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(57) Abstract: One or more sensors are positioned downhole m a wellbore of a
geological formation. One or more survey directional measurements associated
with the wellbore are performed and one or more continuous directional measure-
ments associated with the wellbore are performed. A wellbore trajectory model
projects a trajectory of the wellbore to respective measured depths where at least
one of the one or more survey directional measurements and one or mote contin-
uous directional measurements were performed to predict one or more directional
measurements of the wellbore at the respective measured depths. One or more er-
rors are determined based on the predicted one or more directional measurements,
the one or more survey directional measurements, and tire one or more continu-
ous directional measurements. The wellbore trajectory model is calibrated based
on the one or more errors.
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CALIBRATING A WELLBORE TRAJECTORY MODEL FOR USE [N
DIRECTIONALLY DRILLING A WELLBORE IN A GEOLOGIC
FORMATION

RELATED DISCLOSURE
{6661} This disclosure claims the benefit of priority under 35 U S.C. § 119(e) of U.S.

Provisional Application No. 62/734,861 filed September 21, 2018 entitled “Multi-
Level Leaming Scheme for Calibrating a Wellbore Trajectory Model for Directional

Drilling”, the contents of which are herein incorporated by reference in its entirety.

FIELD OF USE

10002} The disclosure generally relates to methods for directionally drilling wells,
particularly wells for production of hydrocarbon products, and more particularly to
calibrating a wellbore trajectory model that indicates a trajectory of a wellbore being

directionally drilled.

BACKGROUND
[6663] Drilling for hydrocarbons, such as oil and gas, typically involves steering a

drilling tool at underground depths that reach thousands of feet below the surface to
reach a set target in a geologic formation such as an o1l or gas reservoir. The drilling
tool is steered to the set target based on steering inputs such as a toolface and
steering ratio. To facilitate reaching the set target, a wellbore {rajectory model is
used o predict a trajeciory of a wellbore. Proposed steering inputs are input ito the
wellbore trajectory model which ocutputs the predicted trajectory of the wellbore. If
predicted trajectory indicates that the sat target will be reached, then the drilling tool
is actually steered to the set target based on the proposed steening inpuis. H predicted
trajectory does not indicaie that the set target will be reached, then the proposed
steering mpuis are adjusted until the wellbore trajectory model indicates that the set
target will be reached. Then, the drilling fool is actually steered o the set target
based on the adjusted steering inputs.  In this regard, reaching the set target in the
geologic formation depends on an accuracy of the well trajectory model to predict

the wellbore frajectory being drifled in the geclogic formation,

PCT/US2019/029867
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BRIEF DESCRIPTION OF THE PRAWINGS

18664} Aspects of the disclosure may be better undersiood by referencing the

accompanying drawings.

1000G5] FIG. 1 1s a block diagram of a system for calibrating a wellbore trajectory

(W4

model for use in directionally dritling a wellbore in a geologic formation.

[6606] FIG. 2 iHustrates example survey directional measurements associating with

determining a slow control input for calibration.

{60671 FIG. 3 is a flow chart of functions associated with determining the slow

control mput.

10 {0008} FIG. 4 illustrates example survey and continuous directional measurements

associated with determining a fast control input for calibration.

{6669} FIG. 5 is a flow chart of functions associated with determining the fast

contro} imput.

[8618] FIG. 615 a block diagram of a setf-leaming controller which provides a

15 control input {e.g., Tast and/or slow control input) to the wellbore trgjectory model.

[6611] FiGs. 7A-D show performance of the wellbore trajectory model based on

calibration by the fast and/or slow control inputs.

{6612} FIG. 8 is a schematic diagram of a well svstem associated with calibration of

the wellbore trajectory model.

20 [0813} FIG. 913 a block diagram of apparatus {or calibrating the wellbore trajectory

model.

(8014} The drawings are for purpose of illustrating example embodiments, but it is
understood that the inventions are not limited to the arrangements and

mstrumentalities shown in the drawings.
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DESCRIPTION

[8615] The description that {oHows includes example sysiems, methods, technigues,
and program flows that embody aspects/embodiments of the disclosure. However, #f
is understood that this disclosure may be practiced without these specific details. For
nstance, this disclosure refers to calibration of wellbore trajectory models for use in
directionally dnilling a wellbore in a geologic formation in illustrative examples. In
other instances, well-known instruction instances, protocols, structures and

techniques have not been shown in detail in order not to obfuscate the description.
Overview

[8616] Embodiments described hereimn are directed to calibration of a wellbore
trajectory model which predicts the wellbore trajectory of a wellbore being drilled
etther onshore or offshore. The calibration is based on taking survey directional
measurement and/or continuous directional measurement of a wellbore that being
drilted. The continuous directional measurements are taken more frequently than the
survey directional measurement (e.g., surveys can be taken every 30, 45 or 90 feet,
while continuous directional measurements taken via intelligent drilling tools can be
obtained as fast as every 0.5 feet or less), but survey directional measurements are
typically more accurate than continuous directional measurements. A reason for the
increased accuracy is that the survey directional measurement is taken when a sensor
is stopped while the continuous directional measurement 1s taken when the sensor is

moving.

{6817} The cahibration may mclude a: (3) slow-leamning loop (SLL} and (i) fast-
tearning loop (FLL). SLL mmvolves deternuning an error {e.g., difference) between
the survey directional measurements and directional measurements predicted by the
wellbore trajectory model {o determine a sfow control input to calibrate the wellbore
trajectory model. FLL mvolves deternuning an error (e.g., difference) between the
continuous directional measwements and directional measurements predicted by the
wellbore trajectory model to determine a fast control input to calibrate the wellbore
trajectory model. The slow control input captures the long-term external effects on
wellbore trajectory (formation tendencies, wear on tool componentsy and the fast

control input captures the short-term and instantaneous effects (rock interface

PCT/US2019/029867
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changes, faults) on the wellbore trajectory. The fast and siow control inputs are
combined together and imput into the wellbore trajectory model as a calibration.
Further, steering inputs are also input into the wellbore trajectory model. Based on
the fast conirol inpuis, slow control inpuis, and steering inputs, the wellbore
trajectory model predicts the wellbore trajectory of a wellbore that would be drilled.
Further, the wellbore trajectory model continues to be calibrated in real time as
additional directional measurements are received so that the wellbore trajectory

continues to be accurately predicted as the wellbore is drilled.

{6618} The description that follows includes example svstems, apparatuses, and
methods that embody aspects of the disclosure. However, it is understood that this
disclosure may be practiced without these specific details. In other instances, well-
known instruction instances, structures and techniques have not been shown in detail

i order not 1o obfuscaie the description.

Example Hlustrations

10619} FIG. 1 15 a block diagram 100 of a systern for calibrating a wellbore frajectory
model to accurately predict a trajectory of a wellbore being drilled in a geologic
formation. The block diagram 100 includes drilling apparatus 102, a wellbore
trgjectory system 104, and the geologic formation 108 in which the wellbore 106 15

eing drilied.

18620} The dnilling system 102 facilitates drilling the wellbore 106 with a given
trajectory in the geologic formation 108, The drilling system 102 includes a drill
string 110 and drill bit 112 attached to the drill string 110 for drilling the wellbore
106 having the given trajectory. The drilling system 102 may include downhole
devices 114 such as a mud motor and/or a rotary steerable system (RSS) to facilitate
this drilling. With RSS, the drill string 110 is rotated from the swface which causes
the drill bit 112 1o rotate to drill the geologic formation 108, With the mud motor,
the drill bit 112 15 rotated by the mud motor to drill the geologic formation 108 and
the dnill string 110 is either held rotationally stationary (slide mode) or not {rotation

mode}. The mud motor uses drilling fluid {commonly referred to as drilling mud, or

just mud) to create an eccentric motion in a power section of the motor which is

transferred as concentric power to the dnll bit 112,

PCT/US2019/029867
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0021} Steering the drill bit 112 15 accomplished based on a steering input. A
steering nput may include a toolface (TF) and steering ratio (SR). The ioolface is an
angle measured in a plane perpendicular fo the drili string axis between a reference
on the drill string 110 and a reference such as magnetic north or gravity in which the
drill bit 112 15 to face. The toolface indicates a direction of drilling. The steering
ratio 1s typically a value between zero and one which indicates how quickly or
slowly a dnlling direction is changed as a function of distance based on the sieering
nput. The steering ratio and/or toolface may be controlled by adjusting certain
drilling parameters, for example, a rotary speed of the drill string 110, flow of
dritling fluid (1.e., mud), and/or weight on bit (WOB). One or more sensors 116 may
be attached to the drill string 110. The position of the sensors 116 along the drill
string 110 13 exernplary in nature, and can be located at different positions or
multiple positions as well. The one or more sensors 116 may take the form of
measuring while drilling (MWD} tools or logging while drilling (L WD) tools which
factlitate performing directional measurernents along the wellbore 106, including one
or more of determining curvature of the wellbore 106, aititude of the welibore 106,
and/or spatial posttion of the wellbore 106 using one or more of electromagnetic,
nuclear, acoustic, and mechanical technigues. Other types of measurements may be

taken as well.

[3622] Attitude indicates an orientation of the wellbore 106 and could be
characterized as an inclination 118 and/or azimuth 120, The inclination 118 may be
an angle o between a direction of gravity 122 and a tangent 124 to the wellbore 106.
Inclination 118 may be measured with respect to other references as well. The
azinuith 120 may be a direction of the wellbore 106 such as compass north, south,
east, west. Spatial position (or generally position) indicates a one, two, or three-
dimensional position of the wellbore on the Earth. In three~-dimensions, the position
can be in Cartesian coordinates including a troe vertical depth (TVD) 126 ora
departure 128 such as north/south depariure (NS), east/west departure {(EW). The
directional measurements may take other forms as well. Curvature indicates change
of inclination {and/or azimuth) for a change in measured depth. The measured depth

{(MD) is a length of the wellbore 106 measured along the actoal well path shown as
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150. For example, the measured depth at a position along the wellbore 106 15
estimated by a drill string length which 15 known. Curvature in inclination plane
{known as build rate) could be written in units of deg/ft among other units, With two
inclination measurements taken at measured depthl {shown as M1 in the wellbore
106} and measured depth2 (shown as MD2 in the wellbore 106), curvature in this
plane would be (Inc2-nct}/ (measured depth?-measured depthl), where Incl and
Inc2 are the inclination at MDY and MD2. The directional measurements may take

other forms as well.

[6623] The directional measurements may take the form of survey directional
measurements where drilling 15 stopped to perform the directional measurerents at
various positions along the wellbore 106 and/or continuous directional measurements
where directional measurements are performed while dnlling. By stopping the
dritling, the survey directional measurements may be more accurate than the
continuous directional measurements. The continuous directional measurements
may be noisy because the drill string 110 and/or drill bit 112 i1s moving/rotating
during the measurement. Further, the survey directional measurements are taken less
frequently {e.g., every 30, 45, or 90 feet) than continuous directional measurements

taken as fast as every 0.5 feet or less.

(6624} In one or more examples, a well survey instrument such as a sonde (not
shown) with one or more sensors may be lowered into the wellbore 106 via a
conveyance such as a wireline including but not limited to a wirehine slickline, coiled
tubing, piping, downhole tractor, or a combination thereof. The well instrument may
be used to determune the directional measurements instead of or in addition o using
the sensors 116 on the dnill string 110. In this regard, the directional measurements
deseribed herein are not limited to a mechanism by which the directional

measurements are performed at the vartous positions in the wellbore 106.

{6625} The directional measurements mav be communicated to the wellbore
trajectory system 104 via a communication link 130 such as a wired or wireless
connection that implementis one or more of various known telemetry techniques such
as mud-pulse, acoustic, electromagnetic, etc. The wellbore trajectory system 104
includes a wellbore trajectory model 132 and a self-learning controller 134, The
wellbore trajectory model 132 may predict a trajectory of the wellbore 106 as it is

6

PCT/US2019/029867



WO 2020/060589 PCT/US2019/029867

being drilied in the geologic formation 108, The self-learning coniroller 134 may
calibrate the wellbore trajeciory model 132 for conditions downhole g0 as to improve

prediction of the wellbore trajectory in the geologic formation 108,

[6626] The self-learning controller 134 receives one or more inpuis to calibrate the
5  wellbore frajectory model 132, The one or more inputs includes one or more of
steering mputs, survey directional measurements, continuous divectional
measurements, and a model output. The steering inputs may be a steering direction
of the drill bit 112 such as toolface and steering ratio. The survey directional
measurements and continuous directional measuremenis may be directional
10 measurements of the wellbore 106 taken via the one or more sensors 116 and/or the
sonde. The model output may be a predicted directional measurement of the
wellbore 106 at a measured distance along the wellbore 106, e.g., determined by the
wellbore trajectory model 132, The self-learning controller 134 provides a control
imput to the wellbore trajectory model 132, The control input accounts for external,
15 unmodeled, and/or unpredictable effects associated with steering the drill bit 112
The wellbore trajectory model 132 is calibrated based on the control input so that the
wellbore trajectory model 132 accurately predicts a trajectory of the wellbore 106 1n
the geologic formation 108 based on the steering input. The trajectory may identify
one or more directional measuwrements associated with a wellbore that would be
20 drilled based on the steering input.  The trajectory may be used by the dnlling
system 102 to further steer the drill bit 112 to reach a target in the geological

formation 108.

[6627] The wellbore trajectory model 132 may take many forms. In one example,
the wellbore trajectory model 132 may be a mathematical model which predicis a

25 wellbore trajectory drilled in the geologic formation n terms of absolute directional
measurements along the wellbore 106, In another example, the wellbore trajeciory
model 132 may be a probabilistic model which predicts a wellbore {rajectory drilled
in the geologic formation in terms of probable directional measurements along the
wellbore 106, Qutputs of the probabilistic model would be a mean outcome of the

30 directional measurements along the wellbore and a standard deviation (or variance).
The probabilistic model can be based on previously drilled wells in a same

area/basin, across different areas/basing, or for a given set of tools, bit, eic.
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Properties assoctated with the previously drilled wells may be used to calibrate mean
and variance output by the probabilistic model. The wellbore trajectory model 132

may take other forms including neural networks and fuzzy systems.

10628} The self-learning controller 134 may have a slow-leaming loop (SLL) 136
and fast-learning loop (FLL) 138. The SLL 136 uses the survey directional
measurements of the geological formation 108 and wellbore trajectory model 132 to
deterroine a slow control mput.  The SLL 136 captures the long-term external effecis
on wellbore trajectory {e.g., wear on drill components). The FLL 138 uses the
continuous directional measurements of the geologic formation 108 during drilling
and wellbore trajectory model 132 to determine a fast control input. The FLL 138
captures the short-term and instantaneous effects {e.g.. formation faulis) on wellbore
trajectory. The self-learning controller 134 combines the slow control input and fast
control imput to form the control input which 15 provided to the wellbore trajectory
model 132 for calibrating the wellbore trajectory model 132, Further, steering inputs
are also input inio the wellbore trajectory model. Based on the fast control inpus,
slow control inputs, and steering inputs, the wellbore trajectory model 132 predicts

the wellbore trajectory of the wellbore 106 that is being dnilled.

[30829] The SLL 136 provides a more reliable calibration to the wellbore trajectory
maodel 132 compared to the FLL 138, However, SLL 136 does not provide a
sufficiently quick calibration for the wellbore trajectory model 132, for instance
when an unexpected formation change happens since the survey directional
measurernents are updated less frequently than continuous directional measurements.
For such scenarios, FLL 138 provides the quick calibration, but the fast control input
may be noisy due to the continuous directional measurements being noisy. To
prevent reaction 1o noise in the calibration process, the calibration effect coming
from the FLL 138 may be weighted less than the calibration effect coming from the

SLL 136 in the control input.

(6636} FIG. 2 iHustrates example survey directional measurements 200 associated
with determining the slow control input. A current survey and past survey are
performed in an example wellbore 202, For example, survey directional
measurements 200 are taken every 30, 45, or 90 feet. A trajectory of the example
wellbore 202 1s shown as a function of true vertical depth (TVD) 204 in the geologie

8
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formation, measured depth (M) 210 along the wellbore 202, and departure 212
such as north/south or east/west departure. The past survey 15 performed at a {irst
measured depth 208 in the wellbore 202 and the current survey is performed at a
second measured depth 206 in the wellbore 202, The second measured depth 206
might be a position further downhole in the wellbore 202 and the first measured
depth 208 may be uphole. A S svmbol is used 1o represent a survey that is performed
at a measured depth and survey directional measurements are associated with each
survey. A P symbol is used to represent a directional measurement predicted by the
wellbore trajectory model at the second measured depth 206, In one or more
examples, there may be an error between the predicted directional measurement and
the survey directional measurement assoctated with the current survey. The error
may be a difference between the predicted directional measurement and the survey
directional measurement associated with the current survey. This error is used to
determine the slow conirol input used to calibrate the wellbore trajectory model for

fong-term external effecis on wellbore trajeciory.

{6631} FIG. 3 is a flow chart 300 of functions associated with determining the slow
control mput into the wellbore trajectory model based on the measurements shown in

FiG. 2. The SLL functions may be performed by the self-learning controller.

[6632] At 302, a first survey is received which identifies a survey directional
measurement at a first measured depth along the wellbore. At 304, a second survey
15 received which identifies a survey directional measurement at a second measured
depth along the wellbore. The second measured depth is further downhole corapared
to the first measured depth. At 306, a wellbore trajectory is projected downhole from
the first measured depth to the second measured depth to predict a directional
measurement of the wellbore at the second measured depth. The wellbore trajectory
may be projected from the first measured depth to the second measured depth based
on the wellbore trajectory model which takes as input steering ratio (SR} and/or
tootface (TF) of the dnlling system between the first measured depth and second
measured depth. At 308, an error 1s determined between the survey directional
measurements at the second measured depth and the predicted directional
measurements af the second measured depth. At 310, a slow control input is

determined as a function of this error and steering ratio and/or toolface along a

O
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distance that the trajectory model was run. At 312, the slow control input is provided
to the wellbore trajectory model for calibration. The control input determined by the
SLL is used to calibrate the wellbore trajectory model so that the curvature, attitude,

and/or postiion error calculated by a difference between the model-predicted

W

wellbore trajectory and actual wellbore trajectory based on the SLL 15 manimized.
This way the wellbore trajectory model may more accurately predict, as the wellbore
continnues to be drilled, directional measurements associated with the wellbore.

Further, the stow control input may be updated as each survey is conducted.

[3633] FIG. 4 iHustraies example survey and continuous directional measurements

10 400 associated with deternmuning the fast control input. A current survey and
continuous directional measurement is performed in an example wellbore 402. For
example, continuous directional measurements are taken every 10 feet from the
current survey. The trajectory of the example wellbore 402 1s shown as a function of
true vertical depth (TVD) 404, measured depth (MD) 410, and departure 412 such as

15 north/south or east/west departure. A first survey is performed at a first measured
depth 408 along the wellbore 402, The survey is represented by an S symbol.
Survey directional measurements are associated with the survey. Continuous
directional measurements are also performed by the sensors of the drili string at a
second measured depth 406 further downhole in the wellbore 402 as the welibore

20 402 1s dnlled. The continuous directional measuremenis are represented by an €
symbol and, in one or more examples, is an attitude measurement. The directional
measurements associated with the continuous directional measurements may be
adjusted by the directional measurements associated with the survey to generate a
representative directional measurement shown by an R symbol at the second

25 measured depth 406, A directional measurement of the wellbore predicied by the
wellbore trajectory model at the second measured depth 406 along the wellbore 402
13 also determined. The predicted directional measurement is represented by a P
symbol. In one or more examples, there may be an error between the predicted
directional measurement and the representative directional measurements. This error

30 is used to determine the fast control input used to calibrate the wellbore trajeciory

model for short-term external effects on wellbore trajectory.

10
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[6634] FIG. 5 is a flow chart 500 of functions associated with determining the fast
control input based on the measurements shown i FIG. 4. The FLL functions may

be performed by the self-learning controller to determine the fast control input.

[6G38] At 502, a survey is recetved which identifies a survey directional
5 measurement at a first measured depth along the welibore. At 504, a continuous
divectional measurement 1s recetved at a second measured depth along the wellbore.
The second measured depth may be downhole from the first roeasured depth. At
506, the continuous directional measurement and the survey directional measurement
are fused to calculaie a representative directional measurement at the second
10 measured depth along the wellbore. The fusion may mnvolve combining the survey
directional measurement and the continuous directional measurement to determine
the representative directional measurement. For example, the survey directional
measurernent may be weighted less than the continuous directional measurement as a
distance between the two directional measurements increases and combined together
15 to form the representative directional measurement. In some examples, the
continuous directional measurement is not fused and the representative directional
measurement may be the same as the continuous directional measurement. At 508, a
wellbore trajectory is projected downhole from the first measured depth to the
second measured depth to predict a directional measurement at the second measured
20 depth. The wellbore trajectory may be projected based on the wellbore trajectory
model which takes as input steering ratio (SR} and/or toolface (TF) of the drilling
system between the first measured depth and the second measured depth. At 510, the
error i$ determined beiween the predicied directional measurement and the
representative directional measurement at the second measured depth. At 512, a fast
25 control input 15 determined based on this error, steering ratio and/or toolface along
the distance the wellbore trajeciory model was run. At 514, the fast control input is
provided to the wellbore trajectory model for calibration. The fast control input
determined by the FLL 15 used to calibrate the wellbore frajectory model so that the
curvature, attitude, and/or position error calculated by a difference between the
30 model-predicted wellbore trajectory and actual wellbore trajeciory based on the FLL
is reduced. This way the wellbore trajectory model may more accurately predict, as
the wellbore 1s continued to be dnlled, directional measuremenis associated with the

wellbore.

i1



WO 2020/060589

W

10

20

[6636] A fast control input mav be updated theoretically as fast as the continuous
measurement updates; however, in practice there may be no need for such high
update rate. In that case, the FLL can be run at a slower speed than the continuous
measurement updates. In one or more examples, the fast control input may be based
on additional inpui(s) that indicate the properties of the driled rock, such as
amsotropy, local principal stresses, and uncontined/confined compressive strength of
the rock {e.g.. how hard or soft a rock is to drill through}, gamma-ray measurements,
resistivity, etc. In one or more examples, the fast control mput may be based on
additional input(s) that indicate drilling parameters, such as WORB, torque on bit, mud
flow rate, or RPM obtained from surface measurements, downhole measurements, or
estimated from the wellbore trajectory model. The additional inputs can also be used
to adjust fast control inputs from offset wells near the wellbore being drilled rather

than having to run the FLL for the wellbore being dnilied.

[6637] In some examples, the SLL and FLL can use a multiphcity of historical (past)
continuous directional measurements and/or survey directional measurements along
with the most recent ones to determine the control input. In other examples, either
the FLL and SLL can be used as a standalone calibration methodology in case
continuous directional measurements and/or survey directional measurements are not

available or unreliable.

16638} FIG. 615 a block diagram 600 of the self-learming controlier which provides
the conirol input to the wellbore trajeciory model 602, The block diagram 600 shows
the wellbore trajectory model 602, sensor fusion logic 604, and control laws 606, 608

for SLL and FLL.

[6639] The wellbore trajectory model 602 is shown as, {u.uc), which is a function of
the steering inputs u and the control input u.. The steering input may be one or more
of a steering ratio and tooiface. The uc may be associated with the control inputs
generated by the SLL and FLL. The ouiput of the wellbore trajectory model 602
mndicates the wellbore trajectory, v, in terms of, for example, curvature, attitude
and/or posttion along the wellbore. In one or more examples, v may be a vector of

curvature, attitude and/or position along the weilbore.
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[0048] The sensor {uston logic 604 is shown as [{(yms, ®:) which calculates a
curvature, attitude and/or position at a measured depth, ymy, as a function of
curvature, attitude and/or position of a survey, yms, and a continuous attitude
measurement @c. The sensor fusion logic 604 estimates the directional measurement
of the wellbore as the survey directional measurement modified by the continuous
divectional measurement. In one or more examples, yny and vms may be a vector
including curvature, attitude and/or position. As the continuous directional
meastrement 13 noisy, the sensor fusion 604 may consist of one or more of the
following in order to denoise and smoothen the continuous directional

measurements: Finite Impulse Response (FIR) filter, nfinite Impulse Response (HR)
filter, Gaussian Process Regression (GPR) model. In some examples, there can be
more than one contingous measurement that is fed to the sensor {usion 604 alongside
the survey directional measurements. Notse in the measurements can be
estimated/computed to improve the sensor fusion. Additionally, an offset can also be
calculated/estimated in the continuous directional measurement improve the sensor
tusion. For example, a continuous inclination measurernent that has a constant bias
from the survey inclination measurements due to sensor calibration issues and 1s +/-

i deg off from surveys is an offset which can be accounted for in the sensor fusion.

[864%] The SLL control law 606 1s shown as f{ues,es) which calculates the slow
control mnput for SLL, s, based on the inputs es and ues, which are the error between
the directional measurement determined by a survey at a first measured depth along
the wellbore and the directional measurement determined by a survev at a second
measured depth along the wellbore, and the steering input along a distance between
the first measured depth and second measured depth. ues 15 a historical (spatially
delayed) control inputs where delay 610 correspond to the distances between the bit
and the sensor focations on the dull string. In one or more examples, es may be a
vector of errors corresponding to each directional measurement and tes may be a
vector of steering input over a distance of the wellbore. In one or more examples,
values in each vector may be averaged and the respective average is used as input

inio the SLL control law.

[#0842] The FLL control law 608 15 shown as fc(uer,er) which calculates the control

input for FLL, uy, based on the inpuis ey and u.r, which are the arror between the

i3
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directional measurement predicted by the wellbore trajectory model at a first
measured depth along the wellbore and the representative directional measurement at

a second measured depth along the wellbore, and the steering input along a distance
between the first and second measured depth. Ues 1s a historical (spatially delayed)
control input where delay 610 correspond to the distances between the bit and the

sensor locations on the drill string. In one or more examples, €r may be a vector of

errors calculated at different measured depths along the wellbore and Uer may be a

vector of steering inputs over this distance along the wellbore. In one or more
examples, values in each vector may be averaged and the respective average is used
as input into the FLL control law. The slow control input may update less frequently
than the fast control input. For example, the slow control mput may update when a
survey is taken while the fast control input may update for each continuous
dirgctional measurement. In this regard, the control input into the wellbore trajectory
model U¢ may be sum (or weighted sum) of a same slow control input with changing
fast control input.

{6043} The control input, Uc, is the superposition of the mdividual control inputs from SLL
and FLL. The control input may facilitate calibrating multiple terms of the wellbore
trajectory model. At least one term can target calibrating the model parameters,
while at least one other parameter can target compensating for biases that are not
modeled such as formation tendencies, anisotropy, faults, pad, bit, bearing wear efc.
which are valuable for geosteering and evaluating whether a given target can be
successiully reached or for estimating an ability of the drilling system to follow a
well plan. The calibration may involve weighting the multiple terms by a weighting
function. The following two examples provide additional details of the calibration.

{0044] Example 1:

[0045] Consider that a two-dimensional wellbore trajectory model only captures
curvature, where the drilling tool’s maximum curvature generation capability is
represented by Kuax:

Y=(U, U ) RKMaxtt g1, 1Ue)
{0046] Here, u=SRcos(TF), where SR (0<SR<1) represents a steering ratio and TF

represents toolface, respectively. The steering ratio (SR) and toolface (TF) may be

14
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single value over a distance the wellbore trajectory model is run. Alternatively, one
or more of the steering ratio SR and toolface TF may be a vector of steering ratios
and toolfaces over a distance the wellbore trajectory model is run. The steering
ratios and toolfaces may be used to calculate a vector of steering inputs. If a vector,

the steering inputs in the vector may be averaged together to form an averaged
steering input over the distance the wellbore trajectory model is run. {i,c)isa

nonlinear calibration logic. Logic for SLL and FLL can be chosen as an array of two
clements (weights) one proportional to # over the distance the error was calculated

and one proportional to 1—u:

us—kqes [ues 1_ue5]
uf=kfef [Uef 1—uef]

[0047] Here, K5 and Ky are constant gains which could be considered as
proportional gains for SLL and FLL. Then, U and Uy are combined to determine
U In one example, Ur may be weighted equally such as Uc=UsTUs. In another
example, the constant gains k¢ and K may be applied to Us and 1 respectively
such that Us is weighted more than Uy because Us is based on more accurate survey
directional measurements compared to Us which 1s based on continuous directional

measurements. Given U~Us+Uy, the nonlinear calibration logic, g{U,Uc), can be
picked as
(uuc)l=uc [u 1]7= Katainl+KBias

where

KMain=Ks€sUesTK e fUlef Kpins=Kses(1—Ues) threp(1—uer)
[0048] The calibration is performed via two parameters KMain and Kpias. Having
two clements [Ues | —Ues] or [tef 1 —Uer] helps to adjust Kvuin if the steering imput
is high 0<<u<=1 more than Kpiss. Similarly, if the steering input u is small
O<=u<<] Kgias 18 adjusted more than KMain. Intuitively, if there is no steering input,
steering results will be driven by the bias, whereas if steering input is max (1=1),
then the steering results will be dominated by the steering capability of the tool Knax

+ KMain. The calibrated model becomes
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Y=, Ue ) =(KMax KMo YU+ KBias
[0049] where Kain 15 a control term which calibrates the model parameter Kvax and
KBias 18 a bias term which compensates for the un-modeled effects on steering. The
logic associated with the SLL and FLL, fes and fcf, 1s selected to distribute the error

5  between control term Knain and bias term Kgias as a function of the steering ratio and
toolface. Further, if the wellbore trajectory model is a probabilistic modet, then
KMain and KBias may have a mean and variance that varies based on well properties.

In one or more examples, properties of the drilled rock, such as
wnconfined/compressive strength of the rock {e.g., how hard or soft a rock is to drill
16 through), camma-ray measurements, resistivity, etc. can also be used to adjust the
control term and/or bias term for the wellbore trajectory model associated with an
offset well near the wellbore being drilled. The adjusted terms can be used in the
wellbore trajectory model rather than having to run the calibration process for the
wellbore being drilled.
15 [0056] Example 2:
{0051} In this example, the trajectory model, control laws for SLL and FLL, and the
sensor fusion logic are selected as in Table 1.

[8652] Table 1 — functional relation, dynamics, details, and array size:

Function Fanctional Relation / Dynamics Details Array size
” P=lc ol yERX uep™
i u) 53 = AP + Bu+ gluu.) u = SReos(TF) ACRDE pepist

glwu)=Cufu 1 Cegt

2X1 X1
' I o es € R K € R
fe (e 85) Uy = Ks‘e:;lues {1~ ues)J €= Ymy ¥ ug € B2 U, € pirt
., - : e A efERb(l, Kf@Rle
g 88 4 o [y T x1 Ix1
JfS[' (}Jms,@c) ymf = yms + [I,Z—LL OC] yms = {hs @.,] ynzf €R ) ymsE R

20 [0853] Nomenclature for the variables in Table 1 is provided in Table 2.

16
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[8654] The wellbore trajectory model output consists of wellbore curvature and
attitude: y=[x ®}7. The matrices A, B and C are functions of the dulling 100l
geometry, drill-bit’s side cutting efficiency, weight on bit (WOB), hole overgange,
and tool response characteristics, among other parameters. A simplistic sensor
fusion techruque 1s selected that utilizes survey directional measurements and
continuous directional measurement to determine the representative directional

measurements.

{0835} The SLL and FLL are shown with a proportional logic in the aforementioned
cases. In other examples, any combination of proportional, integral and denivative
logic can be designed depending on the scenario. In one or more examples, the
constant gains kg, ks may take the form of vectors to alfow more flexability in

adjusting the control term and bias term.

18056} The control and biases terms provided by the SLL and FLL can be used in
ways other than for calibrating the wellbore trajectory model. If run in real-time, the
control terms and bias terms could be used to characterize the drilling tool’s steering
performance such as toolface offset. Toolface offset can be induced by the
mechanical asserably of the drilling tool, delays mn pad actuation, or phenomenon
such as bit/bottom hole assembly (BHA) walk. With a toolface offset, command of a
toolface of TF to the tool results in drilling n a direction TF+offset direction. I run
as a post-job 1ool, the control term and bias term could be used 1o learn about the un-

modeled steering tendencies in the drilled basin, which can be used to design the next

jobin the same area. For example, the unaccounted for (external, wn-modeled, or un-

prediciable) effects on the weltbore {rajectory can be identified which are valuable
for geosteering and evaluating whether a given target can be successfully reached or
for directional drilling to estimate the ability of a tool to follow a well plan.
Unaccounted effects are the effects that are not modeled within the wellbore

trajectory model that we are trying to calibrate. For instance, the wellbore trajeciory
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model may not account for a change of formation during drilling that is not expected.
As another example, the trajectory model may assume the rock o be isotropic as an
oversimplification, so anisotropic rock 1s not accounted for by the wellbore irajectory

model. BHA components such as pads pressed against the wellbore, drill bit and

W

bearing may wear and itmpact the wellbore propagation. These mfluences may not be
accounted for in the wellbore trajectory model. The control terms and/or bias terms
account for these effects in the wellbore trajectory model. As another example,
calibration parameter Knyeia, When compared {0 model parameter xwvma indicates how
different the drilling tool behaves from expecled. T wvnain 13 large (in the same order
10 with wmin) then that may point to a defect/Tailure that affects the steering

performance of the drilling tool.

{8657} FIG. 7A to 7D show performance of the SLL and FLL learning loops for the

system described in Table 1 i calibration of the wellbore trajectory model. The

performance is characterized in terms of inchination ervor. The inclination error is an
15 error (e g., difference} between the inclination of the wellbore predicted by the

wellbore trajectory model and the actual inclination of the wellbore which is dnlled.

[6058] FIGs. TA and 7B 18 a comparison of inclination ervor between an uncalibrated
maodel and calibrated models with SLL and SLL & FLL for a curve section of the

wellbore.

20 {0059} FiGs. 7 and 70 are a comparnison of inclination error between an
uncalibrated model and calibrated models with SLL and SLL & FLL for a tangent

section of the weltbore.

[8668] The error comparison is iustraled m two different ways. The inclination

error on axis 702 as a function of drilled depth (e, MD) on axis 704 15 shown in

Y]
A

FIG. 7A, 7C. The inclination error on axis 702 as a function of a count of a number

of the inclination errors on axis 706 is shown in FIG. 78, 7D.

{6861} Each circle indicales a survey posttion. At every survey position, the
wellbore trajectory model is used to project the wellbore trajectory fo a next survey
position with three settings: (1) without calibration, (i1} with SLL calibration and (i11)

30 with SLL and FLL calibration. The directional measurement associated with the
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projection at the next survey location includes an inclination angle. FLL freguency
was set to 10 11, so every 10 ft the wellbore trajectory is projected from the last
survey 1o the position of the most recent continuous directional measurement 1o
update the control input. In this regard, at each survey, inclination angle results for
three settings are compared with actual inclination results indicated by survey
directional measurements and resulting inchination errors (scaled per 100 ft due to

varying survey intervals) are plotted.

[06662] FIG. 7A to 7D show the calibrated wellbore trajectory model with SLL and
FLL significantly reduces the trajectory model projection error compared to the
wellbore trajectory model calibrated with only SLL (calibrated model with SLL)or a
model which is not calibrated (uncalibrated model) for both the curved seciions (FIG.

7A, 7B} and tangent section (FIG. 7A, 7B) of the wellbore.

{6663} FIG. 8 is a schematic diagram of a well system 800 associated with
calibration of a wellbore trajectory model in which the above the functions may be
performed. The well system 800 includes a drill bit 112 disposed on a drill string
110 of the well svstem 800 for drilling a wellbore 806 in a subsurface formation 808,
While wellbore 806 is shown extending generally vertically into the subsurface
formation 808, the principles described herein are also applicable to wellbores that
extend at an angle through the subsurface formation 808, such as horizontal and
slanted weltbores. For example, the wellbore 806 can be angled vertically followed
by a low inclination angle, high inclination angle or horizontal placerment of the well.
It should further be noted that a land-based operation 15 depicted, but those skilled in
the art will readily recognize that the principles described herein are equally
applicable to subsea operations that employ floating or sea-based plaiforms and rigs,

without departing from the scope of the disclosure.

0064} The well svstem 800 mayv further include a drilling platform 810 that supports
a derrick 812 having a traveling block 814 for raising and lowering drill string 110,
DBrill string 110 may include, but is not limited to, drill pipe and coiled {ubing, as
generally known to those skilled 1n the art. A kelly 816 may support dril string 110
as it may be lowered through a rotary table 818, The drill bit 112 mav crush or cut
rock, be attached to the distal end of drill string 110 and be driven either be a
downhole motor and/or via rotation of drill string 110 from the surface 820, Without

19
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fimitation, drill bit 112 mayv include, roller cone bits, PDC bits, natural diamond bits,
any hole openers, reamers, coring bits, and the like. As dnll bit 112 rotates, it may
create and extend wellbore 106 that penetrates various subterranean formations. A
pump 822 may circulate drithing fluid through a feed pipe 824 to kelly 816, downhole
through interior of dnill string 110, through orifices in dridl bit 112, back to surface

820 via an annulus surrounding drill string 110, and into a retention pit 828.

16665] Dl bit 112 may be just one piece of the dnill string 110 that may include a
downhole device 114 such as a mud motor and/or a rotary steerable system (RS8K)
and one or a plurality of fogging tools such as logging-while-dritling (L WD) or
measuring-while-~drilling (MWD) tools with sensors 116 for measuring, processing,
and/or storing information such as the survey directional measurements and/or
continuous directional measurements used to calibrate a wellbore trajectory model
850. The sensors 116 may be arranged to communicate with a computing system
836. Computing system 836 may include a processing unit 838, a monitor 840, an
mnput device 842 (e g., kevboard, mouse, etc.), computer media (e.g.. optical disks,
magnetic disks), and/or the wellbore trajectory model 850, While depicted as a
computer, some exarnples can be any tvpe of device or apparatus to perform
operations described herem. The computing system 836 may store code
reprasentative of the self-leamning controller and wellbore trajectory model described
heremn for calibration of the wellbore trajectory model which is then used to predict a
wellbore trajectory based on steering mputs fo a mud motor and/or rotary steerable
system to directionally drill a wellbore in a geclogic formation to reach a target. For
example, if steering inputs result in a desired trajectory, then the drill bit 1s steered
with the steering input. As another example, if steering inpuls does not resuli in a
desired trajectory, then the steering inputs are changed and the wellbore trajectory
model is used to determine if the changed steering inputs result in the desired
trajectory. In this regard, compuling system 836 may act as a data acquisition system
and possibly a data processing system that analyzes information from the sensors
116. Any switable technique may be used for transmitting signals from the sensors
116 1o the computing system 836. As illustrated, a commumication link 844 (which
may be wired or wireless, for example} may be provided 1o transmit data from the
sensors 116 to the computing systern 836, Communication link 844 may implement

one or more of various known drilling telemetry techniques such as mud-pulse,
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acoustic, eleciromagnetic, etc. The computing sysiem 836 may be located on the
surface 820. In other examples, the computer system 8§36 may be located downhole
and/or partially downhole and partially at the surface 820. In these cases, data from
the sensors 116 may be processed downhole rather than being transmitted to the
surface 820 and/or the computing system 836 may be commmunicatively coupled to
one or maore of the monttor 840 and/or input device located on the surface 820 via the

communication link 844,

{8866} FIG. 9 15 a block diagram of apparatus 900 (e.g., wellbore frajectory system
104} for calibration of wellbore trajectory models. The apparatus 900 may be
located at a surface of a formation, downhole or partially on the surface and partially
downhoele. In the case that the apparatus 900 is downhole, the apparatus 900 may be
rugged. unobtrusive, can withstand the terperatures and pressures in situ in the

wellbore.

{8867} The apparatus 900 mcludes a processor 902 (possibly mcluding multiple
processors, multiple cores, multiple nodes, and/or implementing nmulti-threading,
etc.). The apparatus 900 inchudes memory 904, The memory 904 may be system
memory {e.g., one or more of cache, SRAM, DRAM, zero capacitor RAM, Twin
Transisior RAM, eDRAM, EDO RAM, DDR RAM, EEPROM, NRAM, RRAM,
SONOS, PRAM, etc.} or any one or more other possible realizations of non-
transitory machine-readable media/medum.
{0068} The apparatus 900 may also include a persisient data storage 906. The
ersistent data storage 906 can be a hard disk dnive, such as magnetic storage device.
The apparatus 900 also inchudes a bus 908 (e.g., PCL ISA, PCE-Express, NuBus,
etc.). Coupled to the bus 908 15 a network interface 910 which facilitates
communication with the loggimg tool. The network interface 910 may receive the
continuous directional measurements and surveys directional measurements from the
sensors which are stored in the persistent data storage 906. The apparatus 900 may
have the self-learning controller 912 with FLL 922 and SLL 920 to perform
calibration of wellbore trajectory model 914. The calibrated wellbore trajectory

model 914 may be used to project a irajectory of a wellbore based on steering inputs
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to determine whether a set target may be reached. Based on the trajectory indicated
by the wellbore trajectory model 914, the network interface 910 may send steering

npus to steer the drill bit to reach the target in the geologic formation.

[866%] Further, the apparatus 900 may comprise a display 916, The display 916 may

W

comprise a computer screen or other visual device. The display 916 may mdicate a
trajectory of the wellbore. In the case that the apparatus 900 is located downhole, the
display 916 may not be coupled to the bus 908, and instead the network inierface 916
may be used to provide the feasibility information to the display located on the

10 surface. Additionally, the display 916 may convey alerts 918. The wellbore
trajectory model 914 may generate the alerts 918 relating whether a target is
reachable. The alerts 918 may be visual i nature but they may also comprise

audible alerts cutput by an audio output device {e.g., speaker).

15 [60708] The apparatus 200 may implement any one of the previously described
functionalities partially (or entirely) 1o hardware and/or software {(e.g., computer
code, program instructions, program code, computer instructions) stored on a non-
transitory machine readable mediom/media. In some instances, the software is
executed by the processor 902, Further, realizations can include fewer or additional

20 components not tllustrated in Figure 9 (e g., video cards, audio cards, additional

network interfaces, peripheral devices, etc.}. The processor 902 and the memory 904

are coupled to the bus 908, Although itlusirated as being coupled to the bus 908, the

memory 904 can be coupled to the processor 902,

16671} The flowcharis are provided to aid in understanding the llustrations and are

25  notto be used to limit scope of the claims. The flowcharts depict example operations
that can vary within the scope of the claims. Additional operations may be
performed; fewer operations may be performed; the operations roay be performoed in
paraliel; and the operations may be performed in a different order. It will be
understood that each block of the flowchart llustrations and/or block diagrams, and

30 combimations of blocks in the fowchart illustrations and/or block diagrams, can be
implemented by program code. The program code may be provided to a processor of
a general purpose computer, special purpose computer, or other programmable

machine or apparatus.
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{6672} As will be appreciated, aspects of the disclosure may be embodied as a
system, method or program code/instructions stored in one or more machine-readable
media. Accordingly, aspects may take the form of hardware, sofiware (including
firmware, resident software, micro-code, eic.), or a combination of software and

LIRS

module”

W

hardware aspects that may all generally be referred to herein as a “ciraunt,
or “system.” The functionality presented as individual modules/units in the example
iHustrations can be organized differently in accordance with any one of platform
{operating svstem and/or hardware), application ecosystem, interfaces, programmer

preferences, programming language, admunistrator preferences, etc.

10 {0073} Any combination of one or more machine readable medium(s) may be
utilized. The machine readable medium may be a machine readable signal medium
or a machine readable storage medium. A machine readable storage medium may
be, for example, but not limited to, a system, apparatus, or device, that employs any
one of or comhination of electronic, magnetic, optical, electromagnetic, infrared, or

15 semiconductor technology o store program code. More specific examples (a non-
exhaustive list) of the machine readable storage medum would include the
following: a portable computer diskette, a hard disk, a random access memory
{(RAM), a read-only memory {ROM), an erasable programmable read-only memory
{EPROM or Flash memory), a portable compact disc read-only memory {CB-ROM;},

20 an optical storage device, a magnetic storage device, or any suitable combination of
the foregoing. In the context of this document, a machine readable storage medium
may be any tangible medium that can contain, or store a program for use by or in
connection with an instruction execution system, apparatus, or device. A machine

readable slorage medium is not a machine readable signal medium.

™D
Lh

{6874} A machine readable signal mediom may include a propagated data signal
with machine readable program code embodied therein, for example, in baseband or
as part of a carrier wave. Such a propagated signal mayv take any of a variety of
forms, nchuding, but not limited to, electro-magnetic, optical, or any suitable
combination thereof. A machine readable signal medium may be any machine

30 readable medium that is not a machine readable storage medium and that can
communicate, propagate, or transport a program for use by or in connection with an

mstruction execution system, apparatus, or device.
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[8675] Program code embodied on a machine readable medium may be transmitted
using any appropriate medium, including but not himitled to wireless, wireline, optical

fiber cable, RF, eic., or any suitable combination of the foregoing.

16676} Computer program code for carrying out operations for aspects of the
5  disclosure may be written in any combination of one or more programming
languages, including an object oriented programuming language such as the Java®
programming language, C++ or the like; a dynanic prograroming language such as
Python; a scripting language such as Perl programming language or PowerShell
script language: and conventional procedural programming languages, such as the
10 "C" programuning language or sinular programmung languages. The program code
may execute entirely on a stand-alone machine, may execute in a distribited manner
across multiple machines, and may execute on one machine while providing results

and or accepting input on another machine.

{8677} The program code/insiructions may also be stored in a machine readable

15 medium that can direct a machine to function in a particular manner, such that the
mnstructions stored in the machine readable medium produce an article of
manufacture including instructions which implement the {unction/act specified in the

flowchart and/or block diagram block or blocks.

[6078] Whle the aspects of the disclosure are described with reference to various
20 implementations and exploitations, it will be understood that these aspects are
ilfustrative, In general, techniques for real time autonomous calibration of wellbore
trajectory models for use in directional dnlling as described herein may be
implemented with facilities consistent with any hardware system or hardware

systems. Many variations, modifications, additions, and improvements are possible.

Y]
A

[6679] Plural instances may be provided for components, operations of structures
described herein as a single instance. Finally, boundaries between various
components, operations and data stores are somewhat arbitrary, and particular
operations are illustrated in the context of specific illustrative configurations. Other
allocations of functionality are envisioned and may fall within the scope of the

30 disclosure. In general, structures and functionality presented as separate components

in the example configurations may be implemented as a combined structure or
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component. Similarly, stractures and functionality presented as a single component
may be implemented as separate components. These and other vanations,
maodifications, additions, and improvements may fall within the scope of the

disclosure.

{6688} As used herein, the term “or” is inclusive unless otherwise explicitly noted.
Thus, the phrase “at least one of A, B, or €7 1s satisfied by any element from the set

{A, B, C} or any combination thereof, including multiples of any element.

Example Embodiments

{6081} Example embodiments include the {ollowing:

{3682} Embodiment 1: A method comprising: positioning one of more Sensors
downhole in a wellbore of a geological formation; performing, by the one or more
sensors, at least one of one or more first directional measurements associated with
the wellbore or one or more second directional meastrements associated with the
wellbore, wherein the one or more first directional measurements are performed less
frequently than the one or more second directional measurements over a given
measured depth along the wellbore; proiecting, by a wellbore trajectory model, a
trajectory of the wellbore to respective measured depths where at least one of the one
or more first directional measurements or one or more second directional
measurements was performed to predict one or more predicted directional
measurements of the wellbore at the respective measured depths; determining one or
more errors based on at least one of the one or more predicted divectional
measurements, the one or more first directional measurements, and the one or more
second directional measurements; and calibrating the wellbore trajectory model

based on the one or more errors.

{3683} Embodiment 2: The method of Embodiment 1, further comprising predicting
a wellbore trajectory based on the calibrated wellbore trajeclory model and steering
mputs, and drilling the wellbore in the geological formation based on the predicted

wellbore trajectory and steering inputs.



WO 2020/060589

W

10

20

™D
Lh

[#684] Embodiment 3: The method of Embodiment 1 or 2, wherein the one or more
first directional measurements are one or more survey directional measurements;
wherein the one or more second directional measurements are one or more
continuous directional measurements; wherein a slow control input is based on a first
error between a survey directional measurement and a first predicted directional
measurement, wherein the first predicted directional measurement 1s based on at least
one of the one or more survey directional measurements; wherein a fast control input
is based on a second error between a continuous directional measurement and a
second predicted directional measurement, wherein the second predicied directional
measurement 13 based on at least one of the one or more survey directional
measurements and at least one of the one or more continuous directional
measurements; wherein the fast control input and the slow control input are mput
into the wellbore trajectory model to calibrate the wellbore trajectory model; wherein
the fast control input is updated as additional continuous directional measurements
are received and the slow control input 1S not updated until another swrvey directional
measurement 1s recetved; and wherein the fast control input s updated more

frequently than the slow control input.

{0085} Embodiment 4: The method of any of Embodiment 1-3, wherein determining
the one or more errors comprises combining at least one of the one or more first
directional measurements with at least one of the one or more second directional

measurements to determine the fast control input.

[6686] Embodiment 5. The method of any of Embodiment 1-4, wherein the one or
more first directional measurernents are performed at a first and second measured
depth along the welibore while the one or more sensors are stationary and at feast one
of the one or more second directional measurements are performed at a third
measured depth along the wellbore while the one or more sensors are moving;
wherein predicting, by the welibore trajectory model, the one or more predicted
directional measurements comprises predicting, by the wellbore trajectory model, (i)
a {irst predicted directional measurement at the second measured depth along the
wellbore based on the first directional measurement at the first measured depth and
(i1} a second predicted directional measurement at the third measured depth along the
wellbore based on the first directional measurernent at the second measured depth;
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wherein determining the one or more errors comprises determining a first error
between the first predicted directional measurement and the first directional
measurement at the second measured depth and a second error based on the second
predicted directional measurement and the second directional measurement at the
third measured depth; and wherein calibrating the wellbore trajectory model
comprises calibrating the wellbore trajectorv model based on the first and second

SITor.

10087} Embodiment 6: The method of any of Embodiment 1-5, wherein calibrating
the welibore trajectory model comprises defermining a conirol input based on the

first error and second error, determining a product of a control term and the control
input, and adding a bias term to the product, wherein the control term and bias term

are based on the first error and second error.

{6688} Embodiment 7: The method of any of Embodiment 1-6, further comprising
fusing the first directional measurement at the second measured depth and the second
divectional measurement at the third measured depth {o form a representative
directional measurement; and wherein the second ervor 15 a difference between the
predicted second directional measurement and the representative directional

measurement.

{6689} Embodiment 8: The method of any of Embodiment 1-7, wherein the third
measured depth is further downhole than the second measured depth and the second

measured depth is further downhole than the first measured depth.

0090} Embodiment 9; A system comprising: one or more sensors positioned
downhole in a wellbore of a geologic formation; a wellbore trajectory model; a
device to: perform, by the one or more sensors, at least one of one or more first
directional measurements associated with the wellbore or one or more second
directional measurements associated with the wellbore, wherein the one or more first
directional measurements are performed less frequently than the one or more second
directional measurements over a given measured depth along the wellbore; project,
by the wellbore trajectory model, a trajectory of the wellbore to respective roeasured

depths where at {east one of the one or more first directional measurements or one or
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more second directional measurements was performed to predict one or more
predicted directional measurements of the wellbore at the respective measured
depths; determine one or more errors based on at least one of the one or more
predicted directional measurements, the one or more first directional measurements,

and the one or more second directional measurements: and ¢alibrate the wellbore

W

trajectory model based on the one or more ervors.

16691} Embodiment 10 The system of Embodiment 9, further comprising the device
to predict a wellbore trajectory based on the calibrated wellbore trajectory model and
steering inputs, and drilling the wellbore in the geological formation based on the

10 predicted wellbore trajectory and sieering inputs.

{60692} Embodiment 11; The sysiem of Embodiment 9 or 10, wherein the one or
maore first directional measurements are one or more survey directional
measurements; wherein the one or more second directional measurements are one or
more continuous directional measurements; wherein a slow contro input is based on
15 g f{irst ervor between a survey directional measurement and a first predicted
directional measurement, wherein the first predicted directional measurement is
based on at least one of the one or more survey directional measurements; wherein a
fast control mput is based on a second error between a continuous directional
measurement and a second predicted directional measurement, wherein the second
20 predicted directional measurement is based on at least one of the one or more swrvey
directional measurements and at least one of the one or more continuous directional
measurements; wherein the fast control input and the slow control input are mput
into the wellbore trajectory model to calibrate the wellbore trajectory model; wherein

the fast control input is updated as additional continuous directional measurements

™D
Lh

are received and the slow control input 1s not updated until another survey directional
measurement 15 received; and wherein the fast control input 1s updated more

frequently than the slow control input.

10693} Embodiment 12: The system of any of Embodiment 9-11, wherein the device
1o determine the one or more errors comprises the device to combine at least one of
30 the one or more first directional measurements with at least one of the one or more

second directional measurements to determine the fast control imnput.
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{0094} Embodiment 13: The system of any of Embodiment 9-12, wherein the one or
more first directional measurements are performed at a first and second measured
depth along the wellbore while the one or more sensors are stationary and at feast one
of the one or more second directional measurements are performed at a third
measured depth along the wellbore while the one or more sensors are moving;
wherein the device to predict, by the wellbore trajectory model, the one or more
predicted directional measurements comprises the device to predict {1) a first
predicted directional measurement at the second measured depth along the wellbore
based on the first directional measurement at the first measured depth and (1) a
second predicted directional measurement at the third measured depth along the
wellbore based on the first directional measurement at the second measured depth.
wherein the device to determine the one or more ervors comprises the device (o
deterroine a first error between the first predicted directional measurement and the
first directional measurement at the second measured depth and a second error based
on the second predicied directional measurement and the second directional
measurement at the third measured depth; and wherein the device to calibrate the
wellbore trajectory model comprises the device to calibrate the wellbore trajectory

model based on the first and second error.

0695} Embodiment 14: The system of any of Embodiment 9-13, wherein the device
1o calibrate the wellbore trajectory model comprises the device to determine a control
mput based on the first error and second ervor, determine a product of a control term
and the control input, and add a bias term to the product, wherein the control term

and bias term are based on the first error and second error.

[6696] Embodiment 15; The system of any of Embodiment 9-14, further comprising
the device 1o fuse the first divectional measurement at the second measured depth and
the second directional measurement at the third measured depth to forma
reprasentative directional measurement; and wherein the second error 15 a difference
between the predicted second directional measurement and the representative

directional measurement.
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100971 Embodiment 16: The system of any of Embodiment 9-15, wherein the third
measured depth is further downhole than the second measured depth and the second

measured depth is further downhole than the first measured depth.

[6098] Embodiment 17 One or more non-~transitory machine-readable media

W

comprising program code executable by a processor to: perform, by one or more
sensors positioned downhole in a wellbore of a geclogical formation, at least one of
one or more first directional measurements associated with the wellbore or one or
more second directional measurements associated with the wellbore, wherein the one
or more first directional measurements are performed less frequently than the one or
10 more second directional measurements over a given measured depth along the
wellbore; project, by a wellbore trajectory model, a trajectory of the wellbore to
espective measured depths where at least one of the one or more first directional
measurements or one or more second directional measurements was performed (o
predict one or more predicted directional measurements of the wellbore at the
15 respective measured depths; determine one or more errors based on at least one of
the one or more predicted directional measurements, the one or more first directional
measurements, and the one or more second directional measurements; and calibrate

the wellbore trajectory model based on the one or more errors.

[6099] Embodiment 18: The one or more non-transitory machine-readable media of
20 Embodiment 17, further comprising program code executable by the processor to

predict a wellbore trajectory based on the calibrated wellbore trajectory model and

stegring mputs, and drilling the wellbore in the geological formation based on the

predicted wellbore trajectory and steering mputs.

16166} Embodiment 19 The one or more non-transitory machine-readable media of
25  any of Embodiment 17-18, wherein the program code to determine the one or more

errors comprises program code to combine at feast one of the one or more first

directional measurements with at least one of the one or more second directional

measurements to determine the fast control inpu.

[3161] Embodiment 20 The one or more non-transitory machine-readable media of

30 any of Embodiment 17-19, wherein the one or more first directional measurements
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are performed at a first and second measured depth along the welibore while the one
or more sensors are stationary and at least one of the one or more second directional
measurements are performed at a third measured depth along the wellbore while the
one or more sensors are moving; wherein the program code to predict, by the
wellbore trajectory model, the one or more predicted directional measurements
comprise program code to predict (1) a first predicted directional measurement at the
second measured depth along the wellbore based on the first directional measurement
at the first measured depth and (1) a second predicted directional measurement at the
third measured depth along the wellbore based on the first directional measurement
at the second measured depth; wherein the program code to deternune the one or
more errors comprises program code to determine a first error between the first
predicted directional measurement and the first directional measurement at the
second measured depth and a second error based on the second predicted directional
measurement and the second directional measurement at the third measured depthy;
and wherein the program code to calibrate the wellbore trajectory model comprises
program code to calibrate the wellbore trajectory model based on the first and second

CITor.
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CLAIMS

What 15 claimed 1s:

10

I. A method comprising:

positioning one or more sensors downhole in a wellbore of a geological
formation;

performing, by the one or more sensors, at least one of one or more first
directional measurements associated with the wellbore or one or more second
directional measurements associated with the welibore, whersin the one or more
first directional measurements are performed less frequently than the one or more
second directional measurements over 3 given measured depth along the
wellbore;

projecting, by a wellbore trajectory model, a frajectory of the wellbore to
respective measured depths where at least one of the one or more first directional
measurements or one or more second directional measurements was performed to
predict one or more predicted directional measurements of the wellbore at the
respective measured depths;

determining one or more errors based on at least one of the one or more
predicted directional measurements, the one or more first directional
measurements, and the one or more second directional measurements; and

calibrating the wellbore trajectory model based on the one or more errors.

2. The method of claim 1, further comprising predicting a wellbore trajectory
based on the calibraled wellbore trajectory model and steering inputs, and drilling
the wellbore in the geological formation based on the predicted wellbore

trajectory and steering inputs.

3. The method of claim 1, wherein the one or more first directional
measurements are one or more survey directional measwrements; wherein the one
or more second directional measurements are one or more continmuous divectional
measurements; wherein a slow control mput is based oo a first ervor between a
survey directional measurement and a first predicted directional measurement,

wherein the first predicted directional measurement is based on at least one of the
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one or more survey directional measurements; wherein a fast control input is
based on a second error between a continuous directional measurement and a
second predicted directional measurement, wherein the second predicted
directional measurement is based on at least one of the one or more survey

directional measurements and ai least one of the one or more continuous

W

directional measurements; wherein the fast control input and the slow control
input are input into the wellbore trajectory model to calibrate the wellbore
trajectory model; wherein the fast control input is updated as additional
continuous directional measurements are received and the slow control input is
10 not updated until another survey directional measurement is recetved; and
wherein the fast control input is updated more frequently than the siow control

mput.

4. The method of claim 3, wherein deternining the one or more errors
comprises combining at least one of the one or more first directional
15 measurements with at least one of the one or more second directional

measurements to determine the fast control mput.

5. The method of claim 1, wherein the one or more first directional
measurements are performed at a first and second measured depth along the
wellbore while the one or more sensors are stationary and at least one of the one
20 or more second directional measurements are performed at a third measured
depth along the wellbore while the one or more sensors are moving;
wherein predicting, by the wellbore trajectory model, the one or more
predicted directional measurements comprises predicting, by the wellbore

trajectory model, (1) a first predicted directional measurement at the second

™D
Lh

measured depth along the wellbore based on the fivst directional measurement at
the first measured depth and (i1} a second predicted directional measurement at
the third measured depth along the wellbore based on the first directional
measurement at the second measured depth;

wherein determining the one or more errors comprises determining a first
30 error between the first predicted directional measurement and the first directional

measurement at the second measured depth and a second error based on the
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second predicted directional measurement and the second directional
measurement at the third measured depth; and
wherein calibrating the wellbore trajectory model comprises calibrating the

wellbore trajectory model based on the first and second eiror.

6. The method of claim 5, wherein calibrating the wellbore trajectory model
comprises determining a control input based on the first error and second error,
determining a product of a control term and the control mput, and adding a bias
term to the product, wherein the control term and bias term are based on the first

error and second error.

7. The method of claim 5, fiwrther comprising fusing the first directional
measurement at the second measured depth and the second directional
measurement at the third measured depth to form a representative directional
measurement; and wherein the second error is a difference between the predicted

second directional measurement and the representative directional measurement.

8. The method of claim 5, wherein the third measured depth is firther downhole
than the second measured depth and the second measured depth 1s further

downhole than the first measured depth.

9. A svstem coruprising:
one or more sensors positioned downhole in a wellbore of a geologic
formation;
a wellbore trajectory model; and
a device to:
perform, by the one or more sensors, at least one of one or more first
directional measurements associaled with the wellbore or one or more second
directional measurements associated with the wellbore, wherein the one or
more first directional measurements are performed less frequently than the
one or more second directional measurements over a given measured depth
along the wellbore;
project, by the wellbore trajectory model, a trajectory of the wellbore to

respective measured depths where at least one of the one or more first
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directional measurements or one or more second directional measuremenis
was performed to predict one or more predicted directional measuremenis of
the wellbore at the respective measured depths;

determine one or more errors based on at least one of the one or more

W

predicted directional measurements, the one or more first directional
measurements, and the one or more second directional measurements; and

calibrate the wellbore trajectory model based on the one or more errors.

10. The system of claim 9, further comprising the device to predict a wellbore
trajectory based on the calibrated wellbore trajectory model and sieering inpuis,
10 and drilling the wellbore 1n the geological formation based on the predicted

wellbore trajectory and steering mputs.

11, The system of claim 9, wherein the one or moore first directional
measurements are one or more survey directional measurements; wherein the one
or more second directional measurements are one or more continuous directional

15 measurements; wherein a slow control inpul 1s based on a first ervor between a
survey directional measurement and a first predicted directional measurement,
wherein the first predicted directional measurement is based on at least one of the
one or more survey directional measurements; wherein a fast control input is
based on a second error between a continuous directional measurement and a

20 second predicted directional measurement, wherein the second predicted
directional measurement is based on at least one of the one or more survey
directional measurements and at least one of the one or more confinuous
directional measurements; wherein the {ast control input and the slow control

input are input into the wellbore trajectory model to calibrate the wellbore

™D
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trajectory model; wherein the fast control input is updated as additional
continuous directional measurernents are received and the slow control input 15
not updated until another survey directional measurement is recetved; and
wherein the fast control input is updated more frequently than the siow control

mput.

30 12, The system of claim 11, wherein the device to determine the one or more

errors comprises the device to combine at least one of the one or more first
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directional measurements with at least one of the one or more second directional

measurements to determine the fast control input.

13. The systern of claim 9, wherein the one or more first directional
measurements are performed at a first and second measured depth along the
wellbore while the one or more sensors are stationary and at least one of the one
or more second directional measurements are performed at a third measured
depth along the wellbore while the one or more sensors are moving;

wherein the device to predict, by the wellbore trajectory model, the one or
more predicted directional measurements comprises the device to predict iy a
first predicted directional measurement at the second measured depth along the
wellbore based on the first directional measurement at the first measured depth
and (i1) a second predicted directional measurement at the third measured depth
along the wellbore based on the fivst divectional measurement at the second
measured depth;

wherein the device to deternuine the one or more errors comprises the device
to determine a first error between the first predicted directional measurement and
the first divectional measurement at the second measured depth and a second
error based on the second predicted directional measurement and the second
directional measurement at the third measured depth; and

wherein the device to calibrate the wellbore trajectory model comprises the
device to calibrate the wellbore trajeciory model based on the first and second

error.

14. The system of claim 13, wherein the device to calibrate the wellbore
trajectory model comprises the device to determine a contral input based on the
first error and second error, determine a product of a control term and the control
mput, and add a bias term to the product, wheremn the control term and bias term

are based on the first error and second error.
15. The system of claim 13, further comprising the device to fuse the first

directional measurement at the second measured depth and the second directional

measurement al the third measured depth to form a representative directional
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measurement; and wherein the second error is a difference between the predicted

second directional measurement and the represeniative directional measurement.

16. The systern of claim 13, wherein the third measured depth 1s further

downhole than the second measured depth and the second measured depth s

W

further downhole than the first measured depth,

17. One or more non-transitory machine-readable media comprising program
code executable by a processor to
perform, by one or more sensors positioned downhole in a wellbore of a
geological formation, at least one of one or more first directional measurements
10 associated with the wellbore or one or more second directional measurements
associated with the wellbore, wherein the one or more first directional
measurements are performed less frequentlv than the one or more second
directional measurements over a given measured depth along the wellbore;
project, by a wellbore trajectory model, a trajectory of the wellbore to
15 respective measured depths where at least one of the one or more first directional
measurements or one or more second directional measurements was performed to
predict one or more predicted directional measurements of the wellbore at the
respective measured depths;
determine one or more errors based on at least one of the one or more
20 predicted directional measurements, the one or more first directional
measurements, and the one or more second directional measurements; and

calibrate the wellbore trajectory model based on the one or more errors.

8. The one or more non-transitory machine-readable media of claim 17, further
comprising program code executable by the processor to predict a wellbore

25 trajectory based on the calibrated weilbore trajectory model and stesring inpuis,
and drilling the welibore in the geological formation based on the predicted

wellbore trajectory and steering inputs.

19. The one or more non-transitory machine-readable media of claim 18, wherein
the program code to deterroine the one or more errors comprises program code to

30 combine at {east one of the one or more first directional measurements with at
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{east one of the one or more second directional measurements to determine the

fast control input.

20. The one or more non-transitory machine-readable media of claim 17, wherein

W

the one or more firsi directional measurements are performed at a first and

second measured depth along the wellbore while the one or more sensors are

stationary and at least one of the one or more second directional measurements is
performed at a third measured depth along the wellbore while the ong or more

SENSOTS are moving;

10 wherein the program code to predict, by the wellbore trajectory model, the
one or more predicted directional measurements comprise program code to
predict (3} a first predicted divectional measurement at the second measured depth
along the wellbore based on the first directional measurement at the first
measured depth and (i1) a second predicted directional measurement at the third

N measured depth along the wellbore based on the first directional measwwrement at
the second measured depth;

wherein the program code to determine the one or more errors comprises
program code to determine a first error between the first predicted directional
measurement and the first directional measurement at the second measured depth

20 and a second error based on the second predicted directional measurement and

the second directional measurement at the third measured depth; and

wherein the program code to calibrafe the wellbore trajectory model
comprises program code to calibrate the wellbore trajectory model based on the

first and second error,
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