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(57) Abstract: A rotary steerable drilling system includes a gear box driven by a drill string hav-
ing an mput rotatable 1n a first direction and an output rotatable mn an opposite direction. A drive
shaft coupled to the output has a first axis of rotation, and a rotatable tubular bit sleeve annularly
arranged around a distal portion of the drive shaft 1s pivotable to have a second axis of rotation
and 1cludes a connector assembly on a distal end of the bit sleeve for coupling the bit sleeve to a
drill bit. A spherical CV joint couples the bit sleeve to the drive shatt, eccentric cams are movably
positioned on the drive shaft, a differential gearing system 1s connected to the eccentric cams, and
a pressure applying device 1s connected to the eccentric cams. When activated, the pressure apply -
ing device applies pressure to modily the speed of rotation of the eccentric cams. A method of
rotary steerable drilling 1s disclosed.
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Rotary Steerable Drilling System

TECHNICAL FIELD

[0001] This invention relates to a rotary stecrable system for directional drilling.

BACKGROUND
[0002] Rotary steerable systems (RSS) are devices that direct a downhole drill bit in a desired
direction while the drill string is being rotated for the purpose of controlling the path that a
well bore makes. The rotary steerable tools are generally programmed by an engineer or
directional driller who transmits commands using surface equipment (typically using either
pressure fluctuations in the mud column or variations in the drill string rotation) which the
RSS tools understand and gradually steer the drill bit in the desired direction. In a rotary
steerable system, the bottom hole assembly (“BHA?”) trajectory is deflected while the drill
string continues to rotate. Rotary steerable systems have a biasing mechanism to bias the drill
string into a desired trajectory. The biasing mechanism may either be a push-the-bit type,
which exerts a force on a drive shaft by pushing off the formation, or a point-the-bit type,
which changes the angle of the bit axis by directly pushing on the drive shaft. In one
example of a push-the-bit RSS, a group of expandable thrust pads extend laterally from the
BHA to thrust and bias the drill string into a desired trajectory. For this to occur while the
drill string is rotated, the expandable thrust pads extend from what is known as a
geostationary portion of the drilling assembly. Geostationary components of the RSS are
rotated at a roughly equal but opposite direction as the drill string, so that the geostationary
components do not rotate relative to the formation while the remainder of the drill string 1s
rotated. By maintaining the geostationary portion in a substantially consistent orientation, the
operator at the surface may direct the remainder of the bottomhole assembly (BHA) into a
desired trajectory relative to the position of the geostationary portion with the expandable
thrusters.

[0003] To maintain a geostationary portion of the drill string with a net zero rotation relative
to the formation, motion counter to the rotation of the drill string is generated resulting in a

net zero rotation relative to the formation. Typically the geostationary section is created by a
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type of device that physically engages the formation to prevent rotation. These types of tools
have an external geostationary housing that is mounted on bearings. In other cases, in
attempts to create this counter rotation, drilling fluid flow is used to counter rotate the
geostationary portion of the RSS. The drilling fluid flow is directed across a turbine or mud
motor that turns in the target direction. Various devices, such as a continuously variable
transmission, or electromagnetic clutches engaged to the counter rotating turbine are used to
adjust speed of the counter rotating member. However, in all of these devices the mput flow
rate is based on other fluctuating drilling parameters and may not provide a consistent source
of power for a counter rotating member of the geo stationary portion of the RSS.
Additionally, if the rotating motion of the drill string is not constant, which occurs during
stick slip drilling condition in a wellbore, the target tool face (or direction in which the drill

string is being steered at a given time) cannot be maintained.

DESCRIPTION OF DRAWINGS
[0004] FIG. 1 is a schematic illustration of a drilling rig and downhole equipment including a
rotatory steerable system disposed in a wellbore.
[0005] FIG. 2 is a side view of a portion of a drill string coupled to a rotatory steerable
system, with a stationary housing removed.
[0006] FIG. 2A is an enlarged partial side view of FIG.2 with the exterior housing shown in
phantom lines.
[0007] FIG. 3 is a cross sectional view of the rotatory steerable system of FIG. 2.
[0008] FIG. 3A is an enlarged cross sectional view of an uphole portion of the rotatory
steerable system of FIG. 3.

[0009] Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION
[00010] Rotary steerable systems (RSS) are devices that direct a downhole drill bit in a
desired direction while the drill string is being rotated for the purpose of controlling the path
that a well bore makes. An RSS includes a mechanism for measuring a reference direction

with respect to gravity, and a mechanism for steering with respect to the measured direction.
A mechanical member of the RSS is "geostationary", or effectively stationary with respect to
gravity (e.g., stationary with respect to the formation). In many RSS systems the

geostationary member is external and has a mechanism to engage the well bore to prevent
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rotation. Other RSS systems have an internal counter rotating mechanism that cancels out the
rotation of the dnll string.

[00011] The RSS of this disclosure provides a mechanism for controlling a rotary
steerable tool which allows the rotary steerable tool to track a target direction with limited or
without feedback control, and allows for a simple method to adjust the target direction. With
the RSS of this disclosure the target tool face (or direction in which the drill string is being
steered at a given time) is directly, rigidly connected to the rotation of the drill string and
maintained regardless of the motion. This featurc advantageously makes the tool less
susceptible to changing downhole conditions while drilling. This mechanism also requires
very little electrical or hydraulic power to actuate the tool, as compared to traditional systems.
The mechanism described in this disclosure is compact and reliable.

[00012] As shown in Figure 1, in general, a drilling rig 10 located at or above a surface
12 rotates a drill string 20 disposed in a well bore 60 below the surface. The surface
cquipment on the drilling rig rotates the drill string 20 and the drill bit 50 as it bores into the
Earth’s geologic formations 25 to form the well bore 60. The well bore 60 may be reinforced
by a casing 34 and a cement sheath 32 in the annulus between the casing 34 and the borehole.
The drill string 20 may include a power section 22 (e.g., a positive displacement mud motor)
that includes a stator 24 and a rotor 26 that are rotated and transfer torque down the borehole

to a drill bit 50 or other downhole equipment.

[00013] The RSS 100 of this disclosure steers the drill bit 50 located at the downhole
end of the drill string 20.
[00014] Referring to Fig. 2, the rotation of the drill string 20 provides a rotational iput

in a first rotary direction 80 to a rotary input of a two-stage planetary gearbox 120, including
a first planetary gearbox 130 and a second planetary gearbox 140. A rotary output of the
two-stage planetary gearbox 120 provides rotational motion in a second rotary direction
equal to or substantially equal in speed, but opposite in direction from the first rotary
direction. This opposite rotation creates a geostationary member which can be used to steer
the drill bit 50. A differential gearing system 160 is also included to allow the geostationary
non-rotating member to increase or decrease its speed by a specific amount for changing the
target drilling direction.

[00015] Referring in particular to Figs. 3 and 3A (which are cross sections of the RSS
of Fig. 2), the RSS 100 works to change the direction of the drill bit 50 by using the rotary

motion of the drill string 20 itself. The entire drill string 20 is rotating to the right in a first
3
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rotary direction 80 (or clockwise as seen from the surface). As the drill string 20 rotates, the
rotary motion of the drill string 20 is transferred to a rotary input of the two-stage planetary
gearbox 120. The planetary gearbox 130 of the first stage has as rotary input comprising a sun
gear 132 and a rotary output comprising a planet carrier 134 fixed to an annular stationary
housing 102 and a ring gear 136. This first planetary gearbox 130 reverses the direction of
rotation 80 (see Fig. 2) from the right, or clockwise, to the left, or a second rotary direction
being counterclockwise 90, and slightly increases the speed. In one implementation, the sun
scar of stagc onc may have 40 tecth; cach of the planet gears has 10 tecth; the ring gear has
72 teeth.
[00016] As the output speed from the first planetary gearbox 130 is slightly different
than the input speed, this speed differential is corrected by the second planetary gearbox 140.
The second planetary gearbox 140 is also connected to the annular stationary housing 102.
The second planetary gearbox 140 has a sun gear 144 as an input and the planet carrier 142 as
an output also with a ring gear 146 fixcd to the stationary housing 102.
[00017] The combination of both first and second gearboxes 130, 140 in the two-stage
planetary gearbox 120 includes a rotary output that outputs a reversed rotary motion 90 in a
second direction that is equal or substantially equal in speed and opposite in direction to the
direction 80 of the drill string 20. In one implementation the input sun gear for second
gearbox two may have 44 teeth; each planet gears have 11 teeth; the ring gear has 66 teeth.
The below Table 1 provides data for an exemplary first and second gear box ratios that
provide a total gear ratio of 1:-1.
[00018]

Gear Speed — Stage 1

Number of Teeth 40 16 72
Gear Ratio (Sun 1n Annular o -2.50 ]
Out)

Gear strength calculation — Stage 2

Table 1
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100019] The reversed rotary motion 90 is then passed through a series of bearings 150
and transferred to the differential gearing system 160. Referring in particular to Figs. 2 and
3A, the differential gearing system 160 includes eccentric rings, of a type known 1n the art.
The two eccentric rings are connected to an inner cam 164 and an outer cam 168, which are
capable of relative rotation by any means such as is known in the art. Relative rotation
between the two eccentric rings results in a relative displacement between the center of the
outer cam 168 and the center of the inner cam 164. For example, the differential gearing
system can be designed such that at zero degrees of rotation, the centers of the two eccentric
rings coincide. The cams have a maximum displacement between their centers at 180 degrees
of relative rotation. Such a system provides the ability to impart a controlled deflection on the
drilling shaft at the location of the assembly.

[00020] The reversed and speed matched rotation is an input to the differential gearing
system 160. The differential gearing system 160 functions as a typical differential gear unit
known in the art, such as cmployed in the rear-wheel drive of a car that compensatces for the
differing tire speeds as a car turns a comer and the inside tire turns faster than outside tire.
Briefly, typical differential units typically comprise a ring gear which turns a carrier. The
carrier is connected to both sun gears through a planet gear. Torque is transmitted to the sun
gears through the planet gear. The planet gear revolves around an axis of the carrier, driving
the sun gears. If the resistance at both wheels is equal, the planet gear revolves without
spinning about its own axis, and both wheels turn at the same rate. However, if one of the sun
gears encounters resistance, the planet gear spins as well as revolving, allowing the sun gear
with resistance to slow down, with an equal speeding up of the right sun gear. When a vehicle
having such a gear typical differential unit is traveling in a straight line, there will be no
differential movement of the planet gears, but the planets gears slowly rotate when going
around a cormer.

[00021] The differential gearing system 160 is similar to the rear-wheel drive
differential unit on a car in function, in that it can output different speeds for different inputs
to the mechanism. In this instance, a planet gear 170 is coupled to two sun gears 163, 167. An
inner cam solenoid 162 that is annular around the drill string and which can apply force to a
first sun gear 163, acts as the drive for the inner cam 164. The second, outer cam solenoid
166 acts on the second sun gear 167 which is the drive for the outer cam 168. If one or both
of the inner cam solenoid 162 and outer cam solenoid 166 is activated, the speed of either one

of the drive 163 for the inner cam 164 or the drive 167 for the outer cam 168 changes. The
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resulting change in speed to one or both of the two cams 164, 168 changes the speed ratio
from equal to some value that is proportional to the load by one or both of the solenoids 162,
166. The difference in speeds between the two cams 164, 168 allows the bend angle to be
adjusted, permitting movement of a portion (the tubular bit sleeve 202) of the steering
housing 200 in a different direction. This rotation is centered a spherical constant velocity
(CV) joint 180 located downhole with respect to the solenoids 162, 166. The tubular bit
sleeve 202 may be coupled at a first (proximal) end via the spherical CV joint 180 and
coupled at a second (distal) end to a drill bit 50 by a connector assembly. In some
implementations the connector at the distal end may be a threaded female connection 1n the
bit sleeve and a mating mail threaded connection on the drill bit. In other implementations the
connector assembly may include intervening sub-assemblies between the tubular bit sleeve
and the drill bit as known in the art

[00022] The load placed on the differential gearing system 160 by the mner and outer
cam solenoids 162, 166 dctermines which percentage of load goes on the inner and outer
cams 164, 168. Inner cam solenoid 162 (shown to the left, or uphole in Figure 3A) and outer
cam solenoid 166 (shown to the right, or downhole in Figure 3A) energize the inner and outer
cams, respectively (equivalent to the passenger vs. driver side in a car). When the inner and
outer cam solenoids 162, 166 are not energized then loads on the respective cams are
identical; the cams are therefore rotating at equal speeds, being exactly the opposite speed of
the drill string 20 as output by the two-stage planetary gearbox 120. In the absence of a force
by the solenoids 162, 166, the rotary steerable system 100 naturally maintains the target
toolface direction. To make an adjustment, a user energizes at least one of the solenoids,
which changes the force felt by the cam, and thus the rotation speed. In order to adjust bend
setting or steering direction solenoids are used to load one or other side of differential.
Alternatively, instead of solenoids a pressure applying device for applying pressure to the
cams may be selected from the group of, hydraulic pistons, friction clutches, and actively
controlled brakes.

[00023] As illustrated in Fig 3, the rotatable steering housing 200 pivots around the
spherical CV joint 180, changing the direction of drilling of the bit sleeve 202. The spherical
CV joint 180 transmits power through a variable angle, at constant rotational speed, without
an appreciable increase in friction or play. The steering housing 200 has two bearings, on¢ on
the outside and one on the inside, and the inner and outer cams 164, 168 which are

concentric. When the cams are aligned such that their eccentricities are opposite, their eftect
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is cancelling. When aligned so their eccentricities are in same direction, they add together.
The effect of the eccentricity is to tilt the steering housing in the direction of eccentricity, so
the cams together tilt the bit sleeve 202 around the CV joint 180. In the system described
herein, tilt angles from 0 to 1.5 degrees (based on the relative geometry of the cams) are
possible.

[00024] To tilt in the desired direction, a user would rotate the cams in the appropriate
relative position to move the string at varying angles from the vertical (e.g., to the 3 o’clock
or 8 o’clock position. To change the bend angle of the steering housing 200, the user varics
the magnitude of the offset by varying the force imparted by one or both of the pressure
applying devices (e.g. solenoids 162, 166).

[0025] In the RSS System 100 of this disclosure both sides of the cam are in the fully
rotating section. In prior art RSS systems one or more electric motors drives the cam(s). In
the RSS 100, the motors are replaced with the differential gearing assembly 160. Energy
from the drill string can be used to turn the cams, instead of using clectric encrgy to turn the
clectric motors of traditional RSS systems.

[0026] The present disclosure includes a method of rotary steerable drilling including
one or more of the following steps: positioning a rotary steerable drilling system 100 on a

distal end a rotatable drill string 20 in a wellbore 60; rotating an input of a gear box 120 with
the rotatable drill string 20 in a first rotary direction 80; outputting from the gear box a rotary

output 90 in second rotary direction opposite to the first rotary direction; rotating a rotatable
drive shaft 20 coupled to the rotary output of the gear box about a first axis of rotation;
pivoting with a differential gearing system 160 a rotatable tubular bit sleeve 202 annularly
arranged around a distal portion of the drive shaft 20 by activating a first pressure applying
device 162 and a second pressure applying device 166 connected respectively to a first
eccentric cam and a second eccentric cam movably positioned on the drive shaft wherein
pressure applied to each eccentric cam modifies a respective speed of rotation of each of the
eccentric cams, thereby pivoting the bit sleeve to a second axis of rotation; and rotating a drill
bit attached to a distal end of the bit sleeve.

[0027] In some implementations the method a rotating an input of a gear box 120
with the rotatable drill string 20 in a first rotary direction 80 and outputting a rotary output 90
in second rotary direction opposite to the first rotary direction further comprises: providing a
two stage planetary gear box 120 having a first stage planetary gear system 130, wherein said

first stage planetary gear system 130 includes a rotary input coupled to the rotatable drill
7
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string 30 and said two stage gearbox 120 having a second stage planetary gear box 140
having an mput coupled to the first stage output; rotating the rotary input of the first stage
gear system 1n a first rotary direction 80 and at first rotary speed, and outputting from the
first stage gear system an output in a second rotary direction opposite 90 to the first rotary
direction and at a second rotary speed; inputting into the second stage gearing system coupled
to the output of the first stage gearing system the output of the first stage gearing system; and
outputting from the second stage gearing system an output rotary speed substantially equal to
the a first rotary input specd of the first stage gearing system and in an opposite direction 90
from the first rotary input direction 80 of the first stage gearing system.

[0028] In some implementations the method further includes energizing either of the
pressure applying devices (e.g. the solenoids 162, 166) and there by applying force to their
respective cams 163, 167.

[0029] A number of embodiments of the invention have been described. Nevertheless,
it will be understood that various modifications may be made without departing from the
spirit and scope of the invention. For example, in other embodiments, other gearbox types
can be used based on the design intent and packaging requirements. For example a set of
bevel gears joined by idler planets can be used to create the 1 to -1 drive rotation. If the input
gear 1S connected to the driveshaft with a clutch then input gear could be allowed to slip to
reduce the counter rotation speed which would provide a method for changing tool face. This
mechanism would lend itself to a concept where the counter rotation is connected to a
hydraulic valve which directed hydraulic flow to actuation pistons, or any fix bend
mechanism. Although a few method implementations have been described in detail above,
other modifications are possible. For example, the process flows described herein do not
require the particular order shown, or sequential order, to achieve desirable results. In
addition, other steps may be provided, or steps may be eliminated, from the described flows,
and other components may be added to, or removed from, the described systems.

Accordingly, other embodiments are within the scope of the following claims.



WHAT IS CLAIMED IS:

1. A rotary steerable drilling system positionable on a rotatable drill string in a
wellbore, said rotary steerable system comprising;

a gear box driven by the rotatable drill string, said gear box having a rotary input
rotatable in a first rotary direction and a rotary output rotatable in a second rotary direction
opposite to the first rotary direction;

a rotatable drive shaft coupled at a first end to the rotary output of the gear box, said
rotatable drive shaft having a first axis of rotation;

a pivotable rotatable tubular bit sleeve coupled at a first end to a second end of the
rotatable drive shaft, the bit sleeve pivotable to have a second axis of rotation different than
the first axis of rotation of the rotatable drive shaft, said pivotable rotatable tubular bit sleeve
including a connector asscmbly on a distal end of the bit siecve for coupling the bit sleeve to
a drill bat;

eccentric cams movably positioned on the drive shatt;

a differential gearing system connected to the eccentric cams; and

a pressure applying device connected to the eccentric cams, wherein when activated
the pressure applying device applies pressure to modity a speed of rotation of the eccentric

cams thereby pivoting the bit sleeve to the second axis of rotation.

2. The rotary steerable drilling system of claim 1, wherein a spherical constant

velocity joint couples the tubular bit sleeve to the rotatable drive shaft.

3. The rotary steerable drilling system of either of claims 1 or 2, wherein the
gearbox comprises a two-stage planetary gear box having a first stage planetary gear system,
said first stage having a rotary input coupled to the rotatable drill string, said rotary input
rotatable in a first rotary direction and a first rotary speed, and said first stage planetary gear
system having an output in a second rotary direction opposite to the first rotary direction and
at a second rotary speed, said two-stage planetary gearbox having a second stage planctary
gear system having an input coupled to the output of the first stage planetary gear system,
said second stage planetary gear system having an output in the second rotary direction of the
first stage planctary gear systcm and an output rotary speed substantially equal to the first

rotary speed of the first stage planetary gear system.
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4. The rotary steerable drilling system of claim 3, wherein the pressure applying
device 1s selected from a group consisting of solenoids, hydraulic pistons, friction clutches,

and actively controlled brakes.

5. The rotary steerable drilling system of claim 3, wherein a portion of the drive
shaft 1s contained within an annular stationary housing containing the gearbox and

differential gearing system.

6. The rotary steerable drilling system of claim 5, wherein the annular stationary

housing comprises a geostationary nonrotating section.

7. The rotary steerable drilling system claim 3, wherein the two-stage planetary

gearbox has an input to output ratio of 1:-1.

8. The rotary steerable drilling system of claim 7, wherein the differential
gearing system comprises a first sun gear connected to a drive for an inner cam, and a second
sun gear connected to a drive for an outer cam, and the first and second sun gears are

connected by a planet gear.
9. The rotary steerable drilling system of claim 8, wherein the pressure applying
device comprises a first solenoid connected to the drive for the inner cam, and a second

solenoid connected to the drive for the outer cam.

10. The rotary steerable drilling system of claim 9, wherein either of the solenoids

impart torce to 1ts respective cam drive when the solenoid is energized.

11. The rotary steerable drilling system of claim 9, wherein the eccentric cams are

located within a rotatable sleeve.

12.  The rotary steerable drilling system of claim 9, wherein the solenoids are

annular and disposed around the respective eccentric cams.

13. A method of rotary steerable drilling comprising:

10
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positioning a rotary steerable drilling system on a distal end of a rotatable drill string
in a wellbore;

rotating an input of a gear box with the rotatable drill string in a first rotary direction;

outputting from the gear box a rotary output in a second rotary direction opposite to
the first rotary direction;

rotating a rotatable drive shaft coupled to the rotary output of the gear box about a
first axis of rotation;

pivoting with a differential gecaring system a rotatable tubular bit sleeve annularly
arranged around a distal portion of the drive shaft by activating a first pressure applying
device and a second pressure applying device connected respectively to a first eccentric cam
and a second eccentric cam movably positioned on the drive shaft, wherein pressure applied
to each eccentric cam modifies a respective speed of rotation of each of the eccentric cams,
thereby pivoting the bit sleeve to a second axis of rotation; and

rotating a drill bit attached to a distal end of the tubular bit sleeve.

14.  The method of claim 13 wherein rotating an input of a gcar box with the
rotatable drill string 1n a first rotary direction and outputting a rotary output in second rotary
direction opposite to the first rotary direction further comprises:

providing a two-stage planetary gear box having a first stage planetary gear system,
wherein said first stage planetary gear system includes a rotary input coupled to the rotatable
drill string and said two-stage planetary gearbox having a second stage planetary gear system
having an input coupled to the output of the first stage planetary gear system;

rotating the rotary input of the first stage gear system in a first rotary direction and at
a first rotary speed, and outputting from the first stage planetary gear system an output in a
second rotary direction opposite to the first rotary direction and at a second rotary speed;

inputting into a second stage gear system coupled to the output of the first planetary
stage gear system the output of the first stage planetary gear system; and

outputting from the second stage gearing system an output rotary speed substantially
equal to the first rotary speed of the first stage planetary gear system and in an opposite

direction from the first rotary direction of the first stage planetary gcar system.

15.  The method of claim 13 or 14, wherein the pressure applying device is
selected from a group consisting of solenoids, hydraulic pistons, friction clutch, and actively

controlled brake.
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16.  The method of claim 13 or 14, further including enclosing a portion of the

drive shaft and gearing elements in an annular stationary housing.

17.  The method of claim 16, wherein the annular stationary housing comprises a

geostationary nonrotating section.

18.  The method of claim 14, wherein the two-stage planetary gearbox has an input

to output ratio of 1:-1.

19.  The method of claim 13 or 14, wherein the differential gearing system
comprises a first sun gear connected to a drive for an inner cam, and a second sun gear
connected to a dnve for an outer cam, and the first and second sun gears are connected by a

planet gear.

20. The method of claim 19, wherein the pressure applying device comprises a
first solenoid connected to the drive for the inner cam, and a second solenoid connected to the

drive for the outer cam.

21.  The method of claim 20, further including energizing either of the solenoids

and there by applying force to their respective cam.

22. The method of claim 13 or 14, wherein the eccentric cams are located within a

rotatable sleeve.

23. The method of claim 20, wherein the solenoids are annular and disposed

around each respective eccentric cam.
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