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NONLINEAR TOOLFACE CONTROL SYSTEM FOR A ROTARY STEERABLE
DRILLING TOOL

TECHNICAL FIELD

The present disclosure relates generally to downhole drilling tools and, more
particularly, to a nonlinear toolface control system for rotary steerable drilling tools.
BACKGROUND

Various types of downhole drilling tools including, but not limited to, rotary
drill bits, reamers, core bits, and other downhole tools have been used to form
wellbores 1n associated downhole formations. Examples of such rotary drill bits
include, but are not lmited to, fixed cutter drill bits, drag bits, polycrystalline
diamond compact (PDC) drill bits, matrix drill bits, roller cone drill bits, rotary cone
drill bits and rock bits associated with forming o1l and gas wells extending through
on¢ or more downhole formations.

Conventional wellbore drilling 1n a controlled direction requires multiple
mechanisms to steer drilling direction. Bottom hole assemblies have been used and
have included the drill bit, stabilizers, drill collars, heavy weight pipe, and a positive
displacement motor (mud motor) having a bent housing. The bottom hole assembly 1s
connected to a drill string or drill pipe extending to the surface. The assembly steers
by sliding (not rotating) the assembly with the bend in the bent housing 1n a specific
direction to cause a change in the wellbore direction. The assembly and drill string are
rotated to drill straight.

Other conventional wellbore drilling systems wuse rotary steerable
arrangements that use deflection to point-the-bit. They may provide a bottom hole
assembly that may have a flexible shaft in the middle of the tool with an internal cam
to bias the tool to point-the-bit.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present disclosure and 1its features

and advantages, reference 18 now made to the following description, taken 1n

conjunction with the accompanying drawings, in which:
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FIGURE 1A 1llustrates an e¢levation view of an example embodiment of a
drilling system;

FIGURE 1B 1llustrates a toolface angle for an example embodiment of a
drilling system;

FIGURE 2 1llustrates a perspective view of a rotary steerable drilling system,;

FIGURES 3A and 3B illustrate system models that describe the behavior of a
rotary steerable drilling system in response to system inputs and disturbances;

FIGURES 4A—4E 1llustrate block diagrams of aspects of a control system for a
rotary steerable drilling system that decouple nonlinearities and disturbances;

FIGURES 5A and 5B 1llustrate block diagrams of aspects of a control system
for a rotary steerable drilling system that lincarize a nonlinear response of the drilling
System;

FIGURE 6 1illustrates a block diagram of a control system including a
backstepping based controller to control a toolface;

FIGURES 7A and 7B 1illustrate block diagrams of an exemplary control
system using a sct of lincar systems to model the nonlincar dynamics of a rotary
steerable drilling system; and

FIGURE 8 1illustrates a block diagram of an exemplary toolface control system
for a logging tool.

DETAILED DESCRIPTION

A rotary steerable drilling system may be used with directional drilling
systems including steering a drill bit to drill a non-vertical wellbore. Directional
drilling systems, such as a rotary steerable drilling system, may include systems
and/or components to measure, monitor, and/or control the toolface of the drill bat.
The term “toolface” may refer to the orientation of a reference direction on the drill
string as compared to a fixed reference, The “tooface angle” refers to the angle,
measured 1n a plane perpendicular to the drill string axis, between the reference
direction and the fixed reference, and 1s usually defined between +180 degrees and -
180 degrees. For example, in a near-vertical wellbore, north may be the fixed
reference. The toolface angle may be the amount the drill string has rotated away

from north and may also be referred to as the magnetic toolface. For a more-deviated
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wellbore, the top of the borchole may be the fixed reference. In such cases, the
toolface angle may be referred to as the gravity tooltace, or high side toolface.

During drilling operations, disturbances that may cause tool rotation anomalies
such as interaction with cuttings, vibrations, bit walk, bit whirl, and bit bounce may
also cause the toolface to deviate from a desired angle. When the toolface 1s not held
constant, the wellbore may not be smooth and the time and cost to drill the wellbore
may increase due to time spent drilling in a direction that deviates from the desired
direction and a slower drilling speed. Therefore, 1t may be advantageous to implement
a control system as part of a rotary steerable drilling system that controls the toolface.
Accordingly, control systems and methods may be designed 1in accordance with the
teachings of the present disclosure and may have different designs, configurations,
and/or parameters according to the particular application. Embodiments of the present
disclosure and its advantages are best understood by referring to FIGURES 1 through
8, where like numbers are used to indicate like and corresponding parts.

FIGURE 1A 1illustrates an elevation view of an example embodiment of a
drilling system. Drilling system 100 may include well surface or well site 106.
Various types of drilling equipment such as a rotary table, drilling fluid pumps and
drilling fluid tanks (not expressly shown) may be located at well site 106. For
example, well site 106 may include drilling rig 102 that has various characteristics
and features associated with a “land drilling rig.” However, downhole drilling tools
incorporating tecachings of the present disclosure may be satisfactorily used with
drilling equipment located on offshore platforms, drill ships, semi-submersibles and
drilling barges (not expressly shown).

Drilling system 100 may also include drill string 103 associated with drill bat
101 that may be used to form a wide variety of wellbores or bore holes such as
generally diagonal or directional wellbore 114. The term “directional drilling” may be
used to describe drilling a wellbore or portions of a wellbore that extend at a desired
angle or angles relative to vertical. The desired angles may be greater than normal
variations associated with vertical wellbores. Directional drilling may be used to
access multiple target reservoirs within a single wellbore 114 or reach a reservoir that
may be 1naccessible via a vertical wellbore. Rotary steerable drilling system 123 may

be used to perform directional drilling. Rotary steerable drilling system 123 may use a
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point-the-bit method to cause the direction of drill bit 101 to vary relative to the
housing of rotary steerable drilling system 123 by bending a shaft (e.g., inner shaft
208 shown i FIGURE 2) running through rotary stecrable drilling system 123.

Bottom hole assembly (BHA) 120 may include a wide variety of components
configured to form wellbore 114. For example, components 122a and 122b of BHA
120 may include, but are not limited to, drill bits (e.g., drill bit 101), coring bits, drill
collars, rotary steering tools (e.g., rotary steerable drilling system 123), directional
drilling tools, downhole drilling motors, reamers, hole enlargers or stabilizers. The
number and types of components 122 included in BHA 120 may depend on
anticipated downhole drilling conditions and the type of wellbore that will be formed
by drill string 103 and rotary drill bit 101. BHA 120 may also include various types of
well logging tools (not expressly shown) and other downhole tools associated with
directional drilling of a wellbore. Examples of logging tools and/or directional drilling
tools may include, but are not limited to, acoustic, neutron, gamma ray, density,
photoelectric, nuclear magnetic resonance, rotary steering tools and/or any other
commercially available well tool. Further, BHA 120 may also include a rotary drive
(not expressly shown) connected to components 122a and 122b and which rotates at
least part of drill string 103 together with components 122a and 122b.

Wellbore 114 may be defined in part by casing string 110 that may extend
from well surface 106 to a selected downhole location. Portions of wellbore 114, as
shown 1in FIGURE 1A, that do not include casing string 110 may be described as
“open hole.” Various types of drilling fluid may be pumped from well surface 106
downhole through drill string 103 to attached drill bit 101. “Uphole” may be used to
refer to a portion of wellbore 114 that 1s closer to well surface 106 and “downhole™
may be used to refer to a portion of wellbore 114 that 1s further from well surface 106
along the length of wellbore 114. In a directional wellbore, a downhole portion of
wellbore 114 may not be deeper than an uphole portion of wellbore 114 The drilling
fluids may be directed to flow from drill string 103 to respective nozzles passing
through rotary drill bit 101. The drilling fluid may be circulated uphole to well surface
106 through annulus 108. In open hole embodiments, annulus 108 may be defined 1n

part by outside diameter 112 of drill string 103 and 1nside diameter 118 of wellbore
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114. In embodiments using casing string 110, annulus 108 may be defined by outside
diameter 112 of drill string 103 and 1nside diameter 111 of casing string 110.

Drilling system 100 may also include rotary drill bit (“drill bit”) 101. Drill bat
101 may include one or more blades 126 that may be disposed outwardly from
exterior portions of rotary bit body 124 of drill bit 101. Blades 126 may be any
suitable type of projections extending outwardly from rotary bit body 124. Drill bat
101 may rotate with respect to bit rotational axis 104 1n a direction defined by
directional arrow 105. Blades 126 may include one or more cutting clements 128
disposed outwardly from exterior portions of cach blade 126. Blades 126 may also
include one or more depth of cut controllers (not expressly shown) configured to
control the depth of cut of cutting clements 128. Blades 126 may further include one
or more gage pads (not expressly shown) disposed on blades 126. Drill bit 101 may be
designed and formed 1n accordance with teachings of the present disclosure and may
have many different designs, configurations, and/or dimensions according to the
particular application of drill bit 101.

Drill bit 101 may be a component of rotary steerable drilling system 123,
discussed 1n further detail in FIGURE 2. Drill bit 101 may be steered, by adjusting the
toolface of drill bit 101, to control the direction of drill bit 101 to form generally
directional wellbore 114. The toolface may be the angle, measured 1n a plane
perpendicular to the drill string axis, that 1s between a reference direction on the drill
string and a fixed reference and may be any angle between +180 degrees and -180
degrees. For example, in FIGURE 1A, the plane perpendicular to the drill string axis
may be plane A-A. For a directional wellbore, the fixed reference may be the top of
the wellbore, shown in FIGURE 1B as point 130. The toolface may be the angle
between the fixed reference and the reference direction, e.g., the tip of drill bit 101. In
FIGURE 1B, toolface angle 132 1s the angle between point 130, ¢.g., the top of the
wellbore, and the tip of drill bit 101a. In other embodiments, the fixed reference may
be magnetic north, a line opposite to the direction of gravity, or any other suitable
fixed reference point.

While performing a drilling operation, disturbances (¢.g., vibrations, bit walk,
bit bounce, the presence of formation cuttings, or any other cause of a tool rotation

anomaly) may cause the toolface to deviate from the desired toolface mmput by a
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drilling operator, control system, or a computer. Therefore 1t may be advantageous to
control the toolface by incorporating a control system that compensates for
disturbances acting on drill bit 101 and the dynamics of rotary steerable drilling
system 123 in order to maintain the desired toolface, as discussed in further detail
below. The control system may be located downhole, as a component of rotary
steerable drilling system 123, or may be located at well surface 106 and may
communicate control signals to rotary steerable drilling system 123 via drill string
103, through the drilling fluids flowing through drill string 103, or any other suitable
method for communicating to and from downhole tools. Rotary steerable drilling
system 123 including a control system designed according to the present disclosure
may 1mprove the accuracy of steering drill bit 101 by accounting for and mitigating
the effect of downhole vibrations on the toolface. A toolface that 1s closer to the
planned toolface may also improve the quality of wellbore 114 by preventing drill bit
101 from deviating from the planned toolface throughout the drilling process.
Additionally, rotary steerable drilling system 123 including a control system designed
according to the present disclosure may improve tool life of drill bit 101 and improve
drilling efficiency due to the ability to increase the speed of drilling and decrease the
cost per foot of drilling.

FIGURE 2 1illustrates a perspective view of a rotary steerable drilling system.
Rotary stecrable drilling system 200 may include shear valve 202, turbine 204,
housing 206, inner shaft 208, eccentric cam 210, thrust bearings 212, and drill bit 216.
Housing 206 may rotate with a drill string, such as drill string 103 shown in FIGURE
1A. For example, housing 206 may rotate in direction 218. To maintain a desired
toolface while housing 206 rotates, inner shaft 208 may rotate 1n the opposite
direction of, and at the same speed as, the rotation of housing 206. For example, inner
shaft 208 may rotate in direction 220 at the same speed as housing 206 rotates 1n
direction 218.

Shear valve 202 may be located uphole of the other components of rotary
steerable drilling system 200. Shear valve 202 may be designed to govern the flow
rate of drilling fluid into turbine 204. For example, shear valve 202 may be opened by
a fractional amount such that the flow rate of drilling fluid that flows into turbine 204

increases as shear valve 202 1s opened. Rotary steerable drilling system 200 may
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contain a motor (not expressly shown) which opens and closes shear valve 202. A
current or voltage sent to the motor may change the amount that shear valve 202 1s
opened. While in FIGURE 2, rotary steerable drilling system 200 includes shear valve
202, rotary steerable drilling system 200 may instead include any type of valve that
may control the flow rate of fluid into turbine 204.

The flow rate of drilling fluid 1nto turbine 204 may create a torque to rotate
inner shaft 208. Changing the flow rate of the drilling fluid into turbine 204 may
change the amount of torque created by turbine 204 and thus control the speed of
rotation of inner shaft 208.

A sct of planctary gears may couple housing 206, inner shaft 208, and thrust
bearings 212. Inner shaft 208 may rotate at the same speed but in the opposite
direction of housing 206 to maintain the toolface at the desired angle. The positioning
of the planctary gears may contribute to maintaining a toolface between +180 and -
180 degrees.

Eccentric cam 210 may be designed to bend rotary steerable drilling system
200 to point dr1ll bit 216. Eccentric cam 210 may be any suitable mechanism that may
point drill bit 216, such as a cam, a sheave, or a disc. Thrust bearings 212 may be
designed to absorb the force and torque generated by drill bit 216 while drill bit 216 1s
drilling a wellbore (¢.g., wellbore 114 shown m FIGURE 1A). The planctary gears
may be connected to housing 206 and mnner shaft 208 to maintain drill bit 216 at a
desired toolface. To point and maintain drill bit 216 at a specified toolface, the
toolface may be held 1n a geostationary position (¢.g., the toolface remains at the same
angle relative to a reference 1n the plane perpendicular to the drill string axis) based
on the rotation of mner shaft 208 1n an equal and opposite direction to the rotation of
housing 206 with the drill string. While the toolface may be geostationary, drill bit
216 may rotate to drill a wellbore. For example, drill bit 216 may rotate in direction
222.

During drilling operations, housing 206 may not rotate at a constant speed due
to disturbances acting on housing 206 or on drill bit 216. For example, during a stick-
slip situation, drill bit 216 and housing 206 may rotate 1n a halting fashion where drill
bit 216 and housing 206 stop rotating at certain times or rotate at varying speeds. As

such, the rotation speed of mner shaft 208 may need to be adjusted during the drilling
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operation to counteract the effect of the disturbances acting on housing 206 and
maintain inner shaft 208 rotating equal and opposite of the rotation of housing 206.

Rotary steerable drilling system 200 may include a control system (not
expressly shown) to adjust the rotation of inner shaft 208 during drilling operations.
The control system may use a model of rotary steerable drilling system 200, as
described in more detail with respect to FIGURES 3 and 4. The model may predict
the behavior of rotary stecrable drilling system 200 1n response to disturbances and/or
inputs to rotary steerable drilling system 200.

FIGURES 3A and 3B 1llustrate system models that describe the behavior of a
rotary stecrable drilling system 1n response to system inputs and disturbances.
FIGURE 3A 1llustrates a block diagram of simplified system model 300 showing the
inputs and outputs of cach component of a rotary steerable drilling system. A voltage
may be transmitted to motor 302 such that motor 302 may open shear valve 304 in
response to the voltage. The opening of shear valve 304 may cause drilling fluid to
flow 1nto turbine 306 at a flow rate determined by the amount shear valve 304 1s
opened. The flow rate of drilling fluid through turbine 306 may cause a torque to be
produced such that the torque rotates an inner shaft. Additionally, any disturbances
acting on the rotary stecrable drilling system may be modeled and summed with the
torque created by the flow of drilling fluid through turbine 306 to determine the total
torque causing a rotation of the inner shaft. The inner shaft rotation may cause
planctary gears 308 to rotate such that the position of planetary gears 308 controls the
toolface.

FIGURE 3B 1illustrates detailed system model 320 showing the mputs and
outputs of cach component of an exemplary rotary stecrable drilling system. Model
320 may model the dominant properties of the rotary steerable drilling system.
Dominant propertics may include shear valve opening properties, flow rate and
turbine rotation properties, the coupling between the turbine angular velocity and the
housing angular velocity, and the effect of the coupling on the toolface. In some
embodiments, model 320 may not include properties that have minimal 1mpact on the
rotary steerable drilling system, such as the frictional effects in the planctary gear

system and the effect of temperature changes on the rotary steerable drilling system.
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Box 322 1llustrates a saturation model that may be used to limit the 1mnput into
the rotary stecrable drilling system. In FIGURE 3B, the mput 1s 1illustrated as a
voltage, V. In other embodiments, such as embodiments where an alternating current
(AC) motor 1s used, the mput may be a current, a frequency of the current, or a
frequency of the voltage. The saturation model represented by box 322 may provide a
l[imit on the voltage that 1s input to a motor of a rotary steerable drilling system. Box
324 1llustrates an example Laplace transform transfer function model of a motor of a
rotary stecrable drilling system where K, represents a model constant, 7,, represents
the time constant of the motor, and s represents a Laplace parameter. Box 324 models
the motor response to an input voltage, such as the voltage from box 322, and the
output of box 324 may be an angular velocity of the motor, .

Box 326 1llustrates a Laplace transform transfer function used to calculate the
angular displacement of the motor, 6,, based on the angular velocity of the motor.
The calculated angular displacement of the motor may be an input into a model of a
shear valve, as represented by box 328. The shear valve model may be used to
determine the fractional valve opening, f, of the shear valve based on the angular
displacement of the motor. The fractional shear valve opening may be a value
between zero and one, where zero indicates that the shear valve 1s fully closed and
on¢ 1ndicates that the shear valve 1s fully open.

The fractional shear valve opening may be used to calculate the flow rate of
drilling fluid through a turbine of the rotary stecrable drilling system. At
multiplication operator 330, the total flow rate of drilling fluid into the system, Oprar,
may be multiplied by the fractional shear valve opening to determine the flow rate
through the turbine of the rotary steerable drilling system, Q. Drilling fluid that does
not flow through the turbine may be directed downhole to the drill bit, such as drill bt
101 shown in FIGURE 1A.

Box 332 represents a model of the turbine which may use the flow rate of
drilling fluid through the turbine to calculate the torque produced by the turbine due to
the fluid flow rate. In the calculation performed in block 332, O 1s the flow rate
through the turbine and ¢; 1s a turbine parameter. The torque produced by the turbine
due to the current angular velocity of the turbine, calculated in block 336, may be

subtracted from the torque produced by the turbine due to the fluid flow rate, at
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operator 334. In the calculation performed 1n block 336, w; 1s the angular velocity of
the turbine and ¢, 1s a turbine parameter. The result of operator 334 may be the torque
produced by the turbine, ;.

Prior to translating the torque of the turbine into a toolface, the characteristics
of the mechanical properties of the rotary steerable drilling system may be modeled.
At box 340, the load torques on the system, 77, and the gear ratio of the planctary gear
system, N;, may be modeled and may be subtracted from the torque produced by the
turbine at operator 338. At box 344, the angular acceleration of the housing of the
rotary steerable drilling system, wpy, 1s combined with the equivalent inertia of the
housing as seen from the turbine, J,, and subtracted from the results of operator 338 at
opcrator 342. At box 348, the calculated torque from the previous steps may be
incorporated into a model of the equivalent mertia of the turbine, inner shaft, and
planctary gears. The model may calculate the angular acceleration of the turbine, w;,
which may be integrated by Laplace transform transfer function in box 350 to
compute the angular velocity of the turbine, w;.

At box 352, the angular velocity of the turbine may be mput into a model of
the planetary gear ratio where N; represents the gear ratio of the planetary gear
system. The result of the modeling 1n box 352 may be combined at operator 354 with
a model of the effect of the angular velocity of the housing and the planectary gear
ratios to determine the angular velocity of the toolface, wy. The angular velocity of
the toolface 1s the rate of change of the angle of the toolface over time. At box 3358,
the angular velocity of the toolface may be integrated, by Laplace transform transfer
function, to determine the resulting toolface, Oy.

Model 320 of the rotary steerable drilling system may be used to design a
control system to maintain a precise tooltace. Modifications, additions, or omissions
may be made to FIGURE 3B without departing from the scope of the present
disclosure. For example, the equations shown 1n the boxes of FIGURE 3B are¢ for
illustration only and may be modified based on the characteristics of the rotary
stecrable drilling system. Any suitable configurations of components may be used.
For example, while block diagram 320 illustrates a rotary steerable drilling system
including a shear valve and fluid flow to generate torque from a single stage turbine,

alternatively an electric motor may be used to generate torque from the turbine. Other
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rotary steerable drilling system embodiments may include magnetic or electro-
magnetic actuators, pneumatic actuators with single or multi-stage turbines, or
hydraulic actuators with multi-stage turbines.

FIGURES 4A—4E 1llustrate block diagrams of aspects of a control system for a
rotary steerable drilling system that decouples nonlinearities and disturbances.
FIGURE 4A 1llustrates a simplified block diagram of control system 400. Control
system 400 may consist of block 402, which may include feed-forward controller 404
and feedback controller 406, and block 410, including decoupling operator 412 and
model inverse 414. Blocks 402 and 410 may be combined with model 416 of the
rotary steerable drilling system.

The desired toolface may be input into control system 400. Feed-forward
controller 404 may be used to send a command to the rotary steerable drilling system
without the command passing through feedback controller 406. Feed-forward
controller 404 may be used to overcome the inertia and increase the speed of the
response of the rotary steerable drilling system based on a property dependent on the
toolface. The difference between the desired toolface and the actual toolface (the
“toolface error’”) may be calculated at operator 418 and input into feedback controller
406. Feedback controller 406 may gencrate a signal to send to a motor in a rotary
stecrable drilling system to cause the motor to change the fractional opening of a
shear valve and change the torque of a turbine to cause the toolface to change, as
described with respect to FIGURES 2 and 3. Feedback controller 406 may calculate
the signal to send to the motor based on what signal will cause the motor to open the
shear valve by a fractional amount that may reduce the toolface error calculated at
operator 418. The signal generated by feedback controller 406 may be combined with
the signal from feed-forward controller 404 at operator 408. The signal may be any
suitable mput signal for a rotary steerable drilling system, such as voltage, current,
frequency of the voltage, or frequency of the current. The signal output from operator
408 may be adjusted 1n block 410 to decouple the nonlinearities of the rotary steerable
drilling system and/or nonlinear responses to disturbances. The decoupling performed
within block 410 may allow a linear feedback controller to control a nonlinear system
operating 1n an environment with nonlinear disturbances by offsetting the

nonlinearities. At operator 412, the signal may be summed with terms from a physical
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state feedback decoupling model and a disturbance decoupling model. The use of
decoupling models may provide a system that may be easier to control by creating a
system that can be controlled with a simple feedback controller. Model inverse 414
may 1nvert the output of operator 412 to compute a voltage to send to model 416 of a
rotary steerable drilling system, such as model 320 shown in FIGURE 3B. More
details of control system 400 are 1llustrated in FIGURES 4B—4E.

FIGURE 4B 1llustrates a detailed block diagram of a control system showing
exemplary details of a control system for a motor in a rotary steerable drilling system.
The desired angular displacement of the motor, §*,, may be mput into control system
420. Feed-forward loop 422 may use the desired angular displacement of the motor, a
motor model constant, K,,, and a Laplace transform transfer function to compute a
voltage to send to the motor to cause the motor to move a shear valve. Feed-forward
loop 422 may speed up the response of the motor by determining the input voltage to
send to the motor to result in the angular displacement of the motor which may cause
the system to have the desired toolface.

Feedback controller 424 may be a proportional controller (“P controller”)
which may determine a voltage to send to the motor based on the difference between
the desired angular displacement of the motor and the actual angular displacement of
the motor, 6,, also known as the “motor angular displacement error.” The actual
angular displacement of the motor may be fed back to feedback controller 424 via
feedback loop 426. The voltage outputs from feed-forward loop 422 and feedback
controller 424 may be summed and input into saturation limiter 428, which may be
similar to saturation limiter 322 shown in FIGURE 3B. The voltage output from
saturation limiter 322 may be transmitted to motor model 430, which includes model
432 of the motor and Laplace transform 434. Motor model 430 may be used to
determine the angular displacement of the motor as a result of the input voltage. Other
embodiments of feedback controller 424 may include, and are not limited to, a
proportional-integral controller (“PI controller”), a proportional-differential controller
(“PD controller”), or a proportional-integral-differential controller (“PID controller”).

FIGURE 4C 1llustrates a detailed block diagram of a control system showing
exemplary details of a control system for a shear valve of a rotary steerable drilling

system. At operator 442, the ratio of desired flow rate into the turbine, O*, to the total



CA 02960955 2017-03-10

WO 2016/076827 PCT/US2014/064836

10

15

20

25

30

13

flow rate into the rotary steerable drilling system, O, may be computed to
determine a desired fractional opening of the shear valve, /*. The desired fractional
opening of the shear valve may be mput into shear valve model inverse 444 to
determine a desired angular displacement to send to a control system of a motor (¢.g.,
control system 420 shown in FIGURE 4B) to cause the motor to open the shear valve
by the desired fractional opening amount. The output from model inverse 444 may be
input 1nto saturation limiter 452. The output of saturation limiter 452, the desired
angular displacement of the motor, 6*,, may be input into motor model 446, which
may 1nclude at lcast a portion of the clements of control system 420 shown in
FIGURE 4B. Motor model 446 may output an angular displacement of the motor
which may be mput into shear valve model 448 which may determine the fractional
shear valve opening based on the angular displacement of the motor. At operator 450,
the fractional shear valve opening may be multiplied by the total flow rate into the
system to obtain the flow rate into a turbine of the rotary steerable drilling system.

FIGURE 4D 1llustrates a detailed block diagram of a control system that shows
exemplary details of a control system for a turbine. By decoupling the effects of one
or more disturbances on the system and the physical state nonlinearities, the system
may be controlled through the use of feedback controller 464.

The desired angular velocity of the turbine, w,* may be mnput into control
system 460. The desired angular velocity of the turbine may be mnput to feed-forward
loop 462 which may take the Laplace transform transfer function of the model of the
cquivalent iertia of the turbine, the mner shaft, and the planctary gears, J;, to
determine the torque of the turbine, 7;. Feedback controller 464 may determine the
difference between the desired angular velocity of the turbine and the actual angular
velocity of the turbine (the “turbine angular velocity error”) and calculate the torque
of the turbme to correct the turbine angular velocity error. Feedback controller 464
may control the response of the system to correct for errors in the models of the
components of the rotary steerable drilling system or account for system behavior that
may not have been included in a model of the system. For example, the system model
may not model the effect of friction in the planctary gear system or the effect of

wellbore temperature changes on the properties of components of the system. Other
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embodiments of feedback controller 464 may include, and are not limited to, a PI
controller, a PD controller, or a PID controller.

Disturbances acting on the rotary steerable drilling system may be decoupled
via disturbance decoupling models 466 and 468. Disturbances acting on the system
may include any causes of a tool rotation anomaly, such as changes 1n rock formation
type, fluid properties, changes in the amount of cuttings near the drill bat, lateral
vibrations of the housing, drill bit walk, stick slip, bit whirl, or bit bounce. While two
decoupling models are shown in FIGURE 4D, there may be more or fewer decoupling
models depending on the number of disturbances acting on the system and the desired
accuracy of control system 460. The disturbances may be decoupled through
estimating or measuring the nature of the disturbance and determining the torque of
the turbine that may offset the disturbance. For example, in disturbance decoupling
model 466, the angular acceleration of the housing, which may be irregular due to
stick slip, may be mput into a model of the equivalent inertia of the housing, as seen
from the turbine, to determine the torque of the turbine that will offset the effect of the
stick slip.

Physical state feedback loop 470 may include a component to decouple the
response of components of the system based on inputs to the system. For example, the
cfficiency of a turbine 1n a rotary stecrable drilling system may be a function of the
flow rate of drilling fluid into the turbine. Physical state feedback loop 470 may
model the coupling of inputs and components to offset the coupling from the behavior
of the system to allow control system 460 to be controlled with a feedback controller.
In some embodiments, the model included in physical state feedback loop 470 may be
based on estimating the parameters used to calculate the coupling between a physical
component of the system and an input into the system. In other embodiments, the
model may be based on measurements provided by measuring equipment on the
rotary steerable drilling system. For example, the angular velocity of the turbine and
the flow rate of drilling fluid through the turbine may be measured and used 1n the
model 1in physical state feedback loop 470. Physical state feedback loop 470 may
additionally include a step to compare the estimated parameters used 1n the model
with the recorded measurements. If the estimation deviates from the recorded

measurements by more than a threshold amount, the model may be adjusted to more
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closely match the estimated parameters to the recorded measurements. The threshold
amount may be based on the amount of deviation that may cause control system 460
to be 1naccurate.

The output from feed-forward loop 462, disturbance decoupling models 466
and 468, physical state feedback loop 470 and feedback controller 464 may be
summed at operator 472 and the resulting torque, 7, of the turbine may be sent to
model mverse 474. Model inverse 474 may calculate a desired flow rate of drilling
fluid, O*, through the rotary steerable drilling system to create the torque calculated at
operator 472. The desired flow rate may be input into shear valve model 476 which
may 1nclude at least a portion of the clements of control system 440 described in
FIGURE 4C. The output of shear valve model 476, the flow rate of drilling fluid into
the turbine, may be sent to model 478, which may include components similar to
blocks 332—350 shown 1n FIGURE 3B to obtain the angular velocity of the turbine.

FIGURE 4E 1llustrates a detailed block diagram of a control system that shows
exemplary details of a control system for a rotary stecrable drilling system. By
decoupling the effects of one or more disturbances on the system and the physical
statc nonlinearities, the system may be controlled through the use of feedback
controller 484.

The desired toolface, 0% may be input into control system 480. The desired
toolface may be mput to feed-forward loop 482 which may take the Laplace transform
transfer function of the gains of the feed-forward controller, £; and k), to determine
the torque of the turbine, 7. Feedback controller 484 may determine the difference
between the desired toolface and the actual toolface (the “toolface error”) and
calculate the torque of the turbine to correct the toolface error. Feedback controller
484 may control the response of the system to correct for errors in the models of the
components of the rotary steerable drilling system or account for system behavior that
may not have been included in a model of the system. For example, the system model
may not model the effect of friction in the planctary gear system or the effect of
wellbore temperature changes on the propertiecs of components of the system.
Feedback controller 484 may be any suitable type of controller, such as a P controller,

a PI controller, a PD controller, or a PID controller.
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Physical system non-linearities and disturbances acting on the rotary steerable
drilling system may be decoupled via decoupling model 486. Non-linearities of the
system may include physical non-linearities and/or any coupled dynamics between the
housing and the turbine. Disturbances acting on the system may include any causes of
a tool rotation anomaly, such as changes in rock formation type, fluid properties,
changes 1n the amount of cuttings near the drill bit, lateral vibrations of the housing,
drill bit walk, stick slip, bit whirl, or bit bounce. While one decoupling model 1s
shown in FIGURE 4E, there may be more decoupling models depending on the
number of disturbances acting on the system, physical system non-linearitics, and the
desired accuracy of control system 480. The decoupling may be accomplished
through estimating or measuring the nature of the disturbance and/or non-linearitics
and determining the decoupling state that may offset them. For example, 1n
decoupling model 486, the angular velocity of the housing, which may be coupled to
the rate of change of the toolface through the planctary gear system, may be input 1nto
a model of the gear ratio conversion, as seen from the turbine, to determine the
housing angular acceleration that will offset 1ts effect.

The output from feed-forward loop 482, decoupling model 486, and feedback
controller 484 may be summed at operator 488 and the resulting state may be sent to
planctary system gear ratio model inverse 490. Model inverse 490 may calculate a
desired angular velocity of the turbine, w,*. The desired angular velocity of the
turbine may be mnput into turbine model 492 which may include at least a portion of
the elements of control system 460 described in FIGURE 4D. The output of turbine
model 492, the angular velocity of the turbine, may be sent to model 494, which may
include components similar to blocks 352-358 shown in FIGURE 3B. Control
systems 420, 440, 460, and 480, shown in FIGURES 4B—4E may be combined to
form a single control system for a rotary stecrable drilling system or may be used
individually to improve the performance of one or more components of the rotary
stecrable drilling system.

FIGURES 5A and 5B 1illustrate block diagrams of aspects of a nonlinear
control system for a rotary stecrable drilling system. Due to communications
[imitations and uncertainties 1n the downhole conditions, measurements of the

dynamics of a drill bit and other components of a rotary steerable drilling system may
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not be available or may not be received by the control system 1n a timely manner.
Therefore, a control system which uses few feedback paths and does not rely on
downhole measurements may be desirable.

FIGURE 5A 1llustrates a simplified block diagram of control system 500 using
nonlinear controller 502 for nonlinecar physical system 504. Nonlinear feedback
controller 502 may compare the toolface, which may be received via feedback path
506, to the desired toolface at operator 508. Nonlinear feedback controller 502 may
determine an angular displacement of the motor to send to nonlinear system 504 to
adjust the toolface.

In some embodiments, the toolface may be a linear function of the torque of
the turbine which may be related to the angular displacement of the motor by a one-
to-one nonlinear relationship. Mapping 512 may be a simple model of a rotary
stecrable drilling system based on the linear relationship between two states of the
rotary stecrable drilling system, such as the turbine torque and the toolface. Mapping
512 may also be a simple model of a rotary steerable drilling system based on an input
to the drilling system and a state of the drilling system. Linear feedback controller 510
may be designed to control the toolface by manipulating the turbine torque. Linear
feedback controller 510 may be any suitable type of controller, such as a PID
controller, a PI controller, a PD controller, or a P controller.

In operation, the variable for manipulating the toolface control may be the
angular displacement of the motor and not the turbine torque. Therefore, the design of
lincar feedback controller 510 may be transformed to a controller that may output an
angular displacement of the motor. In some embodiments, the torque of the turbine
and the angular displacement of the motor may have a one-to-onec nonlinear
relationship that may be mapped 1 mapping 512. Using mapping 512, the
manipulating variable (e.g., the torque of the turbine) may be transformed into the
angular displacement of the motor by applying mapping 512 to the torque of the
turbine, as output from linecar feedback controller 510. The combination of linear
feedback controller 510 and mapping 512 may form nonlinear controller 502 and the
output of nonlinear controller 502 may be the angular displacement of the motor.

FIGURE 5B 1llustrates a detailed block diagram of a control system 520

including nonlinear feedback controller 522. Nonlinear feedback controller 522 may
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usc the difference between the desired toolface and the actual toolface (the toolface
error), determined at operator 528, to calculate a desired angular displacement of the
motor, 4%, to send to the motor to correct for the toolface error. Control system 520
may include PID controller 524 which may use a desired angular displacement of the
motor to determine an nput voltage to send to the motor. PID controller 524 may
output a voltage to send to the motor. In other embodiments, PID controller 524 may
output a current or a frequency to send to the motor. Physical system 530 may be
similar to the model 320 shown 1n FIGURE 3B and may receive the iput voltage to
the motor from PID controller 524 and output the toolface that may result from the
input voltage.

For example, the toolface angle, 6, may be regulated by adjusting the shear

valve position G,,. The functions of the rotary steerable drilling system may be defined

by

e F o SN T Ty

lv

where O 1s the flow rate of the drilling fluid, w,1s the angular velocity of the turbine,
J; 18 the equivalent inertia of the turbine, and c¢; and ¢, are turbine parameters. The
torque of the turbine, 7;, the rate of change of the tool face angle, wy, and the valve

position, &,,, may be defined by

where N; is the gear ratio of the planetary gear system, 6,, is the fully open valve
position, and Q' is the full input flow rate. By rearranging the equations, the toolface

angle may be governed by

" N Ny
%.;. . -: e C L S I =
Fq L

Therefore, the toolface angular position 1s a linear function of the torque of the turbine
and a lincar controller (e.g., PID controller 524) may be designed to regulate the
toolface by manipulating the torque of the turbine. The shear valve opening may have

a one-to-one mapping with the turbine torque that may be defined by
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By manipulating the torque and the angular velocity of the turbine, the manipulation
variable, 4,,, may be calculated to regulate the toolface.

FIGURE 6 1llustrates a block diagram of a control system including a
backstepping based controller to control a toolface. Backstepping based control
system 600 may be used to control a toolface that 1s a part of a rotary steerable
drilling system that follows a strict feedback form where the derivative of the states of
the model depend only on the state-of interest itself, the states prior to the state-of-
interest, and one state strictly following the state-of-interest. For example, the toolface
may be based on the turbine angular velocity, which may be based on the flow rate
through the turbine, which may be based on the fractional opening of the shear valve,
which may be based on the voltage input to the motor. The function of a state of the
model used to create backstepping based control system 600 may be based on the
state and tracking error values of the states prior to the state of interest.

Control system 600 may receive a desired toolface, 8,, and compare the desired
toolface, to the actual toolface, &, to determine the toolface error, e;, at operator 602.
The toolface error may be sent to block 604 where the angular velocity of the turbine
that may result in the desired toolface may be calculated. The angular velocity of the
turbine may be calculated based on a function, C;, of the toolface error, the measured

toolface, and the angular velocity of the housing. C; may be calculated by

\ .

. x Xy
assuming I =

. . P -
resulting in: ¢, == g

based on the value for C;, and the constraint that the derivative of C; 1s less than zero,

a desired turbine speed, x>, may be calculated by
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where 7 18 a control reference and £; 1s the control gain and may be a small number

due to a small amount of uncertainty for the state represented in block 604.
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At operator 606, the actual angular velocity of the turbine may be compared to
the calculated desired angular velocity of the turbine to determine the turbine angular
velocity error, e,. The turbine angular velocity error may be sent to block 608 where
the desired opening angle of the shear valve may be calculated based on the function,

5 (), based on the estimated load of the housing, the angular velocity of the turbine, the
toolface error and the turbine angular velocity error. The desired opening angle of the

shear valve may be the angle that results 1n the desired angular velocity of the turbine.

C, may be calculated by
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based on the value for C,, and the constraint that the derivative of C, 1s less than zero,
a desired flow rate, Qg e, and desired shear valve opening, ¢4, may be calculated by
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20 At operator 610, the actual opening angle of the shear valve may be compared

to the desired opening angle of the shear valve to calculate the shear valve opening
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angle error, e;. The shear valve opening angle error may be used, in block 612, to
determine the control mput (¢.g., voltage) to send to the motor of rotary steerable

drilling system 614 to cause the shear valve to open by the desired amount. Cs; may be

calculated by
REM
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based on the equations derived above
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resulting 1n

based on the value for Cs, and the constraint that the derivative of Cs 1s less than zero,

the control input, #, may be calculated by
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where x; 1s the toolface, x; 1s the angular velocity of the turbine, N; and N, are
gear ratios of the planetary gear system, wy 18 the angular velocity of the housing, Jr
1s the 1nertia of the turbine, QO 1s the flow rate of drilling fluid through the turbine, 7; 18
the load torque on the system, Jhousing 1S the inertia of the housing, &using 1S the

angular acceleration of the housing, ¢ 1s the shear valve opening angle, 7, 1S the

torque of the motor, %, 1s a model constant, # 1s the control input, A 1s the uncertainty
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associated with the model equation when comparing the model with the actual
physical system, and 85 1s a coefficient of the shear valve. The coefficient of the shear
valve may be any number based on the characteristics of the shear valve.

The control input may be calculated based on a function, Cjs, of the shear valve
opening angle error, the measured opening angle of the shear valve, the desired
opening angle of the shear valve, and the turbine angular velocity error. The control
input to rotary stecrable drilling system 614 may adjust the toolface to match the
desired toolface.

Control system 600 may require real-time knowledge of the angular velocity of
the housing, load on the housing, measured toolface, measured angular velocity of the
turbine, measured opening angle of the shear valve, and any other parameter that may
be needed to perform the calculations to back step through system 614. The real-time
knowledge may be obtained from measurements provided by sensors on rotary
steerable drilling system 614 or through the use of estimates obtained from a model of
rotary stecrable drilling system 614.

The functions C;, C,, and C; may be a set of Lyapunov functions. The control
system may calculate the result of the functions such that the derivative of each
function 1s less than zero. The constraint may be used to consider transient control
system performance and provide robustness against any uncertainties, such as
modeling uncertainties and/or estimation uncertainties.

FIGURES 7A and 7B 1llustrate block diagrams of an exemplary control system
using a sct of linear systems to approximate the nonlincar dynamics of a rotary
stecrable drilling system. In FIGURE 7A, dataset 700 may include multiple sets of
operating points 702a—702¢ (“operating points 702”°). Operating point sets 702 may
include one or more of any suitable state of a rotary steerable drilling system, such as
system 200 shown 1in FIGURE 2, such as toolface, the angular displacement of the
motor, the angular velocity of the turbine, turbine torque, voltage, or flow rate. For
cach sect of operating points 702 1n dataset 700, system models 704a—704c¢ (“system
models 704”’) may be generated by linearizing the nonlinear steerable drilling system
model about the corresponding operating points 702. Controllers 706a—706c¢
(“controllers 706”) may be designed based on system models 704 and may be linear

controllers that control the toolface of system models 704. Controllers 706 may be a
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family of linear controllers 706 designed to control the toolface within a specific
region of the corresponding set of operating points 702.

In FIGURE 7B, control system 710 1llustrates the use of dataset 700 to control
a rotary steerable drilling system. Control system 710 may include controller look-up
block 712 where control system 710 may look up, in dataset 700, a system model 704
and controller 706, using a current operating point of the rotary steerable drilling
system. Controller look-up block 712 may match the current operating point with an
operating point 702 1n dataset 700. The current operating point of the system may be
determined by measurements provided by one or more sensors on the rotary stecrable
drilling system or may be estimated by state estimator 720. Based on the matched
operating point 702, control system 710 may select a system model 704 and controller
706 and use the selected system model 704 and controller 706 as linear system model
718 and linear controller 714, respectively, 1n control system 710.

Once a system model 704 and controller 706 have been selected, linear
controller 714, which may correspond to the selected controller 706, may receive a
desired toolface, 9;. The desired toolface may be compared to the actual toolface to
compute the toolface error. Controller 714 may gencrate a voltage command to send
to rotary stecrable drilling system 718 to correct the toolface error. System 718 may
generate the toolface resulting from the input voltage.

For example, the toolface may be calculated by

'
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The variables my, m;, and m, may be constants calculated based on the operating point
(c.g., on¢ of operating point 702a—702c¢). If Oy, 6,0, and Gy are the values of O, 6,

and 0, at a sclected operating point, the values for miy, m;, and m, may be calculated by
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FIGURE 8 1illustrates a block diagram of an exemplary toolface control system
for a rotary stecrable drilling tool. Toolface control system 800 may be configured to
perform toolface control for any suitable rotary steerable drilling tool, such as rotary
steerable drilling tool 200. Toolface control system 800 may be used to perform the
steps of any control system described in the present disclosure, such as control system
460, control system 520, control system 600, and/or control system 700 as described
with respect to FIGURES 4-7, respectively. Toolface control system 800 may be
located on the surface of the wellbore or may be located downhole as part of a
downhole tool or part of the rotary stecrable drilling system.

In some embodiments, toolface control system 800 may include toolface
control module 802. Toolface control module 802 may include any suitable
components. For example, in some embodiments, toolface control module 802 may
include processor 804. Processor 804 may include, for example a microprocessor,
microcontroller, digital signal processor (DSP), application specific integrated circuit
(ASIC), or any other digital or analog circuitry configured to interpret and/or execute
program instructions and/or process data. In some embodiments, processor 804 may
be communicatively coupled to memory 806. Processor 804 may be configured to
interpret and/or execute program instructions and/or data stored in memory 806.

Program 1nstructions or data may constitute portions of software for carrying out the
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design of a control system to control a toolface on a rotary steerable drilling tool, as
described herein. Memory 806 may include any system, device, or apparatus
configured to hold and/or house one or more memory modules; for example, memory
806 may include read-only memory, random access memory, solid state memory, or
disk-based memory. Each memory module may include any system, device or
apparatus configured to retain program instructions and/or data for a period of time
(¢.g., computer-readable non-transitory media).

Toolface control system 800 may further include rotary steecrable drilling
system model 808. Rotary steerable drilling system model 808 may be
communicatively coupled to toolface control module 802 and may provide values that
may be used to model the response of a rotary stecrable drilling system to an input
signal (¢.g., voltage) 1in response to a query or call by toolface control module 802.
Rotary steerable drilling system model 808 may be implemented in any suitable
manner, such as by functions, instructions, logic, or code, and may be stored in, for
example, a relational database, file, application programming interface, library, shared
library, record, data structure, service, softwarc-as-service, or any other suitable
mechanism. Rotary stecrable drilling system model 808 may include code for
controlling 1ts operation such as functions, instructions, or logic. Rotary steerable
drilling system model 808 may specify any suitable models that may be used to model
the dynamics of a rotary steerable drilling system, such as a model of a motor, a
model of a shear valve, a model of a turbine, and a model of a planctary gear system.

Toolface control system 800 may further include disturbance estimation
database 812. Disturbance estimation database 812 may be communicatively coupled
to toolface control module 802 and may provide estimations of disturbances that may
act on a rotary steecrable drilling system 1n response to a query or call by toolface
control module 802. Disturbance estimation database 8§12 may be implemented 1n any
suitable manner, such as by functions, instructions, logic, or code, and may be stored
in, for example, a relational database, file, application programming interface, library,
shared library, record, data structure, service, software-as-service, or any other
suitable mechanism. Disturbance estimation database 812 may include code for
controlling 1ts operation such as functions, instructions, or logic. Disturbance

estimation database 812 may specify any suitable propertics of the conditions 1n a
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wellbore that may be used for estimating the disturbances that may act on a rotary
steerable drilling system, such as the type of rock drilled by the drill bit, the drilling
fluid properties, the amount of cuttings in the wellbore, the lateral vibrations, the bit
walk, bit bounce, bit whirl, the housing speed, and/or stick slip. Although toolface
control system 800 1s 1llustrated as including two databases, toolface control system
800 may contain any suitable number of databases.

In some embodiments, toolface control module 802 may be configured to
generate control signals for toolface control of a rotary steerable drilling system. For
example, toolface control module 802 may be configured to import one or more
instances of rotary stecrable drilling system model 808, and/or one or more instances
of disturbance estimation database 812. Values from rotary steerable drilling system
model 808, and/or disturbance estimation database 812 may be stored 1n memory 806.
Toolface control module 802 may be further configured to cause processor 804 to
execute program 1nstructions operable to generate control signals for toolface control
for a rotary steecrable drilling system. For example, processor 804 may, based on
values 1n rotary steerable drilling system model 808 and disturbance estimation
database 812, monitor the toolface of a rotary steerable drilling system as a measured
toolface and may determine an updated input signal to send to the rotary stecrable
drilling system to correct the toolface, as discussed 1n further detail with reference to
FIGURES 1-7.

Toolface control module 802 may be communicatively coupled to one or more
displays 816 such that information processed by toolface control module 802 (¢.g.,
input signals for the logging tool) may be conveyed to operators of drilling and
logging equipment at the wellsite or may be displayed at a location offsite.

Modifications, additions, or omissions may be made to FIGURE & without
departing from the scope of the present disclosure. For example, FIGURE & shows a
particular configuration of components for toolface control system 800. However, any
suitable configurations of components may be used. For example, components of
toolface control system 800 may be implemented ecither as physical or logical
components. Furthermore, in some embodiments, functionality associated with
components of toolface control system 800 may be implemented 1n special purpose

circuits or components. In other embodiments, functionality associated with
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components of toolface control system 800 may be implemented 1n a general purpose
circuit or components of a general purpose circuit. For example, components of
toolface control system 800 may be implemented by computer program instructions.

Embodiments disclosed herein include:

A. A method of forming a wellbore including determining a desired
toolface of a drilling tool, calculating a toolface error by determining a difference
between a current toolface of the drilling tool and the desired toolface, generating a
model to describe the dynamics of the drilling tool, modifying the model, based on at
least one intermediate variable, to create a modified model, calculating a correction to
reduce the toolface error, the correction based on the modified model, transmitting a
signal to the first component of the drilling tool such that the signal adjusts the current
toolface based on the correction, and drilling a wellbore with a drill bit oriented at the
desired toolface.

B. A non-transitory machine-readable medium including 1instructions
stored therein, the instructions executable by one or more processors to facilitate
performing a method of forming a wellbore, the method comprising determining a
desired toolface of a drilling tool, calculating a toolface error by determining a
difference between a current toolface of the drilling tool and the desired toolface,
generating a model to describe the dynamics of the drilling tool, modifying the model,
based on at least one intermediate variable, to create a modified model, calculating a
correction to reduce the tooltace error, the correction based on the modified model,
transmitting a signal to the first component of the drilling tool such that the signal
adjusts the current toolface based on the correction, and drilling a wellbore with a drill
bit oriented at the desired toolface.

C. A downhole drilling tool control system including a processor, a
memory communicatively coupled to the processor with computer program
instructions stored therein, the instructions configured to, when executed by the
processor, cause the processor to determine a desired toolface of a drilling tool,
calculate a toolface error by determining a difference between a current toolface of
the drilling tool and the desired toolface, generate a model to describe the dynamics of
the drilling tool, modify the model, based on at least one intermediate variable, to

create a modified model, calculate a correction to reduce the toolface error, the



CA 02960955 2017-03-10

WO 2016/076827 PCT/US2014/064836

10

15

20

25

30

28

correction based on the modified model, transmit a signal to the first component of
the drilling tool such that the signal adjusts the current toolface based on the
correction, and drill a wellbore with a drill bit oriented at the desired toolface.

D. A drilling system including a drilling system, a drill string connected to
the drilling tool, a drill bit coupled to a toolface of the drilling tool, and a control
system operable to control the of a toolface of the drilling tool wheremn the control
system controls the of the toolface by determining a desired toolface of a drilling tool,
calculating a toolface error by determining a difference between a current toolface of
the drilling tool and the desired toolface, generating a model to describe the dynamics
of the drilling tool, modifying the model, based on at least one intermediate variable,
to create a modified model, calculating a correction to reduce the toolface error, the
correction based on the modified model, transmitting a signal to the first component
of the drilling tool such that the signal adjusts the current toolface based on the
correction, and drilling a wellbore with a drill bit oriented at the desired toolface.

Each of embodiments A, B, C, and D may have one or more of the following
additional elements in any combination: Element 1: wherein the first model 1s based
on a feedback of the current toolface. Element 2: wherein the signal 1s computed by a
nonlinear controller. Element 3: wherein gencrating the signal further includes
determining a nonlinearity of the drilling tool, modifying the nonlinearity based on at
lcast one of a plurality of intermediate variables to create a modified nonlinearity,
designing a lincar controller based on the modified nonlinearity, and modifying the
linear controller based on the nonlinearity. Element 4: wherein the nonlinearity 1s a
nonlinear relationship 18 between two states of the drilling tool. Element 5: wherein
the nonlinearity 1s a nonlinear relationship 1s between two states of the drilling tool.
Element 6: wherein at least one of the plurality of intermediate variables 1s related to a
state of the drilling tool by a one-to-one relationship.

Although the present disclosure has been described with several embodiments,
various changes and modifications may be suggested to one skilled in the art. For
example, although the present disclosure describes a rotary steerable drilling system
using a motor and a shear valve to cause the turbine to produce torque, the same
principles may be used to model and control the toolface of any suitable rotary

steecrable drilling tool according to the present disclosure. It 1s intended that the
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present disclosure encompasses such changes and modifications as fall within the

scope of the appended claims.
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WHAT IS CLAIMED I8S:

1. A method of forming a wellbore comprising:

determining a desired toolface of a drilling tool;

calculating a toolface error by determining a difference between a current
toolface of the drilling tool and the desired toolface;

generating a model to describe the dynamics of the drilling tool;

modifying the model, based on at least one intermediate variable, to create a
modified model;

calculating a correction to reduce the toolface error, the correction based on
the modified model;

transmitting a signal to the drilling tool such that the signal adjusts the current
toolface based on the correction; and

drilling a wellbore with a drill bit oriented at the desired toolface.

2. The method according to Claim 1, wherein the first model 1s based on

a feedback of the current toolface.

3. The method according to Claim 1, wherein the signal 1s computed by a

nonlinear controller.

4. The method according to Claim 1, wherein gencrating the signal
further includes:

determining a nonlinearity of the drilling tool;

modifying the nonlinearity based on at least one of a plurality of intermediate
variables to create a modified nonlinearity;

designing a linear controller based on the modified nonlinearity; and

modifying the linear controller based on the nonlinearity.
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5. The method according to Claim 4, wherein the nonlinearity 1s a

nonlinear relationship 1s between an mnput and a state of the drilling tool.

0. The method according to Claim 4, wherein the nonlinearity 1s a

nonlinear relationship 1s between two states of the drilling tool.

7. The method according to Claim 4, wherein at least one of the plurality
of intermediate variables 1s related to a state of the drilling tool by a one-to-one

relationship.

8. A non-transitory machine-readable medium comprising instructions
stored therein, the instructions executable by one or more processors to facilitate
performing a method of forming a wellbore, the method comprising:

determining a desired toolface of a drilling tool;

calculating a toolface error by determining a difference between a current
toolface of the drilling tool and the desired toolface;

generating a model to describe the dynamics of the drilling tool;

modifying the model, based on at least one intermediate variable, to create a
modified model;

calculating a correction to reduce the toolface error, the correction based on
the modified model;

transmitting a signal to the drilling tool such that the signal adjusts the current
toolface based on the correction; and

drilling a wellbore with a drill bit oriented at the desired toolface.

9. The non-transitory machine-readable medium according to Claim &,

wherein the first model 1s based on a feedback of the current toolface.

10.  The non-transitory machine-readable medium according to Claim &,

wherein the signal 1s computed by a nonlinear controller.
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11.  The non-transitory machine-readable medium according to Claim &,
wherein generating the signal further includes:

determining a nonlinearity of the drilling tool,;

modifying the nonlinearity based on at least one of a plurality of intermediate
variables to create a modified nonlinearity;

designing a linear controller based on the modified nonlinearity; and

modifying the linear controller based on the nonlinearity.

12.  The non-transitory machine-readable medium according to Claim 11,
wherein the nonlinearity 1s a nonlinear relationship 1s between an mput and a state of

the drilling tool.

13.  The non-transitory machine-readable medium according to Claim 11,
wherein the nonlinearity 1s a nonlinear relationship 1s between two states of the

drilling tool.

14.  The non-transitory machine-readable medium according to Claim 11,
wherein at least one of the plurality of mmtermediate variables 1s related to a state of the

drilling tool by a one-to-one relationship.

15. A downhole drilling tool control system comprising:

a Processor;

a memory communicatively coupled to the processor with computer program
instructions stored therein, the instructions configured to, when executed by the
processor, cause the processor to:

determine a desired toolface of a drilling tool,;

calculate a toolface error by determining a difference between a current
toolface of the drilling tool and the desired toolface;

generate a model to describe the dynamics of the drilling tool;

modify the model, based on at least one intermediate variable, to create

a modified model;
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calculate a correction to reduce the toolface error, the correction based
on the modified model;

transmit a signal to the drilling tool such that the signal adjusts the
current toolface based on the correction; and

drill a wellbore with a drill bit oriented at the desired toolface.

16.  The downhole drilling tool control system according to Claim 13,

wherein the signal 1s computed by a nonlinear controller.

17.  The downhole drilling tool control system according to Claim 13,
wherein generating the signal further includes:

determining a nonlinearity of the drilling tool,;

modifying the nonlinearity based on at least one of a plurality of intermediate
variables to create a modified nonlinearity;

designing a linear controller based on the modified nonlinearity; and

modifying the linear controller based on the nonlinearity.

18.  The downhole drilling tool control system according to Claim 17,
wherein the nonlinearity 1s a nonlinear relationship 1s between an input and a state of

the drilling tool.

19.  The downhole drilling tool control system according to Claim 17,
wherein the nonlinearity 18 a nonlinecar relationship 1s between two states of the

drilling tool.

20.  The downhole drilling tool control system according to Claim 17,
wherein at least one of the plurality of mtermediate variables 1s related to a state of the

drilling tool by a one-to-one relationship.



PCT/US2014/064836

i/&

CA 02960955 2017-03-10

WO 2016/076827

105

O

RERLLAEA
%/V\V\VA/\. P e
YONS.
SN ST,
=
= /f? .
Y
4
vy
o Y%
e - .
TR 8 = 5
o & s N\

T RS
RPN A

NG L o Z

\/W.‘\ . X 2.
w 4 vw./\\,v

4

130

FlIG. 1B



CA 02960955 2017-03-10

O 2016/076827 PCT/US2014/064836

> & &+ &




CA 02960955 2017-03-10

PCT/US2014/064836

WO 2016/076827

3/8

g4t

00000000000000000000000000000000000

30V \mmﬁ.m NYId |
1004

gL

000000000000

Ve Dld
IATVA
....ms “Snowol | 2o [ Eve 5 SNINIHO E 3OV LI0A
. MO A TYA
S0t wmm wcm
SHONVEHNLSIC

N
00%



CA 02960955 2017-03-10

PCT/US2014/064836

WO 2016/076827

4/8

’

L4

L4

’

L4
LR 4 *

e LR L4
y 9 L4

’

L4

L4

’

L4

L4

¢
15

S UNYEALSI0
HLIAM SOIWYNAC
| WHISAS HYANTINON

. ONFTANODIA

: HONYHALSIH
: W w..ww N

AL

ONdNOIE0 HOVEU S
ALVLY WIS AHY

WS WA WA WA WA MW ees

LR
L4
. -
*
*
4
LR 4
L4
L/
* . -
-
’ L/ *
,
L4 L4 R4
L4 L4
’
’ LR 4 LR *
e L  r e Al
L4 , e . LR +
L4
’ *
d
L4
L4
’ *
L J
L4
L4
’

e o o s s s s e s s e o

SNIENODI0 IONYEHNLSIC
CINY ALIHYINIINON

e THIANGD
AIYE

LR
. a
LR/
*
+
*,
LR
* L
-’
* +
L4 +
d
L/
*
L
LR *
- re L4
. +,
* g
’
*
*
L/

(OIS0



CA 02960955 2017-03-10

PCT/US2014/064836

WO 2016/076827

(v Dld

OO OO nannd ooannf #oonnof ononf oonnf onnons onononf oonnfs ooonf ooannof ooonn @ ooannn @ ooannn @ oannn R oannnh ooannn  Mnannn  Anann  Mnnonf  anannf xnnnd !'M

LR B L L B B A U L U U B L U L U L L L L B R

LR DE DR N N B D D D D O

L U L B B L U L L N LR L L B U L B L R

“« 4 4 4

8 1
iuw‘ln 2 ﬂw O =

AR AR R R R R RN
LR DR D B B DR D D D D DR D DL D D D U D D BN
-

-

-

-

-

LD D N N B D U D D D O

S e e e e e e . . e

y e
LR

“-
-

LR D N N N D D D D O
"]

8LV

“-
-
LR D D N B D D D U B D B )
«
“-

LR B N L B B L A U L U U L L U L U U L B L L N

o Za

LV

Qb IV A

MR EEEEE R EEEE B EEEEEEEN

WO et HOLOW

LB EEEEEEEEEEEEEBIEEIEEBIEEIEEIEN

MR R N R RN N R R N RN N .

147

, 9

*

L N N RN N R RN N RN NN N

DN N0 E0 MOYE5 44
SLVLS OIS ARG ULy

ONPIaN00H0 ANdN A0NYEANLSIC

MR E R EEEEREE R EEEEN

LD DL D B B D D D DL D D D DR D D D D B

LD DL B B B D D D D D D D D D D D D O

LB EEEEEE R EEEEEEEN

AR RN

AR AR RN

LRI RN

1ty

LR D N DL DL D D D D D B R

AR N




CA 02960955 2017-03-10

PCT/US2014/064836

WO 2016/076827

6/8

T 30v4100L |

hzﬁa

708

ARSI K| 090G
§ . m
H cen s L | HITIONINGD
INGW3DVIASIO |  MYENN
MYINONY 1T .
MOMOﬁ mn Nwm me
HY DA
21414
mzmmﬁ AN PE—
m . g
m
; 444 mm@

Y1001
{J=2is =0




CA 02960955 2017-03-10

PCT/US2014/064836

WO 2016/076827

ddlS Ll

N (1934S ONISNOH
*8 50V 1001 O3S0 s
A1
e '™ 03348 m
o INIGHNL VLDV HU d3LS QIHL
9 ld (SNISNOH NO QYoip
& ONINIJO IATYA T¥NLOY
@ow\ o JOVAI00L TVALOY NTLSAS HNYNAC ..
. H 7 st N
. (> TxD) /=g 111N TOHINGD
e
N
HS 314
gy gy g g e g 288
: ! .. m 5 w % by : A «@ . @Nm
m . ;.
m Vs
m e m HITIOHLINOD
m . E HYINITNON
Hey | ; I
m 2 w ....... m \
e e s e e e e e s o e e e . e e e . . . . . s . s s . . . . d_ 08 v/



CA 02960955 2017-03-10

WO 2016/076827 PCT/US2014/064836
00 /8
f2a ?Q§a 2065
) x
OPERATING POINT 1 [~——>| SYSTEMMODEL 1 |-+ CONTROLLER { |
f02b fU4D 708h
4 / /]

OPERATING POINT 2 > SYSTEM MODEL2 | | CONTROLLER 2 |

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

4 "
f02¢c f40 f06C
\va'
i, TA
§10
\ *

712 714 |95 718
CONTROLLER LINEAR V | ROTARY STEERABLE ﬁf

LOOKUP || CONTROLLER | DRILLING SYSTEM

306

800

-




N 502

: MOTOR 5@4
; ANGULAR

LINEAR | DISPLACEMENT TOOLFACE |
CONTROLLER  MAPPING § i PLANT

mmmmmmmmmmmm "ok

DESIRED
TOOLFACE /™




	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	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 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - abstract drawing

