure 6.2.1: Test results from drilling in soapstone with a constant RPM of 1000. MSE plotted against time
on the primary y-axis and WOB against time on the secondary y-axis. [17]
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Figure 6.2.2: Test results from drilling in marble with a constant RPM of 1000. MSE plotted against time
on the primary y-axis and WOB against time on the secondary y-axis. [17]

Figure 6.2.3: Test results on asphalt with a constant RPM of 1000. MSE plotted against time on the primary
y-axis and WOB against time on the secondary y-axis. [17]

To ensure an energy efficient drilling operation, the smallest possible MSE is the preferable choice.
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From the data analysis, it was found that for harder rocks, the MSE became higher compared to

softer rocks. This can be seen in Figure 6.2.1 and Figure 6.2.1. MSE calculation could possibly be

used to estimate the hardness of the drilled rock.

In most cases, increasing WOB resulted in a decrease in the MSE, meaning more energy efficient

drilling. This can be seen in Figure 6.2.2 and Figure 6.2.1. This did however not apply for asphalt,

Figure 6.2.3. When drilling through asphalt, increased vibrations were observed in both the drill

string and the entire structure. It was also observed that the cutting size was relatively large, making

it difficult to circulate it out from the bottom due the small area between the annulus and the BHA.

A result of this was cutting accumulation in the bottom of the hole and inefficient drilling. A

combination of both of this may be the reason for the increase of MSE when WOB was increased.

Figure 6.2.4: Test results from drilling in soapstone with a constant RPM of 1000. ROP plotted against time
on the primary y-axis and WOB against time on the secondary y-axis. [22]
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Figure 6.2.5: Results from drilling in marble with a constant RPM of 1000. ROP plotted against time on the
primary y-axis and WOB against time on the secondary y-axis. [22]

Figure 6.2.6: Test results on asphalt with a constant RPM of 1000. ROP plotted against time on the primary
y-axis and WOB against time on the secondary y-axis. [24]
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From Figure 6.2.4, 6.2.5 and 6.2.6, it appears clearly that the ROP is proportional to WOB. One of

the main objectives of this project was to drill fast and there was no energy restriction, therefore,

ROP was the preferable optimization parameter.

6.2.2 Implementation of the Optimization Function in Simulink

The drilling machine had two control variables: WOB and RPM. ROP is a function of both vari-

ables, but the exact relationship is unknown. ROP is also a function of the formation being drilled

which means that the relationship between ROP, RPM and WOB varies depending on the forma-

tion.

ROP can be optimized within an operational window limited by different factors. In this case,

because of the weak pipe, they were expected to be vibrations and buckling. This means that

combinations of WOB and RPM could be optimized within a window defined by buckling and

vibration limits. To optimize the ROP, the values of the drilling variables should lie close to these

limits. This is illustrated in figure 6.2.7 where the operating window is described by a hoisting

motor parameter and a top drive motor parameter. The exact parameter is not yet specified as this

will be discussed later.

Figure 6.2.7: Illustration of the operating window.

To determine the limits of the operating parameters, extensive testing was conducted in different

143



Chapter 6. Automation

rock formations and different operating parameters 5.3.1.4. During testing, several cases of twist-

off and stick-slip were experienced and it therefore became clear that buckling was not the biggest

limitation, but rather the drill string torque. When the drill string torque peaked due to a change

in a formation or hard inclusions in the rock, the WOB PID controller did not react accordingly

because the WOB did not necessarily change. It therefore became important to include the drill

string torque in the control algorithm in some way.

After some reflection and analysis, it was proposed that two PID controllers could be connected in

series with the first one having the drill string torque as a process variable and the required WOB

as an output and the second using the WOB from the first PID as a process variable and controlling

the hoisting motor speed by sending a speed set point signal to the drives.

Figure 6.2.8: Illustration of the use of drill string torque as a process variable

An illustration of the new optimization strategy is shown in Figure 6.2.9. The idea is that the speed

of drilling should be optimized by maximizing Tds as a function of wh.

144



Chapter 6. Automation

Figure 6.2.9: Illustration of the updated operating window.

A constant RPM (1000 RPM) and a constant drill string torque (2.4 Nm) were chosen for the

drilling operation. The idea was that as long as the drill string torque was limited, the machine

would be able to transition between different layers by adjusting the WOB through reducing or

increasing the downward vertical speed to keep a constant drill string torque.

Following this, a decision was made to implement the drilling machine as a state machine in which

the operation changed between different, discrete drilling states. The drilling strategy implemented

was based on experiences from the testing phase. One of the priorities was to keep the strategy as

simple as possible and ”fit for purpose”.
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Figure 6.2.10: Details of the stateflow chart

The main drilling states were ”Lowering”, ”Initializing”, ”Drilling”, ”End Reached”, ”Tripping

Out” and ”End of Operation”. In the ”Lowering” state the bit was lowered at a constant speed

and low RPM (50 RPM) using the manual mode until an increase in WOB was detected. When

the WOB reached a certain value (14 kg) the machine transitioned to the ”Initializing” state where

the machine switched to WOB Control Mode. The WOB set point was set to a low value (10 kg)

and the RPM was increased to a safe value (400 PRM). After 20 seconds the machine transitioned

into the ”Drilling” state where it switched to Drill String Torque Control. The top drive speed

was slowly increased to the chosen operating value (1000 RPM) and the top drive torque set point

was chosen (2.4 Nm). Before starting the drilling, the end point had to be calibrated as the ”End

Reached” state was initiated when a certain depth was reached. In this state all set points were set
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to 0. After a certain time period the machine transitioned into ”Tripping Out” mode where it was in

manual control. At a certain speed and RPM the bit was lifted up to the surface. At a certain depth

all set points were again set to zero in the ”End of Operation” mode.

6.2.3 Results of using Tds as an Optimization Parameter

Using Tds to control the WOB proved to be a good solution when trying to fully automate the

drilling operation. The control system managed to ensure good and stable transitions when drilling

through formations with different properties. It was also able to react to problems with high drill

string torque in rocks with high friction coefficient. The graph in Figure 6.2.11 shows how the

control system reacts to peaks in drill string torque by reducing the WOB.

Figure 6.2.11: Graph of Tds and WOB vs depth showing how the control system reacts to peaks in Tds by
reducing the WOB

147



Chapter 6. Automation

148



Chapter 6. Automation

6.3 Data Infrastructure

6.3.1 Communication

The control system was dependent on receiving reliable and accurate real-time data from the actu-

ators and the sensors, as well as sending controls to the actuators. This was done by connecting all

sensors and actuators to the PLC and connecting the PLC to the PC. Connections were made using

analogue input and outputs in the PLC.

Another important point to consider was how the units of the input and output signals had to be

scaled as the units required by the actuator drives and the Simulink model were different. A scaling

block in the PLC was used to convert the signals, however, not all required scalings were available.

The signals that were not converted to the desired unit in the PLC had to be converted using blocks

in the Simulink model.

6.3.2 Storage

It was also important to evaluate the different ways to log and store data. Relevant input/output

signals and control system variables had to be stored in files to enable post-operation analysis.

This was done using the Simulation Data Inspector in Simulink which exported the signal data to

the Matlab Workspace. The variables containing the signal data could then be saved to files.

6.3.3 Data Visualization

6.3.3.1 Dashboard

Dashboard blocks in Simulink were used to design the display for monitoring and visualizing the

overall operation. The main dashboard contained a collection of the most important parameters

related to the rotary system and hoisting system. Some of the most important parameters to monitor

were the time, the depth from the drill deck, the WOB, the torque of the top drive, the RPM, the

ROP and the MSE.
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Switches to enable drilling in different modes were placed in the upper left corner of the screen.

The sliders used to change the different set points for the drilling modes were placed on the right

hand side.

Important drilling parameters such as the duration of the drilling operation and the drilled depth

were continuously displayed as numerical values during the entire drilling operation.

The process variables used to control the hoisting system were displayed graphically. The measured

torque was displayed together with its set point and its maximum value, and the measured RPM

and WOB were plotted together with their respective set points.

Drilling parameters used to quantify the drilling efficiency were also displayed graphically. The

two chosen parameters were the ROP and the MSE.

Some of the most important values were also displayed numerically or in semi-circular gauges.

A display of the current drilling state was also added as a function of the current state in the

Stateflow chart.

Two subsystems were also added to enable manual control of the hoisting motor and the top drive.
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Figure 6.3.1: Simulink dashboard

6.3.3.2 Response Time

Response time of a measurement is defined as the elapsed time between an inquiry on the system

and the response to that inquiry. Speed of response is an important measure of how quickly the

system respond and of how well the system is performing. Figure 6.3.2 shows a response time of

1.5 to 3 seconds for the top drive motor.
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Figure 6.3.2: The graph above shows a response time of 1.5 to 3 seconds on the top drive motor, where the
desired set points are shown in blue and the measured values are shown in green

Figure 6.3.3 shows the response time for the WOB PID controller (hoisting motor).

152



Chapter 6. Automation

Figure 6.3.3: Graph of WOB PID controller response, where the desired set points are shown in green and
the measured values are shown in blue
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Competition

In the fall of 2016, student teams from ten different universities joined a design competition where

the aim was to design a drilling rig and related equipment to autonomously drill a vertical well as

quickly as possible while maintaining borehole quality and integrity of the drilling rig and drill-

string.

In the spring term of 2017, seven universities were qualified and selected by DSATS to proceed

to the second phase, where the students were to build the rig and use it to drill the provided rock

sample.

The performance of the rig design and control algorithms were demonstrated through a test con-

ducted at each university. The on-site test day at NTNU was scheduled by the competition com-

mittee to be on June 8th 2017.

As the judges arrived, a team and project presentation was given by the students followed by ques-

tions from the judges. The presentation highlighted the key areas of the design, noting the changes

that had been made since the design phase, stating why and how they they were made. Key find-

ings, construction challenges and lessons learned were presented, as well as an overview of actual

expenses compared with the initial estimate.

After the presentation, DSATS members were invited to attend and witness the drilling operation.

A pilot hole of 25 mm had been pre-drilled, and the stopwatch was started as the main drilling
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began. The test continued until the final depth of the formation block was reached, and the final

drilling time was noted.

The winning team was selected by the committee based on a scoring system that weighted cer-

tain criteria including performance, safety, mobility, design considerations and functionality. The

control system and drilling algorithm were significant factors, in addition to data handling and

visualization.

7.1 Provided Equipment from DSATS

7.1.1 PDC Bit

A PDC micro-bit was provided by DSATS to be used on the on-site testing day. The bit had an

outer diameter of 28.6 mm, brazed cutters and two nozzles. The cutter backrake was 20 degrees

and the cutter diameter was 13.4 mm. The two nozzles had a diameter of 2.35 mm. The length of

the bit was approximately 12.5 cm without the threads. A picture of the provided PDC bit is shown

in Figure 7.1.1.

Figure 7.1.1: PDC bit provided by DSATS
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7.1.2 Rock Sample

Laboratory rock built samples were prepared and packed by DSATS before the formation block was

shipped to the university for the actual drilling test. The composite-rock block was manufactured

to be as homogeneous as possible so no student team was disadvantaged with a different formation.

The box contained layers of sandstone, cement, floor tiles, and an asphalt patch material, to imitate

unusual downhole conditions experienced in some drilling programs. The box had dimensions

of 153x305x610 mm and a weight of approximately 39 kg. The crate was not to be opened or

tampered with prior to the on-site test day, as the rock formations, thickness and potential formation

dip were to remain unknown until after the test.

Figure 7.1.2: Rock sample provided by DSATS
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7.2 Setup on the Competition Day

Due to problems with time management and implementation of the pump into the control system,

the circulation system had to be run manually during the competition.

The swivel had a minor leakage in the top section. This fault was not crucial, and was not prioritized

to be fixed in the limited time prior to the competition. To mitigate the leakage, the pump was

run at 7.4 bars of operating pressure instead of the desired pressure at 50 bars. This reduced the

geometrical stiffness of the drill string by a certain amount, but since buckling of the string had not

previously been a problem, the pressure reduction was seen as an acceptable action.

The implementation of the down-hole sensor chip also turned out to be more challenging than

expected, because even though the sensor was installed in the BHA, there was not enough time to

implement the readings into the control algorithm.

The autonomous functionality with respect to both the top drive motor and the hoisting system

through the Simulink model worked smoothly. The control system had the desired response to

peaks and drops in drill string torque which enabled stable transitions between rock formations of

different properties.
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Figure 7.2.1: Overall rig view on the on-site test day

7.3 On-Site Drilling Test

The pump was manually started and the rig start button was pressed to start the drilling process.

The rig autonomously started the top-drive with a set point of 50 RPM and the hoisting system be-

gan lowering the carriage slowly through the riser towards the formation top. The bit landing went

smoothly and once the set point of 10 kg WOB was reached, the state machine entered the opti-

mization algorithm. The RPM gradually increased to 1000 RPM, and the WOB was continuously

changing set point to maintain the desired set point of the drill string torque.

As a result of the length of the Baker Hughes competition bit, the stabilizers on the BHA were not

engaged inside the riser in the initial phase of the drilling. This caused high amplitude vibrations,

which led to stress and material fatigue to the pipe.

When the drilled depth was large enough to make the BHA enter the riser, the drilling went
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smoothly with very little vibrations. Once the stabilizing roller bearing module had landed in

the riser, the drilling went even better.

(a) Initial phase of drilling with BHA and sta-

bilizers outside of the riser

(b) BHA and roller bearing stabilizers landed

inside the riser

Figure 7.3.1: Early phase drilling on the on-site testing day

The first section, which contained normal construction concrete, was drilled easily with only minor

instances of bit bouncing and vibrations. The inclined transition zone from concrete to the sand-

stone did not seem to be a problem for the drilling rig. The remaining part of the sandstone was

drilled without any major problems and with relatively high ROP.

In the transition zone between the inclined sandstone layer and the ceramic tile, the rig started

having problems with maintaining the ROP. After some minutes with almost zero ROP, a high

frequent squeaking noise was heard, and the measurements of the drill string torque and WOB

started oscillating. The drilling continued a couple of more minutes, but the ROP remained at zero.

The system was then switched to manual mode and the drill string was pulled out. A twist-off, seen

in Figure 7.3.2, had happened, and the bit was still inside the formation box. The bit was fished out
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of the hole, a new string was attached, and the drilling was restarted in the ceramic tile.

Figure 7.3.2: The first twist-off

After a new and long period with very low ROP, the bit had passed through the tile and entered the

next layer which contained construction concrete with small pebbles inside. The ROP had a certain

increase in this layer, but the pebbles caused a lot of problems with axial vibration. Whenever the

bit encountered the pebbles, the torque readings would show tall peaks, and the control system

would struggle to keep it constant by changing the WOB set point.

The following layer consisted of a limestone tile. Both the transition and the drilling of this went

very smoothly because the limestone was much softer than the ceramics. This gave an immediate

increase in the ROP and a reduction in vibrations.

A new layer of sandstone was then entered, which resulted in an even higher ROP than in the

previous layer. The MSE readings revealed a very efficient stage in the drilling sequence.

The subsequent layer was made up of asphalt putty, a very soft and sticky material with limited

amount of shear strength. In this layer the rig was not able to reach its set point on drill string
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torque, which made the control system continuously increase the WOB set point towards the upper

limit. As a result of this, the speed of the hoisting motor went to its maximum limit, which resulted

in a very high ROP.

The last two layers consisted of a rubber door mat and a new section of construction concrete, before

entering the plywood in the bottom of the formation box. The rubber mat was drilled without any

problem, with just some minor peaks on drill string torque, while the concrete was drilled with

about the same parameters as the first layer. However, in the plywood some problems started

arising. The ROP continued on a stable value and the position measurement showed that bit should

have exited the box and be visible. Despite this, the bit was nowhere to be seen. The drilling

continued like this for several minutes, before it was decided to pull out and check the integrity of

the drill string. A second twist off, seen in figure 7.3.3, had happened. Unlike the first twist off

where the cut was clean, the end of the drill string now looked like a lump of steel wool.

Figure 7.3.3: The second twist off

Since the rig did not have a closed loop circulation system, it was possible to analyze the return
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flow from annulus as it moved towards the drainage area. The color and cutting size of the return

flow gave an impression of what the possible formation that were drilled could be. The initial guess

of drilling through sandstone and asphalt from data analysis (torque, WOB, ROP and MSE) were

confirmed by analyzing the return flow together with input from the judges.

(a) Return flow from annulus indicating sandstone was be-

ing drilled

(b) Return flow from annulus indicating asphalt

was being drilled

Figure 7.3.4: Return flow from annulus

7.4 Results and Analysis from the Test Day

After testing the performance of the automatic rig, drilling data was analyzed, drill bit and drill

pipe were recovered and carefully examined, and the quality of the wellbore was evaluated. The

drilled rock sample box was opened and the formations were analyzed, see Figure 7.4.1.
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Figure 7.4.1: Drilled rock sample on competition day

7.4.1 Drillstring Twist-Off

During the test, two twist-offs were encountered. After having a close look at the twist-off point,

it was possible to see that the failure had happened just over the connection point between the

BHA and drill string. A possible explanation was the weight imbalance between the bit and the

drill string, and therefore a large difference in moments of inertia during rotation. This could have

caused wobbling of the drill string and bit walking, which eventually could give rise to material

fatigue failure to the pipe.

A possible reason why the drill pipe ended up looking like a lump of steel wool, was suggested
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to be that the pipe had twisted off and slipped in between the formation and the BHA, causing a

milling effect against the sharp edges of the BHA. The reason why the ROP and position readings

showed positive ROP and increase in position, was that the drill pipe continuously was milled down

against the BHA due to the applied rotation and WOB.

7.4.2 Bit Wear

After drilling, bit wear was clearly visible on the cutters and on the bit body, see Figure 7.4.2. High

instantaneous impact force and vibrations might be a possible explanation of the experienced bit

wear.

Figure 7.4.2: Wear on the bit cutters and bit body

7.4.3 Borehole Quality

After the final depth of the formation block was reached, the string was pulled out of the hole and a

visual analysis of the borehole quality was performed. The quality of the borehole was considered

good, having a smooth stable surface throughout the entire depth, see Figure 7.4.3.
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Figure 7.4.3: Picture of the drilled hole on the on-site test day

One of the judges also run a survey tool through the borehole to measure the borehole verticality.

The results from this survey showed a maximum inclination of two degrees, see plot shown in

Figure 7.4.4.

Figure 7.4.4: Plotted results from the downhole survey performed by one of the DSATS judges (Kurt West),
showing a maximum inclination of 2 degrees
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The early drilling phase was quite problematic due to the unengaged stabilizers and BHA. Bit

walking and large amplitude vibrations resulted in an over-gauged borehole with poor quality. This

could have been mitigated by using a shorter bit or increasing the distance between the bottom of

the riser and the formation top, and in that way increase the stability of the drillstring. However,

to be sure the design was within the rules stated in the guidelines and avoid any chance of, it was

chosen not to change the setup.

7.4.4 Formation Detection from Drilling Data

From the drilling data, shown in Figures 7.4.6a and 7.4.6b, a clear correlation can be seen between

peaks and drops in drillstring torque, ROP, MSE and WOB. Based on these peaks and drops, a

possible new formation layer can be detected.

Using the drilling data from the two runs together with the formation rock sample, shown in Figure

7.4.7, the formation depth and composition could be determined. A 25 mm pilot hole was drilled

prior to the competition. The drilling test started at 380 mm on the drilling data, which corre-

sponded to 45 mm on the measuring tape. The actual formation depths were set using a measuring

tape on the rock sample. The measurements from the measuring tape and the drilling data were

correlated to be able to compare the results. The results are presented in Figure 7.4.5, and they

show a good correlation between the results from the data analysis and the reality.

Figure 7.4.5: Table of detected formations based on the drilling data and actual formation depths
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(a) Drilling data from first run

(b) Drilling data from second run

Figure 7.4.6: Drilling data from the competition day

168



Chapter 7. Competition

Figure 7.4.7: Drilled rock sample on competition day with formation depths. Measuring tape positioned
next to the drilled well.
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Chapter 8
Construction challenges and solutions

Like in any other project, unforeseen challenges and problems occurred during the period of the

construction. Especially when taking a product from the design phase to the actual construction,

many details are easily overlooked. Since the student team mainly consisted of petroleum engi-

neers, electrical components and design was notably difficult to get a good overview of. Mistakes,

negotiations, decision making, vacations and misunderstandings were all factors that notoriously

delayed the progress, and even though they were accounted for to some extent, they consumed

much more time than expected.

8.1 Challenges Related to Hardware

The main challenges related to the hardware were long delivery time and delays on the equipment,

as well as lack of knowledge and experience among the students in order to keep an overview

of what was needed of system components at all times. This resulted in unforeseen components

having to be ordered, which in turn led to delays in the construction phase.

Linear Guides In the original design proposal, the carriage was designed with only one steel beam

mounted to the linear guides by a wagon on each side. However, after several discussions with both

the personnel in the workshop and the supplier of the linear guide system, it was decided to use two

steel beams and two pairs of wagons to increase stability and to ensure smooth vertical movement
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of the carriage. To still be able to provide the required length of movement to drill the block, the

length of the linear rails had to be increased, which again meant that the height of the derrick had

to be changed correspondingly. These considerations were done before ordering the linear guide

system, so that no unnecessary expenses were made. However, extra steel had to be ordered, which

resulted in some delay of the construction.

Motor Drive Problems During the process of ordering the frequency converter for the top drive

motor, there were some communication problems between the workshop and the team. Instead of

the converter for 3-phase 400V that was actually needed, a unit that required 3-phase 230V was

ordered and delivered. Seeing the 3-phase input connection, the drive was connected without any

further thought. There was no bang or smoke when the drive was connected, and it would still

start, but it gave an error due to over-voltage. Neither the producer or the supplier would exchange

the drive unit, so a new unit had to be ordered and paid for. This increased the delay of the rig

construction even more.

The top drive motor experienced sudden stops. The reason for these sudden stops was somewhat

unclear, but it was thought to most likely be due to a failure in the drive. It was a reoccuring

problem during the testing phase, which was temporarily resolved by resetting the system back to

a previous back-up.

When trying to connect the hoisting motor to the PLC and the PC, a problem regarding the reso-

lution of the analogue signal was discovered. With the current drive it was only possible to send

and receive signals in increments of 1 volt. Because of the fragility of the drill string, it was crucial

to be able to control the torque of the hoisting system much more accurately. It was necessary to

change the hoisting motor, which resulted in some delay of the construction. Luckily, a suitable

motor was available from the lab, as ordering a new motor would have taken two weeks.

Circulation system Attempts were made to find a swivel that would fit the system and its require-

ments, but none could be found. The swivel therefore had to be machined by the personnel working

in the Department’s workshop. Being able to design a swivel that could withstand the high operat-

ing pressure was a challenge and the design had to be carefully thought through. Together with the

challenging design, delayed delivery of seals slowed down the construction of the swivel, resulting
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in a severe time loss for the project as a whole.

A regular water hose was used as a simplified, temporary circulation system during the testing

phase, ensuring, to some extent, bit cooling and hole cleaning. Poor borehole cleaning was experi-

enced during test drilling of rock samples with a height of over 10 cm and it was therefore made a

priority to set up the circulation system with water running through the drillstring. The formation

block for the on-site test day had a depth of 60 cm and it was therefore critical to have an efficient

circulation system for the on-site test day.

The swivel and the pump were installed the day before the on-site test day, which provoked an

insufficient testing phase. The swivel was suffering from a leakage, which was not prioritized to be

fixed in the limited time prior to the competition. This resulted in a lower operating pressure than

initially planned.

However, the circulation system provided more fluid flow than the hose previously did, so even if

it could not provide a very high pressure, it improved drilling efficiency considerably.

Limited Range of Measurement for the Load Cell The range of the load cell used in the set-up

had a range of -500 to +500 N which is approximately equivalent to 100 kg. When running the

buckling test this range was not large enough as buckling occured at a WOB higher than 100 kg.

However, the hoisting motor torque measurement was used to define a safety limit against buckling

in the PID-controller. The small range of the load cell was therefore not a great limitation, but it

could have been improved.

Downhole sensor Limited amount of space, high pressure and water inside the aluminum drill pipe

made the wire design and installation of the downhole sensor challenging and the design had to be

carefully thought through.

Plexiglass Due to the highly pressurized drill string (approximately 40 bar), it was decided to im-

plement plexiglass in the design. The plexiglass was mounted around the drilling area and hoisting

system on the rig. This was done both to provide another measure with respect to human safety

and protect the electrical system.

Transportation The design of the rig with respect to transportation was thoroughly investigated,
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however one challenge was forgotten in the phase. The rig did not fit the small elevator in the

workshop. This was not a critical problem, but made some parts of the construction slightly incon-

venient.

Changes in the guidelines In November last year the pipe size was changed from a tubing wall

thickness of 0.016” to 0.035”. This was relatively late in the design phase and calculations had to

be redone.

In addition to this, one of the main features of the rig design became less important because of this

change. Because of the initially very thin pipe wall, buckling of the pipe was expected to be the

biggest issue. It was therefore decided that this should be the main focus and a solution was found

for this. When the pipe wall was increased, this solution seemed less important and time was spent

to discuss new problems with the rig design.

Another challenge was the stated length of the bit. It was written in the competition FAQs that the

bit should be shorter than 64 mm. The drill string design, height of the derrick, height of the drill

deck bushing and the positioning of the riser was based on this given length. The competition bit

was received late in the construction phase and had a length of 125 mm, which affected the rig

set-up. Adjustments like moving the riser higher up to improve stabilization of the extended drill

string was considered, but not completed because it was unclear from the guidelines weather the

riser had to be placed directly on the formation block or not. The initial rig set-up was used due to

lack of time.

8.2 Challenges Related to Project Management

Time management Some of the mechanical parts of the drill string design took longer time to

machine than estimated.

The swivel had to be designed and machined in the workshop. The estimated time for the produc-

tion of the swivel was initially two weeks, but delayed delivery time on the seals severely slowed

down the construction. As a result, the testing phase had to be done without circulation system.

The design of the BHA with stabilizers was also a crucial factor, and had the same production time
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as the swivel. A temporary BHA with a simpler design was constructed in order to let the testing

phase begin earlier.

The delivery time of the top drive motor was underestimated, which led to the postponement of the

rig construction and set up.

8.3 Challenges Related to Automation

Communication between PLC and PC A major problem that was encountered was the communica-

tion between the PLC and the PC. After some help from ABB and extensive work in the workshop,

the communication with the PLC was obtained through the OPC-server package in Simulink.

Limited number of inputs and outputs in the PLC The PLC was ordered with a certain number of

analogue inputs and outputs early on in the construction phase. When the actuator drives were con-

nected to the PLC it however became clear that more inputs and outputs than initially expected were

required. ABB was contacted but the delivery time for the ports was long and changes therefore

had to be made to the number of signals that were required in the model.

It was for example decided that only torque and speed would be outputs from the hoisting motor

drive, while torque and position were inputs in the model. In addition to this, because the flow rate

and the pressure of the pump were going to be constant, the outputs and inputs related to this were

also removed.

Running real-time in Simulink Another severe challenge that was encountered when creating the

Simulink model was running in real-time. The first problem was to simulate real-time by setting

the simulation time step size equal to a second. This was solved by enabling Pseudo Real-Time

Simulation in the OPC Configuration block parameter.

Another problem related to real-time simulation was that after a while the model slowed down.

This was thought to be related to problems with memory allocation. This problem was solved by

reducing the simulation time from infinite to 100000.

Downhole sensor The downhole sensor was successfully placed inside the BHA, with wires con-
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necting it to the PC. Setting up the communication was, on the other hand, unsuccessful, and

because of time limitation fixing this was not made a priority.

8.4 Challenges Related to the Drilling Operation

Propagation of vibrations During the drilling operation, large vibrations quickly occurred in the

drill string and propagated up to the carriage and top drive motor and even to the PC and table. This

caused fatigue, not only in the drill string, but also in the railing and carriage, and the rest of the

equipment. Solutions to mitigate this issue were proposed, such as implementing maximum limits

in the control system based on visual results from the experiments.

Bit bouncing was experienced throughout the testing phase at low drilling RPMs, and ended up

being a severe bottleneck resulting in poor borehole quality which was difficult to recover. Opera-

tional RPM was therefore set sufficently high to avoid this problem.

Material fatigue Twist-off at the connection between the BHA and the drill string was a severe

challenge throughout the testing phase. The pipe seemed to experience abrasion at the connection

point due to vibrations, suffering from excessive drill string torques and torque peaks. To mitigate

the problem, one idea was to add a steel cylinder inside the pipe at the connection point, see Figure

8.4.1. This was expected to increase the strength of the pipe. However, when implementing the

steel cylinder, the weak point was moved further up in the pipe, causing twist-off at a new point.

It was therefore important to set a max drill string torque limit in the control system drive to avoid

twist-off. Based on several test, this limit was set to 4 Nm. The control drill string torque was set

to a set-point below safety limit to avoid excessive peaking of the drill string torque.

After the on-site competition day, a different explanation was proposed. The twist-off might in fact

have occurred due to mass imbalance between the BHA and the pipe. A possible way of mitigating

this problem could be to add heavyweight drill pipe to the drillstring design, providing a gradual

transition between the BHA and drill pipe to improve fatigue resistance of the drill string.
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Figure 8.4.1: Steel cylinder placed inside the pipe at connection point to increase strength
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Chapter 9
Evaluation and Reflection

The aim of this project was to construct an autonomous drilling machine and develop a control

system that could detect and mitigate drilling issues, as well as optimize the drilling efficiency. This

required designing and building a drilling machine, and developing skills to understand drilling

dysfunctions and mitigation strategies. Although the differences between a miniature drilling rig

and a full-scale drilling rig are large and numerous, the results from this project might give a fresh

approach to some of the challenges the drilling industry is facing today.

In this chapter the project has been evaluated and recommendations for further work have been

proposed. The degree to which the requirements in the guidelines [10] have been fulfilled have also

been looked at.

9.1 Small-Scale Drilling Rig Compared to Conventional Drilling

The oil and gas industry seeks lower costs through efficiency and innovation. A solution to this is

to implement autonomous systems. Delivering drilling optimization through automation requires

a comprehensive understanding of the subsurface and its interactions with the downhole drilling

system cutting the rock, the drill string delivering power from the rig, and the drilling fluid system.

It was important to keep in mind that the analysis done throughout this project was based on a

miniature drilling rig, which attempted to simulate a full-scale drilling rig. There were several
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factors that made this project differ from a real drilling operation, where the characteristics of the

drill string was prominent.

The drill string used in this project was made of aluminum, and not steel which is commonly used

on drilling rigs. The physical limitations related to the thin-walled aluminum drill pipe ensured that

operating challenges related to buckling and failure of pipe would occur when put in compression.

Due to the small scale of the autonomous drilling rig, the method of applying weight to the bit had

to be different. Unlike the normal convention where the weight on bit is obtained by slacking of the

hook load and releasing tension in the drill string, the weight on bit in this case had to be applied

by pushing the carriage down using a ball screw combined with a linear roller guide system and a

motor. This way of applying weight on bit put the drill pipe in compression, which is unlikely to

occur in a normal drilling operation where the drill pipe should always be in tension.

The drilling operation did not include any making or breaking of connections, as only one length

(914 mm) of aluminum drill pipe was used in the design.

The bit used in the design was a miniature PDC bit with an outer diameter of 28.6 mm. This

very unconventional bit size made it difficult to relate operating regimes, of WOB and RPM, and

expected bit/rock interaction to a real drilling operation.

Drilling fluids used in the industry are typically non-Newtonian, serving many functions as pro-

viding cutting transportation, sealing permeable formations, cooling and lubricating the bit, trans-

mitting hydraulic energy to downhole tools and bit, but perhaps most importantly maintaining

wellbore stability and well control. As no well control equipment for over-pressure considerations

was necessary for the miniature rig design, tap water was used as circulation fluid as it could pro-

vide the most important functions like ensuring internal pressure in the pipe and cuttings removal.

Currently used drilling fluids in the industry are complex formulations, and using water for the

miniature drilling rig was a huge simplification for the circulation system.

As mentioned in the introduction to this Chapter, there are many and large differences between a

miniature drilling rig and a full-scale drilling. However, this project might give a different perspec-

tive to challenges faced on a full-scale rig.

180



Chapter 9. Evaluation and Reflection

One of the main results of the project was the approach to automating the drilling operation. Being

able to correctly determine and estimate the limitations of the system can make it possible to fully

automate a drilling operation. In this case it was discovered that the critical parameter to monitor

was the drill string torque. This was observed after a long period of testing where drill pipe failures

were analyzed and an effort was made to understand how the failures could be prevented and

detected.

The main failures and problems were related to stick-slip and twist-off and in order to prevent these

dysfunctions to occur it became important to monitor the drill string torque. After further testing, a

way to mitigate this issue was proposed. The solution consisted of lifting the bit off-bottom when

the drill string torque became too high.

As the proposed solution was successful, it was agreed that drill string torque was the critical

parameter and that torque should be implemented in the optimization algorithm. It was also decided

that WOB should be reduced to mitigate the problem of high drill string torque. This was done

using a PID controller with the error between the drill string torque set point and measurement as

the input and the WOB set point as the output.

This proved to be a good way to ensure safe drilling and after tuning and filtering the signals, the

control system successfully managed to drill through different types of rocks and handle difficult

transitions without the need of manual intervention.

9.2 Theoretical Calculations versus Reality

During the design phase, several analyses and calculations were performed to dimension the drilling

machine and predict failure limits. These models were based on approximations and simplifica-

tions.

When testing the drilling machine, it became clear that the simplifications made during the design

phase were too large and that the estimated limits were very different from the actual limits.

One of these limits was the buckling limit. Because the pipe was estimated to only be fixed at

the extremities, the buckling limit was much higher than expected when the surface stabilizer was
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added on the drill deck.

Another theoretical limit that was wrongly estimated was the natural frequency of the system. The

natural frequency analysis was also based on a pipe fixed at the extremities and was also only

conducted for the pipe, not for the entire structure. The resonance observed on the rig was however

due to the natural frequency of the structure and not of the pipe alone.

Finally, another important calculations that was performed but that was based on the wrong as-

sumptions was the torque limit of the pipe. The torque limit of the pipe was calculated to be able

to set a limit in the top drive. A flawed assumption that was made in this case was that the weakest

part of the drill string would be the pipe. When testing the system and experiencing twist-off it

occurred at low torque values and at the connections between the BHA and the pipe. The weakest

part of the drill string was therefore the connection between the BHA and the pipe and not the pipe

itself. This turned out to be one of the largest limitations of the design.

9.3 Rig Structure

The rig structure itself had a good functionality, but its weight and dimensions made it hard to

move. This was not a big limitation, but in some situations it might have been useful to be able to

move it more easily.

A problem that was identified while drilling was the propagation of vibrations from the drill string

to the rest of the structure. When the drill string vibrations became more violent, movement in the

structure could be seen. Solutions to this issue, such as adding more legs to the derrick or adding

weight to the current legs, could have been evaluated.

The proximity of the PC to the drill string and rock was identified as a possible risk. Plexiglass was

added to mitigate this issue, but a different design where the driller could run the operation from

further away would have reduced the risk of damage to personnel.
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9.4 Weight on Bit

As presented in the start of the thesis, one of the main limitations of the drilling machine was

applying sufficient weight-on-bit without buckling or damaging the drill pipe. The main solution

that was proposed was to add a nozzle in the BHA to increase the internal pressure of the pipe and

thereby increasing its geometric stiffness. There were many issues and complications related to

this design feature such as designing a swivel that could withstand such a high pressure, making

sure there were no leaks in the system and being able to test without compromising the safety of

the personnel.

Another feature that increased the maximum WOB was adding a bushing on the drill deck. This

was initially added to reduce vibrations in the drill string, but because the buckling load limit is

inversely proportional to the square of the unsupported length of the pipe, it also highly increased

the buckling limit of the pipe.

9.5 Vibrations

Another problem that was identified early in the design process was the propagation of vibrations

in the system. Because it was mandatory to use an entire length of drill pipe and because the pipe

itself was very weak, large and destructive vibrations were expected during operation at high RPM

and WOB.

Several design choices were made to mitigate the vibrations. One of them was to add a bushing in

the drill deck in the form of a linear and a radial roller bearing. This added a lot of stability to the

string in the start of the operation because it was situated approximately halfway between the BHA

and the top of the string.

The roller bearing in the riser also helped mitigate the vibrations.

Increasing the internal pressure of the pipe increased its geometrical stiffness and therefore also

reduced the amplitude of the vibrations.

When conduction identification tests, bit bouncing was observed at low drilling RPM, below 300
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RPM which resulted in poor bore hole quality which was hard to recover.

After running several tests with different rock samples and different sets of WOB, the natural

frequency of the structure was found to be at approximately 600 RPM, 840 RPM and 1100RPM.

When operating at these RPMs resonance was encountered, meaning large vibrations propagated

through the entire structure. To avoid resonance, an increase in the top drives RPM was made to

jump over the resonance frequency. This worked well, and the vibration amplitude was reduced.

When operating at an RPM above 1100, violent vibrations were detected and the drilling operation

became unstable.

The result of bit bouncing, unstable drilling conditions and resonance, lead to the decision that the

RPM of the top drive should be held constant at 1000 RPM.

This caused problems both in terms of energy efficiency and in equipment wear. The biggest risk

in this project and this scale was that large vibrations in the start of the operation would weaken the

pipe and maybe cause failure in the later phase of the operations at relatively low RPM and WOB.

9.6 Control System

Creating a control system for the drilling machine was the most challenging part of the process.

Designing a robust machine reduced the fragility of the system, but without an accurate and efficient

control system, the drilling operation would not have been safe, fast or precise enough.

The first phase of developing the control system consisted of making sure that the data infrastructure

had the functionality that was required. The different required input and output variables were

defined and it was made sure that all signals were accurate and could be processed in real-time.

There were problems related to this because there were a limited number of inputs and outputs in

the PLC which resulted in a limitation on the number of signals that could be communicated to

the PC. Fewer signals than initially wanted were therefore processed in the Simulink model. This

was not a major weakness, but it did limit and reduce the accuracy of some of the measurements.

This was particularly the case for ROP which was estimated based on the derivative of the posi-
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tion measurement. This reduced the accuracy and reliability of the ROP which was an important

measurement.

After having set up the system, the next step was defining the limits of the control variables both in

the Simulink model and in the actuator drives. The limits in the actuator drives were the absolute

limits and if output variables from the PLC increased above these limits, the drives saturated the

signal at the predefined maximum.

The safety limits defined in the Simulink model were limits that were estimated based on the testing

phase.

After having defined the safety limits, several different ways to measure drilling efficiency were

considered and it was finally decided that ROP should be used as an optimization parameter. This

had limitations, one of them being that ROP was a relatively slow measurement which slowed down

the optimization process. Another limitation which would be even more important on a full-scale

drilling rig is that it doesn’t take into consideration how efficient drilling, only how fast it is. In a

situation where you drill further and deeper, the waste of energy and wear on equipment is critical,

and an optimization function should take this into consideration.

9.7 Understanding of Drilling Dysfunctions and Bit-Rock In-

teraction

During the design phase research was done on drilling dysfunctions and bit-rock interaction. The

most common drilling dysfunctions were identified and ways to mitigate these dysfunctions were

developed. It was however hard to understand how the dysfunctions occurring during a normal

drilling operation would translate to a small-scale drilling rig.

When the identification tests were conducted, it became clear that many of the dysfunctions that

had been identified during the design phase would not occur in this small scale project. This was

largely due to the weakness of the pipe which meant that buckling and failure of the drill pipe would

happen before stick-slip or bit balling could happen. There were on the other hand issues that did

occur that had not been anticipated.
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The understanding of drilling dysfunctions and bit-rock interaction is therefore one of the main

weaknesses of the project. If a more accurate and reliable relationship between the different drilling

parameters could have been developed, a better control algorithm could have been made.

9.8 Project Management

9.9 Further Work

Drillstring design A possible way of mitigating twist-off in the drillstring, due to mass imbalance

between the BHA and the pipe, could be to add heavyweight drill pipe to the drillstring design,

providing a gradual transition between the BHA and drill pipe to improve fatigue resistance of the

drill string.

Since the PDC bit is designed to perform with respect to depth of cut, it requires high WOB to

operate efficiently. Due to the fragile drill pipe and the small scale of the set-up, the required

WOB is not obtainable. It is therefore proposed to change the type of bit to increase the ROP and

efficiency of the drilling.

After the testing phase it was possible to conclude that the weakest element in the system was the

connection between the drill pipe and the BHA. The connection used was a normal hydraulic con-

nection. The connection would slip on the pipe if tightened to little, and would bend and eventually

cut the pipe if tightened to much. When exposed to large vibrations during drilling, it would also

exert abrasion on and weaken the pipe. To remove these problems, a different connection should be

incorporated in the next design. A proposed solution is to use the same technology as in the chuck

on a normal hand drill. This will increase the area exposed to the force exerted by the connection,

and it should therefore be possible to apply a larger force to fix the pipe.

Less conservative limits Further testing should be performed in order to determine the limita-

tions of the system with more accuracy. This would enable setting less conservative limits for the

operating parameters and increasing the speed of drilling.

This is for example the case for the drill string torque limit and the WOB limit. Because the set-up

186



Chapter 9. Evaluation and Reflection

of the machine was changed the day before the test, the limits were changed based on intuition

and unfortunately not on extensive testing. There is therefore a good possibility of being able to

improve the drilling operation by exploring the limits of the system.

Pressurizing the drillstring Although pressurizing the drillstring was planned, it was unfortu-

nately not implemented due to the delay of the equipment. Increasing the pressure in the pipe

has the potential to increase the operating window of the drilling machine and is a possible design

feature that should be looked further into.

Human Machine Interface (HMI) The HMI of the system could be greatly improved by explor-

ing the possibilities within Simulink and Matlab or considering using an entirely different software

such as Labview. Having a good HMI is essential to be able to monitor the control systemm and

improve its performance.

Detection of drilling dysfunctions The optimization function of the control system was entirely

based on trying to reach the drill string torque set point. Adding more functionality such as the

detection of drilling dysfunctions would greatly improve the control algorithm.

This idea was explored during the design phase, but there was not enough time to test it. Conducting

additional tests to learn how to detect, identify and mitigate drilling dysfunctions could make it

possible to further optimize the drilling operation. Being able to detect dysfunctions quickly would

both optimize drilling when dysfunctions occur, but it could also make it possible to increase the

operating window.

Circulation system A closed-loop circulation system should be implemented to reduce the risk of

any accidents happening. It could also make it possible to collect the cuttings and use them for an

analysis of the formation being drilled.
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Chapter 10
Summary

As stated in the introduction, the aim of this master project was to ”design a drilling rig and related

equipment to autonomously drill a vertical well as quickly as possible while maintaining borehole

quality and integrity of the drilling rig and drillstring.” [10].

The rig was designed during the fall semester of 2016 based on the guidelines (Appendix E.1) pro-

vided by the DrillboticsTMcompetition committee and on research about drilling dysfunctions, dys-

function mitigation and automation. Economic considerations also largely determined the projects

desirability and dictated how it should be carried out having the rig maximum allowable expendi-

tures constrained to US$ 10,000 or its equivalent. During the spring semester of 2017 the rig was

constructed and the control architecture was developed.

After having set up the system, it was possible to start the testing phase. Experiments were carried

out on different rock samples to analyze the reaction of the drill string and the rest of the rig to

various operating conditions, directly related to WOB and RPM. This very quickly gave a much

better understanding of the main problems that would be encountered, of the weaknesses of the

design, of the areas to improve and of initial operations that required a re-design. It became clear

that vibrations could potentially damage the equipment and reduce the drilling efficiency.

One of the main ideas in the project was to pressurize the drill pipe to increase the geometrical

stiffness, which in turn would reduce the tendencies of buckling and thereby allowing greater WOB.
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To minimize the risk of bit walking and wobbling, and mitigate the chance of destructive vibrations,

several stabilizers were implemented in the mechanical design. A fixed stabilizer in the drill deck

floor, a stabilizer designed as a landing module for the riser, and the conventional integral spiral

blade stabilizers on the BHA were all used to reduce the risk of any drilling dysfunctions.

The performance of the rig design and control algorithms were demonstrated on the on-site test

day 8th of June 2017 by drilling the block sample witnessed by DSATS members. Sub-committee

members of DSATS provided the bit, composite-rock block, and drill string for the final test so that

the drilling would not be a trivial problem.
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Appendix A
Safety

A.1 Risk Assessment

NTNU 

Risk Assessment 

Prepared by Number Date 

 
 

HSE section HMSRV2603E 04.02.2011 

Approved by Page Replaces 

HSE/KS The Rector 1 out of 4 01.12.2006 

 

 
 
Unit:  Department of Geoscience and Petroleum        Date:  21.03.2017  
Line manager: 
Participants in the risk assessment (including their function): Drillbotics NTNU  
 
 

Activity from the 
identification process 
form 

Potential 
undesirable 
incident/strain  

Likelihood: Consequence: Risk 
value 

Comments/status 
Suggested measures Likelihood 

(1-5) 
Human 
(A-E) 

Environm
ent  
(A-E) 

Economy/ 
material 
(A-E) 

Accidents and injuries 
related to unpredicted burst 
of pipe due to overpressure 

Injury to personnel 
caused by debris and 
damage to equipment  

2 B A A 2A Safety factors will be 
applied to all calculations. 
Safety valves should be 
included to ensure that 
pressure does not exceed 
the critical values of the 
system.  

Accidents and injuries 
related to unpredicted 
breaking of the pipe related 
to overload and buckling 
 

Injury to personnel 
caused by debris and 
damage to equipment 

2 B A A 2A The probability of breaking 
the pipe and the 
corresponding high 
pressure leakages is high 
especially during testing and 
determining the safety limits 
in the trial period. There will 
be a possibility to quickly 
stop the process through an 
emergency stop button and 
safety logics will be included 
in the controller.  

Spilling of high pressure 
fluid 

Injury to personnel 
and damage to 
equipment,  

2 B A A 2A Safety glasses (Plexiglas) 
will be mounted around the 
rig to isolate personnel from 
high pressure zones. 

Eye irritation, burn injuries 
and fumes emitted from 
welding process 

Burns to skin and 
clothing, inhalation of 
toxic gases 

1 B A A 1A Use welding mask, safety 
glasses, welding screens 
and welding gloves. Use 
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Appendix B
Hardware

B.1 Hoisting Motor Specifications

Table B.1.1: Technical data for the hoisting motor (Lenze GST03-2M VBR 063C42) [23].
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Figure B.1.1: Dimensions specifications for the hoisting motor (Lenze GST03-2M VBR 063C42) [23]
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Figure B.1.2: Mechanical drawings for the hoisting motor (Lenze GST03-2M VBR 063C42) [23].
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Figure B.1.6: Complete linear roller guide package [7].
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B.2 Top-Drive-Specifications
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B.3 BHA design

Figure B.3.1: Sensor cover inside BHA.
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Figure B.3.2: Holder for the sensor inside BHA.
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Figure B.3.3: Top of BHA.
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Figure B.3.4: Middle section inside BHA.
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Figure B.3.5: BHA Body.
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Figure B.3.6: Cross section of the BHA body.
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B.4 Swivel

Figure B.4.1: Top- and bottom part of the swivel.
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Figure B.4.2: Shaft for sensor wiring.
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Figure B.4.3: Electrical housing for sensor.
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Figure B.4.4: Holder for the swivel.
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Figure B.4.5: Middle section of the swivel.
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Figure B.4.6: Hollow shaft for water circulation.

220



Chapter B. Hardware

B.5 Load Cell Specifications

Figure B.5.1: Load cell (HBM S2M 500 N, CLIP AE301) dimensions. [18].
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Figure B.5.2: Load cell (HBM S2M 500 N, CLIP AE301) dimensions. [18]
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Figure B.5.3: Load cell (HBM S2M 500 N, CLIP AE301) dimensions [18].
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B.6 Lyng Miniature Drill Bit Design
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Figure B.6.1: Miniature drill bit from Lyng Drilling AS.
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B.7 Rig Design
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Figure B.7.4: Moveable plate with riser. All dimensions in mm.
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Figure B.7.5: Tabletop. All dimensions in mm.
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Figure B.7.8: Drilldeck.
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Figure B.7.9: Strut for carriage.

233



Chapter B. Hardware

Figure B.7.10: Hinge part 1.
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Figure B.7.11: Hinge part 2.
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Figure B.7.12: Top mount for hoisting motor.
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Figure B.7.13: Bottom mount for hoisting motor.
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Figure B.7.14: Carriage mount for top drive motor.
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Appendix C
Automation

C.1 Control System Architecture

Figure C.1.1: Control system.
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Figure C.1.2: Drilling algorithm.
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Appendix D
Testing

D.1 Factory-Acceptance-Testing
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FAT – Factory Acceptance Test 
 

Test 
number 

Name Description/Desired outcome Outcome:  
OK/not OK, 
comments 

START1 Power on The equipment is powered on (in certain 
sequence – to be specified). Equipment is ready, 
no errors. 

Ok/not OK 

S1PT Sensor: 
Pressure 
Transducer 

Pump is powered on and fluid is circulating at a 
certain flow rate. Check that readings from 
pressure transducer are realistic based on pump 
speed.  

 

S1LC Sensor: 
Load Cell 

Hoisting motor is powered on, torque/RPM is 
increased and carriage is moving downwards 

applying weight on bit. Check that readings 

from load cell are realistic based on 

torque/RPM. 

 

S1GA Sensor: 
Gyroscope 
and 
Accelerometer 

Top drive motor is powered on, torque/RPM is 

increased and the drill string is rotating. Check 

that readings from gyroscope and 

accelerometer are realistic based on 

torque/RPM. 

 

HM1 Actuator: 
Hoisting 
motor 

Hoisting motor drive is in torque control mode. 
Set the hoisting motor torque set-point in 
Simulink to NN and observe that physical 
movement of the carriage has started. Observe 
that the hoisting motor rotation measurements 
(RPM and Torque) are received in Simulink. 
Observe that the torque/RPM measurement 
corresponds to the set-point. 

 

HM2 Hoisting 
motor control 
accuracy  

Conditions as in HM1, change the set-point for 
torque in steps (specify concrete steps). 
Observe that the motor follows these steps. 

 

HM3 Hoisting 
motor safety 
check 

Conditions as in HM1. Lower safety limit to 

below set-point. Check that the safety system 

stops the operation to prevent the operation. 

 

HM4 Hoisting 
motor 
operating 
range 

Start hoisting motor and set torque/RPM set-
point to NN. Check that the carriage stops 
before the end of the rails (needs to start 
slowing down before it reaches the end) 

 

TD1 Actuator: 
Top drive 
motor 

Drillstring motor drive is in torque control 
mode. Set the top drive motor torque set-point 
in Simulink to NN and observe that physical 
rotation has started. Observe that the drillstring 
rotation measurements (RPM and Torque) are 
received in Simulink. Observe that the 
torque/RPM measurement corresponds to the 
set-point. 
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D.2 Rock Samples use for Testing

In an early stage of phase II, it was planned what kind of tests that should be performed by the

drilling rig as soon as it was fully built. It was consider a series of tests in order to test both the

drilling rig and the control system to the optimum. In the DrillboticsTM competition, there will be

handed a box consisting layers of random rocks with different characteristics. This is mentioned

in both the guidelines and reports from previous years. To be prepared for this, it was concluded

the drill rig and the control system should be tested with a big variety of different types of rocks.

Rock samples with different grain size, cementation and hardness, from chalk, in the soft end and

marble in the other end, and a fair amount of variety in the middle were chosen. It was also

collected or made rock samples to simulate different types of drilling dysfunctions, such stick-slip,

axial vibrations, etc. When discussing with the supervisors, it was concluded that buying different

types of rock samples was not the cheapest alternative. Some of the rock samples were hard to get

hold of and expansive as well. A cheaper solution were consider, so the projects budget was not

exceeded. Professor Allen George Krill from the institute of geoscience and petroleum at NTNU

was contacted, and he gave a lot of pointers were it might be a good idea to start. After contacting

professor Krill, mails were sent to the different places and phone calls were made. Most of the

places were more than happy to help us with the project and invited the team over whenever it

suited us. The first visit went to Nidaros Domkirke Restaureringsarbeider, not that far away from

Nidaros Cathedral. At this place, they had many leftovers from failed projects, and they were

more than happy to give it away. Rock samples such as marble, granite and different types of clay

stones were collected from this place.
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Figure D.2.1: Picture of the collected rock samples from Nidaros Domkirke Restaureringsarbeider. A mix
of marble, granite and different types of clay stones.

From the meeting with the supervisors, it was concluded that sandstone was too expansive to buy

and a cheaper solution were planned. The plan was to make homemade sandstone, buy mixing

cement and sand. Sandtak Tiller was contacted and they helped with the supply of sand. Different

types of sand and grain size was collected, so it could be made sandstone with different types of

properties. Later on a form made of table top was build, this form consisted of 6 smaller forms in

a dimension of 30cm x 30cm x 10cm. A mixture containing cement, sand and water was poured

into the forms. Each one of the smaller forms had plastic bag attached to the bottom, so the

mixture would not leak. A vibrator was used to vibrate the air out of the mixture, after this the

mixture was ready to solidify. A mixture of cement, water and variety of gain size was also made.

This was a simple imitation of conglomerate and was mainly made to simulate drilling

dysfunctions, such as vibration in the drill string.
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Figure D.2.2: Picture of a homemade ”sandstone” in the making. The mixture of sand, water and cement is
poured into the forms and is ready to solidify.

Figure D.2.3: Picture of the finished product. Some of the rock samples were sawed, so it could be easier to
study the distribution of the sand and the cement within the rock samples.
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Professor Krill pointed out black shale (sorte skifer) from a breakage in Laanke in north Stjordal.

Black shale is a sedimentary rock who may have similar composition and properties as in

sedimentary rocks in an oil reservoir. There were also collected a rock made of shale with finer

gains at the top, quartz in the middle and shale with coarser gains at the bottom. This rock was a

perfect test for the control system.

Figure D.2.4: Picture of black shale collected in Laanke in north Stjordal.

Figure D.2.5: Picture of the rock sample made of shale with finer grain in the upper part, quartz in the
middle and shale with coarser gains at the lower part.

The institute leader of geoscience and petroleum, Egil Tjaaland was contacted and he mentioned

they had some left over rock samples from previous lab experiments that could be used in the

project. This was forward to Jorn Stenebraaten at SINTEF and he supplied different types of rock

samples such as, marble, dolomite, chalk and different types of sandstones.
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Figure D.2.6: Picture of the rock samples provided by SINTEF. Marble in the right, two different types of
sandstones in the middle and and dolomite in the left.
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The DSATS technical section believes that this challenge benefits students in several
ways. Petroleum, mechanical, electrical or control engineers, gain hands-on experience in
each person’s area of expertise that forms a solid foundation for post-graduate
careers. They also develop experience working in multi-disciplinary teams, which is so
important in today’s technology driven industries. Winning teams must possess a variety of
skills. The mechanical and electrical engineers need to build a stable, reliable and functional
drilling rig. Control engineers need to architect a system for real-time control, including
selection of sensors, data handling and fast-acting control algorithms. The petroleum
engineers need an understanding drilling dysfunctions and mitigation techniques. Everyone
must work collectively to establish system functional requirements understood by each
team member, properly model the drilling issues, and then to create a complete package
working seamlessly together.

The oil and gas industry today seeks lower costs through efficiency and innovation. Many of
the student competitors may discover innovative tools and control processes that will assist
drillers to speed the time to drill and complete a well. This includes more than faster ROP,
such as problem avoidance for dysfunctions like excessive vibrations, stuck pipe, and
wellbore stability issues. Student teams built new downhole tools using 3D printing
techniques of designs that would be difficult, if not impossible to machine. They used
creative hoisting and lowering systems. Teams modeled drilling performance in particular
formations and adjusted the drilling parameters accordingly for changing downhole
conditions. While they have a lot to learn yet about our business, we have a lot to learn
about their fresh approach to today’s problems.

Good Luck!
From the DSATS Drillbotics Committee

Fred Florence (Chairperson)
Miguel Armenta
Mark Hutchinson
Aaron Logan
Nii Nunoo
Neil Panchal
Veronica Simmonds
Suresh Venugopal
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2. Objectives for the 2016 Competition
2.1. During the school year beginning in the fall of 2016, a team of students will organize

themselves to solve a drilling related problem outlined in item 4 below.  The team should

preferably be a multi-disciplinary team that will bring unique skills to the group to allow

them to design and construct hardware and software to demonstrate that they understand

the underlying physics, the drilling issues and the usual means to mitigate the issues. We

cannot stress enough the need to involve students with different technical training and

backgrounds.  They will need to develop skills to understand drilling dysfunctions and

mitigation strategies, but they must also have the mechanical engineering capabilities to

design the rig/drilling package.  In past years, some entrants have not adequately

considered the control network and algorithms needed for autonomous drilling. They have

often misunderstood the need for calibrated sensors and fast, accurate data handling.  All

of this and more is needed to build and operate a complete automated drilling system.

2.2. The students could produce novel ideas leading to new drilling models, improved drilling

machines and sensors, and the ability to integrate the data, models and machines that will

hopefully create new, more efficient ways to drill wells in the future. Any such innovation

will belong to the students and their university in accordance with the university’s written

policies.

2.3. The students, working as a multi-disciplinary team, will gain hands-on experience that will

be directly applicable to a career in the upstream drilling industry.

3. Background
3.1. What is DSATS?

3.1.1.DSATS is a technical section of the Society of Petroleum Engineers (SPE) organized to

promote the adoption of automation techniques using surface and downhole

machines and instrumentation to improve the safety and efficiency of the drilling

process. More information is available about DSATS at the DSATS homepage

(http://connect.spe.org/DSATS/Home/).

3.1.2.The Drillbotics website at www.Drillbotics.com includes official updates to the

competition guidelines and schedule, as well as FAQs, photos, and previous entrants’

submittals and reports. Questions and suggestions can be posted here, or teams can

email the sub-committee at 2017@Drillbotics.com.

3.2. Why an international competition?

3.2.1.DSATS, as part of the SPE, is a group of volunteers from many nations, connected by

their belief that drilling automation will have a long-term, positive influence on the



5

drilling industry.  This diversity helped to shape the direction of the organization.  The

group feels that the industry needs to attract young professionals from all cultures and

disciplines to advance drilling practices in all areas of the world. The winners of the

competition will receive a grant for economy class transportation and

accommodations to attend the next SPE Annual Technical Conference and Exhibition

and will present an SPE paper that will be added to the SPE archives of One Petro1.

Additional teams may have an opportunity to present their work at the DSATS

automation symposium preceding the conference, and may receive a grant for

economy class transportation and accommodations2. DSATS believes recognition at

one of the industry’s leading technical conferences will help encourage student

participation. Also, the practical experience with drilling automation systems increases

the students’ visibility to the companies that are leading automation activities.

4. Competition Guidelines
4.1. Problem statement for the 2016-2017 competition:

Design a rig and related equipment to autonomously drill a vertical well as quickly as

possible while maintaining borehole quality and integrity of the drilling rig and drillstring.4.2. Two Project Phases
Fall Semester 2016

The first phase of the project is to organize a team to design an automatic drilling

machine to solve the project problem.  It is not necessary to build any equipment in

this phase, but it is okay to do so.  Design considerations should include current

industry practices and the team should evaluate the advantages and shortcomings of

today’s devices.  The design effort may be assisted by university faculty, but the

students are encouraged to introduce novel designs for consideration.  The level of

student, faculty and technical staff involvement shall be reported when submitting the

design.

Spring Semester 2017

During the second phase, the finalist teams selected by DSATS to proceed to the

construction and drilling operation will use the previous semester’s design to build an

automated drilling machine.  As per industry practices, it is common during

1 Publication is subject to the ATCE program committee’s acceptance of the abstract/paper.
2 Subject to approval of the DSATS Board of Directors and organizers of the symposium.



6

construction and initial operations to run into problems that require a re-design.  The

team may change the design as needed in order to solve the problem.

4.2.1.Teams may use all or part of a previous year’s rig.4.3. Phase I – Design Competition
Design an automated drilling machine in accordance with the rules below.

4.3.1.DSATS envisions a small (perhaps 2 meters high) drilling machine that can physically

imitate the functionality of full-scale rig machinery.  The machine will be the property

of the university and can be used in future research and competitions. New and novel

approaches that improve on existing industry designs are preferred.  While innovative

designs are welcome, they should have a practical application to drilling for oil and gas.

4.3.2.The drilling machine will use electrical power from the local grid not to exceed 25

horsepower. Lower power consumption resulting from energy efficient designs will

receive additional consideration.

4.3.3.The design must provide an accurate and continuous measurement of Weight-On-Bit

(WOB) and other drilling parameters, as well as a digital record across the period of the

test.

4.3.4.The proposed design must be offered in Phase I of the project, but changes are allowed

in Phase II, as long as they are reported to the Committee via students’ monthly

reports. A summary of all significant changes, including the reason modifications were

necessary, must be included in the students’ final report.

4.3.5.Design submittal by the students shall include:

4.3.5.1. Engineering drawings of the rig concept, mechanical and electrical and

auxiliary systems, if any

4.3.5.2. Design notes and calculations

4.3.5.3. Control system architecture.  (The response time of measurements, data

aggregation and control algorithms should be estimated.)

4.3.5.4. Key features for any models and control software

4.3.5.5. Proposed data handling and display

4.3.5.6. Specification for sensors and instrumentation, including the methods

planned for calibration before and after the Phase II testing.

4.3.5.7. Plan for instrumentation of sensors in the BHA, as well as a method to utilize

these sensors for real-time control of the drilling process.

4.3.5.8. An explanation of the implementation of the output of the BHA sensors to

improve the trajectory of the wellbore and other drilling concerns.
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4.3.5.9. Cost estimate and funding plan

4.3.5.10. A design summary video used to outline the design submittal not to exceed

five (5) minutes in length.  Videos shall be the property of the university, but

DSATS shall have the rights to use the videos on its websites and in its meetings.

4.3.5.11. All design, construction and operation of the project are subject to the

terms and conditions of section 11.

4.3.5.12. A safety case shall be part of the Phase I design.  Include a review of

potential hazards during the planned construction and operation of the rig, and

for the unloading and handling of any rock samples or other heavy items.

4.3.6.A committee of DSATS members (the Committee) will review the Phase I designs and

select the top five (5) teams3 who will progress to Phase II of the competition.

4.3.7.DSATS shall also award a certificate of recognition and publication on its website for

the most innovative design.  The design video will also be shown at the DSATS

automation symposium at the ATCE.

4.3.8.DSATS will not fund any equipment, tools, software or other material, including labor,

for the construction of the rig.4.4. Phase II – Drilling Competition
4.4.1.In the spring term of 2017, qualifying teams will build the rig and use it to drill rock

samples provided by DSATS. Drilling a vertical well efficiently though the sample while

controlling drilling dysfunctions is the primary technical objective of the competition.

The use of downhole measurements to control the drilling process in real-time is

mandatory.

4.4.2.Once drilling commences, the test will continue until the depth reaches the bottom or

the rock sample or two (2) hours, whichever comes first.

4.4.3.Drilling performance will be observed and measured by DSATS members invited to

attend and witness.

4.4.4.DSATS will survey the completed wellbore and compare their survey with that of the

students’ downhole measurements.

4.4.5.The final test will be scheduled late in the school year or soon after graduation. The

test will occur at the participating university in accordance with the timeline per

section 8 below.4.5. Rock Samples
3 The number of finalists could be increased or decreased by the DSATS Board of Directors subject to
available funding.
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4.5.1.1. DSATS will prepare a set of nearly identical samples (appx. 12”W x 12”L x

24”H (30 x 30 x 60 cm) that will be packaged in a crate and shipped to each of the

teams that qualified for the actual drilling test. The crates shall not be opened or

tampered with, as the rock and formations shall remain unknown until after the

test.

4.5.1.2. The rock sample will be a manufactured using cement, varying soil samples

and perhaps some materials that are not typically encountered during regular

drilling, but will imitate unusual downhole conditions experienced in some

drilling programs.  All simulated formations may not be parallel to each other

(e.g. formation dip).

4.5.1.3. The university and/or students may acquire or produce rock samples as

needed to verify the design and allow students to practice using their machine

prior to the test. Drilling of the samples provided by DSATS prior to Phase II

testing is not allowed and could lead to disqualification.4.6. Bits
4.6.1.DSATS will send a drillstring and bit to the finalist teams for use in Phase II. It is

expected that the BHA and pipe will cause some difficulty, both for causing drilling

dysfunction and for sensor integration and data telemetry.  The judges will look for

creative concepts supported by sound reasoning showing an understanding of how the

BHA, bit and drillstring function together, and how the downhole system measures,

samples and truncates the drilling data.

4.6.2.Upon request, the bit shall be returned to the Committee following Phase II testing for

reconditioning for use in future competitions.

4.6.3.One (1) bit, roller cone or PDC, will be provided by DSATS to be used during the Phase

II tests.  For 2016-2017 the bit will be:

4.6.3.1. PDC micro-bit will be 1.125" in (28.6 mm) diameter, with brazed cutters and

two nozzles.

4.6.3.2. Cutter backrake is 20 degrees; Cutter diameter is 0.529 inches

4.6.3.3. Nozzles are 2.35mm diameter, two each at approximately 180 degrees.

4.6.4.Students are encouraged to consider bit wear prior to the final test and its impact on

drilling performance during the onsite testing.

4.6.5.Student teams may build or buy similar drill bits to test their design with the rock

samples they sourced.
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4.6.6.Students are also allowed to design and use their own bits for the Phase II on-dite test,

within the dimensional limits of 4.6.2.1 above.
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4.7. Drillpipe
4.7.1.The drill string provided by DSATS will be chosen to

ensure drilling dysfunctions will be encountered.  How

these dysfunctions are mitigated is a key objective of

the competition. Final details of the construction of

this drill string will be furnished in late fall of 2016 to

all entrants upon request. Preliminary specifications

are listed below to assist with the mechanical and

electrical design of the rig.

4.7.2.The drill pipe specifications for the 2016-2017

competition are subject to change, but should be:

4.7.2.1. Round Aluminum Tube 3/8 inch diameter x

36 inches long; 0.016 inch wall or equivalent

4.7.2.2. DSATS will provide the finalists four (4)

joints of pipe.  Any additional pipe needed can

be purchased by the student teams or university

if needed.

4.7.2.3. Tubing is usually available from various

hobby shops such as K-S Hobby and Craft Metal

Tubing and via Amazon and other suppliers.

http://www.hobbylinc.com/htm/k+s/k+s9409.htm
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4.8. Tool joints
4.8.1.Students may design their own tooljoints as long as the design concept is included in

the Phase I proposal.

4.8.2.Alternately, students may use commercially available connectors/fittings attached to

the drillpipe using threads, epoxy cement or other material, and/or may use retaining

screws if desired, as long as the design concept is included in the Phase I proposal. (A

fitting used successfully in 2016 is available from Lenz (http://lenzinc.com/products/o-

ring-seal-hydraulic-tube-fitting/hydraulic-straight-connectors) uses a split-ring to allow

a torque transfer across the fitting.

4.8.3.Students must state WHY they choose a tooljoint design in the Phase I proposal.4.9. Bit sub/drill collar/stabilizers
4.9.1.Upon request, DSATS will provide a bit sub 3/8” NPT box down by ¼” NPT box up by

3”long. However, it is expected that each team will design and build their own bit sub.

4.9.2.Additional weight may be added to the bit sub provided by DSATS, or surface

weight/force (above the rock sample) may be applied to provide weight on bit and

drillpipe tension. However, the additional weight shall not directly impose lateral

forces to stabilize the drillstring. This weight is meant to add to string

tension/compression but shall not improve steering through interaction with the rock.

4.9.3.The student team will be evaluated on how the weight is designed and how it attaches

to the drill string.  Advise the committee of your choice and why and include this in the

Phase I design.

4.9.4.Stabilizers are permitted, but excessive stabilization to stiffen the drillstring to avoid

buckling or torsional failure is disallowed. The maximum combined length of

stabilizers is 3.5” (8.9 cm). This year’s shorter stabilizers should make steering more of

a challenge than in previous years. The student team will be evaluated on how the

stabilizers are designed and how they attach to the bit sub.  Advise the committee of

your choice and why and include this in the Phase I design.

4.9.5.Students may add sensors to the drillstring, but are not permitted to instrument the

rock samples. The sensors cannot appreciably increase the stiffness of the drillstring or

add significant weight (see 4.9.2). They must have a smaller diameter than the

stabilizers and bit by at least 10%. Please include design concepts in the Phase I

design.
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4.9.6.The addition of along-string sensors to measure vibrations, verticality and/or tortuosity

or other parameters will receive extra consideration. They must have a smaller

diameter than the stabilizers and bit by at least 10%.4.10. Automated Drilling
4.10.1. Drilling automation should be considered a combination of data, control AND

modeling so that the control algorithm can determine how to respond to differences

between the expected and actual performance. Process state detection can often

enhance automation performance.  Refer to documents posted on the DSATS website

for more information.

4.10.2. Once drilling of the sample commences, the machine should operate autonomously.

Remote operation and/or intervention is not allowed.4.11. Sensors
4.11.1. The team may elect to use existing oilfield sensors or may look to other industries

for alternate sensors.

4.11.2. The team may develop its own sensors if so desired.

4.11.3. Sensor quality differs from data quality.  Both are important considerations in this

competition.

4.11.4. The final report shall address which sensors were selected and why.  The sensor

calibration process shall also be explained.4.12. Data collection and handling
4.12.1. The team may elect to use standard data collection and recording techniques or may

develop their own. Data handling techniques and why they were chosen should be

described in the Phase I submittal.

4.12.2. The final report shall address which data systems were selected and why.

4.12.3. The observed response time of measurements, data aggregation and control

algorithms should be compared to the Phase I estimate.4.13. Data visualization
4.13.1. Novel ways of presenting the data and progress of drilling in real time while drilling

will receive particular attention from the judges.

4.13.2. Visualization of the processes (automation, optimization, drilling state, etc. should

be intuitive and easily understood by the judges, who will view this from the

perspective of the driller operating a rig equipped with automated controls.

4.13.3. Data must be presented in a format that allows the judges to easily determine bit

depth, elapsed drilling time, ROP, MSE, verticality/inclination, vibration, and any other
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calculated or measured variable used to outline the drilling rigs performance to the

judges. Lack of an appealing and usable Graphic User Interface (GUI) will be noted to

the detriment of the team.

4.13.4. All depths shall use the industry-standard datum of rotary/kelly bushing interface

(RKB), which should be the top of the rig’s “drill floor.”4.14. Measure and analyze the performance
4.14.1. The drilling machine should react to changing “downhole” conditions to select the

optimal drilling parameters for improved performance, as measured by the rate of

penetration (ROP), mechanical specific energy (MSE), verticality, cost per foot or

meter, and other standard drilling measures or key performance indicators. Adding

parameters such as MSE to the control algorithms will receive special attention from

the judges.

4.14.2. Design limits of the drilling machine shall be determined and shall be incorporated in

the programming of the controls during the construction phase.

4.14.3. The final report (see Clause 4.19) shall outline drilling performance and efficiency

criteria and measured results.4.15. The test well:
4.15.1. Will be drilled as a vertical well. Verticality and drift will be measured by the judges

and compared with the students’ measurements, so calibration issues should be

carefully considered

4.15.2. Should be drilled with a maximum allowable Weight-On-Bit dependent on the rig

and drillstring integrity.

4.15.3. Will not require a closed-loop fluid circulation system, but the bit and machinery

should be cooled with air or fluid/water if needed. The design of the fluid system, if

any, should be included in the Phase I design.

4.15.4. The rock sample may simulate the drilling of hydraulic hazards such as lost

circulation, surge, swab and other effects, but no well control equipment for over-

pressure considerations will be necessary. Note that the rock samples may leak at the

junctions between the simulated formations, so a rig design that includes a

containment system is strongly suggested.

4.15.5. Will not require casing or cement

4.15.6. Will not be drilled with a mud motor or turbine.

4.15.7. Will not require a rig move, walking or skidding, but the mobility of the rig will be

considered in the design phase.
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4.16. Not included in the 2016-2017 competition
4.16.1. The drilling will not include automating the making or breaking of connections.  If

this is necessary due to the rig and drillstring design, connections should be made

manually, and the time involved with the connections will be added with respect to its

effect on drilling performance (rate of penetration reduction).4.17. Presentation to judges at Phase II Testing
4.17.1. The judges will arrive at the university to meet with the student teams and advisors

immediately prior to the Phase II testing.  The university should provide a suitable

meeting room for discussion lasting about two hours.

4.17.2. The students will present a BRIEF summary of their final design, highlighting changes

from their Phase I design, if any. Include an explanation of why any changes were

necessary, as this indicates to the judges how much students learned during the design

and construction process. Explain what measurement and control features have been

deployed.  Describe novel developments or just something learned that was

worthwhile. Also include how actual expenses compared with the initial estimate.

(Previous teams used a short PowerPoint presentation of about ten slides or so.  Use

any format you like.) Be sure to include all your team members as presenters, not just

one spokesperson. At some time during your talk, let us know who the team members

are and what background they have that pertains to the project.

4.17.3. Judges will ask questions to ascertain additional details about the design and

construction process and to see if all team members have a reasonable understanding

how all the various disciplines used for the rig design and construction fit together.4.18. Project report
4.18.1. The student team shall submit to DSATS a short monthly project report that is no

more than one page in length (additional pages will be ignored) due on or before the

last day of each month that will include:

4.18.2. Phase I

 Key project activities over the past month.

 Rig design criteria, constraints, tradeoffs, and how critical decisions were

determined

 Cost updates

 Significant new learning, if any
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4.18.3. Phase II

 Construction issues and resolution

 Summary of recorded data and key events

 Drilling parameters [such as WOB] and how they impact the test

 Other items of interest

 To teach students that their work involves economic trade-offs, the monthly

report should include at a minimum a summary estimate of team member labor

hours for each step in the project: design, construction, testing, reporting, and a

cost summary for hardware and software related expenditures.  Also include

labor for non-students that affect the cost of the project.  Labor rates are not

considered, as to eliminate international currency effects.  Labor is not

considered in the cost limits of item 6.1, but should be discussed in the report

and paper.4.19. Final report and paper
4.19.1. The finalists shall prepare a project report that addresses the items in 4.19.6 below.

We suggest you use the format of most SPE papers.  For reference, please see

http://spe.org/authors/resources/

4.19.2. The winning team shall update the report as needed to comply with SPE ATCE paper

submittal guidelines to write a technical paper for publication by the SPE at its Annual

Technical Conference and Exhibition. SPE typically requires that the manuscript is due

in June. While the Drillbotics committee will make every effort to have the paper

presented during the ATCE, the ATCE Program Committee has authority over which

papers will be accepted by the conference.  If the paper is not accepted by the

conference, the Drillbotics committee will endeavor to have it presented at the DSATS

Symposium and will use its contacts to have the paper published via other related SPE

conferences.

4.19.3. The report, paper and all communications with DSATS shall be in the English

language.  The presentation will be made by at least one member of the student team.

4.19.4. The timing for submittal of the abstract and paper will be the published deadlines

per the call for papers and conference guidelines as posted on the SPE’s website

(www.spe.org).

4.19.5. The abstract must generate sufficient interest with the SPE review committees to

warrant publication, although DSATS will help promote acceptance where possible

4.19.6. The paper should address at a minimum
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4.19.6.1. The technical and economic considerations for the rig design, including why

certain features were chosen and why others were rejected.

4.19.6.2. The setup of the experimental test, the results and shortcomings.

4.19.6.3. Recommendations for improvements to the design and testing procedures.

4.19.6.4. Recommendations for improvements by DSATS of the competition

guidelines, scheduling and provided material.

4.19.6.5. Areas of learning gained through the competition not covered in the

university course material.

4.19.6.6. A brief bio or CV of the team members and their sponsoring faculty.

5. Team Members
5.1. DSATS envisions that the students would be at least senior undergraduate or Masters level,

well versed in the disciplines needed for such a project.  The maximum number of students

per team is five (5) and the minimum shall be three (3). Any team that loses team members

during the project can recruit a replacement.

5.2. At least one member of the team must be a Petroleum Engineering candidate with

sufficient coursework completed to understand the physics relating to the drilling problems

and the normal industry practices used to mitigate the problem.

5.3. Students with a background in mining, applied mathematics, mechanical and electrical

engineering, as well as controls, mechatronics and automation or software development,

are the most likely candidates, but students with any applicable background is encouraged.

5.4. A multi-disciplinary team simulates the working environment in the drilling industry today,

as most products and services are produced with the cooperation of technical personnel

from differing backgrounds and cultures.

5.5. A university may sponsor more than one team but must submit only one team/design for

Phase II evaluation.

6. Expenditures
6.1. Teams selected to advance to the second phase must limit the cost of the rig and materials

to US$ 10,000 or its equivalent in other currencies.  The students shall find a source of

funding and report the source in the Phase I proposal.  All funding and procurement should

comply with university policy.  These funds are intended to cover the majority of expenses

for hardware, software and labor to construct and operate the team’s equipment.  DSATS

shall not be liable for any expenditure other than DSATS provided material and specified

travel expenses.
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6.2. DSATS will assist when possible to obtain free PLCs or similar control devices from suppliers

affiliated with the DSATS organization.   Such “in-kind” donations shall not be included in

the team’s project costs.

6.3. Students and universities may use other “in-kind” contributions which will not be included

in the team’s project costs.  Such contributions may include modeling software, laboratory

equipment and supplies, and similar paraphernalia usually associated with university

laboratory projects.

6.4. Any team spending more than US$ 10,000, or its equivalent in other currencies, may be

penalized for running over budget.

6.5. DSATS reserves the right to audit the team’s and university’s expenditures on this project.

6.6. Any devices built for the project will become the property of the university and can be used

in future research and competitions.  Any maintenance or operating costs incurred after the

competition will not be paid by DSATS.

7. Other Considerations
7.1. The design concepts shall be developed by the student team under the supervision of the

faculty.  Faculty and lab assistants should review the designs to ensure student safety.

7.2. Construction of the equipment shall be supervised by the student team, but may use skilled

labor such as welders and lab technicians.  The use of outside assistance shall be discussed

in the reports and the final paper.  DSATS encourages the students to gain hands-on

experience with the construction of the rig since this experience will be helpful to the

career of individuals in the drilling industry.

7.3. University coursework and credit: Each university will decide whether or not this project

qualifies as a credit(s) towards any degree program.

8. Project Timeline

Phase I - Design: Fall 2016

Submit monthly reports On or before the final day of each month

Submit final design to DSATS 31 Dec 2016, midnight UTC

Submit an abstract to DSATS* 31 Dec 2016, midnight UTC

Phase II – Construction and Testing Spring 2017

DSATS to announce finalists On or about 15 Jan 2017

Construction Spring 2017

Monthly reports On or before the final day of each month
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Drilling Test Specific on-site test dates at each university to be

arranged not later than 31 March 2017. The testing

will typically occur in late May or early June. All tests

must be completed by 15 June.

Prepare and submit paper Per SPE deadline*

Prepare and submit presentation Per SPE deadline

Present paper at ATCE Per SPE and DSATS schedule

*DSATS will submit an abstract to the SPE that will include excerpts from the student abstracts by
the conference paper-submittal deadline, typically in mid-January, for consideration of a paper by
the ATCE program committee.
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9. Evaluation Committee
9.1. DSATS will select an evaluation committee from its membership

9.2. Criteria/Weighting (see chart):

Criteria Parameter Weighting

Phase I:

a.Safety Safety: construction and operation 10

b.Mobility of rig Rig up, move, rig down 5

c.Design considerations and lessons learned 10

d.Mechanical design and functionality, versatility 25

e.Simulation/Model/Algorithm 25

f.Control scheme Data, controls, response times 25

Total 100%

Phase II:

a.Creative Ability Analysis, concepts, development 10

b.Engineering Skills Problem/Goal, design criteria,

feasibility

10

c.Construction Quality 10

d.Cost Control 10

e.Performance 20

Various parameters such as: ROP, MSE, Landing Bit, Inclination,

and other

Are these used within the control algorithms

Optimal landing of bit

f.Quality of wellbore 20

Verticality, tortuosity, caliper, other

g.Data Data handling, data visualization,

data comparison to judges’

wellbore logs, and other

Total 100%

Intangibles Additional score may be added or

subtracted by the judges at their

discretion
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10. Prizes
10.1. The winning team will be sponsored by DSATS to attend the next SPE Annual

Technical Conference and Exhibition. Upon submittal to DSATS of a valid expense

statement (typically a spreadsheet supported by written receipts) covered expenses will be

reimbursed by the treasurer of DSATS for the following:

10.1.1. Round trip economy airfare for the team and one university sponsor/supervisor to

the gateway city of the next SPE ATCE conference. Entrants should use the SPE

approved carrier where possible to minimize cost.  Information of reduced fare flights

is available on the ATCE website. Please note that reservations must be made before

the SPE published deadline. Airfares that exceed the SPE rate must be pre-approved

by the committee or the reimbursement will be limited to the SPE rate. The departure

point will be a city near the university, the student’s home, or current place of work,

subject to review by the Committee.  Alternately, a mileage reimbursement will be

made in lieu of airfare should the entrants decide to drive rather than fly to the ATCE.

The reimbursement is based on current allowable mileage rates authorized by the US

Internal Revenue Service.

10.1.2. One rental car/van at the gateway city for those teams that fly to the ATCE.

10.1.3. Lodging related to one hotel room per team member will be reimbursed at a rate

not to exceed the SPE rate.  Note that the room reservations are limited, so entrants

must book their rooms early.  Room and taxes for the night before the DSATS

symposium, the night of the symposium and for the nights of the conference are

covered.  Charges for the room on the last day of the conference need to be pre-

approved by the Committee as most conference attendees depart on the last day of

the conference unless there are unusual circumstances.

10.1.4. A per diem will be pre-approved by the Committee each year, which will vary with

the cost of living in the gateway city.  The per diem is intended to cover average meals

(breakfast, lunch and dinner) and incidentals.

10.1.5. ATCE registration will be reimbursed.  Students should register for the ATCE to

obtain the student rate.  Early registration is appreciated.

10.2. Individual award certificates will be presented to all participants, with special

certificates given to all finalists.

10.3. DSATS may provide additional awards, at its sole discretion.

10.4. The evaluation and all decisions on any matter in the competition by the DSATS

judges and DSATS board are final.
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11. Terms and conditions
11.1. In no event will SPE, including its directors, officers, employees and agents, as well

as DSATS members and officers, and sponsors of the competition, be liable for any damages

whatsoever, including without limitation, direct, indirect, special, incidental, consequential,

lost profits, or punitive, whether based on contract, tort or any other legal theory, even if

SPE or DSATS has been advised of the possibility of such damages.

11.2. Participants and Universities agree to indemnify and hold harmless SPE, its directors,

officers, employees and agents, as well as DSATS members and officers, and sponsors of the

competition, from all liability, injuries, loss damages, costs or expenses (including attorneys’

fees) which are sustained, incurred or required arising out of participation by any parties

involved in the competition.

11.3. Participants and Universities agree and acknowledge that participation in the

competition is an agreement to all of the rules, regulations, terms and conditions in this

document, including revisions and FAQs posted to the DSATS and Drillbotics websites (see

section 3.1).

11.4. Winning teams and finalists must agree to the publication of their names,

photographs and final paper on the DSATS web site.

11.5. All entries will be distributed to the Drillbotics Committee for the purpose of judging

the competition.  Design features will not be published until after all teams have been

judged and a winner is announced.  Previous years’ submittals, reports, photos and similar

documentation will be publically available to foster an open exchange of information that

will hopefully lead to faster learning for all participants, both new and experienced.

11.6. DSATS and the SPE cannot provide funding to sanctioned individuals and

organization per current US law.

11.7. Participants must comply with all local laws applicable to this contest.

12. Marketing
12.1. Upon request, DSATS will provide a link on its website to all participating

universities.

12.2. If university policy allows, various industry journals may send a reporter to witness

the tests and interview students to publicize the project.

- End -
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ϰ͘ϴ� �ĂŶ�ǁĞ�ŵĂŬĞ�ĨŝƚƚŝŶŐƐ�ƵƐŝŶŐ�ĂŶ�ŝŶƚĞƌĨĞƌĞŶĐĞ�Ĩŝƚ�ǁŝƚŚ�ƚŚĞ�ƚƵďŝŶŐ͍�

zĞƐ͘��^ŝŶĐĞ�ƐĞǀĞƌĂů�ƐĐŚŽŽůƐ�ĂƐŬĞĚ�ƚŚŝƐ�ƋƵĞƐƚŝŽŶ�ĚƵƌŝŶŐ�WŚĂƐĞ�//͕�ǁĞ�ĂƌĞ�ǁĂŝǀŝŶŐ�ƚŚĞ�ƌĞƋƵŝƌĞŵĞŶƚ�ŽĨ�
ϰ͘ϴ͘ϭ�ƚŚĂƚ�ƐƚĂƚĞƐ�ƚŚĞǇ�ĐĂŶ�ŵĂŬĞ�ƚŚĞ�ƚŽŽůũŽŝŶƚƐ�ŽŶůǇ�ŝĨ�ƚŚĞ�ĚĞƐŝŐŶ�ŝƐ�ƉƌŽƉŽƐĞĚ�ŝŶ�WŚĂƐĞ�/͘�

ϭϬ͘� tŝůů�ƚŚĞ�ǁŝŶŶŝŶŐ�ƚĞĂŵ�ƉƌĞƐĞŶƚ�Ăƚ�ƚŚĞ�ŶĞǆƚ�^W���ŶŶƵĂů�dĞĐŚŶŝĐĂů��ŽŶĨĞƌĞŶĐĞ�ĂŶĚ��ǆŚŝďŝƚŝŽŶ͍�

EŽ͕�ĚƵĞ�ƚŽ�ƌĞĐĞŶƚ�ĐŚĂŶŐĞƐ�ǁŝƚŚ�ƚŚĞ�^W��ƉƌŽŐƌĂŵ�ĐŽŵŵŝƚƚĞĞƐ͕��ƌŝůůďŽƚŝĐƐ�ŶŽǁ�ŚĂƐ�Ă�ƉĞƌŵĂŶĞŶƚ�
ƐůŽƚ�ŝŶ�ŽŶĞ�ŽĨ�ƚŚĞ�ƐĞƐƐŝŽŶƐ�Ăƚ�ƚŚĞ�^W�ͬ/�����ƌŝůůŝŶŐ��ŽŶĨĞƌĞŶĐĞ͘��^W��ŚĂƐ�ĂůƐŽ�ŐƌĂŶƚĞĚ�ƵƐ�Ă�ďŽŽƚŚ�
ƚŽ�ƐŚŽǁĐĂƐĞ�ƚŚĞ�ǁŝŶŶŝŶŐ�ƌŝŐ͘��WůĞĂƐĞ�ƐƵďƐƚŝƚƵƚĞ�͞^W�ͬ/�����ƌŝůůŝŶŐ��ŽŶĨĞƌĞŶĐĞ͟�ŝŶ�ƉůĂĐĞ�ŽĨ�͞�d��͟�
ŝŶ�ƚŚĞ�'ƵŝĚĞůŝŶĞƐ͘�

ϭϬ� �ĂŶ�ǁĞ�ƐƵďŵŝƚ�Ă�ƉĂƉĞƌ�ĂďŽƵƚ�ŽƵƌ�ĐŽŵƉĞƚŝƚŝŽŶ�ƚŽ�ŽƚŚĞƌ�ŝŶĚƵƐƚƌǇ�ĐŽŶĨĞƌĞŶĐĞƐ͍�

tĞ�ǁĂŶƚ�ƚŽ�ĐĂƵƚŝŽŶ�ǇŽƵ�ĂďŽƵƚ�Ă�^W��ƌƵůĞ�ƌĞŐĂƌĚŝŶŐ�ƉƌĞǀŝŽƵƐ�ƉƵďůŝĐĂƚŝŽŶƐ͘��^W��ǁŝůů�ƌĞũĞĐƚ�ĂŶ�
ĂďƐƚƌĂĐƚ�ĨŽƌ�ǁŽƌŬ�ƚŚĂƚ�ŚĂƐ�ƉƌĞǀŝŽƵƐůǇ�ďĞĞŶ�ƉƵďůŝƐŚĞĚ͘���Ɛ�ůŽŶŐ�ĂƐ�ƚŚĞ�ƉĂƉĞƌƐ�ĂƌĞ�ƐŝŐŶŝĨŝĐĂŶƚůǇ�
ĚŝĨĨĞƌĞŶƚ͕�ƚŚŝƐ�ĐŽƵůĚ�ďĞ�ĂůůŽǁĞĚ͕�ďƵƚ�ǇŽƵ�ĐŽƵůĚ�ďĞ�ĚŝƐƋƵĂůŝĨŝĞĚ�ŝĨ�ƚŚĞ�ǁŽƌŬƐ�ĂƌĞ�ƐĞĞŶ�ĂƐ�ĚƵƉůŝĐĂƚĞƐ͘��
tĞ�Ăůů�ŬŶŽǁ�ŵĞŵďĞƌƐ�ŽĨ�ƚŚĞ�ƉƌŽŐƌĂŵ�ĐŽŵŵŝƚƚĞĞƐ�ĨŽƌ�ƚŚĞ�ŽƚŚĞƌ�ĐŽŶĨĞƌĞŶĐĞƐ�ĂŶĚ�ǁĞ�ĐĂŶ�ĂƐƐŝƐƚ�ƚŽ�
ĂǀŽŝĚ�ĂŶǇ�ĐŽŶĨůŝĐƚƐ�ĂƐ�ůŽŶŐ�ĂƐ�ǁĞ�ĐŽŵŵƵŶŝĐĂƚĞ�ĐůĞĂƌůǇ͕�ďƵƚ�ƚŚĞ�ĨŝŶĂů�ĚĞĐŝƐŝŽŶ�ƌĞƐƚƐ�ǁŝƚŚ�ƚŚĞ�
ĐŽŶĨĞƌĞŶĐĞ�ƉƌŽŐƌĂŵ�ĐŽŵŵŝƚƚĞĞ͕�ŶŽƚ��^�d^͘�



ϰ͘ϳ͘Ϯ͘ϭ� dŚĞ�ƐƉĞĐŝĨŝĐĂƚŝŽŶ�ĨŽƌ�ƚŚĞ�ƉŝƉĞ�ǁĂůů�ǁĂƐ�ŝŶĐŽƌƌĞĐƚůǇ�ĐŽƉŝĞĚ�ĨƌŽŵ�Ă�ƉƌĞǀŝŽƵƐ�ǀĞƌƐŝŽŶ�ŽĨ�ƚŚĞ�
ŐƵŝĚĞůŝŶĞƐ͘��dŚŝƐ�ǇĞĂƌ͕�ƚŚĞ�ƚƵďŝŶŐ�ǁŝůů�ďĞ�Ϭ͘Ϭϯϱ�ŝŶĐŚ�ǁĂůů͕�ŶŽƚ�ƚŚĞ�Ϭ͘Ϭϭϲ�ŝŶĐŚ�ƵƐĞĚ�ŝŶ�ƚŚĞ�ĨŝƌƐƚ�ǇĞĂƌ͛Ɛ�
ĐŽŵƉĞƚŝƚŝŽŶ͘�

ϰ͘ϴ͘Ϯ� /�ǁŽŶĚĞƌ�ŝĨ�ƚŚĞ�ĐŽŵŵŝƚƚĞĞ�ŝƐ�ƉůĂŶŶŝŶŐ�ŽŶ�ƵƐŝŶŐ�ƚŚĞ�ƐĂŵĞ�ƚƵďĞ�ĨŝƚƚŝŶŐƐ�ƚŚŝƐ�ǇĞĂƌ͘��/Ĩ�ƐŽ͕�ĐŽƵůĚ�ǇŽƵ�
ƉůĞĂƐĞ�ƉƌŽǀŝĚĞ�ƵƐ�ǁŝƚŚ�ƚŚĞ�ĐŽƌƌĞĐƚ�ŵŽĚĞů�η�ĨƌŽŵ�>ĞŶǌ͍��

dŚŝƐ�ŝƐ�ǁŚĂƚ�ǁĂƐ�ŽƌĚĞƌĞĚ�ůĂƐƚ�ǇĞĂƌ͘���ĂĐŚ�ƉŝƉĞ�ŶĞĞĚƐ�Ă�ŵĂůĞ�ĂŶĚ�Ă�ĨĞŵĂůĞ͘����/Ĩ�ǇŽƵƌ�ĚƌŝůůƉŝƉĞ�ŝƐ�ůŽŶŐĞƌ�
ƚŚĂŶ�ŽŶĞ�ũŽŝŶƚ͕�ǇŽƵ�ŶĞĞĚ�Ă�ƵŶŝŽŶ�;ƚƵďŝŶŐ�ǆ�ƚƵďŝŶŐͿ͘�

/ƚĞŵ WĂƌƚ�ŶŽ͘ �ĞƐĐƌŝƉƚŝŽŶ ZĞĨĞƌĞŶĐĞ
ϭ ϭϬϬͲϲͲϲ�tͬ^>s KͲZ/E'�^��>�Ͳ D�>��

�KEE��dKZ��
tͬ^d�/E>�^^�^d��>�
^>��s�^�

ŚƚƚƉ͗ͬͬůĞŶǌŝŶĐ͘ĐŽŵͬƐŝƚĞƐͬĚĞĨĂƵůƚͬĨŝůĞƐͬϭͺϬ͘ƉĚĨ

Ϯ ϮϱϬͲϲͲϲ�tͬ^>s KͲZ/E'�^��>�&�D�>��
�KEE��dKZ�
^d�/E>�^^�^d��>�^>��s��

ŚƚƚƉ͗ͬͬůĞŶǌŝŶĐ͘ĐŽŵͬƐŝƚĞƐͬĚĞĨĂƵůƚͬĨŝůĞƐͬϮͺϬ͘ƉĚĨ

ϯ ϯϬϬͲϲͲϲ�tͬ^>s KͲZ/E'�^��>�hE/KE�
t/d,�^d�/E>�^^�^d��>�
^>��s��

ŚƚƚƉ͗ͬͬůĞŶǌŝŶĐ͘ĐŽŵͬƐŝƚĞƐͬĚĞĨĂƵůƚͬĨŝůĞƐͬϮͺϬ͘ƉĚĨ

dŚŝƐ�ŝƐ�ƚŚĞ�ĐŽŶƚĂĐƚ�ǁĞ�ŚĂĚ�ůĂƐƚ�ǇĞĂƌ͘�

+ROO\�6KHUHU

/HQ]�,QF�

3���������������([W����

)D[���������������

+ROO\#OHQ]LQF�FRP



dŚĞ�ĨŽůůŽǁŝŶŐ�ǁĞƌĞ�ƉƌĞǀŝŽƵƐůǇ�ƉƵďůŝƐŚĞĚ�͙�

ZĞǀŝƐŝŽŶ�Ϭ�ʹ�/ŶŝƚŝĂů�ZĞůĞĂƐĞ�

Ϯϯ�KĐƚŽďĞƌ�ϮϬϭϲ�

x �ƌĞ�ƚŚĞ�Η�ƌŝůůďŽƚŝĐƐ�'ƵŝĚĞůŝŶĞƐΗ�ƚŚĞ�ŽŶůǇ�ƐĞƚ�ŽĨ�ƌƵůĞƐ�ǁĞ�ƐŚŽƵůĚ�ƚĂŬĞ�ŝŶƚŽ�ĂĐĐŽƵŶƚ͕�Žƌ�ĂƌĞ�ƚŚĞƌĞ�
ŽƚŚĞƌ�ĚŽĐƵŵĞŶƚƐ͍�tĞ�ĐĂŶΖƚ�ƐĞĞŵ�ƚŽ�ĨŝŶĚ�ĂŶǇ͘�

dŚĞ�ŐƵŝĚĞůŝŶĞƐ�ĂŶĚ�ƚŚĞ�ƵƉĚĂƚĞƐ�ƉĞƌ�ƚŚĞ�&�YƐ�ĂƌĞ�ƚŚĞ�ŽŶůǇ�ĚŽĐƵŵĞŶƚƐ�ƌĞůĞǀĂŶƚ�ƚŽ�ƚŚĞ�
ĐŽŵƉĞƚŝƚŝŽŶ�ƌƵůĞƐ͘��WĞƌ�ƐĞĐƚŝŽŶ�ϯ͘ϭ͘Ϯ�dŚĞ��ƌŝůůďŽƚŝĐƐ�ǁĞďƐŝƚĞ�Ăƚ�ǁǁǁ͘�ƌŝůůďŽƚŝĐƐ͘ĐŽŵ�ŝŶĐůƵĚĞƐ�
ŽĨĨŝĐŝĂů�ƵƉĚĂƚĞƐ�ƚŽ�ƚŚĞ�ĐŽŵƉĞƚŝƚŝŽŶ�ŐƵŝĚĞůŝŶĞƐ�ĂŶĚ�ƐĐŚĞĚƵůĞ͕�ĂƐ�ǁĞůů�ĂƐ�&�YƐ͕�ƉŚŽƚŽƐ͕�ĂŶĚ�
ƉƌĞǀŝŽƵƐ�ĞŶƚƌĂŶƚƐ͛�ƐƵďŵŝƚƚĂůƐ�ĂŶĚ�ƌĞƉŽƌƚƐ͘��YƵĞƐƚŝŽŶƐ�ĂŶĚ�ƐƵŐŐĞƐƚŝŽŶƐ�ĐĂŶ�ďĞ�ƉŽƐƚĞĚ�ƚŚĞƌĞ͕�Žƌ�
ƚĞĂŵƐ�ĐĂŶ�ĞŵĂŝů�ƚŚĞ�ƐƵďͲĐŽŵŵŝƚƚĞĞ�Ăƚ�ϮϬϭϳΛ�ƌŝůůďŽƚŝĐƐ͘ĐŽŵ͘�

x dŚĞ�ůĞŶŐƚŚƐ�ĂŶĚ�ĚŝĂŵĞƚĞƌƐ�ŝŶ�ƚŚĞ�ŐƵŝĚĞůŝŶĞƐ�ĂƌĞ�ŶŽŵŝŶĂůůǇ�ŝŶ�ŝŵƉĞƌŝĂů�ƵŶŝƚƐ͕�ƐƵĐŚ�ĂƐ�ϯͬϴ͟�ƚƵďŝŶŐ͕�
ϯϲ͟�ůŽŶŐ͕�ĞƚĐ͘���ƌĞ�ƚĞĂŵƐ�ĂůůŽǁĞĚ�ƚŽ�ƐƵďƐƚŝƚƵƚĞ�ĐŽŵƉĂƌĂďůĞ�ĞƋƵŝƉŵĞŶƚ�ĂŶĚ�ĚĞǀŝĐĞƐ�ƌĞĂĚŝůǇ�
ĂǀĂŝůĂďůĞ�ŝŶ�ŵĞƚƌŝĐ�ƵŶŝƚƐ͍�

zĞƐ͘��WůĞĂƐĞ�ŶŽƚĞ�ƚŚĞ�ĐŚĂŶŐĞƐ�ŝŶ�ǇŽƵƌ�ŵŽŶƚŚůǇ�ƌĞƉŽƌƚƐ�ĂŶĚ�ŝŶ�ƚŚĞ�WŚĂƐĞ�/�ĚĞƐŝŐŶ�ƌĞƉŽƌƚ͘�

ϰ͘ϯ͘ϭ� ͞tŚŝůĞ�ŝŶŶŽǀĂƚŝǀĞ�ĚĞƐŝŐŶƐ�ĂƌĞ�ǁĞůĐŽŵĞ͕�ƚŚĞǇ�ƐŚŽƵůĚ�ŚĂǀĞ�Ă�ƉƌĂĐƚŝĐĂů�ĂƉƉůŝĐĂƚŝŽŶ�ƚŽ�ĚƌŝůůŝŶŐ�ĨŽƌ�Žŝů�
ĂŶĚ�ŐĂƐ͘͟��ZĞŐĂƌĚŝŶŐ�ũƵĚŐŝŶŐ�ĐƌŝƚĞƌŝĂ͕�ǁŝůů�ƐŽůƵƚŝŽŶƐ�ƚŚĂƚ�ŵĂǇ�ŶŽƚ�ďĞ�ƚƌĂŶƐĨĞƌĂďůĞ�ƚŽ�ƚŚĞ�ŝŶĚƵƐƚƌǇ�
ŚĂǀĞ�Ă�ŶĞŐĂƚŝǀĞ�ĞĨĨĞĐƚ�ŽŶ�ƚŚĞ�ŽǀĞƌĂůů�ƐĐŽƌĞ͍

/ƚ�ŝƐ�ŽŬĂǇ͕�ĂŶĚ�ĞǀĞŶ�ĞŶĐŽƵƌĂŐĞĚ͕�ĨŽƌ�ƚĞĂŵƐ�ƚŽ�ĐŽŵĞ�ƵƉ�ǁŝƚŚ�ŶŽŶͲŝŶĚƵƐƚƌǇ�ƚĞĐŚŶŝƋƵĞƐ͕�ƐŝŶĐĞ�ǇŽƵ�
ŵĂǇ�ďĞĐŽŵĞ�ƚŚĞ�ŽŶĞƐ�ǁŚŽ�ĐŚĂŶŐĞ�ŝŶĚƵƐƚƌǇ�ƉƌĂĐƚŝĐĞƐ͘��&Žƌ�ĞǆĂŵƉůĞ͕�tsh�ƵƐĞĚ�Ă�ĐŽƵŶƚĞƌͲ
ďĂůĂŶĐĞ�ƐǇƐƚĞŵ�ůĂƐƚ�ǇĞĂƌ͘��:ƵĚŐĞƐ�ĨĞůƚ�ŝƚ�ǁŽƵůĚ�ďĞ�ĚŝĨĨŝĐƵůƚ�ƚŽ�ƌĞƉůŝĐĂƚĞ�ŽŶ�Ă�ĐŽŶǀĞŶƚŝŽŶĂů�ƌŝŐ͕�ďƵƚ�
ƉĞƌŚĂƉƐ�ŽƚŚĞƌƐ�ĐŽƵůĚ�ĨŝŶĚ�ĐŽƌŽůůĂƌǇ�ĚĞƐŝŐŶƐ�ƚŚĂƚ�ĐŽƵůĚ�ƐŽŵĞĚĂǇ�ďĞ�ŝŵƉůĞŵĞŶƚĞĚ͕�ƐŽ�ŝƚ�ǁĂƐ�
ĂůůŽǁĞĚ͘��WůĞĂƐĞ�ĂǀŽŝĚ�ůĂƐĞƌ�Žƌ�ƉůĂƐŵĂ�ĚƌŝůůŝŶŐ͕�ĂƐ�ƚŚŝƐ�ŝƐ�ƚŽŽ�ĨĂƌ�ĂĨŝĞůĚ�ĨŽƌ�ƚŽĚĂǇ͛Ɛ�ŽƉĞƌĂƚŝŽŶƐ�ĂŶĚ�
ƚŚŽƐĞ�ŽĨ�ƚŚĞ�ŶŽƚͲƚŽŽͲĚŝƐƚĂŶƚ�ĨƵƚƵƌĞ͘�

ϰ͘ϯ͘Ϯ� dŚĞ�ŐƵŝĚĞůŝŶĞƐ�ŝŶĚŝĐĂƚĞ�Ă�Ϯϱ�ŚƉ�ůŝŵŝƚ�ŽŶ�ƉŽǁĞƌ�ƵƐĂŐĞ͕�ǁŚŝĐŚ�ŝƐ�ŵƵĐŚ�ŚŝŐŚĞƌ�ƚŚĂŶ�ůĂƐƚ�ǇĞĂƌΖƐ�ůŝŵŝƚ�
ŽĨ�Ϯ͘ϱ�ŚƉ͘�tŽƵůĚ�ǇŽƵ�ŵŝŶĚ�ĐŽŶĨŝƌŵŝŶŐ�ƚŚĞ�ƉŽǁĞƌ�ůŝŵŝƚ�ĨŽƌ�ƚŚŝƐ�ǇĞĂƌΖƐ�ĐŽŵƉĞƚŝƚŝŽŶ͍�

dŚĞ�ĐŽŵŵŝƚƚĞĞ�ĚŽĞƐ�ŶŽƚ�ǁĂŶƚ�ƚŽ�ĂƌďŝƚƌĂƌŝůǇ�ůŝŵŝƚ�ŚŽƌƐĞƉŽǁĞƌ�ƚŚŝƐ�ǇĞĂƌ͕�ƐŽ�Ă�ǀĞƌǇ�ŚŝŐŚ�ŶƵŵďĞƌ�
ǁĂƐ�ĐŚŽƐĞŶ�ƚŚĂƚ�ƐŚŽƵůĚ�ĞǆĐĞĞĚ�ƌĞƐƚƌŝĐƚŝŽŶƐ�ƌĞƐƵůƚŝŶŐ�ĨƌŽŵ�ĂŶǇ�ĚƌŝůůƉŝƉĞ�Žƌ��,��ĚĞǀĞůŽƉĞĚ͘�dŚĞ�
ƐǇƐƚĞŵ�ĐŽŵƉŽŶĞŶƚƐ�ǁŝůů�ďĞ�ƚŚĞ�ůŝŵŝƚŝŶŐ�ĨĂĐƚŽƌƐ͘�

ϰ͘ϯ͘ϱ͘Ϯ� tŚĂƚ�ƐŚŽƵůĚ�ďĞ�ŝŶĐůƵĚĞĚ�ŝŶ�ƚŚĞ�ĚĞƐŝŐŶ�ŶŽƚĞƐ�ĂŶĚ�ĐĂůĐƵůĂƚŝŽŶƐ͍�

� dŚĞ�WŚĂƐĞ�/�ĚĞƐŝŐŶ�ƌĞƉŽƌƚ�ƐŚŽƵůĚ�ŝŶĐůƵĚĞ�ƚŚĞ�ƚĞĂŵ͛Ɛ�ĂƐƐƵŵƉƚŝŽŶƐ�ƵƐĞĚ�ƚŽ�ĐĂůĐƵůĂƚĞ�ƚŚĞ�
ŵĞĐŚĂŶŝĐĂů�ĂŶĚ�ĞůĞĐƚƌŝĐĂů�ůŽĂĚ�ĞǆƉĞĐƚĞĚ͕�ĂƐ�ǁĞůů�ĂƐ�ŽƚŚĞƌ�ĚĞƐŝŐŶ�ĐŽŶƐŝĚĞƌĂƚŝŽŶƐ͘��/ƚ�ƐŚŽƵůĚ�
ŝŶĐůƵĚĞ�ƚŚĞŽƌĞƚŝĐĂů�ŵĞĐŚĂŶŝĐĂů�ĂŶĂůǇƐŝƐ�ƌĞƐƵůƚŝŶŐ�ĨƌŽŵ�ƚŚĞ�ĚƌŝůůƐƚƌŝŶŐ�ĐŽŶƐƚƌĂŝŶƚƐ͕�ĂŶƚŝĐŝƉĂƚĞĚ�
ƚŽƌƋƵĞ�ĂŶĚ�ĚƌĂŐ�ĂŶĚ�ŽƚŚĞƌ�ĐŽŶƐŝĚĞƌĂƚŝŽŶƐ�ŶŽƌŵĂůůǇ�ĞŶĐŽƵŶƚĞƌĞĚ�ǁŚĞŶ�ĚĞƐŝŐŶŝŶŐ�Ă�ǁĞůů�ĂŶĚ�



ĐŚŽŽƐŝŶŐ�ƚŚĞ�ƌŝŐ͕�ŵƵĚ�ƐǇƐƚĞŵ͕�ĚŽǁŶŚŽůĞ�ƚŽŽůƐ�ĂŶĚ�ŽƚŚĞƌ�ĂƐƐŽĐŝĂƚĞĚ�ĞƋƵŝƉŵĞŶƚ�ŶĞĐĞƐƐĂƌǇ�ƚŽ�Ěƌŝůů�
Ă�ǁĞůů�ƐĂĨĞůǇ�ĂŶĚ�ĞĨĨŝĐŝĞŶƚůǇ͘��^ĞĞ�ƉƌĞǀŝŽƵƐ�ĚĞƐŝŐŶ�ƌĞƉŽƌƚƐ�ĂǀĂŝůĂďůĞ�ŽŶ�ƚŚĞ�ǁĞďƐŝƚĞ͘�

ϰ͘ϰ͘ϭ� KƵƌ�ƚĞĂŵ�ŝƐ�ĐƵƌƌĞŶƚůǇ�ǁŽƌŬŝŶŐ�ŽŶ�ŝŵƉůĞŵĞŶƚŝŶŐ�ĚŽǁŶŚŽůĞ�ŵĞĂƐƵƌĞŵĞŶƚƐ�ŝŶƚŽ�ŽƵƌ�ŶĞǁ�
ĚĞƐŝŐŶ͕�ĂƐ�ƐƉĞĐŝĨŝĞĚ�ŝŶ�ƐĞĐƚŝŽŶ�ϰ͘ϰ͘ϭ�ŽĨ�ƚŚĞ�ŐƵŝĚĞůŝŶĞƐ͘��/Ŷ�ŽƵƌ�ĨŝĞůĚ�ĞǆƉĞƌŝĞŶĐĞ͕�ƚŚĞƌĞ�ĂƌĞ�Ă�
ǁŝĚĞ�ƌĂŶŐĞ�ŽĨ�ĚŽǁŶŚŽůĞ�ƉĂƌĂŵĞƚĞƌƐ�ƚŚĂƚ�ĐĂŶ�ďĞ�ŵĞĂƐƵƌĞĚ�ĂŶĚ�ƵƐĞĚ�ĨŽƌ�ĚŝĨĨĞƌĞŶƚ�
ĂƉƉůŝĐĂƚŝŽŶƐ͘��dŚĞ�ƐƚĂƚĞŵĞŶƚ�ŝŶ�ƚŚĞ�ŐƵŝĚĞůŝŶĞƐ�ŝƐ�ǀĞƌǇ�ŐĞŶĞƌĂů�ĂŶĚ�ŽƵƌ�ƚĞĂŵ�ŝƐ�ǁŽŶĚĞƌŝŶŐ�
ŝĨ�ƚŚĞƌĞ�ĂƌĞ�ƐƉĞĐŝĨŝĐ�ŵĞĂƐƵƌĞŵĞŶƚƐ�ƚŚĞ�ĐŽŵƉĞƚŝƚŝŽŶ�ǁĂŶƚƐ�ƚŚĞ�ƚĞĂŵƐ�ƚŽ�ďĞ�ĨŽĐƵƐŝŶŐ�ŽŶ�
ƚŚŝƐ�ǇĞĂƌ͍

dŚĞ�ĐŽŵŵŝƚƚĞĞ�ĚŽĞƐ�ŶŽƚ�ǁĂŶƚ�ƚŽ�ĂƌďŝƚƌĂƌŝůǇ�ůŝŵŝƚ�ƚĞĂŵ�ĐŚŽŝĐĞƐ͘���ŽŶƐŝĚĞƌ�ƚŚĞ�ƉƌŽďůĞŵ�ƐƚĂƚĞŵĞŶƚ�
ŝŶǀŽůǀĞƐ�ĚŝƌĞĐƚŝŽŶĂů�ĚƌŝůůŝŶŐ�ǁŝƚŚ�Ă�ĚƌŝůůƐƚƌŝŶŐ�ƐƵƐĐĞƉƚŝďůĞ�ƚŽ�ŚŝŐŚ�ǀŝďƌĂƚŝŽŶƐ͘��^Ž�ŝŶĐůƵĚĞ�ƚŚĞ�
ƐĞŶƐŽƌ;ƐͿ�ŽĨ�ǇŽƵƌ�ĐŚŽŝĐĞ͘���ƚ�ůĞĂƐƚ�ŽŶĞ�ŵƵƐƚ�ďĞ�ƵƐĞĚ�ŝŶ�ƚŚĞ�ĐŽŶƚƌŽů�ĂůŐŽƌŝƚŚŵ�ŝŶ�ƌĞĂůͲƚŝŵĞ�Žƌ�ŶĞĂƌ�
ƌĞĂůͲƚŝŵĞ͘���ǆƉůĂŝŶ�ǇŽƵ�ƐĞůĞĐƚŝŽŶ�ŝŶ�ƚŚĞ�WŚĂƐĞ�/�ƌĞƉŽƌƚ͘

ϰ͘ϰ͘ϰ� �ĂŶ�ǇŽƵ�ŐŝǀĞ�ĂŶǇ�ĚĞƚĂŝůƐ�ĂďŽƵƚ�ƚŚĞ�ƐƵƌǀĞǇ�ŵĞƚŚŽĚ�ƚŚĂƚ�ƚŚĞ�ũƵĚŐĞƐ�ƵƐĞ�ƚŽ�ŵĞĂƐƵƌĞ�ďŽƌĞŚŽůĞ�
ǀĞƌƚŝĐĂůŝƚǇ͍�

��������������KŶĞ�ŽĨ�ƚŚĞ�ũƵĚŐĞƐ�ŝƐ�ďƵŝůĚŝŶŐ�Ă�ƐƵƌǀĞǇ�ƚŽŽů�ƚŽ�ƌƵŶ�ŝŶƚŽ�ƚŚĞ�ǁĞůůďŽƌĞ�ĂĨƚĞƌ�ŝƚ�ŝƐ�ĚƌŝůůĞĚ͘��EŽ�ĚĞƚĂŝůƐ�
ĂƌĞ�ĐƵƌƌĞŶƚůǇ�ĂǀĂŝůĂďůĞ͘�

ϰ͘ϱ͘ϭ͘Ϯ��͞�ƚǇƉŝĐĂů�ŵĂƚĞƌŝĂůƐ�ŵŝŐŚƚ�ďĞ�ĞŶĐŽƵŶƚĞƌĞĚ�ŝŶ�ƚŚĞ�ƚĞƐƚ�ďůŽĐŬ͘͟��ĂŶ�ǁĞ�ďĞ�ĂƐƐƵƌĞĚ�ƚŚĂƚ�ƚŚĞƐĞ�
ŵĂƚĞƌŝĂůƐ�ǁŝůů�ďĞ�ƌŽĐŬͬĐĞŵĞŶƚ�;ŝĞ͘�ƚŚĞƌĞ�ǁŽŶΖƚ�ďĞ�Ă�ƐƚĞĞů�ƉůĂƚĞ�ƚŚƌŽǁŶ�ŝŶ�ƚŚĞƌĞͿ͍

dŚĞƌĞ�ǁŝůů�ŶŽƚ�ďĞ�Ă�ƐƚĞĞů�ƉůĂƚĞ͕�ďƵƚ�ƚŚĞ�ĨŽƌŵĂƚŝŽŶƐ�ǁŝůů�ĐŽŶƚĂŝŶ�ŽƚŚĞƌ�ŵĂƚĞƌŝĂůƐ�ƚŚĂƚ�ĐŽƵůĚ�
ƐŝŵƵůĂƚĞ�ƐƚŝĐŬͬƐůŝƉ�ĂŶĚ�ƐŝŵŝůĂƌ�ĚǇƐĨƵŶĐƚŝŽŶƐ͘�

ϰ͘ϲ͘ϯ� dŚĞ�ŐƵŝĚĞůŝŶĞƐ�ĨŽƌ�ϮϬϭϳ�ŐŝǀĞƐ�ƵƐ�ƚŚĞ�ůŝďĞƌƚǇ�ƚŽ�ĚĞƐŝŐŶ�ŽƵƌ�ŽǁŶ�Ěƌŝůů�ďŝƚ�ǁŝƚŚŝŶ�ƚŚĞ�ĚŝŵĞŶƐŝŽŶĂů�
ůŝŵŝƚƐ�ůŝƐƚĞĚ�ŝŶ�ϰ͘ϲ͘ϯ͘�dŚŝƐ�ƐĞĐƚŝŽŶ�ŐŝǀĞƐ�Ă�ƐƉĞĐŝĨŝĐ�ĚŝŵĞŶƐŝŽŶ�ŽĨ�ƚŚĞ�ƌŽůůĞƌ�ĐŽŶĞͬW���ƚŽ�ďĞ�ŐŝǀĞŶ�ďǇ�
�^�d^͘�tĞ�ǁĂŶƚĞĚ�ƚŽ�ŬŶŽǁ�ƚŚĞ�ƵƉƉĞƌ�ĂŶĚ�ůŽǁĞƌ�ůŝŵŝƚ�ŽŶ�ƚŚĞƐĞ�ƐƉĞĐŝĨŝĐĂƚŝŽŶƐ͘�>ĞŶŐƚŚ�ŽĨ�ďŝƚ͕�
ŵĂƚĞƌŝĂů�ůŝŵŝƚĂƚŝŽŶ�ĂƌĞ�ĂůƐŽ�ŶŽƚ�ŵĞŶƚŝŽŶĞĚ͘�

dŚĞ�ĐŽŵŵŝƚƚĞĞ�ǁŝƐŚĞƐ�ƚŽ�ƌĞŵŽǀĞ�ŵĂŶǇ�ƌĞƐƚƌŝĐƚŝŽŶƐ͕�ďƵƚ�ŶŽƚ�ĂůůŽǁ�ƵƐŝŶŐ�ƚŚĞ�ďŝƚ�ƚŽ�ďĞ�ƐŽ�ůŽŶŐ�
ƚŚĂƚ�ŝƚ�ƉŽǁĞƌƐ�ƐƚƌĂŝŐŚƚ�ƚŚƌŽƵŐŚ�ƚŚĞ�ĨŽƌŵĂƚŝŽŶ�ůŝŬĞ�ƚŚĞ�ůŽŶŐ�ďŝƚ�ƐƵďƐͬƐƚĂďŝůŝǌĞƌƐ�ƵƐĞĚ�ůĂƐƚ�ǇĞĂƌ͘��
dŚĞ�ďŝƚ�ƐŚŽƵůĚ�ďĞ�ƐŚŽƌƚĞƌ�ƚŚĂŶ�Ϯ͘ϱ�ŝŶĐŚĞƐ�;ϲϰ�ŵŵͿ͘��^ŚŽƵůĚ�Ă�ƚĞĂŵ�ǁŝƐŚ�ƚŽ�ƵƐĞ�Ă�ůŽŶŐĞƌ�ďŝƚ͕�
ƉůĞĂƐĞ�ĐŽŶƚĂĐƚ�ƚŚĞ�ĐŽŵŵŝƚƚĞĞ�ƚŽ�ĞǆƉůĂŝŶ�ǁŚǇ�ƚŚŝƐ�ǁŽƵůĚ�ďĞ�ŶĞĐĞƐƐĂƌǇ͘�

ϰ͘ϵ� tŚĂƚ�ĂƌĞ�ƚŚĞ�ƌƵůĞƐ�ƌĞŐĂƌĚŝŶŐ�ƚŚĞ�ĐŽŶƐƚƌƵĐƚŝŽŶ�ŽĨ�ƚŚĞ��,�͍�/�ĐĂŶΖƚ�ƐĞĞŵ�ƚŽ�ĨŝŶĚ�ƚŚĞŵ�ĞǆƉůĂŝŶĞĚ�
ĞǆƉůŝĐŝƚůǇ͘

� dŚĞ�ŐƵŝĚĞůŝŶĞƐ�ĂůůŽǁ�ƚĞĂŵƐ�ƚŽ�ďƵŝůĚ�ƚŚĞŝƌ�ŽǁŶ��,�Ɛ�ǁŝƚŚ�ĂƐ�ŵƵĐŚ�ĐƌĞĂƚŝǀŝƚǇ�ĂƐ�ƉŽƐƐŝďůĞ͕�ǁŝƚŚŝŶ�
ƚŚĞ�ĐŽŶƐƚƌĂŝŶƚƐ�ŽĨ�ƚŚŝƐ�ƐĞĐƚŝŽŶ͘�

�ϰ͘ϵ͘� tĞ�ĚŝĚ�ŶŽƚ�ŶŽƚŝĐĞ�Ă�ůŝŵŝƚ�ŽŶ�ƚŚĞ�tK��ĨŽƌ�ƚŚŝƐ�ǇĞĂƌΖƐ�ĐŽŵƉĞƚŝƚŝŽŶ͘��ŽĞƐ�ƚŚŝƐ�ŵĞĂŶ�ǁĞ�ĂƌĞ�ĨƌĞĞ�ƚŽ�
ƵƐĞ�ĂŶǇ�tK��ĂƐ�ůŽŶŐ�ĂƐ�ǁĞ�ĚŽŶΖƚ�ďƌĞĂŬ�ƚŚĞ�Ěƌŝůů�ƐƚƌŝŶŐ�ĂŶĚ�ƌŝŐ�ĞƋƵŝƉŵĞŶƚ͍

dŚĞƌĞ�ŝƐ�ŶŽ�ĂƌďŝƚƌĂƌǇ�ǁĞŝŐŚƚ�ůŝŵŝƚ�ƚŚŝƐ�ǇĞĂƌ͘��hƐĞ�ĂƐ�ŵƵĐŚ�ĂƐ�ǇŽƵ�ǁĂŶƚ�ǁŝƚŚŽƵƚ�ĚĂŵĂŐŝŶŐ�ƚŚĞ�
ĞƋƵŝƉŵĞŶƚ͘�



ϰ͘ϵ� tĞ�ĂƌĞ�ƚƌǇŝŶŐ�ƚŽ�ŵĂŬĞ�ƚŚĞ�ƌŝŐ�ĂŶĚ�ƚŚĞ�ƐƚƌŝŶŐ�ĂƐ�ƐŝŵŝůĂƌ�ƚŽ�ƚŚĞ�ŝŶĚƵƐƚƌǇ�ĂƐ�ƉŽƐƐŝďůĞ͕�ĂŶĚ�ǁĂŶƚ�ƚŽ�
ďƵŝůĚ�ƚŚĞ�ďŚĂ�ĂƐ�ĐŽŵďŝŶĂƚŝŽŶ�ŽĨ�ƚŚĞ�ĚƌŝůůͲďŝƚ�ĂŶĚ�Ěƌŝůů�ĐŽůůĂƌƐ͘��/Ɛ�ŝƚ�ĂůůŽǁĞĚ�ƚŽ�ďƵŝůĚ�ƚŚĞ�ďŝƚͲ
ƐƵďͬďŚĂ�ĂƐ�Ěƌŝůů�ĐŽůůĂƌƐ�ĨƌŽŵ�ƐƚĞĞů͍�,Žǁ�ůŽŶŐ�ĐĂŶ�ƚŚĞ�Ěƌŝůů�ĐŽůůĂƌƐ�ďĞ͕�ŝĨ�ƚŚĞǇ�ĂƌĞ�ƐŵĂůůĞƌ�ƚŚĂŶ�ƚŚĞ�
ďŝƚ�ďǇ�Ăƚ�ůĞĂƐƚ�ϭϬ�й͍��tŚĂƚ�ŝƐ�ƚŚĞ�ĚĞĨŝŶŝƚŝŽŶ�ŽĨ�Ă�ƐƚĂďŝůŝǌĞƌ͍�tŽƵůĚ�ŝƚ�ďĞ�ĐŽŶƐŝĚĞƌĞĚ�Ă�ƐƚĂďŝůŝǌĞƌ�
ŽŶĐĞ�ŝƚ�ŚĂƐ�Ă�ĚŝĂŵĞƚĞƌ�ǁŝƚŚŝŶ�ϭϬ�й�ůĞƐƐ�ƚŚĂŶ�ƚŚĞ�ďŝƚ͍

^ƚĞĞů�ŝƐ�ĐĞƌƚĂŝŶůǇ�ĂĐĐĞƉƚĂďůĞ͘��dŚĞ��,�͕�ĞǆĐĞƉƚ�ĨŽƌ�ƐƚĂďŝůŝǌĞƌƐ͕�ŵƵƐƚ�ďĞ�ŶĂƌƌŽǁĞƌ�ƚŚĂŶ�ƚŚĞ�ďŝƚ͘��tĞ�
ĚŽ�ŶŽƚ�ǁĂŶƚ�Ă�ůŽŶŐ��,��ƚŚĂƚ�ŝƐ�ĞĨĨĞĐƚŝǀĞůǇ�ŽŶĞ�ůŽŶŐ�ƐƚĂďŝůŝǌĞƌ͘��dŚĞ�ƐƚĂďŝůŝǌĞƌƐ�ƵƐĞĚ�ŝŶ�ϮϬϭϲ�
ƉĂĐŬĞĚ�ƚŚĞ�ŚŽůĞ�ĂŶĚ�ĂůůŽǁĞĚ�ƚĞĂŵƐ�ƚŽ�ũƵƐƚ�ƉŽǁĞƌ�ƚŚĞŝƌ�ǁĂǇ�ƚŚƌŽƵŐŚ�ƚŚĞ�ĨŽƌŵĂƚŝŽŶƐ͘��dŚŝƐ�ǇĞĂƌ͕�
ǁĞ�ǁĂŶƚ�ŝƚ�ƚŽ�ďĞ�Ă�ůŝƚƚůĞ�ŚĂƌĚĞƌ�ƚŽ�ĐŽŶƚƌŽů�ƚŚĞ�ƌĞƐƵůƚŝŶŐ�ŝƐƐƵĞƐ͘�

zĞƐ͕�Ă�ƐĞĐƚŝŽŶ�ǁŚĞƌĞ�ƚŚĞ��,��ŝƐ�ǁŝƚŚŝŶ�ϭϬй�ŽĨ�ƚŚĞ�ŚŽůĞ�ĚŝĂŵĞƚĞƌ�ǁŝůů�ďĞ�ĐŽŶƐŝĚĞƌĞĚ�Ă�ƐƚĂďŝůŝǌĞƌ͘�

ϰ͘ϵ� �ƌĞ�ǁĞ�ĂůůŽǁĞĚ�ƚŽ�ĂĚĚ�Ă�ƌŝƐĞƌ�ŝŶ�ŽƌĚĞƌ�ƚŽ�ĞŶŐĂŐĞ�ƐƚĂďŝůŝǌĞƌƐ�ƚŚĂƚ�ĂƌĞ�ŚŝŐŚĞƌ�ƵƉ�ƚŚĂŶ�ƚŚĞ�ďŽƚƚŽŵͲ
ŚŽůĞ�ĂƐƐĞŵďůǇ͍�/Ĩ�ŶŽƚ͕�ĂƌĞ�ǁĞ�ĂůůŽǁĞĚ�ƚŽ�ĐŽŶƐƚƌƵĐƚ�Ă�ƉŝůŽƚ�ŚŽůĞ͍�/Ĩ�ƐŽ͕�ǁŚĂƚ�ŝƐ�ƚŚĞ�ĂůůŽǁĞĚ�ůĞŶŐƚŚ�
ŽĨ�ƚŚĞ�ƉŝůŽƚ�ŚŽůĞ͍�

>ĂƐƚ�ǇĞĂƌ͕�ƚŚĞ�ůŽŶŐ�ƐƚĂďŝůŝǌĞƌƐ�ĂŶĚ�ƚŚĞ�ƌŝƐĞƌ�ŵĂĚĞ�ƚŚĞ�ĚŝƌĞĐƚŝŽŶĂů�ĚƌŝůůŝŶŐ�ĂƐƉĞĐƚ�ŽĨ�ƚŚĞ�
ĐŽŵƉĞƚŝƚŝŽŶ�ƌĂƚŚĞƌ�ƚƌŝǀŝĂů͘��WůĞĂƐĞ�ůŝŵŝƚ�ƚŚĞ�ƌŝƐĞƌ�ƚŽ�ϰ�ŝŶĐŚĞƐ�;ϭϬϬ�ŵŵͿ͘�

� ��ƉŝůŽƚ�ŚŽůĞ�ƐŚŽƵůĚ�ďĞ�ƉƌĞͲĚƌŝůůĞĚ�ƵƐŝŶŐ�ƚŚĞ�ƐĂŵĞ�ďŝƚ�ĂƐ�ǇŽƵ�ƵƐĞ�ŝŶ�ƚŚĞ�ŽŶͲƐŝƚĞ�ƚĞƐƚ͕�ĂŶĚ�ŝƚ�ƐŚĂůů�ďĞ�
ŶŽ�ĚĞĞƉĞƌ�ƚŚĂŶ�ϭ�ŝŶĐŚ�;Ϯϱ�ŵŵͿ͘��dŽƚĂů�ĚĞƉƚŚ�ŽĨ�ƚŚŝƐ�ƉŝůŽƚ�ŚŽůĞ�ǁŝůů�ďĞ�ŵĞĂƐƵƌĞĚ�ŝŶ�ƚŚĞ�ƉƌĞƐĞŶĐĞ�
ŽĨ�ƚŚĞ�ũƵĚŐĞƐ�ƚŽ�ĐĂůĐƵůĂƚĞ�ZKW�ĂŶĚ�ŽƚŚĞƌ�ŵĞƚƌŝĐƐ͘�

ϰ͘ϵ͘Ϯ� ͞�ĚĚŝƚŝŽŶĂů�ǁĞŝŐŚƚ�ƐŚĂůů�ŶŽƚ�ĚŝƌĞĐƚůǇ�ŝŵƉŽƐĞ�ůĂƚĞƌĂů�ĨŽƌĐĞƐ�ƚŽ�ƐƚĂďŝůŝǌĞ�ƚŚĞ�ĚƌŝůůƐƚƌŝŶŐ͘�dŚŝƐ�ǁĞŝŐŚƚ�
ŝƐ�ŵĞĂŶƚ�ƚŽ�ĂĚĚ�ƚŽ�ƐƚƌŝŶŐ�ƚĞŶƐŝŽŶͬĐŽŵƉƌĞƐƐŝŽŶ�ďƵƚ�ƐŚĂůů�ŶŽƚ�ŝŵƉƌŽǀĞ�ƐƚĞĞƌŝŶŐ�ƚŚƌŽƵŐŚ�
ŝŶƚĞƌĂĐƚŝŽŶ�ǁŝƚŚ�ƚŚĞ�ƌŽĐŬ͘Η���ŽĞƐ�ƚŚŝƐ�ŵĞĂŶ�ƚŚĂƚ�ƚŚĞ��,��ĐĂŶΖƚ�ďĞ�ĂƐ�ǁŝĚĞ�ĂƐ�ƚŚĞ�ďŝƚ͕�Žƌ�ǁŽƵůĚ�
ƚŚĂƚ�ďĞ�ŽŬ͍��

� dŚĞ��,��ŶĞĞĚƐ�ƚŽ�ďĞ�ŵŽƌĞ�ƚŚĂŶ�ŽŶĞ�ƐƚŝĨĨ�ƐƚĂďŝůŝǌĞƌ�ƉƵƐŚŝŶŐ�ĂŐĂŝŶƐƚ�ƚŚĞ�ĨŽƌŵĂƚŝŽŶ͘��dŚĞ��,��
ǁŝƚŚŝŶ�ϭϬй�ŽĨ�ƚŚĞ�ŚŽůĞ�ĚŝĂŵĞƚĞƌ�ŝƐ�ĐŽŶƐŝĚĞƌĞĚ�Ă�ƐƚĂďŝůŝǌĞƌ�ĂŶĚ�ƚŚĞ�ƚŽƚĂů�ůĞŶŐƚŚ�ŽĨ�ƐƚĂďŝůŝǌĂƚŝŽŶ�
ŵƵƐƚ�ďĞ�ϯ͘ϱ͟�;ϵϬ�ŵŵͿ�Žƌ�ůĞƐƐ͘�

ϰ͘ϵ͘ϰ� dŚĞ�ŐƵŝĚĞůŝŶĞƐ�ŝŶĚŝĐĂƚĞ�Ă�ϯ͘ϱΗ�ůŝŵŝƚ�ŽŶ�ƚŚĞ�ĐŽŵďŝŶĞĚ�ůĞŶŐƚŚ�ŽĨ�ƐƚĂďŝůŝǌĞƌƐ͘�/Ɛ�ƚŚĞƌĞ�Ă�ůŝŵŝƚ�ŽŶ�ƚŚĞ�
ůĞŶŐƚŚ�ŽĨ�ƚŚĞ�ďŽƚƚŽŵͲŚŽůĞ�ĂƐƐĞŵďůǇ͍

dŚĞ�ƚĞĂŵ�ŵƵƐƚ�ƵƐĞ�Ăƚ�ůĞĂƐƚ�ŽŶĞ�ůĞŶŐƚŚ�ŽĨ�ĚƌŝůůƉŝƉĞ�;ϯͬϴ͟�ƚƵďŝŶŐͿ�ǁŚŝĐŚ�ŝƐ�ŶŽŵŝŶĂůůǇ�ϯϲ͟�;ϵϭϰ�
ŵŵͿ͘���

ϲ͘ϭ�� tŝůů�ƚŚĞ�ƚĞĂŵ�ƌĞĐĞŝǀĞ�ĨƵŶĚƐ�ĨƌŽŵ��ƌŝůůďŽƚŝĐƐ͕�Žƌ�ǁŽƵůĚ�ǁĞ�ŚĂǀĞ�ƚŽ�ƉƌŽǀŝĚĞ�ƚŚĞ�ĨƵŶĚƐ�ŽƵƌƐĞůǀĞƐ͍�

�^�d^�ƐŚĂůů�ŶŽƚ�ďĞ�ůŝĂďůĞ�ĨŽƌ�ĂŶǇ�ĞǆƉĞŶĚŝƚƵƌĞ�ŽƚŚĞƌ�ƚŚĂŶ��^�d^�ƉƌŽǀŝĚĞĚ�ŵĂƚĞƌŝĂů�ĂŶĚ�ƐƉĞĐŝĨŝĞĚ�

ƚƌĂǀĞů�ĞǆƉĞŶƐĞƐ͘��&ƵŶĚŝŶŐ�ĨŽƌ�ƚŚĞ�ƌŝŐ�ĐŽŵƉŽŶĞŶƚƐ͕�ŝƚƐ�ĐŽŶƐƚƌƵĐƚŝŽŶ�ĂŶĚ�ŽƉĞƌĂƚŝŽŶ�ĂƌĞ�ƚŚĞ�

ƌĞƐƉŽŶƐŝďŝůŝƚǇ�ŽĨ�ƚŚĞ�ƐƚƵĚĞŶƚ�ƚĞĂŵ�ĂŶĚ�ƚŚĞŝƌ�ƵŶŝǀĞƌƐŝƚǇ͘���ŽŶĂƚŝŽŶƐ�ĨƌŽŵ�ŽƚŚĞƌƐ�ŝƐ�ĂůůŽǁĞĚ͕�ĞŝƚŚĞƌ�

ĂƐ�ĐĂƐŚ�Žƌ�ŝŶͲŬŝŶĚ�ĐŽŶƚƌŝďƵƚŝŽŶƐ͘���ŶǇ�ĚŽŶŽƌƐ�ǁŝƐŚŝŶŐ�ƚŽ�ďĞ�ůŝƐƚĞĚ�ĂƐ�Ă�ƐƉŽŶƐŽƌ�ŽĨ�ƚŚĞ�ĐŽŵƉĞƚŝƚŝŽŶ�

ƐŚŽƵůĚ�ĐŽŶƚĂĐƚ�ƚŚĞ�ĐŽŵŵŝƚƚĞĞ�Ăƚ�ϬϭϳΛ�ƌŝůůďŽƚŝĐƐ͘ĐŽŵ͘�



ϲ͘Ϯ�� ZĞŐĂƌĚŝŶŐ�ƚŚĞ�ƉŽƐƐŝďŝůŝƚǇ�ŽĨ�ŽďƚĂŝŶŝŶŐ�ĨƌĞĞ�W>�ΖƐ͕�ĚŽ�ǇŽƵ�ŬŶŽǁ�ŝŶ�ĂĚǀĂŶĐĞ�ǁŚŝĐŚ�ŵĂŶƵĨĂĐƚƵƌĞƌƐ�
ƐƵƉƉůǇ�ƚŚĞŵ�ŝĨ�ǁĞ�ǁŝƐŚ�ƚŽ�ŽďƚĂŝŶ�Ă�ĐŽƵƉůĞ�ŽĨ�ƚŚĞŵ�ĨŽƌ�ŽƵƌ�ƌŝŐ͍

^ŝĞŵĞŶƐ�ŝŶĚŝĐĂƚĞĚ�ƚŚĞǇ�ǁŽƵůĚ͘���ŽŶƚĂĐƚ�ŝŶĨŽƌŵĂƚŝŽŶ�ǁŝůů�ďĞ�ĂǀĂŝůĂďůĞ�ƐŚŽƌƚůǇ͘�

ϵ͘Ϯ� KŶ�ƉĂŐĞ�ϭϵ�ŝƚ�ĂƉƉĞĂƌƐ�ƚŚĂƚ�ƚŚĞ�ƉĞƌĐĞŶƚĂŐĞ�ďƌĞĂŬĚŽǁŶ�ŽĨ��ƌŝƚĞƌŝĂͬtĞŝŐŚƚŝŶŐ�ĨŽƌ�͞WŚĂƐĞ�//͕��ĂƚĂ͟�
ŝƐ�ŵŝƐƐŝŶŐ͘

� dŚĞ�ǁĞŝŐŚƚŝŶŐ�ĨŽƌ�ƚŚŝƐ�ĞůĞŵĞŶƚ�ŝƐ�ϮϬй�

x ��h͘^͘�dƌĂĚĞŵĂƌŬ�ĂƉƉůŝĐĂƚŝŽŶ�ŚĂƐ�ďĞĞŶ�ĨŝůĞĚ�ĨŽƌ�ƚŚĞ�ƚĞƌŵ�͞�ƌŝůůďŽƚŝĐƐΡ�ĂŶĚ�ƚŚĞ��ƌŝůůďŽƚŝĐƐ�ůŽŐŽ͘��
�ŶǇ�ƚĞĂŵƐ�ǁŝƐŚŝŶŐ�ƚŽ�ƵƐĞ�ĞŝƚŚĞƌ�ŽĨ�ƚŚĞƐĞ�ĨŽƌ�ƚŚĞŝƌ�ƌĞƉŽƌƚƐ�Žƌ�ƚŽ�ƉƵďůŝĐŝǌĞ�ƚŚĞŝƌ�ĂĐƚŝǀŝƚŝĞƐ�ǁŝƚŚŝŶ�
ƵŶŝǀĞƌƐŝƚǇ�ƉƵďůŝĐĂƚŝŽŶƐ�Žƌ�ŽƵƚƐŝĚĞ�ƐŽƵƌĐĞƐ�ŵĂǇ�ƌĞƋƵĞƐƚ�Ă�ŶŽͲĐŽƐƚ�ůŝĐĞŶƐĞ�ĨŽƌ�ƚŚŝƐ�ƉƵƌƉŽƐĞ͘��dŚĞ�
ƵƐĞ�ŽĨ�ƚŚĞ�ƚĞƌŵ��ƌŝůůďŽƚŝĐƐ�ǁŝƚŚ�ŽƚŚĞƌ�ůŽŐŽƐ�ŝƐ�ŶŽƚ�ƉĞƌŵŝƚƚĞĚ͘��dŚŝƐ�ŝƐ�ƌĞƋƵŝƌĞĚ�ďǇ�ƚƌĂĚĞŵĂƌŬ�ůĂǁ�
ƚŽ�ĂǀŽŝĚ�ĐŽŶĨƵƐŝŽŶ�ĂŵŽŶŐ�ƵƐĞƌƐ�Žƌ�ĐŽŶƐƵŵĞƌƐ͘��dŚŝƐ�ŝƐ�ŶŽƚ�ŵĞĂŶƚ�ƚŽ�ŝŵƉĞĚĞ�ƐƚƵĚĞŶƚͬƵŶŝǀĞƌƐŝƚǇ�
ƵƐĞ͕�ďƵƚ�ƚŽ�ĞŶƐƵƌĞ�ƚŚĞƐĞ�ŵĂƌŬƐ�ĂƌĞ�ŶŽƚ�ƵƐĞĚ�ĨŽƌ�ƉƵƌƉŽƐĞƐ�ďĞǇŽŶĚ�ƚŚŝƐ�ĐŽŵƉůĞƚŝŽŶ�ĂŶĚ�ƚŽ�ĂůůŽǁ�
ƚŚĞ�ĐŽŵƉĞƚŝƚŝŽŶ�ĐŽŶƚŝŶƵĞĚ�ƵƐĞ�ŽĨ�ƚŚĞƐĞ�ŵĂƌŬƐ͘�

x �ĚĚŝƚŝŽŶĂůůǇ͕�ǁĞ�ĂƌĞ�ŝŶƚĞƌĞƐƚĞĚ�ŝŶ�ůĞĂƌŶŝŶŐ�ĂďŽƵƚ�ƚŚĞ�ĚĞƐŝŐŶ�ĂŶĚ�ŽƉĞƌĂƚŝŽŶ�ŽĨ�ƚŚĞ�ϮϬϭϲ�ǁŝŶŶŝŶŐ�
ƚĞĂŵ͕�tĞƐƚ�sŝƌŐŝŶŝĂ�hŶŝǀĞƌƐŝƚǇΖƐ�ƌŝŐ͖�ŚŽǁĞǀĞƌ͕�ǁĞ�ŚĂĚ�ƐŽŵĞ�ƚƌŽƵďůĞ�ůŽĐĂƚŝŶŐ�ƚŚĞŝƌ�^W��ƉĂƉĞƌ͘�
tŝůů�ƚŚĞŝƌ�ĨŝŶĂů�ƌĞƉŽƌƚ�ďĞ�ŵĂĚĞ�ĂǀĂŝůĂďůĞ͍�/Ĩ�ƐŽ͕�ǁŚĂƚ�ŝƐ�ƚŚĞ�ďĞƐƚ�ǁĂǇ�ĨŽƌ�ƵƐ�ƚŽ�ĂĐĐĞƐƐ�ŝƚ͍�

dŚĞ�tsh�ĂďƐƚƌĂĐƚ�ǁĂƐ�ŶŽƚ�ĂĐĐĞƉƚĞĚ�ďǇ�ƚŚĞ��d���ƉƌŽŐƌĂŵ�ĐŽŵŵŝƚƚĞĞ͕�ƐŽ�ŝƚ�ŝƐ�ŶŽƚ�ŝŶ�
KŶĞWĞƚƌŽ͘���Ŷ�ĂďƐƚƌĂĐƚ�ǁĂƐ�ƐƵďŵŝƚƚĞĚ�ƚŽ�ĂŶŽƚŚĞƌ�ĐŽŶĨĞƌĞŶĐĞ�ŝŶ�ƚŚĞ�ŚŽƉĞƐ�ŽĨ�ŐĞƚƚŝŶŐ�ƚŚĞŝƌ�ƉĂƉĞƌ�
ƉƵďůŝƐŚĞĚ͘��dŚĞƌĞ�ĂƌĞ�ŽƚŚĞƌ�ŽƉƚŝŽŶƐ�ƚŚĂƚ�ƚŚĞ�ĐŽŵŵŝƚƚĞĞ�ŝƐ�ĂůƐŽ�ƉƵƌƐƵŝŶŐ͘��dŚĞŝƌ�ƉĂƉĞƌ�ǁŝůů�ďĞ�
ĂĚĚĞĚ�ƚŽ�ƚŚĞ�ǁĞďƐŝƚĞ�ƐŽŽŶ͕�ĂƐ�ůŽŶŐ�ĂƐ�ŝƚ�ĚŽĞƐ�ŶŽƚ�ũĞŽƉĂƌĚŝǌĞ�ƚŚĞŝƌ�ĐŚĂŶĐĞƐ�Ăƚ�
ƉƵďůŝĐĂƚŝŽŶ͘��DĞĂŶǁŚŝůĞ͕�ƚŚĞ�tsh�ĚĞƐŝŐŶ�ƌĞƉŽƌƚ�ŝƐ�ŽŶ�ƚŚĞ�ǁĞďƐŝƚĞ�ŶŽǁ͘�
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Chapter E. Competition

E.2 NTNU Monthly Reports Phase II

Monthly Report January 2017 – NTNU 
 

Activities this month: 
• Spent time on contacting suppliers and ordering equipment 

o Aluflex – not possible anymore, now ordering from Aratron 

o ABB – sent mail to order PLC 

o Ordered steel 

o Top drive 

o Linear roller guide rail, wagon for carriage, ball screw system, hoisting motor 

(ARATRON) 

 

• Created an overview of: 

o How the control system will work 

o Which sensors we are using and what data they provide us with 

o Drilling dysfunctions and responses 

 

• Started creating matlab code for drilling dysfunctions  

 

• Started writing about how we visualize the algorithm to work (drilling dysfunctions and 

responses, optimization, monitoring, display) 

 

Problems and concerns: 
• How to be able to detect drilling dysfunctions  

 

Expected activities next month: 
• Create a simulator to test our codes 

• Finish ordering equipment 
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Monthly Report February 2017 – NTNU 
 

Activities this month: 
• Equipment has been ordered 

o Top Drive under discussion 

 

• Made time plan for the remaining weeks  

 

• Picked up different rocks for test drilling at Nidaros Restaurering  

 

• Started reading on PID controlling 

 

• Started writing on the report, where theory from the previous project has been added.  

 

• Continued writing about how we visualize the algorithm to work (drilling dysfunctions and 

responses, optimization, monitoring, display) 

 

• Continued working on the simulator 

 

• Research regarding drilling vibrations and expected natural frequencies has been performed  

 

 

 

Problems and concerns: 
 

• Being able to receive all the equipment on time 

 

• Top Drive: 

o Challenging to find a motor that can provide sufficient RPM 

 

• Problems regarding simulating real-time response in Matlab  

 

Expected activities next month: 
• Finish ordering equipment 

o Top drive remains  

 

• Obtain sandstone or cement something similar to sandstone  

 

• Have a look at if percussive drilling is possibility if we reach any hard formations 

 
 



Monthly Report March 2017 – NTNU 
 

Activities this month: 
 
Simulator: 
In the meeting with the supervisors, it was agreed to make a simulator in Matlab Simulink. A 

research of different models that could be used in the simulator where done in the first week. 

The simulator was divided into four main models that together simulate the whole drilling 

system, the circulation system, rock rheology, drill string and hoisting system.  

The circulation system describes the friction loss in the entire system (hose, swivel, pipe, 

nozzle, BHA, bit nozzle and annulus). The pump is controlled using the error between the 

measured pump pressure and its set point. 

 

The hoisting system is controlled using the error between the measured ROP and its set point. 

The ROP is estimated using Bourgoyne and Young’s ROP model which requires the WOB 

(obtained using the torque of the hoisting motor, Th) and the rotational speed of the top drive, 

ωds. It also requires several constants which vary with changing formations, bit 

quality,…These constants have been chosen in order to simulate changes in the formation and 

thus test the control system. 

 

For the rotary system, the error between the measured ωds (rotation speed of the drill pipe) and 

the set point is used to control the top drive motor. The model uses the torque applied on the 

drill string, Tds, and the torque loss due to friction, Tfric (function of WOB, radius of bit and 

friction coefficient) to estimate ωds.  

 

Three separate PID-controllers are used for the three different motors.  

 

We have also been working on implementing logics in the model. This has been done in order 

to simulate drilling dysfunctions. The main issue has been that we have not modelled 

vibrations and also that most dysfunctions are based on empirical observations aillnd are 

therefore not easy to simulate in Simulink. We have therefore focused on how changes in the 

rock hardness affects the drilling variables. 

 

The main result has been that we have simulated a hard layer occurring approximately 

halfway in the simulation. The increase in RH causes a reduction in ROP which is then 

detected and causes an increase in the wds set point. 

 

There is not currently a limitation to the rotational speed of the string. The most critical 

measurement is the torque of the hoisting motor which is limited by the buckling limit of the 

pipe. This means that in a normal operation, the set point of the hoisting motor cannot be 

increased because it is already at its limit. 

 

Started writing about the simulator and the different models that have been used in the model. 

 

Construction of the rig: 
The steel pipes have been sawn and the table has been welded. The hoisting system is 

required before the rest of the rig can be built. The hoisting system is expected to arrive on 

Monday the 20th of March. Further construction will continue after that. 



Worst case scenario, the top drive will not arrive before 4th April. 

 
- HSE Risk Assessment has been done 

 
- The team has completed the HSE course for the NTNU lab 

 
- To do list (in the lab) for the next three weeks has been made 

 
- A testing schedule has been made 

 
- Bought  

o cement, wooden boxes and sand for making lithology blocks 
o Table tops 

 
- Cemented rock samples  

 
- Finished derrick design 

 

Problems and concerns: 
 
- How will the actual programming be done? 

- Problems regarding the connection between PLC and PC 

 

Expected activities next month: 
Simulator: 
- Work more with logics (dysfunctions) 

- Try to find a model for vibrations? 

- Add noise to the simulator 

Construction: 
- The hoisting system arrived Monday 20th of March and has been sent to machining. It is 

assumed to be done with the machining within a couple of days. 

- Working with the rails and hinges 

 
 



Monthly Report April 2017 – NTNU 
 

Activities this month: 
 
The first three weeks of April went away with the Main Excursion to Rio de Janeiro for the 
students, but the construction of the rig has continued in the work shop. The last week focus 
has been on finished the construction, obtain communication between motors, drives, PLC 
and computer, and writing in the final report and master thesis. 
 
Construction of the rig: 

- Steel structure of the rig is finished.  

- Electrical cabinet is mounted to the rig. 

- Top drive motor and drive is mounted to the rig and connected to the PLC. 

- Hoisting motor and drive is mounted to the rig and connected to the PLC. 

- Circulation pump is mounted to the rig. 

Programming and Testing: 
- Factory acceptance test (FAT) has been made. 

- User interface, HMI, has been made in both MatLab and Simulink 

- List of inputs and outputs to the motor controller system (analogue, digital) has been set up 

- Focus on exporting and saving test data from Simulink 

General: 
- More rock samples has been gathered. Oppdals-shale that is very similar to normal 

sandstone is obtained from Sorte Skiferbrudd. 

- Some types of sandstone and marble was obtained from the institute. 

- Limits on current and power: 

o Put in the limit when we configure the drive 

o Put a braker in the cabinet 

o Drive also monitors electrical parameters (don’t work with it, but use it for safety, 

need a display on the drive to see the error) 

o Make a list of the most likely errors 

- Safety:  

o High pressure and rotation are dangerous for the environment Implement plexi 

glass in the design. 

o Can we program that the load releases when you press the button? Can program it 

directly in the PLC (STOP  lift motor slightly  brake) 

- Systems: 

o Hoisting system: 

▪ Speed set point and max torque as inputs to the motor 

▪ Digital input for direction (as input) 

▪ Brake signal (stops current in the motor and brakes) (“big red” button 

connected to this) (as input) 

▪ PLAN B: specify torque set point in Simulink 

▪ Check user manual: torque or speed control? (MX20D  Oriental Motors) 

(send to Alexey) 

o Rotary system: 



▪ Need RPM and torque outputs 

▪ Need torque input 

▪ Check user manual: switch between torque control and speed control (send 

to Alexey) 

o Pump: 

▪ Speed input 

▪ Speed output 

- We use torque control for the two motors and speed/RPM for the pump 

o Top drive can switch between torque and speed control 

o For the hoisting motor we need to choose torque or speed control (but can change 

set points and limits while drilling) 

▪ Can also make PID based on load cell measurements 

▪ Set point speed  max torque  don’t need PID controller for this system 

▪ Test this on Tuesday! (missing one connector, but it’s ordered) 

▪ Need digital direction to set clockwise or counter clockwise 

▪ Find translation from RPM to actual speed of carriage 

o Pump: pump speed (PID controller with feedback on pressure, don’t need feedback 

loop for speed), only need speed measurement (feedback: feedback the control) 

 
 

Problems and concerns: 
 

- Problems regarding the connection between the drives and PLC (close to solution). 

- Waiting on analogue input blocks for the PLC from ABB 

- Waiting on high pressure swivel for drilling with circulation system 

- Waiting on the BHA 

 

Expected activities next month: 
- Start drilling and testing phase with temporary BHA  continue with the actual BHA when 

finished. 

- Complete the construction of the high-pressure swivel and BHA. 

- Update the CAD-files for the final report and master thesis. 

- Choose and design the optimization algorithm. 

 



Monthly report May 2017 

Activities this month: 

In the beginning of the month, it was decided that the aim should be to finish 

assembling the rig and its different components by the end of the month.  

In an attempt to create a dashboard for the control system, several different 

methods were reviewed and tested (Dashboard in Simulink, guide in Matlab, 

App Designer in Matlab etc.). Since our control system runs in Simulink, the 

simplest solution is to use the Dashboard Blocks that are already integrated in 

the module and it was therefore chosen as the best option. A proposal for the 

design of an HMI was developed based on the measurement and switches 

required to run the drilling operation. 

Since safety is the number one priority, a big red emergency button was 

connected and installed on the rig. In case something unexpected should happen, 

especially during testing, one student always stands close to the emergency 

button and is ready to push it. The main intention is to prevent any injury or 

damage to personnel or the equipment.  

 

Components of the rig: 

• The drill deck bushing with radial and linear ball bearings was attached to 

the rig. 

• The riser was built. 

• Plexiglass was attached to the rig, preventing water from splashing on the 

electric equipment. 

 

After the hoisting system and the top drive system were connected to the rig, the 

Factory Acceptance Tests were conducted. A scaling block in the PLC, as well 

as some conversions in Simulink, was used to get the right units for the different 

signals. Looking at the readings from the sensors, some noise and deviation 

from the actual values was observed. A filter was used to smooth the signals and 

a proper calibration was done.  

Since the circulation system was not operational, dry (test without circulation 

system) identification tests were done. This gave a better understanding of the 

safety range of the drilling parameters. It is expected that this will change when 

the circulation system is implemented.  



Stateflow was planned to be used in Simulink to implement a State Machine as 

control system. An effort was made to get a better understanding of Stateflow. 

Some simple models were made, and simple, autonomous drilling could be done 

without an optimization function. A modified control system with an 

optimization algorithm is almost finished and soon ready to be tested.   

The BHA, which is planned to be used during the on-site testing day is built and 

the down hole sensors are ready to be added to the BHA. The only thing missing 

is the wires, connecting the sensors to the control system. 

With some help from our supervisor, a sponsorship deal with Statoil was made. 

They agreed to sponsor the project with 10,000 NOK.  

Team t-shirt has been designed and received.  

A finalised cost estimate of the rig has been done. 

 

Problem and concerns: 

Many unexpected problems were encountered during this time, delaying the 

progress of the project. The hoisting system did not work as expected, where the 

vertical movement was uneven. This was because the output signal of the drive 

was set in 1 V increments, which gave low resolution and poor ability to control 

the hoisting system. A new round of search for a new hoisting motor with the 

needed specification was done. Due the long delivery time, it was hard to 

complete this task. Luckily, a hoisting motor with desired specification was used 

in a different project by the Department of Petroleum and Geoscience at NTNU 

which could be borrowed to us.  

Poor estimation of the number of analogue inputs and outputs for the PLC was 

done. This made it difficult to receive all the desired measurements from the 

system. An extra analogue input and an extra analogue output was ordered, but 

received at a late stage due to long delivery time. More analogue inputs and 

outputs could have been useful, but could not be ordered due to the long 

delivery time and the limited amount of time left before the on-site testing day.  

From the early phase of the project, the top drive did not work as it should do. 

The top drive stops, in what seems like random situations. It is difficult to see a 

trend in the situations when it stops. The problem behind that is not found, and 

the supplier of the top drive has been contacted.  

 

There have been delays related to the swivel and the components isolating the 



pressure. The circulation system can therefore not be set up before this is in 

place and is delayed compared to the initial plan. 

 

Expected activities next month:  

• Some further work in optimization of the control system. 

• Connect the downhole sensors to the control system  

• Conduct inclination- and vibration analysis   

• Set up the circulation system 

• Tests how increasing the pressure in the pipe increases the weight on bit. 
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