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turn rate equations can be calibrated by adjusting model parameters thereof to minimize any variance between actual response
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using an Inverse application 112 of the steering behavior model. As additional data 118 becomes available, steering behavior
model can be further calibrated 102 through iteration.
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ABSTRACT

Steering behavior model can include build rate and/or turn rate equations
to model bottom-hole assembly behavior. Build and/or turn rate equations can
be calibrated by adjusting model parameters thereof to minimize any variance
between actual response 118 and estimated response produced for an interval of
the well. Estimated position and orientation 104 of a bottom-hole assembly along
a subsequent interval can be generated by inputting subsequent tool settings into
the calibrated steering behavior model. Estimated position and orientation 104
can be compared to a well plan 106 with a controller 108 which determines a
corrective action 110. Corrective action 110 can be converted from a buiid
and/or turn rate to a set of recommended tool settings 114 by using an inverse
application 112 of the steering behavior model. As additional data 118 becomes

available, steering behavior model can be further calibrated 102 through iteration.
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METHOD OF AUTOMATICALLY CONTROLLING THE
TRAJECTORY OF A DRILLED WELL.

BACKGROUND

[0001] The invention relates generally to methods of directionally drilling wells,
particularly wells for the production of hydrocarbon products. More specifically, it
relates to a method of automatic control of a steerable drilling tool to drill wells
along a planned trajectory.

[0002] When drilling oil and gas wells for the exploration and production of
hydrocarbons it is often desirable or necessary to deviate a well in a particular
direction. Directional drilling is the intentional deviation of the wellbore from the
path it would naturally take. In other words, directional drilling is the steering of
the drill string so that it travels in a desired direction.

[0003] Directional drilling can be used for increasing the drainage of a particular
well, for example, by forming deviated branch bores from a primary borehoie.
Directional drilling is also useful in the marine environment where a single
offshore production platform can reach several hydrocarbon reservoirs by
utilizing a plurality of deviated wells that can extend in any direction from the
drilling platform.

[0004] Directional drilling also enables horizontal drilling through a reservorr.
Horizontal drilling enables a longer section of the wellbore to traverse the
payzone of a reservoir, thereby permitting increases in the production rate from
the well.

[0005] A directional drilling system can also be used in vertical drilling operation.
Often the drill bit will veer off of a planned drilling trajectory because of an
unpredicted nature of the formations being penetrated or the varying forces that
the drill bit experiences. When such a deviation occurs and is detected, a
directional drilling system can be used to put the drill bit back on course with the
well pian.

[0006] Known methods of directional drilling include the use of a rotary
steerable system (“RSS”). In a RSS, the drill string is rotated from the surface,

and downhole devices cause the drill bit to drill in the desired direction. RSS is



CA 02635331 2008-06-19

Attorney Docket No.: 92.1100

preferable to utilizing a drilling motor system where the drill pipe is held
rotationally stationary while mud is pumped through the motor to turn a drill bit
located at the end of the mud motor. Rotating the entire drill string greatly
reduces the occurrences of the drill string getting hung up or stuck during drilling
from differential wall sticking and permits continuous flow of mud and cuttings to
be moved Iin the annulus and constantly agitated by the movement of the drill
string thereby preventing accumulations of cuttings in the well bore. Rotary
steerable drilling systems for driling deviated boreholes into the earth are
generally classified as either “point-the-bit” systems or “push-the-bit” systems.
[0007] When drilling such a well, an operator typically referred to as a
directional driller is responsible for controlling and steering the drill string, or more
specifically, the bottom-hole assembly (BHA), to follow a specific well plan.
Steering i1s achieved by adjusting certain drilling parameters, for example, the
rotary speed of the drill string, the flow of drilling fluid (i.e., mud), and/or the
weight on bit (WOB). The directional driller also typically operates the drilling
tools at the end of the drill string so that the drilling direction is straight or follows
a curve. These decisions to adjust the tool settings (e.g., the drilling parameters
and/or the settings of the drilling tools) are made based on a data set that is
measured at the surface and/or measured downhole and transmitted back by the
drilling tools. An example of the data transmitted by the tools is the inclination
and the azimuth of the well, as both are measured by appropriate sensors,
referred to as D&l sensors in oilfield lexicon, in the bottom-hole assembly (BHA).
[0008] Typically, these measurements have been taken by static surveys made
during the period of time the rotary table is quiescent as a new stand of pipe
(approximately ninety feet in length) is attached at the rotary table to permit
further drilling. These static survey points form the basis for determining where
the BHA Is located in relation to the drilling plan given to the directional driller by
the geophysicist employed by the owner of the well.

[0008] The directional driller is a key link in the success of the drilling operation.
The directional driller uses personal experience and judgment to make the
decisions required to control the trajectory of the well and thus a level of
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proficiency and experience is needed to operate the directional drilling controls on the rig
during drilling. As this decision making process is neither systematic nor predictable due
to the lack of uniformity between wells, formations and BHAs used, directional drillers
often differ in their decision making, yet these decisions generally all relate to maintaining
the drilling assembly in accordance with a previously detailed well drilling plan. Each
drilling program is unique and methods for the systematization of this process are
currently being studied by the entire drilling industry. Directional drillers remain in high
demand. Thus, there exists a need to automate the control of the directionat drilling
program to eliminate the need for the real-time supervision of the drilling by the
directional driller on each directionally drilled well and to permit the directional driller to

assume a more consultative position in the directional drilling process.

[0010] Irrespective of whether a directional driller is present on the drilling rig
during operations, there exists a need for an improved automatic trajectory control
method. Such a method, which can be either automatic or manual, can make the
steering of the wells a more systematic, consistent, and predictable task than is providea
for by currently existing techniques, while minimizing the reliance on scarce directional

drillers to complete drilling programs.
SUMMARY OF THE INVENTION

[0011] In one aspect, there is provided a method of controlling the trajectory of a
drill string comprising: providing a steering behavior model having a build rate equation
and a turn rate equation; calibrating the steering behavior model by minimizing any
variance between an actual build rate and an actual turn rate of a bottom-hole assembly
generated by a first set of tool settings and a first estimated build rate and a first
estimated turn rate generated by inputting the first set of tool settings into the steering
behavior model; determining an estimated position and an estimated azimuth and
inclination data set of the bottom-hole assembly by inputting a second set of tool settings
into the calibrated steering behavior model; comparing the estimated position and the
estimated azimuth and inclination data set to a well plan to determine any deviation of
the bottom-hole assembly therefrom; and determining with a controller a corrective action

to correct the any deviation.
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[0012] In another aspect, there is provided a method of controlling the trajectory
of a drill string comprising: providing a steering behavior mode! having a build rate
equation and a turn rate equation; calibrating the steering behavior model at a first
interval by minimizing any variance between an actual build rate and an actual turn
rate of a bottom-hole assembly generated by a first set of tool settings and a first
estimated build rate and a first estimated turn rate generated by inputting the first set of
tool settings into the steering behavior model; determining a second estimated build
rate and a second estimated turn rate at a second interval by inputting a subsequent
second set of tool settings into the calibrated steering behavior mode!l;, comparing the
second estimated build rate and the second estimated turn rate to a well plan to
determine any deviation of the bottom-hole assembly therefrom; and determining with

a controller a corrective action to correct the any deviation.

[0013] In another aspect, there is provided a method of controlling the trajectory
of a drill string comprising: providing a steering behavior model having a buiid rate
equation and a turn rate equation of a bottom-hole assembly; providing an actual
azimuth and inclination data set for a first interval drilled with a first set of tool settings;
determining an actual build rate and an actual turn rate for the first interval from the
actual azimuth and inclination data set; calibrating the steering behavior model by
minimizing any variance between the actual build rate and the actual turn rate and a
first estimated build rate and a first estimated turn rate generated by inputting the first
set of tool settings into the steering behavior model; determining a second estimated
build rate and a second estimated turn rate with the calibrated steering behavior model
for a subsequent second interval drilled with a subsequent second set of tool settings;
integrating the second estimated build rate and the second estimated turn rate over the
second interval to produce a second estimated azimuth and inclination data set for the
second interval; integrating the second estimated azimuth and inclination data set over
the second interval to produce an estimated position of the bottom-hole assembly;
comparing with a controller at least one of the second estimated build rate and the
second estimated turn rate, the second estimated azimuth and inclination data set, and
the estimated position to a well plan to determine a corrective action; and determining

with the controller a set of recommended tool settings from the corrective action and an

inverse application of the calibrated steering behavior model.
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[0014] Other aspects and advantages of the invention will be apparent from the

following description and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Fig. 1A is a flow diagram of a method of controlling the trajectory of a
drilled well, according to one example.

[0016] Fig. 1B is a flow diagram of a method of controlling the trajectory of a |
drilled well, according to one example.

[0017] Fig. 2A is a graph of actual inclination and estimated inclination along an
interval of drilled well, according to one example.

[0018] Fig. 2B is a graph of actual azimuth and estimated azimuth along an
interval of drilled well, according to one example.

[0019] Fig. 3 is schematic view of the inclination of a well plan compared to the
inclination of a drilled well, according to one example.

[0020] Fig. 4 is a flow diagram of a method of filtering raw data, according to
one example.

[0021] Fig. 5 is a flow diagram of a method of producing build and turn rate from
filtered raw data, according to one example.

[0022] Fig. 6 is a flow diagram of a method of training a steering model,

according to one example.

DETAILED DESCRIPTION OF THE INVENTION
[0023] The current invention provides a system and method of automatically
controlling the trajectory of a drilled well. To automatically control the trajectory

of a drilled well, a steering behavior model, which can be mathematical, software,
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or other digital form, is provided. The steering behavior model can use any
methodology or tool to simulate the steering behavior of a drill string, or more
specifically a bottom-hole assembly. The present invention relates to the
calibration of a steering behavior model to minimize a variance between the
steering behavior model of the well and the actual drilled well. Fig. 1A illustrates
an example flow diagram. The steering application 100 can be used to create an
automatic trajectory controller and/or an automatic steering application 100. A
controller can be a computer. A controller can be any electrical or mechanical
device, for example, for determining any corrections necessary to align an actual
trajectory with a well plan or any other requirements.

[0024] Currently there are a number of different tools and methodologies that
can be used to attempt the simulation or capture of the steering behavior of a drill
string, or more specifically, the bottom-hole assembly thereof. For example,
neural network or fuzzy systems can be used to capture the steering behavior,
however as illustrated by the examples described below, the example steering
behavior model disclosed herein offers increased simplicity and accuracy by
using a simpler adaptive control. An adaptive control, for example, a linear
regression algorithm, does not require a complicated training system including
the complex weights and biases, multiple field tests (for example, to form
different lithologic units), degrees of truth, and/or collections of rules defining
degrees of movement of the tool based on the current position of the variance
between a current and a preferred position of a wellbore.

[0025] One example of the steering behavior model utilizes build rate (BR),
which is the rate the inclination changes versus depth, and/or turn rate (TR),
which is the rate the azimuth changes versus depth, of the drill string (e.g.,
bottom-hole assembly) at any given point or interval of the well. In such an
example, a mathematical steering behavior model can be developed that
produces these two quantities, build rate (BR) and turn rate (TR), as a function of
several other variables including, but not limited to, the actual position (which
may only include depth, but may also include
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[0026] a three dimensional position within the Earth) and actual orientation,
e.g., inclination and azimuth, of the bottom-hole assembly at a given location or
time (a vector with this information is denoted as P); the properties of the
formation that the BHA is drilling through (a vector with this information is
denoted as F); the geometry of the bottom-hole assembly (a vector with this
information is denoted as G); a set of model parameters that depend on the form
of the functions f and g (see below) used to produce BR and TR (a vector with
these model parameters is denoted as MP).

[0027] The model parameters (MP) are those variables of each mathematical
model that can be adjusted during the calibration to minimize the variance
between the estimated position and/or orientation (for example, estimated
inclination and azimuth at a given point or interval of the well) and the actual
position and/or orientation (for example, actual inclination and azimuth at that
given point or interval of the well) of the drill string. The variables can also
include the tool settings (cumulatively referred to as the vector TS). Tool settings
(TS) can include any of the drilling tool settings (a vector with this information is
denoted as DTS) and the drilling parameters (a vector with this information Is
denoted as DP) and thus tool settings (TS)=DP+DTS. Drilling tool settings (DTS)
can include, but are not limited to, toolface angle, steering ratio, drilling cycle, etc.
Drilling parameters (DP) can include, but are not limited to, weight on bit, the
mud flow rate, the rotation speed of the drill string, slide versus rotation of the drill
string, the rotation speed of the drill bit, etc.

[0028] Mathematically, one can write two equations for the build rate (BR) and
the turn rate (TR) as: BR=f(DP, DTS, P, F, G, MP) and TR=g (DP, DTS, P, F, G,
MP), respectively. Mathematical equations f and/or g are preferably standard
algebraic equations, for example a polynomial, but can be any mathematical
function suitable for capturing the steering behavior of a drill string and/or bottom-
hole assembly.

[0029] Some of the variables or portions thereof, which are used as input to the
build rate equations and/or turn rate equations of the steering behavior model,

can be incomplete or unavailable. In these cases, simplified versions of the
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equations f and g can be used to capture the steering behavior of the bottom-
hole assembly, as is known in the art. An example of a build rate equation is
BR= f (steering rate x ability of the tool x cosine (toolface angle+toolface offset) +
sinking bias). The sinking or “drop” bias can be a model parameter adjusted to
produce a best fit of the equation and the toolface angle can be a drilling tool
setting. An example of a turn rate equation is TR= g (steering rate x ability of the
tool x sine (toolface angle+toolface offset) + walk bias). The walk bias can be a
model parameter adjusted to produce a best fit of the equation and the toolface
angle can be a drilling tool setting. The azimuth can be understood graphically
as the area under the turn rate vs. depth plot. The inclination can be understood
graphically as the area under the build rate vs. depth plot. As the length of hole
increases, e.g., hole depth, the increments in that area can change.

[0030] To form the steering behavior model described above, a mathematical
equation simulating the behavior of the bottom-hole assembly can be selected.
This invention allows an understanding of the behavior of a drill string, or more
specifically, the bottom-hole assembly, and does not just measure the accuracy
of a model as in the prior art, for example. The steering behavior model can be
created using a linear regression algorithm for the build rate (BR) and/or for the
turn rate (TR). A variable of the linear regression algorithm can be the tool
settings (TS). Linear regression algorithms are well known in the art. In FIG. 2,
a steering behavior model can be calibrated 102 by adjusting the model

parameters (MP) to dynamically minimize the variance in the estimated position
and orientation and the actual position and orientation over the observation sets,
for example, by the least squares method. In one example, the model
parameters can be adjusted to dynamically minimize the variance in the

estimated build rate and turn rate and the actual build rate and turn rate over
observation sets where the actual build rate and turn rate data is available.

[0031] As the well is drilled to greater depths, typically an increased amount of
data becomes available. This data includes, or can be used to calculate, the
actual position and orientation 118 of the bottom-hole assembly at different times

or depths. One non-limited example of such data is azimuth and inclination data
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from a D&l sensor. The actual build rate and turn rate can be calculated as the
inclination at muitiple depths and azimuth at multiple depths is returned by the

D&l sensors.

[0032] As the last transmitted tool settings (TS) 114, which can include the
drilling parameters (DP) and drilling tool settings (DTS), are typically known, the
tool settings 114, the model parameters (MP), and any other known variables
(e.g., F, G) can be used as input into the steering behavior model to produce an
estimate of the build rate and turn rate of the bottom-hole assembly achieved by
those actual tool settings (TS) (e.g., as the drill string advances). As the sensors,
for example, a D&l sensor, are typically located at a distance from the bit itself
and/or the sensor data can lag behind relative to the tool settings (TS), the build
and turn rate equations of the steering behavior model can provide an estimate
of the position and orientation of the D&l sensor and/or bit.

[0033] Build and turn rate equations of the steering behavior model can serve
as the integrand, and thus be mathematically integrated over a desired interval,
for example, a range of depths, to produce the estimated position and
orientation, for example, the degrees of azimuth and inclination change over that
range of depth. The lower and upper limits of integration are likewise adjustable
to any desired interval, for example, between two depths. The integrated forms
of equations f (build rate) and g (turn rate) can be used to estimate inclination
and azimuth at an interval, respectively, as shown in Figs. 2A-2B, which can be
compared to the actual inclination and azimuth data 118 received to calibrate 102
the model. The solution set from this repeated calculation more accurately
describes the behavior of the BHA as it drills through the given formation.

[0034] One aspect of the present invention is to dynamically calibrate the
steering behavior model using data 118 that is acquired during the drilling
operation. After providing a steering behavior model, the model can be iteratively
calibrated 102 to capture the steering behavior of the drill string (i.e., bottom-hole
assembly). The estimated response 104, for example, can be produced in terms
of build rate and turning rate and/or azimuth and inclination (e.g., the integral of

the build rate (f) and turn rate (g) functions), which can be further integrated to
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provide the position. If this estimated response 104 for a set of tool settings has
the minimal desired variance relative to the actual response (as it iIs measured by
sensors) 118 for the interval corresponding to those tool settings, the steering
behavior model can be deemed to produce accurate predictions. If the estimated
104 and actual 118 position and orientation have a greater variance than desired
by the user and/or controller, then there is a need to update at least one of the
model parameters (MP). This is the dynamic calibration concept.

[0035] Calibration 102 compares known value(s) to a value(s) estimated from
the steering behavior model and minimizes any difference therebetween. The
minimization can occur between two points, or any plurality of points to produce a
best fit model. When the steering behavior model has been calibrated so as to
describe the behavior of the bottom-hole assembly to a level satisfactory to the
user (or controller), the model can then be used to create projection(s) of the
build rate and turn rate of the drill string “ahead” of actual data, for example,
ahead of actual azimuth and inclination data from direction and inclination (D&l)
sensors which typically lag.

[0036] Similarly, the steering behavior model can produce estimates of the
position and orientation (e.g., azimuth and inclination at a depth(s)) of the BHA
before the data set corresponding to the actual position and orientation is made
available and/or before the steering behavior model is calibrated 102 with the
most recent data set 118. Estimates or projections 104 of the behavior, position,
and/or orientation (for example, the azimuth and inclination) of the bottom-hole
assembly, can be at the location of the sensors, or even estimates further ahead
at or in front of the drill bit as the distance from the sensors to the drill bit is
typically known.

[0037] As the current tool settings (TS), including both the drilling tool settings
(DTS) and the drilling parameters (DP), are typically known, for example in real-
time, the build rate and turn rate (or the position and/or orientation of the bottom-
hole assembly determined by integration) can be estimated by extrapolating the
steering behavior model to a point in the well (e.g., time and/or depth) utilizing

those tool settings and the model parameters determined in the previous

10
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calibration 102, as is described in detail below. As the drill string continues to

drill, eventually a data set, which preferably includes the inclination and azimuth

measurements of the bottom-hole assembly from a D&l sensor package, will be
received at or after the projection occurs. The data set can include the actual
inclination and azimuth measurements corresponding to the estimated inclination
and azimuth formed by the model for a corresponding section of the well.

[0038] The actual data points can then be compared to the estimated data
points 104 to re-calibrate the model 102. Calibration can include the least
squares method, least mean squares method, and/or curve fitting; however, any
mathematical optimization technique for fitting a mathematical function to a data
set can be used. The simplicity of using a conventional linear regression
algorithm to estimate the functions f and/or g allows the calibration or re-
calibration of the model by re-estimating the model parameters (MP), with
additional data sets retrieved during the drilling process. These data sets can
consist of a single variable typically referred to as the "error" relative to the
response variable (e.g., the tool settings) estimated in a linear regression
algorithm. Functions f and g can have the same set of model parameters (MP)
or different set(s), as required to produce the desired fit of the functions to the
behavior of the bottom-hole assembly. The model parameters (MP) created or
adjusted during the calibration step 102 can be utilized in functions f and/or g In
both producing the estimated position and orientation 104 and, as discussed

below, in determining the set of recommended tool settings 114 with the inverse

application 112. A linear regression algorithm does not limit the resulting function
to be a straight line; the term linear merely refers to the response of the

explanatory variables being a linear function of the estimated parameter of the

equation.

[0039] A steering behavior model, more particularly an inverse application 112
thereof, can also be used to produce a set of recommended tool settings 114
(e.g., commands) for the surface equipment and/or the drilling tools to achieve a
corrective action. The above is the broad picture of automated drilling operations.

A steering application 100 to automate the steering of the bottom-hole assembly

11
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can utilize such a steering behavior model to create a future projection of a drilled
well, for example, a future (e.g., estimated) orientation and position 104. Any
step of the method can be accomplished with a controller.

[0040] Graphs of actual and estimated inclination versus hole depth can be
seen in Fig. 2A and of actual and estimated azimuth versus hole depth in Fig. 2B.
Figs. 2A and 2B further illustrate the “best fit” nature of one example of the
steering behavior model. As the actual inclination and azimuth measurements
118 are typically part of the sensor package, they can be used to calibrate 102
the steering behavior model. More specifically, as the tool settings 114 (15),
formation (F), geometry of the bottom-hole assembly (G), and/or actual response
118 (e.g., position and orientation (P)) corresponding to the time period the
estimate 104 was formed become available, the model parameters (MP) can be
calibrated 102 to fit the functions f and/or g to that data, e.g., the model
parameters (MP) can be solved for in the calibration step 102 for a section of
well. For example, the functions can be integrated to produce the estimated
orientation and position, as discussed further in reference to Fig. 1B, or as an
actual reading(s) of inclination is known from the D&l data 118 for a previous
point(s) (e.g., point 122 in Fig. 3), the estimated inclination can be calculated at a
subsequent point(s) (e.g., point 124 in Fig. 3) as the estimated inclination change
between the previous point (e.g., point 122 in Fig. 3) and the subsequent point
(e.g., point 124 in Fig. 3) can be produced from the integrated build rate equation
with a set of known tool settings (TS). This can be similarly accomplished for an

azimuth reading(s) and the turn rate equation.
[0041] After the steering behavior model is calibrated or trained to a desired

level of accuracy, the model can then be used to form a second estimate or

prediction. The second estimate extrapolates “ahead” of the downhole sensors
that measure the inclination and azimuth of the well (D&l sensor package). The
steering behavior model thus creates estimates, or projections, of the quantities
of interest, for example, before they are measured In reality and/or before they

are utilized to calibrate 102 the steering behavior model.

12
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[0042] More specifically, the values of the drilling parameters (DP) and the tool
settings (TS) that have been used for drilling the well thus far are typically known
(i.,e., up to the point to which an estimate is being determined). These tool
settings 114 (DP and DTS) can be used as input into the calibrated steering
behavior model to estimate what is happening at the bottom-hole assembly
without waiting for positive confirmation by the sensors (e.g., the position and
orientation). Due to the lengthy transmittal times, data can lag such that the
position and orientation data is received at a time (e.g., present time) that Is as
much as 30-40 meters behind the real time location of the bit. Such a steering
behavior model can avoid the problems introduced by the delayed
measurements.

[0043] Additionally, a projection 104 (e.g., an estimate of the bottom-hole
assembly position and orientation) can be compared to a preexisting well plan
106, and, if necessary, a corrective action (e.g., desired response) 110 can be
determined and typically implemented. The corrective action 110 can be
determined by a controller 108, or more specifically, a trajectory controller. The
corrective action 110 can be such that the actual trajectory of the drilled well
follows the planned trajectory from the well plan if the objective of drilling is hitting
a target of interest, and as such the well can be re-aligned to the well plan 106.
[0044] A well plan 106, which can include, but is not limited to, target areas,
areas to avoid, geometric shapes for the drilled well, or any other aspects of
trajectory, is provided, as is known in the art. The estimated position and
orientation 104 produced by the steering behavior model can then be compared
to the well plan 106, for example, comparing the estimated inclination and
azimuth 104 at a depth or depth interval to the well plan’s inclination and azimuth
at that depth or depth interval. This comparative step is preferably accomplished
by a controller 108 or other automating processor. If the estimated position and
orientation 104 of the well deviates from the well plan 106 at a level that is
deemed unacceptable, for example a user set level of maximum deviation, the

controller 108 can determine a corrective action 110.

13
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[0045] Controller 108 determines any corrections necessary to align the actual
trajectory 118 with the plan 106 in Fig. 3, or to meet any other requirements. For
example, if the well is already in a pay zone (i.e., formation where there iIs oll or
gas), the objective can be to stay in the pay zone instead of strict adherence to a
pre-determined geometric plan. The corrective actions 110 coming out of the
controller can thus be dictated by a number of different requirements, and not
simply by the need to follow the 'well plan 106. In the example illustrated in Fig.
1A, the controller and not the human directional driller comes up with this
decision.

[0046] If the current tool settings 114 produce an estimated bit position and
orientation 104 that are within the acceptable range of the well plan 106, the
desired response 110 (e.g., corrective action) can be to continue drilling with the
current set of tool settings 114.

[0047] However, if the controller 108 determines a corrective action 110 is
appropriate, controller 108 can calculate a corrective action 110 (or actions)
necessary to align the current trajectory 118 of the drill string with the well plan
106 trajectory. In one example using a build rate equation and turn rate equation
as the steering behavior model, the corrective action (e.g., desired response of
the bottom-hole assembly) 110 can be outputted as a desired build rate (BR) and
turn rate (TR). More specifically, the controller 108 compares the actual
trajectory to the desired one (e.g., well plan 106), and can derive a path to bring
the actual drilled well back onto the plan 106. This corrective action 110 can be
subject to additional constraints, such as a degree of total change or smoothness
of the trajectory or that the corrective action 110 does not allow the actual well to
penetrate a user-defined target or boundary, etc.

[0048] If a corrective action 110 desired from the drilling tools i1s known, the
commands (e.g., tool settings 114) to be sent to the drilling tools 116 to achieve
this desired response can be determined. Difficulties in determining the tool
settings 114 can abound as the driling process is subject to a number of

uncertainties (non-uniform formations, external disturbances that affect the
steering behavior of the drilling tools, signal noise, etc.). The manifestation of
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these uncertainties is that the drill string can be ordered to drill in a certain
direction, but the actual result is significantly different. Thus the method can
provide the appropriate set of recommended tool settings 114 that will generate
the response desired. This can be achieved using a different aspect of the
present disclosure, or more specifically, an inverse application of the steering
behavior model 112.

[0049] Once the appropriate tool settings 114 for the drilling tools have been
obtained, the tool can drill forward, and new data 118 can become available.
The new data (e.qg., actual response) 118 can be utilized then, or in the future, to
repeat the process previously described to calibrate 102 the steering behavior
model as is discussed in further detail below. Any or all of the steps of this
invention can be achieved with a controller.

[0050] As the desired corrective action 110 can be determined in terms of a
recommended build rate (BR) and turn rate (TR) over an interval of the well,
these rates can be converted into a set of recommended tool settings. In one
example, the determining of the set of recommended tool settings (e.g., the new
tool settings) is accomplished by using the inverse application 112 of the steering
behavior model calibrated earlier. This forward application 104 of the steering
behavior model resolves, given a subsequent set of tool settings of the drilling
parameters (DP) (weight on bit, mud flow, etc.) and/or the drilling tool settings
(DTS) (steering ratio, toolface angle, etc.), the estimated build rate and turn rate,
which can provide the estimated position and orientation, of the down hole
assembly achieved with those subsequent set of tool settings. Thus a projection
of the drilled well is created. The inverse application 112 can be used to
calculate, beginning at a previous point of the well, the necessary tool settings
(TS), or changes thereof, needed in order to obtain the desired position and
orientation of the bottom-hole assembly (e.g., the desired response 110) at a
future point. As such, an undesired variance between the estimated position and
orientation 104 and the well plan 106 can be corrected with the set or
recommended tool settings 114.
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[0051] After the inverse application 112 provides the recommended tool settings
114 to correct the variance as desired, the tool settings 114 can then be
outputted. The output can be a visual or other display or can be an automatic
transmittal to a control means of the drill string, as is known in the art. Drilling
can pause between the receipt of new data and the output of tool settings or the
drilling can be continuous during this iterative process. After the tool settings are
changed to the recommended set of tool settings 114, drilling typically continues
until the new data set, for example, actual position and orientation data 118, Is
received. The iterative process of calibrating the model 102, producing an
estimated position and orientation 104, comparing the estimate to a well plan 106
with a controller 108, determining a corrective action 110 (if needed), and using
an inverse application 112 of the steering behavior model previously calibrated
102 to produce a set of recommended tool settings 114 can be repeated all over
when new data becomes available or as otherwise desired to further calibrate the
model. Such a steering application 100 can be done entirely or partially with a
controller.

[0052] Complications can arise when the drilling operations are subject to
external disturbances, which are typically referred to as steering events. A
steering event is anything that causes the bottom-hole assembly to behave in a
manner different than the prior behavior. A steering event can be caused by an
external factor, for example, a formation change, or by the user or other
controller of the tool settings. The steering behavior model, e.g., functions f and
g, are calibrated to closely approximate any changes, based on the measured
data, in order to adjust the appropriate model parameters (MP). For example,
when using the functions f and g over an interval covering 100 meters, a poor fit
may be obtained, for example, because a steering event has occurred and it is
not possible to fit a single function over the entire interval. Instead, the steering
behavior model can include additional functions f and g to sub-intervals to more
closely approximate the behavior of the bottom-hole assembly. Typically this is
accomplished by identifying the most likely depth where the steering event

occurred, and fitting different versions of the functions f and/or g on the sub-
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intervals before and after the event. This can also be accomplished with a
controller.

[0053] Searching for the steering event, as well as selecting the functions f and
g before and/or after the event, can be part of the iterative calibration process
that minimizes the fitting error, in addition to adjusting the model parameter(s).
The steering behavior model can input different forms of the equations f and/or g
and different variations of the model parameter(s) before and/or after each
candidate event until the steering behavior model for that steering event fits
satisfactorily to the observed (measured) data 118. Once this is done
successfully, the functions f and/or g that are selected can be used for creating
the projections 104, and/or tool settings 114, as is described above.

[0054] Fig. 3 is a schematic illustration of one example of a well plan 106. Fig.
3 shows that at the target depth, the inclination (I bit) does not match the
inclination of the well plan at the target (| target). The well 120 has deviated from
the well plan 106, and thus a corrective action (shown with dotted line) Is
determined by the controller 108.

[0055] The use of one example of the method will now be described In
reference to Fig. 3. Fig. 3 graphically illustrates an inclination of a well versus
depth, (e.g., the slope of the line at each point is the build rate), although a data
table can be used. The following methodologies can similarly be utilized for
azimuth measurements using the turn rate equation, etc.

[0056] A build rate and/or turn rate equation, which can include a best guess for
the model parameters or include model parameters that were calculated in a
previous calibration, is supplied. In the following example, assume the actual

azimuth and inclination data set 118 from the D&l sensors has been received up

to the point marked as 122 on Fig. 3. Point 122 and above can be referred to as
a first depth interval. The tool settings 114 (TS1) (e.g., tool face angle, etc.) used
to generate the wellbore 120 up to point 122 are known. Best estimates can also
be used in case some measurements are not available.

[0057] As the tool settings (TS1) are known and a data set of the inclination,

azimuth, and position (which can be converted into a build rate and turn rate) are
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known, the build rate and turn rate equations can be calibrated by inputting the
tool settings (TS1) into the build rate and/or turn rate equations and adjusting the
model parameters to produce a desired fit of the build rate and/or turn rate
equations for the actual inclination and azimuth data set.

[0058] One can also calibrate the build rate and/or turn rate equations by
performing a mathematical integration on the equations, as is known by one of
ordinary skill in the art. In reference to Fig. 3, for example, assuming that the drill
bit (or the sensor of the bottom-hole assembly) is at point 124 and the azimuth
and inclination data set 118 up to point 122 as well as the tool settings (TS1)
used to drill the corresponding section of wellbore 120 up to point 122 are known,
integrating the build rate equation over the first depth interval (i.e., point 122 and
above) will produce the estimated inclination over the first depth interval. The
estimated inclination data set produced by the integration can be compared to
the actual inclination data set 118 provided by the D&l sensors, for example, as
shown in Fig. 2, and the model parameter(s) (MP) adjusted to minimize the
variation therebetween up to point 122 as desired. This calculation can be
repeated as further azimuth and inclination data becomes available. The
steering behavior model, and thus calibration thereof, can include a single build
rate equation and/or a single turn rate equation for an entire drilled wellbore or,
as discussed above in reference to steering events, different versions of build
rate equations and/or turn rate equations to fit sub-intervals of the drilled wellbore

to best fit the D&l data 118.
[0059] A calibrated 102 build rate equation and/or turn rate equation can be

used to create an estimate or projection 104 of the position and orientation (e.g.,
azimuth and inclination) of the bottom-hole assembly. For example, if the drill bit
(or the sensor of the bottom-hole assembly) is at point 124, the tool settings
(TS2) utilized between points 122 and 124 would be known, although the D&l
data between those points may not be known due to lag, for example. These
tool settings (TS2) can be inputted into the calibrated form of the build rate
equation and/or turn rate equation to produce an estimated build rate and

estimated turn rate for the second depth interval (between points 122 and 124).
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Note the actual azimuth and inclination at point 122 can be known. As noted
above, the calibrated build rate equation and/or turn rate equation can be
integrated over the second depth interval (i.e., between points 122 and 124) to
produce an estimated azimuth and inclination data set for the second depth
interval.

[0060] A well plan 106 in Figs. 1A and 3, as is known in the art, can be In the
form of the turn rate and build rate (e.g., over the second depth interval) or in the
form of azimuth vs. depth (e.g., integral of turn rate) and/or inclination vs. depth
(e.g., integral of build rate). If the well plan 106 is in the latter form, the
integrated forms of the turn rate and build rate equations can be utilized to
produce the estimated azimuth and inclination data set for the second depth
interval. The well plan 106 can then be compared, for example by controller 108,
to the estimated position and orientation formed from the calibrated steering
behavior model.

[0061] The controller 108 can determine a corrective action 110 to correct any
undesired deviation from the well plan 106. The controller 108 can form a
corrective action 110 in the form of a targeted location or in terms of desired build
rate and turn rate to correct the undesired deviation, but is not so limited. More
specifically, the controller 108 can compare the actual trajectory to the desired
one (e.g., well plan 106), and can derive a smooth path to bring the actual drilled
well back onto the plan 106. This corrective action 110 can be subject to
additional constraints, such as a degree of total change or smoothness of the
trajectory or that the corrective action 110 does not allow the actual well to
penetrate a user-defined target or boundary, etc. Once the corrective action 110
is formed, for example, in terms of build rate and a turn rate over an interval of
the well, for example an additional length of pipe fed into the wellbore, it can be
converted into appropriate tool settings (TS) 114. The conversion of the
corrective action 110 can be achieved with a controller. A corrective action 110
can be converted to tool settings 114 (e.g., TS3 in Fig. 3) by using an inverse
application of the calibrated steering behavior model 102. More specifically, as

the corrective action 110 (e.g., build rate and turn rate over a defined interval of
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the well between point 124 and a point ahead of point 124), an actual position
and orientation of the bottom-hole assembly, (e.g., point 122 in Fig. 3), and the
model parameters (MP) are known, the build rate equation and turn rate equation
can be solved to produce the tool settings (TS3) over the defined interval to
achieve the corrective action 110.

[0062] The model can be further calibrated, e.g., the iterative search process of
forming the model parameters and/or build rate and turn rate equations, with the
receipt of the azimuth and inclination data set corresponding to the second depth
interval (i.e., between points 122 and 124). This second actual azimuth and
inclination data set can be compared to the estimated azimuth and inclination
data set generated from inputting the second set of tool settings into the
calibrated steering behavior model, and the variance therebetween minimized to
further calibrate the model. This calibration can include adjusting the model
parameters and/or adding new forms of the build rate or turn rate equations.
Such a further calibrated steering behavior model can then be utilized to form
projections of the bottom-hole assembly at a point subsequent to point 124 to
which the tools settings are known. Similarly, calibration can be cumulative and
include comparing the entire first and second actual azimuth and inclination data
set (i.e., point 124 and above) to an entire estimated azimuth and inclination data
set generated by inputting the first (TS1) and second (TS2) set of tool settings
into the calibrated steering behavior model, and the variance therebetween
minimized to further calibrate the model. The interval of the well calibrated can
depend on the fit of the model, for example, multiple equations and/or differing
sets of model parameters to produce a best fit for a drilled wellbore.

[0063] Fig. 1B depicts a flow diagram of another example method of controlling
the trajectory of a drill string. In this example, the steering behavior model can
include two mathematical functions f and g as noted above, for build rate and
turn rate respectively. Equations f and/or g can be estimated using linear
regression algorithms. The steering behavior model itself can be a digital model,
for example, software, or more specifically a spreadsheet. In this example, the

steering behavior model is iteratively trained to model the behavior of the BHA.
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The method can use the other data in between static D&l data as well as reduce
drilling complexity into a minimal amount of model parameters for example, dog
leg capability, tool face capability, drop tendency, and walk tendency. The model
can begin with a best estimate for the model parameters or solve for them
initially.

[0064] In FIG. 1B, starting with element 130, a hew measurement(s) is made
available so iteration can begin. In this example, the measurement(s) can
include a D&l data set, which can include the actual azimuth, inclination, and
position, e.g., the location of the bottom-hole assembly. Optionally, the raw data
can be filtered 132, as is known to one of ordinary skill in the art, to produce an
actual inclination and azimuth data set for a first point or interval of the drilled
well. As the build rate (BR) is the inclination change versus depth and the turn
rate (TR) is the azimuth change versus depth, the actual inclination and azimuth
data set 132 can be utilized to produce a build rate and turn rate 134. If the
actual inclination and azimuth data set 132 is for a single point, then an
inclination and azimuth measurement at a previous point can be used to
calculate the actual build rate and turn rate between those two points. If the
actual inclination and azimuth data set 132 is for an interval of the well, the
inclination and azimuth data 132 can be used to calculate the actual build rate
and turn rate 134 over that interval.

[0065] Because the actual build rate and turn rate corresponds to a section of

well which has already been drilled, the tool settings, which can be referred to as
TS, used to drill are typically known. The steering behavior model in Fig. 1B can

be trained or calibrated 136 by inputting the tool settings (e.g., those used to drill
the section of well corresponding to the actual build rate and turn rate) into the
build rate and turn rate equations to produce an estimated build rate and an
estimated turn rate for that section of well. The model parameters (MP) can then
be adjusted to minimize any undesired variance between the actual build rate
and turn rate and the estimated build rate and turn rate. This calibration can be a

typical “best fit" operation.
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[0066] The calibrated 136 steering behavior model can then be used to produce
projections of the bottom-hole assembly. More specifically, as the D&l data can
lag or be intentionally delayed, a second set of tool settings (TSn+1) utilized from
the last point of calibration to a subsequent point is typically known. As shown In
element 138, the second set of tool settings can be inputted into the calibrated
136 build rate and turn rate equations to produce a second estimated build rate
and turn rate corresponding to the section of well drilled with the second set of
tool settings. As the build rate (BR) is the inclination change over an interval, the
integral of the build rate equation f produces the estimated inclination for that
interval. A depth interval can refer to a length of pipe inserted into the earth, and
is not limited to vertical displacement. Similarly, the turn rate (TR) is the rate the
azimuth changes over an interval and thus integrating the turn rate equation g
over that interval produces the estimated azimuth for that interval. The first
integration 140 of the build rate and turn rate equations thus produces an
estimated azimuth and inclination data set for the interval of integration.
Alternatively or additionally, a second integration 142 of the build rate and turn
rate equations can produce the estimated position of the bottom-hole assembly.
For example, the estimated inclination and azimuth produced in step 140 can be
integrated over an interval to produce the estimated position of the bottom-hole
assembly corresponding to that interval.

[0067] The estimated azimuth and inclination, as well as estimated position, can
thus be calculated by integrating the calibrated 136 build rate and turn rate
equations. The estimated build rate, turn rate, azimuth, inclination, position, or
any combination thereof determined from the calibrated build rate and turn rate
equations can be compared to a well plan 144 to produce a corrective action. In
one example, a well plan is in terms of desired or target inclination, azimuth, and
position. If the estimated azimuth, inclination, and position of the well over the
section of the well (e.qg., the projection) has deviated from the well plan, for
example, from a set level of allowable deviation, a corrective action to return the
well on plan can be determined, as in element 144. In one example, the

corrective action 144 is outputted in terms of build rate and turn rate to align the
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desired well plan and the estimated drilled well, for example, at some future
point.

[0068] If the corrective action is outputted as a build rate and turn rate, the rates
can be converted into recommended tool settings using an inverse application
146 of the calibrated steering behavior model. In step 138 discussed above,
known tool settings are inputted into the calibrated steering behavior model to
generate an estimated build and turn rate. However in this step 146, the desired
build rate and turn rate desired to align the well and the well plan are inputted
into the calibrated steering behavior model and the tool settings to achieve that
build rate and turn rate are returned. These recommended tool settings can then
be utilized to drill the well. If further drilling is required to reach the target 148,
the model can be iteratively calibrated. When the D&l data corresponding to the
section of well drilled with the set of recommended tool settings is available, the
data can be filtered 132, the actual build rate and turn rate for the interval
corresponding to the set of recommended tool settings can be determined 134,
and the model further calibrated 136 by inputting the recommended tool settings
(e.g., those used to drill the section of well corresponding to the actual build rate
and turn rate) into the calibrated build rate and turn rate equations to produce an
estimated build rate and an estimated turn rate for that section of well. The
model parameters (MP) can then be adjusted to minimize any undesired
variance between the actual build rate and turn rate and the estimated build rate

and turn rate. This further calibration can be a typical “best fit" operation. The
calibration can be for the entire well up the last data point or it can be calibrated

for discrete intervals of the well, as is known in the art.

[0069] Fig. 4 is a flow diagram of a method 132A of filtering raw data, according
to one example. For example, the steps 132A in Fig. 4 can be included as step
132 in Fig. 1B. Filtering data can include providing a coordinate system having
three axes, which can be true vertical depth (TVD), North-South, and East-West
axes 152. An azimuth and inclination data set can then be divided into a unit
vector having three components, which can be true vertical depth (TVD), North-

South, and East-West components, and projecting these unit vectors onto the
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coordinate system 154. Additional azimuth and inclination data readings can be
projected onto the three axes of the coordinate system. A mathematical function
can then be fit (e.g., a best fit) to the components 156. The step of fitting 156
can be fitting a mathematical function to each individual component set, for
example, TVD components versus depth, North-South components versus
depth, and East-West components versus depth. The original components of the
azimuth and inclination data set can be replaces by a value generated by the
fitted function(s) at that depth, where depth can be total length of hole formed,
which can be different from the TVD. The fitted functions for the three
components generated at a depth can then be combined to form a filtered (e.g.,
fitted) azimuth and inclination data readings, at that depth 158.

[0070] Fig. 5 is a flow diagram of a method 134A of producing build and turn
rate from filtered raw data, according to one example. For example, the steps
134A in Fig. 5 can be included as step 134 in Fig. 1B. To produce actual build
and actual turn rate values, filtered unit (e.g., tangent) vectors, for example, unit
vector having true vertical depth (TVD), North-South, and East-West
components, can be provided (e.g., provided at multiple depths). Using the
filtered unit (e.q., tangent) vectors at each measurement point (which can be
produced in previous step 132 or 132A), a curvature vector in the middle of each
interval between two consecutive measurement points can be calculated 160.
Curvature vector is the derivative of the unit (e.g., tangent) vectors. The filtered

build curvature and the filtered turn curvature 162 (the quantities we are
interested in) are the two (out of three) components of the curvature vector

calculated in the previous step 160.
[0071] Fig. 6 is a flow diagram of a method 136A of training a steering model,
according to one example. For example, the step 136A in Fig. 6 can be included

as step method in Fig. 1B. Training the steering model can include producing an
optimal set of model parameters (e.g., unknown guantities).

[0072] Training 136A can include inputting the tool settings (e.g., TSn) for a
section of well corresponding to actual build rate and/or actual turn rate values
Into build and/or turn rate equations, having an estimated or previously calculated
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set of model parameters (MP), to produce estimated build rate and estimated
turn rate values 164 for that section of well. The estimated build rate and
estimated turn rate values 164 can then be compared to the actual build rate and
actual turn rate for that section of well 166. As the estimated turn and build rate
values and actual turn and build rate values for that section of well are now
known, the fit of the model can be determined by comparing the actual and
estimated values, for example, by a standard sum of the square errors (SSE)
calculation. If the SSE difference between the actual and estimated build and
turn rate values does not exceed a desired value 168, the current model
parameters can be used for another iteration, for example, for a subsequent
section of well drilled with a subsequent set of tool settings. If the difference
between the actual and estimated build and turn rate values exceed a desired
value (also 168) and are thus deemed unacceptable, the model parameters can
be adjusted to provide a better fit of the estimated build and turn rate values to
the actual build and turn rate values. For example, the model parameters can be
adjusted to minimize sum of the square errors (SSE) between the actual and
estimated values. When the SSE is minimized for a section of well, one accepts
the unknown parameters of the model are an optimal set of model parameters.
The model parameters can be the set of values that minimizes the sum of the
square errors (SSE) between the filtered build/turn curvature (produced In
previous step 134A, for example) and the model build/turn curvature (produced
by the build and turn rate equations). When the SSE is minimized, one can say
that the model (e.g., build and turn rate equations with the corresponding set of
model parameters) has captured the steering behavior of the BHA.

[0073] The methods and techniques provided herein can be used independently
or in combination to control the trajectory of a directional well. Any of these
methods can be combined to further increase the control. Numerous examples
and alternatives thereof have been disclosed. While the above disclosure
includes the best mode belief in carrying out the invention as contemplated by
the named inventors, not all possible alternatives have been disclosed. For that

reason, the scope and limitation of the present invention is not to be restricted to
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the above disclosure, but is instead to be defined and construed by the

appended claims.
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CLAIMS:

1. A method of controlling the frajectory of a drill string comprising: |

providing a"steering behavior model having a build rate equation and a turn rate
equation;

calibrating the steering behavior model by minimizing any variance between an
actual build rate and an actual turn rate of a bottom-hole assembly
generated by a first set of tool settings and a first estimated build rate and a

first estimated turn rate generated by inputting the first set of tool settings
into the steering behavior modeil;

determining an estimated position and an estimated azimuth and inclination data
set of the bottom-hole assembly by inputting a second set of tool settings
into the calibrated steering behavior model;

comparing the estimated position and the estimated azimuth and inclination data

set to a well plan to determine any deviation of the bottom-hole assembly
therefrom; and

determining with a controller a corrective action to correct the any deviation.

2. The method of claim 1 wherein the second set of tool settings includes the
first set of tool settings.

3. The method of claim 1 further comprising at least one of automatically
generating a signal to a control means of the drill string to accomplish the
corrective action and communicating the corrective action to a driller to

permit manual adjustment of the drilling process.

4. A method of controlling the trajectory of a drill string comprising:

providing a steering behavior model having a build rate equation and a turn rate
equation;

calibrating the steering behavior model at a first interval by minimizing any

variance between an actual build rate and an actual turn rate of a bottom-
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hole assembly generated by a first set of tool settings and a first estimated
build rate and a first estimated turn rate generated by inputting the first set
of tool settings into the steering behavior model;

determining a second estimated build rate and a second estimated turn rate at a
second interval by inputting a subsequent second set of tool settings into
the calibrated steering behavior model;

comparing the second estimated build rate and the second estimated turn rate to
a well plan to determine any deviation of the bottom-hole assembly
therefrom; and

determining with a controller a corrective action to correct the any deviation.

9. The method of claim 4 further comprising:

Integrating the second estimated build rate and the second estimated turn
rate over the second interval to produce an estimated azimuth and
inclination data set for the second interval;

Integrating the estimated azimuth and inclination data set over the second
interval to produce an estimated position of the bottom-hole assembly;

and

comparing the estimated position and the estimated azimuth and inclination
data set for the second interval to a well plan comprising a desired
position and a desired azimuth and inclination data set for the second

interval to determine any deviation of the bottom-hole assembly

therefrom.

6. The method of claim 4 wherein at least one of the build rate equation and the

turn rate equation is estimated using a linear regression algorithm.

/. The method of claim 4 further comprising determining a set of recommended

tool settings from the corrective action.
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8. The method of claim 7 wherein the set of recommended tool settings are
determined with an inverse application of the calibrated steering behavior

model.

9. The method of claim 7 further comprising drilling with the set of recommended

tool settings.

10. The method of claim 7 further comprising automatically transmitting the set

of recommended tool settings to a control means of the drill string.

11. The method of claim 7 further comprising:

providing an actual build rate and an actual turn rate of the bottom-hole assembly
generated by the subsequent second set of tool settings; and

further calibrating the steering behavior model by minimizing any variance
between the actual build rates and the actual turn rates of the bottom-hole
assembly generated by the first and subsequent second sets of tool settings
and the first and second estimated build rates and the first and second
estimated turn rates generated by inputting the first and second sets of tool

settings into the calibrated steering behavior model.

12. The method of claim 7 further comprising:

providing an actual build rate and an actual turn rate of the bottom-hole assembly
generated by the subsequent second set of tool settings; and

further calibrating the steering behavior model at the second interval by
minimizing any variance between the actual build rate and the actual turn
rate of the bottom-hole assembly generated by the subsequent second set
of tool settings and the second estimated build rate and the second
estimated turn rate generated by inputting the second set of tool settings

into the calibrated steering behavior model.

13. The method of claim 12 further comprising:
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determining a third estimated build rate and a third estimated turn
rate at a third interval by inputting a subsequent third set of tool settings into the

further calibrated steering behavior model;

comparing the third estimated build rate and the third estimated turn
rate to the well plan to determine any deviation of the bottom-hole assembly

therefrom: and

determining with the controller a second corrective action to correct

the any deviation.

14. The method of claim 4 wherein the calibrating step further comprises
adjusting a model parameter of at least one of the build rate equation and the turn

rate equation to minimize the any variance.

15. The method of claim 4 wherein the tool settings are selected from the
group consisting of weight on bit, mud flow rate, rotational speed of the drill string,
rotational speed of a drill bit, toolface angle, steering ratio, and drilling cycle.

16. The method of claim 4 wherein the build rate equation and the turn
rate equations comprise at least one of drilling parameters, drilling tool settings,
position and orientation of the drill string, properties of the formation, geometry of

the bottom-hole assembly, and model parameters.
17. A method of controlling the trajectory of a drill string comprising:

providing a steering behavior model having a build rate equation and

a turn rate equation of a bottom-hole assembly;

providing an actual azimuth and inclination data set for a first interval

drilled with a first set of tool settings;

determining an actual build rate and an actual turn rate for the first

interval from the actual azimuth and inclination data set;

calibrating the steering behavior model by minimizing any variance

between the actual build rate and the actual turn rate and a first estimated build
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rate and a first estimated turn rate generated by inputting the first set of tool

settings into the steering behavior model;

determining a second estimated build rate and a second estimated
turn rate with the calibrated steering behavior model for a subsequent second

interval drilled with a subsequent second set of tool settings;

iIntegrating the second estimated build rate and the second
estimated turn rate over the second interval to produce a second estimated

azimuth and inclination data set for the second interval.:

integrating the second estimated azimuth and Inclination data set over

the second interval to produce an estimated position of the bottom-hole assembly;

comparing with a controller at least one of the second estimated
build rate and the second estimated turn rate, the second estimated azimuth and
inclination data set, and the estimated position to a well plan to determine a

corrective action; and

determining with the controller a set of recommended tool settings
from the corrective action and an inverse application of the calibrated steering

behavior model.

18. The method of claim 17 further comprising automatically transmitting
the set of recommended tool settings to a control means of the drill string to

accomplish the corrective action.
19. The method of claim 17 further comprising:

providing an actual azimuth and inclination data set for the second

interval drilled with the second set of tool settings; and

further calibrating the steering behavior model by minimizing any
variance between the actual build rates and turn rates of the first and subsequent

second intervals and the first and second estimated build rates and the estimated
turn rates generated by inputting the first and second sets of tool settings into the

calibrated steering behavior model.
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FILTER RAW INCLINATION AND AZIMUTH DATA —

PRODUCE BR AND TR
TRAIN BR&TR MODEL TO CAPTURE BEHAVIOR OF BHA |

USE MODEL OUTPUT AND TOOL SETTINGS TO DRILL
TS2, PRODUCE ESTIAMTES FOR BR AND TR IN TS2

INTEGRATE ESTIMATES OF BR AND TR IN 152 T0O
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NEW MEASUREMENT
AVAILABLE
(START [TERATION)

130

PRODUCE ESTIMATED INCL./AZIMUTH IN TS2

| INTEGRATE ESTIMATES OF INCL./AZIMUTH IN TS2 TO [~
PRODUCE ESTIMATED POSITIONS

COMPARE ESTIMATED BR/TR, INCL./AZIMUTH AND
POSITION TO PLAN, PRODUCE CORRECTIVE ACTION

CONVERT CORRECTIVE ACTION INTO COMMANDS USING |
INVERSE OPERATOR TRAINED EARLIER
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132A

\

UNIT VECTOR IN THE COORDINATE SYSTEM DEFINED BY THREE AXES:
1. TVD (TRUE VERTICAL DEPTH)
2. NORTH-SOUTH
3. EAST-WEST

PROJECT THESE UNIT VECTORS ON THE THREE AXES OF THE
COORDINATE SYSTEMS. THIS PRODUCES THREE COMONENTS
FOR EACH VECTOR

FIT A FUNCTION ON EACH SET OF COMPONENTS. FOR EXAMPLE, FIT
FUNCTION f1 ON ALL THE COMPONENTS ON THE TVD AXIS,
VERSUS DEPTH, FUNCTION f2 ON ALL THE COMPONENTS ON THE NS

| AXIS, ETC. THE ORIGINAL VALUE OF THE COMPONENT (RAW) IS
REPLACED BY THE VALUE OF THE FITTED FUNCTION AT THAT DEPTH.

FOR EACH DEPTH, USE THE FITTED VALUES FOR THE THREE
COMPONENTS TO RE-COMPOSE A FILTERED UNIT VECTOR. THIS

VECTOR NOW CORRESPONDS TO A FILTERED INCLINATION AND
AZIMUTH, FOR THAT DEPTH.

FIG.4

- 152
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N USING THE FILTERED TANGENT VECTORS AT
EACH MEASUREMENT POINT, CALCULATE THE
CURVATURE VECTOR IN THE MIDDLE OF EACH
INTERVAL BETWEEN TWO CONSECUTIVE
MEASUREMENT POINTS. THE CURVATURE
VECTOR IS THE DERIVATVE OF THE
TANGENT VECTORS.

160

e 16
THE FILTERED BUILD CURVATURE AND THE
FILTERED TURN CURVATURE ARE THE TWO
é COMPONENTS OF THE
URVATURE VECTOR CALCULATED IN THE
PREVIOUS STEP.

FIG.5

136A

\

INPUTTING THE TOOL SETTINGS (e.g.
CORRESPONDING TO MEASURED AC
RATE VALUES INTO BUILD AND/OR TURN RATE EQUATIONS, HAVING AN
ESTIMATED OR PREVIOUSLY CALCULATED SET OF MODEL PARAMETERS

, TSn) FOR A SECTION OF WELL

(up ), TO PRODUCE ESTIMATED BUILD RATE AND ESTIMATED TURN RATE |

VALUES.

COMPARING THE ESTIMATED BUILD AND/OR TURN RATE VALUES
GENERATED BY THE TOOL SETTINGS (e.g., TSn) FOR THE SECTION
OF WELL TO THE ACTUAL BUILD AND/OR TURN RATE VALUES
CORRESPONDING TO THE SECTION OF WELL TO DETERMINE ANY

UNACCEPTABLE ERRORS OF THE BUILD AND/OR TURN RATE EQUATIONS.

i ERRORS ACCEPTABLE, PROCEED TO ANOTHER [TERATION; IF ERRORS

UNACCEPTABLE, ADJUST MODEL PARAMETERS TO PROVIDE BETTER FIT
AND RESTART TRAINING METHOD.

FIG.6

BUILD RATE AND ACTUAL TURN

164
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