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Abstract 
This project looks at how mechatronics can be used to solve drilling specific tasks. 

The challenges are presented by DSATS and are a part of the Drillbotics 2016 
competition. Main challenges for this year’s competition is wellbore quality, data 

handling and presentation, protection against drill string fractures and drilling 
performance parameters, all in the context of automation and robotics. The 

solutions presented are mechanical, electrical or sensory in nature. The project 
includes the construction and operation of an about 2.5 meter high DC powered rig 

structure to test the proposed solutions. The automation requires an advanced 
control structure and event handling, also presented in this project. 
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Figure 1: Artist depiction of the VRP 16 
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Personal introduction 
 

As mechatronics students we consider our main advantage in this competition the mechanical and 

electrical/sensory skills and knowledge. One member of the group has previous work experience as 

an automation electrician within testing and commissioning at a major manufacturer and service 

supplier for the oil and gas industry, so drilling specific contributions are ascertained. We also have 

faculty staff with drilling experience, and there are significant ties between the faculty and the 

Norwegian oil and gas industry. We are certain we have a clear understanding of the challenges 

presented in this competition. 

Still, we consider the project to be mainly a mechatronics study in nature, as only the issues and 

challenges are presented as drilling specific. The solutions are mechanical, electrical, system control 

and/or sensory in nature, and we think this is an advantage in our favour. We have put considerable 

effort in mechanical, electrical and control system design. We have built a simulator to prove our 

control system and HMI. We hope that all these efforts are reflected in this report and the affiliated 

video. 

It is not clear from the FAQ or competition guidelines what level of detail is expected from technical 

and electrical drawings. In this report we have provided an overview and topology drawings. If 

additional detailed drawings are required, these can be provided upon request along with CAD 

(mechanical, electrical) and VMware files (simulator, control system and HMI). 

This paper present the solutions after principle of order of evaluation criteria outlined in the 

Drillbotics 2016 competition guidelines. 

 

Video presentation of the project 
https://www.youtube.com/watch?v=bMSy2TzfcqM&feature=youtu.be 

 

Members and contributors 
Members 

 Emil Mühlbradt Sveen, 3. Year bachelor of Mechatronics UiA, no previous relevant work 

experience 

 Terje Molnes, 3. Year bachelor of Mechatronics UiA, automation electrician at Aker Solutions 

 Maxime Marien, 3. Year bachelor of Mechatronics UiA, no previous relevant work experience 

 Yvonne Kjellevand, 3. Year bachelor of Mechatronics UiA, no previous relevant work 

experience 

Contributors 

 Geir Edvin Hovland, Professor, faculty of engineering science UiA, dynamics, actuation 

systems, robotics and automation. Bachelor thesis guide 

 Morten Ottestad, Lecturer, faculty of engineering science UiA, actuation systems, robotics 

and automation. 

 Michael Rygaard Hansen, Dean, faculty of engineering science UiA. 
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Key features of the VRP 16 
 Rack & Pinion vertical drive system 

 24VDC powered 

 Control interface via ABB 800xA DCS 

 All systems contained within table structure 

 3 configurations; drilling, rig movement, and service/transportation 

 Attached simulator for operator training, educational purposes and testing of basic design 

concepts. 

 Custom made bit sub 

 Open loop water cooled 

 

 

 

Figure 2: Artist depiction of the VRP 16 
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Safety 
 

Emergency stop 
Two emergency stop buttons, one each side of the rig, will cut the supply voltage to motor drives and 

sensors. The mechanical brake will activate and hold the carriage in place. 

Proximity sensors 
Since position and velocity of the carriage is measured with a digital encoder, two proximity sensors, 

one placed on the upper half, the other on the lower half, will give confirmation about the position of 

the carriage. This is controlled through “states” where initialized state is required for the motors to 

run at normal operating speeds. If a prox is detected outside the preset envelopes, or if no prox is 

detected inside the envelope, the system will be set to an uninitialized state and speed will be 

restricted to 1/3 of normal operating speeds. Automatic operation of the rig will only be allowed in 

an initialized state. 

Placards 
Safety markings will be installed in compliance with mechanical and electrical installations. 

Separation of water and electrical system 
To avoid water spillage onto electrical systems all critical electrical systems are contained within 

IP66-rated housing. 

Environmental 
The cooling system will use water and do not present an environmental hazard. However, since the 

rig will be operated indoors, a containment system is installed to avoid excessive spillage of water 

and rock debris. 

Control System Safety Features 
The control system has several safety features to protect the rig and its critical parts. These are all 
automatic and will depend on correct sensory input. 

 Overspeed carriage. To protect the rack and pinion system from excessive loads and to 
avoid unintended end of travel for the vertical ball rails, a speed limit for vertical travel is 
imposed on the carriage, along with acceleration limits. 

 Overload Weight on Bit (WoB). To avoid buckling of the drill string, WoB force imposed 
by the carriage is limited to 75% of the maximum buckling force of the drill string. 
Preliminary calculations indicate a buckling force of about 100N axial on the drill string1. 

 Overtorque drill string. To avoid excessive shear stress of the drill string due to torque, 
drill rotational torque is limited to 75% of the maximum value. Preliminary calculations 
indicate a torque limit of 4.5Nm2. 

 Critical speed drill string. To avoid excessive vibrations on drill string and BHA, drillspeeds 
are not allowed within 75% and 125% of critical rotational speeds.[2] 

 Tuner deviation error. If the deviation error in any control circuit reaches a preset value, 
meaning the mechanical system is unable to follow its control inputs, automatic mode 
will be terminated/unavailable.  
 

                                                           
1 Buckling force and maximum torque will be determined by a FEM-analysis after final drill string dimensions 
have been confirmed by DSATS. 
2 Have not yet been determined theoretically due to uncertainties of BHA weight and assembly. Will later be 
determined by testing. 
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Safety Integrity Level (SIL) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Development of SIL requirements 
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Equipment under control (EUC) definition 
The drill rig as a whole is defined as an EUC. Even though we define the whole system as an EUC, the 

EUC is a Local Safety Function. A Global Safety Function would imply implementation of several costly 

functions such as escape routes, fire and gas detection, and a fire fighting function. The drill rig will 

only drill in rock samples in a controlled environment, in which such greater safety measures already 

exists. 

The definitions of the EUC includes: 

 Movable mechanical parts 

o Top Drive drill tower – supported by two bolts in service/transport configuration 

o Table on wheels 

 Movable parts controlled by electronics 

o 2 Carriage motors 

o Carriage, driven by the carriage motors, supported by ball rail system 

o Drill motor 

o Drill string and attached BHA, driven by the drill motor 

Hazard and risk analysis 
Hazid identifies the following: 

 Mechanical 

o The drill rig could present a hazard to equipment and personnel if the installation 

fails to absorb the forces created in normal working conditions. 

o The construction could present a hazard if it is not properly secured before 

operation, e.g. wheels not unhinged or loose bolts. 

o The drill string could buckle and break if the downhole conditions exceeds the 

workload limits. 

o Operational speeds inside critical speed envelope could produce excessive vibrations 

 Electrical 

o The motors can overheat. 

o The electric cables are exposed to wear and tear because they follow the moving 

carriage. 

o Liquid spillage on electrical components 

SIL level 
To determine the appropriate SIL level for the rig, a semi-quantitative method (IEC 61511-3) is used. 

It was determined that risk consequence is a serious injury and it has a very small probability, 

therefore SIL 0 is appropriate. Further safety considerations in accordance to IEC 61511 will not 

continue. 
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Design considerations and lessons learned 
 

Power distribution 
Since the Drillbotics competition only involves drilling in small rock samples with varying compressive 

strength and a fragile drill string, the main inspiration for the design was a system that could 

promote excellent WoB control in shallow formations. The rack & pinion system with powerful DC-

motors can deliver fast reactions to rapidly changing downhole conditions. With the high torque at 

low speeds of DC-motors coupled with a direct pin-gear transmission, the remaining factor for drill 

string buckling protection is accuracy and sensitivity of the sensory system. 

The power unit for drill bit rotation is also a DC-motor. We consider it an advantage to only have one 

power distribution system, it means less components to install and maintain, less components to fail 

and synergies when it comes to programming and software installations. An AC-motor was not 

considered as this would require careful separation of wires and electrical installations for noise 

reduction. 

Sensory equipment 
It is clearly stated in the project guidelines that downhole sensors are encouraged. With this in mind, 

we started looking for wireless communication devices to be implemented in the bit sub, as well as 

miniature load sensors and accelerometers. Mainly two problems presented themselves, one as a 

consequence of the other. The diameter of the drill bit is fairly small, which would require very small 

communication units to be fitted inside the bit sub. These are either very expensive or, those within 

budget, not small enough to maintain the structural integrity of the bit sub. Consequently we looked 

at solutions with wires and slip rings. However, we could not find any “out of the box”-solutions 

within acceptable noise levels and budget, and those solutions that could have been pursued, was 

considered to be too time intensive for this project.  

To protect the drill string from torsional stress fracture we consider a current sensor to be sufficiently 

accurate. The torque output of a DC-motor is a direct function of the current supplied. Therefore, 

while RPM control is the main target of the control system, the current to the motor can be easily 

measured to get an accurate reading of the torque load. This is also a relatively cheap solution. 

To protect the drill string from buckling, the same current sensory equipment can also be applied. 

However, this would not give an accurate detection of rapidly changing conditions and vibrations in 

the well hole. Therefore, load sensors fitted directly in a mechanical linkage to the drill string is 

considered a more accurate solution. This would also take full advantage of the rapid response time 

of the DC/rack & pinion-system. 

Load cells come in a variety of price ranges and there is not sufficient experience within the group to 

determine the needed quality. We will opt for a budget solution first and have an industrial grade 

quality load cell as an alternative. 

Abandoning downhole sensors presents a challenge to find a good sensory solution for well 

verticality, quality and tortuosity. Laser measuring or fastening strain gauges to the drill string are 

among the options, but we have yet to produce a satisfactory and realistic solution. The design of a 

bit sub with sufficient stability that can produce a high quality well without sensor input, is among 

the highest priorities in phase 2 of this project. 

Carriage position is measured with a digital rotary encoder running in conjunction with the carriage. 

This is both a cheap solution and easy to implement. 
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Mechanical 
We aim to make a mechanical installation superior to last year’s contributions. There will be an effort 

to avoid any solutions that will give an impression of hasty work or unfinished solutions. 

All constructional beams are standardized profiles and we will avoid welded sections wherever 

possible. This will ease modification and reuse of mechanical components in future Drillbotics 

competitions. 

The stability of the rig tower is of high importance both for protection of the drill string and wellbore 

quality. Therefore, additional stabilization will be considered after the initial construction. If 

increased stiffness and stability is required, possible solutions include steel wires or added supportive 

beams. 

Vertical linear guidance accuracy is an important aspect in both drill string protection and well 

quality. Bosch Rexroth linear guidance system (Ball Rail) is considered a very good alternative, and 

there is extensive experience on campus with the use of these systems. The first design of a custom 

made linear guidance system was discarded in favour of this. 

Control system and software 
Even though the control system and HMI are already developed and tested, we expect 

implementation challenges. It was a harsh lesson, with very long nights, when implementing the 

control system and HMI to the simulator. We learned how time consuming troubleshooting, bug 

fixing and fine tuning can be. We hope to have removed most of the issues with our code, but still we 

will allocate considerable time for this process in phase 2 of the competition. 
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Mechanical Design and functionality, versatility 
 

Derrick 
Tower system with linear rails (Bosch Rexroth). The tower is stabilized by two steel bars bolted 

(removable) between the table and tower assembly. 

 

Figure 4: Electrical cables and drilling fluid hose is fed to the top drive via drag chain 

In order to increase total energy efficiency we are considering implementing a counterweight pulley 

system so that the top drive motors are unburdened at standstill, however this will have implications 

in rig up/rig down operations. 

Carriage Assembly. 
Vertical movement is driven by two DC motors via rack and pinion. As the top drive is designed with 

only one motor placed concentric to the drill string, a traditional gooseneck cannot be used. Instead 

the drilling fluid will be injected into the drill string via a 90 degree rotary union. 

 

Figure 5: Top Drive Carriage 
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Table 
The main focus for design of the table assembly is stability of the rig tower and incorporation of 

auxiliary and electrical systems. Stiffeners are located around the main corners. The table has one 

“open side” for easy access to electrical systems located under the table. 

 

Figure 6: CAD model excerpt of VRP 16 table construction 

 

The fluid system  
The complete fluid system has not yet been implemented in the CAD model but a simple electric 

pump will deliver water up to the rotary union on the top drive via the drag chain. The acrylic tube is 

designed to collect the mud and transport it to a collection tank through a flexible hose. 

 

Figure 7: CAD model excerpt. Rock sample is show with the acrylic tube in the middle 
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Rock Sample Suspension 
The rig is designed to accept a rock sample of at least 450x450x450mm. The rock sample will be lifted 

by four threaded rods and securely fastened under the top of the table. An acrylic tube will be placed 

on top of the rock sample and is secured between the rock and the top of the table. This ensures a 

solid foundation for the rock sample, also the suspension lift can be removed if necessary. 

Brake system 
Mechanical brakes has not yet been implemented to the CAD model. We envision a inverted pulley 

system which will engage carriage braking whenever power is not supplied to an electromagnetic 

contact. 

 

Sensory specification 

 

Carriage position 
Carriage position is determined by a digital encoder mounted on the carriage running in contact with 

the rig tower. Position is confirmed by two proximity sensors giving a pulse when the carriage is in 

proximity. 

Drill speed and torque 
Drill bit rotational speed is determined by a small DC-engine mounted on the axle of the drill motor. 

This is a safety sensor giving additional feedback to the control system and motor drive. Drill torque 

is determined by sensing the current supplied to the motor. 

Carriage torque and WoB 
Carriage torque motor output is determined by sensing the current supplied to the motor. The WoB 

is a direct function of the torque output and weight of the carriage assembly, drill string and BHA. 

However, to make full use of the design setup, a load sensor is fitted in a mechanical linkage to the 

drill string (carriage) to give a more accurate and sensitive input of the axial forces acting on the 

assembly. 
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Control Scheme 
This flowchart represent an overview of the current control system already implemented to the 

simulator and HMI.  

 

Figure 8: Flowchart of current control system structure 
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Control system description 
The HMI allows the user to select either automatic or manual mode. The availability of each mode 

depends on different factors e.g. system initialization, controller deviation, carriage speed and 

emergency stop. The control system input and architecture is dependent on mode selection. 

In manual mode a joystick (HMI: simulated slide-bar) gives velocity input to the controller, which in 

turn generates an acceleration (derivation) and position (integration) to a velocity profile. 

In automatic mode the controller receives preset values for position, velocity and acceleration to a 

cascade-structure with feed forward input. The carriage is voltage controlled if no WoB is detected. 

As soon as the drill bit reaches the stone sample, a WoB increase is detected and the rig switches to a 

current controlled WoB input. The drill motor is allowed to run at maximum effect to maximize ROP 

but within torque and RPM limits. 

If automatic mode is available and selected, it only depends on two operator inputs: 

 When the carriage is at maximum positive travel, an acknowledgement that the rig and its 

environment is ready to start the drilling sequence. 

 When the drill operation is finished, an acknowledgement that breakout of the drill string is 

completed. 

Automatic mode will only run one drill cycle and if several drill cycles are required, automatic mode 

will have to be reselected for each new cycle. 

If at any time certain conditions are met, e.g. emergency stop, prox deviation (uninitialized system), 

overspeed, new mode select or controller deviation error, appropriate actions are taken by the 

control system, depending on the error and which mode is selected. 

Automatic Mode Availability 
If all of a set of conditions are met, automatic mode is available. 

Drilling 
When in automatic mode and the drill bit reaches a preset level, the rig will start the drilling 

operation by rotating the drill bit and slowing down the vertical speed. The control structure as of 

today only protects the drill string from buckling and torsional fracture by controlling WoB and 

torque. However, since the group lacks experience in drilling operations and theoretical knowhow of 

maintaining well verticality, our ideas on how to solve these issues will have to be proven 

experimentally. Additional and more sophisticated control parameters will therefore be added in 

phase 2 of the competition. 

Automatic Mode Reset 
If any of a set of conditions are met, the system will exit automatic mode. 

Manual Mode Available 
Manual mode is available as long as Emergency Stop is not engaged. 

Manual Mode Reset 
If any of a set of conditions are met, the system will exit manual mode. 
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Input handler Manual/Automatic 
Any position, velocity and/or acceleration input to the control system will be used to generate a 

velocity-profile based on what inputs are given, the current position of the carriage and which mode 

currently active. These inputs are the feed forward inputs to the control system equation. 

Data handling and display 
Incorporated in the HMI are two trend charts of WoB and drill string torque. WoB and torque is also 

depicted as bars with changing colours depending on value. The HMI also has a graphical overview of 

the rig tower showing the position of the carriage. The rotational speed of the drill bit is shown both 

as a graphical image of the drill bit (lower left), and a speed gauge with a digital impression. Current 

operating modes and some boolean sensory inputs are also shown. Alarms are presented in the top 

tab.  

The following pictures are print screens from the HMI. The presented video also contains footage 

from the HMI during a drill cycle (simulator).  

 

Figure 9: Main HMI overview with “make up acknowledgement” active and joystick simulation/mode selector open 

 

Figure10: Main HMI overview during automatic drilling cycle (simulated). 



16 
 

 

Figure 11: Top drive setup interface with a random selection of setup windows 

 

If additional sensory equipment is added, presentation type will follow its group philosophy. 

Data logs of each drilling cycle will be available.  
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Cost estimate 
We have collected price information for most of the components of the rig. All items considered cost 

intensive are listed. Some components as the PLC and operating PC are supplied free of charge by the 

university (already owned), and some items are rebated by the supplier due to the nature of the 

application. 

If uncertainties about the amount of an item (e.g. cable length) or if more than one alternative exist, 

cost for the “most costly scenario” is provided. 

Table 1: Cost estimate for VRP 16-components 

Item Amount Price per unit (NOK) Total (NOK) 

Performax 24VDC motor 4.6Nm 155o/min 2 3250,- 7500,- 

PMDC motor drive 12A 2 1085,- 2170,- 

EC600 24VDC motor 600W incl drive 1 2050,- 2050,- 

Drive chain gear 4:1 1 1000,- 1000,- 

Wago, electrical components n/a 7322,- 7322,- 

Steel, pre cut n/a 6000,-* 6000,-* 

Bosch Rexroth Ball Rail 2 2217,- 4434,- 

Rack & Pinion system 2 6000,-* 6000,-* 

Cable wiring n/a 3000,-* 3000,-* 

Pinion wheels 4 229,- 916,- 

Phoenix Contacts, Current sensors 3 600,-* 1800,-* 

Futec Load sensor (industrial grade) 1 2500,-* 2500,-* 

ABB 800xA DCS n/a n/a n/a 

Computer and Monitor n/a n/a n/a 

Schneider Electric, enclosure 2 1500,-* 3000,-* 

Schneider Electric, electrical components n/a 700,-* 700,-* 

Phoenix Contacts, electrical components n/a 1000,-* 1000,-* 

Water pump, piping, rotary union, swivel n/a 1800,-* 1800,-* 

Elfa Electric, proximity sensors 2 400,- 800,- 

Total - - 51992,- 

*estimated price by supplier or online supplier information  

Currency exchange rate 31.12.2015: 8.79 NOK / 1 USD 

Total cost estimate USD 5915,- 

The cost estimate is well within the competition limit, and there is sufficient economical margin for 

modifications and design changes as well as all the small parts (e.g. bolts, cable trays) not included 

here. 

 

Funding plan 
The equivalent of USD 10.000 have been provided by the University of Agder in local currency (NOK). 
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Figure 12: Main assembly 
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Figure 13: BILL of Materials 



20 
 

 

Figure 14: Rig Tower assembly 
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Figure 15: Rig tower support 
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Figure 16: Rig tower support 
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Figure 17: Table assembly 
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Figure 18: Carriage support assembly 
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Figure 19: Acrylic tube part 
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Figure 20: Electrical topology 


