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1 INTRODUCTION

nanoRIG is a small and lightweight machine that can autonomously drill a vertical wellbore in a
60x60x60cm rock sample. By using the sample itself as an integral part of the rig design, the rig size and
weight may be minimized to facilitate rig mobility and reduce costs. Many components are dual
purpose by design, thus reducing the number of necessary parts. The proposed design includes
mechanical and electrical components with actuation and sensing capabilities. A control system is also
developed to optimize the drilling rate in the context of unknown rock properties and potential drilling
dysfunctions, such as vibrational modes.

1.1 PRIORART

In 2012, Esmaeili et al. described a laboratory rig that is able to drill 30x30x30 cm rock samples but with
a higher weight on bit than allowed for this competition®. Many of the calculations for rig strength and
stability come from values published for the Esmaeili et al. rig.

Figure 1 — CDC miniRig (a) and Vibration Sensor Sub (b) [Esmaeili et al., 2012]

1 Esmaeili, A., Elahifar, B., Fruhwirth, R.K. and Thonhauser, G. Experimental Evaluation of Real-Time Mechanical

Formation Classification using Drill String Vibration Measurements. Presented at the 2012 SPE Annual Technical
Conference and Exhibition. San Antonio, TX. 2012.



2 DESIGN CHOICE & NOTES

2.1 DEsIGN CHOICES

2.1.1  Axial Actuation

A key design decision is the method of axial actuation, including the drive mechanism and the source of
weight on bit. Weight on bit may be provided through passive or active means. In the passive case, the
weight of the motor plus the weight of the moving top drive provide the maximal 50 Ibs WOB and the
axial mechanism works to reduce this weight. In the active case, the top drive is balanced with a
counter-weight or built with minimal weight to allow the axial mechanism to impart most or all of the
weight on bit. The active design may provide a higher degree of control, due to the smaller inertia of
the top drive, but requires a more powerful axial mechanism.

The axial mechanism itself may be a variety of mechanisms. A continuous draw works suspending the
top drive with a cable provides a simple mechanism but relies on top drive weight to counteract any
possible upward motion. A rack and pinion system or a screw-driven system allow for fine control both
upward and downward, but are mechanically more complex with additional moving parts. A hydraulic
system with pistons may also be considered, but requires an additional hardware loop for the
pressurized fluid, which is not a good idea if simplicity is desired.

2.1.2  Radial Actuation

The method of radial actuation is limited to either a direct connection of the motor drive shaft and the
drill pipe (like a top drive), or a sliding gear system (like a kelly). A top drive is simpler due to fewer
moving parts, but requires the motor to be part of the moving top drive assembly. A kelly on the other
hand is lighter and allows the motor to be in a fixed position, but is mechanically complex.

2.1.3  Structural Support

The rig must have sufficient support and mass to remain upright, even during rapid acceleration and
deceleration of the motor (e.g. due to switching of the control algorithm or due to changes in the bit-
rock interaction). A free-standing rig would require a large base structure and would be difficult to
transport. A sample-mounted rig could use the sample as an inertial mass to absorb vibration, as a
structural support to maintain verticality, and as a way to reduce rig size since floor support is not
necessary. Additional structural support in the latter case can be provided by locking outriggers that
both grip the sample when engaged, and provide horizontal balance.



2.2 FINALRIG DESIGN

Figure 2 — CAD Model of the Final Rig Design

The final design chosen (pictured in Figure 2) is a sample-mounted rig with a top drive and continuous
draw works system. Through the sample-mounted design, rig size and weight is minimized to allow for
easy transportation and reduced cost of materials. The top drive allows for direct control of rotational
motion and is mechanically simple. The continuous draw works system eliminates the drawback of a
traditional draw works and allows for fine-tuned vertical control, both upward and downward. It also
eliminates the need for a spool. Outriggers provide additional stability while also containing the sample.
This design was chosen for the following reasons:

Flexibility: the rig can be mounted on the sample and can either drill a hole in the horizontal
plane or in the plane of the top surface of the sample (if the surface is not perfectly horizontal).
Low volume: By using outriggers and the sample as the base, the rig itself is small (<120cm tall)
and has a low weight.

Safety: deployable outriggers increase stability while also containing the sample.

Simplicity: all mechanical systems are chosen due to simplicity.

Low power: By using the top drive as the passive weight on bit, the draw works motor can be
small, allowing all of the available horsepower to be channeled to the top drive.

Extensibility: the low volume of the rig leaves plenty of space for additional future sub-systems.
Scalability: allows for deployment of learnings from a small scale rig to a field rig.

Many dual use components:



o Outriggers - confine the sample as well as provide stability;
o Top Drive Motor - provides radial actuation as well as weight on bit;
o Concrete block acts as the sample to be drilled and as a stabilizing structure.

2.3 BIT CoOLING AND CUTTINGS REMOVAL

The need for a bit cooling and cuttings removal system was discussed extensively during the design
phase but is not included in the engineering schematics since such a system is not required in this year’s
competition. The proposed solution, which will be implemented if time permits during rig construction,
will include a fluid based system — water with additives for cost effectiveness — that will be injected into
the hollow drillstring through a rudimentary swivel below the AC motor (the top drive plate will shield
the motor from any fluid spills) using a fluid pump salvaged from another experiment. The fluid
returning out of the borehole may be captured and reused.
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Fluid + Cuttings out

Figure 3 — Simplified schematic of the fluid system

2.4 DESIGN CALCULATIONS
The following calculations were used in the sizing of structural components and selection of motor
specifications. The derivations come from basic dynamics, statics and mechanics of materials concepts.



Draw Works Torque / Power Requirement
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Figure 4 - Axial Actuation Schematic 192N

- T =(222+4+19.2+89)0.0254 = 6.35 N -m = 4.68 ft - Ibf

(1in* —0.43752)(2ft) = 4.32 lbs =

Travel in one revolution= 27(2.54 cm) = 16 cm
To pull bit from bottom to surface in 5 seconds, we need an average velocity of%=12 cm/s which
requires

(4.68ft:1bf)(45rpm)
5252

12cm/s 60s
—/-—,= 45 rpm — Power =
16 cm/rev min

= 0.04 hp (0.1 hp with safety factor)

Therefore, a stepper motor with a holding torque of 0.1 hp will be sufficient to drive the draw works
system.

Outrigger Deployment

Figure 5 - Outrigger Free Body Diagram

Assume the energy storage mechanism is equivalent to a torsional spring with spring constant k =
0.3Nm/deg.



Force/moment balances:
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Assume 1(0) = a+ b6; 45° <0 <180° r(45°) =1"; r(180°) = 3/4"

r(0) = (—4.7 X 107%0 + 0.0275) m; L = 60v2cm = 334" w = 1°
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The weight of an individual outrigger is W = pLw? = ( )(33.4 in)(1in?) = 9.48 Ibs = 42.2N

Load vs. deflection
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Figure 6 - Force Required to Deploy Outrigger vs. Deflection Angle

From Figure 6, the force necessary to engage the outriggers from an upright position (6 = 180°) is 62 N
applied at their ends, which is reasonable and will not require special considerations for the steel of
which they will be constructed.



Rotational Moment and Stability
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(we will use the latter for worst-case shock load calculations)

Velocity of torsional wave traveling up the drill string (assuming steel pipe):

80 x 10°Pa 3213 SAt=—20™ _ gax 10~
Ywave = 7750 kg/m3 3213m/s

Assume rotational speed goes from 300 rpm to 0 in 1.84 x 10~ *s (i.e. bit gets instantaneously stuck)

We can calculate the torque generated by this shock load from Newton’s 2" law for rotational motion:

T_Idw
dt
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f Tdt = I —dt—If dw
ty tq d w1
2T
0-300 60" _ 2424N
184x10%s . s mn

Ta-‘;g(tz - tl) = I((DZ - (1)1) - Tavg = 00142kg m2

The total weight of the rig and concrete block is roughly 2000 Ibs (8896 N), which generates a
rotational moment of 8896 N X 0.3 m = 2669 Nm about the support points. This value is sufficient to
prevent the rig from tipping over in the case of the shock load described above.

The equivalent force generated by the shock load at the vertical supports (assuming no
losses/dissipation in the drive system components) is

|Tm,g| _ 2424 Nm
r  03m

F = = 8082 N



Bending Moment and Shear in Vertical Support Rod

The problem geometry can be set up as beam fixed at both ends with point load P applied at the bearing.
In the sketch below, point A is the top end and B is the bottom end.
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Figure 8 - Support Rod Free Body Diagram
From the Euler-Bernoulli beam equation, we can relate the bending moment (M) to the deflection (v):

d*v

M=—El—
dx?

By applying the boundary conditions at the ends (v4 = vg =0, vy = vy = 0), together with the
force/moment equilibrium equations, we can solve the statically indeterminate problem to find the
reactions at the end points,
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Shear force distribution: Bending moment distribution:
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The maximum shear force and bending moment will be experienced at the end nearest to the load
application point. Assume a<b (the case where a>b effectively leads to the same results, except the
point of maximum shear and bending is at the other end of the rod):

Pb2(L + 2a) Pab?
L—g;Mmax =M,(x=0)=-

Vnax =V(x =0) =

To find the location of load P where the rod will experience the absolute maximum shear force and
bending moment, we can set the derivatives of V;,,,,, and M,,,, with respect to b (distance from the top
drive to the rig floor) to zero. Writing a = L — b, we have
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In practice, b will always be less than L, so this V},,,, value is very conservative.

Now we can relate these worst-case scenario shear force and bending moments to stresses.
The bending stress at an arbitrary point on the rod cross-section is

My
L’

gy =

where I, is the area moment of inertia about the bending axis and y is vertical coordinate along the
cross-section. The shear stress at a point on the rod cross-section is

__Ve,
Lw

where Q, is the first moment of the area (maximum for a cut made at the centroid of the cross-
section),and b is the cross-section width.
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For a circular cross-section with radius r,
T
I, = ZT4; Qmax = §T3
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Plugging in values, for L=1 mand P = 8082 N (shock load calculation in the previous section) we have

_ 4x8082 x4x1 1524 o,
Gbmx'b%_ 27mr3 =3 SSF

For steel, g, = 250 MPa?. With a safety factor SF = 2, we have

>3 1>24 =0.023m=2.3
r 175 x 106~ m=23cm

4x8082 3430 7,
tmaxlb=L = 73 77— = 72 < SF

Ty = 0.580y = 145MPa

2 http://www.engineeringtoolbox.com/young-modulus-d_417.html



Thus, to avoid shear failure, with SF = 2,

> 2557 007 m =07
"7 |725%x106 o mERAam

Hence, the support rods should have a minimum radius of 2.3 cm in order to avoid yielding when the
shock load is applied.

Weld strength®:

P_TWX0.7O7><a><LW
B SF

where t,, is a function of the weld electrode used, e.g. for EGOXX electrode, t,, = 60 ksi = 414MPa

Throat =a x cos45*
a I N =0.707a
-

a

< <

Failure Plane

Figure 9 - Fillet Weld Failure Schematic (from http://www.egr.msu.edu/~harichan/classes/ce405/chap6.pdf)

For a=1/4" (0.0064 m) with a safety factor of 2 we need a minimum weld length of

Lo PxSF 8082 x 2
W, x0707 xa 414 x 106 x 0.707 x 0.0064

=8.63%x1073m = 0.86 cm

3 http://www.egr.msu.edu/~harichan/classes/ce405/chap6.pdf



3 ENGINEERING DRAWINGS

3.1 MECHANICAL

An example schematic is shown in Figure 10 below, while the remaining are attached.
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Figure 10 - nanoRIG Assembly Engineering Drawing

3.2 ELECTRICAL

3.2.1 Top Drive

[seer 1 0 1
1

The top drive will use a Siemens G120 Variable Frequency Drive (VFD) powering a Simotics GP 1LE1
Motor, either a 1LE1001-0EA02-2AB4 1.5kW AC motor (1.5kW at 2885 rpm, 13kg) or a 1LE1001-1BD22-
2AB4 1.5 kW AC motor (1.5 kW at 750 rpm, 29kg). The G120 allows for direct computer control as well
as embedded applications, allowing for improved controller design. The VFD operates on 230 VAC 3-

phase power from the building grid.




3.2.2 Draw Works

The draw works will use a National Instruments P70360 Stepper Drive powering a N33HRLG-LEK-M2-00
Stepper motor with a 12.08 N-m holding torque (sufficient to hold the top drive with zero weight on bit)
operating at either 120 VAC or 240 VAC. This will be coupled with either a NI 733x Stepper Controller or
will be driven directly by software on a control computer.

3.2.3  Wiring Diagram
The system shall run of 240 VAC 3 phase power that is available throughout the labs of the Chemical and
Petroleum Engineering Building. The wiring of the electrical components is shown in Figure 11 below.

240 VAC 3 Phase Power
L1
L2
L3

| GND

()] [} [} [} [}
(%] (7] (%] (7] [72)
> > > =] >
[ [T [ [ [T
I [ |
Power Stepper
Module Drive

K= K=~

Control Unit
Control
Computer

—

Brake T°p
Module Drive

Figure 11 — Electrical Wiring Diagram

4 SENSOR SPECIFICATION

Sensing will be accomplished using the minimal number of strategically placed sensors. Rotary speed
and torque on the top drive can be integrated using current sensors built into the Variable Frequency
Drive and provide readings with errors of less than 1%. Weight on Bit will be inferred from a torque
sensor (Honeywell 1104) on the draw works motor — since the top drive weight provides the maximum



allowable weight on bit, the amount of holding torque can be subtracted from the top drive weight to
yield weight on bit. Additional calibration to account for frictional losses will yield a weight on bit with
less than 1% error. An encoder on the stepper motor driving the draw works will provide block height.
A triaxial accelerometer will be mounted either on the top drive motor housing or wirelessly within a
rotating sub between the motor shaft and the drillstring and will provide vibration measurements.

5 DATA HANDLING & DISPLAY

An NI Measurement and Control solution will be used to handle sensor data and provide high level
control to the two motor drives. Sensors will report readings at rates between 200 and 800 Hz and will
be displayed on the control workstation, both in raw time format as well as frequency domain format —
through transformations using FFTs. Controller set points, both a present value and a look ahead
predicted value, will be displayed as well to provide insight to the current and future state of the rig.
Sensor data along with corresponding control set points will be stored in a dynamic SQL database on the
control workstation itself. A schematic of the measurement and control system is shown in Figure 12.
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Figure 12 — Proposed measurement and control system, as prepared by Igor Alvarado of National Instruments



6 CONTROL

We have a multi input multi output system that we want to control in order to achieve high drilling
performance. The system has two actuators, the radial actuator (top drive) which is responsible for
rotating the bit, and the axial actuator which is responsible for the Weight on Bit (WOB). The top drive is
controlled by a variable-frequency drive that generates the voltage and frequency inputs required to
track a desired motor torque and RPM. The axial actuator is a stepper motor that drives the drawworks
and it is controlled by a stepper controller. We will have accurate measurements of the top drive torque
and the weight on the drawworks. The drillpipe connecting the motor to the bit is short and the motors
have fast response so any adjustment to the motor torque and WOB can be performed very quickly. This
will enable us to decouple the problem and reduce the problem complexity. The motor torque and the
WOB will be controlled individually with PID controllers by closing the loop around their respective
measurements. The reduced system then has two control inputs, the top drive torque and the WOB.

n
[ ‘ Disturbance
WOB Sensor |_ I

Drawworks torque

Twos WOB Controller

Plant L

Main Controller

Top Drive TDVand f
Controller

Top Drive Torque
Sensor

&
Rest of the
Sensors
n

Figure 13 — Block Diagram of the Control System

We are trying to maximize the Rate of Penetration (ROP) without damaging the bit. The main challenge
from a controls perspective is sensing and responding to the regime changes inside the concrete block.
Or alternatively, trying to minimize the effect of the rock properties to the output. The materials inside



the concrete block are unknown so it will be difficult to plan ahead for specific rock properties but we
can take concrete as a starting reference and model the friction on the bit deviating from the reference
as a disturbance. Then the controller will be designed to reject as much of the disturbance as possible.

Another challenge is mitigating the vibrations and avoiding excitation of structural modes. nanoRIG has
a very compact design and is directly connected to the heavy concrete block. The structural modes are
expected to have frequencies on the higher end of the spectrum. The modes will be analyzed once the
design is complete. To mitigate these vibrations we need to make our closed loop system have negative
feedback over the frequency range where the vibrations are expected to occur. In order to achieve
maximum disturbance rejection we want to maximize the area of negative feedback. It is critical to have
proper loop shaping around the crossover frequency to form the areas of negative and positive
feedback according to the desired system response. Powerful asymptotic Bode-step methods provide a
good design approach and will be utilized in the design of the controller.

Overall the problem at hand is an optimal control problem where we are trying to maximize ROP and
reject disturbances, subject to the state constraints such as the maximum RPM allowed, maximum
power allowed for the entire system, and input constraint (maximum WOB). The block diagram of the

control system is presented in Figure 13.

7 COST ESTIMATE

Rig Structure
Length  Unit
BOM Description/Material (inch) Cost Quantity Cost
Tower Frame
3"x4" 1/2 Rectangular General Purpose Low-
Beam Carbon Steel 40 1.436 4 229.76
3"x4" 1/2 Rectangular General Purpose Low-
Beam Carbon Steel 17.2 1.436 2 49.3984
3"x4" 1/2 Rectangular General Purpose Low-
Beam Carbon Steel 25.2 1.436 2 723744
3"x4" 1/2 Rectangular General Purpose Low-
Beam Carbon Steel 12 1.436 2 34.464
2"x2" 1/2 Rectangular General Purpose Low-
Beam Carbon Steel 281 1.45 1 407.45
1" Flange-Mount Linear
Linear Bearing Ball Bearings 21/4" 69.3 1 69.3
2"x2" 1/2 Rectangular
Horizontal Beam Steel Beam 24 23.27 4 93.08
Outrigger Spring Bracket Steel spring bracket 2 16 32
Outrigger Bracket Steel bracket 2 16 32
Steel Music Wire-Closed
Compress Spring Ends 6.88 32 220.16
Outrigger Steel Outrigger 40 8 320
Motor Plate 3/4" Steel Plate 40 1 40



Axial Bearing 120
Bearing Joint 45
Motor Mount 70
Guide Rod end 65
Guide Rod 20
Pulley 25
Idler Pulley 12
DW Bracket 35
Flat Belt 15
Belt Mount 10

Siemens AC motor and Variable Frequency Drive

Part
Number

Description
Siemens G120 VFD
Simotics GP 1LE1 Motor

NI Sensing, Control and Visualization System

Chassis
Part
Number

782663-01

Modules

779781-01
196720-01
780098-01

780090-01

780252-01
781093-01
778556-01
186380-02
778924-02
780099-01

Description
cDAQ-9174, CompactDAQ chassis (4 slot USB)

NI 9219 4 Ch-Ch Isolated, 24-bit, +60V,100S/s Universal Al
Module

NI 9972 Backshell for 6-pos connector block (qty 4)

P70360 Stepper Drive, 1 Axis, 2.5 A cont. current, 120/240VAC
N33HRLG-LEK-M2-00 Step Mot, P70360, NEMA34, 17100z-in,
dual shaft

15T-14SA-1000-N5RHV-F00-CE Quad Encoder, NEMA 34, 1000
Counts/Rev

NI PS-15 Power Supply, 24 VDC, 5 A, 100-120/200-240 VAC Input
UMI-7772, 2 Axis Universal Motion Interface, DSUB Connectors
SHC68-C68-S, 68 pin VHDCI to 68 pin VHDCI, 2m

NI PCI-7332 Low-Cost 2-Axis Stepper Motor Controller

Serial Programming Cable for P7000 Stepper Drive

S A A A a N DA apNdDN

Total:

Quantity
1
1

Total:

Quantity
1

Subtotal:

JEL L NI I UL U §

Subtotal:
Total:

240
90
70

260
40
25
12
35
15
10

2396.98

Price
650.00
250.00
900.00

Price
699.30
699.30

968.40
27.90
567.00

539.10

207.00
198.90
635.40
148.50
913.50

27.00

4,232.70
4,932.00

Total Cost: $8228.00, which does not include a workstation ($1000) and a triaxial accelerometer ($399).



8 TIMELINE

January 15" - January 31

e Place orders for structural parts and all Siemens and NI equipment

e (Coordinate with Siemens and NI to obtain necessary training on software and equipment
programming

February 1° — February 15%
e Assemble rig structure and machine all necessary components
February 15" — February 28"

e Complete rig and begin testing systems
e Create a basic controller that can naively drill a vertical hole

March 1%t — March 15%

e Begin testing the rig on concrete samples
e Develop improved controllers to push the limits of the system
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1 1 Motor Plate
2 2 6255K190 Axial Bearing
3 1 Bearing Joint
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1 2 Rectangular Beam
2 1 2 Rectangular Beam (12")
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9 1 Part5_MIR1
10 2 Rectangular Beam_MIR1
11 1 2 Rectangular Beam (12")_MIR1
12 1 2"x2" Guiding Hole
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TG Frame Assembly
APPROVED
SIZE DWG NO REV
Units: Inch
nits: fnches C Tower Frame
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PARTS LIST
ITEM QTY PART NUMBER DESCRIPTION
1 2 Tower Beam
2 1 Top Drive
I 3 2 Guide Rod End RS
4 2 Guide Rod
8.32 5 1 Drawworks
6 1 ROBACF50-N15-L70-H0.3 ROBAC, ROBACF, ROBAM-Pulleys
for Flat Belts (L=25~100)
7 1 HBGA50-32 HBG, HBGM, HBGA, HBGS,
HBGP-Idlers for Flat Belts - Narrow
type
8 1 Guide Rod End LSL
9 1 Guide Rod End LSU
10 1 Drawworks Bracket
6 11 1 Flat Belt
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o Drawworks and Top Drive Assembly
APPROVED
SIZE DWG NO REV
Units: Inches C Upper_assembly
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