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(57) Abrégée/Abstract:
Methods, systems, and techniques for performing automated driling of a wellbore. The wellbore is drilled In response to a first
drilling parameter target (such as weight on bit) that includes a first drilling parameter offset modified by a first drilling parameter
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(57) Abrege(suite)/Abstract(continued):
perturbation signal. A first drilling performance metric (such as rate of penetration) Is measured and Is Indicative of a response of

the drilling to the first drilling parameter target. An output of a first objective function Is determined using the measured first drilling
performance metric. A first correlation between the output of the first objective function and the first drilling parameter perturbation
sighal, and an Integral of the first correlation, are determined. The first drilling parameter target is updated using the Integral
modified by the first drilling parameter perturbation signal. The wellbore Is drilled In response to the updated first drilling parameter

target.



ABSTRACT

Methods, systems, and techniques for performing automated drilling of a wellbore. The
wellbore is drilled in response to a first drilling parameter target (such as weight on bit)
that includes a first drilling parameter offset modified by a first drilling parameter
perturbation signal. A first drilling performance metric (such as rate of penetration) is
measured and is indicative of a response of the drilling to the first drilling parameter target.
An output of a first objective function is determined using the measured first drilling
performance metric. A first correlation between the output of the first objective function
and the first drilling parameter perturbation signal, and an integral of the first correlation,
are determined. The first drilling parameter target is updated using the integral modified
by the first drilling parameter perturbation signal. The wellbore is drilled in response to the

updated first drilling parameter target.
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METHOD AND SYSTEM FOR PERFORMING AUTOMATED DRILLING OF A

WELLBORE
TECHNICAL FIELD
[0001] The present disclosure is directed at a method and system for performing
automated drilling of a wellbore.
BACKGROUND
[0002] O1l and gas wellbore drilling may be partially or entirely automated. For

example, certain example automated drilling units may attempt to maximize rate of
penetration by varying weight on bit in response to one or more measured drilling
parameters. Examples of those dnilling parameters may comprise any one or more of
readings from hookload, depth, and drilling fluid pressure sensors. Those units are designed
to increase drilling efficiency by, for example, extending drill bit life and reducing total

drilling hours.
SUMMARY

[0003] According to a first aspect, there is provided a method for performing
automated drilling of a wellbore, the method comprising drilling the wellbore in response
to a first drilling parameter target, Whérein the first drilling parameter target comprises a
first drilling parameter offset modified by a first drilling parameter perturbation signal;
measuring a first drilling performance metric to determine a measured first drilling
performance metric, wherein the first drilling performance metric is indicative of a
response of the drilling to the first drilling parameter target; determining an output of a first
objective function using the measured first drilling performance metric; determining a first
correlation between the output of the first objective function and the first drilling parameter

perturbation signal; determining an integral of the first correlation; updating the first

drilling parameter target using the integral of the first correlation modified by the first
]
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drilling parameter perturbation signal; and after the first drilling parameter target has been

updated, drilling the wellbore 1n response to the first drilling parameter target.

[0004] The actions of drilling the wellbore in response to the first drilling parameter
target through to after the first drilling parameter target has been updated may be iteratively

performed at a sampling frequency used to measure the first drilling performance metric.

[0005] Determining the first correlation may comprise measuring the response of
the automated drilling to the first drilling parameter target to determine a measured first
drilling parameter; determining a first drilling parameter perturbation signal delay from a
correlation between the first drilling parameter perturbation signal and the measured first
drilling parameter; and delaying the first drilling parameter perturbation signal by the first
drilling parameter perturbation signal delay prior to using the first drilling parameter

perturbation signal to determine the first correlation.
[0006] The first correlation may be normalized to be between [-1,1].

[0007] The method may further comprise drilling the wellbore in response to a
second drilling parameter target, wherein the second drilling parameter target comprises a
second drilling parameter offset modified by a second drilling parameter perturbation
signal; measuring a second drilling performance metric to determine a measured second
drilling performance metric, wherein the second drilling performance metric is indicative
of a response of the drilling to the second drilling parameter target; determining an output
of a second objective function using the second drilling performance metric; determining
a second correlation between the output of the second objective function and the second
drilling parameter perturbation signal; determining an integral of the second correlation;
updating the second drilling parameter target using the integral of the second correlation
modified by the second drilling parameter perturbation signal; and after the second drilling
parameter target has been updated, drilling the wellbore in response to the second drilling

parameter target.
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[0008] The actions of drilling the wellbore in response to the second drilling
parameter target through to after the second drilling parameter target has been updated may
be 1teratively performed at a sampling frequency used to measure the second drilling

performance metric.

[0009] Determining the second correlation may comprise measuring the response
of the automated drilling to the second drilling parameter target to determine a measured
second drilling parameter; determining a second drilling parameter perturbation signal
delay from a correlation between the second drilling parameter perturbation signal and the
measured second drilling parameter; and delaying the second drilling parameter

perturbation signal by the second drilling parameter perturbation signal delay prior to using

the second drilling parameter perturbation signal to determine the second correlation.
[0010] The second correlation may be normalized to be between [-1,1].

[0011] The first drilling performance metric may be rate of penetration, mechanical
specific energy, or stick-slip severity, and the second drilling performance metric may be

rate of penetration, mechanical specific energy, or stick-slip severity.

[0012] The first and second objective functions may be identical.

[0013] Each of the first and second drilling parameter perturbation signals may be
sinusoidal.

[0014] The first and second drilling parameter perturbation signals may have

different frequencies.

[0015] Updating the first drilling parameter target using the integral of the first
correlation may comprise applying a limit check to the integral of the first correlation;
when the integral of the first correlation is less than a minimum first parameter limit,

updating the first drilling parameter target using the minimum first parameter limit; and
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when the integral of the first correlation exceeds a maximum first parameter limit, updating

the first drilling parameter target using the maximum first parameter limit.

0016} Updating the second drilling parameter target using the integral of the
second correlation may comprise applying a limit check to the integral of the second
correlation; when the integral of the second correlation is less than a minimum second
parameter limit, updating the second drilling parameter target using the minimum second
parameter limit; and when the integral of the second correlation exceeds a maximum
second parameter limit, updating the second drilling parameter target using the maximum

second parameter limit.

[0017] The first drilling parameter target may be a weight-on-bit target and the

second drilling parameter target may be a rotation rate target.

[0018] The second drilling parameter perturbation signal may have a frequency

twice that of the first drilling parameter perturbation signal.

[0019] Each of the first and second drilling performance metrics may be rate of
penetration and the method may further comprise, prior to determining the second
correlation, removing from the measured second drilling performance metric a portion of
the rate of penetration attributed to stretching and compression of a drill string used to drill

the wellbore.

[0020] The measured first drilling parameter may comprise a non-linear and
delayed response to the first drilling parameter target, and the method may further comprise
determining the portion of the measured second drilling performance metric attributed to

stretching and compression of the drill string from the measured first drilling parameter

and the measured second drilling performance metric.

[0021] The first drilling parameter perturbation signal may be sin(wt), the second

drilling parameter perturbation signal may be sin(2wt), and the portion of the measured

4
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second drilling performance metric attributed to stretching and compression of the drill

string may be determined as
2kSy,cos(2wt) — 2kCyosin(2wt),

, . corr(ROPmeasured,cos(a)(t—d)))_ _ 2 . B
wherein fc = corr(WOBgctyarsin(w(t—d))) oWz = NCorr(WOBaCtual’Sln(zwt))’ w2 =

%Corr(WOBactual, cos(Zwt)), N = TF,, w is the angular frequency of the first drilling

27T

parameter perturbation signal, T = -, F; 1s a sampling frequency used to obtain the

measured first and second drilling parameters, d 1s the first drilling parameter perturbation
signal delay, ROP,,.qcured is measured rate of penetration, and WOB ¢, 4 1S measured
weight on bit, and corr(WOB  tyq1, €0s(2wt)) 1s a dot-product of WOB, ¢, and
cos(2wt).

ROP€
TanNb’

[0022] One or both of the first and second objective functions may be | =

wherein J 1s the output of the first and second objective functions, ROP 1s the rate of

penetration, 7' 1s torque applied to the drill string, and N 1s revolutions per minute of the

drill bat.

ROP€
WOBAanNb’

[0023] One or both of the first and second objective functions may be | =
wherein J 1s the output of the first objective function, ROP is the rate of penetration, WOB

1s weight-on-bit, and N i1s revolutions per minute of the drill bit.

ROPF€
DIFpanb’

[0024] One or both of the first and second objective functions may be | =

wherein J 1s the output of the first objective function, ROP is the rate of penetration, DIFP

1s differential pressure, and N is revolutions per minute of the drill bit.

[0025] According to another aspect, there 1s provided a system for performing
automated drilling of a wellbore, the system comprising a height control apparatus

configured to adjust a height of a drill string used to drill the wellbore; a height sensor; a
5
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rotational drive unit comprising a rotational drive unit controller and a rotation rate sensor:
a depth sensor; a hookload sensor; a drilling controller communicatively coupled to the
rotational drive unit controller, the rotation rate sensor, the height control apparatus, the
height sensor, the depth sensor, and the hookload sensor, the drilling controller configured
to perform any of the foregoing aspects of the method and suitable combinations and

variations thereof.

[0026] The drilling controller may comprise a rotational drive controller
communicatively coupled to the rotational drive unit controller and rotation rate sensor; an
automated drilling unit communicatively coupled to the height control apparatus, the height
sensor, the depth sensor, and the hookload sensor; and a processor communicatively
coupled to the rotational drive controller and automated drilling unit and configured to

perform any of the foregoing aspects of the method and suitable combinations and

variations thereof.

[0027] The system may further comprise a standpipe pressure sensor and a torque

sensor, each communicatively coupled to the drilling controller.

[0028] According to another aspect, there 1s provided a non-transitory computer
readable medium having stored thereon program code that is executable by a processor and

that, when executed, causes the processor to perform any of the foregoing aspects of the

method and suitable combinations and variations thereof.

[0029] This summary does not necessarily describe the entire scope of all aspects.
Other aspects, features and advantages will be apparent to those of ordinary skill in the art

upon review of the following description of specific embodiments.
BRIEF DESCRIPTION OF THE DRAWINGS

[0030] In the accompanying drawings, which illustrate one or more example

embodiments:
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[0031} FIG. 1 1s a schematic of a drilling rig, according to one embodiment.

[0032] FIG. 2 1s a block diagram of a system for performing automated drilling of

a wellbore, according to the embodiment of FIG. 1.

[0033] FIG. 3 1s a block diagram of a system for seeking an objective function
extremum based on weight on bit (“WOB”), according to the embodiment of FIG. 1.

[0034] FIG. 4 1s a block diagram of a system for seeking an objective function

extremum based on rotation rate, according to the embodiment of FIG. 1.

[0035] FIG. 5 1s a method for performing automated drilling of a wellbore,
according to the embodiment of FIG. 1.

[0036] FIGS. 6A, 6B, and 6C depict 2D plots of WOB, revolutions per minute
("RPM”), and rate of penetration (“ROP”), respectively, versus drilling depth, according

to one example embodiment.

[0037]) FIGS. 7A and 7B depict 3D plots of ROP and mechanical specific energy
("MSE”), respectively, versus RPM and WOB, according to the example embodiment of
FIGS. 6 A-C.

[0038] FIGS. 8A, 8B, and 8C depict 2D plots of WOB, RPM, and ROP,

respectively, versus drilling depth, according to another example embodiment.

[0039] FIGS. 9A and 9B depict 3D plots of ROP and MSE, respectively, versus
RPM and WOB, according to the example embodiment of FIGS. 8A-C.

[0040] FIGS. 10A-10E depict how WOB and RPM may be modulated as inputs to

the systems ot FIGS. 3 and 4, respectively, according to additional example embodiments.

DETAILED DESCRIPTION
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[0041] In a conventional automated drilling system, an automated drilling unit
varies a drilling parameter in order to adjust the rate of penetration (“ROP”) of a drill bit
through a formation. The automated drilling system uses a stepped input signal to change
the magnitude of the drilling parameter and waits until the response of the drilling rig
sufficiently settles before averaging that response. In view of the response, the automated
drilling system again changes the drilling parameter. Drilling in this manner is laborious

and relatively 1nefficient.

[0042] The embodiments described herein are directed at methods, systems, and
techniques 1n which a processor modifies an input signal used to control drilling using a
perturbation signal. The input signal represents a drilling parameter such as block velocity,
weight on bit (“WOB?), surface revolutions per minute (“RPM”), bit RPM, and differential
pressure across a mud motor. The real time input and response, as represented by output
measurements, of the drilling rig while drilling the wellbore are used to evaluate an
objective function. The output of the objective function is correlated with a delayed version
of the perturbation signal to determine the next input signal to be used to control drilling.
This process eftectively performs extremum seeking on the objective function that a driller
wishes to maximize or minimize. The objective function comprises a drilling performance
metric, such as ROP, drilling efficiency, bit wear, or depth of cut (ROP/RPM), which is
indicative of how well drilling is progressing. In at least some example embodiments, a

drilling performance metric is a subset of a drilling parameter, with drilling parameters that
do not qualify as drilling performance metrics being parameters that are not indicative of
how well drilling is progressing. This process is iterative, and in certain embodiments, is
discrete n time and performed at the rate at which the drilling parameter is sampled. In

certain embodiments, one or both of multiple drilling parameters and multiple drilling

performance metrics may be used to seek the objective function’s extremum.

[0043] FIG. 1 shows a drnlling rig 100, according to one embodiment. The rig 100
comprises a derrick 104 that supports a drill string 118. The drill string 118 has a drill bit

8
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120 at 1its downhole end, which 1s used to drill a wellbore 116. A drawworks 114 is located
on the drilling rig’s 100 floor 128. A drill line 106 extends from the drawworks 114 to a
traveling block 108 via a crown block 102. The traveling block 108 is connected to the drill
string 118 via a top drive 110. Rotating the drawworks 114 consequently is able to change
WOB during drilling, with rotation in one direction lifting the traveling block 108 and
generally reducing WOB and rotation in the opposite direction lowering the traveling block
108 and generally increasing WOB. The drill string 118 also comprises, near the drill bit
120, a bent sub 130 and a mud motor 132. The mud motor’s 132 rotation is powered by the
tlow ot drilling mud through the drill string 118, as discussed 1n further detail below, and
combined with the bent sub 130 permits the rig 100 to perform directional drilling. The top
drive 110 and mud motor 132 collectively provide rotational force to the drill bit 120 that
1s used to rotate the drill bit 120 and drill the wellbore 116. While in FIG. 1 the top drive
110 1s shown as an example rotational drive unit, in a different embodiment (not depicted)

another rotational drive unit may be used, such as a rotary table.

10044} A mud pump 122 rests on the floor 128 and is fluidly coupled to a shale
shaker 124 and to a mud tank 126. The mud pump 122 pumps mud from the tank 126 into
the dnll string 118 at or near the top drive 110, and mud that has circulated through the
drill string 118 and the wellbore 116 return to the surface via a blowout preventer (“BOP”)
112. The returned mud 1s routed to the shale shaker 124 for filtering and is subsequently
returned to the tank 126.

[0045] FIG. 2 shows a block diagram of a system 200 for performing automated
drilling of a wellbore, according to the embodiment of FIG. 1. The system 200 comprises
various rig sensors: a torque sensor 202a, depth sensor 202b, hookload sensor 202c, and

standpipe pressure sensor 202d (collectively, “sensors 202™).

[0046] The system 200 also comprises the drawworks 114 and top drive 110. The
drawworks 114 comprises a programmable logic controller (“drawworks PLC”) 114a that

controls the drawworks’ 114 rotation and a drawworks encoder 114b that outputs a value
9
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corresponding to the current height of the traveling block 108. The top drive 110 comprises
a top drive programmable logic controller (“top drive PLC”) 110a that controls the top
drive’s 114 rotation and an RPM sensor 110b that outputs the rotational rate of the drill
string 118. More generally, the top drive PLC 110a 1s an example of a rotational drive unit

controller and the RPM sensor 110b is an example of a rotation rate sensor.

[0047] A first junction box 204a houses a top drive controller 206, which is
communicatively coupled to the top drive PLC 110a and the RPM sensor 110b. The top
drive controller 206 controls the rotation rate of the drill string 118 by instructing the top '
drive PLLC 110a and obtains the rotation rate of the drill string 118 from the RPM sensor
110b.

[0048] A second junction box 204b houses an automated drilling unit 208, which
1s communicatively coupled to the drawworks PL.C 114a and the drawworks encoder 114b.
The automated drilling unit 208 modulates WOB during drilling by instructing the
drawworks PLC 114a and obtains the height of the traveling block 108 from the drawworks
encoder 114b. In different embodiments, the height of the traveling block 108 can be
obtained digitally from rig instrumentation, such as directly from the PLC 114a in digital
form. In different embodiments (not depicted), the junction boxes 204a,204b may be
combined 1n a single junction box, comprise part of the doghouse computer 210, or be
connected indirectly to the doghouse computer 210 by an additional desktop or laptop

computer.

[0049] The automated dnlling unit 208 1s also communicatively coupled to each of
the sensors 202. In particular, the automated drilling unit 208 determines WOB from the
hookload sensor 202¢ and determines the ROP of the drill bit 120 by monitoring the height

of the traveling block 108 over time.

[0050] The system 200 also comprises a doghouse computer 210. The doghouse

computer 210 comprises a processor 212 and memory 214 communicatively coupled to

10
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each other. The memory 214 stores on it computer program code that is executable by the
processor 212 and that, when executed, causes the processor 212 to perform a method 500
for performing automated drilling of the wellbore 116, such as that depicted in FIG. 5. The
processor 212 receives readings from the RPM sensor 110b, drawworks encoder 114b, and
the rig sensors 202, and sends an RPM target and a WOB target to the top drive controller
206 and automated drilling unit 208, respectively. The top drive controller 206 and
automated drilling unit 208 relay these targets to the top drive PLC 110a and drawworks
PLC 114a, respectively, where they are used for automated drilling. More generally, the

RPM target 1s an example of a rotation rate target.

[0051] Each of the first and second junction boxes may comprise a Pason Universal
Junction Box'™ (UJB) manufactured by Pason Systems Corp. of Calgary, Alberta. The
automated drilling unit 208 may be a Pason Autodriller'™ manufactured by Pason Systems

Corp. of Calgary, Alberta.

[0052] The top drive controller 110, automated drilling unit 208, and doghouse
computer 210 collectively comprise an example type of drilling controller. In different
embodiments, however, the drilling controller may comprise different components
connected 1n different configurations. For example, in the system 200 of FIG. 2, the top
drive controller 110 and the automated drilling unit 208 are distinct and respectively use
the RPM target and WOB target for automated drilling. However, in different embodiments
(not depicted), the functionality of the top drive controller 206 and automated drilling unit
208 may be combined or may be divided between three or more controllers. In certain
embodiments (not depicted), the processor 212 may directly communicate with any one or
more of the top drive 110, drawworks 114, and sensors 202. Additionally or alternatively,
in different embodiments (not depicted) automated drilling may be done in response to
only the RPM target, only the WOB target, one or both of the RPM and WOB targets in
combination with additional drilling parameters, or targets based on drilling parameters

other than RPM and WOB. Examples of these additional drilling parameters comprise

11
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differential pressure, an ROP target, depth of cut, torque, and flow rate (into the wellbore

116, out of the wellbore 116, or both).

[0053] In the depicted embodiments, the top drive controller 110 and the automated
drilling unit 208 acquire data from the sensors 202 discretely in time at a sampling
frequency Fj, and this is also the rate at which the doghouse computer 210 acquires the
sampled data. Accordingly, for a given period 7, N samples are acquired with N = TF,. In
different embodiments (not depicted), the doghouse computer 210 may receive the data at
a different rate than that at which it i1s sampled from the sensors 202. Additionally or
alternatively, the top drive controller 110 and the automated drilling unit 208 may sample
data at different rates, and more generally in embodiments in which different equipment is

used data may be sampled from different sensors 202 at different rates.

[0054] Referring now to FIG. 3, there is shown a block diagram of a system 300
for seeking an objective function extremum based on WOB, which is expressed in the
computer program code stored 1in the memory 214 and performed by the processor 212
when that code is executed. The system 300 of FIG. 3 attempts to maximize the objective
function by drilling in response to an initial WOB target that comprises a time varying
WOB perturbation signal, observing how drilling is performed in response to that initial
target, and then updating the WOB target in view of that observed response and drilling
using that updated target. And in FIG. 4, there is shown a block diagram of a system 400
for seeking an objective function extremum based on RPM, which 1s also expressed in the
computer program code stored in the memory 214 and performed by the processor 212
when that code is executed. The system 400 of FIG. 4 attempts to maximize the objective
function by drilling in response to an initial RPM target that comprises a time varying RPM
perturbation signal, and then updating the RPM target in view of that observed response
and drilling using that updated target. The processor 212 runs the systems 300,400
concurrently; however, in different embodiments (not depicted), the processor 212 may

alternate operation of the systems 300,400 such that the processor 212 switches between

12
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maximizing the objective function in response to WOB using the system 300 of FIG. 3 and
maximizing the objective function in response to RPM using the system 400 of FIG. 4.
Ditterent contigurations are also possible. For example, in different embodiments (not
depicted), the systems 300,400 may be replaced with one or more systems each of which
uses as 1nputs multiple drilling parameters (e.g., the systems 300,400 may be replaced with
a single system that uses both WOB and RPM as inputs, with the processor 212 modulating

those inputs concurrently).

[0055] FIGS. 10A-10E show different ways in which the processor 212 may
modulate the WOB and RPM inputs of the systems 300,400. In FIG. 10A, the processor
212 modulates the WOB and RPM inputs of the systems 300,400 concurrently. In another
embodiment as shown in FIG. 10B, the processor 212 modulates the WOB input of the
system 300 of FIG. 3 while holding the RPM input to the system 400 of FIG. 4 generally
constant. In FIG. 10B, processor 212 may continue to evaluate the output of the system
400 of FIG. 4 without modifying its RPM input. In another embodiment shown in FIG.
10C, the processor 212 modulates the RPM input of the system 400 of FIG. 4 while holding
the WOB 1nput to the system 300 of FIG. 3 generally constant. In FIG. 10C, the processor
212 may continue to evaluate the output of the system 300 of FIG. 3 without modifying its
WOB input. In another embodiment shown 1n FIG. 10D, the processor 212 evaluates the
different systems 300,400 and modulates either WOB or RPM depending on a priority
selecting method. The priority selecting method may select either of the systems 300,400

to be the controlling system based on time, depth, mechanical specific energy (“MSE”), or
another suitable drilling parameter. In another example embodiment as depicted in FIG.
10E, one or more of the input signals input to the systems 300,400 can be non-sinusoidal

and periodic.

[0056] In certain embodiments, drilling in this manner may result in one or more
techmcal benefits. For example, concurrently attempting to maximize the objective

function in view of multiple inputs, such as WOB and RPM, may help to increase the rate

13
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at which the objective function extremum 1s approached. Additionally, drilling in this
manner 1S an iterative process, which may help the system adapt to changes such as changes
in drilling environment characteristics and consequent changes in the objective function
extremum. Drilling in this manner may also be relatively robust. Furthermore, drilling in
this manner does not require a priori knowledge of models of the plants 302,402, which
may be benetficial in that those models may be of non-linear or time-varying processes that

are difficult to accurately model.

[0057] Examples of extremum seeking are discussed 1in more detail in Y. Tan, W.
H. Moase, C. Manzie, D. NesSi¢, and I. M. Y. Mareels, Extremum Seeking From 1922 (o
2010, Proceedings of the 29" Chinese Control Conference, July 29-31 in Beijing, China;
Krsti¢, Miroslav, and Hsin-Hsiung Wang, "Stability of extremum seeking feedback for
general nonlinear dynamic systems." Automatica 36.4 (2000): 595-601; Ariyur, Kartik B.,
and Miroslav Krstic, Real-time optimization by extremum-seeking control, John Wiley &
Sons, 2003; and Krsti¢, Miroslav, "Performance improvement and limitations in extremum
seeking control." Systems & Control Letters 39.5 (2000): 313-326, the entireties of all of

which are hereby incorporated by reference herein.

[0058] The system 300 of FIG. 3 comprises a plant 302 with an unknown response.
The plant 302 represents the automated drilling unit 208, sensors 202, and drilling rig 100.

The processor 212 sends the WOB target (u(t)) to the plant 302, and in response the plant
302 outputs the WOB as measured by the hookload sensor 202¢ (“measured WOB™) (u’(t))
and the ROP as measured using the drawworks encoder 114b (y(t)) to the processor 212.
As used herein, a “measured” drilling parameter, examples of which comprise WOB and
ROP, reters to a drilling parameter that has been directly or indirectly measured. For

example, “measured MSE” in certain example embodiments may not be directly measured
but instead indirectly measured by being determined from measurements of WOB, torque,
ROP, and RPM. More generally, an indirectly measured drilling parameter comprises a

drilling parameter determined using one or more direct measurements.

14
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[0059] The WOB target that the processor 212 sends to the plant 302 has the form
of Equation (1):

u(t) = W, + Ay sin(wt) ' (1)

where W, is a WOB offset and Ay sin(wt) is a WOB perturbation signal having a

perturbation amplitude Ay, and angular frequency w.

[0060] Blocks 302-318 in the system 300 of FIG. 3 perform extremum seeking
based on the WOB target. More particularly, the processor 212 generates the WOB
perturbation signal at blocks 308 and 318, and the WOB perturbation signal is added to the
WOB offset at an adder 316 to generate the WOB target. Generating the WOB offset is
discussed 1n further detail below. The WOB target is then sent to the plant 302.

[0061] The plant 302 receives the WOB target from the processor 212, from which
the processor 212 obtains the measured WOB and ROP using the hookload sensor 202c
and drawworks encoder 114b, respectively. The measured WOB and ROP values are
suitably conditioned by, for example, amplification and filtering prior to being used
elsewhere 1n the system 300. The processor 212 uses the measured WOB and ROP to

evaluate an objective function 304.

[0062] T'he processor 212 attempts to find an extremum of the objective function

304. In the depicted embodiment, the objective function 304 is as shown in Equation (1.1):

~ ROPS (1.1)
- Tapnb

J

where J 1s the output of the objective function, 7 is torque, N is drill bit RPM, and a, b, and
¢ are exponents that determine the trade-off between drilling rate and energy expenditure.
N may be measured RPM 1s certain example embodiments; in different example
embodiments, N may be estimated. For example, N may be bit RPM estimated using flow

rate measured at the surface and a specified and known mud motor speed-to-flow rate ratio
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in embodiments in which a mud motor is used and the mud motor speed-to-flow rate ratio

1s known.

[0063] In the depicted embodiment, a =1, b = 1, and ¢ = 2. However, in different
embodiments (not depicted), any one or more of these exponents may be selected
difterently. For example, in one non-depicted embodiment, a = b = 0 and ¢ = 1, in which
case the system 300 attempts to find the ROP extremum. The exponents a, b, and ¢ may be

determined empirically. The objective function’s 304 output J is sent to a correlation

coefticient block 312.

[0064] Generally, 1n at least some example embodiments, the objective function
304 1s generally of the form ROP / Energy, with the product of torque and RPM in Equation
(1.1) representing energy. In one example embodiment, the objective function 304 is as

shown 1n Equation (1.2):

- ROP* (1.2)
/= Wopany
[0065] In another example embodiment, the objective function 304 is as shown in
Equation (1.3):
- ROP® (1.3)
) = DiFpans

where DIFP 1s measured differential pressure. In Equations (1.1)-(1.3), the denominators

generally relate to energy input to the rig 100 for drilling.

[0066] As the example objective functions of Equations (1.1)-(1.3) show, the
objective functions in at least some example embodiments comprise multiple parameters,
with at least one of those parameters comprising a drilling performance metric such as

ROP. Any given objective function may comprise both one or more drilling performance
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metrics, such as ROP, MSE, and stick-slip severity, and one or more drilling parameters

such as differential pressure and WOB.

[0067] In parallel with sending the measured WOB and ROP to the objective
function 304, the measured WOB is sent to a cross-covariance delay estimator 306 where
the processor 212 estimates a WOB perturbation signal delay d between the WOB
perturbation signal from block 308 and the measured WOB from the plant 302. The delay
1s output to block 310, which generates a signal that has the same form as the WOB
perturbation signal (in the depicted embodiment, a sine wave of frequency w) and that is
delayed by the delay (“delayed WOB perturbation signal™). The delayed WOB perturbation

signal 1s sent to the correlation coefficient block 312.

[0068] At the correlation coefficient block 312, the processor 212 determines the
correlation between the delayed WOB perturbation signal from block 310 and the output
of the objective function 304. In the depicted embodiment, the processor 212 determines
the Pearson correlation coefficient, although in different embodiments (not depicted) a
different type of correlation may be used. The processor 212 determines the correlation on
samples obtained during a window of time, which is the last N = TF; samples, where Fy is
the sample frequency in Hz and 7'is the period of the WOB perturbation signal in seconds.
Determining the correlation coefficient between the perturbation signal and the output of
the objective function on N = TF; samples results in removing of the DC component and
smoothing of the signal. Therefore, the system 300 does not require low pass and high

pass filters found in conventional extremum seeking systems.

[0069] I'he processor 212 integrates this correlation using an integrator 314. The

integrator 314 comprises a gain scaling coefficient € that may be empirically determined.
Example values for the gain scaling coefficient may vary with the sampling frequency. For
example, when the sampling frequency is 5 Hz, the gain scaling coefficient may in certain
embodiments be between [0.001,0.01]. The gain scaling coefficient may influence the

trade-off between convergence rate to the extremum and relative stability of the target
17
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parameters. Lower values of the gain scaling coefficient result in relatively slow
convergence but a lower chance of instability, while higher values permit relatively fast
convergence but result in a higher chance of instability. The integrator’s 314 output is the
WOB offset, which 1s added to the WOB perturbation signal at the adder 316 to generate
the WOB target that is fed to the plant 302.

[0070] The Pearson correlation coefficient is normalized between [-1,1]. Using a
normalized correlation coefficient means that the correlation coefficient is between [-1,1]
regardless of the output of the objective function 304, which permits the gain scaling
coefficient &, comprising part of the integrator 314, to remain relatively unchanged
regardless of the range of outputs of the objective function 304 and operating conditions.
Normalization increases robustness of the method to temporary objective function

anomalies such as spikes.

[0071] In operation, an 1nitial WOB target 1s fed to the plant 302. In response to
the plant’s output to this initial WOB target, the processor 212 determines an updated WOB
target as described above and sends the updated WOB target to the plant 302. This process
iteratively repeats, with the goal of incrementally increasing the output of the objective

function 304 based on the WOB with each iteration.

[0072] As the actual ROP is difficult to directly measure, the processor 212
estimates the ROP from the change in the position of the travelling block 108, which is
obtained by the drawworks encoder 114b. The drill string 118 is sufficiently flexible that

changes in WOB cause significant changes in the position of the block 108 due to one or
both of drill string stretching and compression. Under certain conditions the magnitude of
the block’s 108 movement in response to WOB changes due to string stretching or

compression 1s higher than the actual rock penetration. In certain embodiments, it can

accordingly be useful account for string stretching and compression as described below.
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[0073] In the system 300 of FIG. 3, the automated drilling unit 208, and
consequently the plant 302, has a delayed, non-linear response. The measured WOB u’(t)
accordingly has the form of Equation (2), which is also the form of a Discrete Fourier

Transform:
u’(t) — VVOCL + SWlsin(Q( { — d)) + SWZ Sln(Za)t) + CWZ COS(Z(Ut) + .- (2)

where W, 1s a constant, d is the delay of the measured WOB signal of frequency o relative
to the WOB perturbation signal, Sy, is the amplitude of the sine wave having the frequency
of the WOB perturbation signal (2w), and Sy, and Cy,, are amplitudes of the sine and
cosine waves having the frequency of the RPM perturbation signal (2m). Without loss of
generality the derivation included here only considers the first two frequencies for clarity,
but may be completed for higher order frequencies. For example, in different embodiments
(not depicted) in which more than two parameters such as WOB and RPM are used,
Equation (2) may be completed for at least as many frequencies are there are parameters in
embodiments in which the perturbation signal for each of the parameters is at different

frequencies.
[0074] Equations (3) and (4) relate the measured ROP y(t) to the measured WORB:

y(t) = ROPpipe + ROPy;; (3)

d 4
ROFPyipe = ka?u’(t) )

where ROP,;,, 1s the contribution to the measured ROP due to stretching or compression

of the drill string 108, ROPy;, is the ROP at the bit 120, and k is the pipe stretch coefficient,

which 1s inversely proportional to the spring coefficient of the drill string 118.

[0075] l'o compensate for string stretching and compression, ROP,;,,, is removed

from the measured ROP before evaluating the objective function. Substituting the
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measured WOB from Equation (2) into Equation (4) and taking the derivative results in
Equation (5). As with Equation (2) above, without loss of generality the derivation of
Equation (5) only considers the first two frequencies for clarity, but may be completed for

higher order frequencies.
ROP,;pe = kSyicos(w(t — d)) + 2kSy,cos(2wt) — 2kCy,sin(2wt) + -+ (5)

[0076] Knowledge of the delay d permits the processor 212 to estimate k. As
discussed above, the cross-covariance delay estimator 306 estimates the delay d from the
WOB perturbation signal and the measured WOB. Finer time resolution (i.e., better than
the resolution of the data samples) may in certain embodiments be achieved using quadratic

interpolation.

[0077] The processor 212 determines the amplitude of the measured WOB at
frequency o is determined by determining the correlation of the measured WOB with the
delayed WOB perturbation signal, as shown in Equation (6). This amplitude is the Fourier
coetficient Sy,q 1n Equation (2).

2 (6)

Swi = ﬁcorr(u'(t), sin(w(t — d)))

where N 1s the number of WOB and ROP samples used and, in at least the current example
embodiment, the operator corr(X, Y) is determined as the dot-product of the two sequences

of numbers, X and Y.

[0078] Equation (7) follows from Equation (5):
2 (7)
kSywq = —N-wrr(y(t), cos(w(t — d)))
[0079] At block 320, the processor 212 estimates k£ by combining Equations (6) and

(7):
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_ corr(y(t), cos(w(t — d))) (8)

"= corr(u’(t), sinm — d)))

[0080] The processor 212 adjusts the measured ROP for the effects of the 2w
frequency component of the measured WOB by substituting the value of £ into Equation

(9), which follows from Equation (5):
Vaaj = Y(t) — 2kSy,cos(Zwt) + 2kCy,sin(2wt) (9)

where Sw2 and Sy, are Fourler coefficients in Equation (2) that the processor 212 can

determine using Equations (10) and (11):

Swa = o = %corr(u’(t), sin(2wt)) (10)

(11)

Cwor= B = -I%-Corr(u'(t), cos(2wt))

The processor 212 evaluates Equation (10) at block 322, Equation (11) at block 324, and
outputs the adjusted ROP y,4 at block 330.

[0081] Analogously, the system 400 of FIG. 4 comprises a plant 402 with an
unknown response. The plant 402 represents the top drive controller 206 and drilling rig

100. The processor 212 sends the RPM target (v(t)) to the plant 402, and in response the
plant 402 outputs the RPM as measured by the RPM sensor 110b (“measured RPM”) (v’(t))

and the ROP as measured by the drawworks encoder 114b (y(t)) to the processor 212.

[0082] T'he RPM target that the processor 212 sends to the plant 402 has the form
of Equation (12):
v(t) = R, + Agsin(2wt) (12)
21
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where R, 1s an RPM offset and Agzsin(2wt) is an RPM perturbation signal having a

perturbation amplitude Ay and angular frequency 2w.

[0083] Selecting the RPM perturbation signal to be twice the frequency of the
WOB perturbation signal ensures that the WOB and RPM perturbation signals are
orthogonal for the purposes of the systems 300,400: the correlation calculated on sample
sequences W and R over a period of the WOB perturbation signal T equals zero regardless

ot the phases of the WOB and RPM perturbation signals:

W = sequence of (sin(wt + 8,)), t=0:1/F.: (T —1/F,) (3)
R = sequence of (sin(2wt + 6,)), t=0:1/F,: (T — 1/E,)
corr(W,R) =0 V80,6,

where F; 1s the sample frequency in Hz.

[0084] In the depicted embodiments, sample sequences comprise N samples with
N = TF;. This ensures that WOB 1s represented by a sinusoid of frequency w and RPM is
represented by a sinusoid of frequency 2w in the Discrete Fourier Transform of a sample
sequence, as shown in Equation (2) above. Higher frequencies are ignored herein as they

are orthogonal to the frequencies of interest.

[0085] Blocks 402-418 and 300 in the system 400 of FIG. 4 perform extremum

seeking based on the RPM target. More particularly, the processor 212 generates the RPM
perturbation signal at blocks 414 and 316, and the RPM perturbation signal is added to the

RPM offset at an adder 418 to generate the RPM target. Generating the RPM offset is
discussed 1n further detail below. The RPM target is then sent to the plant 402.

[0086] The plant 402 receives the RPM target from the processor 212, from which
the processor 212 obtains the measured RPM and ROP using the hookload sensor 202¢ and
drawworks encoder 114b, respectively. The measured RPM and ROP values are suitably
conditioned by, for example, amplification and filtering prior to being used elsewhere in

the system 400. The processor 212 uses the measured ROP to generate the adjusted ROP
22
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Yaqy using the system 300 of FIG. 3, as described above. The processor 212 then uses the
adjusted ROP to evaluate an objective function 404 of the form provided in Equation (1.1),
with the comments above made in respect of the objective function 304 of FIG. 3 also
applying to the objective function 404 of FIG. 4. The objective function’s 404 output J is
sent to a correlation coefficient block 410. While in the depicted embodiment the same
objective function is used in both of the systems 300,400, in different embodiments (not

depicted) different objective functions may be used in the systems 300,400.

[0087] In parallel with sending the measured ROP to the system 300 to determine
the adjusted ROP, the measured RPM is sent to a cross-covariance delay estimator 406
where the processor 212 estimates a rotation rate perturbation signal delay d between the
RPM perturbation signal from block 414 and the measured RPM from the plant 402. The
delay 1s output to block 408, which generates a signal that has the same form as the RPM
perturbation signal (in the depicted embodiment, a sine wave of frequency 2w) and that is
delayed by the delay (“delayed RPM perturbation signal™). The delayed RPM perturbation

signal 1s sent to the correlation coefficient block 410.

[0088] At the correlation coefficient block 410, the processor 212 determines the
correlation between the delayed RPM perturbation signal from block 408 and the output of
the objective function 404, in a manner analogous to how the processor 212 makes the
analogous determination at block 312 as discussed above. The processor 212 integrates this
correlation using an integrator 412, with the gain scaling coefficient ¢ of the integrator 412
being empirically determined. Example values for the gain scaling coefficient may vary
with the sampling frequency. For example, when the sampling frequency is 5 Hz, the gain
scaling coefficient may in certain embodiments be between [0.01,0.1]. The gain scaling
coefficient may influence the trade-off between convergence rate to the extremum and
relative stability of the target parameters. Lower values of the gain scaling coefficient result

in relatively slow convergence but a lower chance of instability, while higher values permit

relatively fast convergence but result in a higher chance of instability. The integrator’s 412
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output 1s the RPM offset, which is added to the RPM perturbation signal at the adder 418
to generate the RPM target that 1s fed to the plant 402.

[0089] In operation, an initial RPM target is fed to the plant 402. In response to the
plant’s output to this initial RPM target, the processor 212 determines an updated RPM
target as described above and sends the updated RPM target to the plant 402. This process
iteratively repeats, with the goal of incrementally increasing the objective function based

on the RPM with each iteration.

[0090] Referring now to FIG. 5, there is shown a method 500 for performing
automated drilling of the wellbore 116, according to the embodiment of FIG. 1. The method
500 1s encoded as computer program code on to the memory 214 and is performed by the
processor 214 1n conjunction with the top drive controller 206, automated drilling unit 208,
top drive 110, drawworks 114, and sensors 202 upon code execution. The processor 212
begins pertorming the method 500 at block 502 and proceeds to block 504 where it instructs
the automated drilling unit 208 and top drive controller 206 to drill the wellbore 118 in
response to the mmitial WOB target and an initial rotation rate target, such as the initial RPM
target. Drilling in response to the initial WOB target is described in respect of FIG. 3 above
as the imnput to block 302, and drilling in response to the initial RPM target is described in
respect of FIG. 4 above as the input to block 402. As described above in respect of FIGS.

3 and 4, the nitial WOB target comprises the initial WOB offset modified by the WOB
perturbation signal and the initial RPM target comprises the initial RPM offset, which is
an example of an initial rotation rate target, modified by the RPM perturbation signal,
which 1s an example of a rotation rate perturbation signal. The driller may provide starting

values tfor u(t) in FIGS. 3 and 4 for the first iteration of the systems 300,400.

[0091] Following block 504, the processor 212 proceeds to block 506 where it

measures the ROP resulting from the response of the drilling to the initial WOB and
rotation rate targets. An example of this is the processor 212 in FIGS. 3 and 4 obtaining
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the ROP y(7) from the plants 302,402 following their responses to the initial WOB and
RPM targets.

[0092] Following block 506, the processor 212 proceeds to block 508 where it
evaluates the objective functions 304,404 of the systems 300,400. In the depicted
embodiment, the systems 300,400 use the same objective function as shown in Equation

(1.1). However, 1n different embodiments (not depicted) the systems 300,400 may use
different objective functions 304,404.

[0093] After evaluating the objective function at block 508, the processor 212
proceeds to block 510 where i1t determines a WOB correlation between the output of the
objective function 304 of FIG. 3 and the WOB perturbation signal and a rotation rate
correlation between the output of the objective function 404 of FIG. 4 and the rotation rate
perturbation signal. This is described in respect of FIG. 3 above when the processor 212
performs block 312 to determine the correlation between the delayed WOB perturbation
signal and the output of the objective function 304, and in respect of FIG. 4 above when
the processor 212 performs block 410 to determine the correlation between the delayed

RPM perturbation signal and the output of the objective function 404.

[0094] The processor 212 at block 512 then determines an integral of the WOB
correlation and an integral of the rotation rate correlation. The processor 212 determines
the integral of the WOB correlation in FIG. 3 using the integrator 314 and determines the

integral of the rotation rate correlation in FIG. 4 using the integrator 412.

[0095] In one example embodiment (not depicted), the processor 212 applies a

limit check to the outputs of the integrators 314,412 before using those outputs as inputs to
the plants 302,402. The processor 212 may compare the output of the integrator 314 of
FIG. 3 to mmimum and maximum WOB limits, while the processor 212 may compare the
output of the integrator 412 of FIG. 4 to minimum and maximum RPM limits. If the output

of the integrator 314 of FIG. 3 is outside the WOB limits, then the processor 212 clips that
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output to the minimum or maximum WOB limit as appropriate and uses the clipped output
as Wo. Similarly, if the output of the integrator 412 of FIG. 4 1s outside the RPM limits,
then the processor 212 clips that output to the minimum or maximum RPM limit as

appropriate and uses the clipped output as Ro.

[0096] The WOB and RPM limits may be one or both of limits of the absolute
value of the outputs of the integrators 314,412 and limits on the rates of change in those
outputs from the last iteration of the systems 300,400. For example, in one embodiment in
which the limit 1s a limit on rate of change, the minimum and maximum RPM limits may
be -5 RPM and +5 RPM relative to the last iterations of the systems 300,400, respectively.
More generally, the limits may be a minimum and a maximum limit expressed as a
percentage change such as from the last iteration of the systems 300,400, a certain
minimum or maximum number of absolute units (e.g., maximum of 5 RPM) or relative

units (e.g., maximum of +5 % relative to the last iteration), or both.

[0097] Following integration, the processor 212 at block 514 determines an
updated WOB target comprising an updated WOB offset modified by the WOB
perturbation signal, with the updated WOB offset comprising the integral of the WOB
correlation. The processor 212 does this in FIG. 3 at the adder 316 by summing the updated

WOB oftset from block 314 with the WOB perturbation signal from block 318.

[0098] The processor 212 at block 516 also determines an updated rotation rate
target comprising an updated rotation rate offset modified by the rotation rate perturbation
signal, with the updated rotation rate offset comprising the integral of the rotation rate
correlation. The processor 212 does this in FIG. 4 at the adder 418 by summing the updated
RPM offset from block 412 with the RPM perturbation signal from block 416.

[0099] At block 518, the processor 212 drills the wellbore 116 in response to the

updated WOB target and the updated rotation rate target. This is done in FIG. 3 by sending
the updated WOB target to the plant 302, and in FIG. 4 by sending the updated RPM target

26

CA 2987662 2017-12-01



10

15

20

235

to the plant 402. In certain embodiments, drilling the wellbore 116 in response to the
updated targets may comprise alternating between drilling the wellbore 116 in response to
the updated WOB target and drilling the wellbore in response to the updated rotation rate
target. At block 520 the specific iteration of the method 500 ends.

[0100] In the depicted embodiment, the processor 212 performs a discrete time
continuous process that iteratively updates the inputs to the plants 302,402 at the rate at
which data i1s acquired; that 1s, the sampling frequency Fs. This 1s in contrast to a
conventional automated drilling system in which the system step changes a drilling
parameter and waits to get an averaged response from the system 200 before again
changing that drilling parameter. In one embodiment, the sampling frequency is 1 Hz, and
the pertod for completing a full perturbance cycle (i.e., a full period of a perturbation signal)

1s between 90 and 120 seconds.

[0101] In different embodiments (not depicted), the processor 212 may iterate at a
rate different than the sampling frequency. For example, the processor 212 may iterate at
a data update frequency, which is the frequency at which one or both of the top drive
controller 206 and the automated drilling unit 208 update the top drive PLC 110a and
drawworks PLC 114a, respectively. In one example embodiment, the sampling frequency

1s 1 Hz and the data update frequency is 5 Hz.

Example 1

[0102] Referring now to FIGS. 6A, 6B, and 6C, there are depicted 2D plots of

WOB, RPM, and ROP, respectively, versus drilling depth, according to one example
embodiment in which the output of the objective functions 304,404 is set equal to ROP.

[0103] The long dashed line in FIG. 6A represents theoretical actual WOB at
maximum ROP. The short dashed line in FIG. 6A represents measured WOB when the
automated drilling unit 208 1s set to maintain a constant WOB of 12.5 kdaN. The solid line

in FIG. 6A represents measured WOB when applying the system 200 with the initial set
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point for WOB at 5 kdaN and for RPM at 50. The plot of FIG. 6A shows measured WOB
when the system 200 is applied converging to the WOB corresponding to maximum ROP.

[0104] The long dashed line in FIG. 6B represents theoretical actual RPM at
maximum ROP. The short dashed line in FIG. 6B represents measured RPM when the top
drive controller 206 is set to maintain a constant rotation rate of 90 RPM. The solid line in
FI1G. 6B represents measured RPM when applying the system 200 with the initial set point
for WOB at 5 kdaN and for RPM at 50. The plot of FIG. 6B shows measured RPM when
the system 200 is applied converging to the RPM corresponding to maximum ROP.

[0105] The dashed line in FIG. 6C shows measured ROP when the automated
drilling unit 208 1s set to maintain a constant WOB of 12.5 kdaN and the top drive controller
206 1s set to maintain a constant rotation rate of 90 RPM. The solid line of FIG. 6C shows
measured ROP when the system 200 is applied with the initial set point for WOB at 5 kdaN
and for RPM at 50. ROP on average is materially higher when the system 200 is applied

compared to when constant RPM and WOB set points are used.

[0106] FIGS. 7A and 7B depict 3D plots of ROP and MSE, respectively, versus
RPM and WOB, according to the example embodiment of FIGS. 6A-C. ROP and MSE are

shown 1 relative units. The ROP and MSE values followed by the system 200 until

convergence are shown.

Example 2

[0107] Referring now to FIGS. 8A, 8B, and 8C, there are depicted 2D plots of
WOB, RPM, and ROP, respectively, versus drilling depth, according to one example

embodiment in which the output of the objective functions 304,404 is set equal to

(ROP*)/(T**RPM"®), where T is torque applied by the top drive 110.

[0108] The long dashed line in FIG. 8A represents the theoretical actual WOB

which, combined with the theoretical actual RPM, permits determination of the theoretical
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maximum ROP. The short dashed line in FIG. 8A represents measured WOB when the
automated drilling unit 208 is set to maintain a constant WOB of 12.5 kdaN. The solid line
in FIG. 8A represents measured WOB when applying the system 200 with the initial set
point tor WOB at 5 kdaN and for RPM at 50. The plot of FIG. 8 A shows measured WOB
when the system 200 1s applied converging to the WOB corresponding to maximum

objective function value.

[0109] The long dashed line in FIG. 8B represents theoretical actual RPM at
maximum ROP. The short dashed line in FIG. 8B represents measured RPM when the top
drive controller 206 is set to maintain a constant rotation rate of 90 RPM. The solid line in
FIG. 8B represents measured RPM when applying the system 200 with the initial set point
for WOB at 5 kdaN and for RPM at 50. The plot of FIG. 8B shows measured RPM when
the system 200 1s applied converging to the RPM corresponding to maximum objective

function value.

[0110] The dashed line in FIG. 8C shows measured ROP when the automated
drilling unit 208 1s set to maintain a constant WOB of 12.5 kdaN and the top drive controller
206 1s set to maintain a constant rotation rate of 90 RPM. The solid line of FIG. 8C shows
measured ROP when the system 200 1s applied with the initial set point for WOB at 5 kdaN
and tfor RPM at 50. ROP on average is materially higher when the system 200 is applied

compared to when constant RPM and WOB set points are used.

(0111] FIGS. 9A and 9B depict 3D plots of ROP and MSE, respectively, versus
RPM and WOB, according to the example embodiment of FIGS. 8A-C. ROP and MSE are
shown 1n relative units. The ROP and MSE values followed by the system 200 until

convergence to the maximum of the objective function of Equation (1.1), witha=b=0.8

and ¢ = 2.

[0112] While particular embodiments have been described in the foregoing, it is to

be understood that other embodiments are possible and are intended to be included herein.
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[t will be clear to any person skilled in the art that modifications of and adjustments to the

foregoing embodiments, not shown, are possible.

[0113] For example, while in the depicted embodiments each of the WOB and
rotation rate perturbation signals are sinusoidal (e.g., sine and cosine signals), in different
embodiments (not depicted), they need not be. Example alternative types of perturbation
signals comprise square or triangular waves. Similarly, while in the depicted embodiments
the rotation rate perturbation signal has a frequency twice that of the WOB perturbation
signal, in different embodiments (not depicted) the frequencies of the perturbation signals
may be different. For example, in one different embodiment (not depicted) the WOB and
rotation rate perturbation signals may be identical, in which case the processor 212
alternates between the use of WOB and rotation rate as the means of achieving the
extremum of the specified objective function.. In certain embodiments, the WOB
perturbation signal has a frequency lower than that of the rotation rate perturbation signal,
which reflects the relatively high responsiveness of rotation rate control in response to
signals from the top drive PLC 110b when compared to the responsiveness of WOB in

response to signals from the drawworks PLC 114a.

[0114] As another example, while in the depicted embodiment two drilling
parameters (WOB and rotation rate) are used as inputs to the plants 302,402, in different
embodiments more than two drilling parameters may be used as inputs, with each drilling
parameter having i1ts own perturbation signal. In certain embodiments the perturbation
signal for each drilling parameter has a frequency different than the other drilling
parameters. Furthermore, in certain embodiments one or more drilling parameters may be
subject to an estimation and adjustment for delay, or other dynamic behavior, specific to

those parameters; for example, when differential pressure is the drilling parameter in

question, a lag correction factor may be applied.
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[0115] In at least some different embodiments (not depicted), more than two
signals may be dithered. Each additional signal may be dithered using a dither frequency

specific to that signal.

[0116] As another example, while the drilling rig 100 in the depicted embodiments
1s capable of performing directional drilling by virtue of the bent sub 130 and mud motor
132, 1n ditterent embodiments (not depicted) the drilling rig 100 may lack one or both of
the bent sub 130 and motor 132.

[0117] As another example, in the depicted embodiments the drawworks 114 is
used to raise and lower the drill string 118. In different embodiments (not depicted), a
ditferent height control apparatus for raising or lowering the drill string 118 may be used.
For example, hydraulics may be used for raising and lowering the drill string 118. In
embodiments in which hydraulics are used, the traveling block 108 may be omitted and
consequently the processor 212 does not use the height of the block 108 as a proxy for drill
string height, as it does 1n the depicted embodiments. In those embodiments, the processor
212 may use output from a different type of height sensor to determine drill string position
and ROP. For example, the motion of the traveling block 108 may be translated into rotary
motion and rotary motion encoder may then be used to digitize readings of that motion.
This may be done using a roller that runs along a rail or, if crown sheaves are present, the

encoder may be installed on the sheaves’ axel. Various gears may also be present as

desired. As additional examples, laser based motion measurements may be taken, a

machine vision based measurement system may be used, or both.

[0118] As another example, in different embodiments (not depicted), other
objective functions than those described above may be used. For example, in one of these
embodiments the objective function may consider any one or more of mud flow rate, which
aftects rotation of the mud motor 132; torque applied to the drill string 118, which may be
measured using a sensor on the top drive 110; standpipe pressure as determined using the

standpipe pressure sensor 202d, which may be used to determine mud motor differential
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pressure and consequently downhole torque in embodiments in which the mud motor 132
Is active; and a parameter that represents whether energy 1s being used efficiently, such as
mechanical specific energy. In another non-depicted example embodiment, the objective
function may comprise a target setpoint (e.g., target depth of cut, where depth of cut =
ROP/RPM), and the processor 212 may attempt to adjust drilling so that the target setpoint

is approached or achieved.

[0119] While a single processor 212 1s depicted in FIG. 2, in different embodiments
(not depicted) the processor 212 may comprise multiple processors, one or more
microprocessors, or a combination thercof. Similarly, in different embodiments (not
depicted) the single memory 214 may comprise multiple memories. Any one or more of
those memories may comprise, for example, mass memory storage, ROM, RAM, hard disk
drives, optical disk drives (including CD and DVD drives), magnetic disk drives, magnetic
tape drives (including LTO, DLT, DAT and DCC), flash drives, removable memory chips
such as EPROM or PROM, or similar storage media as known in the art.

[0120] In different embodiments (not depicted), the computer 210 may also
comprise other components for allowing computer programs or other instructions to be
loaded. Those components may comprise, for example, a communications interface that
allows software and data to be transferred between the computer 210 and external systems

and networks. Examples of the communications interface comprise a modem, a network
interface such as an Ethernet card, a wireless communication interface, or a serial or
parallel communications port. Software and data transferred via the communications
interface are in the form of signals which can be electronic, acoustic, electromagnetic,
optical, or other signals capable of being received by the communications interface. The

computer 210 may comprise multiple interfaces.

[0121] In certain embodiments (not depicted), input to and output from the
computer 210 1s administered by an input/output (I/0O) interface. In these embodiments the

computer 210 may further comprise a display and input devices in the form, for example,
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of a keyboard and mouse. The 1/O interface administers control of the display, keyboard,
and mouse. In certain additional embodiments (not depicted), the computer 210 also
comprises a graphical processing unit. The graphical processing unit may also be used for

computational purposes as an adjunct to, or instead of], the processor 210.

[0122] In all embodiments, the various components of the computer 210 may be
communicatively coupled to one another either directly or indirectly by shared coupling to

one or more suitable buses.

[0123] Directional terms such as “top”, “bottom”, “up”, “down”, “front”, and
“back™ are used in this disclosure for the purpose of providing relative reference only, and
are not intended to suggest any limitations on how any article is to be positioned during
use, or to be mounted in an assembly or relative to an environment. The term “couple” and
similar terms, and variants of them, as used in this disclosure are intended to include
imdirect and direct coupling unless otherwise indicated. For example, if a first component
1s communicatively coupled to a second component, those components may communicate
directly with each other or indirectly via another component. Additionally, the singular

forms “a”, “an”, and “the” as used in this disclosure are intended to include the plural forms

as well, unless the context clearly indicates otherwise.

[0124] The word “approximately” as used in this description in conjunction with a

number or metric means within 5% of that number or metric.

[0125] It 1s contemplated that any feature of any aspect or embodiment discussed
in this specification can be implemented or combined with any feature of any other aspect
or embodiment discussed in this specification, except where those features have been

explicitly described as mutually exclusive alternatives.
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CLAIMS

A method for performing automated drilling of a wellbore, the method comprising:

(a)

(b)

()

(2)

drilling the wellbore in response to a first drilling parameter target, wherein
the first drilling parameter target comprises a first drilling parameter offset

modified by a first drilling parameter perturbation signal;

measuring a first drilling performance metric to determine a measured first
drilling performance metric, wherein the first drilling performance metric is

indicative of a response of the drilling to the first drilling parameter target;

determining an output of a first objective function using the measured first

drilling performance metric;

determining a first correlation between the output of the first objective

function and the first drilling parameter perturbation signal;
determining an integral of the first correlation;

updating the first drilling parameter target using the integral of the first

correlation modified by the first drilling parameter perturbation signal; and

after the first drilling parameter target has been updated, drilling the

wellbore 1n response to the first drilling parameter target.

The method of claim 1 wherein (a) — (g) are iteratively performed at a sampling

frequency used to measure the first drilling performance metric.

The method of claim 1 or 2 wherein determining the first correlation comprises:

(a)

measuring the response of the automated drilling to the first drilling

parameter target to determine a measured first drilling parameter;
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(b)

determining a first drilling parameter perturbation signal delay from a
correlation between the first drilling parameter perturbation signal and the

measured first drilling parameter; and

delaying the first drilling parameter perturbation signal by the first drilling
parameter perturbation signal delay prior to using the first drilling parameter

perturbation signal to determine the first correlation.

The method of any one of claims 1 to 3 wherein the first correlation 1s normalized

to be between [-1,1].

The method of claim 3 or 4 further comprising:

(a)

(b)

()

(d)

(€)

drilling the wellbore 1n response to a second drilling parameter target,
wherein the second drilling parameter target comprises a second drilling
parameter offset modified by a second drilling parameter perturbation

signal;

measuring a second drilling performance metric to determine a measured
second drilling performance metric, wherein the second drilling
performance metric 1s indicative of a response of the drilling to the second

drilling parameter target;

determining an output of a second objective function using the second

drilling performance metric;

determining a second correlation between the output of the second objective

function and the second drilling parameter perturbation signal;

determining an integral of the second correlation;
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(H)

(2)

updating the second drilling parameter target using the integral of the
second correlation modified by the second drilling parameter perturbation

signal; and

after the second drilling parameter target has been updated, drilling the

wellbore in response to the second drilling parameter target.

The method of claim 5 wherein (a) — (g) of claim 5 are iteratively performed at a

sampling frequency used to measure the second drilling performance metric.

T'he method of claim 5 or 6 wherein determining the second correlation comprises:

(a)

(b)

(€)

measuring the response of the automated drilling to the second drilling

parameter target to determine a measured second drilling parameter;

determining a second drilling parameter perturbation signal delay from a
correlation between the second drilling parameter perturbation signal and

the measured second drilling parameter; and

delaying the second drilling parameter perturbation signal by the second
drilling parameter perturbation signal delay prior to using the second

drilling parameter perturbation signal to determine the second correlation.

The method of any one of claims 5 to 7 wherein the second correlation is

normalized to be between [-1,1].

The method of claim 7 or 8 wherein the first drilling performance metric is rate of

penetration, mechanical specific energy, or stick-slip severity, and the second

drilling performance metric is rate of penetration, mechanical specific energy, or

stick-slip severity.
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10.

11.

12.

13.

The method of any one of claims 7 to 9 wherein the first and second objective

functions are i1dentical.

The method of any one of claims 7 to 10 wherein each of the first and second

drilling parameter perturbation signals 1s sitnusoidal.

The method of claim 11 wherein the first and second drilling parameter perturbation

signals have different frequencies.
The method of any one of claims 7 to 12 wherein:

(a) updating the first drilling parametér target using the integral of the first

correlation comprises:
(1) applying a limit check to the integral of the first correlation;

(11)  when the integral of the first correlation 1s less than a minimum first
parameter limit, updating the first drilling parameter target using the

minimum first parameter limit; and

(i11)  when the integral of the first correlation exceeds a maximum first
parameter limit, updating the first drilling parameter target using the

maximum first parameter limit; and

(b) updating the second drilling parameter target using the integral of the

second correlation comprises:
(1) applying a limit check to the integral ot the second correlation;

(1)  when the integral of the second correlation 1s less than a minimum
second parameter limit, updating the second drilling parameter

target using the minimum second parameter limit; and
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(11)  when the integral of the second correlation exceeds a maximum
second parameter limit, updating the second drilling parameter

target using the maximum second parameter limit.

The method of any one of claims 7 to 13 wherein the first drilling parameter 1s
weilght-on-bit, the first drilling parameter target is a weight-on-bit target, the second
drilling parameter 1s rotation rate, and the second drilling parameter target is a

rotation rate target.

The method of claim 14 wherein the second drilling parameter perturbation signal

has a frequency twice that of the first drilling parameter perturbation signal.

The method of claim 14 or 15 wherein each of the first and second drilling
performance metrics 1s rate of penetration and further comprising, prior to
determining the second correlation, removing from the measured second drilling
performance metric a portion of the rate of penetration attributed to stretching and

compression of a drill string used to drill the wellbore.

The method of claim 16 wherein the measured first drilling parameter comprises a
non-linear and delayed response to the first drilling parameter target, and further
comprising determining the portion of the measured second drilling performance

metric attributed to stretching and compression of the drill string from the measured

first drilling parameter and the measured second drilling performance metric.

The method of claim 17 wherein the first drilling parameter perturbation signal 1s
sin(wt), the second drilling parameter perturbation signal 1s sin(2wt), and the
portion of the measured second drilling performance metric attributed to stretching

and compression of the drill string 1s determined as

2kSy,cos(2wt) — 2kCy,sin(2wt),
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corr(ROPmeasured,cos(w (t-—-d)))

2 :
e B S Sz = 5 corT(WOBgoyar, Sin(2wt)).

whereln k =

Cwr = %corr(WOBacwal, cos(2wt)), N = TF,, w is the angular frequency of the

27T

first drilling parameter perturbation signal, T = —, F. 1s a sampling frequency used

to obtain the measured first and second drilling parameters, d 1s the first drilling
parameter perturbation signal delay, ROP,,.4cureq 1S measured rate of penetration,
WOB, ¢, 1S measured weight on bit, and corr(WOB  ¢yq1, COS(2wt)) 1s a dot-

product of WOB 4,4 @and cos(2wt).

The method of any one of claims 16 to 18 wherein each of the first and second

ROP¢
Tanb’

objective functions 1s | = wherein J 1s the output of the first and second

objective functions, ROP 1s the rate of penetration, 7 1s torque applied to the drll

string, and N 1s revolutions per minute of the drill bat.

ROPC

The method of claim 1 wherein the first objective function is | = e anD’ wherein

J is the output of the first objective function, ROP 1s the rate of penetration, WOB

1s welght-on-bit, and N 1s revolutions per minute of the drll bit.

ROP¢

The method of claim 1 wherein the first objective function is | = o panb? wherein

J 1s the output of the first ob; ective function, ROP 1s the rate of penetration, DIFP

1s differential pressure, and N 1s revolutions per minute of the drill bit.
A system for performing automated drilling of a wellbore, the system comprising:

(a) a height control apparatus configured to adjust a height of a drill string used
to drill the wellbore;

(b) a height sensor;
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(c) a rotational drive unit comprising a rotational drive unit controller and a

rotation rate sensor;
(d) a depth sensor;

(¢) a hookload sensor;

(1) a drilling controller communicatively coupled to the rotational drive unit
controller, the rotation rate sensor, the height control apparatus, the height
sensor, the depth sensor, and the hookload sensor, the drilling controller

configured to perform the method of any one of claims 1 to 21.
The system of claim 22 wherein the drilling controller comprises:

(a) a rotational drive controller communicatively coupled to the rotational drive

unit controller and rotation rate sensor;

(b) an automated drilling unit communicatively coupled to the height control

apparatus, the height sensor, the depth sensor, and the hookload sensor; and

(¢) a processor communicatively coupled to the rotational drive controller and
automated drilling unit and configured to perform the method of any one of

claims 1 to 21.

The system of claim 22 or 23 further comprising a standpipe pressure sensor and a

torque sensor, each communicatively coupled to the drilling controller.

A non-transitory computer readable medium having stored thereon program code
that 1s executable by a processor and that, when executed, causes the processor to

perform the method of any one of claims 1 to 21.

40

CA 2987662 2017-12-01



100

110

124
126

fé

\\\
\\N\\v

=
I

I \\y/\\

=%
L
\\\\%\N

;z%
\%

III-QT/
LI
LH\\

\7/ XS

7
A\\

f__:
litiWWA\\\\ .\\\\NW\ /A\ / /§ //kx\v
e

sy

130
132
120

\\ \. /«

/ \\
\\ uw\ﬁ WMN

|
§ \\\\7//«

N==" TN

D \\7/( \\%//é

\\\%1\\

116

FIG. 1

CA 2987662 2017-12-01



Top Drive
110

PLC
110a

RPM Sensor
110D

Drawworks
114

PLC
1143

Drawworks
Encoder
114b

Rig Sensors
202

Torque
2023
Depth
202D

Hookload
202¢

Standpipe
Pressure
202d

CA 2987662 2017-12-01

2/10

Top Drive
Controller

200

Sensor Readings

RPM SSet—POint

Doghouse Computer
210

Sensor Readings

A

Processor
212

Automated
Drilling Unit
208

WOB SSet--Point

Memory
214



3/10

((3™7Z)s09 ‘(1) n)IIOD N — ¢ DIA
13338
8t vee WNW31]X3
N (Jog)urs ¢z NdH 01
(Qog)uis (3)M)1I0d — =0 — + (J107)$00 7 |[—> fPeg
| - (DA = ()4
gct A

(([p-1]®)uts ‘(3) n)1109 0EE

e ————————————————————————————— M

(([p-1]®)s00 “(3)K)1100 b

|
Juaidl}}al]
L0I1B[3.110) /3 I (+
g1
Jie CIE s ‘
P [

10)ewWI}s3 Aeja(] 190 d0Y

A% . (DA o 18612 gOM
90€ b0g gom| '@ [Goyws Syom = ()

80¢ (3).n
(s =
\ .
00€ . g1E

CA 2987662 2017-12-01



4/10

90V

([p-1]oz)urs

J0]ewi1s3 Aelaq
AQIX

007

}JUsldl}}a0)

P OId

L0I)B|3.1107)

0LV

14417

()4

00€ WaJSAS

A%

d0Y
(DA
NdY
(3).A

JUB|d

Aty

9l¥

}8bie] WdH
(m7)uls ¥y10y = (1)A

CA 2987662 2017-12-01



5/10

500
},J
(" Start )~502
Drifl the wellbore in response to initial
WOB and rotation rate targets
Measure ROP resulting from response 08

of the drilling to the initial targets

Determine output of WOB and rotation rate
objective functions
Determine a WOB correlation and a
rotation rate correlation
Determine an integral of the WOB correlation
and of the rotation rate correlation

Determine an updated rotation rate target that
comprises the Iintegral of the rotation rate h14
correlation

Determine an updated WOB target that
comprises the integral of the WOB correlation

Drill the wellbore in response to the
updated WOB and rotation rate targets

20

FIG. S

CA 2987662 2017-12-01



6/10
25 —
20
S 15
X 10
= | ¥ | Constant WOB set-peint 12.5 kdaN
0 Extremum Seeking
WOB with maximum ROP
0
760 /80 800 820 840 860 880
Depth, m
FI1G. 6A
160
140
120
= 100
m .
80y o | e Constant RPM set-point 90
60 Extremum Seeking
A0 ———RPM with maximum ROP
/60 /80 800 820 840 860 8380
Depth, m
FI1G. 6B
100 —
n A [ — Constant WOB and RPM set-points
80 It i Extremum Seeking
= 4
ji o0 f}lﬁ?‘ﬁ?imf L%mr |
2 40 NI A
20 A AR
0
760 820 840 860 830
Depth, m
FI1G. 6C

CA 2987662 2017-12-01



ROP

VISE

WOB, kDaN

CA 2987662 2017-12-01



8/10
25
20
g 15
@ 1
= | & | Constant WOB set-point 12.5 kdaN
H Extremum Seeking
WOB with maximum ROP
0
/60 /80 800 820 840 860 880
Depth, m
F1G. SA
140
120 mmmmww
<100
% ......................................................................................................................................
80
----------- Constant RPM set-point 90
60 —— Extremum Seeking
n RPM with maximum ROP
/60 /80 800 820 840 860 880
Depth, m
FI1G. 8B
100
Y N Constant WOB and RPM set-points
80 , \ ——— Extremum Seeking
_ ¢ | r
< 60 Vs !_ : \w /
o A 4 _
2 4 'E”./ A xwwwﬁ )
20 ¥ L MaahfV W g1 ‘ fi g
0
/60 /80 800 820 840 860 880
Depth, m
FI1G. 8C

CA 2987662 2017-12-01



9/10
ROP

WOB, kDaN

VISE

WOB, kDaN

CA 2987662 2017-12-01



WOB

[t
FIG. 10A

woB

RPM

(t
FIG. 10B

WOB

RPM

il
F1G. 10C

CA 2987662 2017-12-01

10/10

W0OB

RPM

WOB

RPM

il
F1G. 10D

)
FIG. 10E



118 =
I[N
118 - J_é
=~ 130
i 132
’ 120




	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - abstract drawing

