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PATH TRACKING FOR DIRECTIONAL DRILLING AS APPUEDTO
ATTITUDE HOLD AND TRAJECTORY FOLLOWING

FIELD OF THE INVENTION

10002] Aspects relate to directional driliing for welibores, More specifically, aspects relate to
diractional drilling where control of the diilling procedure is used 1o develop path racking for both
path following and attitude hold applications.

SACKGROUND INFORMATION

[0003] Directional drilling Is an important aspect of discovery of petroleum products in
geotechnical formations. Directional drilling naturally gives rise 1o the regquirement to
autonomously control the altifude and trajectory of wells being drilled. Drivers may be used to
control the drilling in ordsr to maximize sconomic retum of the diilling. Practical drivers for this
include drivers that reduce well torfuosity due to target attftude overshoot as well as well collision
avoidance, Convertional systems have propoesed applications that enable sliding mode control o
ririmize errors it position and attitude. Other conventional technologies have approached path
planning and trajectory following as an optimal control problem where researchers have fackled

the problem using generic algorithms.

[0004] It is also the case that it is required to follow a predefined well plan as closely as
possible, where the well plan has been optimally constructad off-line to minimize the measured
depth of diilling given & set of target coordinates and difliing constraints, however converntional
technologies have significant dificulies In achieving this resull. There is a need to provide for directional
driliing rmethods and apparatus such that control of the diilling procedurs is used o develop path

fracking for both path following and attituds hold applications.

BRIEF DESCRIPTION OF THE DRAWINGS

[BO05] FIG. 1 is an architectural layoud drawing of a general path tracking controlier.

[008] FIG. 2 s a side view of 2 goometry for a preview point evaluation, in a trajectory following
application.

(G007 FIG. 3 is a side view of a geomaetry for a preview point evaluation, in an attituds hold

application,
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IOOR] FIG. 4 is 3 series of three response piots from an attitude hold simulation, wherein a first
oot shows a noisy Ve input into the medel, a second plot shows the dogleg severily or curvature
output from the aifitude controller and a third plot llustrates the trus vertical displacement
rESPONEE.

0008 FIG. 5 is an aftitude hold azimuth and inclination response.

100181 FIG. 6 is a graph of a rajectory following response using an aspect described,

00111 FIG, 7 is & trajectory following tool face response i & zoomed view using an aspect
described.

(D012 FIG. 8 s a trajectory following Vi, SR and TVD response.

100131 FIG. 9 is a series of rajectory following attiude zensor signals.

DETAILED DESCRIPTION

(00141 Inone aspect, a diver is described to provide Tor diilling control for sxploration of
geotechnical featurss. In the lHustraled sxamples that follow, the msthodologiss may be
conductad such that they may be contained on a computer readable medium, for example, or may
be instailed in & computer readable medium such as a hard disk for control of drilling functions. In
soms aspects, simulations may be run to aliow an operator o preview the actions to be chosen, In
other aspects, divsct contred of the drilling apparatus may be accomplished by the methodologies
and apparatus described. In one example smbodiment, a modsl is used, derived from kinematic
considerations. In this simpiified model, laleral and torsional dynamics of the drill string and the
bottom hole assembly, {(hereinafter called "BHA™ ars ignored. In this specific example

embodiment provided:

s - BN .
S 17 frz r W
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2 e W Vol W COSWe e = Vgl

Ying Vropi Wadlgt ol ¥grd Lang

Equation 2

whers:

e 18 the inclination angle

Uy ia the tood face angle control input
U, 18 the 'dog leg severlly’ or curvature

Var 15 the drop rate disturbancs Vg = Q 8in B

Fod
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Vi is the tum rate bias disturbance

Vi 15 the rate of penetration and is an uncontrolied parameter

{0015] In one example embodiment, transformations may be used, as presented in equations 3
and 4;

Up = ATANZ {Uan, Ung) Eguation 3

Ve = K * 8art {ua ™+ Ung™ Equation 4

{8016] ignoring the disturbances, the plant modet simplifies to Equations 5 and 8 as disclosed

below.
S = Viop Kais Uine Equation 5
Dazi = Vigp 8I0 By Kys Uan Equation &

{B017] The following two sguations llustrate two PI {"proportional-integral”) controllers for the

inclination and azimuth hold contrel loop:

Equation 7

i T e(az) Equation 8

[0018] Inthe above, &y = e - By are the inclination and azimuth errors respectively. Pl gains,
for example, may be oblained through a method known as pole placement. The robustness of
aspects of the control system to measure fesdback delays, Input quantization delay and parametric
uncertainty of Vi, and Ky may be determinad through a small gain theorem, as a non-limiting

ambodiment,

[
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60181 Refering o FIG. 1, an architecture for & general path tracking oontrolier is lilustrated. The
itlustrated smbodiment has an inner loop and an outer-loop trajectory following controller. The
inner loop controller is ilustrated as modified by adding feed-forward temms to Uy and Uy as

follows:

Fr ib w  FF - i
Ming = {gn, T Mg Hag == oo o M Equation 8

[6020] The fesd forward terms are generated from an inversion of BEquations 5 and 8 with nne and
ez evaluated using numerical diferentiation. The fsed forward terms ars used o reduce the initial
response overshoot that would othsrwize ocour dus o the unknown Vg and ¥y, disturbances
requiring the 1AM integral action 1o bulld up before the steady state srror approached zero. Inan
allemnative embodiment, the methed may shift the dominant clesed loop holes {o spesd up the
responsg, but at the expense of stability. The feed forward, thereforg, has the effect of speading up
tha atthude response without destabiiizing the overall controlier action and the fesdback action
compansales for the un-mode! dynamics in the feed forward model inversion and uncertainty in the

parameters used for the fesdback control design.

[B021] In addition, with reference to FIG. 1, it can be seen that the described 1AM tracks an
aftitude demand set point derived from the outer loop such that the fool is mads recursively to track
back from the {ool position o the target position and attituds along a correction path. Both the
attitude hold and trajectory following algorithms use the architecture shown in FIG, 1, the only
difference between the two applivations therefore being the intemal content of the seipoint

gansrator block shown in FiG, 1

[B022] For both fralectory following and attitude hold, the sefpoint aitituds is evaluated at & higher
update rate and then the sampls is held recursively over sach driliing eycle as the demand {o be
passed to the IAH. The rajectory following and attitude hold algorithm functionality will be spiit
such that the atiftude generator will be implementad on the swiface while the [AH wilt be
implemented autonomously downhole. The ool atiftuds is fed back from downhole to the surface
and the measured depth, MD, is also fed back from a surface measurement. For both
applications, the update rates for the algorithms described are in the order of 10 seconds for the
feadback measuremenis and controliers, while drilling cycle periods on the order of multiples of

minutas, as a non-iimiting smbodiment.

4
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(30231 The trajectory following algorithm requires a method o it a selpoint attitude providing a
corraction path from the tool to the stored path position and altitude over a number of recursion
cyeles. The correction path is constructed by providing & demand atfituds, defined as the attitude
of the vector joining the tool position {point A} and appolnt at some preview position along the plant
path, point O, from the closest point of the 100l o the storad path, point ©, as shown
schematically in FIG. 2. This error vector is then taken as the setpoint attitude hoth for fead forward

and feadback conirol of the ool aftitude.

{3024] From the giohal coordinates of points A and O, the attitude in terms of azimuth and

inclination are evaluated using the following Cartesian o spherical coordinale transformations:

Ha = atan (g}
Bipe = atan (2 Equation 10

p = hypot {dy, 4z)

[B025] Note that for the transformation stated above in equation 10 for the fixed global coordinale
system, the assumed sign convention is a right-handed coordinate system with the X axis pointing
vertically down. As will be understood, other conventions and transformations may be used. In
the above described algorithim, the algorithm recursively convergss over several driliing oyeles untd
the error vector from points A to O approximates 1o being parallel to the stored path and the normal

path from point & 1o A In FIG. 2 approaches 2ero length.

(00281 For attitude hold, where the ool is required o track a fixed azimuth and inclination, itis
possibie to modify the trajectory following algorithm by generating the target path on-line and using
a different methodology 1o generate the demand altitude vector optimally in the sense that the set
point tralectory can be consirucied {0 have a specifisd nominal absolule curvature. The target path

is generated onling based on the target azimuth and inclination and nominal Vigy!
X = Vg e05{Bined
¥ = Vg 005 {Bpp) 5081 ) Equation 11

&= M‘:.rp55?3(:61‘}1{:)5571{5:22{:‘

&
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Equation 11 is then numerically integrated using the starting position of the attitude hold saction as
initial conditions {o oblain the {arget path. Note that the assumption is mads that the coordinates of
the initial plan position in the beginning of the altitude hold section are coincident. The hold
algorithm therelore can be seen o pradict the path following target path from a given position with

the reguired atiituds,

(00271 Referring o FIG. §, the demand attifude to pass the inner 1AM feadback loop is taken as
the attitude of the start tangent to a curve fitted between the ool position A and the infersection of
a correction path of absolute curvature p with the pradicted target path, alse at tangent {point B,
In FIG. 3, point © is a point on the farget path several sample perieds prior to the point of minimum
distance betwesn the {ool {(point A) and the targst path, labsled as point &, Point B is a point
arbitrarily along the target path from point ©. With this planar geomelry two assumptions are mads,
these baing 1) angle CAR is 80° 2} ACE and AT © are similar triangles. The objestive, therafore
is {0 define the Caresian coordinates of the veclor joining points A {the tool} and point O (he
imtersection of the star! tangent of the corrsction path with the target path). The veclor joining
points A and O then define recursivaly the demand attitude for the inner 1AM feedback loop as
avaluated from sguation 10 previcusly, With these objectives and assumptions, the geometlric

construstion proceeds as desoribed below.
[6028] The Canesian components of the targst path tangent are evaluated from the backward

difference of the on-line generated larget path derived from Equation 11 factored by an arbitrary

preview distance 8§ as follows.

FERppp Equation 12

Whare &= (%~ X1, Yo Yo -1, Fo- 20 11

[0G28] A preview point B can be defined by projecting the arbitrary preview distance & (where

distance B »> d + d') ahsad of point © as follows:

Eguation 13

=
I's
¥

o
IS
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(803081 A vector ¢ can be defined icining point A and the arbitrary preview point B on the targst
path, Using the right angled approximation for angle CAR it can deduced that)

@ =5 +{ci? Equation 14
whara:
fof = H{{Bog) - (A iy, T axoy2 Equation 15

10031] Vo zolve for dimension &' | can be deduced using the similar triangles approximation (AQ
B & AD ©) that

g = aeosg, B = aros ({l) Eguation 18

00321 With reference to FIG, 3 dimension d from points © to © can be svaluated by noting points
A and B or on a curve with curvature p and a common center of curvaturs AL With the construction
shown {similar triangies ADA’ and ACD) i can be deduced that:

d=atany Equation 17
Whare
y = asin (1-a' g} Equation 18

Dimension & is evaluated as:

d = asing Equation 19

108337 As a resull, dimension d + d' can be used ko find the coordinates of point O relative o point

{ enabling the atfilude of the vector from point A to point O to be evaluated,

{08341 The preceding atitude and trajectory control algorithms were tested using a drilling
simulator. The simulator used Equations 1 and 2 as the plant modsl was able to feed Ug, and Uy
cornands o the plant sither from a well-planned with respsct to measured depth open loop or
from the protolype closed loop trajectory following or altituds hold aigorithrs. In the sxample
egrmnbodiment, the driling simulator transfommed the ©y and Oy responses from the plant inte
giobally refarence Cartesian coordinates for automated steering introductory response display

DUTpOSes.

{00351 The plant altitude response and globally referenced gravity and magnetic field veclors are

7
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ussd to simulate three axds magnstomsisr and acceleromster sensor signals as fypically used for
aftitude sensing arrangements. The signals are signal conditioned in order {o generate aflitude
feadback signals for avtomated stesring. In the example embodiment, the drilling simulator
includes realistic engineering constraints such as the driliing cycle, atttude measurement feedback
delays, input dynamics as well as noise. The relevant drilling and model parameters in the
example are shown in Table 1. The two cases simulated are attituds held and trajectory following.
To damonsirate a practical feature of the attitude hold algorithm that is required in the field at
between 800 and 1200 fest of measured depth the tool is positionsd In the inclinations o that the
target inclination changes to 83° and then back to 80° to simulate the typical on-line adjustments
made by the directional driler when following a geoclogical feature. The trajectory following test
case usas the same parameters in initial conditions as the attifuds hold test cass with the
exception that rather than the targst path being generaled onding, a stored path Is used instead.
The stored path was created such that i had an 8° per 100 feet maximum cunvaturs and the
closed loop run assumed a tool with a 15° per hundred foct curvature capacity, providing a
curvature tolerance between the path the fool followsd and the curvature capacily of ths ool

Tabis 1
TRANSIENT SIMULATION PARBAMETERS

e, Dan 80°  270° initlal atltude respectively

Viop 100 f/hr with 20 fhr standard deviation nolss

Kais 15100 # tool capacity & 897100 #f well plan

Miag Uy dynamics

Fq feadback delay corresponding o 108/ @ Vyop

he drifiing cycle delay 808, squivalent to 180s drilling oycle

bika 2nA1.0 = 104 radds design Bazi response nalural frequency
L 218 w104 radis design Bine response natural frequency
Vr Dirop rale blas LOS/100 &

Vi Tum rate bias 0.5%/100 #

Tz Fixed step oded Bogaki-Shampine solver, 10s step size
FPraview 30 & 3281 #, trajecty fnllowing & attitude hold

[0038] Heferring to FIG. 4, three response pliots from the meathod of attfude hold are presented.
in tha top plot Hustrated, the nolsy Vg input into the model s Blustrated due to the 20 fvhr
standard devigtion random nolse added {o the nominal 100 . The middie plot shows the Uy
output from the atliude controlier, and it can be seen that apart from the beginning and end of the
nudge section, the steering ratio is reasonably constant at around 50%, which s logical given the

constant Vg and Vy, at around 50% which is logical given the constant Vg &V, disturbances. The
8
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lower plot shows the TVD (rue verticad displacement) rasponse which for altitude hold is a variable
of interast. As presenied, the TVD response for the first 800 fest where the inclination is held
close to the start TVD but between 800 and 1200 fest the ool builds by 30 fest a3 the atlifuds
hold maintains the tool &t 83° inclination. After 1200 feat, the target inclination is again 80° and

henee the lool remains al a same true vertical displacement.

(G037} Referring to FIG. 5, the aftitude responss for an altitude hold simulation is presented, The
3° atttude nudgs can be ssen betwesn the 800 and 1200 foot level whers the inclination changes

frorn 80° 1o 93° and back again while the azimuth s maintained at 278% £ 1°

{0038} Referring o FIG. 6, a trajectory following simulation response is flustrated with the
responss iracking the stored path frajectory well, In the llustrated embodiment, the positive
dirgotion for the global coordinate systermn axss ars shown at the stant of the storad path trajectory.
As prasented, the tool mostly dilled in the negative z-axis direction with the azimuth being close to
2700

00381 In the illustrated embodiment, the delling simulator used for the fhed global reference
frarme is a right-handed coordinate system with the X axis pointing vertically down. For these
simulations, the dipping inclination angles ¢of the magnetic fisld vector were assumed zero such
that the magnetic field vector was parallel to the positive y-axis and the gravitational fisld vector
was taken as being parallel to the positive X axis of the fixed global coordinate system

respectively.

{00401 Referring to FIG. 7, a zoomed view of the tool face control output and response oy the
rajectory following simulation is presented. In FIG. 7, for example, it can be seen that the input
ool face dynamics indicate that there is a considerable difference between the demand from the
trajeciory following algorithi and the response dus to the ool face lag. From the trajectory

foliowing algorithm in FIG, 8, howsver, the system is acceptable despile the tool face lag.

100411 FIG. 8 shows similar plots as FIG. 4 but for a trajectory following simulation using one
aspect of the disclosure. For this trajectory following simulation, there s more varlation in slesring
ratio bacause although the Vi & V, disturbances are stil constant, the ool demand altituds is
changing, hence leading to the varying average stesying ratio over the simulation. The TVD {ue
vartical displacement) variation over the run can aiso be ssen in the boltom plot of FIG. 8, only

this is iass significant this time as the response meraly follows the TVD varigtion of the stored

g
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path trajectory. FIG. 8 flusirates the simulated aocelerometer and magnetomesder signals for the
frajectory following simulation. The top two plots in FIG. 9 shows the on-too! axis aligned sensor
rasponsa which is non-oscilatory and as expected small in magnitude dus o the on tool axis
sensors being mostly perpendicular {o both the magnetic and gravitational fields. In the lower
four plols in FIG. 8, however, which show the radio accelerometer and magnetometsr signals,
the collar rotation of the tool can be seen as the sensor signals cscillate at the collar rotation

frequency at near plus minus full signal due to the orentation of the tool.

{80421 In one embodimant, a methed for directional control of a drilling system is presentsd,
scomprising using an inclination and azimuth hold system to develop a path 1o be followed by the
drilling system, wherein the inclination and azimuth hold system caloulates a set point attitude {in
terms of azimuth and inclination ) recursively for a inner loop attitude tracking contralier {o follow
such that the path generated is of a prescrbed curvature {dogleq); and hence controliing the
drifing system to diill along the generated path oblained by the inclination and azimuth hold

sysiem,

{0043] In another embodiment, the method may further comprise controlling an atiitude of the

path {0 be followed by the diilling system.

{0044] In another embodiment, the method may be performed wherein the altitude of the path o
he followed by the drilling system is based on a target azimuth and inclination and nominal rate of

penatration.

[0045] In ancther embodiment, the method may further comprise tracking the path obtained by the

mnolination and azimuth hold system,

{30481 In ancther embodiment, the method may further comprise displaving the path obtained by

the inclination and azimuth hold system,

(00471 in ancther embodiment the methad may further comprise fesding back signals from the
drilling system drilling along the path oblained by the inclination and azimuth hold system to

develop a revised path developed by the inclination and azimuth hold systam,

(00481 in a still further embodiment, the method may further comprtise oblaining a true vertical

displacement response from a boltom hole assembly during the controlling the drilling system fo

10
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drill along the path oblained by the inclination and azimuth hold system.

(08487 in ancther erbodiment, the method may further comprize displaying the true vertical

displacement response of the boltom hole assembly,

[3058T In another embodiment, the method may further comprise displaying the path fo be
followed by the drilling system and displaying an actual path followed by the drilling systam.

(00511 1 will be undersiood that recursive variabie horizon frajectory control for directional driliing
may be used in smbodiments desoribed, This trajeciory control may use alliptical helixes, sz a
non-imiting embodimant. In certain smbediments, MPC strategy may be used. Direction and
nclination sensors and a rale of penstration may be used o determine a spatial position. In
smbodiments, a set-point trajectory may be set which mests a horizon. The set-point irajectory,
for example, may be dependent on using a method o it a curve rom a tool's posttiontoone of &
nath which salisfies curvature constraints.  Onos this position is availables, a curve may be fited

which icins points and matches langenis. Such curves may be siliptical helix curves.

(30521 While the aspedis describad have been disciosed with respect to a limited number of
gmbodiments, those skills in the art, having the benefit of this disclosure, will appreciale numerous
madifications and variations therefrom. It is intended that the appended claims cover such

madifications and variations as within the true spirit and scope of the aspacts describad,

"
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WHAT I8 CLAIMED 18

1.

A method for directional control of a drilling system, comprising:

using an inclination and azimuth hold systemn (o dovelop a path o be followed by the
drifling system, wherein the inclination and azimuth hold system calcuiates an inclination
angle of a ool face and an azimuth angle of the tool;

generaling a se! point attitude to establish the path o be followed by the drilling
system; and

controlling the drilling system to drill along the path obiained by the inclination and
azimuth hold system.

The method according to daim 1, further comprising:

controliing an attitude of the path o be {oliowed by the drilling systam,

The method accarding to claim 2, wherein the aftitude of the path to be followad by the

drilling system is based on & larget azimuth and inclination and nominal rate of penetration.

The method according to olaim 1, further comprising:

fracking the path obitained by the inclination and azimuth hold system,

The method according to ¢laim 4, further comprising:

displaying the path obtained by the inclination and azimuth hold system,

The method according to claim 1, further comprising:

fesding back signals from the diilling system drilling along the path obtained by the
nclination and azimuth hold system to develop a revised path developed by the inclination
and azimuth hoid system.

The method according to claim 1, further comprising:

obtaining a true vertical displacement response from a boltom hele assembly during
the controfiing the drilling systemn o drill along the path oblained by the inclination and

azimuth hold systenm,
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8. The method according to olaim 7, further comprising:

displaying the irue vertical displacement response of the bottorn hole assembly.

8. The method according o claim 1, further comprising:
displaying the path to be followad by the drilling system; and

displaying an actual path followed by the drilling system.
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FIG. 2
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FIG. 3
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