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(57) Abrege/Abstract:
A method of facilitating a drilling operation includes: recelving a current set point for a drilling operation, the current set point
Indicating a value of an operational parameter at which the drilling operation is being performed; recelving a global limit indicating at
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(57) Abrege(suite)/Abstract(continued):

least one of a maximum and a minimum value of the operational parameter that is permitted to be applied for the drilling operation;
defining a local limit for the operational parameter, the local limit indicating at least one of a local maximum value and a local
minimum value of the operational parameter; recelving a parameter change value, the parameter change value Indicating a
proposed change to the operational parameter from the current set point; and selecting a level of automation by which the

operational parameter can be adjusted, the level of automation based on a comparison of the parameter change value and the
local limit.
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(57) Abstract: A method of facilitating a drilling operation includes: re-
celving a current set pomt for a drilling operation, the current set point

indicating a value of an operational parameter at which the drilling oper -
ation is being performed; receiving a global limit indicating at least one
of a maximum and a minimum value of the operational parameter that 1s
permitted to be applied for the drilling operation; defining a local limit
for the operational parameter, the local limit indicating at least one of a
local maximum value and a local minimum value of the operational

parameter; receiving a parameter change value, the parameter change
value indicating a proposed change to the operational parameter from the
current set point; and selecting a level of automation by which the opera-
tional parameter can be adjusted, the level of automation based on a
comparison of the parameter change value and the local limit.
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SEMI-AUTONOMOUS DRILLING CONTROL

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Application No. 14/061024, filed

on October 23, 2013, which 1s incorporated herem by reference 1 its entirety.

BACKGROUND

[0002] Some production of hydrocarbons such as o1l and gas involves drilling a
borchole via a drill string, through which hydrocarbons are extracted. Boreholes are usually
drilled along predetermined paths by a human drill rig operator, with the aid of a control
system that can guide the operator and the drilling of a typical borehole proceeds through
various formations. During a typical drilling operation, the operator adjusts various drilling
parameters 1n response to detection of certain downhole conditions. The control system can
assist the operator by monitoring downhole conditions, providing measurement data and
suggesting drilling parameter adjustments to optimize the drilling operation. For example,
some control systems receive data relating to surface and/or downhole condition
measurements and output a set of recommended values for the drilling parameters (e.g., bit
RPM) based on analysis of such measurements.

[0003] Optimization of the drilling process, 1n some 1nstances, requires changing set
points continually in order to find optimal drilling parameters. Typically, the control system
calculates and outputs the set points to the operator, who adjusts drilling parameters
accordingly. Factors that can affect drilling performance include the workload for the
operator, 1.€., the number and frequency of manual adjustments required to be performed by
the operator. A heavy workload for the operator can lead to reduced efficiency and errors in

making adjustments to drilling parameters.

SUMMARY

[0004] A method of facilitating a drilling operation mcludes: receiving a current set
point for a drilling operation, the current set point indicating a value of an operational
parameter at which the drilling operation 1s being performed; receiving a global limit
indicating at least one of a maximum and a minimum value of the operational parameter that
1s permitted to be applied for the drilling operation; defining a local limit for the operational
parameter, the local limit indicating at least one of a local maximum value and a local

minimum value of the operational parameter; receiving a parameter change value, the
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parameter change value mndicating a proposed change to the operational parameter from the
current set point; and selecting a level of automation by which the operational parameter can
be adjusted, the level of automation based on a comparison of the parameter change value
and the local limat.

[0005] A system for facilitating a drilling operation mcludes a carrier configured to be
disposed 1n a borchole m an carth formation, at least one of a surface sensor and a downhole
sensor configured to measure parameters associated with the drilling operation, a drilling
control processor an automation control processor. The drilling control processor 1s
configured to receive a current set point for a drilling operation, the current set point
indicating a value of an operational parameter at which the drilling operation 1s being
performed, the drilling control processor configured to generate a proposed change to the
opcrational parameter from the current set point, the operational parameter subject to a global
l[imit indicating at least one of a maximum and a mmnimum value of the operational parameter
that 1s permitted to be applied for the drilling operation. The automation control processor 1s
configured to: receive the current set point, the global imit and a parameter change value
indicating the proposed change; define a local limit for the operational parameter, the local
[imit indicating at least one of a local maximum value and a local minimum value of the
operational parameter; and select a level of automation by which the operational parameter
can be adjusted, the level of automation based on a comparison of the parameter change value

and the local limiat.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The subject matter which 1s regarded as the invention 1s particularly pointed
out and distinctly claimed 1n the claims at the conclusion of the specification. The foregoing
and other features and advantages of the invention are apparent from the following detailed
description taken in conjunction with the accompanying drawings in which:

[0007] FIG. 1 1s a side cross-sectional view of an embodiment of a drilling system,;

[0008] FIG. 2 1illustrates a parameter space for a drilling operation;

[0009] FIG. 3 1s a flow chart 1llustrating a method of performing a drilling operation,
calculating operational parameters and/or determining levels of automation in controlling a
drilling operation;

[0010] FIG. 4 1llustrates an exemplary parameter space used to perform the method of
FIG. 3;
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[0011] FIG. 5 illustrates aspects of an exemplary method of controlling a drilling
operation and selecting automation levels;

[0012] FIG. 6 1llustrates aspects of a portion of an embodiment of a multi-stage
drilling optimization method;

[0013] FIG. 7 illustrates aspects of a portion of the method of FIG. 6; and

[0014] FIG. 8 1illustrates aspects of a portion of the method of FIG. 6.

DETAILED DESCRIPTION

[0015] Systems and methods are provided for facilitating drilling operations. The
systems and methods are configured to control the level of automation that can be employed
during a drilling operation, and can also be configured to control and/or optimize the drilling
operation. Embodiments include a control system configured to control drilling parameters
and employ a sclected automation level based on a proposed change 1 a parameter set point.

[0016] Embodiments facilitate a semi-automated drilling control method that makes
drilling parameter adjustments by a control processor and/or a human operator based on
selected levels of automation. The embodiments allow for making relative small parameter
and/or set point changes autonomously without disturbing a human driller or operator. Such
changes may include those selected or proposed by a control or optimization algorithm, or
those required for model parameter 1dentification. The embodiments allow for selective
automation to reduce errors and operator workload while maintaining operator authority for
relatively large changes which are potentially critical for the drilling equipment or the drilling
process.

[0017] In one embodiment, a processing device and method define an input parameter
range or parameter space for one or more parameters. The parameter space defines global
[imits for each parameter, 1.¢., overall maximum and/or mmimum values for parameters that
can be applied for the drilling operation. The method also defines a local limit or subspace
that 1s smaller than the global limit. The local limit defines local maximum and/or minimum
values for cach parameter. Changes to parameters from a current set point that stay within
the local limit or subspace may be applied autonomously (or at a sclected level of
automation). Changes that go outside of the local limit or subspace are applied at a lower
level of automation (¢.g., an advisory level that requires authorization from a user, or a
manual level).

[0018] Referring to FIG. 1, an exemplary embodiment of a downhole drilling system
10 disposed 1n a borechole 12 1s shown. A drill string 14 1s disposed in the borehole 12, which

3
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penetrates at least one earth formation 16. Although the borehole 12 1s shown m FIG. 1 to be
of constant diameter, the borchole 1s not so limited. For example, the borechole 12 may be of
varying diameter and/or direction (e.g., azimuth and mclination). The drill string 14 1s made
from, for example, a pipe or multiple pipe sections. The system 10 and/or the drill string 14
include a drilling assembly 18. Various measurement tools may also be incorporated into the
system 10 to affect measurement regimes such as logging-while-drilling (LWD) applications.

[0019] The drilling assembly 18, which may be configured as a bottomhole assembly
(BHA), includes a drill bit 20 that 1s attached to the bottom end of the drill string 14 via
various drilling assembly components. The drilling assembly 18 1s configured to be
conveyed mto the borchole 12 from a drilling rig 22. During drilling operations, a drilling
fluid 1s pumped through the drill string 14 by a pumping device 24 from a fluid storage 26
(¢.g., a mud tank or mud pit) and circulates through the borchole 12. The drilling assembly
18 also includes various components for structural and operational support to the drill bit 20,
such as a drilling motor (also referred to as a mud motor), and a stabilizer or reamer.

[0020] The system 10 may also include various sensors, tools or other devices for
measuring surface and downhole parameters related to a drilling operation. For example, one
or more sensors or sensor assemblies can be disposed at surface and/or downhole locations to
measure parameters of the borchole, formation, drill string and/or to measure operational
parameters. Exemplary surface sensors include a fluid flow and/or pressure sensor 28 for
measuring drilling fluid, a surface torque sensor 30 for measuring torque applied to the drill
bit 20 and a rotational speed and acceleration sensor 32 for measuring rotation of the drill
string 14. Other surface sensors may be included for measuring or calculating operational
parameters such as weight on bit (WOB), position and rate of penetration (ROP).

[0021] Any number of sensors may be incorporated downhole. For example, a
downhole tool 34 1s mmcorporated into any location along the drill string -14 and includes
sensors 36 for measuring downhole fluid flow and/or pressure 1n the drill string -14 and/or 1in
the annular space to measure return fluid flow and/or pressure. Other sensors 36 may be
included to measure and/or calculate downhole component parameters, such as downhole
vibration, bending moment, acceleration, oscillations, whirl, and stick-slip, as well as
opcrational parameters such as rotation rate, WOB, ROP, axial movement, temperature, stress
and strain. Downhole tools and sensors may mclude a single tool or multiple tools disposed
downhole, and sensors may include multiple sensors such as distributed sensors or sensors

arrayed along a borchole string.
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[0022] The sensors and downhole tool configurations are not limited to those
described herein. The sensors and/or downhole tool 34 may be configured to provide data
regarding measurements, communication with surface or downhole processors, as well as
control functions. Such sensors can be deployed before, during or after drilling, ¢.g., via
wireline, measurement-while-drilling (“MWD”) or logging-while-drilling (“LWD™)
components. Exemplary parameters that could be measured or monitored include resistivity,
density, porosity, permeability, acoustic properties, nuclear-magnetic resonance properties,
formation pressures, properties or characteristics of the fluids downhole and other desired
properties of the formation surrounding the borehole -12

[0023] Components including the surface and downhole sensors transmit signals to
one or more processing devices 1n the form of, €.g., measurement signals, data, telemetry
signals, etc. Exemplary processing devices include a downhole electronics unit 38, which
may receive signals and data and communicate with a surface processing device. Other
exemplary processing devices include a surface processing unit 40. Signals and data may be
transmitted via any suitable transmission device or system, such as wired pipe, electric and/or
fiber optic connections, mud pulse, electromagnetic and acoustic telemetry:.

[0024] In onec embodiment, the surface processing unit 40 1s connected m operable
communication with the drilling assembly 18 and various sensors, and may be located, for
example, at a surface location, a subsea location and/or a surface location on a marine well
platform or a marme craft. The processing unit 40 1s configured to perform functions such as
controlling the drilling assembly 18 and components of the drilling system 10, transmitting
and receiving data, and monitoring the drilling assembly 18 and the drill string 14. The
processing unit 40, in one embodiment, includes a processor 42, a data storage device (or a
computer-readable medium) 44 for storing, data, models and/or computer programs or
software 46. The downhole tool 34, BHA and/or other components of the system 10 may
also include components as necessary to provide for storing and/or processing data collected
from various sensors therein. Exemplary components include, without limitation, at least one
processor, storage, memory, mput devices, output devices and the like.

[0025] During a drilling operation, a drilling control processor or processing device
(c.g., the processing unit 40) and/or a human drill rig operator, based on various sensor
information, can adjust parameters of the drilling operation (“operational parameters” or
“drilling parameters™). Such parameters mclude, without limitation, the WOB applied to a
drill bit, hookload, the torque applied to a drill string and drill bit (via surface drive and/or

mud motor), the rotational speed (e.g., revolutions per minute or RPM) and acceleration, the
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axial position, speed, and acceleration, drilling fluid (e.g., mud) properties, and the pressure
and flow rate of drilling fluid. Parameters may also include one or more downhole
parameters which can be adjusted by, ¢.g., mud-pulse-telemetry or wired-pipe-telemetry.
Examples of such downhole parameters include damping rate, stiffness of passive downhole
vibration damper, and the parameterization of an active damping device. In one embodiment,
the processing unit 40 executes an algorithm or program that determines one or more target
set points at which the operation should be maintained or to which the operation should be
adjusted. The algorithm or program may also be configured to excite the drilling system in
order to collect information for constructing or updating a drilling model.

[0026] A “‘set point” as described herein refers to a value of one or more drilling
parameters. A “‘current set point” refers to one or more parameters at which the drilling
opceration 18 operating. A “‘target set point” refers to the value of one or more parameters to
which a control or optimization algorithm indicates that the drilling operation should be
adjusted.

[0027] Exemplary algorithms include optimization algorithms that determine a
preferred or optimal set point (or range of set points) at which the drilling operation should be
performed to satisty certain drilling operation criteria (e.g., drilling path, tool wear
conditions, vibration conditions, ROP, wellbore integrity etc.). The target set pomnt may thus
be one or more parameter values determined as preferred or optimal for performing the
drilling operation.

[0028] In one embodiment, the target set point refers to a change or changes in
parameters that are required by the algorithm to calculate model parameters. For example, a
processing device may apply relatively small parameter changes around a current set point, 1n
order to excite the system and collect information regarding to the system’s reaction to
parameter changes, which 1s used to update a system model. For identification or calculation
of model parameters, information can be collected and/or calculations performed at the
surface (e.g., in the processing unit 40) and/or downhole (e.g., in the downhole tool 34). An
advantage of downhole 1dentification 1s that some downhole measurements are available with
a relatively high sampling rate.

[0029] The system 10 also includes a processing device, such as the surface
processing unit 40 or a component thercof, that executes an algorithm for determining a level
of automation that 1s employed 1 controlling the drilling operation, i.¢., controlling or
adjusting operational parameters. The processing device, which in this embodiment 1s

described as an “automation control processor”, 1s configured to communicate with a drill rig
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operator. The automation control processor may also perform drilling operation control
functions, or communicate with a drilling control device or system. The automation control
processing can be part of a processing device that controls the operational parameters and/or
communicates with an operator, or can be a separate device or component 1n communication
with the processing device and/or the operator.

[0030] Thus, mm one embodiment, the methods and systems described herein employ
at least two types of algorithms or methods. The algorithms may be separate and used
conjunction or may be part of a single algorithm or program. A first algorithm 1s a “drilling
control” or “drilling optimization™ algorithm that calculates set points at which a drilling
operation should be performed. Operational parameters can be adjusted by a processor
executing the drilling optimization algorithm or in conjunction with another processor, or the
operational parameters can be adjusted by an operator based on information output by the
drilling control algorithm. A second algorithm 1s an “automation control” algorithm that
determines the level of automation used by the system to control operational parameters. For
example, the automation control algorithm can determine that the operational parameters can
be adjusted to the set point automatically by a processor, or manually by an operator.

[0031] In one embodiment an optimization algorithm performs an automated
optimization method that uses a quality function to select set points that are preferred or
optimal based on measurements. The quality function considers, ¢.g., different vibration
levels, distances to set point limits, ROP and/or other parameters.

[0032] One example of an automated optimization method utilizes online
optimization (¢.g. a downhill stmplex algorithm). This method does not require a model.
Several set point combinations are applied and for each combination the quality function 1s
determined while drilling. Based on the results, a target set point 1s proposed which 1s closer
to the optimum, or “sweet spot”. Finding the sweet spot 18 an iterative process which mvolves
multiple set point changes.

[0033] Another example 1s offline optimization, which determines the sweet spot
based on a model of the drilling process. This model can be, €.g., a statistical model or a
physical model. Since the drilling process and drilling environment changes over time, the
model 1s continually adapted. Model parameters are calculated and updated by exciting the
drilling system. This means that the set points are varied continually. For example,
parameters are updated by using parameter estimation algorithms (e.g., Kalman Filter, Least-
Squares Method, etc.) or observers. These algorithms require measurements which contain a

sufficient amount of information. In order to collect sutficient information, 1n one
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embodiment, the drilling system 1s excited with noise (¢.g., PRBS) or test functions.
Excitation can be performed by any suitable method or technique, such as impulse- or step-
function, noise, PRBS, arbitrary continuous signal, fixed pattern excitation, chirp, sweep, etc.

[0034] Durmg the drilling operation, based on downhole and/or surface
measurements, target set points are calculated that represent a desired or optimal value for
one or more operational parameters. A target set point may be a value for a single parameter,
or may be a combination of parameters. The drilling parameters typically controlled during
drilling operations include the weight-on-bit (WOB), drilling fluid flow through the drill pipe
(flow rate and pressure), the drill string rotational speed, axial position of the drill string and
drill bit within the borchole, and the density and viscosity of the drilling fluid.

[0035] The automation control processor 1s configured to select and/or receive set
point information. Based on the set point information, the automation control processor
determines a change 1 one or more operational parameters from a current parameter or sct
point that 1s required to achicve the target set point.

[0036] The automation control processor 1s configured to select a level of automation
for adjusting drilling parameters based on the value of the parameter change. In one
embodiment, the automation control processor sets or receives a local parameter limit or
range around the current set point. If the set point change relative to the current set pomnt 1s
within the local limait, a processor such as the drilling control processor 1s allowed to change
the parameter(s) to the next set point using a first automation level selected by the automation
control algorithm. Thus, the parameter change can be fully automated or performed at a
selected level of automation. For example, if the parameter change 1s within the local limit,
the parameter change can be performed by a drilling controller without requiring user or
opcerator mput, such as notification, approval or user control.

[0037] If the change 1s outside of the local limit, a second level of automation for
changing the parameter(s) 18 selected, which 1s lower than the first automation level (e.g., full
automation). For example, 1f the parameter change 1s outside the local limit, the controller or
optimization processor 18 required to get permission from an operator, notify an operator
and/or provide the parameter change and set point information to the operator so that the
operator manually changes the parameter(s). Some embodiments described herein discuss
two automation levels for a local limat, ¢.g., a first automation level for a parameter change
inside a local limit and a second automation level for a parameter change outside of the local
Iimit. However, the number of automation levels that can be selected 1s not limited to two,

and can be any number of automation levels, 1.¢., three or more. For example, local limits
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can be defined to correspond to three or more automation levels, e.g., by defining multiple
local limits or subspaces around a set point or within global limits. Each of the multiple local
l[imats or subspaces can be associated with a different automation level. In addition, more
than one automation level can be selected for a parameter change that 1s mside a local limait or
outside of a local limit. For example, a parameter change that 1s outside of a local limit can
be associated with multiple automation levels from which an automation level 1s selected by a
Processor or operator.

[0038] In one embodiment, the local limit 1s selected to be within a global limit that
restricts the drilling parameters to within a selected range. This global limit represents the
maximum and/or minimum value for a drilling parameter or parameter. The local limit
cstablishes a range that of values that 1s within the global limit or 1s smaller than the global
[1mit .

[0039] As discussed above, the automation control processor selects one or more
levels of automation that 1s associated with each local limit. In one embodiment, a driller or
opcerator defines the level or levels of automation associated with each local limit prior to the
processor performing the automation control.

[0040] For example, as shown 1n FIG. 2, a drilling control processor designates a
parameter space 50 representing one or more drilling parameters. In this example, the
parameter space 50 is defined by a WOB parameter (the vertical axis) and a revolutions per
minute (RPM) parameter (the horizontal axis), but may be defined by any number and/or type
of parameter. The parameters shown 1n FIG. 2 are exemplary; any parameters related to a
drilling operation may be used.

[0041] The parameter space 50 1s limited according to a global limit or limits (e.g.,
maximum and minimum WOB, and maximum and mimmimum RPM). The automation control
processor designates the local limit as a subspace 52 around a set point that 1s within the
parameter space 50. Any parameter changes that maintain the drilling parameters within the
subspace can be autonomously applied or at least applied according to a higher automation
level that 1s applied if the drilling parameters are outside the subspace. As shown, the
subspace 1s rectangular but 1s not so limited. The subspace can be any suitable shape or size
(¢.g., round, oval, non-symmetrical, etc.). The subspace can be positioned relative to a
current set point, a target set point or other parameter or parameter combmation. In addition,
the subspace or local limit size or range can be absolute, or based on a set point or parameter
value. For example, the local limit can be defined as a percentage (¢.g., 2-5%) of a parameter

value.
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[0042] In addition to (or mstead of) defining the subspace for a combination of
parameters, one or more subspaces can be defined for each of the parameters. A local limit
(c.g., a range of values or a specific parameter value) or multiple local limits can be defined
for each parameter. Each local limit 18 associated with a respective level or levels of
automation. For example, an automation level can be assigned to cach of one or more levels
or ranges of the WOB parameter, and another automation level can be assigned to cach of
on¢ or more levels or ranges of the RPM parameter. As 18 evident, the subspace may define
multiple limits or subspaces for different parameter types and parameter values.

[0043] For example, the subspace 1s defined around a set point 54, such as a target sct
point selected by the optimization algorithm. If the current set point at which the drilling
system 18 currently bemng operated 1s within the subspace 52, the parameters can be changed
to align with the target set point at a high automation level, ¢.g., the drilling control processor
can change parameters autonomously. If the current set point 1s outside the subspace 52, a
lower level of automation 1s employed in changing the parameters.

[0044] The subspace can also be defined around a current set point. For example, if
the set point 54 1s a current set point, the level of automation 1s determined based on whether
the parameter change desired by the system and/or optimization algorithm moves the
parameters to a parameter space location within the subspace 52 or outside the subspace 52.

[0045] Various levels of automation can be employed 1n performing the drilling
operation and adjusting operation parameters 1 line with an optimization or control
algorithm. “Full automation™ refers to a state i which control of drilling parameters 1s fully
automated and a drilling controller autonomously changes drilling parameters. A lower level
of automation requires some form of operator input. For example, a drilling control
processor can act as an advisory system that proposes optimal set points and lets the operator
change the parameters.

[0046] Exemplary levels of automation are described below and labeled as 1-10, with
“1”” being the lowest level of automation (full manual control) and “10” being the highest

level of automation (fully automated). The levels can also be grouped mto three tiers:
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Exemplary Automation Levels

Level 10 - Controller decides everything and acts
autonomously

Level 9 - Controller executes an action automatically and
informs user only 1f asked

Level 8 - Controller executes an action automatically and
informs user only 1f controller takes action

Level 7 - Controller executes an action automatically, then
necessarily mforms user

Level 6 - Controller allows user a restricted time to veto an
action betfore automatic execution

Level 5 - Controller selects and executes a suggestion if user
approves

Level 4 - Controller suggests a single course of action; user
performs actions

Level 3 - Controller suggests a set of alternative actions and
can narrow selection of actions; user performs actions

Level 2 - Controller offers a complete set of decision and
action alternatives; user performs actions

Level 1 - Controller offers no assistance; user makes all
decisions and performs actions

[0047] FIG. 3 1illustrates a method 60 of performing a drilling operation, calculating
operational parameters and determining levels of automation in controlling a drilling
opcration. The method 60 1s used m conjunction with the system 10 and/or the surface
processing unit 40, although the method 60 may be utilized in conjunction with any suitable
combination of sensing devices and processors. The method 60 includes one or more stages
61-66. In onc embodiment, the method 60 mncludes the execution of all of stages 61-66 1n the
order described. However, certain stages may be omitted, stages may be added, or the order
of the stages changed.

[0048] In the first stage 61, a drilling operation 1s commenced using, ¢.g., the system
10 and the drill string 14. During the operation, surface and/or downhole parameters such as
fluid pressure, temperature and drilling parameters are estimated via sensor devices (€.g., the

surface sensors 28, 30 and 32 and the downhole sensors 36).
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[0049] In one embodiment, the operation 1s performed by a controller according to a
selected control and/or optimization algorithm. For example, a model or drilling plan 1s
provided, based on which a control or optimization algorithm 1s used to calculate parameter
set points durmg the drilling operation. These set points are calculated based on
measurement data relating to operational and environmental conditions to maintain the
operation within the drilling plans and avoid suboptimal and potentially damaging or
dangerous conditions.

[0050] In the second stage 62, during the drilling operation, a parameter or parameter
combination se¢t point 1s selected, at which the operation 1s performed. The controller and/or
a human operator applies or adjusts drilling parameters to align the operation with the set
point, referred to as the current set point.

[0051] In the third stage 63, a processing device such as a drilling control processor
defines a parameter space that indicates the limits of parameter values that can be applied
during the operation. The input parameter space defines global limits, 1.¢., overall limits to
possible parameters that can be applied. The limits can be applied by a processor
implementing a drilling model or plan, or mput by an operator or other user. One or more
local limits are defined, which specify a parameter value or parameter value range that 1s
smaller than or within the global limits. The local limit (or limits) may be defined by a
processor or a human operator. For example, local limits can be set or selected by a driller,
set or selected by a processor or can by calculated by an algorithm based on parameters set by
the driller (e.g. driller defines +-10%).

[0052] An automation control processor (which may be the same as the drilling
control processor or a separate component) defines a local limit or subspace that 1s smaller
than the global limit or parameter space. Parameter values that stay within the local limit or
subspace may be applied autonomously (or at a selected level of automation). Changes that
causc parameter values to go outside of the limit or subspace are applied at a lower level of
automation (¢.g., an advisory level that requires authorization from a user or a manual level).

[0053] In one embodiment, the local limit or subspace (¢.g., the size, shape position)
1s se¢t by the automation control processor. In another embodiment, the local limait or
subspace 1s set by a user or operator. For example, the operator can define the size and shape
of the subspace. This allows for additional quality control, as the operator 1s still responsible
since the operator can set a subspace within which all set points do not harm the rig or

drilling operation.
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[0054] An exemplary parameter space 70 18 shown in FIG. 4. The parameter space 70
in this example 1s a two-dimensional space having two parameters, ¢.g., WOB and RPM. In
this example, global limits 72 and 74 are selected for the parameter space, which define the
maximum and minimum overall WOB and RPM that can be applied during the drilling
operation. Global Iimits 72 can be selected based on factors such as rig limitations and safety
considerations. The global limit 74 can be selected based on factors such as lithology and
formation characteristics. The global limits may be selected in real time 1n response to
drilling conditions and measurements. For example, the global limit 74 shown in FIG. 4 1s
selected based on parameter combinations that could result in dynamic dysfunctions (e.g.,
stick-slip, whirl). The global limit 74 (or other global limits based on drilling conditions or
formation characteristics) can be updated periodically, nearly continuously or 1n real time
based on changing conditions. In one example, the global limit 1s continuously or nearly
continuously updated based on a system model that 1s fitted with downhole and/or surface
data.

[0055] A subspace 76 1s defined for a target set point 78, in which the drilling system

1s allowed to act autonomously or at least can be 1 a higher automation level compared to the

total parameter space. For example, a subspace around the target set point 1s defined as £20

RPM /£ S5kN WOB. If a current set point 80 1s within the subspace 76, and the system
wishes to change parameters to another set pomnt within the subspace 76, the system 1s
allowed to autonomously change drilling parameters without mterfering with the driller. If
larger changes are required, the system operates at a lower level of automation, ¢.g., by
o1ving a reccommendation to the operator who then has to apply the changes.

[0056] In the fourth stage 64, the drilling control processor proposes or selects a
parameter change based on, ¢.g., measurement data, and selects a new set point. In one
example, an optimization algorithm 1s used to calculate a target set pomnt to which the drilling
parameters are suggested to be adjusted. In another example, the parameter change (¢.g., one
or more test points) 1s selected by the drilling control processor 1n order to excite the system
in order to update a model or quality function.

[0057] In the fifth stage 635, the processor determines whether the new set point or
new target set point 1s outside of the subspace. The automation control processor selects a
level of automation based on the new set point position relative to the subspace or relative to
a local limat.

[0058] In the sixth stage 66, the parameters are adjusted by a processor and/or an

opcrator based on the selected level of automation. For example, an optimization algorithm

13



CA 02927351 2016-04-13

WO 2015/061300 PCT/US2014/061543

(¢.g. downhill simplex) applies a proposed change (¢.g., a target set point or test point) that
maintains the drilling parameter or parameters mside the subspace. If the proposed change
results m a parameter bemng outside the subspace, the proposed change 1s applied by the
operator or 18 applied by processor with mvolvement of the operator (e.g., notification to the
operator or permission by the operator).

[0059] Although the examples described herein describe selecting a first and second
level of automation, they are not so limited. The automation control algorithm can select
among any number of automation levels (e.g., levels 1-10 described above or groups of the
levels) based on various considerations. In addition, the number and magnitude of local
limits or subspaces are not limited to those described herein.

[0060] In addition to setting local limits or subspaces around current or target set
points, the processor can determine automation level based on other considerations. For
example, some optimization algorithms provide for a pre-defined sequence of set point
changes. In addition, some algorithms or methods mclude adding noise or psecudo-random bat
strcam (PRBS) to set points. Such pre-selected changes can be 1dentified and allowed to be
applied at a high automation level regardless of the local limit or subspace.

[0061] An example of the method 60 1s shown 1n FIG. 5, which shows an mput
parameter (e.g., WOB) selected or calculated by an optimization algorithm. A line or curve
82 shows the progression of the WOB as applied by a drilling system (the operator or the
control processor) over a portion of the drilling operation.

[0062] The optimization algorithm and/or an operator defines global limits 84 for the
input parameter. During a first portion of the drilling operation, the optimization algorithm
provides a target set pomnt 86 for the parameter, and local limits 88 (an upper and lower limait)
arc sclected for the target set point. As the actual or current set point changes, an automation
control processor determines the level of automation that can be employed for each set point
or parameter change. For example, a set point change to the set point 90 can be performed at
a high automation level, ¢.g., automatically without operator intervention or mvolvement.

[0063] If the optimization algorithm selects a new target set point 92 that 1s outside of
the local limits 88 (or the parameter change otherwise goes outside of the local limits), the set
point 18 changed using a lower automation level, e.g., manually by the operator, or requiring
operator notification and/or approval. For example, 1n order to apply the parameter to the
new target set point 92, the new set point 18 proposed to the operator or driller, and the
opcrator has to confirm the new set pomt before a controller can change the parameter. The

automation control processor then sets new local limits 94 for the new target set point. As
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shown 1 FIG. 5, regardless of the bounds of a local limit (¢.g., local limits 96), the parameter
will not be allowed to exceed the global limit 84,

[0064] It 1s noted that, although the shape and size of the subspace 1s the same for all
target set points, 1t 18 not so limited. The subspace can be defined to have a different size
and/or shape depending on characteristics of the set pont (¢.g., parameter values, depths,
time during the drilling operation). In addition, the subspace can not only be defined around
a target set point, but can also be defined around any current set point or set point at which
the system 1s actually operating.

[0065] As discussed above, drilling optimization and/or control can be performed by
any suitable technique or method. Generally, a drilling optimization method mcludes
receiving measurement data (e.g., surface and/or downhole) that indicates conditions and
parameters relating to the drilling operation, and outputting proposed drilling parameters. A
processor performing the optimization may control the drilling operation to align with the
proposed drilling parameters, or communicate with another processor or algorithm and/or
with an operator. In one embodiment, a drilling optimization method 1s performed by using
an online i1dentification approach (¢.g. downhill simplex algorithm), or by fitting a process
model with downhole and/or surface data (oftline optimization).

[0066] In one embodiment, a multi-stage optimization 18 performed. The multi-stage
process alleviates the need to define a general quality function, which can be quite difficult
and 18 not always possible. One reason for this difficulty 1s that the optimization problem
may not be unique. For example, it 18 possible to have either a stick-slip or a stable drilling
state for the same combination of RPM and WOB. Whether the drilling system 1s stable for a
given RPM-WOB combination depends, among other things, on the history of applied inputs.
Another reason for the difficulty in defining a general quality function 1s that there are often
multiple optimization goals with different priorities. In case of a high priority goal (e.g.,
prevent BHA damage) and a low priority goal (¢.g., optimize performance) a resulting qualhity
function calculated by weighing the single quality functions often leads to a poor
optimization performance.

[0067] This embodiment includes performing optimization relative to an optimization
goal that 1s the highest priority (e.g. prevent BHA damage) to be able to react quickly. After
this optimization 1s performed, further optimization with respect to other goals 1s performed.
Events or conditions (¢.g., vibration levels) are continuously or periodically monitored n

order to decide whether to return to performing the highest priority optimization.
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[0068] FIGS. 6-8 1illustrate parts of an exemplary multi-stage optimization method
that can provide selected or proposed drilling parameters (e.g., target set points) and/or
control a drilling operation. In this example, the highest priority goal 1s to avoid stick-slip
conditions. A lower priority goal 1s to increase ROP. Additional lower priority goals may be
applied as desired.

[0069] In the first stage, the method provides optimization parameters to avoid stick-
slip (high priority optimization). If a level of stick-ship 1s identified or estimated, the high
priority optimization 1s triggered. Stick-slip can be identified and/or estimated based on
suitable measurement data. For example, RPM data taken downhole can be used to
determine whether the RPM of the drilling assembly or downhole tool decreases significantly
over a selected period of time. The level of such stick-slip (SS) can be estimated based on
factors such as the amount of decrease and/or the rate of decrease.

[0070] FIG. 6 shows an example of the high priority optimization, which defines a
WOB-RPM parameter space and a set of rules. The parameter space includes a “Stick Slip”
zone 100, a “Transition” zone 102 and a “No Stick Slip” zone 104. If the current drilling
parameters are in the Stick Slip zone 100 and the system has a low SS level, the parameters
arc sclected to be 1n the Transition zone 102. If the current drilling parameters are 1n the
Stick Slip zone 100 or the Transition zone 102 and the system has a high SS level, the
parameters are selected to be 1n the stable No Stick Ship zone 104. If the current drilling
parameters are i the No Stick Slip zone 104 or are i the Transition zone 102 and the system
has a low SS level, the method proceeds to the ROP or other lower priority optimization.

[0071] In the second stage, once the parameters have been optimized to avoid stick-
slip, the method proceeds to a lower priority optimization, such as a ROP optimization. In
this example, the lower priority optimization 1s ROP optimization using a quality function
“J” based on, ¢.g., ROP and a safety margin. This optimization can be an online
optimization (¢.g., a downhill sitmplex algorithm, a rule based approach, fuzzy control, etc.).
The optimization can be an offline optimization. For example, as shown in FIG. 7, a ROP
model based on WOB, RPM and other parameters 1s selected. Examples of the ROP model
(“RoP1” through RoP4”’) are shown m a parameter space. The parameter space i which the
WOB and RPM can be applied may be subject to global limits 106 and limits such as a limit
108 based on an estimated stick slip zone. Optimal set points are calculated using the model
and measured parameters during a drilling operation.

[0072] In the third stage, stick-slip (SS) levels are monitored to determine 1f the

method should return to the high priority. An exemplary portion 110 of the method 1s shown
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in FIG. 8. At block 111, surface and downhole RPM measurements (RPMg,r and RPMgp)
and WOB measurements are taken. At block 112, the SS level 1s calculated based on these
measurements, and at block 113, WOB.,ns (the WOB value at the start of the transition zone
102) and WOBgs (the WOB value at the start of the Stick Slip zone 100) 1s calculated. At
block 114, the measured WOB 1s compared to the WOBans and WOBgs.  If WOB>WOBgs,
WOB and RPM parameters are calculated at blocks 115 and 116 according to the high
priority optimization based on whether the SS level 1s high or low. For example,
optimization 18 performed based at least on whether the SS level exceeds a selected threshold
(¢.g., >SS-threshold such as 2) or whether the SS level 1s less than or equal to the selected
threshold (e.g., <SS-threshold such as 2), as described above with reference to FIG. 6. 1f the
WOB 1s between WOBans and WOBgg, high priority optimization 1s performed at block 117
if the SS level 1s high, and ROP optimization 1s continued at block 118 if the SS level 1s low.
If WOB<WOBgss, ROP optimization 1s continued at block 119. In this way, optimal or
selected set points are output to the system at block.

[0073] Another embodiment of an optimization process includes using a combiation
of offline and online optimization. At the beginning, an online optimization is performed that
includes applying several set pomts and evaluating a quality function. Information gathered
at the recent set points 1s used to 1dentify one or more models (¢.g., ROP-model, Vibration
model, etc.) that are used for an offline optimization. Once the parameters required for the
model(s) have been estimated, an offline optimization algorithm 1s used to calculate an
optimal or preferred set point based on the model(s). The operating parameters are adjusted
to the optimal or preferred set point. This process 1s continued over the course of the drilling
opceration, using the quality function and the model(s) to select set points, and keeping track
of the changing drilling system. If the system has significantly changed (¢.g. due to drilling
into a different formation), the process switches back to online optimization only until
sufficient measurements are available to update the models that are required for offline
optimization.

[0074] The systems and methods described herein provide various advantages over
prior art techniques. The systems and methods allow for automation of some parameter
changes during a drilling operation, which relieves a human operator from performing all
parameter changes. In one embodiment, the systems and methods preserve operator control
while reducing workload, ¢.g., by allowing the operator to select local limits and guarantee

the operator’s involvement in significant parameter changes.
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[0075] For example, relatively small parameter changes that are continually made to
find optimal parameters or update models (¢.g., made about every three minutes) can be taken
over by an automated controller. This relieves the operator from having to perform these
tasks, while still involving the operator 1n larger parameter changes.

[0076] In support of the teachings herein, various analyses and/or analytical
components may be used, including digital and/or analog systems. The system may have
components such as a processor, storage media, memory, mput, output, communications link
(wired, wireless, pulsed mud, optical or other), user mterfaces, software programs, signal
processors (digital or analog) and other such components (such as resistors, capacitors,
inductors and others) to provide for operation and analyses of the apparatus and methods
disclosed herein in any of several manners well-appreciated 1n the art. It 1s considered that
these teachings may be, but need not be, implemented m conjunction with a set of computer
executable mstructions stored on a computer readable medium, including memory (ROMs,
RAMs), optical (CD-ROMs), or magnetic (disks, hard drives), or any other type that when
executed causes a computer to implement the method of the present mnvention. These
instructions may provide for equipment operation, control, data collection and analysis and
other functions deemed relevant by a system designer, owner, user or other such personnel, 1n
addition to the functions described 1n this disclosure.

[0077] One skilled m the art will recognize that the various components or
technologics may provide certain necessary or beneficial functionality or features.
Accordingly, these functions and features as may be needed 1n support of the appended
claims and variations thereof, are recognized as being inherently mncluded as a part of the
teachings herein and a part of the invention disclosed.

[0078] While the mvention has been described with reference to exemplary
embodiments, 1t will be understood by those skilled in the art that various changes may be
made and equivalents may be substituted for elements thercof without departing from the
scope of the invention. In addition, many modifications will be appreciated by those skilled
in the art to adapt a particular mstrument, situation or material to the teachings of the
invention without departing from the essential scope thercof. Therefore, 1t 1s intended that
the mvention not be limited to the particular embodiment disclosed as the best mode
contemplated for carrying out this invention, but that the mvention will include all

embodiments falling within the scope of the appended claims.
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CLAIMS

1. A method of facilitating a drilling operation, comprising;:

receiving a current set point for a drilling operation, the current set point indicating a
value of an operational parameter at which the drilling operation 1s being performed;

recerving a global limit indicating at least one of a maximum and a minimum value of
the operational parameter that 1s permitted to be applied for the drilling operation;

defining a local limit for the operational parameter, the local limit indicating at least
one of a local maximum value and a local minimum value of the operational parameter;

receiving a parameter change value, the parameter change value indicating a proposed
change to the operational parameter from the current set point; and

selecting a level of automation by which the operational parameter can be adjusted,
the level of automation based on a comparison of the parameter change value and the local
[1miat.

2. The method of claim 1, wherein the parameter change value 1s provided by a
drilling optimization algorithm.

3. The method of claim 1, wherein the parameter change value includes a target
set point indicating a target value of the operational parameter.

4. The method of claim 1, wherein the local limit 1s selected independent of at
lcast one of the current set point and the target set pomt, or 1s relative to at least one of the
current set point and the target set point.

5. The method of claim 1, wherem the parameter change value includes one or
more¢ parameter changes selected to excite a drilling system to provide drilling system model
information.

6. The method of claim 1, wherein the level of automation includes a first level
and a second level, the first level being greater than the second level, and indicating the level
of automation mcludes:

indicating the first level of automation based on a value of the operational parameter
being within the local limait 1f the proposed change 1s applied to the drilling operation; and

indicating the second level of automation based on the value of the operational
parameter being outside the local limat 1f the proposed change 1s applied to the drilling
operation.

7. The method of claim 1, wherein the first level of automation 1s full automation
in which a processor can autonomously adjust the drilling operation, and the second level of

automation requires mnvolvement by a human operator.
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8. The method of claim 1, further comprising adjusting the operational parameter
durmg the drilling operation by at least one of a processor and a human operator.

9. The method of claim 1, wherein the operational parameter includes a plurality
of parameters that define a parameter space, and the local limit defines a subspace within the
parameter space.

10.  The method of claim 9, wherein the subspace 1s defined for each of the
plurality of parameters, and the local limit includes a respective local limit for each of the
plurality of parameters, cach local limit associated with a selected level of automation.

11.  The method of claim 10, wheremn defining the local limit 1s performed by at
lcast one of a processor and a human operator.

12. A system for facilitating a drilling operation, comprising:

a carricr configured to be disposed 1n a borehole 1n an earth formation;

at least one of a surface sensor and a downhole sensor configured to measure
parameters associated with the drilling operation;

a drilling control processor configured to recerve a current set point for a drilling
operation, the current set point indicating a value of an operational parameter at which the
drilling operation is being performed, the drilling control processor configured to generate a
proposed change to the operational parameter from the current set point, the operational
parameter subject to a global limit indicating at least one of a maximum and a minimum

value of the operational parameter that 1s permitted to be applied for the drilling operation;

and

an automation control processor configured to:

receive the current set point, the global limit and a parameter change value indicating
the proposed change;

define a local limit for the operational parameter, the local limit indicating at least one
of a local maximum value and a local mmimum value of the operational parameter; and

select a level of automation by which the operational parameter can be adjusted, the
level of automation based on a comparison of the parameter change value and the local limit.

13.  The system of claim 12, wherein the drilling control processor executes a
drilling optimization algorithm to generate the proposed change.

14.  The system of claim 12, wherein the parameter change value includes a target

set point indicating a target value of the operational parameter.
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15.  The system of claim 12, wherein the parameter change value mcludes one or
more¢ parameter changes selected to excite a drilling system to provide drilling system model
information

16.  The system of claim 14, wherein the local limit 1s selected mdependent of at
lcast one of the current set point and the target set pont, or 1s relative to at least one of the
current set point and the target set point.

17.  The system of claim 12, wherein the level of automation includes a first level
and a second level, the first level being greater than the second level, and the automation
control processor 1s configured to perform:

indicating the first level of automation based on a value of the operational parameter
being within the local limait 1f the proposed change 1s applied to the drilling operation; and

indicating the second level of automation based on the value of the operational
parameter being outside the local limat 1f the proposed change 1s applied to the drilling
operation.

18.  The system of claim 12, wherein the first level of automation 1s full
automation m which a processor can autonomously adjust the drilling operation, and the
second level of automation requires involvement by a human operator.

19.  The system of claim 16, wherein the operational parameter includes a plurality
of parameters that define a parameter space, and the local limit defines a subspace within the
parameter space that surrounds at least one of the current set point and the target set point.

20.  The system of claim 13, wherein the drilling optimization algorithm provides
an optimization method that includes:

optimizing the drilling operation relative to a high priority goal,

optimizing the drilling operation relative to a low priority goal after the drilling
operation 1s optimized relative to the high priority goal; and

monitoring the drilling operation to determine whether the drilling operation remains

optimized relative to the high priority goal.
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