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Executive Summary
This year, the Drillbotics competition has expanded its horizons past challenging students to
build just physical drilling models. With the rise of computer simulations and machine learning,
Drillbotics is now issuing a second challenge for students do tackle just that, computer
simulations. At the University of Oklahoma, a team of students of diverse backgrounds, both in
academics and in industry experience, have come together to take on this new task.
In order to address the task, our team has broken down the challenge into its core components,
starting from the ground up. First, the physical drilling systems are analyzed in order to
understand how all relevant parameters relate to each other, within and across individual
systems. From there, the models that we plan on using within the simulation are discussed in
moderate detail, for a total of six different models. Then, we discuss potential implementation
methods for the control system, proposing two different models; each one fundamentally
different from the other. Next, we briefly overview the software our team plans on developing
the model within and our rationale for choosing those specific programs. Lastly, we conclude by
outlining what the driving factors in our final model selection will be.
Our team is very excited to participate in the inarguable Drillbotics B challenge. Many of us on
the team have some level of experience in the computer simulation realm and are very eager to
apply what we know to compete with other universities in this incredible challenge.
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1. INTRODUCTION
This year, an additional challenge has been added to the Drillbotics® competition. The
original task of Drillbotics is to build a model drilling operation and execute a drilling operation.
However, with the rise of computer simulations and machine learning in the oil and gas
industry, it is now more important than ever to push the boundaries of drilling. Now, Drillbotics
challenges universities to bring teams that can model and execute drilling plans within a
simulation. For this task, the University of Oklahoma Petroleum Engineering department has
assembled a multi-disciplinary team with unique backgrounds to address the task. While the
task issued is not easy nor simple, the University of Oklahoma plans to submit a Drilling Model
that goes beyond the written requirements of the task. There are a few major points our team
wishes to highlight, as our team considers them important in the drilling model. These points
include the plan for our model to be able to populate incomplete data with reasonable
assumptions, continuously plot during trip-out times (including switching motors or bits), model
vibrational predictions in both the lateral and the axial planes and be capable of running from
start with and without information changes during the modeling process. It is these points that
our team at the University of Oklahoma wishes to convey in forward before diving into a more
detailed account of our preliminary work.

2. RIG SYSTEM
The main goal of the drilling rig is to drill a hole in the ground that could reach
thousands of feet in depth while controlling all the formation pressures that the drill pipe
passes through and also carrying the rock cutting to surface. There are three main systems
within the rig that carries all the crucial operations in harmonious and systematic way. The
three main systems are the hoisting system, the rotating system and the circulation system.

2.1 Hoisting system
The major function of the system is to carry and move the equipment that executes the
drilling task. This equipment consists of the drill pipe and bottom hole assembly including the
drill bit. It is also responsible for carrying and handling the casing (the metal isolation
mechanism that seals the formation from inside the wellbore). This system has the following
sub components: Drawworks, drilling line (fast and dead line), crown block, travelling block,
hook and derrick.
The draw works are a wheel leveled at the rig floor that has the drilling line wrapped
around and extended to the crown block (fast line). The crown block is a stationary pully that
the drilling line attaches to and is located in the top of the tower- like structure (the derrick).
The line coming out of the crown block is wrapped around a moving pully known as travelling
block and then back to the crown block and tied to the rig floor (dead line). The hook is
attached to the travelling block that carries the drilling pipe and entire drilling assembly that
moves up and down during the drilling operation. There are also a number supporting systems
that are also necessary to carry a safe and structured operation.
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2.2 Rotating system
The preliminarily function of the system is to rotate the pipe and the drilling assembly to
produce the torque and power necessary to drill the hole. Industrial rig system either is
designed using a Kelly or top drive drilling. The top drive is stronger and faster mechanism that
turn electrical power into rotational force that is able to rotate the pipe and all attached tools.

2.3 Circulating system
The primary function of the system is to pump the drilling fluid down in the drilling
string back to the surface through the annulus. The purpose is to carry the rock cutting back to
surface, lubricate the bit and cool the system down. It consists of the mud pits, pumps,
standpipe, and hose. The drilling fluid with its desired properties is mixed in the pit and pumped
to the stand pipe through the hose, drill pipe, bit and back to the annulus.

2.4 Supporting Systems
There are two more systems that a safe efficient operation is not able to be conducted
without. The Power system that provide electricity to the entire rig and equipment using diesel
engines. Also, the well control system to maintain the safety and keep well and formation
pressure under control.
To model the different rig systems in our simulation, we will have two phases. Phase 1
will allow for enough electrical supply to the systems to operate the pump and the top drive as
described in figure 1. In Phase 2, a different combination of RPM and WOB is controlled to have
the desire ROP and control the vibration in a way to eliminate any wasted energy in stick and
slip. Also, the directional plan should be controlled from the kick of point by measuring the
inclination and azimuth along the trajectory plan in this phase figure 2. Modeling these two
phases will allow to optimize the drilling operations, reduce friction by controlling the water
pumping rate and exerted the optimum energy at the bit for steering mode in a safe and
dynamic circle.

Figure 1. Phase 1 of Operations Model at the
Surface

Figure 2. Phase 2 of Operations Model
Represent the Drilling and Controlled
Parameters
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3. MODELING
In order to virtually drill a directional well, the team has analyzed multiple mathematical
models for various components of the drill string. The common problem associated with
numerical and analytical solutions to the developed model include:
1. Complexity of integrating models associated with individual drilling sub-systems in a
directional drilling scenario
2. Prediction of real time directional drilling simulation considering computational stability
and time
3. Identifying appropriate boundary conditions
4. Addressing accuracy of numerical solutions through control loop error analysis

Figure 3. Modeling sub-systems in a virtual directional drilling application
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The team has identified the following sub-systems (in blue) to simulate the entire directional
drilling scenario (Figure 3). The sub-system models have been explained at length in the section
of the report along with appropriate assumptions undertaken.






Drill String model
Bottom hole assembly model
Rock – Bit interaction model
Rate of Penetration model
Drill ahead (Trajectory) model

3.1 Drill String Model
This section covers the mathematical model development of the drillstring. The
assumptions made during development of the model have been listed below as:
 Drill string behavior is categorized as a torsional spring and pendulum
 For reducing complexity, the model has two rotational degree of freedom including
axial and torsional
Figure 3 depicts the drillstring as a torsional pendulum with two degrees of freedom,
torsional and axial. Here, θm, θd and θb represent the angular displacement of the motor, drill
string and the bit. Cm, Cd and Cb represent the damping coefficient of the motor, drill string and
bit. Jd and Jb represent the mass moment inertia of the drill string and the bit. Kd, Kb, wd and wb
represent the torsional stiffness and angular velocity of the drill string and bit. 𝑇𝑏 is the torque
generated at the bit.

Figure 4. Representation of Drill string as a torsional pendulum
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The equations of motion for the torsional pendulum can be written assuming that it is driven by
the electric motor at the top:
𝐽𝑑 𝜃̈𝑑 − 𝑐𝑑 _𝜃̇𝑚 − 𝜃̇𝑑 − 𝑘𝑑 (𝜃𝑚 − 𝜃𝑑 ) + 𝑐𝑏 (𝜃̇𝑑 − 𝜃̇𝑏 ) + 𝑘𝑏 (𝜃𝑑 − 𝜃𝑏 ) = 0

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1

𝐽𝑏 𝜃̈𝑏 − 𝑐𝑏 (𝜃̇𝑑 − 𝜃̇𝑏 ) − 𝑘𝑏 (𝜃𝑑 − 𝜃𝑏 ) = −𝑇𝑏

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2

 In order to address step changes in pipe geometries, the drillstring block will be split
into multiple components. These components can be added together to form the
original length of the string. The advantage of splitting the drill pipe is to add physical
properties like length, stiffness and inertia to each section of the pipe. This can help
us further by customizing the drill pipe into individual components while
characterizing the torsional vibrations in the system
 Torsional vibrations including stick slip analysis will be included as a vital part of the
control loop for drilling optimization. The threshold torque for stick slip inducing
vibrations will be experimentally calculated on a downsized laboratory test rig
 The model will also include labels for all the drilling parameters which have been
downscaled as per virtual rig specifications

3.2 Bottom Hole Assembly Model
Since the innovative work done by Lubinski et al., 1953, the importance of deviation
tendencies of bottom hole assemblies has been better understood. A successful bottom hole
assembly program is useful for critical analysis of a number of factors. A few of them that fall
within the scope of a virtual directional drilling scenario include:
1. Estimating bit axis and bit force responsible for estimating walk, build and drop
characteristics of the BHA
2. To provide a corrective algorithm for the MWD measurements to maintain optimum
drilling trajectory
3. To estimate drilling direction by syncing up with an appropriate rock bit interaction
model
4. To estimate proper placement of downhole tools/sensors from the bit
The mathematical models for BHA simulation can be solved by three approaches, semi –
analytical method, finite element method and finite difference method (Ho H.S, 1986). The
team decided to go ahead with the finite difference method as the preferred method due to
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reduced complexity and computation time. The team also plans to include different BHA
assemblies to consider for the planned trajectory. The assemblies include:
 Building assembly for positive curvature
 Dropping assembly for negative curvature
 Holding assembly for build/drop depending on borehole curvature

Figure 5. Reference co-ordinate system for bit (Left) and force balance for BHA (Right) (Rafie S. et al., 1986)

The governing equations are derived using the large deformation theory of elasticity.
The mathematical equations are further simplified to second order differential eqautions to
reduce complexity. Figure 5 represents the co-ordinate system (right handed) with z axis
representing the axis of the BHA connecting to the survey points (Rafie S. et al., 1986). The
governing equations are explained as:
( 𝐸𝐼𝑈 ′′ )′′ − (𝑇𝑉 ′ )′′ + (𝑁𝑈 ′ )′ = 𝑓1 − 𝑓2

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3

( 𝐸𝐼𝑉 ′′ )′′ − (𝑇𝑈 ′ )′′ + (𝑁𝑉 ′ )′ = 0

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4

Where E is the modulus of elasticity, I is the moment of inertia, T is the drill string
torque, U and V are the drilling deflection in both x and y direction, ( ‘ ) represents the
differential function along the drill string axis, f1 Is the weight/length of drill string in X
direction and f2 is the contact force seen in the x direction. By further adding deflection and
bending constraints at bit and start of BHA, the equations are solved to obtain BHA
displacement.
The assumptions undertaken are:
 Bit offset is unaccounted for
 The bit does not undergo bending moment
10

 The contact between borehole and drillstring occurs only in the vertical plane

3.3 Rock Bit interaction Model
Although the BHA model forms the heart of the directional drilling program, a robust
rock bit interaction is needed in combination that considers bit and formation anisotropies. The
rock bit interaction model further serves as a useful mechanism to predict the drilling
trajectories in directional wells (Ho H.S, 1987). The rock bit interaction model used is described
below as:
𝑟𝑁 ∗ 𝐸⃗𝑟 = ( 𝐼𝑏 ∗ 𝐼𝑟 ∗ 𝐸⃗𝑓 ) + ( 𝐼𝑟 ∗ (1 − 𝐼𝑏 ) ∗ 𝑐𝑜𝑠𝐴𝑎𝑓 ∗ 𝐸⃗𝑎 )
+ ((1 − 𝐼𝑟 ) ∗ 𝑟𝑁 𝑐𝑜𝑠𝐴𝑟𝑑 ∗ 𝐸⃗𝑑 )

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5

where Er represents the drilling direction, Ea represents the bit axis and Ef represents
the bit force and Ed represents the normal to formation vector. rN is the normalized drilling
direction and Ard is the angle between the formation normal and the drilling direction
 Ir and Ib are the indices for rock and bit anisotropy where,
𝑟𝑝

𝐼𝑟 = 𝑟 = 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑑𝑟𝑖𝑙𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑦/𝑑𝑟𝑖𝑙𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
𝑟𝑙

𝑛

Equation 6

𝐼𝑏 = 𝑟 = 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑑𝑟𝑖𝑙𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑦/𝑎𝑥𝑖𝑎𝑙 𝑑𝑟𝑖𝑙𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 Equation 7
𝑎

The values of Ir and Ib varies between 0 and infinity for different combinations of drilling
directions along the bit and the formation frame of reference. Although the bit is more likely
to be anisotropic as compared to the formation, the formation anisotropy index cannot be
assumed to be zero
 Detailed BHA assembly information, operating conditions, bit information and survey
data are required for estimating the bit and rock anisotropy indices. This data can be
further used to estimate the drilling direction vector. The team will incorporate the
required information into the design
 According to Menard (2003), the directional behavior of a PDC bit is generally
characterized by its walk tendency and steerability
𝐵𝑆 =

𝐷𝑙𝑎𝑡 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑝𝑒𝑟 𝑏𝑖𝑡 𝑟𝑒𝑣./𝑠𝑖𝑑𝑒 𝑓𝑜𝑟𝑐𝑒
=
𝐷𝑎𝑥
𝑎𝑥𝑖𝑎𝑙 𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑏𝑖𝑡 𝑟𝑒𝑣./𝑊𝑂𝐵

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 8

 BS (Bit Steerability) depends on the cutting profile, gauge cutters, and gauge-pad
characteristics. From the definition of BS (equation 8), a high value shows the ease of
deviating a bit laterally; similarly, a low value shows the ease of drilling in the axial
direction. Inclination rate depends on the side force and weight applied on the bit, the
bit tilt angle and the rock formation.
11

3.4 Rate of Penetration (ROP) Model
The rate of penetration model concludes the directional drilling program by providing
the penetration rate in x, y and z axis. The rate of penetration model included in our virtual
drilling system includes lateral and axial components. The lateral rate of penetration model
includes bit force and tilt angle calculations done in the previous model to estimate lateral rate
of penetration. The axial rate of penetration model considers the operating parameters as well
as rock properties to estimate the axial rate of penetration. We will also be using the Burgoyne
ROP model to relate WOB to the rock and drilling parameters.

3.4.1 Lateral ROP Model
The lateral rate of penetration includes the tendency of the bit to walk sideways. The
mathematical model to estimate lateral rate of penetration is given by Brett J.F et al., 1986 as:
𝑅𝑂𝑃

𝛾 𝑛+1 = 𝛾 𝑛 + 𝛼𝑥 + 𝐴𝑟𝑐𝑡𝑎𝑛 (𝑅𝑂𝑃𝑥 )
𝑧

(𝑆𝑓 )
𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝑅𝑂𝑃𝑥 = 𝐴 ∗
𝑅𝑠

Equation 9

2

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 10

Where 𝛾 𝑛+1 = updated bottomhole inclination, 𝛾 𝑛 = current bottomhole inclinations
and 𝛼𝑥 = bit tilt angle. The bit tilt angle is included because the new inclination is dependent on
the rate of penetration in x (lateral) and z (axial) directions.
 The model assumes precise calculations of the penetration rates as small errors can
result in high inaccuracy of inclination calculation
 The model also neglects factors such as bit hydraulics, rotary speed, bit type and size

3.4.2 Axial ROP Model
The specific energy (𝐸𝑠 ) of a bit is the energy required to remove a unit volume of rock
while drilling. According to Teale (1965), It has two components which are thrust, as a result
of the weight on bit (WOB); and torque (T), as a result of the bit rotation (RPM). From
definition, specific energy is defined by the equation below
𝐸𝑠 =

𝑊𝑂𝐵
𝐴𝐵

+

120𝜋𝑁𝑇
𝐴𝐵 𝑅𝑂𝑃

Equation 11

Where 𝐴𝐵 is the area of the bit while N is the rotary speed and ROP is the rate of
penetration.
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The minimum specific energy (𝐸𝑆𝑚𝑖𝑛 ) is the minimum energy required to remove a unit
volume of rock. It depends on the compressive strength of the rock and the hydrostatic
pressure acting on it due to the drilling fluid. It is generally higher with proportion to the
strength of the fluid hydrostatic pressure. Minimum specific energy is roughly equal to the
compressive strength (𝜎) of the rock drilled.

Equation 12

𝐸𝑆𝑚𝑖𝑛 = 𝜎

According to Teale, mechanical efficiency (𝐸𝐹𝐹𝑀 ) is defined as
𝐸𝐹𝐹𝑀 =

𝐸𝑆𝑚𝑖𝑛
𝐸𝑆

× 100

Equation 13

As observed by Teale, considering the parameters of the above of specific energy, the
independent variables fluctuate in the process of drilling which implies the inaccuracy of
representing specific energy by a single value. The value of 𝐸𝑆 depends on the rock
properties which is often heterogeneous.
𝐸𝑆 is a function of Torque, a variable that could be read on a physical rig. For the sake of
our virtual rig, torque is expressed as a function of other drilling parameters.
𝑇=𝜇

𝐷𝐵 𝑊𝑂𝐵

Equation 14

36

Where DB is the diameter of the bit and μ is the bit-specific coefficient of sliding
friction
The bit is assumed to be a circular shaft with a flat bottom (Pessier 1992)
By combining (11), (12), (13) and (14)
𝐴𝑥𝑖𝑎𝑙 𝑅𝑂𝑃 =

13.33𝜇𝑁
𝜎
1
− )
𝐸𝐹𝐹𝑀 𝑊𝑂𝐵 𝐴𝐵

𝐷𝐵 (

Equation 15

The bit-specific coefficient of sliding friction indicates how much work a bit can do given
a particular WOB. Experimental data will be applied on equation (14) to obtain the
coefficient of sliding friction.
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4. CONTROL SYSTEM DESIGN
4.1 Set Point Control
In order to have any model or simulator, there needs to be something to model or
simulate. Usually when there is something that needs modeling or simulating, the need usually
requires the model or simulation to occur under set, specific conditions. The condition(s) in
which the simulation is run under are called the set point(s). In the case of our teams drilling
simulator, WOB and RPM are viewed as the two ‘controllables,’ or the factors that one can
actually control while drilling. Without restating everything from prior sections, the reasoning
for this is that all of the models used take either these values or values derived from them as
inputs that are controllable regardless of equipment type. Things such as bit type or motor type
do not classify as set points but rather as ‘environmental’ parameters- not the environment as
in nature but more in the literal sense of the overall drilling conditions. Our simulator is
designed to run and optimize based on these two conditions alone, however; due to the
modular nature of our project layout, the introduction of additional controls is as simple as
introducing a control into the user interface to tap into the mathematics of the simulation itself.
These two ideas are discussed in more detail within the coding section. Currently, our team has
two proposed methods of constructing the drilling simulator. The first is a combination and
analytically and numerically driven methods. The second is data driven solution and is split into
two portions, a Recurring Neural Network and a Decision Tree version. It is split as it is unknown
at this time which of the two networks is more suited to this type of model. Both proposals
require different inputs and input types. One such example is how the azimuth and inclination
are accounted for within the models. These types of addition set points or input requirements
will be discussed in more detail within the proposals themselves.

4.2 Concept 1: Numerically solved Drill-Ahead (Steering/Trajectory)
This concept utilizes mathematical models that are numerically solved to
calculate the inclination and directional drilling vector to move the drillstring a unit step
forward in the optimal trajectory direction. This is explained in figure 6 below (Spencer et al.,
2014).
 LabVIEW works at the front end taking in simulation-based data as sensor
measurements. A human machine interface is designed for controlling the vital drilling
parameter inputs.
 Error handling is explained in the latter section to account for trajectory optimization
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Drilling
Dysfunction

Drilling & Lithology
Properties

RPM WOB
3D Trajectory Update

LabVIEW User Interface
SIMULINK Backend
Simulation
- Predict Inclination
-Add short distance to hole
-Move Drillstring ahead
Trajectory Update
Figure 6. General Schematic for the Numerical/Analytic concept drilling simulator

4.3 Concept 2: Data driven Drill-Ahead (Steering/Trajectory)
In an effort to avoid some of the complex vector math in the previously discusses concept,
our team is also investigating ‘Data Driven’ models. These are models that use large amounts of
industry data in order to develop trends that relate the different parameters in question. Our
team is considering two main methodologies, a decision tree and a recurring neural network;
the operating principles, advantages, and disadvantages of each are discussed below. However,
for both methods, the core of the approach is the same. Basically, since the goal is to identify
trends of large amounts of data sets, it doesn’t actually generate a drilling model. To account
for this, a few considerations are made regarding how a well can be drilled. There are three
ways to drill and inclined well; build and hold, continuous build-up, and an S shape. Given the
currently listed parameters for the model, we don’t believe it to be possible to drill an S shaped
curve and will not begin building a model for it unless new information comes to light. For the
remaining two drilling plan types, our team plans to begin by subject very basic curve functions
against the identified drilling trends for the creation of the actual predictive model.
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4.3.1 Decision Trees
Most people use some for a decision tree almost daily and do not even realize it. Any
time a set of conditions leads to a decision to be made; a decision tree is constructed. A classic
example would be what someone will do for a weekend given the weather. If it is rainy and
windy, they will most likely not want to leave their house. If it is sunny and no wind, they might
visit a beach. Sunny and wind may result in the individual flying a kite. The result can be
predefined by a user or be set by the results of something from data. However; it is not always
easy to define what parameters control outputs and to what degree they control the outputs.
In the case of the drilling simulator, this is the situation. While it may seem that at first glance it
is the WOB and RPM that define the outcomes, they are only portions of it. If the desired
output is a three-dimensional vector; ROP, inclination, azimuth, and depth, there may be many
more controlling factors such as rock bit interactions, bit limitations, drilling motor limitations,
and a series of other factors that may or may not be easily identified. This leads to one of the
more glaring issues with a decision tree in that it does not inherently identify all these factors
without supervision. Once a model becomes supervised, human bias can be introduced and
therefore may skew the accuracy of the model. Conversely, decision trees, because of their
simplicity, can quickly make decisions and don’t in any way weigh the previous decision(s) in
the subsequent decisions. This also makes adjustments for errors more easily handled.
Additionally, there are no limitations on the number of branches the tree can have, so it is
possible to have many potential results considered for selection to account for a large quantity
of small subset behaviors.

4.3.2 Recurrent Neural Networks
Recurrent Neural Networks, or RNNs, are much more difficult to explain than a decision
tree as they are not as commonly used actively by most people. Most people use RNNs every
day without realizing it. For anyone that has ever used predictive text on a smart device,
they’ve had exposure to how an RNN generally behaves. Predictive text starts by basically
following the linguistic rules of the language one is typing in, suggesting shorter, more common
words that follow general grammatic structure. But the more the user works with predictive
text, the better the word suggestions become. This is because the model is using each text sent
as a new data point to retrain the model over time. This is unlike the decision tree where prior
information had no weight; in an RNN each prior data point has weight unless a truncation
point is set. A truncation point would be a set number of interactions prior to the current
iteration in which data is no longer saved and weighed for the prediction. This means that
immediate corrections are not as possible because the response by the model of one data point
is restricted in a sense by the several prior data points that may or may not have fallen in line.
This helps create a ‘smoother’ wellbore overall at the potential risk of generating a dogleg.
Additionally, RNNs are trained unsupervised and therefore do not introduce human bias into
the model.
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However, this is also partially a negative because the amount of information required to
accurately build an RNN over a decision tree is much greater. Since our team is still cleaning and
downscaling data required for the training, a diagram of the exact architecture for our model
has not yet been generated. However, as shown below in figure 7, the general form of an RNN
is simple.

Figure 7 Basic architecture for an RNN

While there are more than two inputs in the model, they may not necessarily be ‘input layer’
values. As discussed previously, many values constantly change throughout the drilling process
such as torque and ROP. It is within the hidden layers of the model that those values are
constantly recalculated and reconsidered when scrutinized against the trained model in order
to output the trajectory vector. That trajectory vector is then fed back through the network as
an input for the next trajectory vector. This process occurs over and over until the target
position is achieved. While this diagram does not illustrate it, the model is also subjected to the
previously discussed, user selected error restraints. This leads to the last potential problem with
the model: overfitting. It is a possibility with an RNN that if the error is too precise the model
will overfit causing a large number of potential issues. If this is found to be the case, a minimum
error value will have to be enforced.

17

4.4 Error Handling for Trajectory Optimization
The primary issue with error in a simulation is that it is very often generated in some
controlled fashion due to the nature of analytic equations. If one were to plot a continuous
build-up curve drill plan, one could use a symbol parabolic equation, and if one were to use that
parabolic equation for the drilling model, they’d have a perfect – but over simplified- curve.
With numerical and predictive modeling, however; there is the inherent chance that the output
value does not fall in line with the ‘perfect’ solution. These slight deviations from perfect cause
things such tortuosity or dog legs in the wellbore, and these are things drillers usually with to
avoid. Now when they occur during the physical operation of drilling they don’t occur because
of predictive error but because of dozens of little differences or unaccounted for small things
that cause potential deviation; such as a brief section of salt too small for a well log to detect
cleanly in a sandstone formation. However; the fact they occur at all is important to note and
important to attempt to capture within a drilling simulator. Both proposed models handle error
in a similar way. In addition to setting parameters in the initial pop up for the simulation, the
user can also choose to set an error tolerance for values during the simulation. Both models will
have a default operating error that has yet to be determined as the models are not yet
functional for scrutinizing. If the model outputs any value outside the tolerance window, the
model will begin to correct the issue, how it does depends on the value in question as well as
the model in question. How exactly this is done requires testing, but the general idea is to treat
the tolerance window as boundary conditions but not maximum conditions. It is very important
not to over fit any model, so the handling of error can prove to be incredibly challenging.

4.5 Advanced Work
Here at the University of Oklahoma, many students of drilling have selected drilling
vibrations as a topic of advanced study and therefore many of those on the team are well
versed in drill string vibrations. The two most studied within our team are lateral and torsional
vibrations. The inclusion of torsional vibrations within the model has already been detailed
within the drill string model portion of this report, as the equations selected account for the
torsional vibrations. Additionally, we hope to include a new analytic method of modeling the
lateral drill string vibrations. This is work that is still be actively investigated and researched, but
preliminary study shows, based on experimental and theoretical experiments, that the general
form of the ideal analytic solution for the position of the drill bit in the wellbore during lateral
vibrations can be illustrated with the general equation for the “elliptic trochoid”
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Where
r = the radius of the rotating oscillator
h = the distance from the between the radial trace point on the oscillator and the orbit path
t = time, in the sense of number of points calculated
a = vertical length of the orbit path
b = horizontal length of the orbit path

While the relationships between WOB and RPM and the parameters ‘a, b, h, t,’ are
complex, a few general trends are easier to explain. The first general trend is that as RPM
increases, the values of ‘a’ and ‘b’ increase. Experimental data has also shown that very rarely
are there conditions where ‘a’ and ‘b’ are the same. In this case the orbital path with be a circle,
and not an ellipse as it is in figure 8. The second general relationship is that WOB increases, ‘a’
and ‘b’ decrease, and do ‘h’ and ‘t,’ however to what order RPM influences them is still under
investigation.

Figure 8. Experimental Lateral Vibration data; elliptic shape
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The above figure is one of the many data sets collected in order to formulate an analytic
predictor for lateral drill string vibrations. As it currently stands, if the analytic model present is
used over machine learned alternatives there will not be as much random variance within the
model. Our team believes this to be acceptable for a simulator for two reasons. The first is that
the amount of data required to most accurately calibrate the model to account for the random
variance is not only vast but is also data that is not regularly collected by operators. Secondly,
the accuracy of the generic analytic model is believed, currently, to be sufficient for the
purpose of simulating. Vibrations are already viewed by some as random to a degree, so a
model that confidently accounts for a highly likely lateral vibration profile achieves the goals of
the mode.

5. Coding the Simulator
The control system for the simulator will be designed using MATLAB® and LabVIEW®.
Below these two programs will be briefly overviewed as programs, and as components of the
overall drilling simulator.

5.1 MATLAB
MATLAB is a numerical computational environment designed by MathWorks. It is
extensively used in industry and academia, having a wide range of application; some of which
are high-level mathematical computations, modeling, data analysis, and signal processing and
algorithm development. Due to MATLAB’s ability to perform advanced mathematical
computations, house neural networks, and model systems efficiently, our plan is to program
both of the previously listed Control Schemes into MATLAB for scrutinizing. While the programs
raw mathematic ability is a primary reason for selecting it for the task of handling the Control
Scheme portion of the drilling model, there additional reasons for the selection of this program.
MATLAB is an open sourced program, meaning that there is a large amount of public domain
code, or code foundation. This is important because the wheel does not need to be reinvented,
just repurposed. Mathematicians and computer scientists have come together in the era of
modern technology to make readily available base code for both previously discussed neural
networks. This is important because the fundamental math for these networks is rather
complicated, and a peer-reviewed foundation to work with helps to ensure that the model is
adequate for calibration to this particular purpose. Additionally, MATLAB is able to easily read
in and store the cleaned data that will be used for training the model. This ensures that the
data used to train the model is properly tracked and not duplicated or not used for both
training and validating.
The open source code also helps for handling the complex vector math and numerical
equations required for the first plan discusses in the options for Control Schemes. In both cases,
MATLAB is able to process the data without any sense of humanly noticeable lag. This ensures a
‘Real-Time’ model. True ‘Real-Time’ models are impossible; but this is as close as it gets.
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5.2 LabVIEW
While MATLab is a fantastic tool for handling the Control Scheme, it is not the most
user-friendly program for the general user. In order to interact the with the control scheme we
build within MATLAb, we introduce a second program called LabVIEW. LabVIEW is a system
design and development environment designed by National Instruments which uses graphical
programming language. It is widely used in designing data acquisition and control systems and
also provides the ability to design user-friendly human machine interface (HMI). Programs, or
code, built in LabVIEW have 2 major components; the interface and the block diagram. The
block diagram is the portion of the program that controls the actual logic, or structure, of the
code; while the interface is the blueprint layout of what the user of the program will see. This is
better illustrated as a visual. Below, figure 9 shows a Block Diagram that handles the interaction
between three switches on a mechanical input, a visual indicator on a program, and
corresponding Boolean values.

Figure 9. Block diagram for a portion of LabVIEW code for a BOP simulator

It is seen that there are lines that connect differently labeled boxes to different words, in this
case all of them read ‘disabled.’ This is the current status of the switch it is tied to. While the
exact function this Block Diagram is functioning isn’t important, it serves as an illustration of
how the logic behind the user interface looks and operates. Secondly, this section of code is
duplicated several times in its original source, as it is a modular component.

21

LabVIEW makes it incredibly easy to string together large amounts of smaller and/or modular
components. This is especially important for the recursive, numerical, or highly repetitive
calculations or data calls required to execute this drilling simulation. Finally, while this particular
modular component is simple, it is important to note that the complexity the program can
handle does exceed this, but it not robust enough to handle mathematics as complex as
required by the control schemes.
Now for this project there is not a mechanical controller that will be interacting with the
code but an input box on a computer screen at the start of the simulation. This is where the
user interface portion of LabVIEW becomes important. Then, figure 10 below is the alpha
version of an input dialogue box for a drill bit simulator.

Figure 10. Input selector for a LabVIEW interface

This is a good example because some of the work that went into the creation of the
simulator associated with dialogue box is present within some of the equations being used in
this drilling simulator. At the beginning of the simulation, a dialogue box will open prompting
the user to input some amount of values required to run the simulation. In the case the drilling
simulator, the two ‘bare-minimum’ inputs would be WOB and RPM. Once these values are
input, either with a mouse click input or keyboard input; either or, and confirm the parameters,
the simulation will start. The output window for the same simulation as the dialogue box about
looks as follows.
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Figure 11. Display screen in LabVIEW for a Drill Bit Simulator

Figure 11 is a bare boned display when considering that LabVIEW is capable of extensive visual
customization, but it gets across the sense of just how much the display can illustrate to the
user. Here one will notice two different depth charts, multiple different sub-parameters being
monitored, the initial operating conditions being displayed, a multi-select graph, and a WOB
graph. For the drilling simulator, LabVIEW offers the ideal method of graphing every parameter
from lateral whirling forecasts to ‘drilled depth vs time’ charts – in a selectable time unit as
well. Our team believes it to be very important that anyone be able to use a simulator with
minimal training, and in order to do so the interface must be easy to work with and easy to
read in display.

Conclusion
Our team is confident that we will be able to integrate the six models listed to account for all
operations and actions that occur on a drilling rig necessary to execute a drilling plan. We also
believe that both our analytic/numeric model and our data driven model will be able to
simulate the execution of said drilling plan. As it stands, a decision for which model to commit
to depends on the following
1.
2.
3.
4.

Speed and response of the model
Ease of operation of the model for the user
Modular capabilities of the model
Code ability

Our team is very much excited to continue on this task and provide an expansive and novel
drilling simulator.
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