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Introduction 

 

In the oil and gas industry, drillers are constantly challenged to safely improve both their rate of penetration 

and the overall hole quality. The rate of penetration is the most important factor in determining the amount 

of time it takes to drill the well, affecting costs for rig usage and labour. For vertical wells, the hole quality 

refers to how straight and uniform the hole is drilled, which affects the quality of the completions and overall 

well integrity. One way to address the optimization of these two important parameters is through drilling 

automation. 

The objective of this project is to design a safe, autonomous drilling system that optimizes penetration speed 

and hole condition within the given constraints. These constraints include the amount of available power, 

BHA limitations, and the strength of the drillstring. The model should be able to relay information to the 

driller in real-time, and should allow for a third party plug-and-play interface. Our automated drilling rig must 

be able to drill two feet vertically through concrete block of unknown lithology in 2 hours or less. We 

believe that what we learn in this project can be applied to real drilling processes to ultimately make them 

faster, safer, and more economic. The main challenge for the University of Calgary team this year was coming 

up with a unique, innovative design that could be safely implemented at both small and large scales. 
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Safety 

During Construction/Testing 
 

Potential for hazardous energy 

The construction of the drilling rig will involve working around potentially dangerous electrical equipment in 

the range of up to120-240 volts of power. These are mainly corresponding to the electric motors, and 

computer systems that are used to power and control the rig. Although all electrical work greater than 40V 

will be done by qualified electricians, some of the engineering controls in place to safeguard against injuries 

include; 

 Perform a pre-job field level assessment prior to conducting electrical work (ie identifying points 

of potential electrical discharge, checking equipment and cables for damage, etc) 

 Notify all team members and personnel in close proximity, of the hazards of the work to be 

performed 

 GFCIs (Ground fault circuit interrupters) used for any cord connected electrical equipment 

 Appropriate lockouts using approved cables to be in place when required 

 Follow all standard electrical safe work practices and procedures 

Potential for injury during use of equipment (including hand tools) 

Some of the tools that will be used to assemble the rig can cause injury to personnel. These may include 

power tools, heavy equipment, sharp edges, and machines with multiple pinch points. Some controls in place 

to safeguard against injuries include: 

 Install a visible warning device for equipment in use, if one is not in place already (ie LED light on 

drilling rig to notify personnel that device is running) 

 Install emergency stop device on heavy equipment, including drilling rig 

 Prohibit loose clothing or loose hair jewellery, or any loose accessories during use of moving 

equipment 

 Establish a control zone with signage for working areas, with PPE requirements clearly indicated 

 Have protective barriers in place (safety glasses, etc) for equipment with potential to eject 

material 

 Wear appropriate PPE for hot work (welding) such as FR clothing, have fire extinguishers in 

place, protective footwear  

 Use proper lifting techniques and ergonomics for lifting heavy objects 

 First aid kit readily available on working site 

 Compressed gas containers will have correct regulators, rated tubing, and pressure relief valves 

(will be checked by lab technician) 

 All lab personnel will be properly trained for working in a laboratory 
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Rig-Specific Safety Aspects 
 

In order to ensure that safety is integrated into the operation, the alarm from the previous year's design is 

still integrated in the controls system. However, instead of activating based on tipping of the mast, it activates 

based on the (1) immobility of the drill string (indicating an abrupt end of operation due to damage on the 

string or impediment of motion) as detected by the drill string sensor, and (2) a sudden pressure-drop in the 

mud system through strain gauges. Alarms integrated into the control system will trigger when various 

sensors exceed a certain threshold for safe operation (ie strain gauge on drill string, encoder detecting 

unusual positioning of drill bit, etc). The power supply for the alarms will also be separated from the rig’s 

main power source, to add an additional layer of protection in the case of a power failure on the rig system. 

 Other safety-focused design choices include the following: 

 Emergency shutoff sequences integrated into the torque control for the X-Y table controller, in 

the case of PLC malfunction leading to overtorquing of the drill string 

 Visible alarms (LEDs) for all alarms  

 UPS power backup may be considered for the alarm and/or rig system  

 Guards for moving parts (motor shafts, draw works chain, etc) to prevent accidental injury 

 Braking system for top drive and draw works that has the capability to gradually and 

instantaneously shut down respective systems 

 Manual emergency shutoff switches for rig 

 Pressure relief valves for 500 psig pneumatic system 

To ensure the safety of everyone at the drilling site, our rig will include stack lights to indicate when the rig is 

in operation, or when it is encountering the issues mentioned. These lights will change colour to alert people 

when the rig is active, when the rig has encountered an issue, and when the rig is off. This is useful especially 

if there are simultaneous operations in the area because workers should be extra cautious when drilling is 

occurring to prevent accidental interference with the operation. 
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Rig construction Design 
 

Overview 
The general structure of the current rig takes the previous team’s design into consideration. Several design 

changes were accounted for to improve the load carrying capacity of the rig and the inclination capability.  

The previous design consisted of a steel table that supported the tower, which was connected via a ball joint. 

The tower was composed of 8 1200x40x40 mm Aluminum 8020 supports and attached to 2 10 mm 

Aluminum sheets. The hoisting system composed of a top drive which was lowered and raised through a 

draw works system (that composed of a stepper motor and a pulley on top of the tower). To compensate 

for the top drive weight, a counterweight was added that functioned in a similar manner as an elevator.  

The use of the ball joint in the previous design was mainly to assist in the movement or the inclination of the 

tower in all 3 directions. However, the use of the ball joint introduced several issues on vibration and 

stability, despite adding the tower’s flexibility for movement (such as tilting). In order to reduce this issue, the 

use of the ball joint was not further pursued and instead an XY slides was used for the new design to 

facilitate horizontal and vertical (translational) movement of the drill string, as well as controlled deflection of 

the drillstring. This required several modifications in the substructure, but not in the tower design, hoisting 

system and pneumatics. 

 

Design Choices 

The following additional design criteria and assumptions were accounted for when making modifications and 

improvements from the previous year's rig. 

 

FATIGUE FAILURE and VIBRATION  
 

One of the major challenges from the previous year's design was lack of control of the drill string, brought 

about by the tilting of the mast, which would introduce noticeable vibration on the drill pipe upon operation. 

This would cause potential failure of the pipe from cyclic loading. In order to have better control of the 

vibration, stabilizers and sensors are added or accounted for controlling the drilling operation. Further details 

for the new design’s stabilization methods (such as the use of axial sliders for positioning and centralizers) are 

discussed later in this report.  
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Engineering Assumptions 
 

The primary engineering assumptions considered in the design are as follows: 

 Due to the drill pipe provided which is sufficiently stiff, the main concern for its use are 

operational stability and buckling. Other concerns such as "stick-slip" or the severe torsional 

oscillation of the drill string are not considered as main concerns for safety or measurement. 

The buckling calculations for the pipe assume a pin-pin connection. In regards to the drill pipe, 

sufficient torque is also assumed to be provided by the top-drive 

 Circulation system and kelly was not considered in the design since it was assumed that the 

addition of these components would exceed the DSATS criteria.  

 The weight of the top drive considered for calculations is 50lbs. The previous year’s motor weight 

was 97lbs, however smaller motors may be used that would still meet the design and power 

requirements. Using a weight of 50lbs is a minimum ballpoint figure considered. 

 Additional calculations such as frame forces (and consideration for support buckling) are not 

included in this initial report, and a simple assumption is made that centrally locating the tower can 

reconcile tilting or bending issues for the supports. 

 Mechanical Specific Energy (MSE) analysis is not included in this report, although the potential to 

include it in display during final operation will be explored. 

 

Built-In Rig Design 
 

RIG SUBSTRUCTURE and MUD BUCKET 
 

To accommodate for changes in design, the steel table required replacement. Due to the use of the XY 

sliders, the substructure was improved so that the frames can hold as the XY slider supports the rock sample 

can fit conveniently under tower. Hence, the previous design’s steel table was no longer required. 

The XY table weldments was designed to fit the 30x30x60 cm rock sample, as shown in the image below. A 

mud system is also attached to collect the fluid during operation (which is currently shown as a simplified tray 

in figure 1). In this year’s design, tap water will be used as the drilling fluid for drill cutting and to reduce heat 

at the Bottom Hole Assembly (BHA).  

The mud system will comprise of: 

 tanks (2 – with one for receiving the drilling fluid that will also contain a filter mesh) 

 water pump 

 hose, pipe and fluid return line 

 swivel 
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Figure 1: Substructure and Mast  

 

X-Y Table and MAST 
 

The previous mast design will be reused for the team’s current design. It comprises of 8 1200x40x40 mm 

Aluminum supports with 12 additional 190x40x40 mm 8020 supports placed horizontally between the 

vertical support to reduce buckling. Two 10mm aluminum sheets are attached at the 8020 columns for 

additional support. A10x300x300 mm plate will be bolted onto the top of the 8020 columns as well. The 

bottom plate, connected to the substructure frame via weldments, will also be bolted to the columns. 

The same mast design was incorporated for ease of installation, with consideration that the weight of the 

tower serves to balance the weight of the top drive. Additionally, it is located at the center of the 

substructure to prevent tipping of the entire structure. 
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Specifications for the total weight of tower are, 

Table I: Weight of Tower Components 

Mast Component Weight (lbs) 

8020 (1.2m) x 8 49.93 

8020 (0.19m) X 12 11.86 

Top Drive (50lbs-97lbs)  50 

Draw Works 10 

Drill Pipe (provided by 
DSTATS) 

0.075 

BHA 8 

Aluminum Wall (1.2m) x 
2 

66.53 

Upper Plate 8.32 

Counterweight 40 

(Total Weight) 244.72 

 

In order to reduce drill string deflection and control vibrations upon operation, XY sliders were used with a 

carriage (collar wrapped around the string or the provided drillpipie) guiding the string’s position. This 

enables lateral movement and vertical movement of the string. (The current configuration in Figure 1 will be 

modified to ensure that the length of string meets the DSATS criteria) 

In the event of the drill bit losing traction and deviating from its axial path, the drilling rig will compensate 

using a positioning system. Ultimately, lateral force provided by a stepper motor can be applied to the drill 

string, correcting its path. The system can be broken up into two subsystems, mechanical and electrical. The 

x-y table will be placed below the trig platform, closest to where the bit goes sub-surface. To allow for 

adjustment, fasteners and mounting brackets will attach the system to the rig structure. Since the moving 

components need to be perpendicular to move without ceasing, welding is not recommended, as it might 

misalign the guiderails (Figure II).  

Main advantage is the flexibility to adjust the position of drill bit at any time. Challenge is a large possibility of 

mechanism failure due to moving parts, and communication with the logic controller. Cost will be higher than 

first option depending on cost of sensors and whether additional controllers are required. Additional power 

will be required to power both the controller and moving mechanism. 

The motors (dedicated motors for x and y directions) will be stepper motors. Stepper motors have an 

advantage over servo motors because they retain their torque after each ‘step’ without require any additional 

power input, and are known to have more reliable response times. 

The other potential method of stabilizing the drill string is to install centralizers, which are essentially solid 

metal devices with caliper-like sides (no moving parts), that pushes against wellbore wall if drill string veers 

off the vertical axis. Centralizers also acts as a pivot point, which will potentially increase the diameter of the 

wellbore if drill string shifts off vertical (see sketch). Main advantage is the simplicity to install such a device, 

no moving parts that will wear down, and relatively cheap compared to other options. Can have multiple 



8 

 

centralizers installed on drill string (size and number depends on diameter of wellbore and drill string). Less 

reliable than X-Y table at repositioning drill string, since the centralizer relies on the ‘fins’ keeping the drill 

string in place rather than repositioning it. 

 

Mechanical 
 

The following Solidworks rendering in Figure II illustrates the general concept of how an x-y table can be 

used to push on the drill-string to stabilize the bit. By rotating the lead screw (yellow), the bridge (light blue) 

moves the drill string either in the x, or y direction: 

 

 

 

 

 

 

 

 

 

Figure 2: X-Y Table of Drilling Rig Structure  

 

Shown in Figure 1, the drill string (dark purple) passes through the bridge. The stepper motors and encoders 

will mount to the red brackets, driving the yellow lead screws. The lead screws, steppers, mounting brackets, 

bearing blocks and guide rails will be purchased from a vendor (https://www.phidgets.com/). While the blue 

thread blocks and bridge (light blue) will likely be custom manufactured. 

 

 

 

 

 

Figure 3: Lead Screw (left) Bearing Block (middle) and Linear Rail Guide (right) [1] 

 

X Y 
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Firstly, the force exerted on the lead screw needs to be approximated to size the motor. To model the drill 

string Figure 3 is used: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Drill string simplification and cross section  

 

Sigma is the maximum deflection the drill string can experience, which is governed by well-head inner 

diameter of 20𝑚𝑚. The force exerted by the motor is shown by 𝑃.   

Table 2 shows the specifications for tubing and material properties: 

 

 

 

 

 

 

 

 

 

 

Drill String Deflection Calculation
Units in SI [kg,mm,sec]

Tubing Specs - Al 6061 T6

OD 9.4996 E (MPa) [1] 68900

Wall 1.2446

ID 7.0358 Second Moment of Inertia

length (l) 914.4 I 279.46

Table 2: Drill String Data for Deflection Calculation 

 

 

Pin and slider 

x

Drill String Cross-Section

P

b

a - bit to top of well head

l - unstreched

δ

r

ri

Top-drive

Well-head
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The force will be calculated where 𝑎 is at a minimum, at 200𝑚𝑚. When 𝑎 is at a minimum, the force to 

deflect the drill string will be the greatest. If the drill string were to deflect, the motor needs to provide a 

torque that can compensate for the force deflecting it, so it will be sized for this scenario. The calculation is 

as follows: 

𝑃 =
9√3𝑙𝐸𝐼𝛿

𝑏(𝑙2 − 𝑏2)
3
2

 

Where, 𝑏 = 𝑙 − 𝑎 

𝑃 =
9√3 ∗ 914.4𝑚𝑚 ∗ 68900𝑀𝑃𝑎 ∗ 279.46𝑚𝑚4 ∗ 20𝑚𝑚

714.4𝑚𝑚 ∗ ((914.4𝑚𝑚)2 − (714.4𝑚𝑚)2)
3
2

 

𝑃 = 41.33𝑁 

Therefore, the holding torque should not be able to exceed this force. 

𝑇𝑟𝑒𝑞 =
𝑃

2𝜋𝑝
 

Where, 𝑝 is the inverse from the screw lead. The lead screw vendor supplies screws with a 5𝑚𝑚/𝑟𝑒𝑣 lead. 

𝑇𝑟𝑒𝑞 =
41𝑁

2𝜋 ∗ 200𝑟𝑒𝑣/𝑚
 

𝑇𝑟𝑒𝑞 = 0.0329𝑁𝑚 

Multiplying by a safety of 2 leaves, 

𝑇𝑟𝑒𝑞 = 0.0658𝑁𝑚 

The stepper motor then needs to be selected to supply this holding torque. This allow the drill string to stay 

in place in the event of deflection.  

 

Dynamic Forces 
 

Since the drill string may vibrate at roughly 100Hz, this could induce forces on the lead screw. Therefore, the 

mud system with play a key role in mitigating forces by regulating pressure to dampen the drill string. Mud 

viscosity and drill bit speed will help to control vibrational forces.  

 

With a stepper motor operating in half-step mode with a step of 1.8° will result in the following resolution: 

𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
𝑙𝑒𝑎𝑑

2𝜋
∗ 𝜃 ∗

𝜋

180
 

𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
0.005𝑚/𝑟𝑒𝑣

2
∗ 0.9° ∗

1

180
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𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 0.0125𝑚𝑚 

Note that a resolution of 0.0125𝑚𝑚 will be sufficient considering the application will need an accuracy of 

±1𝑚𝑚. 

 

Electrical 
 

The electric component of this mechatronic system will be modelled like so (Figure VI): 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Flowchart of X-Y Table Control 

 

With an encoder operating in quadrature mode and the smallest step made by the stepper is 0.9°, then the 

encoder will need the following minimum number of windows (𝑁): 

0.9° =
360

4𝑁
 

𝑁 =
360

4 ∗ 0.9° = 100 𝑤𝑖𝑛𝑑𝑜𝑤𝑠 

 

By homing the encoder, the integrated circuit system can then compute the number of pulses, and using the 

resolution relationship, the displacement can be found. The displacement of the drill string will be relative to 

a perfectly centered, straight drill string. A strain gage could be used to find the deflection. The deflection in 

the x or y direction can then be compensated for by rotation of the lead screw.  
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The stepper motors will be powered by a 12 Volt DC source and driven with the compatible driver from the 

vendor (Figure VII). 

 

 

 

 

 

 

 

 

 

 

Figure 6: Phidget Stepper Driver [2] 

 

Hoisting System 
 

The previous design used a draw works system to hoist the drill string and the top drive. A counterweight 

was included (along with the stepper motor of the draw works system and the weight of the tower) to 

compensate for the weight of the drive.  

As conventional draw works systems may introduce challenges in precise control for the drill string and the 

weight on bit, the hoisting system also incorporates pneumatics through 2 pneumatics motors. They are 

located perpendicular to each other to provide additional support on the tower. These motors are selected 

to also provide control of pipe stiffness that can be adjusted based on the fluid pressure that can be 

accurately controlled. The possibility of drill string vibration and issues regarding rigidity during operation are 

ideally prevented with the use of the xy sliders described in the previous section.  

Pneumatics Calculations 
 

In order to calculate the required pneumatics, the moment are calculated at the point assuming that the 

tower is not close to tilting. The angle of the pneumatic force is taken at 45° based on the design 

configuration. A simplified diagram is shown on the figure below. 
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Figure 6: Pneumatics Calculations 

Given that the moment due to the weight of the tower and drive is equal to the moment of pneumatic 

forces, 

𝑀𝑜𝑚𝑒𝑛𝑡 𝑑𝑢𝑒 𝑡𝑜 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝑜𝑤𝑒𝑟, 𝐶𝑜𝑢𝑛𝑡𝑒𝑟𝑤𝑒𝑖𝑔ℎ𝑡, 𝑇𝑜𝑝 𝐷𝑟𝑖𝑣𝑒 = 𝑀𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑃𝑛𝑒𝑢𝑚𝑎𝑡𝑖𝑐 

0 = (𝐹𝑃𝑐𝑜𝑠45° × 0.6𝑚) + (𝑊𝑇 × −0.15𝑚) + (𝑊𝐶 × −0.15𝑚) + (𝑊𝐷 × − 0.48𝑚) 

From Table 1 (summary of weight), 

0 = (𝐹𝑃𝑐𝑜𝑠45° × 0.6𝑚) + (830.3𝑁 × −0.15𝑚) + (258.35𝑁 × − 0.48𝑚) 

𝐹𝑝 = 293𝑁 

Hence, the maximum pneumatic force required is 293N provided the assumptions stated. 

TOP DRIVE and WOB 
 

Due to the configuration of the top drive and traveling block, the WOB includes the drive. As with the 

previous design, the main consideration for the selected drive is the rate of penetration (which depends on 

the WOB, rotating speed and pump horsepower). Therefore, the same 5 HP motor from the previous design 

which had a 1000-3000 rpm range is proposed to be used. 

Motor Calculations 
 

Basic calculations were also done for the motors and the draw works based on the diagram in Figure7. 
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Figure 7: Free Body Diagram for Tower 

Torque Calculations: 

𝜏 = 𝐹 × 𝑟 

𝜏 ∶ 𝑇𝑜𝑟𝑞𝑢𝑒 

𝐹 ∶ 𝐹𝑜𝑟𝑐𝑒 

𝑟 ∶ 𝑅𝑎𝑑𝑖𝑢𝑠 

𝑟 = 1" = 0.0254𝑚 
 

𝐹 = 𝑊𝑒𝑖𝑔ℎ𝑡𝑠 𝑜𝑓 𝑇𝑜𝑝 𝐷𝑟𝑖𝑣𝑒 + 𝐷𝑟𝑖𝑙𝑙 𝑆𝑡𝑟𝑖𝑛𝑔 + 𝐵𝐻𝐴 + 𝐷𝑟𝑖𝑙𝑙 𝐵𝑖𝑡 + 𝐶𝑜𝑢𝑛𝑡𝑒𝑟𝑤𝑒𝑖𝑔ℎ𝑡 
 

𝐹 = 𝑊𝑡𝑜𝑝 + 𝑊𝑠𝑡𝑟𝑖𝑛𝑔 + 𝑊𝐵𝐻𝐴 + 𝑊𝑏𝑖𝑡 + 𝑊𝑐𝑜𝑢𝑛𝑡𝑒𝑟 

 

𝑊𝑡𝑜𝑝 = 70𝑙𝑏𝑠 = 312𝑁 

𝑊𝑠𝑡𝑟𝑖𝑛𝑔 = 𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚 × 4 × (𝑂𝐷2 − 𝐼𝐷2) × 𝐿 

= 0.098 × 0.785 × (0.1406 − 0.1135) × 36 = 0.075𝑙𝑏𝑠 = 0.33𝑁 

𝑊𝐵𝐻𝐴 + 𝑊𝑏𝑖𝑡 = 8𝑙𝑏𝑠 = 35.6𝑁 

𝑊𝑐𝑜𝑢𝑛𝑡𝑒𝑟 = 40𝑙𝑏𝑠 = 178𝑁 

 

𝜏 = (312 + 35.6 + 0.33 − 178)𝑁 × 0.0254𝑚 = 4.32𝑁 ∗ 𝑚 
 

For every bit revolution, 

2 × 0.0254𝑚 = 0.16𝑚 
 

The required RPM based on the average velocity to pull the bit out of the formation which is 0.12 m/s (0.5 

meter is 5 seconds) is, 
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𝑅𝑃𝑀 = (
0.12

0.16
) × 60 = 45 

 
As with the previous design, the power required for draw works motor is therefore: 

𝑃𝑜𝑤𝑒𝑟 =
𝜏 × 𝑅𝑃𝑀

5252
=

4.32 × 45

5252
= 0.04 ℎ𝑜𝑟𝑠𝑒𝑝𝑜𝑤𝑒𝑟 

 

 

FRAME DRAWINGS 
 

The substructure frame design (without the tower and tower bottom plate) is presented below (units are in 

millimeters): 

 

Figure 7: Stand-alone Base Structural Drawings 
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Figure 8: Stand-alone Tower Structural Drawings 
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Control System Design and Instrumentation 

Sensors 
Multiple sensors will be placed throughout sections of the drilling rig to collect information, using this 

information to monitor the current drilling state. The following section will outline the parameters measured 

and the sensors used for each measurement. 

 

Torque and RPM 
 

A variable frequency device (VFD) will be used to control the AC motor used for the top drive. This VFD is 

capable of measuring both RPM of the drill string and torque output of the AC motor. We are proposing that 

the torque and RPM measurements from the VFD be verified during the testing phase using an inline shaft-to-

shaft rotary torque sensor and BHA gyroscope respectively. 

 
Figure 9: Variable Frequency Drive [3] 

 

Vertical Positioning 
 

An optical rotary encoder will be used to determine the vertical positioning of the top drive. A stepper 

motor will be used to control the vertical motion of the top drive, and the optical encoder will allow us to 

determine by how many units the chain has moved up or down. Because the stepper motor adjusts the chain 

by single link increments, this measurement of vertical position will be exact so long as there is no slack in 

the chain.  
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Figure 10: Rotary Encoder [4] 

 

An additional two methods are proposed for measuring/verifying vertical position of the top drive; an 

ultrasonic sensor and a LIDAR sensor.  

 
An ultrasonic distance sensor can measure the distance to an object of interest using sound waves. A sound 

wave at a set frequency is emitted, and the time taken for the wave to bounce off the object and return is 

measured. Knowing the speed of the sound wave and the time taken for it to return, the distance to the 

object can be calculated. The ultrasonic sensor will be mounted on the bottom of the top drive, and used to 

detect the distance to the rig floor.  

 
Figure 11: Ultrasonic Sensor [5] 

 

 
 [6]The second alternative is light imaging, detection, and ranging (LIDAR) sensor, which can also be used to 

measure the distance to an object of interest. A near infrared laser signal is emitted from the device, and the 

time taken for the signal to bounce off the object and return is measured. Knowing the speed of the light and 

the time taken for it to return, the distance to the object can be calculated. The LIDAR sensor will be 

mounted on the bottom of the top drive, and used to detect the distance to the rig floor.   



19 

 

 

 
Figure 12: LIDAR Sensor [5] 

 

Rate of Penetration 
 

Both the ultrasonic and LIDAR sensors mentioned in the vertical positioning section above can be used to 

determine the rate of penetration (ROP) of the drill string into the rock sample. ROP can be calculated from 

the ratio of the top drive position to the time the measurement is taken.  

 

Vibration/Resonance 
 

A triaxial accelerometer will be attached to the top drive to measure vibration throughout the rig structure. 

Excessive vibration may lead to resonance of the drilling rig structure and unsafe drilling conditions. As 

previously mentioned, a stepper motor will be used to move the top drive vertically. The stepper motor 

causes noise in the weight-on-bit measurement every time the motor “steps” to move the top drive. The 

proposed accelerometer may help identify this “noise” in the weight-on-bit measurement to improve it’s 

accuracy. Another accelerometer may be placed on a bushing on the drilling floor to determine the vibration 

on the drill string. 

 

Figure 13: Accelerometer [5] 
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We are also proposing the use of a six-axis torque sensor to be placed underneath the rock sample. Knowing 

the torque input to the system from the top drive motor, and measuring the torque output from the sample, 

we can gain an understanding of the amount of force transmitted through the sample while drilling. 

 

 

Figure 14: Torque Sensor [6] 

 

 

Weight-on-Bit 
 

An s-beam load cell will be installed between the drive chain and the top drive motor to measure the weight-

on-bit. The accuracy of these sensors can vary depending on the price, but even the lower scale of the price 

range the non-repeatability is ±0.05% of the rated load or smaller, which will be sufficient for our operations.  

 

Figure 15: Load Cell [7] 

 

Temperature 
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Temperature sensors will be placed on the top drive motor, stepper motor, data acquisition interface, etc. to 

ensure that the devices stay within their allowable operating temperature ranges. A temperature exceeding 

the allowable range indicates that the device is overloaded, and needs to either be slowed down or shut off.  

 

Figure 16: Temperature Sensor [5] 

 

Due to the limited number of digital inputs available on our data acquisition (DAQ) system, all the 

temperature sensors placed on the motors, data acquisition interfaces, etc. will be wired to a multiplexer 

(mux). The mux allows the periodic forwarding of a selected input signal into a single output line that is 

connected to the DAQ system, freeing up space for the use of other previously mentioned sensors.  

 
Figure 17: Multiplexer [5] 

 

Bottom Hole Assembly 
 

Downhole measurements are important for both efficiency of the operation and for safety.  Excessive 

vibration may lead to resonance of the drill string, reducing drilling efficiency and posing a safety risk if it leads 

to mechanical failure of the drill string. Other potential efficiency/safety risks include over-heating of the drill 

bit and over-pressuring of the drill string. For these reasons we will be using an accelerometer, temperature 

and pressure sensor in the BHA. Additionally, a gyroscope will be included for verification of the VFD RPM 

measurement.  
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Two options will be discussed for the measurement of downhole conditions. Both of these systems will be 

housed in a custom machined tubular, fabricated at the University of Calgary.  

The first option is the MetaMotionR, a preassembled sensor, blue tooth radio and battery system supplied by 

MbientLab Inc [8]. This device incorporates a triaxial accelerometer, triaxial gyroscope, triaxial 

magnetometer, barometer and temperature sensor. Data streaming at 100Hz is capable through this device, 

and the included mobile application allows each sensor to be turned on and off remotely to reduce power 

consumption. 

 

 

Figure 18: MetaMotionR Sensing System [8] 

 

The second option is to create a sensing system similar to the MetaMotionR. Individual digital output sensors 

will be purchased (triaxial accelerometer, triaxial gyroscope, triaxial magnetometer, barometer and 

temperature sensor) and combined on a prefabricated circuit board along with a low energy blue tooth radio 

and rechargeable 100mAh lithium-ion battery pack. This option will be considered in more detail during 

phase 2.  
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Figure 19: Sensor Layout on Rig 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



24 

 

Data Handling & Visualization 
 
We will transfer our data from downhole sensors to the surface for storage. Since the volume of data from 

our drilling is large, our sensors will sample these signals at a high frequency bursts (around 1000 Hz) to 

allow for optimal sampling of the noisy data. As these frequencies are read in we will transform them to 

readable data using methods such as the Fast Fourier Transform. With big data being acquired and potentially 

exported, we plan to compress some of the data to MP3. This will help to reduce information loss and 

increase efficiency. To ensure quality of data, we will have to consider that our downhole sensors may report 

incorrect, noisy data because of harsh operating conditions and changes in pressure and temperature. The 

best way we can accommodate for this is by synchronizing surface and downhole time stamps so that we 

ensure that they match. We will determine the optimal values of our input parameters experimentally.  

This system will allow us to sort and visualize the data on a computer using Simulink software. We will use 

LabView to create a user interface for our Simulink model. This user interface will display relevant data from 

the drill, such as RPM, trajectory, and WOB and will also provide alerts if something has gone wrong during 

the operation. This structure will allow for easier "plug and play" access for third parties as well, implemented 

through custom Simulink library items that create a simpler, user-friendly interface of our control system. 

Shown on the following page is a flow chart displaying our data measurement, acquisition and visualization 

systems. 
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Figure 20: Data Handling Flow Chart 

The reasoning behind the specific design choices is explained in the previous section. This section focuses on 

how data flows and how it is used. 

Upon start-up of the main Simulink Real-Time System, a routine Power On Self-Test (or POST) is conducted, 

all sensors and intermediate logic components are checked for appropriate and expected output signals. In 

the case of the intermediate logic components this means a “ready” signal that is produced after each 

component goes through its own POST. In the case of the sensors this means natural, non-operational, 
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predefined values; such as room-temperature for all thermal sensors, near-zero vibration for all gyroscopes 

and accelerometers, atmospheric pressure for the pressure sensors, maximum distance to from motor to 

rock sample, and no strain on the drill string. If any of these signals do not match the expected values, or fall 

within their allowed range, the rig is not correctly prepared for operation and drilling will not start. Should 

the element causing POST failure be an intermediate logic component the software will attempt to restart 

the component. 

Once the POST completes successfully the drilling mechanisms will start per the prescribed pattern. The 

mud pump will be started, correct current levels indicate a properly functioning pump. Unusually low current 

values or values near zero point to an overheated, jammed, or otherwise malfunctioning pump or power 

source. Current spikes can be caused by a short-circuited, jammed, or overloaded pump or a malfunctioning 

power source. Mud pump failures can be corroborated by increased bit temperatures, and changes in drilling 

difficulty. Should the mud system fail the drilling process will stop. 

The weight on bit (WOB) is obtained from the load cell, this measurement along with changes in the optical 

encoder and the distance sensor and the current RPM and torque from the VFD controlling the top drive are 

used to find the optimal WOB. The motor controller in charge of the stepper motor will signal the top drive 

to move up or down (or to hold it in place) to seek and match the optimal WOB.  

The strain gage will measure the deviation of the drill string from the center of the rig. This information will 

be used to direct the X-Y table, which will attempt to correct the drill string by applying a force in a direction 

contrary to the deviation. Corrections need to be made quickly, as large deviations from the vertical reduce 

wellbore quality and will accelerate fatigue of the drill string. 

The Bottom Hole Assembly (BHA) contains an array of sensors designed to provide crucial information on 

the state of the drilling system. The BHA is composed of accelerometers, a thermal sensor, and a gyroscope. 

The accelerometers measure vibration. Extreme vibration is harmful to the whole system and is an indication 

of conditions the bit was not designed to handle. These conditions could take the form of unexpected 

materials in the drilling path (such as metal or metal shavings) or an unusually dry or hot environment 

(possibly the result of a failed mud system). The accelerometer also proves a crucial component in preventing 

damage to the drill string. If the bit catches and stops suddenly, the system must be able to respond and stop 

the top drive before the drill string is damaged. The thermal sensor is used to prevent damage to the bit 

from an excessively hot environment, and the gyroscope corroborates the RPM measured from the VFD.  
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Cost Estimates 
 

Table 3: Cost Breakdowns 

 

 

 
 

 

 

 

 

 

 

Other Expenses 

No: Item Estimated 

Cost (USD) 

1 Complete Rig Structure - Build base, mud bucket, motor $1000 

2 High fidelity torque sensor (optional) and VFD  $3000 

3 Instrumented BHA - Custom circuit board for wireless downhole sensing $500 

4 Rotary Encoder $30 

5 Ultrasonic Sensor $50 

6 LIDAR Sensor $150 

7 Accelerometer $25 

8 Load Cell $345 

9 Temperature Sensors $30 

10 Multiplexer $10 

11 MetaMotionR Sensing System $100 

 Total (items above plus XY table) $6,061 

Drillbotics 2017-18 X-Y Table BOM (Estimate) (CAD)
Part/Service Quantity Supplier Price ($)/unit Total $

Servo Motor 2 phidgets 80 160

Encoder 2 phidgets 50 100

Lead Screw 2 phidgets 111 222

Driver 1 phidgets 75 75

Guiderails 2 phidgets 40 80

Bracket 2 phidgets 4 8

Couplings 2 phidgets 10 20

Bearing Block 2 phidgets 8 16

Journal Bearing 2 phidgets 26 52

Machining 1 U of C 300 300

Misc. N/A N/A 100 100

Total 1033

Total (USD) 821.41
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Work Schedule  
 

 

 

 

 

September 2017

• Recruit team 
members 
through 
classroom 
announcements 
and newsletters

October 2017

• Start discussions 
with potenital 
sponsors

• Research 
current 
advancements in 
drilling 
automation

• Summarize 
differences in 
guidelines 
between 2017 
and 2018

November 2017

• Show students 
the lab and 
existing 
eqipment

• Determine 
general design 
characteristics

• Assign sections 
of the report to 
team members

December 2017

•Create a digital 
model of the rig

•Design the control 
system

•Determine a plan 
for data handling 
and manipulation

•Obtain quotes for 
sensors/equipment

•Make a video 
outlining the design

•Write the report

January 2018

•Order any 
ourstanding 
equipment needed

•Start building the 
rig

April 2017

•Finish building, 
testing, and 
optimizing the rig

•Prepare 
presentation for 
DSATS judges

•Present rig design 
locally to sponsors 
and students
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