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SUMMARY
An autonomous drilling rig is designed based on the constraints defined by the DrillBotics 2016
competition: drill through a rock block as fast and as vertically as possible with a 1 1/8-in PDC
bit, using a 0.91m long aluminum drill-pipe with an OD of 3/8-in and a wall thickness of 0.016 in,
utilizing a maximum power consumption of 2.5 HP. The BHA length is limited to 18-in.
The sizing of the rig starts from the weakest element of the system, i.e. the aluminum drill-pipe.
Maximum drilling parameters (WOB, RPM and ROP) are derived from the capability of the
aluminum drill-pipe to cope with quick drilling condition fluctuations like when drilling from a
soft to a hard formation or when stick-slip occurs. These drilling variations define also some
requirements on the maximum acceptable response time of the drilling control system. The BHA
will be used to create a pendulum assembly that would naturally drop if, for any reason, the bit
started to tilt away from vertical.
The hole cleaning is kept as simple as possible as only a short distance will be drilled. For that
reason, the flow-rate will not be actively controlled but will be large enough to ensure a proper
transport of cuttings.
On the other hand, the speed control of the top-drive and hoisting system is designed to be as
accurate as possible, as this will determine the capability of the system to cope with fast changing
drilling conditions. All in all, the proposed design should not use more than 700W.
Because of the small scale of the setup, very fast reaction times are extremely important to address
the problems that may occur while drilling. During the preparation of the system, the latency of
the various controllers will be carefully calibrated to increase the chances to drill successfully
through unknown formation rocks and bedding.
Beside the standard management of drilling through rocks of different strengths, the system will
also perform automatically measurements of the possible deterioration of the drilling conditions
by looking at the linearity of the ROP response to small variations of WOB and RPM. In the
eventuality of suboptimal performance, the drilling parameters will be automatically adjusted.
Possibly, the bit will be taken off bottom for a short while to let the drilling conditions improve
even faster if necessary.
The system has also an automatic detection of catastrophic failures, e.g. twist-off, pack-off, and in
such circumstances will perform an immediate shutdown of the drilling machines.
To balance the necessity for extremely fast response time and complex analysis and decision
making, the drilling control system is organized around a hierarchical control with three-tiers. The
first two levels of the control architecture runs on deterministic machines. There tasks are kept as
simple as possible to minimize the loop duration. The highest level of the hierarchy runs
asynchronously but performs the most computer intensive tasks. The results from those
computations are look-up tables that are used by the synchronous process of the middle tier to
interpolate, in real-time, the values that are necessary to control the drilling process.
The total cost of the equipment is estimated to be 5000$ and will be supported by the project P1.3
“Drilling Process Optimization” of the DrillWell center for innovation.
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NOMENCLATURE
𝐶𝐶𝑆

Confined compressive strength

𝑑𝑏𝑖𝑡

Bit diameter

𝑑𝑖

Internal diameter

𝑑𝑜

Outside diameter

𝐸𝑌

Young’s modulus

𝐹

Force

𝐹𝑙𝑎𝑡𝑒𝑟𝑎𝑙

Lateral force to destabilize the structure

𝐹𝑦𝑖𝑒𝑙𝑑 Maximum allowable axial force on drill-pipe
𝑓𝑏𝑖𝑡

Force between the bit and the formation

𝐺

Shear modulus

𝑔

Gravitational acceleration

𝐽𝑧

Second moment of area

𝑘

Buckling effective length factor

𝑙

Length of drill-pipe

𝑀𝑆𝐸 Mechanical Specific Energy
𝑚𝑏𝑒𝑎𝑟𝑖𝑛𝑔𝑠

Mass of bearings

𝑚𝑑𝑟𝑖𝑙𝑙−𝑠𝑡𝑟𝑖𝑛𝑔 Mass of drill-string
𝑚𝑚𝑜𝑡𝑜𝑟1

Mass of power transmission motor

𝑚𝑚𝑜𝑡𝑜𝑟2

Mass of hoisting system’s motor

𝑚𝑝𝑢𝑙𝑙𝑒𝑦𝑠

Mass of timing pulleys

𝑚𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒

Mass of structure

𝑚𝑠𝑤𝑖𝑣𝑒𝑙

Mass of swivel

𝑚𝑡ℎ𝑟𝑒𝑎𝑑𝑒𝑑 𝑠ℎ𝑎𝑓𝑡

Mass of threaded shaft

𝑃𝑐

Buckling critical load

𝑟𝑐𝑔

Distance from the center of rotation to the center of gravity

𝑟𝑙

Distance from the center of rotation to the point of application of the lateral force

𝑈𝐶𝑆

Uniaxial compressive strength

𝑣𝑏𝑖𝑡

rate of penetration

𝑊𝑂𝐵 Weight on bit
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Greek letters:
𝜎𝑚𝑎𝑥 Ultimate strength
𝜎𝑠𝑢
Ultimate shear strength
𝜎𝑠𝑦𝑝 Shear yield point
𝜎𝑦𝑝
Tensile yield strength
𝜏𝑚𝑎𝑥 Max torque
𝜏𝑡𝑜𝑙𝑒𝑟𝑎𝑏𝑙𝑒
Tolerable torque as a function of the response to avoid exceeding the yield torque
𝜏𝑦𝑖𝑒𝑙𝑑 Yield torque
𝜃
Angle
𝜃𝑐𝑔

Angle of the vector defined by the center of rotation and the center of gravity

𝜃𝑙

Angle of the vector defined by the center of rotation and the point of application of the

lateral force
𝜇

Bit/rock coefficient of friction

𝜌

Density

𝜔̇ 𝑏𝑖𝑡

Bit angular velocity
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ABBREVIATIONS
𝐵𝐻𝐴 Bottom Hole Assembly
𝐶𝐶𝑆

Confined Compressive Strength

𝐻𝑃

Horse Power

GUI

Graphical User Interface

𝐼𝐷

Inside Diameter

𝑀𝑆𝐸 Mechanical Specific Energy
𝑂𝐷

Outside Diameter

OPC

OLE for Process Control

𝑃𝐷𝐶

Polycrystalline Diamond Compact

𝑃𝐿𝐶

Programmable Logic Controller

𝑇𝐹𝐴

Total Flow Area

𝑈𝐶𝑆

Uniaxial Compressive Strength

𝑊𝑂𝐵 Weight on Bit
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1

PROBLEM DESCRIPTION

A cubic rock block of size of 15x15x15 cm1 shall be drilled as vertically as possible utilizing a
PDC bit of diameter 1.125-in (28.575mm). The bit length is approximatively 120 mm, and it is
equipped with two nozzles of 2.35mm, i.e. a total flow area (TFA) 8.67mm2. The drill-string shall
use one length (36-in or 914 mm) of aluminum drill-pipe with an OD of 3/8-in, (9.525 mm) and a
wall thickness of 0.016-in (0.4064 mm), i.e. an ID of 8.7122 mm. The BHA length is limited to
18-in (45.7 cm).

The weight on bit (WOB) shall not exceed 20 lbs. (9.07 kg) and the maximum power consumption
is limited to 2.5 HP, i.e. 1865 W.

The block of rock is a sandwich of different materials with a bedding which is not necessarily
horizontal. The rock strength is within 2 and 5 k-psi (13 to 35 MPa).

1

It is indicated that for the last competition, the block had a size of 30x30x30 cm. However, the pictures taken during
the competition show a much larger block. It is believed that the size was 30x30x30 in3. If that it is the case, then the
size of the block for the 2016 competition can be expected to be (381x381x381 mm3). As it is also indicated that the
block could be up to 20 % larger than specified, the maximum footprint could be 457x457x457 mm3. If the dimensions
were really in centimeters then the footprint would simply be smaller.

1

2 OVERALL ARCHITECTURE
In order to drill through the rock, it is necessary to rotate the bit at a certain rotational velocity,
therefore the rig shall have a power transmission system. While drilling, the position of the bit
will change and for that reason it is necessary to have a control of the bit elevation and speed: that
will be performed by a hoisting system. As drilled cuttings are produced by the bit, they need to
be evacuated from the borehole. This will be done by circulating a fluid at a necessary flow-rate
using a circulation system. Those three systems have in common to control speed, while the
hoisting system has in addition to control position.
The overall system has to adapt to different drilling conditions and therefore there is a need to
change the set-points for speeds and positions of the three above mentioned hydro-mechanical
systems. The required accelerations/decelerations while changing the set-point values have also to
be controlled. As the detection of those necessary set-point modifications may have to be done
quickly and with a deterministic latency, this task will be performed by a real-time controller that
is running slightly slower than the speed and position controllers of the hydro-mechanical systems
but still quite fast.
The interpretation of the current drilling context can be rather complicated. That includes to
analyze the drillability of the formation rocks and to evaluate if there are deteriorations of the
drilling conditions (e.g., vibrations, abnormal frictions). Counter measures may have to be started
to improve the drilling conditions as picking off bottom and circulate clean. It may also be useful
to perform certain procedures to acquire more information to take better strategic decisions, as for
instance a drill-off test. These complex functions are however less time critical than the one
performed by the real-time controller: they can be slow and have a variable latency. A strategic
decision controller will take care of these tasks.
The overall architecture is organized as a hierarchical control with the fastest and simplest control
elements at the bottom (power transmission system, hoisting system and circulation system), an
intermediate level of control with time determinism constraints (real-time controller) and a toplevel control loop working with variable time latencies (strategic decision controller) (see Figure
1).
Strategic
Decision
Controller

Real-time
controller

Power
Transmission
System

Hoisting
System

Figure 1: Overall architecture: hierarchical control
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Circulation
System

3 RIG DESIGN
The dimensioning of the rig is constrained by the limits defined by the problem description. We
will start from the weakest point of the system, which is obviously the aluminum drill-pipe and
we will design the rig based on this starting point.
3.1 DETERMINATION

OF THE

MAXIMUM TORQUE

The ultimate strength (𝜎𝑚𝑎𝑥 ) of aluminum is about: 40 MPa. It is usual to take the ultimate shear
strength of aluminum as 𝜎𝑠𝑢 = 0.65𝜎𝑚𝑎𝑥 = 24𝑀𝑃𝑎. Therefore the maximum torque that the drill𝜎 𝜋
pipe can take before breaking is: 𝜏𝑚𝑎𝑥 = 𝑟𝑠𝑢 32 (𝑑𝑜4 − 𝑑𝑖4 ) = 1.28 𝑚𝑁, where 𝑟 is the radius of the
drill-pipe.
The tensile yield strength of aluminum is: 𝜎𝑦𝑖𝑒𝑙𝑑 = 0.4 𝜎𝑚𝑎𝑥 = 16 𝑀𝑃𝑎. The shear yield point for
aluminum is usually defined as 𝜎𝑠𝑦𝑝 = 0.55𝜎𝑦𝑖𝑒𝑙𝑑 = 8.8𝑀𝑃𝑎. For that reason, the 3/8-in drill𝜎𝑠𝑦𝑝 𝜋
pipe shall not be torqued more than: 𝜏𝑦𝑖𝑒𝑙𝑑 = 𝑟 32 (𝑑𝑜4 − 𝑑𝑖4 ) = 0.47 𝑚𝑁.
Therefore the top-drive of the rig shall provide at a minimum 0.47 m.N to work at the maximum
operating limit, but does not need to deliver more than 1.28 m.N as it would break the drill-pipe
anyway.
If there is a sudden stop of the rotation of the bit while the drill-string rotates, e.g. stick-slip
conditions, it will take a short time before the controller of the top-drive motor will stop the
rotation. During that time interval, the drill-pipe will be twisted and the additional torque may
damage the drill-string. The time necessary to stop the rotation depends on the loop duration of
the PLC (Programmable Logic Controller).
Considering that the shear modulus of aluminum is 𝐺 = 24 𝐺𝑃𝑎, the torque generated by the
𝐽
𝜋
torsion of the drill-pipe is: 𝜏𝑡𝑤𝑖𝑠𝑡 = 𝑙𝑧 𝐺𝜃, where 𝐽𝑧 = 64 (𝑑𝑜4 − 𝑑𝑖4 )is the second moment of area,
𝜃 is the twisting angle and 𝑙 is the length of the drill-pipe.
Figure 2 shows the resulting twist torque as a function of the initial rotational speed and for
different PLC control loop duration. Using 𝜏𝑦𝑖𝑒𝑙𝑑 as a limit, the maximum rotational velocity is:
 40 rpm with a loop duration of 100 ms, i.e. 10 Hz
 90 rpm with a loop duration of 40 ms, i.e. 25 Hz
As we also need some bit torque in order to drill, it is necessary to have a PLC control loop that
runs faster than 10 Hz. On Figure 3, one can find the maximum allowable bit torque, accounting
for the reaction time to a stick situation, as a function of the rotational speed and for a PLC control
loop time of 10, 20, 30 and 40 ms. As the rotational speed gets limited to 110 rpm with a response
time of 40 ms, we will from now on only consider PLC control loop running at 33Hz (i.e. 30 ms)
or faster.
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Twist torque during a bit stick
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Figure 2: Twist torque as a function of initial rotational speed for different PLC control loop time
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Figure 3: Maximum available bit torque as a function of the rotational speed for two different PLC control loop time (10ms,
20ms, 30ms and 40ms)

3.2 DETERMINATION OF THE MAXIMUM WOB
𝜋
The maximum axial force that the aluminum drill-pipe can tolerate is: 𝐹𝑦𝑖𝑒𝑙𝑑 = 4 (𝑑𝑜2 −
𝑑𝑖2 )𝜎𝑦𝑖𝑒𝑙𝑑 = 186𝑁. As the maximum allowable WOB is 9.04kg, the BHA (Bottom Hole
Assembly) weight can at most be that high and therefore the tensile strength of the pipe can lift
twice as much as the maximum allowable BHA weight.
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(Pessier & Fear, 1992) relates the bit torque to the WOB (Weight on Bit) utilizing a coefficient
of friction 𝜇 as: 𝜏 = 𝜇. 𝑑𝑏𝑖𝑡 . 𝑊𝑂𝐵. 𝑔 where 𝑑𝑏𝑖𝑡 is the bit diameter and 𝑔 is the gravitational
acceleration.
(Caceido & Calhoun, 2005) give an empirical estimation of the coefficient of friction as a function
of the confined compressive strength (CCS) of the rock to be drilled: 𝜇 = 0.9402𝑒 −1.16𝑒−9 𝐶𝐶𝑆 . As
the drilling will be done at atmospheric pressure, we can assimilate the CCS with the uniaxial
compressive strength (UCS) of the material. The DrillBotics competition indicates a minimum
UCS of 13 MPa, which gives an estimated friction of 𝜇 =0.92, and a maximum UCS 35MPa,
corresponding to a friction of 𝜇 =0.90.

Maximum WOB
3,5
3

WOB (kg)

2,5
2
1,5
1
0,5
0
0

50

100

150

200

Rotational Speed (rpm)
Loop duration: 30ms, UCS=13Mpa

Loop duration: 20ms, UCS=13MPa

Loop duration: 10ms, UCS=13MPa

Loop duration: 30ms, UCS=35Mpa

Loop duration: 20ms, UCS=35MPa

Loop duration: 10ms, UCS=35MPa

Figure 4: maximum WOB as a function of the rotational speed for three different control loop durations (20, 30 and 40ms)
and two formation hardness (13MPa and 35 MPa).

Figure 4 shows the maximum WOB that can be used as a function of the rotational speed for
different control loop durations and formation UCS.
The mechanical specific energy (MSE) is defined as: MSE =

4𝜏𝑏𝑖𝑡 𝜔̇𝑏𝑖𝑡

𝜋𝑣𝑏𝑖𝑡 𝑑𝑏𝑖𝑡 2

4𝑓

+ 𝜋𝑑 𝑏𝑖𝑡2 , where 𝑓𝑏𝑖𝑡 is
𝑏𝑖𝑡

force on the bit, 𝜔̇ 𝑏𝑖𝑡 is the bit angular velocity and 𝑣𝑏𝑖𝑡 is the rate of penetration. As the MSE is
directly related to the formation strength, we can anticipate possible ROP for different formation
strengths using the limits of bit torque and WOB described above.
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Figure 5 and Figure 6 show the estimated max ROP as a function of the rotational speed for two
formation strengths: 13 MPa and 35 MPa (see APPENDIX A: MAXIMUM ROP TO AVOID TWIST
OFF IN CASE OF BIT S TICK for a derivation).

Estimated Max ROP with UCS=13MPa
1
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Figure 5: Estimated max ROP as a function of the rotational speed for a formation strength of 1MPa

Estimated Max ROP with UCS=35MPa
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Figure 6: Estimated max ROP as a function of the rotational speed for a formation strength of 100MPa

As it can be seen from those two figures, the ROP will dropped drastically when changing from a
soft formation to a harder one. This may lead to some problems.
The buckling critical force for the aluminum drill-pipe is defined by the Euler criteria: 𝑃𝑐 =

𝜋 2 𝐸𝑦 𝐽𝑧
(𝑘𝑙)2

where 𝑘 is the buckling effective length factor. 𝑘 varies from 0.7, in the case of a pinned/pinned
configuration, to 2.2 where one of the end of beam can sway. Therefore 𝑃𝑐 can be as high as 201N
for the smallest value of 𝑘 and as low as 20N if one end can move sideways. In our case, the top
6

of the drill-pipe is pinned in the top-drive shaft and it is also pinned to the top of the BHA. But it
is possible that the top of the BHA may move laterally especially at the start of the drilling as the
bit will not have penetrated deeply into the rock.
The more WOB we apply, the larger is the portion of the BHA that is in compression. The position
where there is neither compression nor tension is the neutral point. As long as it is inside the BHA,
we can get an increase of WOB and the drill-pipes are in tension. But if the neutral point moves
outside the BHA, the drill-pipes are in compression (see Figure 7).

Figure 7: A) In the off bottom situation, the neutral point is at the bit. B) The bit is on bottom and the lower part of the
BHA is in compression therefore providing a WOB. C) The whole weight of the BHA is used to provide the WOB and
therefore the drill-pipes are not in tension anymore.

When the bit is off bottom, the whole weight of the drill-string is totally supported by the hoisting
4𝐹𝑙
system. Due to elasticity, the drill-pipes are elongated by: ∆𝑙 = 𝐸 𝜋(𝑑2 −𝑑2 ), where 𝐹 is the top of
𝑌

𝑜

𝑖

string force and 𝐸𝑌 = 69 𝐺𝑃𝑎 is the Young’s modulus of aluminum (see Figure 8A). When the
WOB is at its maximum, i.e. the weight of the whole drill-string, the force at the top of the drillstring is 0 and therefore there is no elastic elongation of the drill-pipes. Thus the WOB is directly
related to the elongation of the drill-pipes. In practice to control the WOB, we need to steer the
elongation of the drill-pipes. As the bit penetrates the rock at a velocity 𝑣𝑏𝑖𝑡 , if the velocity of the
top of the string is slightly larger (𝑣𝑡𝑜𝑠 ), then the elongation decreases and the WOB increases. If
𝑣𝑡𝑜𝑠 < 𝑣𝑏𝑖𝑡 , the elongation increases and the WOB decreases (see Figure 8B). So the control of
the WOB passes by controlling the top of string speed compared to the bit velocity.
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Figure 8: A) The WOB is related to the elongation of the drill-pipe. B) To increase the WOB, the top of string velocity shall
be larger than the bit velocity. C) If the bit velocity stops quickly and the top of string velocity remains the same then the
WOB increase rapidly to its maximum and the drill-pipe can be in compression.

Depending on the control loop duration, the reaction time to adjust the hoisting system velocity
may move the neutral point above the BHA, i.e. inside the drill-pipe (see Figure 8C). When using
the highest permissible ROP calculated above, Figure 9 shows that the expected increase of WOB
resulting from the reaction time due to a transition from drilling in a soft formation into a harder
one. So we need to keep a margin while applying a WOB in soft formations so that if there is a
sudden change of ROP, the system has time to readjust the WOB as a function of the new top of
string velocity.

WOB increase during transition from soft to hard
WOB increase (kg)

0,25
0,2
0,15
0,1
0,05
0
0

50

100

150

200
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Loop duration: 30ms

Loop duration: 20ms

Loop duration: 10ms

Figure 9: WOB increase when changing from a soft formation to hard one when drilling at the fastest possible ROP

3.3 DIMENSIONING OF THE BHA LENGTH
Assuming a BHA made of a steel tube (𝜌 = 7800𝑘𝑔/𝑚3), Figure 10 shows the linear weight of
the BHA as a function of the pipe OD and for 3 different IDs (4, 8 and 12 mm).
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Figure 10: linear weight of a BHA as a function of the pipe OD, for three different ID.

An OD of 24mm will only give a clearance with the borehole (28 mm) of 2 mm on each side. This
is probably too small to let the cuttings pass through. The next standard pipe size is 20 mm which
gives a clearance of 4 mm on each side. With a 20 mm OD, the linear weight with an ID of 8 mm
is 2 kg/m. As the DrillBotics rules limit the BHA length to 0.45m, the maximum BHA weight will
be about 0.9kg. According to our previous calculations we should use at most a WOB of 3 kg. So
with a BHA of 0.9kg and a maximum compression force of 20N, corresponding to the worst case
scenario for buckling, we are capable of providing, closely enough, the maximum WOB which is
safe with regards to the system reaction time (2.9 kg instead of 3 kg).
With a BHA of 0.45m and the 36” (0.914 m) aluminum drill-pipe, we obtain a total drill-string
length of about 1.36 m.
3.4 CIRCULATION S YSTEM
As the height of the rock block is about 0.4 m, with a BHA length of 0.45 m, the circulation
annulus is only defined by the BHA OD and not the drill-pipe OD (see Figure 11).

Figure 11: While drilling the block, the annulus dimensions will always be defined by the BHA OD.
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It is usually recommended to maintain a fluid velocity larger than 0.7 m/s in the annulus to clean
the hole. As the hole size if 28.6mm and with a BHA OD of 20 mm, the minimum flow-rate is:
𝑣
2
𝑄 = 𝜋 4 (𝑑𝑏𝑖𝑡
− 𝑑𝑜2 ) = 8.4 𝑙/𝑚𝑖𝑛.
Let us calculate the required pump pressure. We will use tap water to circulate the cuttings out of
the borehole. The density of water at 20 °C is 998.2 kg/m3 and the viscosity is 1.002e-3 Pa.s.
Figure 12 shows a schematic of the hydraulic loop.

Swivel
Aluminum drill-pipe

Hose from pump to swivel
BHA
Bit

Annulus

Pump

Tank
Figure 12: Schematic of the hydraulic loop

As the height of the rig will be at most 2.0m, the hydrostatic pressure at the pump will be approx.
0.2 bar.
We will assume that the hose connecting the pump to the swivel of the top-drive is 2.5m, has an
ID of ½-in (12.7 mm) and made of plastic (roughness 0.03mm). At 8.7 l/min, the pressure loss will
be: 0.04 bar (Reynolds number 14488, turbulent flow).
𝑄 2

The pressure loss in the top-drive swivel is defined by: ∆𝑝 = (𝐶 ) where 𝐶𝑣 ≈ 5.25 for ½-in swivel
𝑣

using Q in gpm and obtaining ∆𝑝 in psi. Therefore the pressure loss through the swivel can be
8.4×0.264 2
)
5.25

estimated to be: ∆𝑝 ≈ 6894 × (

= 0.12𝑏𝑎𝑟

The pressure loss through the aluminum drill-pipe is characterized by a length of 0.914 m, and ID
of 8.7 mm and a roughness for aluminum of 0.03 mm, which gives a pressure loss of: 0.1 bar
(Reynolds number 21149, turbulent flow).
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The pressure loss inside the BHA is defined by its length (0.45m) and its ID 8 mm and a surface
roughness for steel of 0.15 mm, which results in a pressure loss of: 0.11 bar (Reynolds number
22999, turbulent flow).
The pressure loss through the bit nozzles can be estimated from the bit nozzle diameter: ∆𝑝 =
𝜌𝑄 2

1.975𝐶 2 ×𝑛×

𝜋𝑑2
4

≈ 0.7𝑏𝑎𝑟

The pressure loss though the annulus is probably quite small as it is shorter than 0.4 m.
As a consequence the pump pressure while pumping at 8.7 l/min will be approx.: 0.2 + 0.04 +
0.12 + 0.1 + 0.11 + 0.7 = 1.27 𝑏𝑎𝑟

Figure 13: Water/Diesel pump 12 V (Biltema 25987)

The pump characteristics of the water/diesel pump (Biltema 25987, see Figure 13) is shown in
Figure 14. It should be able to provide about 9 l/min at 1.5 bar. The power consumption of the
pump is 𝑃 = 𝑈𝐼 = 12 × 9 ≈ 110 𝑊, the weight of the pump is 1.5 kg and it uses ½ -in hose
connectors.

Figure 14: Pump characteristics of a 12 V water pump (Biltema 25987).

The pump needs a 12V power supply. At 2 bar, the electrical current reaches 11A and therefore
the maximum power consumption of the pump is 132W. We will use a 156W switching power
supply (HRPG-150-12) to drive the pump (cost 655 NOK).
There is no need to actively control the flow-rate in this hydraulic loop. However, it is important
to stop the pumping if there is an obstruction or a leakage. A pressure sensor will be installed just
after the pump (a 0 to 2.5 bar sensor from GEMS 3300B02B5G05E000 delivering a 4-20mA
signal, cost 971 NOK). The pressure measurement will be acquired by the Real-time Controller,
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which will control an electronic relay to turn on and off the pump (25A WGA5-6D25Z, cost 166
NOK). Figure 15 summarizes the electrical circuit of the circulation system.

Relay
220 V

Power 12 V
Supply

12 V pump motor
Pressure sensor
O

I

Real-time
Controller
Figure 15: Electrical circuit of the Circulation System (I stands for input, O for output)

3.5 POWER TRANSMISSION SYSTEM
A rotary union will be used to connect the water hose to the rotating driving shaft. A model from
Duff-Norton (750112C) uses ½-in hose connectors. It can pressurized up to 51 bar and rotated up
to 1000 RPM. Its weight is 1.2 kg and cost approx. 230 $ (2000 NOK).

Figure 16: Rotary Union Duff-Norton 750112C ½-in

Because the rotary union cannot be driven directly by a motor, it will be necessary to drive a shaft
connected to the rotary union (see Figure 19). The shaft OD shall be larger than the bottom
connector of the rotary union (1/2-in). For instance it can be a ¾-in OD. This driving shaft will be
supported by two bearings (bearing #1 and #2) like the UCF 204 ¾ -in which can support loads up
to 6.5kN. The weight of such a bearing is 0.61 kg and one bearing cost approx. 215 NOK.
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Figure 17: Omron servo motor G5 series

A timing belt and pulley system will connect the motor to the shaft. We need an accurate speed
control of the top-drive motor if we want to react very quickly to over torque or stick-slip
situations. The Omron servo motors in the G5 series (see Figure 17) are step motors that allow the
exact control of the angle of rotation by 1/10000 increment up to a rotational speed of 3000 RPM.
As we only need at most 200 RPM, we can use a gear reduction between the motor and the driving
shaft. A possible timing belt and pulley configuration could be based on a belt of width 1 ½ -in
(e.g., 210H150G, (H) 1/2 pitch, length 533mm, weight 0.08 kg, cost 225 NOK , pulleys of inside
diameter ¾-in, a pulley with 14 teeth on the motor side (e.g. Power Drive 14H150-6FS8, OD
2.228-in [5.66cm], weight 0.84 kg cost 500 NOK) and 28 teeth on the driving shaft side (e.g. Power
Drive 28H150-6FS8, OD 4.4020-in [11.18cm], weight 4.1 kg, cost 1140 NOK) therefore providing
a gear ratio 1:2. Since the maximum driving shaft torque should be around 0.5 m.N, with this gear
reduction factor we would only need a motor torque of 0.25 m.N. The Omron step motor G20030
can provide continuously a torque of 0.64 m.N from 0 to 3000 RPM. Its power consumption is 200
W, its mass is 0.8 kg and it has a list price of 6700 NOK2.

Figure 18: Torque capability of the 200W Omron servo motor in the G5 series

2

The University of Stavanger and IRIS have a 50% discount for products from Omron.
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Figure 19: Schematic of the power transmission system

An Omron servo drive SmartStep 2 R88D-BP02H (200W, mass 0.42kg) will control the step motor
(list price 6842 NOK). There is also a need for a filter R88A-FIK102-RE (list price 580 NOK) to
eliminate electromagnetic noise generated by the step motor and its servo drive.
As we need an accurate measurement of the torque, the servo motor will be mounted on a gimbal
supported by two bearings (bearing #3 and #4 can be for instance UCF 201 ½-in, mass 0.63kg,
cost 140 NOK). An arm connected to the free rotating motor support will press on two load cells
(one on each side). The force measured by the load cell will therefore relates directly to the motor
counter torque. The load cells will be salvage from a packet weighting machine (Clas Ohlson EKS
8006 GR ST, cost 499 NOK) which is equipped with 4 such load cells. Each of those load cell has
a measuring range of 100N. The load cell will be connected to an instrument amplifier based on
the integrated circuit INA 125 (approx. cost 150 NOK per mounted circuit).
Figure 20 shows the electrical circuit of the power transmission system.
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Figure 20: Electrical circuit for the power transmission system (I stands for input, O for output)

3.6 HOISTING S YSTEM
The hoisting system does need to be fast as there is no need to trip in or out of the borehole.
However, it should be precise. To obtain a high position accuracy, we propose to use a leadscrew
to transform the rotational movement of a motor into a linear motion.
A moving table, bearing the power transmission assembly, is mounted on four cylinders that acts
as pillars for the structure. A motor drives a threaded shaft maintained in position at the top by a
bearing #5 and at the bottom by a threaded bolt secured to a fix table. A timing belt and pulley
system ensures the transmission of the motor rotation to the threaded shaft. As axial speed is not
important, a gear reduction can be considered (see Figure 21).
To obtain a total axial movement of 1m, it is considered to use four SMC cylinders (CP96SDB40800 with an M12 rod, cost 961 NOK). As the threaded shaft has to support the total weight of the
structure, we will use a large diameter rod that will not risk to buckle under the weight, as for
instance a M20 threaded shaft (pitch 2.5 mm) (weight 2kg, cost 399 NOK). The bearing # 5 will
be of the same type as the bearing # 1 and #2.
The estimated weight of the moving platform is: 𝑚𝑚𝑜𝑡𝑜𝑟1 + 𝑚𝑚𝑜𝑡𝑜𝑟2 + 𝑚𝑝𝑢𝑙𝑙𝑒𝑦𝑠 + 𝑚𝑏𝑒𝑎𝑟𝑖𝑛𝑔𝑠 +
𝑚𝑠𝑤𝑖𝑣𝑒𝑙 + 𝑚𝑡ℎ𝑟𝑒𝑎𝑑𝑒𝑑 𝑠ℎ𝑎𝑓𝑡 + +𝑚𝑑𝑟𝑖𝑙𝑙−𝑠𝑡𝑟𝑖𝑛𝑔 + 𝑚𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 = 0.8 + 0.8 + 4.1 + 4.1 + 0.8 +
0.8 + 5 × 0.6 + 1.2 + 2 + 2 + 𝑚𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 > 19.6 𝑘𝑔. We will assume that including the
construction material, the total weight will be approx. 25kg.
In a worst case scenario the threaded shaft is not lubricated. In that case the friction between two
dry steel surfaces is about 0.25. Using an M20 threaded rod with a pitch of 2.5 mm, the necessary
torque to lift the moving platform is 0.73 m.N and to lower it is 0.53 m.N.
A leadscrew is self-locking if its efficiency is less than 0.5. The worst case scenario for this
calculation is when the friction between the threaded shaft and the bolt in the fixed table is at its
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lowest. With machine oil lubrication, it is expected that steel/steel friction can be as low as 0.11.
With such a friction, the efficiency of the leadscrew is 0.23 and therefore it is self-locking and
therefore there is no need to use brakes.

Figure 21: Schematic of the hoisting system together with the power transmission system

With a gear ratio of 1:2, the maximum necessary torque at the motor is 0.37 m.N. A similar step
motor (Omron G5 200W) as the one used for the power transmission system can be utilized for
the hoisting system. With a maximum rotational velocity of 3000 RPM, a gear reduction ratio of
1:2 and a threaded shaft with a pitch of 2.5 mm, the maximum axial velocity that can be obtained
is 6.25 cm/s. As the control of the motor is made 1/10000 increment, the maximum precision of
2.5
the axial displacement is 20000 = 0.000125𝑚𝑚. The travelling equipment position is simply
calculated by integrating the angular position of the motor over time. However, it is necessary to
define an initial position at startup.
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The power transmission platform is supported by four load cells (same type as the one used to
measure the torque). As each of the load cell can be loaded up to 100N, the maximum weight that
can be supported by the load cells is approx. 40kg. The weight of the moving platform is estimated
to 25 kg and therefore there is 15 kg left for the drill-string, which should be more than enough as
we expect that it will not be larger than 1 kg.

Figure 22: Schematic showing the displacement of the center of gravity from the geometrical center in order to get the best
load placement for the threaded shaft.

As the geometrical center is occupied by the drill-string, the threaded shaft used for hoisting has
to be decentered. However, if the center of gravity was still coinciding with the geometrical center,
there would be a moment applied to the threaded shaft. To avoid that problem, the center of gravity
should be moved on top of the threaded shaft. This is achieved by decentering the power
transmission motor and the hoisting system motor (see Figure 22).
Figure 23 shows the electrical circuit of the hoisting system.
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Figure 23: Schematic of the electrical circuit for the hoisting system (I stands for input, O for output)

3.7 REMAINING ELECTRICAL SETUP
The Real-Time controller will be based on an Omron PLC (CP1L-EM60DT-D) configured to steer
a four axes system (list price 7693 NOK) and fitted with an IO extension for 4 additional analog
signals (CP1W-AD041, list price 4210 NOK). The PLC also needs a power supply (S8VKG06024, list price 500 NOK).
An industrial PC (Siemens Simatic IPC 427D, installable on DIN rail, reused from another project)
will host the strategic decision controller. It needs a 24V power supply (installable on DIN rail,
Puls, CS5.241-C1, cost 1180 NOK). A 24-in screen supported by an extensible arm will present
the results (reuse from other projects).
The total power consumption is estimated to: 𝑃𝑝𝑢𝑚𝑝 + 𝑃𝑑𝑟𝑖𝑣𝑒1 + 𝑃𝑑𝑟𝑖𝑣𝑒2 + 𝑃𝑃𝐿𝐶 + 𝑃𝑃𝐶 +
𝑃𝑠𝑐𝑟𝑒𝑒𝑛 = 110 + 200 + 200 + 60 + 96 + 36 = 702𝑊, which is less than the maximum allowed
by the DrillBotics competition (1850W).
There will be an emergency button to cut the main power in case of complete failure of the system
(Eaton, T0-1-8200/I1/SVB, 6.5kW, cost 303 NOK).
The overall electrical installation is illustrated on Figure 24.
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Figure 24: Illustration of the overall electrical installation

3.8 BHA STABILIZATION
The block that will be drilled is composed of interbedded rock types with a dip that is not
necessarily horizontal. The bit will probably follow the path of least resistance when reaching the
interface of two layers of formation rock with different hardness and may therefore deviate from
vertical. To ensure that the bit will return back to vertical, we will use a pendulum assembly. For
that reason we need to put a stabilizer at some distance from the bit such that the BHA will naturally
have dropping tendencies. However this principle will only work if the stabilizer is laterally
supported. For that reason the BHA will be run through a tube having a similar diameter as the bit.
This tube will be a sort of riser. The riser will be pinned in position by a supporting frame attached
to the bearing structure (see Figure 25).
As we expect that the return flow will exit immediately above the top of the borehole, the riser
will be perforated to let the water and the cuttings pass through.
With a 0.45 m long BHA, we expect to put the stabilizer at about 0.3 to 0.4 m from the bit. Since
the block to be drilled is at most 0.4 m in height, the stabilizer will need to have an open passage
for the drilling fluid.
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Figure 25: Use of a riser and a stabilizer in the BHA to create a pendulum assembly.

3.9 BEARING STRUCTURE
The bearing structure does not need to be very strong as it will support a weight of no more than
25 kg. However, it needs to have an open footprint of at least 45x45 cm2. We propose to use the
Elfa drawer system to build the bearing structure (see Figure 26).

Figure 26: A stack of Elfa drawer frames.

If the rock block is 45 cm in height, using a BHA of 45 cm and an aluminum drill-pipe of 91 cm,
the elevation of the bottom of the driving shaft shall be at least 181 cm before starting drilling. It
will be 136 cm after drilling. The length of the cylinders used in the hoisting system can vary
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between 800 and 1600 cm. If we support the hoisting system with a 4 runner Elfa drawer (width
55 cm, depth 53 cm, height 40 cm), then the moving table can be elevated from 120cm to 200cm,
which should be sufficient.

Figure 27: Analysis of the stability of the structure

Because most of the weight (25 kg) will be at the top of the structure (highest elevation 2.0 m), we
should consider whether the structure can be easily tilted. The whole structure will pivot around
the bottom side if the moment generated by a lateral force at the top of the structure on the opposite
side equals the moment resulting from the own weight of the structure (see Figure 27):
𝑟𝑙 cos 𝜃𝑙 𝐹𝑙𝑎𝑡𝑒𝑟𝑎𝑙 = 𝑟𝑐𝑔 𝑚𝑔 sin 𝜃𝑐𝑔 , where 𝑟𝑙 is the distance from the center of rotation to the point
of application of the lateral force, 𝜃𝑙 is the angle of that vector with the vertical, 𝑟𝑐𝑔 is the distance
from the center of rotation to the center of gravity, 𝜃𝑐𝑔 is the angle of that vector with the vertical.
With the standard base, the necessary lateral force is: 𝐹𝑙𝑎𝑡𝑒𝑟𝑎𝑙 =

0.275
2.0
0.55
√2.02 +0.552 cos
2.0

√2.02 +0.2752 𝑚𝑔 sin

= 33.9𝑁,

which is almost nothing and therefore the setup is quite unstable.
We therefore need to increase the base size to increase the stability. We will put four drawer frames
around the central one. In that case the lateral force can be increased to: 𝐹𝑙𝑎𝑡𝑒𝑟𝑎𝑙 =
0.825
2.0
0.11
√2.02 +1.12 cos
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√2.02 +0.8252 𝑚𝑔 sin

= 109𝑁, which is better but not yet quite safe.

To improve even further the stability of the structure, we will lower the center of gravity by placing
2.0×25
weights on the side drawer frames (4x10 kg). The center of gravity will be 𝑙𝑐𝑔 =
= 0.77 m
and the lateral force is: 𝐹𝑙𝑎𝑡𝑒𝑟𝑎𝑙 =

0.825
0.77

√0.772 +0.8252 𝑚𝑔 sin
1.1
2.0

√2.02 +1.12 cos

considered as stable enough.
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65

= 324𝑁, which can probably be

We therefore need 5 Elfa drawer (cost 534 NOK per frame) and 4 weights of 10 kg (X-Erfit 10 kg,
25 mm, cost 200 NOK).

Figure 28: lowering of the center of gravity by placing weights in the base elements.

Because it is possible that drill-pipe will break during drilling, there is a risk of water projection.
As there are several electrical appliances in the vicinity, it is necessary to ensure a protection
against spray of water. The interior of the “derrick” will be considered as a wet zone and covered
with transparent Plexiglas sheets (Biltema 1200x800x4 mm, cost 349 NOK).

Figure 29: Isolation of the potential wet zone with transparent Plexiglas sheets

To avoid spill of water everywhere, the block will be put in a water tight container (see Figure
29). This container will act as a water tank for the circulation system.
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4 SYSTEM CALIBRATION
As discussed in sections 3.1 and 3.2, it is important to know accurately the response time of the
system in order to not drill faster than the capability of the system to respond to quick changes in
drilling conditions. The response time of the system depends on the loop duration of the controller
but it also depends on its mechanical inertia and friction. It is therefore important to calibrate
precisely, the actual response of the system to different conditions.
4.1 CALIBRATION IN STEADY STATE CONDITIONS
The first level of calibration concerns steady state conditions. We need to have trustworthy values
for pump pressure, torque and hook-load.
4.1.1 PUMP PRESSURE
As the only purpose of the hydraulic circulation is to remove the cuttings from the borehole, we
have not planned to control the pump motor speed. However with no control, the pump speed
varies as a function of the pump pressure (see Figure 13). So if there are any changes in the
circulation conditions, the pump pressure will change and so will do the motor speed until reaching
a new steady state situation.
There are two possible reasons for the changes in circulation conditions. The first one is a change
of the hydrostatic pressure at the pump outlet. The highest elevation point of the hose connected
to the swivel changes as the top-drive is raised or lowered. The second factor influencing the
pressure loss is the transport of cuttings out of the borehole.
We do not really need to know the exact pump pressure as long as the conditions are normal. But
we do need to know when the pump pressure starts to get abnormal, like if there is a pack-off
(overpressure) or if the drill-pipes are broken (under-pressure). For that reason, we plan to calibrate
the expected range of normal pressures. The procedure will consist in putting a cylinder inside the
water container and record the pump pressure at different bit depths. Then we will fill the cylinder
with sand and we will repeat the procedure at different speeds and record the corresponding
pressure variations (see Figure 30). After several experiments, we should have normal pump
pressure variations as a function of the top-drive elevation which can then be used to automatically
detect obstructions or drill-pipe washouts.

Figure 30: Determination of possible pump pressures as a function of cuttings load by penetrating a tube filled with sand
at different axial velocity.

4.1.2 STEADY S TATE TORQUE
As explained in section 3.5, the top-drive motor is mounted into a free rotating gimbal which has
an arm that presses against two load cells placed on each of its sides. In that way we can measure
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the counter torque on the top-drive motor and assess the drill-string torque. However friction in
the different bearings of the power transmission system will influence the torque measurements.
There are indeed two bearings to support the transmission shaft, two other bearings to support the
gimbal and two bearings inside the motor. In addition, the deformation of the transmission belt
under rotation may also give some variations in the torque transmission.
In order to calibrate the torque measurement, the bottom of the BHA will be attached to a stepper
motor. A stepper motor can be controlled to rotate by a certain angle or it can also be controlled to
resist to rotation by a certain torque (see Figure 31). For this particular calibration, the stepper
motor will be used in torque control. We will program the stepper motor controller to maintain
different torques and we will rotate the power transmission system at different speed. In that way
we will obtain a conversion table of the measured torque as a function of the power transmission
speed.

Figure 31: A stepper motor, controlled in torque, is connected to the bottom of the BHA in order to calibrate the
measured torque.

4.1.3 STEADY S TATE HOOK-LOAD
The hook load is measured by the four supporting load-cells below the power transmission unit.
The calibration of the hook load measurement is rather straight forward: known weights will be
attached to the power transmission shaft (see Figure 32).

Figure 32: Calibration of the hook-load by using known loads on the power transmission shaft.
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4.2 CALIBRATION IN TRANSIENT CONDITIONS
But as pointed out earlier, it is important to know the dynamic response of the system at various
rotational and axial speeds. To obtain necessary information, a series of step response tests will be
conducted.
4.2.1 TRANSIENT R OTATIONAL RESPONSE
On the one side of the thin aluminum drill-pipe, we have the power transmission system with its
shaft, timing pulleys and servo motor. On the other side of the DP, we have the BHA. Both the
BHA and the power transmission system have some non-negligible moment of inertia and
therefore the whole setup is similar to a torsional pendulum. So for any change of rotational speed,
we can expect that there will be oscillations.
To calibrate the dynamic response of the system, we will perform a series of tests using the counter
torque stepper motor. The step response to change in RPM will be recorded for different counter
torques and axial loads. Oscillation amplitude and frequency responses will be constructed for the
applicable range of RPM (see Figure 33).

Figure 33: Step response testing of power transmissions system.

4.2.2 TRANSIENT AXIAL V ELOCITY RESPONSE
We have seen in section 3.2 that it is important to react quickly to the transition between two
formations with very different strengths. The response time of the system depends on the inertia
of the servo motor of the hoisting system and the friction in the leadscrew that is supporting the
whole platform. We have also seen in the same section, that the actual critical buckling force may
depend on whether the BHA may move sideways. To calibrate the system for its actual response
time in case of full penetration stop and to determine the actual buckling critical loads, a series of
experiment will be done.
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The BHA will push on the top of a short cylinder. The cylinder will be filled with hydraulic oil.
When a test starts, a WOB will be applied on top of the cylinder and the hydraulic oil will flow
through a choke therefore creating a resistance to axial displacement. At a certain distance from
the bottom, the cylinder movement will be stopped therefore simulating a brutal change of
formation hardness. The reaction time of the system will be measured as well as the hook-load and
any indications of buckling will be noted. This type of experiment will be repeated at different
choke opening and various WOB, in order to map the reaction time of the system and the buckling
limits (see Figure 34).

Figure 34: A cylinder will be used to simulate the response of the system to large changes in penetration rate as a function
of various WOB.
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5 DETECTION OF DETERIORATION OF DRILLING CONDITIONS
In ideal conditions, the ROP varies linearly with WOB and RPM. However, if the maximum depth
of cut is reached, the ROP will not increase when adding more weight: there is not anymore a
linear response. Similarly, if there are fine particles accumulating around the cutters, the bit will
not work ideally and the response to changes in RPM or WOB will not be linear. Finally, if there
are vibrations at the bit, the energy provided to the bit will not be solely used to drill the borehole
and therefore the linearity dependence of the ROP to WOB and RPM will not be respected. The
point by which the linearity is lost, is often called the founder point.
So the non-linearity of the ROP as a function of the variations of WOB and RPM can be a good
indication that the drilling conditions are not optimal. For that reason, automatic sweeps of WOB
and automatic sweeps of RPM will be performed when the ROP seems to be stable (if it is not
stable, then it is hard to conclude anything). In case of non-linear behavior, the drilling parameters
will be changed to ensure that the bit works in good conditions.

Figure 35: Automatic tests to detect the deterioration of drilling conditions
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6 CONTROL STRATEGIES
The automatic drilling of a block means that the control system has to manage automatically a
certain number of drilling states. Some of those drilling state are normal, some others correspond
to deteriorated conditions and the remaining ones correspond to catastrophic failures.
6.1 NORMAL DRILLING STATE
6.1.1 BOTTOM HOLE TAGGING
In an initial unspecified state, the system does not know whether it is on bottom or not and it does
not know where is the top of the block. For that reason, it starts to raise the block for a minimum
distance and until the hook load has stabilized in order to ensure that it is off bottom. Then it moves
downward until the hook load starts to decrease: this elevation is recorded as the top of the block.
During this operation, the pump and the top-drive are off.
6.1.2 OFF BOTTOM C ALIBRATION
This procedure is used when the system is uncalibrated but after tagging the bottom hole. With
rotation and pumping off, the control system raises the drill-string for a minimum distance to
ensure that the bit is off bottom. Then it starts the pumping and wait until the pressure has
stabilized: this will be the reference pressure. Afterward, it starts the rotation by incremental steps.
For each step, the system waits for a stable torque and records the period and amplitude of the
oscillations generated by the rotational speed step changes in order to gather information about the
natural resonance frequencies of the drill-string. The off bottom top of string force is also recorded
as a reference value.
6.1.3 RESUME DRILLING
When the top of the rock is known and the system has been calibrated, drilling can start. If the bit
is on bottom, the drill-string is raised for a short distance. If there is no circulation, then the pump
is started. If the rotation is off, the top-drive is ramped up to a middle range speed that does not
correspond to a natural resonance frequency of the drill-string. Then the drill-string is lowered to
the last known top hole at a speed that is compatible with the reaction time of the control system
for handling large variation of formation strength (see 3.2).
6.1.4 MANAGEMENT OF ROP IN UNKNOWN FORMATION
When starting drilling in an unknown formation, the WOB is increased as linearly as possible
while the ROP is recorded. However, the WOB shall never exceed the maximum allowable WOB
to handle rapid change of formation strength. The linearity of the ROP vs WOB curve is analysed
to determine the formation strength. Then the RPM is changed to a value that increases ROP, yet
is safe for handling sudden stick-slip conditions.
6.1.5 MANAGEMENT OF ROP IN KNOWN FORMATION
When the formation strength has been estimated, the WOB is linearly increased and then decreased
with a relatively small variation to verify that the ROP still vary linearly with the WOB. If the
linearity factor has changed, then it is a new formation (see 6.1.4). If the variation is not linear,
then the bit does not work in good conditions (see 6.2.1). Alternatively, the RPM is linearly
increased and then decreased with a relatively small variation to verify that the ROP still vary
linearly with the RPM. If the variation is not linear, then the bit does not work in good conditions
(see 6.2.1).
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6.1.6 MANAGEMENT

OF

DRILLING PARAMETERS BETWEEN SOFT

AND

HARD

FORMATIONS

If the ROP reduces drastically, we are drilling from a soft to a hard formation and there is a risk
for drill-string vibrations. The WOB and the RPM are changed to minimize the risk of drill-string
vibrations. When the ROP has stabilized, we have passed the transition zone and a new formation
can be investigated as explained in 6.1.4.
6.1.7 MANAGEMENT

OF

DRILLING PARAMETERS BETWEEN HARD

AND

SOFT

FORMATIONS

If the ROP increases, we are drilling from a hard to soft formation and there is a risk for drill-string
vibrations. The WOB and the RPM are changed to minimize the risk of drill-string vibrations.
When the ROP has stabilized, we have passed the transition zone and a new formation can be
investigated as explained in 6.1.4.
6.1.8 END OF DRILLING
If the evaluated formation strength is 0, we have probably passed the bottom of the block. The
axial movement is stopped as well as the rotation and the pumping.
6.2 DETERIORATED DRILLING STATE
6.2.1 MANAGEMENT OF POOR ROP PERFORMANCE
If the variation of ROP as a function of WOB or RPM is not linear then the bit is not working in
optimal conditions. That can be due to bottom hole balling, bit dulling or vibrations (Dupriest &
Koederitz, 2005). If it was the WOB that caused the non-linearity, then the WOB is decreased
linearly until the linearity condition is reached. If it was the RPM, then top-drive speed is decreased
linearly until the linearity condition is satisfied.
6.2.2 MANAGEMENT OF DRILL-STRING V IBRATION
If the torque starts to fluctuate above reasonable margins, the drill-string is picked off bottom. If
the oscillations do not stop after a short moment, the top-drive rotation is ramped down to 0. The
combination of WOB and RPM that caused the vibration is recorded for the current formation rock
and will not be used anymore until a new formation rock is drilled. A new combination of
WOB/RPM is chosen amongst those that are possible and drilling is resumed (see 6.1.3).
6.3 CATASTROPHIC DRILLING STATE
6.3.1 PACK- OFF MANAGEMENT
If the pump pressure increases above a given threshold, then there is an obstruction in the
circulation loop. The drill-string is raised off bottom. If the pressure gets larger than an even higher
pressure level, then the pump is stopped immediately. If the pressure returns to normal values after
picking off bottom, then drilling can resume (see 6.1.3) otherwise the drill-sting is raised above
the top of block.
6.3.2 DRILL-PIPE WASH- OUT MANAGEMENT
If the pump pressure drops below a given threshold, then there is a leak in the hydraulic system.
The pump is stopped as well as the rotation. The bit is raised above the top of the block.
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6.3.3 TWIST- OFF MANAGEMENT
When off bottom, if the hook-load drops below the normal weight of the drill-string, then the drillpipe has failed. When on bottom, if the torque drops to 0 and the hook-load drops below the normal
weight of the drill-string, then the drill-pipe has failed. In this case, the rotation is stopped as well
as the pumping.
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7 DATA HANDLING AND DISPLAY
As seen in sections 3.1 and 3.2, the control loop duration shall be as short as possible in order to
have the best possible chances to control, in time, quick transitions, like when the bit stops rotating
in a stick-slip situation or when reaching a hard formation after drilling in a soft one. The Omron
PLC has a common processing time of 0.4 ms and, in the worst case, instruction execution time is
0.41 μs. Table 1 shows the number of PLC instructions that can be used for different PLC loop
durations.
Table 1: Number of instructions for different PLC loop duration

Loop duration
(ms)

# instructions

5
10
15
20
25
30

1122
2341
3561
4780
6000
7220

As the loop duration should be kept below 20 ms, and if possible closer to 10 ms, the PLC program
should not exceed 3000 to 4000 instructions. Yet there is a need to perform relatively heavy
computations like drill-string vibration calculations. So the most complex calculations shall be
performed on the PC side. But the PC is not a deterministic machine and response time cannot be
guaranteed. To deal with the variable latency problem of the communication between the PC and
the PLC, it is proposed to precompute, on the PC side, look-up tables that are valid for a wide
range of parameters and let the PLC interpolate within these look-up tables of the values that are
needed to control the drilling process. In that way, we can keep the program execution on the PC
to be non-deterministic, while the PLC program can be kept as short as possible to minimize the
loop duration. A similar method has been described in (Cayeux, 2012).

Figure 36: Block diagram of the drilling control structure.
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The models used to generate the look-up tables have to be calibrated with the actual recorded
values. For that reason a calibration process monitors the sensor values and extract calibration
parameters that are used while computing the look-up tables.
The sensor values acquired by the PLC are pushed to the PC side where a data acquisition service
collects the data using for instance OPC (OLE for Process Control). On the PC side, the sensor
values are propagated to the graphical user interface (GUI), the process generating the look-up
tables and a process which takes care of the calibrations. The calibration results are feed back into
the look-up table generation process. Figure 36 shows a block diagram of the main components
and the data flow between each of the processes. All the results generated by the processes running
on the PC side are logged into ASCII files.
The GUI has five functions:
 Configure the system
 Setup of the initial state
 Calibrate the rig performance
 Control the execution
 Display information during a drilling sequence
The configuration shall cover the following subjects:
 Description of the physical properties (density, Young and shear moduli, ultimate strength)
and geometrical dimensions of the drill-string (OD, ID, length, nozzle diameters, pressure
loss coefficient of swivel, etc.).
 Description of the fluid properties (density, viscosity).
 Description of the limits of the rig components, e.g. max motor speed, gear ratio, max
torque, threaded shaft pitch and diameter, max hoisting distance.
The initial state setup is basically reduced to entering the current elevation of the moving table.
The calibration of the rig performance shall address the following topics:
 Off bottom torque as a function of rotational velocity
 Timing for fast stop of the drill-string rotation as a function of rotational velocity including
the effects of the PLC loop time and inertia of the system
 Off bottom hook load
 Timing for fast stop of the hoisting system as a function of lowering and raising speed
including the effects of the PLC loop time and inertia of the system
 Off bottom pump pressure and expected standard variations
The control of the execution has only two buttons: Start and Stop. The system shall stop by itself
when the drilling of the block is finished, nevertheless there is a stop button on the GUI that can
be used in case of malfunctioning. In addition, in case of emergency, there is a physical button that
cut the electrical power on the whole rig (see section 3.7).
The following information will be displayed on the screen:
 Time-based
o Bit-depth and bottom hole depth
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o Moving table speed and maximum allowable ROP
o WOB and maximum allowable WOB
o Top-drive speed and maximum allowable speed
o Top-drive torque and maximum allowable torque
o Pump pressure and minimum/maximum tolerances
o Estimated formation UCS and uncertainty
o Estimated linearity of WOB/ROP and RPM/ROP relationships
o Estimated stick-slip level and maximum allowable value
Depth-based
o Formation UCS and uncertainty
o Allowable ROP, WOB, top-drive speed and torque
o Estimated and observed combination of WOB/RPM that cause stick-slip
State-based
o Current mode: bottom hole tagging, normal drilling, hardness transition, WOB
linearity testing, RPM linearity testing, etc.
o Alarms: pack-off, twist-off, pipe washout
o Detailed information on current WOB linearity test
o Detailed information on current RPM linearity test

Automatic snapshots of the screen will be taken at regular intervals in order to document what
happened during the experiment.
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8 ESTIMATED COSTS
Table 2 shows an estimate of the costs of the equipment necessary to build the proposed rig. The
total amount is about 45 kNOK (5 k$) which is less than the maximum allowable budget specified
by the DrillBotics 2016 competition rules. However, it should be noted that there are some costs
that have not been accounted for like aluminum frame bars, steel rods, screws, etc. So the final
cost may be slightly larger than this first estimate.
The cost of the rig equipment will be covered by the project P1.3 “Drilling Process Optimization”
of the DrillWell center hosted by IRIS and cooperation with the University of Stavanger, SINTEF
and NTNU.
The workshops at the University of Stavanger and at IRIS will be used for the construction of the
rig.
The rig will be placed in the e-force laboratory at IRIS just beside the offices occupied by the UiS
student team.
Table 2: Estimated cost

Hydraulic system
Pump
12V 156W power
supply
Pressure sensor
0..2.5bar
Solid state relay 25A
Power Transmission
System
Rotary Union
Bearing
Bearing
Timing Pulley 14 teeth
Timing Pulley 28 teeth
Timing belt
Stepper motor
Servo drive
Filter
Load cells
Instrument amplifier
Hoisting System
Cylinder
Load cells
Instrument amplifier
Bearing

USD
Biltema
Elfa
Elektronikk
GEMS
Elfa
Elektronikk

Duff-Norton
UCF 204 3/4-in
UCF 201 1/2-in
Power Drive
Power Drive
Power Drive
Omron
Omron
Omron
Clas Ohlson
Elfa
SMC
Clas Ohlson
Elfa
UCF 204 3/4-in

25987

339,3957 Sum (NOK)
1
1147

2939
1147

HRPG-150-12

1

655

655

3300B02B5G05E000

1

971

971

WGA5-6D25Z

1

166

166

1469,483 Sum (NOK)
1
2000
2
215
2
140
1
500
1
1140
1
225
1
3350
1
3421
1
580
1
499
2
150
1705,986 Sum (NOK)
4
961
1
499
4
150
1
215

12725
2000
430
280
500
1140
225
3350
3421
580
499
300
14773
3844
499
600
215

USD
750112C

14H150-6FS8
28H150-6FS8
210H150G
G20030
R88D-BP02H
R88A-FIK102-RE
EKS 8006 GR ST
based on INA125
USD
CP96SDB40-700
EKS 8006 GR ST
based on INA125
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Timing Pulley 14 teeth
Timing Pulley 28 teeth
Timing belt
Stepper motor
Servo drive
Filter
Threaded shaft M20
Rig structure
Elfa
Elfa
Weight
Plexiglas sheet
Remaining Electrical
System
PLC
Extension 4xAD
Power supply
PC
Power supply 24V 4 A
Screen 24-in
Emergency Stop button
Total

Power Drive
Power Drive
Power Drive
Omron
Omron
Omron
Biltema
Gavel
Gavel
X-erfit
Biltema

Omron
Omron
Omron
Siemens
Puls
HP
Eaton

14H150-6FS8
28H150-6FS8
210H150G
G20030
R88D-BP02H
R88A-FIK102-RE
19438
USD
74 cm
55 cm
10kg 25 mm
1200x800x4 mm

1
500
1
1140
1
225
1
3350
1
3421
1
580
1
399
636,7567 Sum (NOK)
5
335
5
189
4
200
6
349

500
1140
225
3350
3421
580
399
5514
1675
945
800
2094

USD
CP1L-EM60DT-D
CP1W-AD041
S8VK-G06024
Simatic IPC427C
CS5.241-C1
LA2405
T0-1-8200/I1/SVB
USD

887,4061 Sum (NOK)
1
3846,5
1
2105
1
250
1
0
1
1180
1
0
1
303
5039,028 Sum (NOK)

7684,5
3846,5
2105
250
0
1180
0
303
43635,5
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APPENDIX A: MAXIMUM ROP

TO

AVOID T WIST OFF

IN

CASE

OF

B IT STICK

If the reaction time of the system is ∆𝑡, the maximum tolerable torque to avoid exceeding the
𝐽
yield torque is: 𝜏𝑡𝑜𝑙𝑒𝑟𝑎𝑏𝑙𝑒 = 𝜏𝑦𝑖𝑒𝑙𝑑 − 𝑙𝑧 𝐺𝜔̇ ∆𝑡. A usual relationship of the MSE and the UCS is
𝑈𝐶𝑆

1
𝜋𝑑𝑏𝑖𝑡 2

𝐽
4(𝜏𝑦𝑖𝑒𝑙𝑑 − 𝑧 𝐺𝜔̇𝑏𝑖𝑡 ∆𝑡)𝜔̇𝑏𝑖𝑡

(

4𝜏𝑏𝑖𝑡 𝜔̇𝑏𝑖𝑡

𝑈𝐶𝑆

𝑀𝑆𝐸 = 0.35. We have: MSE = 0.35 =
𝑙
4𝑓
𝑈𝐶𝑆
−− 𝑏𝑖𝑡2
0.35
𝜋𝑑𝑏𝑖𝑡

𝜋𝑣𝑏𝑖𝑡 𝑑𝑏𝑖𝑡

4𝑓

1

+ 𝜋𝑑 𝑏𝑖𝑡2 ⟺ 𝑣𝑏𝑖𝑡 = 𝜋𝑑

2

𝑏𝑖𝑡

𝑏𝑖𝑡

4𝜏

2

𝜔̇

(𝑈𝐶𝑆 𝑏𝑖𝑡 4𝑓𝑏𝑖𝑡𝑏𝑖𝑡 ) =
0.35

−−

𝜋𝑑𝑏𝑖𝑡 2

). Injecting the relationship between the torque on the bit and the
𝜏

WOB: 𝜏𝑏𝑖𝑡 = 𝜇. 𝑑𝑏𝑖𝑡 . 𝑓𝑏𝑖𝑡 ⟺ 𝑓𝑏𝑖𝑡 = 𝜇.𝑑𝑏𝑖𝑡 , we obtain the limit of the ROP as a function of the
𝑏𝑖𝑡

𝐽
4(𝜏𝑦𝑖𝑒𝑙𝑑 − 𝑧 𝐺𝜔̇𝑏𝑖𝑡 ∆𝑡)𝜔̇𝑏𝑖𝑡

1

RPM to avoid twisting the drill-pipe: 𝑣𝑏𝑖𝑡 = 𝜋𝑑

𝑏𝑖𝑡

2

(
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𝑙
𝐽
4𝜏𝑦𝑖𝑒𝑙𝑑 − 𝑧 𝐺𝜔̇𝑏𝑖𝑡 ∆𝑡
𝑙
𝑑𝑏𝑖𝑡0.9402𝑒−1.16𝑒−9 𝑈𝐶𝑆
𝑈𝐶𝑆
−−
0.35
𝜋𝑑𝑏𝑖𝑡2

)

