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(57) ABSTRACT

A method and apparatus for precisely controlling the rotation
of a dnll string. A sensor momitors the rotation of the drill
string and transmits the rotational information to a computer.
The computer controls the rotation of the motor driving the
drill string and rotates the drnll string through an angle input
by the operator. The computer may also utilize the sensor’s
rotational information to oscillate the drill string between two
predetermined angles. The computer may also recetve orien-
tation mnformation from a downhole tool sensor. The down-
hole tool mnformation may be combined with the rotational
information to enable the computer to accurately reorient the
downhole tool.
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1
DRILLING METHOD AND APPARATUS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions

made by reissue.

RELATED APPLICATION

A continuation reissue application having application Ser.

No. 13/846,125, which is a reissue of U.S. Pat. No. 6,050,348,
claims benefit under 35 U.S.C. $§120 as a continuation of this

application, which is also an application for reissue of U.S.
Pat. No. 6,050,348. Movre than one reissue application has

been filed for U.S. Pat. No. 6,050,348.

BACKGROUND OF THE INVENTION

Subterrancan drilling typically involves rotating a drill bat
on a downhole motor at the remote end of a string of dr1ll pipe.
The rotating bit works 1ts way through underground forma-
tions opening a path for the drill pipe that follows. Drilling
fluid forced through the drill pipe may rotate the motor and
bit. The assembly may be directed or steered from a vertical
drill path 1n any number of directions. Steering allows the
operator to guide the wellbore to desired underground loca-
tions. For example, to recover an underground hydrocarbon
deposit, the operator may first drill a vertical well to a point
above the reservoir. Then the operator may steer the wellbore
to drill a deflected, or directional, well that optimally pen-
ctrates the deposit. The well may pass horizontally through
the deposit. The greater the horizontal component of a well or
bore, the greater the friction between the bore and the dnll
string. This friction slows drilling by reducing the force push-
ing the bit into new formations.

Directional drilling, or steering, 1s typically accomplished
by orienting a bent segment of the downhole motor driving,
the bit. Rotating the drill string changes the orientation of the
bent segment and the “toolface™, and thus the direction the bit
will advance. To ellectively steer the assembly, the operator
must first determine the current toolface orientation. The
operator may measure the toolface orientation with what 1s
commonly known as “measurement while drilling” or
“MWD” technology. If the dnlling direction needs adjust-
ment, the operator must rotate the drll string to change the
orientation of toolface.

If no friction acts on the drill string or 11 the drill string 1s
very short, simply rotating the drill string will correspond-
ingly rotate the segment of pipe connected to the bit. How-
ever, during directional drilling, the drilling operator detlects
the well or bore over hundreds of feet so that the bend 1n the
drill string 1s not sudden. Thus directional drilling 1s often
performed at the end of a drill string that 1s several thousand
teet long. Also, directional drilling increases the horizontal
component of a well and thus 1ncreases the friction between
the drill string and the well. The dnll string 1s elastic and
stores torsional tension like a spring. The drill string may
require several rotations at the surface to overcome the fric-
tion between the surface and the bit. Thus, the operator may
rotate the drill string several revolutions at the surface without
moving the toolface.

Typical drilling drives, such as top drives and indepen-
dently driven rotary tables, prevent drill string rotation with a
brake. To adjust the orientation of the toolface, the operator
must release the brake and quickly supply suilicient power to
the motor to overcome the torsional tension stored in the drill
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string and to advance the drill string the appropriate amount at
surface to reorient the toolface at the end of the drill string. It

the brake 1s released and msuificient power 1s supplied to the
motor, the drill string will backlash. IT too much power 1s
supplied to the motor, the motor will quickly rotate the tool-
face past its desired orientation. If the mitial brake release and
motor power-up are successiul, the operator must then stop
the motor with the brake once the operator thinks the drill
string has rotated sulliciently to properly reorient the tool-
face. It the operator’s guess 1s too high, the motor will rotate
the toolface past the desired orientation. If the operator’s
guess 1s too small, the motor may rotate the drill string at the
surface but the toolface will not rotate suiliciently to be prop-
erly oriented.

SUMMARY OF THE INVENTION

The present invention provides apparatus and methods for
climinating some or all of the guess work ivolved 1n orient-
ing a steerable downhole tool by precisely controlling the
angle of rotation of the drill string drive motor. One embodi-
ment allows the operator to designate the exact angle the
motor will advance the drill string at the surface. Another
embodiment of the invention prevents backlash. The mven-
tion also exploits the elasticity of the drll string to reduce the
friction between the dnll string and the bore by continuously
oscillating the drill string between the bit and the surface
without disturbing the orientation of the toolface. In another
embodiment, the computer controlling the drive motor
receives toolface orientation information from MWD sensors
and automatically rotates the drill string at the surface to
orient the toolface as desired.

In one embodiment, the dnll string drive motor 1s con-
trolled by a computer. The computer monitors the rotation of
the drill string at the surface through sensors. The computer 1s
programmed to advance the drill string the precise angle
entered by the operator.

In another embodiment, the drill string drive motor 1s con-
trolled by a computer. The computer monitors the rotation of
the drill string at the surface through sensors. The computer 1s
programmed to rotate the drill string a predetermined angle
and then to reverse the direction of rotation and rotate the drill
string back through the same predetermined angle.

In another embodiment, a rotation sensor monitors the
rotation of the drill string at the surface. A MWD sensor
monitors the orientation of a downhole tool. Data from the
rotation sensor and from the MWD sensor 1s transmitted to a
computer that controls the drill string drive motor.

In yet another embodiment, the motor rotating the drll
string 1s hydraulic. A control valve causes tluid to advance the
motor 1n a first direction when the control valve 1s open. A
counterbalance valve prevents rotation of the motor 1n the first
direction when the control valve 1s closed.

One embodiment involves monitoring the rotation of a drill
string, transmitting the rotational data to a computer, control-
ling the motor rotating a drill string with the computer and
instructing the computer to advance the motor a predeter-
mined angle.

Another embodiment involves monitoring the rotation of a
drill string, transmitting the rotational data to a computer,
controlling the motor rotating a drill string with the computer
and 1nstructing the computer to oscillate the motor between
predetermined angles.

Yet another embodiment 1nvolves monitoring the rotation
of a drill string, monitoring the orientation of a downhole tool,
transmitting the rotational data and orientation data to a com-
puter, controlling the motor rotating a drill string with the
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computer and instructing the computer to achieve or maintain
a desired downhole tool orientation by controlled actuation of
the motor.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 1s a schematic view of a directionally drilled well;

FIG. 2 1s a side elevation view of a top drive motor accord-
ing to the present invention;

FIG. 3 1s a partial cross-section of an elevation view of a top
drive motor according to the present invention;

FIG. 4a 1s a plan view of one aspect of the present mnven-
tion;

FI1G. 4b 1s a partial cross-section of a side elevation view of
one aspect of the present invention;

FI1G. 4c¢ 1s a detailed partial cross-section of a side elevation
view ol one aspect of the present invention; and

FI1G. 5 15 a schematic view of certain aspects of the present
ivention.

DESCRIPTION OF THE PR
EMBODIMENTS

L1
=y

ERRED

FIG. 1 depicts a drilling r1ig 10 with a top drive 12. (While
a top drive 12 1s shown, the principles of this imnvention apply
to any drive system including top drive, power swivel or
rotary table.) The top drive 12 1s connected to a drill string 14.
The drill string 14 has deviated from vertical. As shown, the
drill string 14 rests against the well bore where the bore 1s not
vertical. A downhole motor 16 with a bent section 1s atthe end
of the dnill string 14. A bit 18 1s connected to the downhole
motor 16. The downhole motor 16 1s driven by drilling fluid.
While a drilling fluid driven motor 1s shown, the principles of
this invention apply to any downhole tool requiring rotational
manipulation from the surface.

FI1G. 2 1s adetailed depiction of a top drive 12. The top drive
12 1s suspended by a traveling block 20. The top drive 12 has
a hydraulic motor 22 and an electric motor 24. FIG. 3 1s a
simplified depiction of a top drive 12. The electric motor 24 1s
the primary source of drilling power when the top drive 12 1s
used to rotate the drill string 14 for drilling. The electric motor
24 may generate more than 1,000 horsepower. The hydraulic
motor 22 1n this embodiment 1s much smaller than the electric
motor 24. The hydraulic motor 22 1s connected to a gearbox
26 that gears down the hydraulic motor 22 so that the hydrau-
lic motor 22 rotates the drill string 14 at only one to two r.p.m.
Because the hydraulic motor 22 1s geared down, it may pro-
duce high torque.

The top drive hydraulic system selectively provides pres-
surized fluid to the hydraulic motor to cause the motor to
rotate. The top drive hydraulic system also has a counterbal-
ance valve that allows the hydraulic motor 22 to act as a brake
and to transition from 1ts brake mode to a rotation mode
without any backlash. The counterbalance valve maintains
fluid pressure on the hydraulic motor to prevent 1ts rotation
when the hydraulic system 1s not providing pressurized fluid
to rotate the motor. One suitable counterbalance valve 1s P/N
CBCG-LKN-EBY manufactured by Sun Hydraulics Corp. of
Sarasota, Fla.

The hydraulic motor gearbox 26 1s connected to a hydraulic
motor pinion 28. The hydraulic motor pinion 28 engages a
bull gear 30 that 1s connected to the top drive quill 32. The top
drive quill 32 engages the drill string 14. The bull gear 30 also
engages the electric motor pinion 34. A brake housing 36 1s

shown above the electric motor 24.
FI1G. 4a depicts the brake assembly 38 as found within the
brake housing 36. A brake disk 40 1s attached to a brake shaft
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42 that 1s connected to the electric motor 24. Calipers 44 are
located around the outer edge of the brake disk 40. The
calipers 44 are hydraulically activated to engage the disk
brake 40 and to thus generate braking friction. Twelve sensing
apertures 46 are located 1n the interior of the brake disk 40.
The sensing apertures 46 are the same size and are located the
same distance from the center of the brake disk 40. The
sensing apertures 46 are evenly spaced from one another. In
other words, the center of each sensing aperture 46 1s 30
degrees from the center of each adjacent sensing aperture 46
along their common radius from the center of the brake disk

40.

A sensor 48 1s held at the center of the sensing apertures 46
by a sensor bracket 50. The sensor 48 detects the rotation of

the brake disk 40 by differentiating between the brake disk 40

and the absence of the brake disk 40 in the sensing aperture
46. One suitable sensor 48 1s an embeddable inductive sensor
such as part number B1 3-G18-AP6X manufactured by Turck
Inc. of Minneapolis, Minn. FIGS. 4b and 4c¢ depict partial
cross-sectional views of the brake housing 36 and the brake
assembly 38. Because the electric motor 24 1s connected to
the top drive quill 32 through reducing gears, the twelve
sensing apertures 46 and sensor 48 generate a pulse for each
s1x degrees of rotation of the top drive quill 32 with a typical
gear ratio.

The mvention 1s not limited to an inductive sensor used
with a brake disk as previously described. Any device that
detects the rotation of the drill string 14 may be used. For
example, a target wheel with sensing apertures as described
above may be attached to the top drive shaft 32 or any mecha-
nism 1n rotational engagement with the top drive quill 32. A
sensor 48 may then be used as described above to detect the
rotation of the target wheel. Alternatively, a hermetically
sealed optical encoder could be attached to the top drive quill
32 to detect the rotation of the drill string. The invention 1s
suificiently broad to capture any device that detects the rota-
tion of the drill string.

FIG. 5 1s a schematic representation of the interaction of
various components. The hydraulic system for the hydraulic
motor 22 has a bidirectional differential pressure transducer
52. The bidirectional differential pressure transducer 52
detects the pressure differential on the hydraulic motor 22.
This pressure differential can be used to calculate the torque
on the hydraulic motor 22. Data from the transducer 52 and
rotational sensor 48 are transmitted to a programmable logic
controller (PLC) or computer 54. One embodiment utilizes an
Allen-Bradley SLC 3500 PLC. Many computers, such as a PC,
are adaptable to perform the required computing functions.

The computer 54 receives and transmits data to a monitor/
key pad 56. The computer 34 1s also connected to a brake
actuator valve 58 that controls the tlow of fluid to the brake
calipers 44 and thus controls the braking function. The com-
puter 54 1s also connected to motor actuator valves 60a, 60b.
The motor actuator valves 60a, 60b control the flow of fluid to
the hydraulic motor 22. Through the motor actuator valves
60a, 60b, the computer 54 controls the rotation of the hydrau-
lic motor 22.

The computer 54 interprets the data received from the
sensor 48 and converts the data to a visual output which 1s
shown on the monitor/keypad 56. The visual output 1llustrates
the actual rotation of the drill string 14 from a selected neutral
position. The rotational information 1s also stored 1n the com-
puter 54 to monitor compliance with operator commands.

The computer 34 may convert data from the bidirectional
differential pressure transducer 32 to a visual output indicat-
ing the torque acting on the hydraulic motor 22. The computer
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54 may also use the pressure data to maintain the applied
torque levels within the limits of the drill string.

The operator may input a desired top drive quill 32 rotation
through the monitor/key pad 356. The computer 34, upon
receipt ol the command, opens the motor actuator valve 60ato
advance the hydraulic motor 22 1n the proper direction. Open-
ing the motor actuator valve 60a overrides the counterbalance
valve and allows the hydraulic motor 22 to advance in the
proper direction. The computer also actuates the brake valve

58 to release the pressure on the calipers 44 and thus free the
brake disk 40. The sensor 48 will send data to the computer 54
indicating the advancement of the top drive quill 32. When the
computer 34 receives data from the sensor 48 indicating the
top drive quill 32 has rotated the desired amount, the com-
puter 54 actuates the brake valve 38 to apply pressure to the
calipers 44 and thus hold the brake disk 40. The computer also
closes the motor actuator valve 60a which reactivates the
counterbalance valve. By utilizing the above process, the
operator may advance the top drive quill 32 a specific number
of degrees, 1n either direction, with certainty.

The operator may also mput a desired drill string oscilla-
tion amplitude. Ideally, the drill string oscillation amplitude
rotates the drill string 14 1n one direction as far as possible
without rotating the toolface. Then, the drill string 14 1s
rotated 1n the opposite direction as far as possible without
rotating the toolface. This oscillation reduces the friction on
the dnll string 14. Reduced friction improves drilling perior-
mance because more pressure may be applied to the bit 18.
Once the desired oscillation amplitude 1s entered through the
monitor/key pad 56, the computer 34 opens the motor actua-
tor valve 60a, releases the brake disk 40 and rotates the top
drive quill 32 the desired amount 1n one direction. The com-
puter 54 then closes the motor actuator valve 60a for that
direction and opens the motor actuator valve 60b to rotate the
top drive quill 32 in the opposite direction. Once the top drive
quill 32 has advanced the desired amount 1n the second direc-
tion, the motor actuator valve 60b 1s closed and motor actua-
tor valve 60a 1s reopened and the top drive quill 32 is rotated
in 1ts original direction until it reaches the desired position.
This process 1s repeated until a stop command 1s entered
through the monitor/key pad 56.

Thus, for example, when an operator enters a command to
oscillate the top drive quill 180 degrees, the computer 54
rotates the top drive quull 90 degrees clockwise from its neu-
tral position. The computer then stops the clockwise rotation
and rotates the quill 180 degrees counterclockwise and stops.
The computer 54 then rotates the quill 180 degrees clockwise.
The cycle 1s repeated until a stop command 1s recerved. When
a stop command 1s received, the computer 34 returns the quill
32 to 1ts neutral position.

In another embodiment, a down hole MWD sensor 62
transmits toolface orientation mmformation to the computer
54. The computer 54 automatically adjusts the quill rotation
to achieve or maintain a desired toolface orientation.

The data from the MWD sensor 62 may also be used to
optimize the oscillation function. The amplitude of the oscil-
lation can be gradually increased until a resulting oscillation
first becomes apparent at the MWD sensor. This then mini-
mizes friction between the drill string and the wellbore with-
out disturbing the steering process. If the data from the MWD
sensor indicates that this oscillation amplitude 1s disturbing
the downhole tool, the computer reduces the oscillation
amplitude. Alternatively, the computer 34 can increase the
oscillation amplitude until the MWD sensor indicates a
downhole tool disturbance. Then the computer 54 can
decrease the oscillation amplitude a predetermined amount.
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The 1invention 1s not limited to the specific embodiments
disclosed. It will be readily recognized by those of ordinary
skill 1in the art that the mventive concepts disclosed may be
expressed 1n numerous ways. The following claims are
intended to cover all expressions of the mventive concepts
disclosed above.

What 1s claimed 1s:

1. A dnill string drive comprising:

a motor adapted to rotate a drill string;

a sensor adapted to detect [the rotation] a rotational posi-
tion of said drill string at the surface, wherein the sensor
is at the surface; and

a computer receiving the rotational [information] position
from said sensor, said computer transmitting control
signals to said motor, said computer programmed to
control said motor to advance said drill string to a pre-
determined angle.

2. A dnll string drive comprising:

a motor adapted to rotate a drill string;

a sensor adapted to detect the rotation of said drill string;
and

a computer receiving rotational data from said sensor and
transmitting control signals to said motor, said computer
programmed to control the rotation of said motor, said
computer [advancing] controlling the motor to oscillate
the drill string to advance said dnll string a predeter-
mined angle in a first direction and then [reversing] 7o
reverse said rotation and [advancing] to advance said
drill string a predetermined angle 1n a second direction.

3. A dnlling system comprising:

a motor,

a drill string connected to said motor;

a first sensor adapted to detect the rotation of said motor at
the surface, wherein the first sensor is at the surface;

a bit at the distal end of said drill string;

a second sensor adapted to detect [the] a downhole orien-
tation of said bit; and

a computer adapted to receive information from said first
sensor and said second sensor arnd adapted to control
said motor to change the rotation of said motor to
achieve a predetermined ovientation of said bit.

4. A drilling method comprising:

monitoring [the rotation] a rotational position of a drill
string at the surface with a sensor at the surface;

transmitting [said rotational] information regarding the
rotational position to a computer;

controlling a motor that rotates said drill string with said
computer, wherein controlling is performed in response
to receiving the information; and

rotating said drill string to a predetermined angle.

[5. A drilling method comprising:

monitoring the rotation of a drill string with a sensor;

transmitting said rotational information to a computer;

controlling a motor that rotates said drill string with said
computer; and

oscillating said drill string between predetermined angles.]

6. A directional drilling method comprising:

monitoring the rotation of a drill string at the surface with
a first sensor at the surface;

monitoring [the] a dowrhole orientation of a downhole
tool with a second sensor, said downhole tool being
connected to the end of said drill string;

transmitting said drill string rotational information to said
computer;

transmitting said downhole tool orientation information to
said computer;
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controlling a motor that rotates said drill string with said

computer; and

rotating said drill string with said computer controlled

motor to a predetermined angle such that said downhole
tool 1s rotated to a predetermined orientation.

7. The drill string drive of claim 1, wherein said computer
is adapted to control said motor to advance said drill stving to
the predetermined angle without substantially disturbing a
steering process.

8. The drill string dvive of claim 1, wherein said computer
is adapted to control said motor to advance said drill stving to
the predetermined angle without rotating a downhole tool.

9. The drill string drvive of claim 1, wherein said computer
is adapted to generate a visual output that illustrates the
rotation of said drill string from a neutral position.

10. The dvill string drive of claim I, wherein said computer
is adapted to generate a visual output that includes torvque
information associated with said motor.

11. The drill string drive of claim I, wherein the predeter-
mined angle corresponds to a particular number of votations
of said drill string over a period of time.

12. The drill string drive of claim I, wherein said motor
includes a hyvdraulic motor and wherein said computer is
adapted to control rotation of said hyvdraulic motor by con-
trolling the flow of fluid to said hvdraulic motor.

13. The drill string drive of claim 12, wherein a first motor
actuator valve located in a fluid supply system that is adapted
to cause fluid to rotate said hvdraulic motor in a first direction
when open, and wherein a counterbalance valve located in
said fluid supply system is adapted to cause said hydraulic
motor to resist external votation forces in the first divection
when said first motor actuator valve is closed.

14. The drill string dvive of claim 13, wherein a second
motor actuator valve located in said fluid supply system is
adapted to cause fluid to votate said hydraulic motor in a
second divection when open, and whervein said counterbal-
ance valve is adapted to cause said hydraulic motor to vesist
external rotation forces in the second dirvection when said
second motor actuator valve is closed.

15. The drill string drive of claim 1, wherein said motor is
capable of rotating said drill string in a range of between
about one revolution per minute and about two revolutions
per minite.

16. The drill string drive of claim 1, wherein the sensor is
adapted to sense rotation about a first axis, and, at the sur-
face, said drill sting is adapted to move rotationally about a
second axis laterally spaced apart from the first axis.

17. The drill string drvive of claim 2, wherein the computer
is adapted to control the motor to oscillate said drill string
without substantially disturbing a steeving process.

18. The drill string drvive of claim 2, wherein the computer
is adapted to control the motor to advance said drill string to
the predetermined angle in the second direction without sub-
stantially disturbing a steeving process.

19. The drill string drive of claim 2, wherein the computer
is adapted to control the motor to advance said dvill string to
the predetermined angle in the first direction without rotating
a downhole tool.

20. The drill string drive of claim 2, wherein the computer
is adapted to control the motor to advance said drill stringis
advanced to the predetermined angle in the second divection
without votating a downhole tool.

21. The drill string drive of claim 2, wherein the computer
is adapted to control the motor to advance said drill string in
the first divection from a neutral position, and wherein the
computer is adapted to control the motor to advance said drill
string in the second direction to the neutral position.
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22. The drill string drive of claim 2, wherein the computer
is adapted to control the motor to advance said drill string in
the first divection from a neutral position, and wherein the
computer is adapted to control the motor to advance said drill
string in the second divection beyvond the neutral position.

23. The drill string drive of claim 22, wherein after the

computer is adapted to control the motor to advance said drill
string in the second direction beyond the neutral position,
said computer the computer is adapted to control the motor to
reverse rotation and advance said drill string in the first
dirvection beyond the neutral position.

24. The drill string drive of claim 2, wherein said computer
is adapted to gemerate a visual output that illustrates the
rotation of said drill string from a neutral position.

25. The drill string drive of claim 2, wherein said computer
is adapted to generate a visual output that includes torque
information associated with said motor.

26. The drill string drive of claim 2, wherein the computer
is adapted to control the motor to continuously oscillate the
drill string without substantially disturbing a steering pro-
cess.

27. The drilling system of claim 3, whevein said first sensor
is adapted to sense rotation about a first axis, and, at the
surface, said drill sting is adapted to move rotationally about
a second axis laterally spaced apart from the first axis.

28. The drilling system of claim 3, wherein said computer
is adapted to control said motor to change the rvotation of said
motor to achieve a predetermined orientation of said bit in
response to receiving information from said first and second
Sensors.

29. The drilling system of claim 28, wherein the informa-
tion from said first sensor includes votational data corre-
sponding to the rotation.

30. The drilling system of claim 29, wherein the rotational
data corresponds to a rotational position of said drill string at
the surface.

31. The drilling system of claim 29, wherein the rotational
data comprises a rotational position of said dvill string at the
surface.

32. The drilling method of claim 4, wherein said dvrill string
is rotated to the predetermined angle without substantially
disturbing a steering process.

33. The drilling method of claim 4, wherein said dvill string
is advanced to the predetermined angle without votating a
downhole tool.

34. The drilling method of claim 4, further comprising
receiving an input at an input device that is communicatively
coupled to said computer, wherein the predetermined angle is
based on the input and corresponds to a particular number of
rotations of said drill string over a period of time.

35. The drilling method of claim 4, further comprising
generating a visual output that illustvates the votation of said
drill string from a neutral position.

36. The drilling method of claim 4, further comprising
generating a visual output that includes torque information
associated with said motor.

37. The drilling method of claim 4, wherein said sensor
senses rotation about a first axis, and, at the surface, said drill
sting is rotated about a second axis laterally spaced apart

from the first axis.

38. The dirvectional drilling method of claim 6, wherein said

first sensor semnses votation about a first axis, and, at the

surface, said drill sting votates about a second axis laterally
spaced apart from the first axis.
39. The divectional drilling method of claim 6, whervein said

computer controls said motor in vesponse to said computer
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receiving the drill string rotational information and the
downhole tool orientation information.

40. The divectional drilling method of claim 39, wherein
said first sensor senses the votation and provides rotational
data corresponding to the rotation. 5

41. The divectional drilling method of claim 40, wherein
the votational data corresponds to a votational position of the
drill string at the surface.

42. The divectional drilling method of claim 40, wherein
the rotational data comprises a votational position of said 10
drill string at the surface.
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