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1 INTRODUCTION

The nanoRIGv3 is a free-standing, light-weight autonomous rig that incorporates the main structural
features of the nanoRIGv2, which was designed and constructed for last year’s SPE DSATS Drillbotics™
competition. The structure of the nanoRIGv2, shown in the right figure in Figure 1, meets the design
criteria for this year’s competition and is able to accommodate the 30x30x60 cm 2017 competition rock
sample.

Except for the nanoRIGv2 frame, the nanoRIGv3 is designed to have new hardware and improved
controls. In order to address challenges from the 2016 competition and adhere to the guidelines for the
2017 competition, the nanoRIGv3 implements a more powerful and versatile top drive motor, an
advanced hierarchical control architecture with performance maps, a customized, instrumented
bottom-hole assembly, a drill-string torque sensor, and an along-string sensing system.

1.1 PrEviOUS DESIGN: NANORIGV2

The nanoRIGv2 top drive was a Bodine Electric 48R Series Parallel Shaft AC Gearmotor, which had a
maximum torque of 56 Ib-in at 340 rpm. The top drive was controlled by a variable frequency drive. The
top drive was connected to a swivel which introduced fluid circulation into the drill pipe, and allowed for
rotation of the drill pipe while the mud hose remained stationary. The drawworks of the nanoRIGv2 was
a chain belt system driven by a Schneider MDrive 23 Plus stepper motor with a 10:1 gearbox and a
Deltron power servo brake. A Futek S-beam load cell mounted on chain drive provided measurements
for weight-on-bit (WOB) calculation. A Honeywell Lebow In-Line torque sensor between the slip ring and
top drive assembly measured drillstring torque. The nanoRIGv2 implemented a customized,
instrumented bottom-hole assembly (BHA), which allowed for downhole sensing and stabilizer
placement. Consisting of a low pressure pump, swivel, wellhead, return line, sieve and two mud buckets,
the nanoRIGv2 closed loop fluid circulation cooled the bit and circulated cuttings out of the wellbore.
The drilling process of the nanoRIGv2 was controlled by a supervisory finite state machine and low-level
PID loops. System integration and control algorithms were implemented using a Speedgoat Realtime
Target System. (Han, et al., 2016)



Figure 1 The University of Texas at Austin nanoRIGv2 (left); CAD model of the nanoRIGv3 with new plexiglass shields (right).

2 DESIGN CHOICES

Key decision choices were made based on the design criteria defined by the competition guidelines, and
challenges faced last year. The key decision choices are highlighted in this section. Detailed explanations
of the designs are addressed in later sections.

2.1 STRUCTURE

The existing nanoRIGv2 structure proved to be able to successfully house the necessary drilling
equipment to drill through a 30x30x30 cm rock sample of non-parallel layered competition with loss
circulation. Since the structure can accommodate the 30x30x60 cm rock sample for this year’s
competition, the nanoRIGv2 frame will be implemented into the nanoRIGv3 design.



2.2 Top DRIVE AND DRAWWORKS

The performance of the previous rig design was limited by the top drive capabilities. We plan to
implement the performance map concept in the nanoRIGv3 control architecture in order to evaluate
various parameter relationships, allowing us to navigate around combinations that will exacerbate
drilling dysfunctions such as whirl and stick-slip. Therefore, to maximize the range of parameters that
can be explored, a more powerful top drive will be used in the nanoRIGv3. Since the new nanoRIGv3 top
drive is heavier than the previous top drive, a new drawworks stepper motor is needed to accommodate
for the increased weight.

2.3  WEIGHT-ON-BIT (WOB)

This year’s competition guidelines do not include a WOB limit for drilling operations. Therefore, the
WOB limit that can be applied on surface via the drawworks chain system, and the weight of the top
drive and attached equipment will be the buckling limit of the drill pipe, which is the weakest
component of the drillstring.

2.4 DEVIATION FROM VERTICAL

The rig is required to drill vertically through a rock sample with an unknown composition. In order to
detect deviation from vertical, downhole and surface sensors will be added to the design. We have
considered compensating deviation from vertical with stabilizer placement, a built-in bend in the
bottom hole assembly, and modulation of the drilling rotational speed. The main focus of the deviation
compensation will be the implementation of stabilizer placement.

2.5 VIBRATIONS, WHIRL AND STICK-SLIP

One of the major challenges faced last year was the vibrations experienced by the drillstring. The
vibrations and whirl were partially due to the misalignment of drillstring component connections.
Therefore, the nanoRIGv3 will use customized joints to connect drillstring components.

Vibrations felt by the drillstring in last year’s competition were also due to using rotational speeds that
excited natural frequencies of the drillstring components. Stick-slip incidents caused by material
embedded in the rock sample are to be expected during this year’s competition. In order to mitigate
vibrations and address issues due to stick-slip, the performance map concept will be implemented in the
nanoRIGv3 controls. The performance map concept will also allow for reinforcement learning while
drilling through the unknown layers of the rock sample for minimization of drilling dysfunctions and
optimization of drilling parameters, particularly rate of penetration (ROP).

2.6 SAFETY

In the design of any equipment in the oil and gas industry, safety is of the utmost importance. Safety
features of the nanoRIGv3 include graceful failure of the system and avoidance of drilling dysfunctions
via the controls algorithms, an emergency stop button to remotely halt operations, drawworks motor
brakes, outriggers for structural support, and plexiglass shields in case of debris.



3 RIG DESIGN

For last year’s competition, a lightweight, free-standing rig was designed and constructed. High-level
design calculations were done to ensure the existinO rig structure is sufficient to support the weight of
the new components and can retain structural integrity under operations.

3.1 Top DRrIVE

The top drive System for the nanoRIGv3 will consist of a 3 HP, three phase inverter duty rated induction
motor and its corresponding Variable Frequency Drive (VFD). The motor on the nanoRIGv2 is the
48R6BFPP-F1 N0640, however the proposed motor for the nanoRIGv3 is the Marathon Electric motor
Y1999, 182THFW7729AA. The new motor and VFD have been selected to accommodate for increased
ROP by enabling the application of higher torques, at higher rotating speeds.

The following table compares the two top drive motors.

nanoRIG V2 nanoRIG V3
Rated Power % Hp 3 Hp
Rated speed 340 rpm 1765 rpm
Rated Full Load Torque 56 lb-in 106.8 lb-in
Weight 26 lbs 64 |bs

The motor we have selected is an inverter duty rated motor over the general purpose motors. Although
the inverter duty motors are more expensive than the general purpose motors, the general purpose
motors can be run with drives in many applications; however, inverter-duty motors can withstand the
higher voltage spikes produced by all VFDs and can run at very slow speeds without overheating.

The schematic for control of an AC motor with a VFD is shown in the figure below.
vV V ewm

XXX B e T
ANAA ! \ : ‘

AC S -
Inverter ——— iy
Motor

50/60 Hz (1 ¢ or 3 ¢)

and frequency

Vpc = 1.35V

or 1.41V,,

in

1
]
1
:
Input: :
1
1
|
1
1
1

i Output: \
, Variable voltage
'

Figure 2 Schematic for control of an AC motor with a VFD.

The VFD is another integral part of the motor drive system. It is used to control and drive the motor. The
VFD needs to be sized and matched to the specific motor being used for a particular application. The
VFD we have currently is the Parker Hannifin drive 10G-11-0035-BF, and the VFD we will be using with
the new motor is the 10G-12-0100-BF. The following are the main characteristics of the current VFD:



e Input rating: Single Phase, 230V, up to 20 A
e  Qutput ratings: 230V, maximum current of 10A (full load amperage rating of the motor is 8.4 A)

3.2 DRAWWORKS

The current drawworks system consists of the Schneider MDrive 23 Plus stepper motor, 10:1 gearbox,
Deltron power servo brake, and chain drive. The system allowed for measurement of the rate of
penetration via a 1024 step optical encoder.

However, since the weight of the top drive system has increased, to be able to hold the system stably
and apply weight-on-bit more effectively, we will be upgrading to a newer drawworks encoder system.
The proposed system is MDrive 34 series stepper motor, which is larger than the MDrive 23 series
stepper motor, thus allows for a higher holding torque, with similar advantages in terms of robust
programming, a powerful instruction set and easy control, like that of the nanoRIGv2 motor.

The table below draws a basic comparison between the two stepper motors.

nanoRIG V2 nanoRIG V3
Holding Torque 0.64 Nm 2.88 Nm
Rotor Inertia 0.18 Kg cm? 0.90 Kg cm?
Weight 1.35 lbs 4.1 Ibs

3.3 STRUCTURAL DESIGN

3.3.1 Buckling of Legs

Since the nanoRIGv3 design will include a new top drive motor and drawworks motor, which are heavier
than those of the previous design, critical buckling load calculations were done to ensure the legs of the
rig base are sufficiently strong to hold the rig weight without buckling. The legs were assumed to be
simple beams with fixed ends.

mw2EIl
P, = KLDZ - 1,630,648N
Where
E = 69 GPa (aluminum)
I = 25.2917 cm* (Steven Engineering, Inc., 2015)
K = 0.5 for a fixed-fixed beam

L= 650cm

Using the new top drive weight of 64 lbs (285 N) and the new stepper motor weight of
4.1 lbs (18.2 N), the weight of the nanoRIGv3 main body supported by the legs is approximately
231 lbs (1028 N). The legs each experience approximately 57.7 lbs (257 N), which is significantly less
than the critical load, and therefore, the legs will not buckle.

3.3.2 Rotational Moment and Stability

In the case of a motor stall or the bit becoming stuck instantaneously, there will be a sudden stop in
rotational motion, which can cause a torsional shock load. A maximum RPM is calculated as a minimum
of the maximum torques allowed with respect to the rig tipping torsional load limit and the maximum



bending and shear stresses of the rods that guide the top drive vertical movement. From Newton’s
Second Law,

T_Ida)
S dt

Where I = 0.38 1b- ft? = 0.016 kg - m? is the top drive rotor inertia, T is the torque and w is angular
velocity. Integrating the above equation and assuming RPM drops to zero in 1 X 1073 s, the average
torque becomes
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The weight of the rig, 258.1 lbs (1149 N) and a sandstone rock sample, 273.8 lbs (1219 N), is
approximately 531.9 lbs (2367 N). A rotational moment of 2367 N * 0.6 m = 1420 N - m about the
end of the outriggers is needed to tip the rig over. This tipping torque load and a safety factor of 1.5
require the top drive maximum rotational speed be less than 565 RPM.

Additionally, we are interested in ensuring the integrity of the top drive carriage guide rods under the
shock load about the carriage bearings. We consider the yield bending (03, = 610MPa) and shear
stress (7, = 0.580,, = 354 MPa) values for case hardened steel and a safety factor of 1.5. The
maximum bending and shear stresses were calculated using the following stress equations as derived in
(Shor et al, 2015) from the Euler-Bernoulli beam theory,

128PL 16P
Tomax = J7pdE Tmax = 3rge

Using the length (L = 1.2 m), and diameter (d = 2.54 c¢m) values of the current top drive carriage guide

rods and setting the maximum stress values to be 0 max = % =407 MPa and T4, = ;—? =
236 MPa, the maximum load values are calculated to be P; 4, = 3680 N and P, ., = 89,687 N.
Using the smaller load value, the average torque value is Tyg = Ppgx *d = 3680 N * 0.19m =

699.2 N - m, which requires the top drive maximum rotational speed be less than 417.3 RPM.

Therefore, the limiting top drive rotational speed is 417.3 RPM. However, since motor stalls or stuck bit
incidents are safety concerns, operation stops should be implemented in the rig controls in order to
ensure the top drive load never exceeds the rated torque of 106.8 Ib-in. However, since the drill pipe will
buckle under a torque of 87.35 Ib_f-in, the operational limit for the top drive torque will be limited to
this lower torque value. Additionally, drilling fluid will be continuously pumped during the entirety of the
drilling operations to ensure a clean bit and aid in preventing a stuck bit. The control architecture for the
nanoRIGv3 will implement a performance map concept (see Section 7.1). With these safety catches, top
drive rotational speeds higher than 417.3 RPM may be explored for performance map generation.

4 MUD SYSTEM

A properly designed drilling fluid system is critical to drilling operations. As the formation is drilled
through, cuttings are produced and need to be cleaned from the hole. If these cuttings are not properly



cleaned, the cuttings will pack around the bit and decrease ROP. This section will describe the process
for our drilling fluid selection and wellhead design.

4.1 DRILLING FLUID

The drilling fluid needs to effectively clean the hole and be non-toxic. We will use water as our drilling
fluid. Water is non-toxic, cheap, and, based off previous years’ experience, of sufficient viscosity to
provide proper hole cleaning.

4.2 WELLHEAD

The wellhead design needs to accomplish two tasks: it must allow for cuttings and mud to be
transported away from the hole, and it must be able to engage the stabilizers. This year’s design will be
an open-air design.

In the open-air design, there is no seal between the wellbore and the atmosphere. A limited amount of
pressure can be applied at the wellbore to increase the hydrostatic pressure. This design is simple by
nature as there are no seals to worry about and no moving parts. For this reason, we felt that the open-
air design was better aligned with the design goals of the wellhead, which were effective and simple.
The schematics for the open-air design can be seen in (Figure 3). As seen, the wellhead could easily be
made from 1-1/4in PVC.

B e 2

Figure 3 Wellhead Diagram.



5 DRILL STRING

This section describes the design of the various drillstring components.

5.1 JOINTS

One of the major changes to the competition rules this year was the change to unlimited WOB. The only
limit to WOB is the strength of the weakest component in the drilling assembly, which is the drillstring.
In previous years team members noticed that the joints between drillstring and BHA, and drillstring and
top drive where crimping the pipe and were not straight. By crimping the pipe, flaws were introduced to
the drillstring which would reduce the maximum WOB. Crooked joints put the drillstring out of balance,
introduced vibrations to the drillstring, and increased fatigue. For these reasons, our team set out to
design a joint that would not crimp the pipe and keep the joint straight.

In order to design a better joint, we first needed to understand why the previous joint failed. The
previous design used a shaft collar to clamp down onto the drillstring. The friction between the collar
and drillstring would keep the pieces from slipping past each other. However, due to the high collapse
loads applied to the drillstring and the thin wall of the drillstring, there would be point failure of the
drillstring at the connections. We speculate that this point failure, or crimping, of the pipe would
shorten the pipe on one side and lead to a crooked connection. If the drillstring could be strengthened
to not suffer from the point failure, both the WOB and vibration issues could be remedied.

In order to strengthen the drillstring at the joint, we settled on using an insert. The insert would be set
inside the drillstring to increase its collapse load by removing flaws introduced by the old joint. An shrink
fit will be used to insert an oversized insert into the drillstring (see Figure 4). An insert that is 0.001
inches oversized would provide more than 10 tons of tensile strength to the joint and would need less
than 200C temperature differential to make the fit. Without the flaws introduced from the old joint
method, the collapse strength of the drillstring will increase. If the straightness issues persist, we will
employ a higher tolerance shaft collar with a longer seat depth for the connection.

Insert
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Figure 4 Joint Connections.



5.2 STABILIZERS

Two gauge stabilizers 3.5” apart will provide stability to the BHA. The maximum buckling load of a
column depends on the end supports. The load is higher if the end is fixed upright than if it is pinned.
The gauge stabilizers will provide a fixed upright end support and so increase the WOB before buckling.

As a stretch goal we will attempt to use the stabilizers to screw into the rock and provide additional
WOB. This would allow us to add bit force without increasing the compression in the drillstring.

5.3 BoTTOM HOLE ASSEMBLY (BHA )
This year, we plan on using a short BHA. It will measure 3.5” along the length and have a stabilizer on
each side. We are designing the drillstring to have as high a buckling load as possible and increasing the
BHA length will decrease the buckling load, so we want it to be as short as possible. The downhole
sensors will be mounted inside the BHA.

6 SENSOR SPECIFICATION

This section describes the key performance parameters we intend to measure and the relevant sensor
technology.

6.1 KEY DRILLING PARAMETERS

The automated rig makes decisions based on gathered data from its various sensors. The key drilling
parameters describe the current state of the drilling process to the automated system. This includes the
weight-on-bit (WOB), torque, rate of penetration (ROP), drillstring vibrations, whirl, and BHA inclination,
azimuth, and vibrations.

6.2 Topr DRIVE SENSORS

6.2.1 Top Drive RPM and Torque

Drillstring rotational speed and torque will be measured using the VFD which drives the top drive AC
induction motor. Both RPM and torque will be analog voltage readings fed into the Speedgoat Realtime
Target System. Since torque readings from the VFD used in the nanoRIGv2 design proved to be
unreliable, the nanoRIGv3 design includes a torque sensing sub at the top of the drillstring for control
purposes (See Section 6.3). The readings from the VFD and the torque sensor will be compared for
analysis.

6.2.2  Top Drive Position and Weight-on-Bit (WOB)

Similar to the nanoRIGv2 design, the drawworks system is a chain belt driven by a geared stepper motor
with a built-in optical encoder. The stepper motor encoder reads the top drive position, from which the
rate of penetration can be calculated.

A load cell installed as a link in the chain which holds the top drive reports the weight of the top drive,
drillstring, and attached equipment as a differential analog signal. After zeroing the readings of the load
cell with the bit off bottom and calibrating the values at all top drive carriage positions to account for
weight changes of the power/signal cables and mud hose, WOB can be calculated.



6.2.3  Top Drive Vibrations and Whirl

The top drive is an excellent mounting point for vibration sensors. The drillstring easily transmits the
vibrations up to the top drive and the top drive is an easy access point to mount the sensors. The two
top drive sensors discussed in this section are: the accelerometer and strain gauges.

6.2.3.1 Accelerometer

An accelerometer mounted to the top drive will provide vibration measurements of the drillstring. This
data will be used to measure the drilling performance of the rig and determine if the string is
experiencing abnormal downhole vibrations.

6.2.3.2 Strain Gauges

Strain gauges will measure the strain in the drillstring. In order to measure the two dimensional
displacement of the drillstring, two strain gauges will be mounted ninety degrees apart. These strain
gauges will measure the x and y strain, which can be used to detect whirl using a method described in
Case Studies of the Bending Vibration and Whirling Motion of Drill Collars, by by J.K. Vandive et al..

6.2.3.3  Whirl Analysis

Whirl is a phenomenon where the drillstring bows out to the wellbore wall and rotates along the center
of the hole (Figure 5). This mode of vibration cycles the drillstring and wears it against the wellbore,
which decreases the life of the drillstring. The friction with the wellbore also causes a significant loss of
torque which can decrease ROP. The methodology in the J. K. Vandive et al. paper shows how to identify
whirl from strain measurements.
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Over time, the X and Y strain gauges will produce data of strain, in their respective directions.
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Where By and Bx are the strain values at time t, w is the RPM rate, and Q is the whirl rate.



Whirl produces sinusoidal strain, with the period dependent on RPM and the mode of whirl, which can
be hard to detect as the data can be quite noisy because of downhole vibrations. A Fourier transform
can be used on the individual strains to determine ¢ and then the whirl rate, rather than using the
equations above. After the Fourier transform, the data will look like the example below.
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Figure 6 By and Bx data during whirl.
The value for ¢ would be in the 1.8 Hz range.

Once whirl has been identified, the drilling conditions can be compensated to reduce this phenomenon.

6.3 TORQUE SENSOR

We will measure torque using a twofold system: the dynamic and the static torque. The dynamic torque
would be measured using a piezoelectric crystal. The static torque strain gauge sensors placed along the
string. The rotary torque measurements from the VFD system will also be measured and used for
comparison purposes.

The piezoelectric crystal concept is novel for drilling application torque measurements. The piezoelectric
effect is observed when there is linear deformation in the crystals. The external force deforming the
crystal lattice pushes its positive and negative elements against one another, producing an electric
dipole moment. The voltage produced by this effect is usually very small and has high impedance, so the
use of amplifiers and an auxiliary circuit is often necessary to read the output and determine the applied
force. The figure below explains the piezoelectric effect.
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Figure 7 The piezoelectric effect concept

A team working at the university looked into the concept of the torque transducer and the possible way
to implement it. The team developed a concept that includes two collars that are securely attached onto
the main shaft. Attached to the collars are supports that are connected by a rigid rod with a
piezoelectric transducer placed in line with this rod. As torque is applied to the drillstring and
transmitted to the drive shaft a torsional deflection is observed as the shaft twists. This deflection will
cause a strain within the rod attachment that can be analyzed by the piezoelectric transducer. The
following figure illustrates the placement of the piezoelectric sensor along the drillstring, and the CAD
model of the torque sensor design with the piezoelectric crystal. (See Appendix A for engineering
drawings.)

Sensor

Drill
String

Figure 8 Placement of the piezoelectric sensor along the drillstring (left); CAD model of torque sensor (right).

To develop this concept and implement it in the nanoRIGv3, testing and analysis will be conducted to
determine the alignment of the piezoelectric crystals within the rod. Experiments will be performed in
order to develop governing equations that accurately relate the strain in the rod to the torque in the
shaft. This would be accomplished by analyzing the strain in the rod across a range of verified applied
torques.

13



6.4 ALONG-STRING SENSORS

There are two options for the along-string sensor designed for the nanoRigv3 to account for along-string
vibration, bending moment, and torque. Figure 9 below shows the conventional strain gauge option and
Figure 10 shows the fiber optics option for along-string sensors.
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Figure 9 Conventional strain gauge option (http://www.omega.com/pptst/SGD_3-ELEMENT45-90.html).
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Figure 10 Fiber optics option(Geokon, 2016).

6.4.1 Conventional Strain Gauge Option

The conventional design uses two sets of strain gauges mounted on the upper and lower part of the
drillstring to measure the deformation of the string, which can then be converted to string vibration,
bending moment, and torque measurements. A sample calculation on using strain gauge measurement
for vibrations was discussed in a previous section.

6.4.2 State-of-the-Art Fiber Optics Option

Using fiber optics to detect string vibration, bending moment, and torque is an active research area in
the RAPID Research Group at UT Austin. For nanoRigv3, singlemode fiber optics could be attached along
the drillstring to measure and transmit data real time. A singlemode rotary joint (FORJ or slip ring) can
be used to transfer the optical energy from the rotary string to the controller. We chose singlemode
because of existing laboratory setup and measurement devices. The small core size and small numerical
aperture of singlemode fiber optics enable larger bandwidths, but also require the use of expensive
precision FORJ. We are working with our sponsors to secure a FORJ for use with nanoRigv3.

6.5 DOWNHOLE SENSORS
A downhole accelerometer, a magnetometer, and thermal sensors will be placed in the BHA to provide
inclination, azimuth, and temperature downhole data for controls and analysis.
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In last year’s competition, the main challenges of the downhole sensing suite were sensor waterproofing,
and reliable communication via the slip ring. We plan on utilizing new waterproofing techniques, such as
conformal coating, potting, and mineral oil encapsulation. To improve the slip ring communication, we
will fine-tune the communication protocol experimentally.

We will calibrate the tilt sensor by letting the drillstring free hang and designating that point as zero. We
will calibrate the magnetometer before drilling by measuring the magnetic field in the testing room and
insure that the sensor points towards that direction.

7 CONTROLS

Control of the nanoRIGv3 will be divided into high-level supervisory control and low-level control. The
high-level supervisory control will facilitate the transition between stages of the drilling process as well
as error detection and recovery using a finite state machine. The finite state machine will include six
states: initialize, tripping in, tagging, drilling, tripping out, stand by.

The high-level supervisory control will feed set points to the low-level controls which will send command
signals to the process hardware. The high-level supervisory controller will choose set points using the
performance map concept. We will explore implementation of various low-level controllers, including
feedback linearizing control, sliding mode control, and PID control.

7.1 PERFORMANCE MAPS

Different rock types cause different back-torques using the same WOB and RPM. During pre-
competition testing we will create a map of back-torques while drilling different rocks and various WOB
and RPM configurations. Then while drilling, we will compare the torque values to those maps to
determine which rock is under bit.

These maps will also tell us where stick-slip occurs. When increasing RPM causes decreasing back-torque,
the system enters stick-slip. The performance maps will allow the control system to identify stick slip
regions and avoid them. The same path planning techniques used in holonomic vehicle motion planning
will be utilized to form paths in the WOB-RPM space which avoid stick slip regions. We plan to use linear
temporal logic in the high level controller to generate the path plans.

The following figure shows an example performance map of a drilling environment in terms of the
ROP(WOB,RPM) space. The drilling environment has three layers: shale, interbedded shale and
sandstone, mudstones.
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Figure 11 Example performance map in terms of ROP(WOB,RPM) space.

Since the competition rock sample composition will be unknown prior to competition day,
reinforcement learning will be used to tune the drilling parameters used by the controller to optimize
ROP and avoid drilling dysfunctions such as vibrations. Using reinforcement learning, the controller will
learn how to behave in response to observations of the environment as a result of combinations of
different WOB and RPM values. The drilling reinforcement learning will be approached as a Markov
decision process, which is represented by a 5-tuple (S,A,P,Ry), where: S is the set of states
(combinations of WOB and RPM), A is the set of actions by the controller, P are probabilities of
transitioning from one state to another state given a specific action, R are the rewards given a state and
an action (rewards will be based on environmental observations, for which more negative rewards will
be given for high vibrations and presence of drilling dysfunctions), and y are the discount factors for the
future rewards corresponding to immediate rewards.

The performance maps generated with different rocks before competition day provide potential
environmental knowledge that will improve the convergence rate of the controller as it learns the
needed WOB and RPM combinations for optimizing ROP when it reaches new material in the rock
sample.

7.1.1 Weight-on-Bit Limit for Performance Maps

The competition drill pipes will have an outside diameter of 0.375 in and a thickness of 0.035 in. Since
the drill pipe is the weakest component of the drillstring, the buckling limit of the drill pipe was used as
the WOB upper limit. Since the ratio of the drillstring outer radius to its thickness (r/t = 5.36) is less
than 10, the drill pipe is not a thin-walled cylinder and can be treated as a hollow column, which has
fixed-fixed ends.

m2EIl
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Where
E =10 x 10° psi (aluminum)

_ n(dé-a}) _

I 0.0005459 in*, for a hollow cylindrical cross section

K = 0.5 for a fixed-fixed beam
L= 36in

Using a safety factor of 2, the maximum WOB for operation is calculated to be

WOB = & =83.151b
2 !

7.1.2  Weight-on-Bit Limit for Performance Maps

As previously stated, since the drill pipe is the weakest component of the drillstring, the maximum
torque to be applied by the top drive will be the maximum torque that can be withstood by the drill pipe
before yielding. The maximum torque is calculated as follows:

ym dg—df\ /m 0.375* — 0.305%\ _ b
Ter = (1g) d, = (1) 0.375 = LTyt

Where
7,, = 30000 psi (aluminum)

Using a safety factor of 2, the maximum top drive torque for operation is calculated to be

T,
Trax = % = 87.35 by - in

7.2 Z-TORQUE

For dealing with possible torsional drillstring vibrations (stick-slip), our team plans to experiment with an
implementation of Z-torque, a vibration mitigation control system developed by Shell. The controller is
based on transmission line theory, and aims to match the source impedance of the drillstring (at the
top-drive) with the load impedance of the drillstring, so that all the torsional waves generated due to
stick-slip are absorbed rather than reflected. In comparison to conventional stick-slip mitigation systems
which dampen or “soften” the stiffness of the top drive controller, Z-torque has two primary benefits:

e It does not require tuning when the characteristics of the wellbore change
e The wide band ability to absorb different vibration modes, not just the first mode

As shown in Figure 12, the z-torque controller consists of four nested loops, two of which are already
implemented on the motor’s VFD and correspond to stiff speed and torque controllers for the top drive.
The third loop is an impedance matching controller, which calculates the desired RPM set-point based
on the measured quill torque, so that the source impedance of the top drive Z,,... (RPM/Torque)
matches the load impedance, Z,.,q (calculated based on outer diameter of the drillstring). The most
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outer loop in Figure 12 is a slow-loop integrator, and aims to ensure that the top drive RPM eventually
tracks the driller RPM set point, despite the interference of the impedance matching controller.

s
Driller's set speed Controlller

200 ms
Source Output Impedance Controller
10ms
Stiff Speed Controller
<1ms
Torque Controller TOPDRIVE

INERTIA Y

commanded =
+ > torque + o~ S e 4
(X1 P=high | —{{}—>{P=high MOTOR™>1) 1/S m N SPEED ; :
i -1 =i ! encoder DRILLSTRING LOAD

TORQUE

driller's *
setpoint

actual speed

A <‘+
‘iN —

actual torque o
J . if we have 2 saver sub dril pipe torgue sensor

S actual speed

Figure 12: Z-torque nested control loop structure (Dwars, 2015)

7.3 SYSTEM INTEGRATION

System integration of the various components of the nanoRIGv3 is accomplished through the use of a
Speedgoat Realtime Target System as shown in Figure 13. The system contains a dual core Intel
processor, a series of standard 10 ports, and a 16 bit 10 101 card which contains:

e 32 single ended or 16 differential analog inputs operating at a maximum read frequency of
100kHz shared across all 32 channels

e 8 analog outputs operating at a maximum write frequency of 80kHz

16 digital input/outputs operating at a maximum frequency of 250kHz

The following figure shows the components and interfaces between the various components in the
nanoRIGv3 system.
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Figure 13 General control schematic for nanoRIGv3.

8 DATA HANDLING AND DISPLAY

The nanoRigv3 is designed with powerful data handling capability. The real time data from downhole,
along string, and top drive sensors are aggregated in the controller, and then transmitted to the
computer/server. The raw data is first saved in a relational database (MySQL) specifically built for
nanoRigv3 for post analysis; a real time display integrates key drilling parameter, video surveillance feed,
and performance mapping is shown through either Matlab/Simulink or Spotfire/Streambase/Datamart
platform.
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Figure 14 Data flow in nanoRIGv3.

9 CosST ESTIMATE

This section presents the estimated cost for the nanoRIGv3.

Rig Structure

Part Description/Material Length Width  Unit Cost Quantity Cost ($)
Number (mm) (mm)  ($)
1000118476 48in.x 96 in.x 1/8 in. Clear 1219.2 2438 99.00 1 99.00
Acrylic Sheet
Total 99.00
Top Drive Components
Part Description/Material Unit Cost Quantity Cost (S)
Number ($)
10G-12- AC Variable Frequency Drives, KW Rated - AC10 224.11 1 22411
0100-BF Series
Y1999 Marathon MicroMAX series high performance AC 557.00 1 557.00
induction motor, inverter duty, 3hp, 3-phase,
230/460 VAC, 1800rpm, TEFC, 182TC frame, rolled
steel, removable base/C-face mount.
SGT-35/350- Omega Linear Strain Gauges, Transducer Quality, 29.00 1 29.00
TY43 Uniaxial 3 mm grid, 350 ohms, Uniaxial Transducer
Quality Strain Gauge, Stretched Pattern (Pack of 5)
01313478 GY-521 MPU-6050 Module 3 Axis Gyroscope + 6.99 1 6.99
Accelerometer for (For Arduino)
Triple Axis Magnetometer Compass Sensor Module 9.95 1 9.95
Total 827.05
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Drawworks Motor

Part Description/Material Unit Cost Quantity Cost ($)
Number ($)
NEMA 34 Schneider MDrive 34 Plus Motion Control Stepper 205.00 1 205.00
Motor
Total 205.00
Bottom Hole Assembly
Part Description/Material Unit Cost Quantity Cost ($)
Number ($)
General Purpose Steel Rod for Stabilizers 12.71 1 12.71
General Purpose Aluminum Pipe for BHA Casing 9.05 1 9.05
General Purpose Aluminum Rod for Connection 5.00 1 5.00
Stabilizer
SGT-35/350- Omega Linear Strain Gauges, Transducer Quality, 29.00 1 29.00
TY43 Uniaxial 3 mm grid, 350 ohms, Uniaxial Transducer
Quality Strain Gauge, Stretched Pattern (Pack of 5)
01313478 GY-521 MPU-6050 Module 3 Axis Gyroscope + 6.99 1 6.99
Accelerometer for (For Arduino)
GY-273 Triple Axis Magnetometer Compass Sensor Module 2.99 1 2.99
HMC5883L
Custom PDC Board 50.00 1 50.00
Total 115.74
Torque Sensor
Description/Material Unit Cost Quantity Cost (S)
($)
Aluminum Round Bar 6061-T6\T651 1" (A)x 12" 21.50 1 21.50
Total 21.50

The estimated total cost for nanoRIGv3 is $1268.29. The cost of the nanoRIGv3 will be funded by the
remaining funds from last year’s Drillbotics™ Competition and by the gracious support of UT Austin
RAPID Research Group.

The estimated cost does not include the Speedgoat Realtime Target System, valued at $4,000, which will
be donated generously by UT Austin RAPID Research Group. The piezoelectric crystal for the torque
sensor will also be donated by the UT Austin RAPID Research Group. Additionally, the total cost does not
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include the software for the Speedgoat Realtime Target System, which will be generously donated by
MathWorks.

10 TIMELINE

January 17" — January 31

Place orders for plexiglass shields and sensors

Place orders for top drive and drawworks equipment

Setup Simulink Realtime software

Place orders for test drill bit and drill pipes

Locate rock samples for performance map generation and testing

February 1st — February 15th

Assemble and test top drive and drawworks systems with new motors

Assemble safety shields and machine all necessary components

Machine and assemble downhole assembly and torque sensor

Signal processing for torque sensor

Environmental testing for waterproofing, vibration, and rotation of the downhole sensors
Assemble along-string sensors and top-drive sensors

February 16™ — February 28™

Calibrate and begin testing sensing systems

Implement a basic hierarchical controller that can naively drill a vertical hole and establish
benchmark

Generate performance maps based on available rock samples

Build layered test rock samples with and without unexpected material for stick-slip simulation

March 1°* = March 31*

o Implement performance maps with hierarchical controller and test on rock samples
e Implement and test reinforcement learning techniques to treat for unknown materials
e Implement and test z-torque technique for addressing stick-slip

April 1st — April 31st

e Develop improved low-level controllers to push the limits of the system
e Build spare downhole assembly and drillstring
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