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Synchronized Actuator Having Multiple Motors for Downhole Well Tool

FIELD OF THE DISCLOSURE
[0001] The subject matter of the present disclosure is directed generally to equipment
utilized and operations performed in conjunction with a subterranean well. More
particularly, the subject matter of the present disclosure discloses a well tool, such as
electric interval control valve, and discloses an actuator for a well tool, the actuator
having multiple motors and dual roto-linear drives and using a combined gear train and

couplings for the motors and drives to offer speed synchronization.

BACKGROUND OF THE DISCLOSURE
[0002] Many different types of downhole well tools can be actuated in a well. Valves,
packers, fluid samplers, formation testers, pumps, inflow control devices, and
perforators are a few examples. In some situations, it is desirable to electrically actuate
the downhole well tools using electrical power supplied from surface.
[0003] In a typical well tool, a single motor and a ball screw are used for an electric
actuator so there are no motor synchronization problems. However, the use of dual
motors allows a higher load rating to be achieved with the electric actuator.
Additionally, to achieve similar load ratings, the dual motors can be smaller and can be
packaged in a smaller housing compared to a relatively larger single motor
arrangement. Unfortunately, using dual motors for an electric actuator in a well tool can
be problematic if the speeds of the motors are not identical. The lack of synchronization
between the motors can result in the actuator seizing up.
[0004] The subject matter of the present disclosure is directed to overcoming, or at

least reducing the effects of, one or more of the problems set forth above.

SUMMARY OF THE DISCLOSURE
[0005] A downhole tool is disclosed herein for use in a well. The downhole tool
comprises first and second screws, first and second motors, a yoke, and an actuatable
member. The respective first and second screws are rotatable with respective first and
second rotations, and the respective first and second motors are configured to produce

respective first and seconds drives to rotate the first and second screws. The yoke is
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disposed on the first and second screws and is displaceable thereon by at least one of
the first and second drives. The actuatable member of the downhole tool is connected
to the yoke and is actuatable in response to the displacement of the yoke.

[0006] The downhole tool comprises a gear train. A first gear of the train is rotatable
in association with at least the first rotation, and a second gear of the train is rotatable in
association with at least the second rotation. An intermediate gear of the train is
engaged between the first and second gears and is configured to synchronize the first
and second rotations.

[0007]  Another downhole tool disclosed herein for use in a well comprises at least one
roto-linear drive, at least two motors, a mechanical system, a yoke, and a member. The
at least two motors are each configured to produce rotation in the at least one roto-
linear drive, and the mechanical system is configured to synchronize the rotation
produced between the at least two motors. The yoke is disposed on the at least one
roto-linear drive and is displaceable thereon by the rotation. The member of the
downhole tool is connected to the yoke and is actuatable in response to the
displacement of the yoke.

[0008] For example, the downhole tool can comprise first and second roto-linear
drives, first and second motors, a yoke, and an actuatable member. The respective first
and second motors are configured to operate the respective first and second roto-linear
drives. The yoke is disposed on the first and second roto-linear drives and is
displaceable thereon by the operation of at least one of the first and second roto-linear
drives. The actuatable member of the downhole tool is connected to the yoke and is
actuatable in response to the displacement of the yoke. The downhole tool comprises a
mechanical system configured to synchronize rotation of the first and second roto-linear
drives. In a preferred embodiment, the mechanical system comprises a gear train
having a plurality of interconnected gears.

[0009] An actuator is disclosed herein for actuating a member of a downhole tool used
in a well. The actuator comprises at least two motors, at least one screw, a mechanical
system, and a yoke. A first of the at least one motor can be configured to produce a
first drive, and a second of the at least one motor can be configured to produce a
second drive. The at least one screw is rotatable in association with at least one of the
first and second drives. The yoke is disposed on the at least one screw and is

displaceable thereon by at least one of the first and second drives.
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[0010] The mechanical system is configured to synchronize the rotation produced
between the at least two motors. A first gear of the system is rotatable in association
with the first drive, and a second gear of the system is rotatable in association with the
second drive. An intermediate gear of the system is engaged between the first and
second gears and is configured to synchronize the first and second drives.

[0011]  For example, the actuator can comprise first and second screws, first and
second motors, the yoke, and the mechanical system. The respective first and second
screws are rotatable with respective first and second rotation. The respective first and
second motors are configured to produce respective first and second drives to rotate the
respective first and second screws. The yoke is disposed on the first and second
screws and is displaceable thereon by at least one of the first and second drives. The
first gear of the system is rotatable in association with at least the first rotation, and the
second gear of the system is rotatable in association with at least the second rotation.
The intermediate gear of the system is engaged between the first and second gears and
is configured to synchronize the first and second rotations.

[0012] The foregoing summary is not intended to summarize each potential

embodiment or every aspect of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
[0013]  Fig. 1 illustrates a schematic view of a well system according to the present
disclosure.
[0014]  Fig. 2 illustrates a cross-sectional view of an example downhole well tool
having an actuator according to the present disclosure.
[0015]  Fig. 3A illustrates a schematic view of one example of an actuator according to
the present disclosure.
[0016]  Figs. 3B-3C illustrate schematic views of other examples of an actuator
according to the present disclosure.
[0017]  Fig. 4A illustrates a perspective view of another example of an actuator
according to the present disclosure.
[0018]  Fig. 4B illustrates a detail of the actuator in Fig. 4A.
[0019]  Fig. 4C illustrates a cross-section of the actuator in Fig. 4A.

[0020] Fig. 4D illustrates an end-section of the actuator in Fig. 4A.
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[0021]  Fig. 5 illustrates a schematic view of yet another example of an actuator
according to the present disclosure.
[0022] Fig. 6 illustrates a schematic arrangement of another gear set for the disclosed

actuator.

DETAILED DESCRIPTION OF THE DISCLOSURE
[0023] Fig. 1 is a schematic view of a well system 10 for use with a wellbore 12 drilled
into a reservoir formation 16. Well tools 40a-b are disposed in the wellbore 12. In one
arrangement, the well tools 40a-b can control flow of fluid between the wellbore 12 and
each of multiple isolated intervals or zones 17a-d. For example, the well tools 40a-b of
the present disclosure can be multi-position flow control devices, such as interval
control valves, and each can have an actuatable member 42 and an actuator 100. The
interval control valves 40a-b can provide selective production from, or injection into, the
isolated intervals or zones 17a-d in the wellbore 12. Although the present example
shows and describes interval control valves for the well tools 40a-d, any type of
downhole well tool that can be actuated between positions or configurations (such as,
opened or closed, set or unset, extended or retracted, etc.) downhole can benefit from
the principles of this disclosure. Thus, the scope of the present disclosure is not limited
to downhole interval control valves, but instead is applicable to a wide variety of
different downhole well tools, such as a valve, a packer, a fluid sampler, a formation
tester, a pump, an inflow control device, a safety valve, and an interval control valve.
[0024] As noted above, the interval control valves 40a-d are electrically operated and
are installed in the wellbore 12 to selectively control production from, or injection into,
the respective individual zones 17a-d. As is typical, the valves 40a-d can be connected
on a tubular string (such as, a production or injection tubing string) for flowing the fluid
between the surface and each of the valves 40a-d.
[0025] Each valve 40a-d can be individually powered and controlled by a system
controller 20 via a respective individual conductor 22. The system 10 can utilize multi-
core Tubing Encased Conductors (TEC's) to minimize the number of lines required to
connect the well tools 40a-d to surface. Although not shown here, a portion of the
system controller 20 can be positioned below a tubing hanger in a wellhead 14 to
minimize the number of electrical connections required to pass through the tubing

hanger. The system controller 20 is commonly grounded to the wellbore 12 (such as,
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via the metal casing that lines the wellbore), to the wellhead 14 via a conductor 24, to
the metal armor encasing 30 of the conductors within the wellbore 12, and to other
possible points.

[0026] As generally shown, each of the valves 40a-d has an actuator 100 and an
actuatable member 42. The actuator 100 is configured to move, displace, or change
the position, state, orientation, etc. of the actuatable member 42. For its part, the
actuatable member 42 can change the flow of fluid between the valve 40a-d and the
wellbore 12, such as by opening and closing fluid communication through the

valves 40a-d.

[0027] As a particular example, Fig. 2 is a simplified cross-sectional view of a well tool
50 having an actuator 100 of the present disclosure. As noted above and as shown
here, the well tool 50 can be an interval control valve.

[0028] The valve 50 includes a housing 52 having an internal bore 54 and includes an
inner sleeve 60 having an internal passage 62. The sleeve 60 is disposed in the bore
54 and is engaged by seals 55 of the housing 52. The seals 55 isolate the tubing (e.g.,
the interior of the tubular string to which the valve 50 is mounted) from the wellbore
annulus (e.g., an annulus formed between the tubular string and wellbore casing).
Accordingly, the seals 55 isolate a pressure-compensated chamber 58 from the tubing.
When flow ports 66 on the inner sleeve 60 are aligned with housing flow ports 56, the
valve 50 permits fluid communication between the tubing and annulus (e.g., between
the interior and the exterior of the valve 50).

[0029] The inner sleeve 60 is one example of an actuatable member that may be
displaced when actuated. In this example, the inner sleeve 60 in a closed position
closes off or otherwise blocks flow through the housing flow ports 56. By contrast, the
inner sleeve 60 in an open position permits flow through the housing flow ports 56.
Other types of actuatable members may be displaced, and the actuatable member may
be displaced to other positions in other downhole well tools incorporating the principles
of this disclosure.

[0030] The valve 50 uses an actuator 100 to move the inner sleeve 60. A conductor
TEC 30 supplies power to the valve 50 from the system controller 20. A pressure
bulkhead feedthrough 32 provides pressure isolation between the pressure

compensated chamber 58 and an interior of the TEC 30. The conductor 34 of the
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TEC 30 is connected to one pole of the dual motors 160, and a second contact of the
dual motors 160 is connected to ground at point 36.

[0031] The dual motors 160 may drive gear boxes 161, which in turn operate dual
roto-linear drives 110, which can be ball screw assemblies. (In this side view, only one
motor 160 and ball screw 110 is visible.) The rotation of the ball screws 110 produce
linear motion of a ball nut 120, which is connected to the inner sleeve 60 by means of a
load yoke or load lug 68. Thus, by supplying power to the motors 160, the inner
sleeve 60 can be displaced to block or permit flow through the ports 66, 56.

[0032] A longitudinal direction of the inner sleeve 60 displacement corresponds to a
polarity of the power applied to the motors 160. By switching the polarity, the inner
sleeve 60 displacement direction can be reversed. For fully open and fully closed
positions, the inner sleeve 60 bottoms-out at either end of its stroke. In some examples
(such as, a multi-position, or choking interval control valve), the inner sleeve 60 can
incorporate additional ports or orifices 64 that can align with the housing ports 56 when
the inner sleeve 60 is in-between its full open and full closed positions. These in-
between positions can be used to limit a flow area through the valve 50, which enables
a unique desirable restricted, or choked, flow depending on what intermediate position
is selected.

[0033] It is advantageous to have position feedback from a downhole flow control or
interval control valve 50 during actuation to enable an operator and/or the system
controller 20 to determine what state the valve 50 has (e.g., a position of the inner
sleeve 60 in the valve 50 of Fig. 3A) during the actuation process. This is particularly
important for a choking-type ICV as it allows the ICV actuation to be stopped at a
desired choking setting (e.g., with a desired restriction to flow) and provides positive
feedback to the system controller 20 and operator that the valve is in the correct
choking configuration. Details of such a position indicating capability are disclosed in
co-pending U.S. Appl. No. 17/741,839 filed May 11, 2022, which is incorporated herein
by reference in its entirety.

[0034] Having an understanding of an example well tool (e.g., an interval control
valve) having an actuator 100 as disclosed herein to control an actuatable member
(e.g., sleeve 60), Fig. 3A shows a more detailed view of an actuator 100 that can be

used in the valve of Fig. 2 or another downhole well tool of the present disclosure.
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[0035] The actuator 100 includes multiple motors 160a-b and dual roto-linear drives
110a-b. The motors 160a-b can be brushed DC motors as noted and produces rotation
in drive shafts 162. As shown, the motors 160a-b can have gearboxes 161 for the drive
shafts 162. The roto-linear drives 110a-b can be ball screw assemblies having
rotatable screws 112a-b and ball nuts 114a-b. A mechanical system 150 is disposed
between the motors 160a-b and the ball screws 110a-b. These components are
assembled together by means of a torque plate or motor mount 164, an end support or
mount 140, and support bars 144. The mechanical system 150 as shown here is a gear
train having a set of interconnected gears 152a-b, 156. This gear-based system 150 is
preferred because the gears 152a-b, 156 provide more precise interconnection between
the rotations and have less “play” therebetween. As will be appreciated, other
mechanical arrangements can be used for the mechanical system 150, such as a set of
sprockets and interconnecting chain, a set of gears and interconnecting drive belt, and
the like.

[0036] At the other end of the actuator 100, another end support or mount 130
supports the screws 112a-b of the ball screws 110a-b. Bearings 132a-b, 142a-b are
used on the end supports 130, 140 to support axial and radial loads at ends of the
screws 112a-b. The end supports 130, 140 can be securely mounted to the

housing (52; Fig. 2) to transfer linear loads to a main body of a well tool, such as the
ICV (50).

[0037] A load yoke 120 is rigidly connected to the ball nuts 114a-b. As noted, the load
yoke 120 can be connected to an actuatable member, such as the inner sleeve (60; Fig.
2). Movement of the ball nuts 114a-b on the screws 112a-b transfers to liner motion the
nuts 114a-b, connected yoke 120, and connected inner sleeve (60; Fig. 2). The yoke
120 can slide along a static position indicator bar 170 if present to provide feedback
control of the actuation. The load yoke 120 and ball nuts 114a-b are the only
components that move linearly in this example, and the direction of their linear
displacement is determined by the rotation of one or both of the motors 160a-b (i.e., by
polarity of the power supplied to one or both of the DC motors 160a-b).

[0038] As noted, the load yoke 120 is a member or structure that connects the
actuator 100 to a member of a downhole well tool (such as the inner sleeve 60) to be

displaced by the actuator 100. In the present examples, the load yoke 120 connects the
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ball nuts 114a-b of the actuator 100 to the inner sleeve (60) so that the actuator 100 can
displace the inner sleeve (60).

[0039] The motors 160a-b and the ball screws 110a-b are arranged in parallel. Both
motors 160a-b, gearboxes 161, and ball screws 110a-b rotate in the same direction
when power is applied to the motors 160a-b. The dual load yoke 120 is rigidly
connected to the ball nuts 114a-b on the respective screws 112a-b. The position
indicator bar 170 is placed between the screws 112a-b of the two ball screws 110a-b,
and the dual load yoke 120 slides along the length of bar 170.

[0040] The dual-motor example of the actuator 100 in Fig. 3A provides higher linear
shifting forces, enhanced distribution of linear and radial loads across a higher number
of components, and provides redundancy should one of the motors 160a-b or gear
boxes 161 cease to operate. Both of the motors 160a-b can be supplied power via a
single conductor, or each motor 160a-b can be powered by a separate conductor.

[0041] Viewed one way, the gear train 150 synchronizes/interconnects/mediates the
drive produced between the motors 160a-b for the screws 112a-b. Viewed another
way, the gear train 150 synchronizes/interconnects/mediates the rotation between the
screws 112a-b. In general, the first motor 160a when operated produces a first drive to
rotate the screw 112a of the first ball screw 110a, and the second motor 160b when
operated produces a second drive to rotate the screw 112b of the second ball screw
110b. The screws 112a-b are rotatable.

[0042] A first gear 152a of the gear train 150 is rotatable in association with at least
the rotation of the first screw 112a. This is true either when the first motor 160a drives
the first screw 112a to rotate or when the drive of the second motor 160b produces
rotation in the first screw 112a (i.e., via its connection with the second screw 112b
through the ball nuts 114a-b on the yoke 120). In a similar fashion, a second gear 152b
of the gear train 150 is rotatable in association with at least the rotation of the second
screw 112b. This is true either when the second motor 160b drives the second screw
112b to rotate or when the drive of the first motor 160a produces rotation in the second
screw 112b (i.e., via its connection with the first screw 112a through the ball nuts 114a-
b on the yoke 120).

[0043] Anintermediate gear 156 of the gear train 150 is engaged between the first and
second gears 152a-b and is configured to synchronize/mediate/interconnect the

drive/rotation between the first and second screws 112a-b.



WO 2024/155301 PCT/US2023/035786

-9-

[0044] The shafts 162 from the motors 160a-b can be connected to, coupled with, or
the like, the ends 116a-b of the screws 112a-b so that rotation of the shafts 162
transfers to the screws 112a-b. The gears 152a-b can rotate with the transferred
rotation. For example, in a preferred arrangement, each of the gears 152a-b tie one of
the motors 160a-b and respective screws 112a-b together by spanning across both the
motor shaft 162 and screw shaft 116 so the gears 152a-b act as both gears and
couplings. Other arrangements can be used as long as the first and second gears
152a-b rotate respectively with the rotation of the associated screw 112a-b and the
intermediate gear 156 is engaged between the gears 152a-b. The intermediate gear
156 can rotate with, about, or on its own axle or shaft.

[0045] The benefits of multiple motors and mechanical synchronization noted above
can also be realized in an actuator having one roto-linear drive and at least two motors.
In particular, Figs. 3B-3C illustrate schematic views of other examples of an actuator
100 according to the present disclosure.

[0046] The actuator 100 includes dual motors 160a-b, a roto-linear drive 110, and a
load yoke 120. The motors 160a-b produce rotation in drive shafts 162, and the motors
160a-b can have gearboxes 161 for the drive shafts 162. The roto-linear drive 110 can
be a ball screw assembly having a rotatable screw 112 and a ball nut 114. As before, a
mechanical system 150 is disposed between the motors 160a-b and the ball

screw assembly 110.

[0047] The components of this actuator 100 can be similar to those discussed above.
As shown, the mechanical system 150 is a gear train having a set of interconnected
gears 152a-b, 156. Additionally, end supports or mounts 130, 140 support the rotatable
screw 112 of the ball screw assembly 110, and bearings 132, 142 are used on the end
supports 130, 140 to support axial and radial loads at ends of the rotatable screw 112.
Finally, the load yoke 120 is rigidly connected to the ball nut 114. These and other
features can be similar to the previous example.

[0048]  As before, the dual-motor actuator 100 in Figs. 3B-3C provides higher linear
shifting forces, enhanced distribution of linear and radial loads across a higher number
of components, and provides redundancy should one of the motors 160a-b or gear
boxes 161 cease to operate. Both of the motors 160a-b can be supplied power via a

single conductor, or each motor 160a-b can be powered by a separate conductor.
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[0049] During operation, the gear train 150 synchronizes/interconnects/mediates the
drive produced between the motors 160a-b for the rotatable screw 112. In general, the
first motor 160a when operated produces a first drive to rotate the rotatable screw 112
of the ball screw assembly 110, and the second motor 160b when operated produces a
second drive to rotate the rotatable screw 112 of the ball screw assembly 110.

[0050] A first gear 152a of the gear train 150 is rotatable in association with the
rotation of the rotatable screw 112. This is true either when the first motor 160a drives
the rotatable screw 112 to rotate or when the drive of the second motor 160b produces
rotation in the rotatable screw 112 (i.e., via its connection through the gear train 150).

In a similar fashion, a second gear 152b of the gear train 150 is rotatable in association
with the rotation of the rotatable screw 112. This is true either when the second motor
160b drives the rotatable screw 112 to rotate or when the drive of the first motor 160a
produces rotation in the rotatable screw 112.

[0051] An intermediate gear 156 of the gear train 150 is engaged between the first and
second gears 152a-b and is configured to synchronize/mediate/interconnect the
drive/rotation between the first and second screws 112a-b. As shown in Fig. 3B, the
axle for the intermediate gear 156 can be coupled to the rotatable screw 112, and the
other gears 152a-b can rotate with, about, or on their own axles. Other arrangements
can be used. In Fig. 3C, for example, the first gear 152a can couple the shaft 162 of the
first motor 160a to the end 113 of the screw 112 so that rotation of the shaft 162
transfers to the screw 112 or vice versa. The shaft 162 from the second motor 160a-b
can have the second gear 152b disposed thereon. The intermediate gear 156 engaged
between the gears 152a-b can rotate with, about, or on its own axle or shaft.

[0052] Turning now to a particular implementation, Fig. 4A illustrates a perspective
view of an actuator 100 according to the present disclosure. Fig. 4B illustrates a detail
of the actuator 100 in Fig. 4A, and Fig. 4C illustrates a cross-section of the actuator 100
in Fig. 4A. Meanwhile, Fig. 4D illustrates an end-section of the actuator 100 in Fig. 4A.
[0053] The actuator 100 includes first and second motors 160a-b, a gear train 150,
first and second drive assemblies or roto-linear drives 110a-b, and a yoke 120. Each
roto-linear drive 110a-b includes a screw 112a-b and a nut 114a-b. The first motor
160a is configured to produce a first drive to rotate the first screw 112a, and the second
motor 160b is configured to produce a second drive to rotate the second screw 112b.

Yet, as noted, the screws 112a-b rotate whether one motor 160a-b or both motors
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160a-b are operated because the screws 112a-b are interconnected through the
assembly of the nuts 114a-b on the yoke 120.

[0054] The nuts 114a-b are engaged on the threads of the screws 112a-b and are
connected to the yoke 120. Rotation of the first screw 112a in one direction driven by
the first motor 160a will cause the respective nut 114a engaged with the thread to ride
linearly along the screw 112a. If the second screw 112b is not being driven and the
second motor’s rotor simply rotates freely, then the engagement of the second screw’s
nut 114b with the screw’s thread will cause the second screw 112b to rotate in the same
direction as the second nut 114b is carried by the yoke 120. If, however, the second
screw 112b is being driven by its motor 160b in the same direction, then the rotation the
second screw 112a will cause the respective nut 114b engaged with the thread to ride
linearly along the screw 112b in tandem with the other nut 114a. Driving the screws
112a-b in opposite directions will seize up or lock the mechanism.

[0055] The gear train 150 includes first and second gears 152a-b and an intermediate
gear 156. The first gear 152a is rotatable in association with at least the rotation of the
first screw 112a. This is true either when the first motor 160a drives the first screw 112a
to rotate or when the drive of the second motor 160b produces rotation in the first screw
112a (i.e., through the assembly of the nuts 114a-b on the yoke 120). In a similar
fashion, the second gear 152b is rotatable in association with at least the rotation of the
second screw 112b. This is true either when the second motor 160b drives the second
screw 112b to rotate or when the drive of the first motor 160a produces rotation in the
second screw 112b (i.e., through the assembly of the nuts 114a-b on the yoke 120).
The intermediate gear 156 is engaged between the first and second gears 152a-b and
is configured to synchronize/mediate/interconnect the drive/rotation between the first
and second screws 112a-b.

[0056] The yoke 120 is disposed on the first and second screws 112a-b and is
displaceable thereon by the drive of at least one of the first and second drive
assemblies 110a-b. The yoke 120 is connected to the first and second nuts 114a-b
disposed on the respective first and second screws 112a-b.

[0057] As shown, the drive assemblies 110a-b can be ball screw assemblies, each
having a screw 112a-b and a ball nut 114a-b. As is typically, the ball nut 114a-b
includes internal bearings that engage the thread of the screw 112a-b. Other

arrangements can be used. For example, the nut 114a-b can simply be a threaded nut
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that can move along the thread of the screw 112a-b without the need for bearings. The
screws 112a-c can each be a worm gear feed screw, and the yoke 120 can have (or
can be connected to) a nut 114a-b threaded on the worm gear feed screw.

[0058] One or both of the motors 160a-b can be operated. For example, the rotation
of only one of the first and second screws (e.g., 112a) in a first rotational direction by
the associated motor 160a moves the associated ball nut 160a in a first linear direction
along the screw’s thread. The yoke 120 connected to the associated ball nut 160a
thereby moves linearly in that first linear direction. The other ball nut 160b connected to
the yoke 120 causes its screw 112b to rotate with the first rotational direction as the ball
nut 160b is moved in the first linear direction. Reverse rotation of the one screw 112ain
a second opposite rotation direction would produce movement in a second opposite
linear direction. Rotation of only the other of the screws (e.g., 112b) by the associated
motor 160b would produce comparable operation. Likewise, both motors 160a-b
rotating the screws 112a-b in the same direction would produce comparable operation,
but at a greater power.

[0059] Inthe end, the yoke 120 can be connected to an actuatable member of a
downhole tool so the actuatable member can be displaced, opened, closed, etc. Thus,
the yoke 120 is displaceable in a first linear direction in response to the drive of the first
motor 160a alone in a first rotational direction, the drive of the second motor 160b alone
in the first rotational direction, or the drive of the first and second motors 160a-b both in
the first rotational direction. Meanwhile, the yoke 120 is displaceable in a second linear
direction opposite to the first linear direction in response to the drive of the first motor
160a alone in the second rotational direction opposite to the first rotational direction, the
drive of the second motor 160b alone in the second rotational direction, or the drive of
the first and second motors 160a-b both in the second rotational direction.

[0060] As best shown in Figs. 4B-4C, the motors 160a-b are mounted to a motor
mount 164. The motors 160a-b can be electric motors having a stator and a rotor, and
the rotor can extend as (or can be connected to) a drive shaft 162. Alternatively,
depending on the implementation, the rotor can be connected to a gear box 161, which
can have a drive shaft 162. (Internal features of the motor 160a and gear box 161 are
not shown in the cross-sectional view of Fig. 4C.) In any event, drive shafts 162 extend

beyond the motor mount 164 and can be rotated by the associated motor 160a-b.
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[0061] As noted, the gear train 150 synchronizes the drive/rotation between the first
and second screws 112a-b. In particular, a first drive shaft 162 is coupled to the drive of
the first motor 160a. A first rotatable shaft or end 116a is part of the first screw 112a (or
is coupled to the rotation of the first screw 112a). In this preferred arrangement, the first
gear 152a couples the first drive shaft 162a to the first rotatable shaft 116a. The first
gear 152a is configured to fit on the first drive shaft 162a and the first rotatable shaft
116a. Internally, the first gear 152a has a spline connection to each of these shafts
162a, 116a so rotation can be transferred. Details of the spline 166 are best shown in
Figs. 4C-4D.

[0062] The second motor 160b is similarly configured with a second drive shaft 162b
coupled to the drive of the second motor 160b. A second rotatable shaft or end 116b is
part of the second screw 112b (or is coupled to the rotation of the second screw 112b),
and the second gear 152b couples the second drive shaft 162b to the second rotatable
shaft 116b in a comparable configuration as discussed previously.

[0063] The mount 140 supports the first ends 116a-b of the first and second screws
112a-b adjacent one another. The screw ends 116a-b extend from the mount 140 for
coupling with the first and second gears 152a-b. Bearing 142a-b can be used between
the mount 140 and the ends 116a-b to accommodate rotation and load.

[0064] The intermediate gear 156 is disposed on an intermediate shaft 158 connected
between the first mount 140 and the motor mount 164. In general, the intermediate
gear 156 can be rotatable relative to the intermediate shaft 158, the intermediate shaft
158 can be rotatable relative to the first mount 140 and the motor mount 164, or both.
Support rods (not shown) can affix between the motor mount 164 and the first mount
140 for stability.

[0065] Meanwhile, at the other end of the actuator 100, another end support or mount
130 supports second ends 113a-b of the first and second screws 112a-b. As before,
the mount 130 includes bearings 132a-b supporting the ends 113a-b of the first and
second screws 112a-b to accommodate rotation and load. As shown, the

bearings 132a-b, 142a-b can be positioned outside the mounts 130, 140 so that the
screws 112a-b of the ball screws 110a-b are placed in tension while displacing the
yoke 120.

[0066] In the arrangement of Figs. 4A-4D, one gear train 150 is used at the end of the

actuator 100 having the motors 160a-b. An opposite arrangement could be used in
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which the gear train 150 is used at the opposite end of the actuator 100. Further still,
dual gear trains 150 can be used, with one arranged at each end of the actuator 100.
[0067] Fig. 5 illustrates a schematic view of yet another actuator 100 according to the
present disclosure. The actuator 100 combines features of the previous examples. As
before, the actuator 100 includes dual roto-linear drives 110a-b, which can be ball screw
assemblies having rotatable screws 112a-b and ball nuts 114a-b. Additionally, the
actuator 100 includes the load yoke 120, the position indicator bar 170, and four
bearings 132a-b, 142a-b. However, the actuator 100 includes a total of four

motors 160a-ds connected in series and in parallel.

[0068]  Using the four motors 161a-d, the actuator 100 of Fig. 5 can further increase
the linear shifting forces output by the actuator 100. As mentioned above for the dual-
motor examples, linear and rotational loads are distributed over an even larger number
of components, thus further enhancing the life expectancy of each of the components.
The four motors 160a-d can be powered by a single conductor, or any set of two can be
powered by a separate conductor.

[0069] The four-motor arrangement can function with the synchronization provided by
one gear train 150a. However, the actuator 100 of Fig. 5 includes two gear trains 150a-
b arranged at the opposing ends 113a-b, 116a-b of the ball screw assemblies 110a-b.
Although four motors are shown in Fig. 5, the actuator 100 can have three motors.
[0070] In some examples depicted in the drawings (e.g., Figs. 3 & 5), the

bearings 132a-b, 142a-b are positioned between the screws 112a-b and the end
supports 130, 140 connected to the support bars 144. In this configuration, the screws
112a-b of the ball screws 110a-b are placed in compression while displacing the

yoke 120. In other examples depicted in the drawings (e.g., Figs. 4A-4C), the
bearings 132a-b, 142a-b may be positioned between the gear boxes 161 and torque
plates 162a-b connected to the support bars 144, so that the screws 112a-b of the ball
screws 110a-b are placed in tension while displacing the yoke 120.

[0071]  As disclosed in all of the examples above, the gear train 150 has three gears
152a-b and 156. Other arrangements can be used. As briefly shown in Fig. 6, for
example, a gear train 150 comprising five gears can be used. First gears 152a-b are
used for the drive shafts from the motors, and second gears 152¢-d are used for the
ends of the screws. A center, idler gear 156 interconnects the four gears 152a-d. This

center gear 156 would have its own shaft.
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[0072] As noted, the use of dual motors 160a-b as in Figs. 3 and 4A-4D allows a
higher load rating from the actuator 100 as well as the ability of packaging in a smaller
housing as opposed to a relatively bigger single motor and ball screw assembly to
achieve similar load ratings. The combined gear train 150 and coupling concept allows
the use of dual motors 160a-b and ball screw assemblies 110a-b to achieve higher load
ratings and eliminates the problems with dual motors due to motor speed
synchronization.

[0073] In summary, the actuator 100 disclosed with reference to Figs. 3 through 5
uses a mechanical system (e.g., gear train) 150 to tie multiple motors 160 and roto-
linear drives or drive assemblies 110 (e.g., ball screw assemblies) together. The gear
set 150 can use gears 152 that span across both the drive shaft and screw shafts so the
gears 152 act as both gears and couplings. The gear train 150 can compensate for the
speed difference between the motors 160 by preventing a faster motor 160 from getting
ahead of a slower motor 160. Additionally, the gear train 150 can make the two screws
112a-b of the drive assemblies 110a-b rotate at the same speed as a result, and this
can prevent the actuator 100 from seizing or locking up. If one motor 160 tries to rotate
faster than another, that motor 160 will experience an increased load which will, due to
its speed/torques gradient, slow the motor 160 down until its speed equals that of the
slower motor 160.

[0074] The intermediate gear 156 interconnects the rotation of the two screws 112a-b
forcing the two screws 112a-b to rotate at the same speed. Likewise, the intermediate
gear 156 balances the drive of the motors 160 forcing the two screws 112a-b to rotate
at the same speed. The gear train 150 allows one motor 160 to override the other
motor 160 if failed, thus giving motor redundancy. In a scenario where one motor 160
fails and the other motor 160 is functional, the actuator 100 will still be able to function
but will have a reduced load capacity. Yet, torque is supplied to both screws 112a-b at
the same end of the actuator 110 by the one operating motor 160, which means the
operation will be more stable and will experience less unbalanced twisting.

[0075] The foregoing description of preferred and other embodiments is not intended
to limit or restrict the scope or applicability of the inventive concepts conceived of by the
Applicants. It will be appreciated with the benefit of the present disclosure that features

described above in accordance with any embodiment or aspect of the disclosed subject
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matter can be utilized, either alone or in combination, with any other described feature,
in any other embodiment or aspect of the disclosed subject matter.

[0076] In exchange for disclosing the inventive concepts contained herein, the
Applicants desire all patent rights afforded by the appended claims. Therefore, it is
intended that the appended claims include all modifications and alterations to the full

extent that they come within the scope of the following claims or the equivalents thereof.
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CLAIMS:

1. A downhole tool for use in a well, the downhole tool comprising:
a first screw being rotatable with a first rotation;
a first motor configured to produce a first drive to rotate the first screw;
a first gear being rotatable in association with at least the first rotation;
a second screw being rotatable with a second rotation;
a second motor configured to produce a second drive to rotate the second screw;
a second gear being rotatable in association with at least the second rotation;
an intermediate gear engaged between the first and second gears and being
configured to synchronize the first and second rotations;
a yoke disposed on the first and second screws and being displaceable thereon
by at least one of the first and second drives; and
a member of the downhole tool connected to the yoke and being actuatable in
response to the displacement of the yoke.
2. The downhole tool of claim 1, comprising:
a first drive shaft associated with the first drive of the first motor; and
a first screw shaft associated with the first rotation of the first screw,
wherein the first gear couples the first drive shaft to the first screw shaft.
3. The downhole tool of claim 2,
wherein the first gear is configured to fit on the first drive shaft and the first screw
shaft and has a spline connection to each; and/or
wherein the first drive shaft is a rotor of the first motor or is a gear shaft of a gear
box coupled to the rotor of the first motor.
4, The downhole tool of claim 2 or 3, comprising:
a second drive shaft associated the second drive of the second motor; and
a second screw shaft associated with the second rotation of the second screw,
wherein the second gear couples the second drive shaft to the second screw
shaft.
5. The downhole tool of any one of claims 1 to 4, wherein the yoke comprises:
a first portion threadably engaged with the first screw; and

a second portion threadably engaged with the second screw.
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6. The downhole tool of any one of claims 1 to 5,
wherein the first and second screws each comprise a worm gear feed screw, and
the yoke comprises a first nut and a second nut disposed on the
respective worm gear feed screws; or
wherein each of the first and second screws is a rotatable screw of a ball screw
assembly, and the yoke comprises a first ball nut and a second ball nut of
the ball screw assemblies disposed on the respective rotatable screws.
7. The downhole tool of any one of claims 1 to 6, comprising:
a first mount supporting first ends of the first and second screws adjacent one
another; and
first bearings supporting the first ends of the first and second screws on the first
mount.
8. The downhole tool of claim 7, comprising a motor mount having the first and
second motors mounted thereon, wherein the intermediate gear is disposed on an
intermediate shaft connected between the first mount and the motor mount.
9. The downhole tool of claim 8, wherein the intermediate gear is rotatable relative
to the intermediate shaft, the intermediate shaft is rotatable relative to the first mount
and the motor mount, or both.
10.  The downhole tool of claim 7, 8 or 9, comprising:
a second mount supporting second ends of the first and second screws adjacent
one another; and
second bearings supporting the second ends of the first and second screws on
the second mount.
11.  The downhole tool of any one of claims 1 to 10, wherein the yoke is displaceable
in a first linear direction in response to the first drive of the first motor alone in a first
rotational direction, the second drive of the second motor alone in the first rotational
direction, or the first and second drives of the first and second motors both in the first
rotational direction; and wherein the yoke is displaceable in a second linear direction
opposite to the first linear direction in response to the first drive of the first motor alone
in a second rotational direction opposite to the first rotational direction, the second drive
of the second motor alone in the second rotational direction, or the first and second

drives of the first and second motors both in the second rotational direction.
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The downhole tool of any one of claims 1 to 11, wherein the downhole tool is

selected from the group consisting of a valve, a packer, a fluid sampler, a formation

tester, a pump, an inflow control device, a safety valve, and an interval control valve.

13.

The downhole tool of any one of claims 1 to 11, wherein the downhole tool is an

interval control valve comprising a housing having a bore and at least one side port; and

wherein the member comprises a sliding sleeve disposed in the bore and connected to

the yoke, the sliding sleeve being movable relative to the at least one side port in

response to the displacement of the yoke.

14.

15.

16.

A downhole tool for use in a well, the downhole tool comprising:

at least one roto-linear drive;

at least two motors each being configured to produce rotation in the at least one
roto-linear drive;

a mechanical system configured to synchronize the rotation produced between
the at least two motors;

a yoke disposed on the at least one roto-linear drive and being displaceable
thereon by the rotation; and

a member of the downhole tool connected to the yoke and being actuatable in
response to the displacement of the yoke.

The downhole tool of claim 14, wherein:

the at least one roto-linear drive includes first and second roto-linear drives;

the at least two motors include a first motor configured to operate the first roto-
linear drive and a second motor configured to operate the second roto-
linear drive;

the mechanical system is configured to synchronize rotation of the first and
second roto-linear drives; and

the yoke is disposed on the first and second roto-linear drives and is displaceable
thereon by the operation of at least one of the first and second roto-linear
drives.

The downhole tool of claim 14 or 15, wherein the mechanical system comprises

a gear train having a plurality of interconnected gears.
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An actuator for actuating a member of a downhole tool used in a well, the

actuator comprising:

18.

19.

a first motor configured to produce a first drive;

a first gear being rotatable in association with the first drive;

a second motor configured to produce a second drive;

a second gear being rotatable in association with the second drive;

an intermediate gear engaged between the first and second gears and being
configured to synchronize the first and second drives;

at least one screw being rotatable in association with at least one of the first and
second drives; and

a yoke disposed on the at least one screw and being displaceable thereon by at
least one of the first and second drives.

The actuator of claim 17,

wherein the at least one screw includes a first screw being rotatable with a first
rotation and include a second screw being rotatable with a second
rotation;

wherein the first motor is configured to produce the first drive to rotate the first
screw and the second motor is configured to produce the second drive to
rotate the second screw;

wherein the first gear is rotatable in association with at least the first rotation and
the second gear is rotatable in association with at least the second
rotation; and

wherein the yoke is disposed on the first and second screws and is displaceable
thereon by at least one of the first and second drives.

The actuator of claim 18, wherein the first and second motors are disposed at

first ends of the first and second screws; and wherein the actuator further comprises

third and fourth motors disposed at second ends of the first and second screws opposite

to the first ends, the third motor configured to produce a third drive to rotate the first

screw, the fourth motor configured to produce a fourth drive to rotate the second screw.



WO 2024/155301 PCT/US2023/035786

-21-

20.  The actuator of claim 18, wherein the first and second gears and the intermediate
gear are disposed toward the first ends of the first and second screws; and wherein the
actuator further comprises:
a third gear disposed toward the second end of the first screw and being
rotatable in association with at least the first rotation;
a fourth gear disposed toward the second end of the second screw and being
rotatable in association with at least the second rotation; and
another intermediate gear engaged between the third and fourth gears and being

configured to synchronize the first and second rotations.



