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1. Introduction
The main objectives of drilling are to drill the well safely and to purpose while minimizing cost.
Automated drilling can reduce the risks associated with the safety of on-site personnel while
minimizing opportunities for human error. However, drilling automation is a complex challenge
because of the number of parameters involved in drilling operations. Directional drilling has a
wide range of applications such as offshore, accessing reservoirs beneath salt domes, sidetracks,
relief wells, reaching otherwise inaccessible locations, producing from unconventional reservoirs,
and others. Full automation of directional drilling has the potential to save millions but is more
complex than vertical drilling. Drilling System Automation Technical Section (DSATS) initiated
the drillbotics competition as a challenge for university students to gain hands-on design
experience while tackling an industry problem.
In this report, UND design updates for 2019/2020 drillbotics competition is presented. The report
discusses the mechanical, electrical, data and control aspects for our drilling rig design. Further,
Safety concerns and mitigation actions will be detailed as well.
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2. Safety
The activities of the oil and gas industry frequently have the potential for severe accidents in the
form of physical harm, environmental destruction, and economic losses. One of the main
benefits of automating drilling is the reduction of risk associated with on-site personnel.
The steps of risk assessment include identifying the system, identifying hazards, estimating
probabilities, and mitigating risk. The main elements of a system are assets, equipment,
personnel, and the environment. Hazards are identified as expected undesired events (UDE)
associated with different processes and phases. In risk estimation, the probability and severity of
these events are estimated, and the risks are quantified using a risk matrix. Then the proper
mitigation or contingency plans for each risk are described.
The steps of risk management include identifying the system, identifying the possible hazards,
estimating the different risks, evaluating these risks then controlling the risks. The system
identification includes assets and equipment, personnel and environment. Identifying the hazards
is through expecting the undesired events (UDE) of the different processes through different
phases. In risk estimation, the probability (table 1) and severity (table 2) of these undesired events
Table 1: UDEs probability ranks legend

Table 2: UDEs severity effects Legend

2

Figure 1: Risk matrix concept

Figure 2: Risk Evaluation and accepted risk level
are estimated. Then, the different risks are quantified using risk matrix (figures 1 and 2). Finally,
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the proper mitigation and/or contingency action for each risk is decided. Table 3 shows a summary
of the risk assessment of major risks involved during the manufacturing and operating of the rig.
Table 3: Assessment for examples of project’s major risks
Source

UDE
Inappropriate

Heavy
objects

lifting
Fall

Risk

Probability

Severity

3

2

6

1

4

4

Control

Rank

-Safe lifting introduction
-Mobility facilitating tools
-PPE
-First aid kit
-PPE

Sharp edges

Personnel injury

3

2

6

-Covering sharp edges with
elastic corners
-First aid kit

Unsafe
behaviors
Bad insulated

Personnel injury

2

2

4

Electric shocks

2

3

6

Circuit failures

2

2

4

electric
components

-Safety meetings
-PPE
-Good insulation
-PPE
-Circuit breakers
-Emergency button
-Ensure appropriate cooling

Electronics

Failure

2

2

4

-Avoid excessive usage
-Ensure use of appropriate
components
-Bit cooling

Bit

Failure

1

3

3

-appropriate drilling parameters
selection

Drillstring

Failure

2

3

6

Debris

Personnel Injury

1

3

3

4

-proper design
-testing
-PPE
-Acrylic safety sheets

Mechanical
parts

Failure

2

3
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-Inspection
-Maintenance

3. Drilling Mechanism
UND team plans to build upon the directional drilling Mechanism presented in May 2019 final
competition. This mechanism depends on using 3 motors; NEMA 34 stepper motor, NEMA 42
Stepper motor, and Brushless DC motor.

3.1. Motors
The NEMA 34 stepper motor will be used with the linear actuator as the hoisting system. The
upgrade of the stepper motor is to provide higher ROP by supplementing the required WOB and
faster running in hole or out of hole when needed. The NEMA 42 will start functioning as top drive
motor for vertical drilling. Once the vertical drilling phase is completed, the system will pull out
of hole to replace the drilling assembly. Getting back in hole, the main function of the NEMA 42
will be steering by changing the azimuth. The DC motor will be responsible for rotating a 1/8 inch
steel shaft going through the drillpipe all the way down to the bit to provide the required bit
rotation. Figure 3 represents a block diagram for the motors setup. More details about the motor
can be found in the rig upgrade section.
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Figure 3: side view of motors block diagram

3.2. Directional Mechanism
The NEMA 42 motor will be used for steering by changing the azimuth is small steps of 1.8°. Our
plan A for building up the inclination angle would be using a bent sub of a constant inclination.
The bent sub consists of two 1-inch pipes welded together at the desired angle. The proposed angle
6

for the bent sub range from 5 to 15 degrees. This will depend upon the exact target coordinates as
well as future conclusions after running tests for our system optimized drilling. The combination
of the bent sub, 3D PLA printed stabilizer (figure 4) location, and WOB can lead to a limited
control with respect to the inclination angle. The 3D printed stabilizer will be will contain the
downhole sensors, consequently, it will be sealed then coated with carbon fiber for protection. In
case a fixed inclination angle can’t hit the set target coordinates, once announced, the team will
work on developing a bent sub that will be capable of varying the inclination angle. Also, the
stabilizer will have a snap ring welded to the rotary shaft with steel spikes to keeping the shaft
centralized.

Figure 4: 3D view for the Printed Stabilizer
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4. Engineering Considerations
This section presents miscellaneous engineering considerations including hydraulics, directional
calculations, drillstring mechanics and others.

4.1. Hydraulics
When planning the drilling fluid calculations, the team decided to opt for the maximum available
volume of water to ensure the borehole would be kept flushed of any heavy cuttings and the drill
bit would be sufficiently cooled. Using clean tap water, the team modeled the dimensions of the
borehole with a plastic tube of similar dimensions at TD and measured four gallons per minute to
be that max volume that will keep the bore flushed without a ‘blowout.’
The system pressure drop can be calculated through the bit once the bit specs are
announced to the students.
𝑞2 𝑊

𝑃𝑏 = 12031 𝐴2
Where:
q = flow rate in gpm,
A = nozzle area in square inches,
W = water weight in ppg.
A scalable model typically used in plumbing systems, the Hazen-Williams equations, was used
to calculate the pressure drop through the drill pipe. The H-W roughness factor, contributing to
friction, for vinyl hose and aluminum pipe, as used in the drilling rig, are both 150
coincidentally. The equation has been modified to be used by replacing the inner diameter in the
original equation by an equivalent hydraulic diameter based on the equivalent hydraulic radius
assumption

Where:
Spsi per foot = frictional resistance (pressure drop per foot of pipe) in psig/ft
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Pd = pressure drop over the length of pipe in psig
L = length of pipe in feet
Q = flow rate in gpm
C = pipe roughness coefficient
d = equivalent hydraulic pipe diameter, in
This yields a psi drop of 53.07 psi through the pipe when assuming a flow rate of 4 gpm. This is
not accounting for any pressure loss through the hose, which will be very similar to the pipe (per
unit length) since they have the same friction factors.
Bit hydraulic HP: 𝐻𝑏 =

Q∗P𝑏
1714

4.2. Directional Calculations
The following calculations of the build-up rate is based on the assumption that maximum
anticipated inclination would be 30° from the vertical and maximum azimuth overall change of
15° as specified in the 2020 guidelines. It is also assumed that we will follow a continuous build
profile where the first target will fall on the same profile while reaching the final target. This
assumption is due to unspecified target coordinates.
BUR= 30°/24= 1.25°/in in a continuous build profile.

The maximum angles would be limited by pipe/BHA configuration as well as the maximum
bending angle for the pipe before failure.
The dogleg angle for the whole course based on these assumptions can be calculated via the
following equation to be 30° over the 20-inch available steering course;
𝛽 = cos−1 [cos ∆𝜀 sin 𝛼2 sin 𝛼1 + cos 𝛼2 cos 𝛼1 ]
Where:
α= inclination
ε= azimuth
β= Dogleg angle
For the survey calculations, the minimum curvature method is to be used to determine the
coordinates of each station.
9

∆𝑀𝐷
∆𝑍 = (
) (cos 𝛼1 + cos 𝛼2 )(𝐹𝐶)
2
∆𝑁𝑜𝑟𝑡ℎ = (

∆𝐸𝑎𝑠𝑡 = (

∆𝑀𝐷
) [(sin 𝛼2 cos 𝜀2 ) + sin 𝛼1 cos 𝜀1 ](𝐹𝐶)
2

∆𝑀𝐷
) [(sin 𝛼2 sin 𝜀2 ) + (sin 𝛼1 sin 𝜀1 )](𝐹𝐶)
2
𝐹𝐶 =

2
𝐷2
(tan )
𝐷2
2

𝐷2 = tan−1 √

1
𝐷1 2

−1

𝐷1 = cos( 𝛼2 − 𝛼1 ) − {sin 𝛼2 sin 𝛼1 [1 − cos(𝜀2 − 𝜀1 )]}

4.3. Drillstring Mechanics
This section includes the mechanical limits for the aluminum drillstring which is based on the
previous year’s calculations. Using Euler’s buckling model, the critical load of the drill string for
a fixed-pinned system was found to be about 25 N. In the selected model, the connection to the
drilling rig is considered a fixed connection and the connection to the rock is considered a pinned
reaction since the force of friction while drilling and the wellbore walls would help keep the system
in a single location. A fixed-free end system was also modeled with a critical load being about 20
N. Both analytical models were verified by utilizing finite element buckling analysis, which
yielded similar results. When adding lateral support close to the critical mode deformation location
of as possible, finite element buckling analysis (figure 5) was conducted and results showed max
critical load of 700 N with a 1.5 safety factor from unknown effects of tool joints. It is assumed
that the drillpipe will be transferring all the axial loads to the BHA with zero load on the inside
rotary shaft. Therefore, our team plans to use a maximum setpoint for the weight on bit of 150 lb
(around 670 N).
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Figure 6: Finite element buckling analysis of drill string system.

Figure 5: Drillstring Mohr’s circle for max principal stress and max shear.
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To obtain a maximum allowable torque for the system, two failure methods were evaluated
consisting of maximum principal stress theory as well as maximum shear theory. A Mohr’s circle
with both models (figure 6) shows that the drillstring would fail from maximum shear theory rather
than maximum principal stress theory because the applied compressive stress is significantly low
compared to the material strength. Calculating the max allowable torque from the max allowable
shear stress yields approximately 22N.m (16 lb.ft) with a 1.75 safety factor due to unknown effects
from tool joints.

5. Rig Hardware
In this section, the rig hardware upgrades will be discussed briefly. Before doing so, It should be
mentioned that the rig frame being used is the same as the previous years. Several upgrades are
planned for rig including power system, control and instrumentation, BHA, motors, and others.
Some of these upgrades are related to directional drilling while others are related to operational
problems. The control system related hardware would be introduced separately in the control
section of the report.

5.1. Drive Motor
With the proposed configuration for directional drilling, rotary shaft inside the pipe, the drive
motor size would have to provide enough torque meanwhile being of small size as it is
mechanically in series with the Nema 42 motor and the pipe. The drive motor is Brushless Geared
DC MOTOR, 600W max power, 40,000 max RPM, Gear ratio 4.28 and 9.7 oz weight. This a
Himax HB3630-1543 high efficiency and high power motor. With efficient operating current
ranging from 25-50 A.

5.2. Hoisting System
A motorized linear actuator, EAC Series Closed Loop Stepper Motor Linear Cylinders / Linear
Actuators, a combination of linear actuator and motor, which helps regulate function. The NEMA
34 stepper motor with its controller would allow faster running both in and out of the hole than the
previously used motor. It will also allow achieving a higher rate of penetration through more
precise control for WOB.
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5.3. Steering System
The steering system consists of a combination of NEMA 42 stepper motor to control the azimuth
and Bentsub/ stabilizer combination for building the inclination. The NEMA 42 was chosen
initially to be used for vertical drilling before starting direction drilling where it will just allow
steering. Based on that, it had to be a high torque motor with high rpm while it can take small steps
to control the azimuth with high precision. With the current drilling methodology, it will be just
used for steering. Single stabilizer placed above the bit will act as help build more angle while
applying more weight on bit.

6. Instrumentation and Electrical System
6.1. The Control System
Our electrical system is controlled by a PC which interacts via Arduino IDE with an Arduino
Mega 2560 board, that is powered by an adjustable DC Power Supply and Converter. The
Arduino board sends power to three drivers which are each connected to the following motors: a
NEMA 34, a NEMA 42, and a brushless DC motor. The required maximum of 25 HP is
equivalent to 18.39 kW. Our combined power supplies total is well below this.
The NEMA 34 will employ a hoisting process that will lift and lower the entire drilling
mechanism. The NEMA 42 will advance the vertical drilling process, which drills straight down
the first 4 inches. The last driver is connected to a DC motor and conducts the directional
drilling process. After the rig has reached its 4” drilling depth, the power switches to this motor
and begins drilling (directionally) while the NEMA 42 maintains the desired trajectory.
To determine corrective actions in the case of drilling dysfunctions or obstacles, we have
incorporated a system of sensors to measure pertinent parameters of our motors and respond
back to the Arduino board. The Arduino IDE then interprets this feedback, calculates its
accuracy, and if outside its acceptable range, responds to the Arduino board with the appropriate
mitigation technique.
The sensors’ continuous feedback will be displayed on the PC screen, using Arduino IDE’s
Serial Plotter to provide a graphical representation of each. In determining how to show a userfriendly display of each sensor’s feedback, we considered Matlab and Processing programs, but
discovered this newer function of Arduino IDE to be the easiest and fastest way to create a graph
because it allows the user to see the measurement in real-time and plots the values in its own
window. We would also like to display a 3D graph with the trajectory of where we should be
going, plotted with the trajectory of where we are going. While we would like to perform this in
Arduino IDE, where everything else is being performed, we could not find a way to do it with
that platform and decided on MATLAB, which allows for easier 3D tracking with an IMU
(gyro/accelerometer). (3)
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Figure 7: control block diagram for drilling parameters

6.2. The Sensors
We decided the most optimal way of drilling process would be to minimize the mechanical
specific energy (MSE). Using minimum MSE, rather than the maximum rate of penetration
(ROP), for optimization purposes can avoid several drilling problems resulting from undesired
forces and vibrations, which hindered our team’s performance previously. These dysfunctions
can include bit whirling, bit bouncing, strike-slip, and interfacial severity. The controlled
parameters to minimum MSE are weight on bit (WOB), rotations per minute (RPM), and torque.
The equations for it are as follows:
𝑀𝑆𝐸 =

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑜𝑐𝑘 𝑟𝑒𝑚𝑜𝑣𝑒𝑑

𝑀𝑆𝐸 =

𝑊𝑂𝐵
2𝜋 ∗ 𝑅𝑃𝑀 ∗ 𝑇
+
𝐵𝑖𝑡 𝑎𝑟𝑒𝑎 𝐵𝑖𝑡 𝑎𝑟𝑒𝑎 ∗ 𝑅𝑂𝑃

Therefore, we ascertained we needed sensors for WOB, RPM, and torque. The ROP will be
found once we reach our 4” depth and divide that amount by the time it took to reach it.
For RPM we investigated using the number of steps sent to the motor, since every 200 steps
equal one rotation, and the pulse (step) speed is determined by its driver. However, we
eventually decided this could be inaccurate, as this information would be supplying us with our
own output and not the actual feedback. We then decided to use a Hall effect sensor to discover
how fast the current drilling motor is actually rotating through its use of magnetic field
measurement.
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Figure 8: hall effect measuring RPM

For realizing the torque, we are using a Hall effect as well. This type of sensor allows us to
accurately read the current levels, and since the voltage is known and RPM is also being read, we
are determining the torque with these variables and the following formula:
𝑇=

𝐼 ∗ 𝑉 ∗ 60
𝑅𝑃𝑀 ∗ 2𝜋

The Hall effect sensors can be placed on the inside of the drill shaft, which remains
stationary. The one decided on is the 49E LM393 Module.

Figure 9: 49E LM393 Hall effect sensor
For WOB, we are using the same strain gauge load cell as in previous years. It is a Futek
LTH350 and is a “donut” model, allowing it to fit around the drill shaft to more accurately read
15

the weight pressure. We will begin with an initial calibration to clarify a ”zero weight”. It will
interface through a load cell amplifier (an HX711). This load cell has a load capacity of 500 lbs
and a sensitivity of 20 mV/V, which gives us the following interpretation for our action/reaction:
𝑊𝑂𝐵 =

𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘
𝑙𝑏𝑠
4 𝑢𝑉

Last year the UND team planned to utilize the IMU 10 DOF gyroscope and accelerometer to
measure downhole vibrations, inclination, and azimuth:

Figure 10: downhole sensor
The 3D-printed stabilizer was designed with a pocket to insert it and then sealed up to prevent
water damage. The wires up the stationary drill shaft were found to be cumbersome. We looked
into wireless options and found a Wi-Fi module to use. A new drill bit would have to be
designed and created for this and the 3V battery needed to power it. Eventually, we determined
the convenience of the wireless option to not be enough to justify the extra space required in a
new stabilizer.
The data from this gyroscope tells us the verticality of the drillstring downhole and allows us to
use an automation algorithm to control the directional drilling. It does this by providing
estimates of the azimuth and inclination by accurately measuring the angle of deflection from the
vertical. The frequency of this feedback can be chosen to be anywhere between 4 to 8000
samples per second. We have chosen to sample it at 500/second to minimize power since the
code will need to be interpreting it and deciding corrective action as we go. Since we determined
wireless to not be an option, we had to consider how to make the wiring work correctly. Since it
will be exposed to water, it is imperative for the connectors to be waterproof while maintaining
strength against the axial force. In determining how to find connectors with both of these
qualities while still allowing for the easiest installation, we have considered several quick release
connectors and have decided to go with the following, a 6-pole plastic quick connector:
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Figure 11: Waterproof quick connector with
minimal axial give
The depth will help to determine the ROP, used in calculations for other measurements. We
have considered a quadrature (rotary incremental) encoder which sends feedback on the Nema
42’s position, but eventually decided it was not the best choice since temperature cycling has
been known to cause pressure changes in it, allowing seals to fail and a path to the inside of it
that allows moisture in. Since we are working with water, this is not the best option. We instead
ended up using a Linear variable differential transformer (LVDT) to find linear displacement and
settled on a high-accuracy digital contact sensor in the Keyence GT2 series because it is known
for its ability to measure without influence from oil or other surface contamination.
To facilitate time allocation of these sensors in our Gantt Chart, we weighted them as seen
below:

Table 4: sensors summary
Sensor
Gyroscope
Accelerometer

Weight
3
3

Load Cell
Hall Effect

3
2

Hall Effect
LVDT

2
1

Reason
Hitting target is first priority
Do not want a repeat of
vibration
WOB is needed to optimize MSE
Torque is needed to make sure
no failure occurs
RPM is needed to optimize MSE
Simple measurement
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Figure 12: LVDT
We intend to neutralize external magnetic forces by calibrating our sensors to find a “zero”
magnetic sample. By doing this in an area of excessive magnetic field strength – for instance, in
the lab where external distortion caused by all the equipment and ferromagnetic material in it –
we hope to minimize its influence.

6.3. Data Acquisition
The closed loop control algorithm is run by the Arduino Mega 2560 microcontroller, interfaced
with the Arduino IDE on the PC. This allows all of our motors and sensors to communicate to
the Arduino, and lets the code interpret the feedback and decide if corrective actions are needed.
We are concerned that this could result in an overload of the microcontroller board and leave too
much room for error in the code. If it gets too complicated, we have a “Plan B” with a backup
Data Acquisition Device (DAQ). This would take the place of the Arduino board as the interface
between sensors and PC. It would also allow for less coding and easier translation of the sensor
feedback, but at $1390 adds a lot to our budget. We have tentatively chosen the instruNet i555
in case we decide to move forward in this direction:

18

Figure 13: Optional DAQ

7. Budget
The expected expenses are included in table 4. The table has the main planned purchases detailed
while the minor ones are under the miscellaneous category. A contingency of $ 2000 is added in
case of changing plans or failure of some components. The project is mainly funded by NDIC
through the petroleum engineering department at UND.
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Table 4: Estimated budget expenses
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Nomenclature
BHA

Bottom Hole Assembly

BUR

Buildup rate

MSE

Mechanical specific energy

RPM

Revolution per minute

TD

Total Depth

TVD

True vertical depth

UDE

Undesired event

WOB

Weight on bit
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Equations
Calculations
Mechanical
Specific Energy

Torque

Weight on Bit

Formula
𝑊𝑂𝐵
2𝜋 ∗ 𝑅𝑃𝑀 ∗ 𝑇
𝑀𝑆𝐸 =
+
𝐵𝑖𝑡 𝑎𝑟𝑒𝑎 𝐵𝑖𝑡 𝑎𝑟𝑒𝑎 ∗ 𝑅𝑂𝑃

𝑇=

𝑊𝑂𝐵 =

𝐼 ∗ 𝑉 ∗ 60
𝑅𝑃𝑀 ∗ 2𝜋

Moment of Intertia &
Newton’s Second Law (for
rotation)
1 𝑙𝑏
𝐿𝑜𝑎𝑑 𝑐𝑒𝑙𝑙 ′ 𝑠 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦
=
𝐿𝑜𝑎𝑑 𝑐𝑒𝑙𝑙 ′ 𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘
𝑙𝑏𝑠
4 𝑢𝑉

Pressure losses
Buckling Limit

Reference
𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑜𝑐𝑘 𝑟𝑒𝑚𝑜𝑣𝑒𝑑

Pbc = π2 E I / (k L)2
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Results
varying

𝑇 < 7 𝑁·𝑚

𝑊𝑂𝐵 < 150 𝑁

Hazen-Williams

53 psi

Euler’s Eqn

20 N
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