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LINEAR ACTUATOR ASSEMBLY AND SYSTEM

Priority

[0001] The present application claims priority to U.S. Provisional Patent Application
Nos. 62/006,750 filed on June 2, 2014; 62/007,719 and 62/007,723 filed on June 4, 2014;
62/017,362, 62/017,395, and 62/017,413 filed on June 26, 2014; 62/031,672, 62/031,353, and
62/031,597 filed on July 31, 2014; 62/033,329 and 62/033,357 filed on August 5, 2014;
62/054,176 filed on September 23, 2014; 62/060,441 filed on October 6, 2014; 62/066,261
filed on October 20, 2014; and 62/072,132 filed on October 29, 2014, which are incorporated

herein by reference in their entirety.
Technical Field

[0002] The present invention relates generally to linear actuator assemblies and actuating
methodologies thereof, and more particularly to a linear actuator assembly having a pump
assembly and a linear actuator and control methodologies thereof in a fluid pumping system,

including providing normal and fail-safe modes of operation.
Background of the Invention

[0003] Linear actuator assemblies are widely used in a variety of applications ranging
from small to heavy load applications. The linear actuators, €.g., a hydraulic cylinder, in
linear actuator assemblies are used to cause linear movement, typically reciprocating linear
movement, in systems such as, e.g., hydraulic systems. Often, one or more linear actuator
assemblies are included in the system which can be subject to frequent loads in a harsh
working environment, e.g., in the hydraulic systems of industrial machines such as
excavators, front-end loaders, and cranes. Thus, it is strongly desirable that these linear
actuator assemblies be durable and reliably function even in a harsh working environment.
[0004] However, in a conventional machine, the actuators components are provided
separately and usually include numerous parts such as a hydraulic cylinder, a hydraulic
pump, a motor, a fluid reservoir and appropriate valves that must be connected. The motor
drives the hydraulic pump to provide pressurized fluid from the fluid reservoir to the
hydraulic cylinder in a predetermined manner, which in turn causes the piston rod of the

cylinder to move within the body of the cylinder. When the hydraulic cylinder is retracted,
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extra fluid is sent back to the fluid reservoir. To control the flow in the hydraulic system, the
hydraulic pump can be a variable-displacement hydraulic pump and/or a directional flow
control valve (or another type of flow control device) can be included in the system. In these
types of systems, the motor that drives the operation of the hydraulic pump is often run at
constant speed and the directional flow control valve, for example, can provide the
appropriate porting to the hydraulic cylinder to extend or retract the hydraulic cylinder.
Typically, the motor and hydraulic pump are run at a high speed, which builds up
temperature in the hydraulic fluid. Thus, the reservoir also acts to keep the average fluid
temperature down by increasing the fluid volume in the system. However, these hydraulic
systems can be relatively large and complex. In addition, the various components are often
located spaced apart from one another. To interconnect these parts, various additional
components like connecting shafts, hoses, pipes, and/or fittings are used in a complicated
manner. Moreover, these components are susceptible to damage or degradation in harsh
working environments, thereby causing increased machine downtime and reduced reliability
of the machine. In addition, when a hydraulic pump fails because its motor has failed, there
may be no safe way to shut down the system or to operate the system until the current
operation has completed.

[0005] Further limitation and disadvantages of conventional, traditional, and proposed
approaches will become apparent to one skilled in the art, through comparison of such
approaches with embodiments of the present invention as set forth in the remainder of the

present disclosure with reference to the drawings.

Summary of the Invention

[0006] Preferred embodiments of linear actuators and actuation methodologies provide
for a compact and reliable design of a linear actuator. Exemplary embodiments are directed
to a linear hydraulic actuator system and method in an industrial machine that provides for
precise control of the hydraulic fluid flow and/or pressure in the system by using a variable-
speed and/or a variable-torque pump. Exemplary embodiments are also directed to a linear
hydraulic actuator system and method that provides for a normal mode of operation and a
fail-safe mode of operation. The linear actuator system and method of control thereof
discussed below are particularly advantageous in a closed-loop type system since system and
method of control provides for a more compact configuration without increasing the risk of

pump cavitation or high fluid temperatures as in conventional systems. In an exemplary
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embodiment, a hydraulic system includes an integrated linear hydraulic actuator assembly
that controls a load. The integrated linear hydraulic actuator assembly includes a hydraulic
cylinder and an integrated hydraulic pump assembly having a fluid driver assembly, at least
one sensor assembly and two valve assemblies to provide hydraulic fluid to the linear
hydraulic actuator to operate the load. The hydraulic system further includes a means for
adjusting at least one of a flow and a pressure in the system to an operational set point. In
some embodiments, the adjustment means exclusively uses the at least one hydraulic pump to
adjust the flow and/or the pressure in the system, i.e., without the aid of another flow control
device, to control the flow and/or pressure in the system to the operational set point.

[0007] In another exemplary embodiment, a fluid system includes a pump assembly
having at least one variable-speed and/or a variable-torque pump, a linear actuator that is
operated by the fluid to control a load, and a controller that establishes a speed and/or torque
of the pump. As used herein, “fluid” means a liquid or a mixture of liquid and gas containing
mostly liquid with respect to volume. The pump provides fluid to the linear actuator, which
can be, e.g., a fluid-actuated cylinder that controls a load (e.g., a boom of an excavator or
some other equipment or device that can be operated by a linear actuator). Each pump
includes a prime mover and a fluid displacement assembly. The fluid displacement assembly
can be driven by the prime mover such that fluid is transferred from the inlet port to the outlet
port of the pump. In some embodiments, the controller controls a speed and/or a torque of
the prime mover so as to exclusively adjust a flow and/or a pressure in the fluid system.
“Exclusively adjust” means that the flow and/or the pressure in the system is adjusted by the
prime mover (or prime movers depending on the pump configuration and number of pump
assemblies) and without the aid of another flow control device, e.g., flow control valves,
variable flow piston pumps, and directional flows valves to name just a few. That is, unlike a
conventional fluid system, the pump is not run at a constant speed and/or use a separate flow
control device (e.g., directional flow control valve) to control the flow and/or pressure in the
system. In some embodiments, the hydraulic system includes two fluid drivers and the
controller operates the system in a normal mode in which the prime movers of the fluid
drivers are independently driven so as to synchronize contact between the respective fluid
displacement members. The controller switches to a fail-safe mode of operation upon
determination of an abnormal operation of a prime mover such that the pump assembly is
operated using only the operative prime mover.

[0008] In some embodiments, the preferred linear actuators include a hydraulic cylinder

assembly and at least one pump assembly, which form a closed-loop hydraulic system. Each
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pump assembly can include at least one storage device and at least one hydraulic pump with a
corresponding set of valve assemblies. The hydraulic cylinder assembly includes a cylinder
housing, a movable piston disposed in an actuator chamber inside the cylinder housing, and a
piston rod fixedly attached to the piston. The piston rod is axially movable along with the
piston which defines a retraction chamber and an extraction chamber within the actuator
chamber. When installed in an industrial machine, the fluid-operated linear actuator or
hydraulic cylinder is attached to two structural elements that require relative movement
between them. The relative movement can be linear, rotational (when the structural elements
are pivotally attached) or a combination of the two.

[0009] Exemplary embodiments of the pump in each pump assembly has at least one
fluid driver. The fluid driver includes a prime mover and a fluid displacement assembly. The
prime mover drives the fluid displacement assembly and the prime mover can be, e.g., an
electric motor, a hydraulic motor or other fluid-driven motor, an internal-combustion, gas or
other type of engine, or other similar device that can drive a fluid displacement member. In
some embodiments, the pump includes at least two fluid drivers and each fluid displacement
assembly includes a fluid displacement member. The prime movers independently drive the
respective fluid displacement members such that the fluid displacement members transfer
fluid (drive-drive configuration). The fluid displacement member can be, ¢.g., an internal or
external gear with gear teeth, a hub (e.g. a disk, cylinder, or other similar component) with
projections (e.g. bumps, extensions, bulges, protrusions, other similar structures or
combinations thereof), a hub (e.g. a disk, cylinder, or other similar component) with indents
(e.g., cavities, depressions, voids or similar structures), a gear body with lobes, or other
similar structures that can displace fluid when driven.

[0010] In some embodiments, the pump includes one fluid driver and the fluid
displacement assembly has at least two fluid displacement members. The prime mover drives
a first displacement member, which then drives the other fluid displacement members in the
pump (a driver-driven configuration). In both the drive-drive and driver-driven type of
configurations, the fluid displacement member can work in combination with a fixed element,
e.g., pump wall, crescent, or other similar component, and/or a moving element such as, e.g.,
another fluid displacement member when transferring the fluid. The configuration of the
fluid displacement members in the pump need not be identical. For example, one fluid
displacement member can be configured as an external gear-type fluid driver and another

fluid driver can be configured as an internal gear-type fluid driver.
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[0011] In some exemplary embodiments, at least one shaft of a fluid driver, e¢.g., a shaft
of the prime mover and/or a shaft of the fluid displacement member and/or a common shaft
of the prime mover/fluid displacement member (depending on the configuration of the
pump), is of a flow-through configuration and has a through-passage that allows fluid
communication between at least one port of the pump and at least one fluid storage device.
In some embodiments, the fluid storage device or fluid storage devices are attached to the
pump body such that they form one integrated device and the flow-through shaft(s) can be in
direct fluid communication with the fluid reservoir(s) in the storage device(s). One end of the
through-passage of the flow-through shaft is configured for fluid communication with either
the inlet port or the outlet port of the pump. In some embodiments, the connection from the
end of the through-passage to the port of the pump can be through a intervening device or
structure. For example, the through-passage of the flow-through shaft can connect to a
channel within the pump casing or connect to a hose, pipe or other similar device, which is
then connected to a port of the pump. The other end of the through-passage can have a port
for fluid communication with a fluid storage device, which can be a pressure vessel, an
accumulator, or another device that is fluid communication with the fluid system and can
store and release fluid. The configuration of the flow-through shaft and intervening
device/structure assembly can also include valves that can be operated based on whether the
through-passage function is desired and/or to select a desired pump port and/or a storage
device.

[0012] The summary of the invention is provided as a general introduction to some
embodiments of the invention, and is not intended to be limiting to any particular drive-drive
configuration or drive-drive-type system, to any particular through-passage configuration or
to any particular parallel or serial flow configuration for the linear actuator assembly. It is to
be understood that various features and configurations of features described in the Summary
can be combined in any suitable way to form any number of embodiments of the invention.
Some additional example embodiments including variations and alternative configurations

are provided herein.
Brief Description of the Drawings

[0013] The accompanying drawings, which are incorporated herein and constitute part of

this specification, illustrate exemplary embodiments of the invention, and, together with the



WO 2015/187688 PCT/US2015/033776

general description given above and the detailed description given below, serve to explain the
features of the exemplary embodiments of the invention.

[0014] Figure 1 is a side view of a preferred embodiment of a linear actuator assembly.
[0015] Figure 1A shows a side cross-sectional view of the linear actuator assembly of
Figure 1.

[0016] Figure 2 shows an exploded view of an exemplary embodiment of a pump
assembly having an external gear pump and storage device .

[0017] Figure 3 shows a side cross-sectional view of the exemplary embodiment of
Figure 2.

[0018] Figure 3A shows another side cross-sectional view of the exemplary embodiment
of Figure 2.

[0019] Figure 4 shows an enlarged view of a preferred embodiment of a flow-through
shaft with a through-passage.

[0020] Figure 5 illustrates an exemplary flow path of the external gear pump of Figure 2.
[0021] Figure 5A shows a cross-sectional view illustrating one-sided contact between two
gears in an overlapping area of Figure 5.

[0022] Figure 6 shows a cross-sectional view of an exemplary embodiment of a pump
assembly.

[0023] Figure 6A shows a cross-sectional view of an exemplary embodiment of a pump
assembly.

[0024] Figure 6B shows a cross-sectional view of an exemplary embodiment of a pump
assembly.

[0025] Figure 7 shows a cross-sectional view of an exemplary embodiment of a pump
assembly.

[0026] Figure 8 shows an exploded view of an exemplary embodiment of a pump
assembly having an external gear pump and storage device.

[0027] Figure 9 shows a side cross-sectional view of the exemplary embodiment of
Figure 8.

[0028] Figure 10 illustrates an exemplary flow path of the external gear pump of Figure
8.

[0029] Figure 10A shows a cross-sectional view illustrating gear meshing between two
gears in an overlapping area of Figure 10.

[0030] Figures 11 to 11E show cross-sectional views of exemplary embodiments of a

pump with a drive-drive configuration.



WO 2015/187688 PCT/US2015/033776

[0031] Figures 12 and 12A show cross-sectional views of exemplary embodiments of a
pump with a driver-driven configuration.

[0032] Figure 13 shows a top-sectional view of an exemplary embodiment of a pump
assembly.

[0033] Figure 14 is a schematic diagram illustrating an exemplary embodiment of a fluid
system in a linear actuator application.

[0034] Figure 15 shows an illustrative configuration of an articulated boom structure of
an excavator when a plurality of linear actuator assemblies of the present disclosure are

installed on the boom structure.
Detailed Description of the Preferred Embodiments

[0035] Exemplary embodiments of the present invention are directed to a linear actuator
system with a linear actuator and at least one integrated pump assembly connected to the
linear actuator to provide fluid to operate the linear actuator. The integrated pump assembly
includes a pump with at least one fluid driver comprising a prime mover and a fluid
displacement assembly to be driven by the prime mover such that fluid is transferred from a
first port of the pump to a second port of the pump. The pump assembly also includes two
valve assembles to isolate the pump from the system. The linear actuator system also
includes a controller that establishes at least one of a speed and a torque of the at least one
prime mover to exclusively adjust at least one of a flow and a pressure in the linear actuator
system to an operational set point. The linear actuator system can include sensor assemblies
to measure system parameters such as pressure, temperature and/or flow. When the linear
actuator assembly contains more than one pump assembly, the pump assemblies can be
connected in a parallel or serial configuration depending on, e.g., the requirements of the
system.

[0036] In some embodiments, the pump includes at least one prime mover that is
disposed internal to the fluid displacement member. In other exemplary embodiments of the
fluid delivery system, at least one prime mover is disposed external to the fluid displacement
member but still inside the pump casing, and in still further exemplary embodiments, the at
least one prime mover is disposed outside the pump casing. In some exemplary embodiments
of the linear actuator system, the pump includes at least two fluid drivers with each fluid
driver including a prime mover and a fluid displacement member. In other exemplary

embodiments of the linear actuator system, the pump includes one fluid driver with the fluid
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driver including a prime mover and at least two fluid displacement members. In some
exemplary embodiments, at least one shaft of a fluid driver, e.g., a shaft of the prime mover
and/or a shaft of the fluid displacement member and/or a common shaft of the prime
mover/fluid displacement member (depending on the configuration of the pump), is a flow-
through shaft that includes a through-passage configuration which allows fluid
communication between at least one port of the pump and at least one fluid storage device.
[0037] The exemplary embodiments of the linear actuator system will be described using
embodiments in which the pump in the pump assembly is an external gear pump with either
one or two fluid drivers, the prime mover is an electric motor, and the fluid displacement
member is an external spur gear with gear teeth. However, those skilled in the art will readily
recognize that the concepts, functions, and features described below with respect to the
electric-motor driven external gear pump can be readily adapted to external gear pumps with
other gear configurations (helical gears, herringbone gears, or other gear teeth configurations
that can be adapted to drive fluid), internal gear pumps with various gear configurations, to
pumps with more than two fluid drivers, to prime movers other than electric motors, e.g.,
hydraulic motors or other fluid-driven motors, internal-combustion, gas or other type of
engines or other similar devices that can drive a fluid displacement member, to pumps with
more than two fluid displacement members, and to fluid displacement members other than an
external gear with gear tecth, ¢.g., internal gear with gear teeth, a hub (e.g. a disk, cylinder, or
other similar component) with projections (e.g. bumps, extensions, bulges, protrusions, other
similar structures, or combinations thereof), a hub (e.g. a disk, cylinder, or other similar
component) with indents (e.g., cavities, depressions, voids or similar structures), a gear body
with lobes, or other similar structures that can displace fluid when driven.

[0038] Figure 1 shows a preferred embodiment of a linear actuator assembly 1. Figure
1A shows a cross-sectional view of the linear actuator assembly 1. With reference to Figures
1 and 1A, the linear actuator assembly 1 includes a linear actuator, which can be, ¢.g., a
hydraulic cylinder 3 in the illustrated embodiment, and a fluid delivery system, e.g., hydraulic
pump assembly 2 in the illustrated embodiment. The linear actuator assembly 1 can also
include valve assemblies 122 and 123, which isolate the pump assembly 2 from the hydraulic
cylinder 3. In some embodiments, the valve assemblies 122 and 123 can be part of the pump
assembly 2. For clarity, description of the exemplary embodiments are given with respect to
a hydraulic system. However, the inventive features of the present disclosure are applicable
to other types of fluid systems. In addition, the linear actuator assembly 1 of the present

disclosure is applicable to various types of hydraulic cylinders. Such hydraulic cylinders can



WO 2015/187688 PCT/US2015/033776

include, but are not limited to, single or double acting telescopic cylinders, plunger cylinders,
differential cylinders, and position-sensing smart hydraulic cylinders.

[0039] The hydraulic cylinder assembly 3 includes a cylinder housing 4, a piston 9, and a
piston rod 6. A head flange 13 is mounted on end of the cylinder housing 4 and an end flange
14 is mounted on the other end of the cylinder housing 4. The cylinder housing 4 defines an
actuator chamber 5 therein, in which the piston 9 and the piston rod 6 are movably disposed.
The piston 9 is fixedly attached to the piston rod 6 on one end of the piston rod 6 in the
actuator chamber 5. The piston 9 can slide along the interior wall 16 of the cylinder housing
4 in either direction 17. The piston may have one or more bearings 37 on its outer surface.
The piston rod 6 can also slide in either direction 17 along with the piston 9. The piston 9
defines two sub-chambers within the actuator chamber 5. As seen in Figure 1A, a retraction
chamber 7 is provided on the left side of the piston 9 and an extraction chamber 8 is provided
on the right side of the piston 9. One or more piston seals 36 are provided to prevent leakage
between the two chambers 7, 8. The piston rod 6 extends from the piston 9 towards the
retraction chamber 7 such that one end 21 of the piston rod 6 is disposed outside the cylinder
housing 4. A clevis 15 may be disposed on the end 21 of the piston rod 6 such that a movable
object can be secured to the clevis 15. As the piston 9 and the piston rod 6 slide either to the
left or to the right, the respective volumes of the retraction and extraction chambers 7, 8
change. For example, as the piston 9 and the piston rod 6 slide to the right, the volume of the
retraction chamber 7 expands whereas the volume of the extraction chamber 8 shrinks.
Conversely, as the piston 9 and the piston rod 6 slide to the left, the volume of the retraction
chamber 7 shrinks whereas the volume of the extraction chamber 8 expands. The respective
change in the volume of the retraction and extraction chambers 7, 8 need not be the same.
For example, the change in volume of the extraction chamber 8 may be greater than the
corresponding change in volume of the retraction chamber 7 and, in such cases, the linear
actuator assembly and/or the hydraulic system will need to account for the difference. For
example, the linear actuator can include a storage device as discussed further below to store
and release the hydraulic fluid as needed.

[0040] The pump assembly 2, including valve assemblies 122 and 123, is conjoined with
the hydraulic cylinder assembly 3. “Conjoined with” means that the devices are fixedly
connected or attached so as to form one integrated unit or module. The pump assembly 2
includes a pump 10 and a storage device 170. In the illustrated embodiment, the pump 10 is
an external gear pump. However, as discussed below the present disclosure is not limited to

an external gear pump. A port 22 of the pump 10 is in fluid communication with the
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retraction chamber 7 via valve assembly 122 and a port 24 of the pump 10 is in fluid
communication with valve assembly 123 which in turn is in fluid communication with the
extraction chamber 8 via a passage defined by pipe 43, flange passage 45, pipe 12, and flange
passage 49. The port 24 of the pump 10 is in fluid communication with valve assembly 123
which in turn is in fluid communication with the extraction chamber 8 via a passage defined
by pipe 11 and flange passage 47. The fluid passages between hydraulic cylinder 3, pump
assembly 2, and valve assemblies 122 and 123 can be either internal or external depending on
the configuration of the linear actuator assembly 1.

[0041] As seen in Figure 1, a pump cover 54 covers the pump assembly 2 when fully
assembled. Thus, in some exemplary embodiments, the linear actuator assembly 1 of the
present disclosure is an integrated configuration that provides a compact design of a linear
actuator assembly. The pump assembly 2, including valve assemblies 122 and 123, can be
conjoined with the hydraulic cylinder assembly 3, e.g., by the use of screws, bolts or some
other fastening means, thereby space occupied by the linear actuator assembly 1 is reduced.
Components such as hoses and pipes that are needed for fluid communication among the
pump 10, the storage device 170, valve assemblies 122 and 123, and the cylinder chambers 7,
8 are also reduced. Since the linear actuator assembly 1 has a modular design, it can be easily
installed or replaced. For example, when the pump 10 needs to be replaced, it can be easily
done by unfastening, e.g., unscrewing, it from the hydraulic cylinder assembly 3 and
installing a new pump. In addition, hoses and pipes that are susceptible to damage or
degradation in a harsh working environment are less exposed to the exterior environment,
machine downtime can be reduced and reliability of a machine where the linear actuator
assembly 1 of the present disclosure operates can be improved.

[0042] Figure 2 shows an exploded view of an exemplary embodiment of a pump
assembly, ¢.g., pump assembly 2 having the pump 10 and the storage device 170. The pump
10 includes two fluid drivers 40, 60 that respectively include prime movers and fluid
displacement members. In the illustrated exemplary embodiment of Figure 2, the prime
movers are electric motors 41, 61 and the fluid displacement members are spur gears 50, 70.
In this embodiment, both pump motors 41, 61 are disposed inside the gears 50, 70. As seen
in Figure 2, the pump 10 represents a positive-displacement (or fixed displacement) gear
pump. The pump 10 has a casing 20 that includes end plates 80, 82 and a pump body 83.
These two plates 80, 82 and the pump body 83 can be connected by a plurality of through
bolts and nuts (not shown) and the inner surface 26 defines an inner volume 98. To prevent

leakage, O-rings or other similar devices can be disposed between the end plates 80, 82 and
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the pump body 83. The casing 20 has a port 22 and a port 24 (see also Figure 3), which are in
fluid communication with the inner volume 98. During operation and based on the direction
of flow, one of the ports 22, 24 is the pump inlet port and the other is the pump outlet port. In
an exemplary embodiment, the ports 22, 24 of the casing 20 are round through-holes on
opposing side walls of the casing 20. However, the shape is not limiting and the through-
holes can have other shapes. In addition, one or both of the ports 22, 44 can be located on
either the top or bottom of the casing. Of course, the ports 22, 24 must be located such that
one port is on the inlet side of the pump and one port is on the outlet side of the pump.

[0043] As seen in Figure 2, the pair of gears 50, 70 are disposed in the internal volume
98. Each of the gears 50, 70 has a plurality of gear teeth 52, 72 extending radially outward
from the respective gear bodies. The gear teeth 52, 72, when rotated by, e.g., electric motors
41, 61, transfer fluid from the inlet to the outlet. In some embodiments, the pump 10 is bi-
directional. Thus, either port 22, 24 can be the inlet port, depending on the direction of
rotation of gears 50, 70, and the other port will be the outlet port. The gears 50, 70 have
cylindrical openings 51, 71 along an axial centerline of the respective gear bodies. The
cylindrical openings 51, 71 can extend either partially through or the entire length of the gear
bodies. The cylindrical openings are sized to accept the pair of motors 41, 61. Each motor
41, 61 respectively includes a shaft 42, 62, a stator 44, 64, and a rotor 46, 66.

[0044] Figure 3 shows a side cross-sectional view of the external gear pump 10 of Figure
2 but also includes the corresponding cross-sectional view of the storage device 170. Figure
3 A shows another side cross-sectional view of the external gear pump 10 but also includes
the corresponding cross-sectional view of the storage device 170. Figure 5 shows a top cross-
sectional view of the external gear pump 10 of Figure 2. As seen in Figures 3, 3A and 5,
fluid drivers 40, 60 are disposed in the casing 20. The shafts 42, 62 of the fluid drivers 40, 60
are disposed between the port 22 and the port 24 of the casing 20 and are supported by the
plate 80 at one end 84 and the plate 82 at the other end 86. However, the means to support
the shafts 42, 62 and thus the fluid drivers 40, 60 are not limited to this arrangement and other
configurations to support the shaft can be used. For example, one or both of the shafts 42, 62
can be supported by blocks that are attached to the casing 20 rather than directly by casing
20. The shaft 42 of the fluid driver 40 is disposed in parallel with the shaft 62 of the fluid
driver 60 and the two shafts are separated by an appropriate distance so that the gear teeth 52,
72 of the respective gears 50, 70 contact each other when rotated. In the embodiment of
Figure 2, each of the shafts are flow-through type shafts with each shaft having a through-
passage that runs axially through the body of the shafts 42, 62. One end of each shaft
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connects with an opening in the end plate 82 of a channel that connects to one of the ports 22,
24. For example, Figure 2 illustrates a channel 192 (dotted line) that extends through the end
plate 82. One opening of channel 192 accepts one end of the flow-through shaft 62 while the
other end of channel 192 opens to port 22 of the pump 10. The other end of each flow-
through shaft 42, 62 extends into the fluid chamber 172 (see Figure 3) via openings in end
plate 80. The configuration and function of the flow-through shafts are discussed further
below.

[0045] As seen in Figures 3, 3A and 5, the stators 44, 64 of motors 41, 61 are disposed
radially between the respective flow-through shafts 42, 62 and the rotors 46, 66. The stators
44, 64 are fixedly connected to the respective flow-through shafts 42, 62, which are fixedly
connected to the openings in the casing 20. For example, the flow-through shafts 42, 62 can
be attached to openings of the channels (e.g., channel 192) in the end plate 80 and the
openings in end plate 82 for connection to the storage device 170. The flow-through shafts
can be attached by threaded fittings, press fit, interference fit, soldering, welding, any
appropriate combination thereof or by other known means. The rotors 46, 66 are disposed
radially outward of the stators 44, 64 and surround the respective stators 44, 64. Thus, the
motors 41, 61 in this embodiment are of an outer-rotor motor arrangement (or an external-
rotor motor arrangement), which means that that the outside of the motor rotates and the
center of the motor is stationary. In contrast, in an internal-rotor motor arrangement, the rotor
is attached to a central shaft that rotates. In an exemplary embodiment, the electric motors
41, 61 are multi directional motors. That is, either motor can operate to create rotary motion
either clockwise or counter-clockwise depending on operational needs. Further, in an
exemplary embodiment, the motors 41, 61 are variable speed motors in which the speed of
the rotor and thus the attached gear can be varied to create various volume flows and pump
pressures.

[0046] As discussed above, the gear bodies can include cylindrical openings 51, 71 which
receive motors 41, 61. In an exemplary embodiment, the fluid drivers 40, 60 can respectively
include outer support members 48, 68 (see Figure 5) which aid in coupling the motors 41,61
to the gears 50, 60 and in supporting the gears 50, 60 on motors 41,61. Each of the support
members 48, 68 can be, for example, a sleeve that is initially attached to either an outer
casing of the motors 41,61 or an inner surface of the cylindrical openings 51, 71. The sleeves
can be attached by using an interference fit, a press fit, an adhesive, screws, bolts, a welding
or soldering method, or other means that can attach the support members to the cylindrical

openings. Similarly, the final coupling between the motors 41, 61 and the gears 50, 60 using



WO 2015/187688 PCT/US2015/033776
13

the support members 48, 68 can be by using an interference fit, a press fit, screws, bolts,
adhesive, a welding or soldering method, or other means to attach the motors to the support
members. The sleeves can be of different thicknesses to, e.g., facilitate the attachment of
motors 41, 61 with different physical sizes to the gears 50, 70 or vice versa. In addition, if
the motor casings and the gears are made of materials that are not compatible, e.g.,
chemically or otherwise, the sleeves can be made of materials that are compatible with both
the gear composition and motor casing composition. In some embodiments, the support
members 48, 68 can be configured as a sacrificial piece. That is, support members 48, 68 are
configured to be the first to fail, e.g., due to excessive stresses, temperatures, or other causes
of failure, in comparison to the gears 50, 70 and motors 41, 61. This allows for a more
economic repair of the pump 10 in the event of failure. In some embodiments, the outer
support member 48, 68 is not a separate piece but an integral part of the casing for the motors
41, 61 or part of the inner surface of the cylindrical openings 51, 71 of the gears 50, 70. In
other embodiments, the motors 41, 61 can support the gears 50, 60 (and the plurality of first
gear teeth 52, 62) on their outer surfaces without the need for the outer support members 48,
68. For example, the motor casings can be directly coupled to the inner surface of the
cylindrical opening 51, 71 of the gears 50, 70 by using an interference fit, a press fit, screws,
bolts, an adhesive, a welding or soldering method, or other means to attach the motor casing
to the cylindrical opening. In some embodiments, the outer casings of the motors 41, 61 can
be, e.g., machined, cast, or other means to shape the outer casing to form a shape of the gear
teeth 52, 72. In still other embodiments, the plurality of gear teeth 52, 72 can be integrated
with the respective rotors 46, 66 such that each gear/rotor combination forms one rotary
body.

[0047] As shown in Figure 2, the storage device 170 can be mounted to the pump 10,
e.g., on the end plate 80 to form one integrated unit. The storage device 170 can store fluid to
be pumped by the pump 10 and supply fluid needed to perform a commanded operation. In
some embodiments, the storage device 170 in the pump 10 is a pressurized vessel that stores
the fluid for the system. In such embodiments, the storage device 170 is pressurized to a
specified pressure that is appropriate for the system. As shown in Figure 3A, the storage
device 170 includes a vessel housing 188, a fluid chamber 172, a gas chamber 174, a
separating element (or piston) 176, and a cover 178. The gas chamber 174 is separated from
the fluid chamber 172 by the separating element 176. One or more sealing elements (not
shown) may be provided along with the separating element 176 to prevent a leak between the

two chambers 172, 174. At the center of the cover 178, a charging port 180 is provided such
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that the storage device 170 can be pressurized with a gas by way of charging the gas, nitrogen
for example, through the charging port 180. Of course, the charging port 180 may be located
at any appropriate location on the storage device 170. The cover 178 may be attached to the
vessel housing 188 via a plurality of bolts 190 or other suitable means. One or more seals
(not shown) may be provided between the cover 178 and the vessel housing 188 to prevent
leakage of the gas.

[0048] In an exemplary embodiment, as shown in Figure 3, the flow-through shaft 42 of
fluid driver 40 penctrates through an opening in the end plate 80 and into the fluid chamber
172 of the pressurized vessel. The flow-through shaft 42 includes through-passage 184 that
extends through the interior of shaft 42. The through-passage 184 has a port 186 at an end of
the flow-through shaft 42 that leads to the fluid chamber 172 such that the through-passage
184 is in fluid communication with the fluid chamber 172. At the other end of flow-through
shaft 42, the through-passage 184 connects to a fluid passage (not shown) that extends
through the end plate 82 and connects to either port 22 or 24 such that the through-passage
184 is in fluid communication with either the port 22 or the port 24. In this way, the fluid
chamber 172 is in fluid communication with a port of pump 10.

[0049] In some embodiments, a second shaft can also include a through-passage that
provides fluid communication between a port of the pump and a fluid storage device. For
example, as shown in Figures 2, 3 and 3 A, the flow-through shaft 62 also penetrates through
an opening in the end plate 80 and into the fluid chamber 172 of the storage device 170. The
flow-through shaft 62 includes a through-passage 194 that extends through the interior of
shaft 62. The through-passage 194 has a port 196 at an end of flow-through shaft 62 that
leads to the fluid chamber 172 such that the through-passage 194 is in fluid communication
with the fluid chamber 172. At the other end of flow-through shaft 62, the through-passage
194 connects to a fluid channel 192 that extends through the end plate 82 and connects to
either port 22 or 24 (e.g., Figures 2 and 3A illustrate a connection to port 22) such that the
through-passage 194 is in fluid communication with a port of the pump 10. In this way, the
fluid chamber 172 is in fluid communication with a port of the pump 10.

[0050] In the exemplary embodiment shown in Figure 3, the through-passage 184 and the
through-passage 194 share a common storage device 170. That is, fluid is provided to or
withdrawn from the common storage device 170 via the through-passages 184, 194. In some
embodiments, the through-passages 184 and 194 connect to the same port of the pump, ¢.g.,
either to port 22 or port 24. In these embodiments, the storage device 170 is configured to

maintain a desired pressure at the appropriate port of the pump 10 in, for example, closed-
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loop fluid systems. In other embodiments, the passages 184 and 194 connect to opposite
ports of the pump 10. This arrangement can be advantageous in systems where the pump 10
is bi-directional. Appropriate valves (not shown) can be installed in either type of
arrangement to prevent adverse operations of the pump 10. For example, the valves (not
shown) can be appropriately operated to prevent a short-circuit between the inlet and outlet of
the pump 10 via the storage device 170 in configurations where the through-passages 184 and
194 go to different ports of the pump 10.

[0051] In an exemplary embodiment, the storage device 170 may be pre-charged to a
commanded pressure with a gas, e.g., nitrogen or some other suitable gas, in the gas chamber
174 via the charging port 180. For example, the storage device 170 may be pre-charged to at
least 75% of the minimum required pressure of the fluid system and, in some embodiments,
to at least 85% of the minimum required pressure of the fluid system. However, in other
embodiments, the pressure of the storage device 170 can be varied based on operational
requirements of the fluid system. The amount of fluid stored in the storage device 170 can
vary depending on the requirements of the fluid system in which the pump 10 operates. For
example, if the system includes an actuator, such as, e.g., a hydraulic cylinder, the storage
vessel 170 can hold an amount of fluid that is needed to fully actuate the actuator plus a
minimum required capacity for the storage device 170. The amount of fluid stored can also
depend on changes in fluid volume due to changes in temperature of the fluid during
operation and due to the environment in which the fluid delivery system will operate.

[0052] As the storage device 170 is pressurized, via, e.g., the charging port 180 on the
cover 178, the pressure exerted on the separating element 176 compresses any liquid in the
fluid chamber 172. As a result, the pressurized fluid is pushed through the through-passages
184 and 194 and then through the channels in the end plate 82 (e.g., channel 192 for through-
passage 194 — see Figures 2 and 3A) into a port of the pump 10 (or ports — depending on the
arrangement) until the pressure in the storage device 170 is in equilibrium with the pressure
at the port (ports) of the pump 10. During operation, if the pressure at the relevant port drops
below the pressure in the fluid chamber 172, the pressurized fluid from the storage device
170 is pushed to the appropriate port until the pressures equalize. Conversely, if the pressure
at the relevant port goes higher than the pressure of fluid chamber 172, the fluid from the port
is pushed to the fluid chamber 172 via through-passages 184 and 194.

[0053] Figure 4 shows an enlarged view of an exemplary embodiment of the flow-
through shaft 42, 62. The through-passage 184, 194 extend through the flow-through shaft
42, 62 from end 209 to end 210 and includes a tapered portion (or converging portion) 204 at
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the end 209 (or near the end 209) of the shaft 42, 62. The end 209 is in fluid communication
with the storage device 170. The tapered portion 204 starts at the end 209 (or near the end
209) of the flow-through shaft 42, 62, and extends part-way into the through-passage 184,
194 of the flow-through shaft 42, 62 to point 206. In some embodiments, the tapered portion
can extend 5% to 50% the length of the through-passage 184, 194. Within the tapered
portion 204, the diameter of the through-passage 184, 194, as measured on the inside of the
shaft 42, 62, is reduced as the tapered portion extends to end 206 of the flow-through shaft
42, 62. As shown in Figure 4, the tapered portion 204 has, at end 209, a diameter D1 that is
reduced to a smaller diameter D2 at point 206 and the reduction in diameter is such that flow
characteristics of the fluid are measurably affected. In some embodiments, the reduction in
the diameter is linear. However, the reduction in the diameter of the through-passage 184,
194 need not be a linear profile and can follow a curved profile, a stepped profile, or some
other desired profile. Thus, in the case where the pressurized fluid flows from the storage
device 170 and to the port of the pump via the through-passage 184, 194, the fluid encounters
a reduction in diameter (D1 = D2), which provides a resistance to the fluid flow and slows
down discharge of the pressurized fluid from the storage device 170 to the pump port. By
slowing the discharge of the fluid from the storage device 170, the storage device 170
behaves isothermally or substantially isothermally. It is known in the art that near-isothermal
expansion/compression of a pressurized vessel, i.e. limited variation in temperature of the
fluid in the pressurized vessel, tends to improve the thermal stability and efficiency of the
pressurized vessel in a fluid system. Thus, in this exemplary embodiment, as compared to
some other exemplary embodiments, the tapered portion 204 facilitates a reduction in
discharge speed of the pressurized fluid from the storage device 170, which provides for
thermal stability and efficiency of the storage device 170.

[0054] As the pressurized fluid flows from the storage device 170 to a port of the pump
10, the fluid exits the tapered portion 204 at point 206 and enters an expansion portion (or
throat portion) 208 where the diameter of the through-passage 184, 194 expands from the
diameter D2 to a diameter D3, which is larger than D2, as measured to manufacturing
tolerances. In the embodiment of Figure 4, there is step-wise expansion from D2 to D3.
However, the expansion profile does not have to be performed as a step and other profiles are
possible so long as the expansion is done relatively quickly. However, in some
embodiments, depending on factors such the fluid being pumped and the length of the
through-passage 184, 194, the diameter of the expansion portion 208 at point 206 can initially

be equal to diameter D2, as measured to manufacturing tolerances, and then gradually expand
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to diameter D3. The expansion portion 208 of the through-passage 184, 194 serves to
stabilize the flow of the fluid from the storage device 170. Flow stabilization may be needed
because the reduction in diameter in the tapered portion 204 can induce an increase in speed
of the fluid due to nozzle effect (or Venturi effect), which can generate a disturbance in the
fluid. However, in the exemplary embodiments of the present disclosure, as soon as the fluid
leaves the tapered portion 204, the turbulence in the fluid due to the nozzle effect is mitigated
by the expansion portion 208. In some embodiments, the third diameter D3 is equal to the
first diameter D1, as measured to manufacturing tolerances. In the exemplary embodiments
of the present disclosure, the entire length of the flow-through shafts 42, 62 can be used to
incorporate the configuration of through-passages 184, 194 to stabilize the fluid flow.

[0055] The stabilized flow exits the through passage 184, 194 at end 210. The through-
passage 184, 194 at end 210 can be fluidly connected to either the port 22 or port 24 of the
pump 10 via, e.g., channels in the end plate 82 (e.g., channel 192 for through-passage 194 —
see Figures 2 and 3A). Of course, the flow path is not limited to channels within the pump
casing and other means can be used. For example, the port 210 can be connected to external
pipes and/or hoses that connect to port 22 or port 24 of pump 10. In some embodiments, the
through-passage 184, 194 at end 210 has a diameter D4 that is smaller than the third diameter
D3 of the expansion portion 208. For example, the diameter D4 can be equal to the diameter
D2, as measured to manufacturing tolerances. In some embodiments, the diameter D1 is
larger than the diameter D2 by 50 to 75% and larger than diameter D4 by 50 to 75%. In
some embodiments, the diameter D3 is larger than the diameter D2 by 50 to 75% and larger
than diameter D4 by 50 to 75%.

[0056] The cross-sectional shape of the fluid passage is not limiting. For example, a
circular-shaped passage, a rectangular-shaped passage, or some other desired shaped passage
may be used. Of course, the through-passage in not limited to a configuration having a
tapered portion and an expansion portion and other configurations, including through-
passages having a uniform cross-sectional area along the length of the through-passage, can
be used. Thus, configuration of the through-passage of the flow-through shaft can vary
without departing from the scope of the present disclosure.

[0057] In the above embodiments, the flow-through shafts 42, 62 penetrate a short
distance into the fluid chamber 172. However, in other embodiments, either or both of the
flow-through shafts 42, 62 can be disposed such that the ends are flush with a wall of the
fluid chamber 172. In some embodiments, the end of the flow-through shaft can terminate at

another location such as, e.g., in the end plate 80, and suitable means such, e.g., channels,
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hoses, or pipes can be used so that the shaft is in fluid communication with the fluid chamber
172. In this case, the flow-through shafts 42, 62 may be disposed completely between the
upper and lower plates 80, 82 without penetrating into the fluid chamber 172.

[0058] In the above embodiments, the storage device 170 is mounted on the end plate 80
of the casing 20. However, in other embodiments, the storage device 170 can be mounted on
the end plate 82 of the casing 20. In still other embodiments, the storage device 170 may be
disposed spaced apart from the pump 10. In this case, the storage device 170 may be in fluid
communication with the pump 10 via a connecting medium, for example hoses, tubes, pipes,
or other similar devices. An exemplary operation of the pump 10 is discussed below.

[0059] Figure 5 illustrates an exemplary fluid flow path of an exemplary embodiment of
the external gear pump 10. The ports 22, 24, and a contact area 78 between the plurality of
first gear teeth 52 and the plurality of second gear teeth 72 are substantially aligned along a
single straight path. However, the alignment of the ports are not limited to this exemplary
embodiment and other alignments are permissible. For explanatory purpose, the gear 50 is
rotatably driven clockwise 74 by motor 41 and the gear 70 is rotatably driven counter-
clockwise 76 by the motor 61. With this rotational configuration, port 22 is the inlet side of
the gear pump 10 and port 24 is the outlet side of the gear pump 10. In some exemplary
embodiments, both gears 50, 70 are respectively independently driven by the separately
provided motors 41, 61.

[0060] As seen in Figure 5, the fluid to be pumped is drawn into the casing 20 at port 22
as shown by an arrow 92 and exits the pump 10 via port 24 as shown by arrow 96. The
pumping of the fluid is accomplished by the gear teeth 52, 72. As the gear teeth 52, 72 rotate,
the gear teeth rotating out of the contact area 78 form expanding inter-tooth volumes between
adjacent teeth on each gear. As these inter-tooth volumes expand, the spaces between
adjacent teeth on each gear are filled with fluid from the inlet port, which is port 22 in this
exemplary embodiment. The fluid is then forced to move with each gear along the interior
wall 90 of the casing 20 as shown by arrows 94 and 94°. That is, the teeth 52 of gear 50 force
the fluid to flow along the path 94 and the teeth 72 of gear 70 force the fluid to flow along the
path 94°. Very small clearances between the tips of the gear teeth 52, 72 on each gear and the
corresponding interior wall 90 of the casing 20 keep the fluid in the inter-tooth volumes
trapped, which prevents the fluid from leaking back towards the inlet port. As the gear tecth
52, 72 rotate around and back into the contact area 78, shrinking inter-tooth volumes form
between adjacent teeth on each gear because a corresponding tooth of the other gear enters

the space between adjacent teeth. The shrinking inter-tooth volumes force the fluid to exit
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the space between the adjacent teeth and flow out of the pump 10 through port 24 as shown
by arrow 96. In some embodiments, the motors 41, 61 are bi-directional and the rotation of
motors 41, 61 can be reversed to reverse the direction fluid flow through the pump 10, i.c.,
the fluid flows from the port 24 to the port 22.

[0061] To prevent backflow, i.c., fluid leakage from the outlet side to the inlet side
through the contact area 78, contact between a tooth of the first gear 50 and a tooth of the
second gear 70 in the contact area 78 provides sealing against the backflow. The contact
force is sufficiently large enough to provide substantial sealing but, unlike driver-driven
systems, the contact force is not so large as to significantly drive the other gear. In driver-
driven systems, the force applied by the driver gear turns the driven gear. That is, the driver
gear meshes with (or interlocks with) the driven gear to mechanically drive the driven gear.
While the force from the driver gear provides sealing at the interface point between the two
teeth, this force is much higher than that necessary for sealing because this force must be
sufficient enough to mechanically drive the driven gear to transfer the fluid at the desired
flow and pressure.

[0062] In some exemplary embodiments, however, the gears 50, 70 of the pump 10 do
not mechanically drive the other gear to any significant degree when the teeth 52, 72 form a
seal in the contact area 78. Instead, the gears 50, 70 are rotatably driven independently such
that the gear teeth 52, 72 do not grind against each other. That is, the gears 50, 70 are
synchronously driven to provide contact but not to grind against each other. Specifically,
rotation of the gears 50, 70 are synchronized at suitable rotation rates so that a tooth of the
gear 50 contacts a tooth of the second gear 70 in the contact area 78 with sufficient enough
force to provide substantial sealing, i.e., fluid leakage from the outlet port side to the inlet
port side through the contact area 78 is substantially eliminated. However, unlike a driver-
driven configuration, the contact force between the two gears is insufficient to have one gear
mechanically drive the other to any significant degree. Precision control of the motors 41,
61, will ensure that the gear positons remain synchronized with respect to each other during
operation.

[0063] In some embodiments, rotation of the gears 50, 70 is at least 99% synchronized,
where 100% synchronized means that both gears 50, 70 are rotated at the same rpm.
However, the synchronization percentage can be varied as long as substantial sealing is
provided via the contact between the gear tecth of the two gears 50, 70. In exemplary
embodiments, the synchronization rate can be in a range of 95.0% to 100% based on a

clearance relationship between the gear teeth 52 and the gear teeth 72. In other exemplary
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embodiments, the synchronization rate is in a range of 99.0% to 100% based on a clearance
relationship between the gear teeth 52 and the gear teeth 72, and in still other exemplary
embodiments, the synchronization rate is in a range of 99.5% to 100% based on a clearance
relationship between the gear teeth 52 and the gear teeth 72. Again, precision control of the
motors 41, 61, will ensure that the gear positons remain synchronized with respect to each
other during operation. By appropriately synchronizing the gears 50, 70, the gear teeth 52, 72
can provide substantial sealing, ¢.g., a backflow or leakage rate with a slip coefficient in a
range of 5% or less. For example, for typical hydraulic fluid at about 120 deg. F, the slip
cocfficient can be can be 5% or less for pump pressures in a range of 3000 psi to 5000 psi,
3% or less for pump pressures in a range of 2000 psi to 3000 psi, 2% or less for pump
pressures in a range of 1000 psi to 2000 psi, and 1% or less for pump pressures in a range up
to 1000 psi. Of course, depending on the pump type, the synchronized contact can aid in
pumping the fluid. For example, in certain internal-gear georotor configurations, the
synchronized contact between the two fluid drivers also aids in pumping the fluid, which is
trapped between teeth of opposing gears. In some exemplary embodiments, the gears 50, 70
are synchronized by appropriately synchronizing the motors 41, 61. Synchronization of
multiple motors is known in the relevant art, thus detailed explanation is omitted here.

[0064] In an exemplary embodiment, the synchronizing of the gears 50, 70 provides one-
sided contact between a tooth of the gear 50 and a tooth of the gear 70. Figure 5A shows a
cross-sectional view illustrating this one-sided contact between the two gears 50, 70 in the
contact area 78. For illustrative purposes, gear 50 is rotatably driven clockwise 74 and the
gear 70 is rotatably driven counter-clockwise 76 independently of the gear 50. Further, the
gear 70 is rotatably driven faster than the gear 50 by a fraction of a second, 0.01
sec/revolution, for example. This rotational speed difference between the gear 50 and gear 70
enables one-sided contact between the two gears 50, 70, which provides substantial sealing
between gear teeth of the two gears 50, 70 to seal between the inlet port and the outlet port, as
described above. Thus, as shown in Figure 5A, a tooth 142 on the gear 70 contacts a tooth
144 on the gear 50 at a point of contact 152. If a face of a gear tooth that is facing forward in
the rotational direction 74, 76 is defined as a front side (F), the front side (F) of the tooth 142
contacts the rear side (R) of the tooth 144 at the point of contact 152. However, the gear
tooth dimensions are such that the front side (F) of the tooth 144 is not in contact with (i.c.,
spaced apart from) the rear side (R) of tooth 146, which is a tooth adjacent to the tooth 142 on
the gear 70. Thus, the gear tecth 52, 72 are configured such that there is one-sided contact in
the contact area 78 as the gears 50, 70 are driven. As the tooth 142 and the tooth 144 move
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away from the contact area 78 as the gears 50, 70 rotate, the one-sided contact formed
between the teeth 142 and 144 phases out. As long as there is a rotational speed difference
between the two gears 50, 70, this one-sided contact is formed intermittently between a tooth
on the gear 50 and a tooth on the gear 70. However, because as the gears 50, 70 rotate, the
next two following teeth on the respective gears form the next one-sided contact such that
there is always contact and the backflow path in the contact area 78 remains substantially
sealed. That is, the one-sided contact provides sealing between the ports 22 and 24 such that
fluid carried from the pump inlet to the pump outlet is prevented (or substantially prevented)
from flowing back to the pump inlet through the contact area 78.

[0065] In Figure 5A, the one-sided contact between the tooth 142 and the tooth 144 is
shown as being at a particular point, i.e. point of contact 152. However, a one-sided contact
between gear teeth in the exemplary embodiments is not limited to contact at a particular
point. For example, the one-sided contact can occur at a plurality of points or along a contact
line between the tooth 142 and the tooth 144. For another example, one-sided contact can
occur between surface areas of the two gear teeth. Thus, a sealing area can be formed when
an area on the surface of the tooth 142 is in contact with an area on the surface of the tooth
144 during the one-sided contact. The gear teeth 52, 72 of each gear 50, 70 can be
configured to have a tooth profile (or curvature) to achieve one-sided contact between the two
gear teeth. In this way, one-sided contact in the present disclosure can occur at a point or
points, along a line, or over surface areas. Accordingly, the point of contact 152 discussed
above can be provided as part of a location (or locations) of contact, and not limited to a
single point of contact.

[0066] In some exemplary embodiments, the teeth of the respective gears 50, 70 are
configured so as to not trap excessive fluid pressure between the teeth in the contact area 78.
As illustrated in Figure 5A, fluid 160 can be trapped between the teeth 142, 144, 146. While
the trapped fluid 160 provides a sealing effect between the pump inlet and the pump outlet,
excessive pressure can accumulate as the gears 50, 70 rotate. In a preferred embodiment, the
gear teeth profile is such that a small clearance (or gap) 154 is provided between the gear
teeth 144, 146 to release pressurized fluid. Such a configuration retains the sealing effect
while ensuring that excessive pressure is not built up. Of course, the point, line or area of
contact is not limited to the side of one tooth face contacting the side of another tooth face.
Depending on the type of fluid displacement member, the synchronized contact can be
between any surface of at least one projection (e.g., bump, extension, bulge, protrusion, other

similar structure or combinations thereof) on the first fluid displacement member and any
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surface of at least one projection(e.g., bump, extension, bulge, protrusion, other similar
structure or combinations thereof) or an indent(e.g., cavity, depression, void or similar
structure) on the second fluid displacement member. In some embodiments, at least one of
the fluid displacement members can be made of or include a resilient material, e.g., rubber, an
elastomeric material, or another resilient material, so that the contact force provides a more
positive sealing area.

[0067] As the pump 10 operates, there can be pressure spikes at the inlet and outlet ports
(e.g., ports 22 and 24, respectively, in the example) of the pump due to, e.g., operation of an
actuator (e.g., a hydraulic cylinder, a hydraulic motor, or another type of fluid operated
actuator), the load that is being operated by the actuator, valves that are being operated in the
system or for some other reason. These pressure spikes can cause damage to components in
the fluid system. In some embodiments, the storage device 170 can be used to smooth out or
dampen the pressure spikes. For example, the storage device 170 can be pressurized to a
desire pressure and, as discussed above, connected to either the inlet port or the outlet port (or
both with appropriate valves). When a pressure spike occurs at the port, the pressure spike is
transmitted to the storage device 170, which then dampens the pressure spike due to the
compressibility of the gas in the gas chamber 174. In addition, the fluid system in which the
pump 10 operates may need to either add or remove fluid from the main fluid flow path of the
fluid system due to, ¢.g., operation of the actuator. For example, when a hydraulic cylinder
operates, the fluid volume in a closed-loop system may vary during operation because the
extraction chamber volume and the retraction chamber volume may not be the same due to,
e.g., the piston rod or for some other reason. In addition, changes in fluid temperature can
also necessitate the addition or removal of fluid in a closed-loop system. In such cases, any
extra fluid in the system will need to be stored and any fluid deficiency will need to be
replenished. The storage device 170 can store and release the required amount of fluid for
stable operation.

[0068] For example, in situations where the fluid system needs additional fluid during the
operation of the pump 10, e.g., extracting a hydraulic cylinder that is attached the pump 10,
the pressure of the inlet port, which is port 22 in the embodiment of Figure 5, will drop below
the pressure of fluid chamber 172 in the storage device 170. The pressure difference will
cause the pressurized fluid to flow from the storage device 170 to the port 22 via the through-
passages 184, 194 and replenish the fluid in the system. Conversely, when fluid needs to be
removed from the main fluid flow path, e.g., due to the pump 10 reversing direction and

retracting the hydraulic cylinder or for some other reason, the pressure of the fluid at the port
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22 will become higher than the pressure in fluid chamber 172. Due to the pressure
difference, the fluid will flow from the port 22 to the storage device 170 via through-passages
184, 194 and be stored in the fluid chamber 172 until needed by the system.

[0069] In the above discussed exemplary embodiments, both fluid drivers, including the
prime movers and fluid displacement members, are integrated into a single pump casing 20.
In addition, as described above, exemplary embodiments of the pump include an innovative
configuration for fluid communication between at least one storage device and at least one
port of the pump. Specifically, the pump can include one or more fluid paths through at least
one shaft in the pump to provide fluid communication between at least one port of the pump
and at least one fluid storage device that can be attached to the pump. This innovative fluid
delivery system configuration of the pump and storage device of the present disclosure
enables a compact arrangement that provides various advantages. First, the space or footprint
occupied by the exemplary embodiments of the fluid delivery system discussed above is
significantly reduced by integrating necessary components pump into a single pump casing
and by integrating the fluid communication configuration between a storage device and a port
of the pump, when compared to conventional pump systems. In addition, the total weight of
the pump system is also reduced by removing unnecessary parts such as hoses or pipes used
in conventional pump systems for fluid communication between a pump and a fluid storage
device. In addition, this configuration can provide a cooling effect to the prime mover (e.g.,
motor) that gets heated during the pumping operation, especially at the center when motors
are the prime movers. Further, since the pump of the present disclosure has a compact and
modular arrangement, it can be easily installed, even at locations where conventional gear
pumps and storage devices cannot be installed, and can be easily replaced.

[0070] In the above exemplary embodiments, both shafts 42, 62 include a through-
passage configuration. However, in some exemplary embodiments, only one of the shafts has
a through-passage configuration. For example, Figure 6 shows a side cross-sectional view of
another embodiment of an external gear pump and storage device system. In this
embodiment, pump 510 is substantially similar to the exemplary embodiment of the external
gear pump 10 shown in Figure 3A. That is, the operation and function of fluid driver 540 are
similar to that of fluid driver 40 and the operation and function of fluid driver 560 are similar
to that fluid driver 60. Further, the configuration and function of storage device 570 is
similar to that of storage device 170 discussed above. Accordingly, for brevity, a detailed
description of the operation of pump 510 and storage device 570 is omitted except as

necessary to describe the present exemplary embodiment. As shown in Figure 6, unlike shaft
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42 of fluid driver 40 of pump 10, the shaft 542 of fluid driver 540 does not include a through-
passage. Thus, only shaft 562 of fluid driver 560 includes a through-passage 594. The
through-passage 594 permits fluid communication between fluid chamber 572 and a port of
the pump 510 via a channel 582. Those skilled in the art will recognize that through-passage
594 and channel 592 perform similar functions as through-passage 194 and channel 192
discussed above. Accordingly, for brevity, a detailed description of through-passage 594 and
channel 592 and their function within pump 510 are omitted.

[0071] Another single, flow-through shaft pump configuration is shown in Figure 6A,
which shows a side cross-sectional view of another embodiment of an external gear pump
and storage device system. In this embodiment, pump 610 is substantially similar to the
exemplary embodiment of the external gear pump 10 shown in Figure 3A, however, one of
the fluid drivers is configured such that the motor is disposed adjacent to the gear rather than
inside the gear body. As seen in Figure 6A, the motor 661 of fluid driver 660 is disposed
adjacent to gear 670, but the motor 641 for fluid driver 640 is disposed inside the gear 650,
similar to configuration of fluid driver 40. In the embodiment of Figure 6A, the
configuration of fluid driver 660 is such that, unlike shaft 62 of fluid driver 60, the shaft 662
of fluid driver 660 rotates. That is, the motor 661 is an inner-rotor motor arrangement in
which the stator is fixed to the pump casing and the rotor and shaft 662 are free to rotate.
However, it is possible to use an outer-rotor arrangement for motor 661 with appropriate
modifications to turn shaft 662. Although the motor 661 of fluid driver 660 is located
adjacent to the gear 670 rather than inside the gear body, the operation and function of fluid
drivers 640 and 660 are similar to that of fluid drivers 40 and 60. Further, the configuration
and function of storage device 570A is similar to that of storage device 170 discussed above.
Accordingly, for brevity, a detailed description of the operation of pump 610 and storage
device 570A is omitted except as necessary to describe the present exemplary embodiment.
As shown in Figure 6A, unlike shaft 62 of fluid driver 60 of pump 10, the shaft 662 of fluid
driver 660 does not include a through-passage. Thus, only shaft 642 of fluid driver 640
includes a through-passage 684. The through-passage 684 permits fluid communication
between fluid chamber 572 A and a port of the pump 610 via a channel 682. Those skilled in
the art will recognize that through-passage 684 and channel 682 perform similar functions as
through-passage 184 and channel 192 discussed above. Accordingly, for brevity, a detailed
description of through-passage 684 and channel 682 and their function within pump 610 are
omitted. Although the above-embodiment shows that the motor 661 is still inside the pump

casing, in other embodiments, the motor 661 can be disposed outside the pump casing.
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[0072] In the embodiment of Figure 6A, the shaft 662, to which the gear 670 and the
pump 610 are connected, does not include a through-passage. However, instead of or in
addition to through-passage 684 of shaft 642, the shaft 662 of pump 610 can have a through-
passage therein. As seen in Figure 6B, the pump 610’ includes a shaft 662° with a through-
passage 694’ that is in fluid communication with chamber 672 of storage device 570B and a
port of the pump 610 via channel 692°. Thus, the fluid chamber 572B is in fluid
communication with port 622” of pump 610’ via through-passage 694” and channel 692°.
[0073] The configuration of flow-through shaft 662’ is different from that of the
exemplary shafts described above because, unlike the other shafts, the shaft 662’ rotates. The
flow-through shaft 662’ can be supported by bearings 151 on both ends. In the exemplary
embodiment, the flow-through shaft 662° has a rotary portion 155 that rotates with the motor
rotor and a stationary portion 157 that is fixed to the motor casing. A coupling 153 can be
provided between the rotary and stationary portions 155, 157 to allow fluid to travel between
the rotary and stationary portions 155, 157 through the coupling 153 while the pump 610’
operates. In some embodiments, the coupling 153 can include one or more seals to prevent
leakage. Of course, the stationary portion 157 can be part of the pump casing rather than a
part of the flow-through shaft.

[0074] While the above exemplary embodiments illustrate only one storage device,
exemplary embodiments of the present disclosure are not limited to one storage device and
can have more than one storage device. For example, in an exemplary embodiment shown in
Figure 7, a storage device 770 can be mounted to the pump 710, e.g., on the end plate 782.
The storage device 770 can store fluid to be pumped by the pump 710 and supply fluid
needed to perform a commanded operation. In addition, another storage device 870 can also
be mounted on the pump 710, e.g., on the end plate 780. Those skilled in the art would
understand that the storage devices 770 and 870 are similar in configuration and function to
storage device 170. Thus, for brevity, a detailed description of storage devices 770 and 870
is omitted, except as necessary to explain the present exemplary embodiment.

[0075] As seen in Figure 7, motor 741 includes shaft 742. The shaft 742 includes a
through-passage 784. The through-passage 784 has a port 786 which is disposed in the fluid
chamber 772 such that the through-passage 784 is in fluid communication with the fluid
chamber 772. The other end of through-passage 784 is in fluid communication with a port of
the pump 710 via a channel 782. Those skilled in the art will understand that through-

passage 784 and channel 782 are similar in configuration and function to through-passage
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184 and channel 192 discussed above. Accordingly, for brevity, detailed description of
through-passage 784 and its characteristics and function within pump 710 are omitted.

[0076] The pump 710 also includes a motor 761 that includes shaft 762. The shaft 762
includes a through-passage 794. The through-passage 794 has a port 796 which is disposed
in the fluid chamber 872 such that the through-passage 794 is in fluid communication with
the fluid chamber 872. The other end of through-passage 794 is in fluid communication with
a port of the pump 710 via a channel 792. Those skilled in the art will understand that
through-passage 794 and channel 792 are similar to through-passage 184 and channel 192
discussed above. Accordingly, for brevity, detailed description of through-passage 794 and
its characteristics and function within pump 710 are omitted.

[0077] The channels 782 and 792 can each be connected to the same port of the pump or
to different ports. Connection to the same port can be beneficial in certain circumstances.
For example, if one large storage device is impractical for any reason, it might be possible to
split the storage capacity between two smaller storage devices that are mounted on opposite
sides of the pump as illustrated in Figure 7. Alternatively, connecting each storage device
770 and 870 to different ports of the pump 710 can also be beneficial in certain
circumstances. For example, a dedicated storage device for each port can be beneficial in
circumstances where the pump is bi-directional and in situations where the inlet of the pump
and the outlet of the pump experience pressure spikes that need to be smoothened or some
other flow or pressure disturbance that can be mitigated or eliminated with a storage device.
Of course, each of the channels 782 and 792 can be connected to both ports of the pump 710
such that each of the storage devices 770 and 870 can be configured to communicate with a
desired port using appropriate valves (not shown). In this case, the valves would need to be
appropriately operated to prevent adverse pump operation.

[0078] In the exemplary embodiment shown in Figure 7, the storage devices 770, 870 are
fixedly mounted to the casing of the pump 710. However, in other embodiments, one or both
of the storage devices 770, 870 may be disposed space apart from the pump 710. In this case,
the storage device or storage devices can be in fluid communication with the pump 710 via a
connecting medium, for example hoses, tubes, pipes, or other similar devices.

[0079] In addition, the exemplary embodiments of the pump assembly of the present
disclosure are not limited to the above exemplary embodiments of dual fluid driver (drive-
drive) configurations. The flow-through shaft having the through-passage configuration can
be used in other dual fluid driver pump configurations. For example, other configurations of

a drive-drive system are discussed below in the context of exemplary embodiments of a pump
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assembly that do not have a flow-through shaft. However, based on the above disclosure,
those skilled in the art would understand that the drive-drive configurations illustrated in
Figures 11-11E can also include a flow through shaft if desired. In addition, the inventive
flow-through shaft configuration is not limited to drive-drive configurations and can be used
in pumps having a driver-driven configuration.

[0080] For example, Figure 8 shows an exploded view of an exemplary embodiment of a
pump assembly with a pump 910 and a storage device 1070. Unlike the exemplary
embodiments discussed above, pump 910 includes one fluid driver, i.e., fluid driver 940. The
fluid driver 940 includes motor 941 (prime mover) and a gear displacement assembly that
incudes gears 950, 970 (fluid displacement members). In this embodiment, pump motor 941
is disposed inside the pump gear 950. As seen in Figure 8, the pump 910 represents a
positive-displacement (or fixed displacement) gear pump. The pump 910 has a casing 920
that includes end plates 980, 982 and a pump body 983. These two plates 980, 982 and the
pump body 983 can be connected by a plurality of through bolts and nuts (not shown) and the
inner surface 926 defines an inner volume 998. To prevent leakage, O-rings or other similar
devices can be disposed between the end plates 980, 982 and the pump body 983. The casing
920 has a port 922 and a port 924 (see also Figure 9), which are in fluid communication with
the inner volume 998. During operation and based on the direction of flow, one of the ports
922, 924 is the pump inlet port and the other is the pump outlet port. In an exemplary
embodiment, the ports 922, 924 of the casing are round through-holes on opposing side walls
of the casing. However, the shape is not limiting and the through-holes can have other
shapes. In addition, one or both of the ports 922, 924 can be located on either the top or
bottom of the casing. Of course, the ports 922, 924 must be located such that one port is on
the inlet side of the pump and one port is on the outlet side of the pump.

[0081] As seen in Figure 8, a pair of gears 950, 970 are disposed in the internal volume
998. Each of the gears 950, 970 has a plurality of gear teeth 952, 972 extending radially
outward from the respective gear bodies. The gear teeth 952, 972, when rotated by, ¢.g.,
motor 941, transfer fluid from the inlet to the outlet, i.e., motor 941 rotates gear 950 which
then rotates gear 970 (driver-driven configuration). In some embodiments, the pump 910 is
bi-directional. Thus, either port 922, 924 can be the inlet port, depending on the direction of
rotation of gears 950, 970, and the other port will be the outlet port. The gear 950 has a
cylindrical opening 951 along an axial centerline of the gear body. The cylindrical opening

951 can extend either partially through or the entire length of the gear body. The cylindrical
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opening 951 is sized to accept the motor 941, which includes a shaft 942, a stator 944, and a
rotor 946.

[0082] Figure 9 shows a side cross-sectional view of the external gear pump 910 and
storage device 1070 of Figure 8. As seen in Figures 8 and 9, fluid driver 940 is disposed in
the casing 920. The shafts 942, 962 of the fluid driver 940 are disposed between the port 922
and the port 924 of the casing 920 and are supported by the end plate 980 at one end 984 and
the end plate 982 at the other end 986. The shaft 942 supports the motor 941 and gear 950
when assembled. The shaft 962 supports gear 790 when assembled. The means to support
the shafts 942, 962 and thus the fluid drivers 940, 960 are not limited to the illustrated
configuration and other configurations to support the shaft can be used. For example, the
either or both of shafts 942, 962 can be supported by blocks that are attached to the casing
920 rather than directly by casing 920. The shaft 942 is disposed in parallel with the shaft
962 and the two shafts are separated by an appropriate distance so that the gear teeth 952, 972
of the respective gears 950, 970 mesh with each other when rotated.

[0083] As illustrated in Figures 8-10, the stator 944 of motor 941 is disposed radially
between the shaft 942 and the rotor 946. The stator 944 is fixedly connected to the shaft 942,
which is fixedly connected to the casing 920. The rotor 946 is disposed radially outward of
the stator 944 and surrounds the stator 944. Thus, the motor 941 in this embodiment is of an
outer-rotor motor arrangement (or an external-rotor motor arrangement). In an exemplary
embodiment, the electric motor 941 is a multi-directional motor. Further, in an exemplary
embodiment, the motor 941 is a variable-speed and/or a variable-torque motor in which the
speed/torque of the rotor and thus that of the attached gear can be varied to create various
volume flows and pump pressures, as desired.

[0084] As discussed above, the gear body 950 can include cylindrical opening 951, which
receives motor 941. In an exemplary embodiment, the fluid driver 940 can include outer
support member 948 which aids in coupling the motor 941 to the gear 950 and in supporting
the gear 950 on motor 941. The support member 948 can be, for example, a sleeve that is
initially attached to either an outer casing of the motor 941 or an inner surface of the
cylindrical opening 951. The sleeves can be attached by using an interference fit, a press fit,
an adhesive, screws, bolts, a welding or soldering method, or other means that can attach the
support members to the cylindrical openings. Similarly, the final coupling between the motor
941 and the gear 950 using the support member 948 can be by using an interference fit, a
press fit, screws, bolts, adhesive, a welding or soldering method, or other means to attach the

motors to the support members. The sleeve can be made to different thicknesses as desired
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to, e.g., facilitate the attachment of motors with different physical sizes to the gear 950 or
vice versa. In addition, if the motor casing and the gear are made of materials that are not
compatible, ¢.g., chemically or otherwise, the sleeve can be made of materials that are
compatible with both the gear composition and the motor casing composition. In some
embodiments, the support member 948 can be configured as a sacrificial piece. That is,
support member 948 is configured to be the first to fail, e.g., due to excessive stresses,
temperatures, or other causes of failure, in comparison to the gear 950 and motor 941. This
allows for a more economic repair of the pump 910 in the event of failure. In some
embodiments, the outer support member 948 is not a separate piece but an integral part of the
casing for the motor 941 or part of the inner surface of the cylindrical opening 951 of the gear
950. In other embodiments, the motor 941 can support the gear 950 (and the plurality of gear
teeth 952) on its outer surface without the need for the outer support member 948. For
example, the motor casing can be directly coupled to the inner surface of the cylindrical
opening 951 of the gear 950 by using an interference fit, a press fit, screws, bolts, an
adhesive, a welding or soldering method, or other means to attach the motor casing to the
cylindrical opening. In some embodiments, the outer casing of the motor 941 can be, ¢.g.,
machined, cast, or other means to shape the outer casing to form a shape of the gear teeth
952. In still other embodiments, the plurality of gear teeth 952 can be integrated with the
rotor 946 such that the gear/rotor combination forms one rotary body.

[0085] As shown in Figures 8 and 9, a storage device 1070 can be mounted to the pump
910, e.g., on the end plate 980. The storage device 1070 can store fluid to be pumped by the
pump 910 and supply fluid needed to perform a commanded operation. In some
embodiments, the storage device 1070 in the pump 910 is a pressurized vessel that stores the
fluid for the system. In such embodiments, the storage device 1070 is pressurized to a
specified pressure that is appropriate for the system. As shown in Figure 9, the storage
device 1070 includes a vessel housing 1088, a fluid chamber 1072, a gas chamber 1074, a
separating element (or piston) 1076, and a cover 1078. The configuration and function of
storage device 1070 is similar to that of storage device 170 discussed above. Accordingly,
for brevity, a detailed description of the operation of the storage device 1070 is omitted
except as necessary to describe the present exemplary embodiment.

[0086] In the embodiment of Figures 8 and 9, the shaft 962 is a flow-through type shaft
having a through-passage that runs axially through the body of the shaft. One end of shaft
962 connects with an opening in the end plate 982 of a channel that connects to one of the

port 922, 924, For example, Figure 8 illustrates a channel 1092 (dotted line) that extends
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through the end plate 982. One opening of channel 1092 accepts one end of the flow-through
shaft 962 while the other end of channel 1092 opens to port 922 of the pump 910. The other
end of the flow-through shaft 962 extends into the fluid chamber 1072 of storage device 1070
(see Figure 8) via an opening in end plate 980. As shown in Figure 9, the gear 970 is fixedly
mounted to shaft 962 such that the gear 970 and shaft 962 rotate when driven by gear 950.
The flow-through shaft 962 is similar in configuration to shaft 662’ discussed above with
respect to a rotating shaft configuration. The shaft 962 can be supported by bearings 1051 on
both ends. The shaft 962 can have a rotary portion 1055 that rotates with gear 970 and a
stationary portion 1057 that is fixed to the pump casing. A coupling 1053 can be provided
between the rotary and stationary portions 1055, 1057 to allow fluid to travel between the
rotary and stationary portions 1055, 1057 through the coupling 1053 while the pump 910
operates. In some embodiments, the coupling 1053 can include one or more seals to prevent
leakage. Of course, the stationary portion 1057 can be part of the pump casing rather than a
part of the flow-through shaft.

[0087] The shaft 962 includes a through-passage 1094. The through-passage 1094
permits fluid communication between fluid chamber 1072 and a port of the pump 910 via a
channel 1092. Those skilled in the art will recognize that through-passage 1094 and channel
1092 perform similar functions as through-passage 194 and channel 192 discussed above
with respect to pump 10. Accordingly, for brevity, a detailed description of through-passage
1094 and channel 1092 and their function within pump 910 are omitted.

[0088] In the above discussed exemplary embodiments, fluid driver 940, including
electric motor 941 and gears 950, 970, are integrated into a single pump casing 920. Thus,
similar to the dual fluid-driver exemplary embodiments, the configuration of the external gear
pump 910 and storage device 970 of the present disclosure enables a compact arrangement
that provides various advantages. First, the enclosed configuration means that there is less
likelihood of contamination from outside the pump, ¢.g., through clearances in the shaft seals
as in conventional pumps or from remotely disposed storage devices. Also, the space or
footprint occupied by the gear pump and storage device is significantly reduced by
integrating necessary components into an integrated fluid delivery system, when compared to
conventional gear pump and storage device configurations. In addition, the total weight of
the exemplary embodiments of the fluid delivery system is reduced by removing unnecessary
parts such as a shaft that connects a motor to a pump, separate mountings for a motor/gear
driver, and external hoses and pipes to connect the storage device. Further, since the fluid

delivery system of the present disclosure has a compact and modular arrangement, it can be



WO 2015/187688 PCT/US2015/033776
31

easily installed, even at locations where conventional gear pumps could not be installed, and
can be easily replaced. Detailed description of the driver-driven pump operation is provided
next.

[0089] Figure 10 shows a top cross-sectional view of the external gear pump 910 of
Figure 8. Figure 10 illustrates an exemplary fluid flow path of an exemplary embodiment of
the external gear pump 910. The ports 922, 924, and a meshing area 978 between the
plurality of first gear teeth 952 and the plurality of second gear teeth 972 are substantially
aligned along a single straight path. However, the alignment of the ports are not limited to
this exemplary embodiment and other alignments are permissible. For explanatory purpose,
the gear 950 is rotatably driven clockwise 974 by motor 941 and the gear 970 is rotatably
driven counter-clockwise 976 by the motor 961. With this rotational configuration, port 922
is the inlet side of the gear pump 910 and port 924 is the outlet side of the gear pump 910.
The gear 950 and the gear 970 are disposed in the casing 920 such that the gear 950 engages
(or meshes) with the gear 970 when the rotor 946 is rotatably driven. More specifically, the
plurality of gear teeth 952 mesh with the plurality of gear teeth 972 in a meshing area 978
such that the torque (or power) generated by the motor 941 is transmitted to the gear 950,
which then drives gear 970 via gear meshing to carry the fluid from the port 922 to the port
924 of the pump 910.

[0090] As seen in Figure 10, the fluid to be pumped is drawn into the casing 920 at port
922 as shown by an arrow 992 and exits the pump 910 via port 924 as shown by arrow 996.
The pumping of the fluid is accomplished by the gear teeth 952, 972. As the gear teeth 952,
972 rotate, the gear teeth rotating out of the meshing area 978 form expanding inter-tooth
volumes between adjacent teeth on each gear. As these inter-tooth volumes expand, the
spaces between adjacent teeth on each gear are filled with fluid from the inlet port, which is
port 922 in this exemplary embodiment. The fluid is then forced to move with each gear
along the interior wall 990 of the casing 920 as shown by arrows 994 and 994°. That is, the
teeth 952 of gear 950 force the fluid to flow along the path 994 and the teeth 972 of gear 970
force the fluid to flow along the path 994°. Very small clearances between the tips of the
gear teeth 952, 972 on each gear and the corresponding interior wall 990 of the casing 920
keep the fluid in the inter-tooth volumes trapped, which prevents the fluid from leaking back
towards the inlet port. As the gear teeth 952, 972 rotate around and back into the meshing
area 978, shrinking inter-tooth volumes form between adjacent teeth on each gear because a
corresponding tooth of the other gear enters the space between adjacent teeth. The shrinking

inter-tooth volumes force the fluid to exit the space between the adjacent teeth and flow out
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of the pump 910 through port 924 as shown by arrow 996. In some embodiments, the motor
941 is bi-directional and the rotation of motor 941 can be reversed to reverse the direction
fluid flow through the pump 910, i.e., the fluid flows from the port 924 to the port 922.
[0091] To prevent backflow, i.c., fluid leakage from the outlet side to the inlet side
through the meshing area 978, the meshing between a tooth of the gear 950 and a tooth of the
gear 970 in the meshing area 978 provides sealing against the backflow. Thus, along with
driving gear 970, the meshing force from gear 950 will seal (or substantially seal) the
backflow path, i.c., as understood by those skilled in the art, the fluid leakage from the outlet
port side to the inlet port side through the meshing area 978 is substantially eliminated.
[0092] Figure 10A schematically shows gear meshing between two gears 950, 970 in the
gear meshing area 978 in an exemplary embodiment. As discussed above in reference to
Figure 9, it is assumed that the rotor 946 is rotatably driven clockwise 974 by the rotor 946.
The plurality of first gear teeth 952 are rotatably driven clockwise 974 along with the rotor
946 and the plurality of second gear teeth 972 are rotatably driven counter-clockwise 976 via
gear meshing,. In particular, Figure 10A exemplifies that the gear tooth profile of the first and
second gears 950, 970 is configured such that the plurality of first gear teeth 952 are in
surface contact with the plurality of second gear teeth 972 at three different contact surfaces
CS1, CS2, CS3 at a point in time. However, the gear tooth profile in the present disclosure is
not limited to the profile shown in Figure 10A. For example, the gear tooth profile can be
configured such that the surface contact occurs at two different contact surfaces instead of
three contact surfaces, or the gear tooth profile can be configured such that a point, line or an
area of contact is provided. In some exemplary embodiments, the gear tecth profile is such
that a small clearance (or gap) is provided between the gear teeth 952, 972 to release
pressurized fluid, i.e., only one face of a given gear tooth makes contact with the other tooth
at any given time. Such a configuration retains the sealing effect while ensuring that
excessive pressure is not built up. Thus, the gear tooth profile of the first and second gears
950, 970 can vary without departing from the scope of the present disclosure.

[0093] In addition, depending on the type of fluid displacement member, the meshing can
be between any surface of at least one projection (e.g., bump, extension, bulge, protrusion,
other similar structure or combinations thereof) on the first fluid displacement member and
any surface of at least one projection(e.g., bump, extension, bulge, protrusion, other similar
structure or combinations thereof) or an indent(e.g., cavity, depression, void or similar
structure) on the second fluid displacement member. In some embodiments, at least one of

the fluid displacement members can be made of or include a resilient material, e.g., rubber, an
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elastomeric material, or another resilient material, so that the meshing force provides a more
positive sealing area.

[0094] In the embodiment of Figure 8, the shaft 942 of the pump 910 does not include a
through-passage. However, instead of or in addition to through-passage 1094 of shaft 962,
the shaft 942 of pump 910 can have a through-passage therein. In this case, the through-
passage configuration of the shaft 942 can be similar to that of through-passage 184 of shaft
42 of pump 10 discussed above. In addition, in the above exemplary driver-driven
configurations, a single storage device is illustrated in Figure 8 and 9. However, those skilled
in the art will understand that, similar to the drive-drive configurations discussed above, the
driver-driven configurations can also include dual storage devices. Because the configuration
and function of the shafts on the dual storage driver-driven embodiments will be similar to
the configuration and function of the shafts of the drive-drive embodiments discussed above,
for brevity, a detailed discussion of the dual storage driver-driven embodiment is omitted.
[0095] Further, in the embodiments discussed above, the prime mover is disposed inside
the fluid displacement member, i.e., motor 941 is disposed inside the cylinder opening 951 of
gear 950. However, like the dual fluid driver (drive-drive) configurations discussed above,
advantageous features of the inventive pump configuration are not limited to a configuration
in which the prime mover is disposed within the body of the fluid displacement member.
Other configurations also fall within the scope of the present disclosure. For example, in the
context of an exemplary embodiment that does not have a flow-through shaft, Figure 12A
discloses a driver-driven pump configuration in which the motor is disposed adjacent to the
gear but still inside the pump casing. However, those skilled in the art would understand that,
like pump 610’ discussed above, the shaft of the motor 941 and gear 950 can be configured as
a flow-through shaft. Of course, the prime mover can also be located outside the pump
casing and one or both gears can include a flow-through shaft such as the through-passage
embodiments discussed above.

[0096] In the embodiments discussed above, the storage devices were described as
pressurized vessels with a separating element (or piston) inside. However, in other
embodiments, a different type of pressurized vessel may be used. For example, an
accumulator, e.g. a hydraulic accumulator, may be used as a pressurized vessel.
Accumulators are common components in fluid systems such as hydraulic operating and
control systems. The accumulators store potential energy in the form of a compressed gas or
spring, or by a raised weight to be used to exert a force against a relatively incompressible

fluid. It is often used to store fluid under high pressure or to absorb excessive pressure
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increase. Thus, when a fluid system, ¢.g., a hydraulic system, demands a supply of fluid
exceeding the supply capacity of a pump system, typically within a relatively short
responsive time, pressurized fluid can be promptly provided according to a command of the
system. In this way, operating pressure and/or flow of the fluid in the system do not drop
below a required minimum value. However, storage devices other than an accumulator may
be used as long as needed fluid can be provided from the storage device or storage devices to
the pump and/or returned from the pump to the storage device or storage devices.

[0097] The accumulator may be a pressure accumulator. This type of accumulator may
include a piston, diaphragm, bladder, or member. Typically, a contained volume of a suitable
gas, a spring, or a weight is provided such that the pressure of hydraulic fluid in the
accumulator increases as the quantity of hydraulic fluid stored in the accumulator increases.
However, the type of accumulator in the present disclosure is not limited to the pressure
accumulator. The type of accumulator can vary without departing from the scope of the
present disclosure.

[0098] In addition, exemplary embodiments of the present disclosure are not limited to
pump assemblies having pumps with integrated storage devices and flow-through shafts. For
example, the storage device can be separate from the pump assembly if desired (e.g., if a
large amount of storage is required) or may even be eliminated depending on the
configuration of the system. In such cases the pump will not have an attached storage device
and/or a flow-through shaft. For example, Figure 11 shows a side cross-sectional view of an
exemplary embodiment of an external gear pump 10°. The pump 10’ includes a casing 20°, a
fluid driver 40 with gear 50’ and motor 41°, and a fluid driver 60’ with gear 70’ and motor
61°. The motor 41’ includes rotor 46’, stator 44’ and shaft 42’ and the motor 61 includes
rotor 66°, stator 64’ and shaft 62°. The embodiment of the pump 10’ differs from pump 10
(Figures 2-3) in that because the storage device 170 is not integral to the pump assembly,
neither shaft 42° of fluid drivers 40’ nor shaft 62” of fluid driver 60’ has a flow-through shaft
configuration. In all other respects, the pump 10’ is the same as pump 10. Thus, for brevity,
the configuration and functions of pump 10” will not be further discussed.

[0099] As seen in Figures 2 and 11, the prime movers are disposed inside the respective
fluid displacement members, i.e., motors 41, 41°, 61, 61° are disposed inside the cylinder
openings of the respective gears 50, 50°, 70, 70°. However, advantageous features of the
present disclosure are not limited to a configuration in which both prime movers are disposed
within the bodies of the fluid displacement members. Both types of pumps (i.c., with and

without flow-through shafts and integrated storage devices) can include other drive-drive
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configurations. For example 11A-11E show different drive-drive configurations. The pumps
in these embodiments do not have flow-through shafts or integrated storage devices.
However, the arrangement of the motors and gears will be similar for drive-drive
configurations with flow-through shafts and thus, for brevity, will not be duplicated.

[00100] Figure 11A shows a side cross-sectional view of another exemplary embodiment
of an external gear pump 1010. The embodiment of the pump 1010 shown in Figure 11A
differs from pump 10 (Figure 2) in that one of the two motors in this embodiment is external
to the corresponding gear body but is still in the pump casing. In addition, like pump 10°, the
storage device 170 is not integral to the pump assembly and neither shaft 1042 of fluid
drivers 1040 nor shaft 1062 of fluid driver 1060 has a flow-through shaft configuration. The
pump 1010 includes a casing 1020, a fluid driver 1040, and a fluid driver 1060. The inner
surface of the casing 1020 defines an internal volume that includes a motor cavity 1084 and a
gear cavity 1086. The casing 1020 can include end plates 1080, 1082. These two plates
1080, 1082 can be connected by a plurality of bolts (not shown).

[00101] The fluid driver 1040 includes motor 1041 and a gear 1050. The motor 1041 is an
outer-rotor motor design and is disposed in the body of gear 1050, which is disposed in the
gear cavity 1086. The motor 1041 includes a rotor 1044 and a stator 1046. The gear 1050
includes a plurality of gear teeth 1052 extending radially outward from its gear body. It
should be understood that those skilled in the art will recognize that fluid driver 1040 is
similar to fluid driver 40 and that the configurations and functions of fluid driver 40, as
discussed above, can be incorporated into fluid driver 1040. Accordingly, for brevity, fluid
driver 1040 will not be discussed in detail except as necessary to describe this embodiment.
[00102] The fluid driver 1060 includes a motor 1061 and a gear 1070. The fluid driver
1060 is disposed next to fluid driver 1040 such that the respective gear teeth 1072, 1052
contact each other in a manner similar to the contact of gear teeth 52, 72 in contact area 78
discussed above with respect to pump 10. In this embodiment, motor 1061 is an inner-rotor
motor design and is disposed in the motor cavity 1084. In this embodiment, the motor 1061
and the gear 1070 have a common shaft 1062. The rotor 1064 of motor 1061 is disposed
radially between the shaft 1062 and the stator 1066. The stator 1066 is disposed radially
outward of the rotor 1064 and surrounds the rotor 1064. The inner-rotor design means that
the shaft 1062, which is connected to rotor 1064, rotates while the stator 1066 is fixedly
connected to the casing 1020. In addition, gear 1070 is also connected to the shaft 1062. The
shaft 1062 is supported by, for example, a bearing in the plate 1080 at one end 1088 and by a
bearing in the plate 1082 at the other end 1090. In other embodiments, the shaft 1062 can be



WO 2015/187688 PCT/US2015/033776
36

supported by bearing blocks that are fixedly connected to the casing 1020 rather than directly
by bearings in the casing 1020. In addition, rather than a common shaft 1062, the motor 1061
and the gear 1070 can include their own shafts that are coupled together by known means.
[00103] As shown in Figure 11A, the gear 1070 is disposed adjacent to the motor 1061 in
the casing 1020. That is, unlike motor 1041, the motor 1061 is not disposed in the gear body
of gear 1070. The gear 1070 is spaced apart from the motor 1061 in an axial direction on the
shaft 1062. The rotor 1064 is fixedly connected to the shaft 1062 on one side 1088 of the
shaft 1062, and the gear 1070 is fixedly connected to the shaft 1062 on the other side 1090 of
the shaft 1062 such that torque generated by the motor 1061 is transmitted to the gear 1070
via the shaft 1062.

[00104] The motor 1061 is designed to fit into its cavity with sufficient tolerance between
the motor casing and the pump casing 1020 so that fluid is prevented (or substantially
prevented) from entering the cavity during operation. In addition, there is sufficient
clearance between the motor casing and the gear 1070 for the gear 1070 to rotate freely but
the clearance is such that the fluid can still be pumped efficiently. Thus, with respect to the
fluid, in this embodiment, the motor casing is designed to perform the function of the
appropriate portion of the pump casing walls of the embodiment of Figure 2. In some
embodiments, the outer diameter of the motor 1061 is less that the root diameter for the gear
teeth 1072. Thus, in these embodiments, even the motor side of the gear teeth 1072 will be
adjacent to a wall of the pump casing 1020 as they rotate. In some embodiments, a bearing
1095 can be inserted between the gear 1070 and the motor 1061. The bearing 1095, which
can be, e.g., a washer-type bearing, decreases friction between the gear 1070 and the motor
1061 as the gear 1070 rotates. Depending on the fluid being pumped and the type of
application, the bearing can be metallic, a non-metallic or a composite. Metallic material can
include, but is not limited to, steel, stainless steel, anodized aluminum, aluminum, titanium,
magnesium, brass, and their respective alloys. Non-metallic material can include, but is not
limited to, ceramic, plastic, composite, carbon fiber, and nano-composite material. In
addition, the bearing 1095 can be sized to fit the motor cavity 1084 opening to help seal the
motor cavity 1084 from the gear cavity 1086, and the gears 1052, 1072 will be able to pump
the fluid more efficiently. It should be understood that those skilled in the art will recognize
that, in operation, the fluid driver 1040 and the fluid driver 1060 will operate in a manner
similar to that disclosed above with respect to pump 10. Accordingly, for brevity, pump 1010
operating details will not be further discussed.
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[00105] In the above exemplary embodiment, the gear 1070 is shown as being spaced
apart from the motor 1061 along the axial direction of the shaft 1062. However, other
configurations fall within the scope of the present disclosure. For example, the gear 1070 and
motor 1061 can be completely separated from each other (e.g., without a common shaft),
partially overlapping with each other, positioned side-by-side, on top of each other, or offset
from each other. Thus, the present disclosure covers all of the above-discussed positional
relationships and any other variations of a relatively proximate positional relationship
between a gear and a motor inside the casing 1020. In addition, in some exemplary
embodiments, motor 1061 can be an outer-rotor motor design that is appropriately configured
to rotate the gear 1070.

[00106] Further, in the exemplary embodiment described above, the torque of the motor
1061 is transmitted to the gear 1070 via the shaft 1062. However, the means for transmitting
torque (or power) from a motor to a gear is not limited to a shaft, e.g., the shaft 1062 in the
above-described exemplary embodiment. Instead, any combination of power transmission
devices, ¢.g., shafts, sub-shafts, belts, chains, couplings, gears, connection rods, cams, or
other power transmission devices, can be used without departing from the spirit of the present
disclosure.

[00107] Figure 11B shows a side cross-sectional view of another exemplary embodiment
of an external gear pump 1110. The embodiment of the pump 1110 shown in Figure 11B
differs from pump 10 in that each of the two motors in this embodiment is external to the gear
body but still disposed in the pump casing. In addition, like pump 10°, the storage device 170
is not integral to the pump assembly and neither shaft 1142 of fluid drivers 1140 nor shaft
1162 of fluid driver 1160 has a flow-through shaft configuration. The pump 1110 includes a
casing 1120, a fluid driver 1140, and a fluid driver 1160. The inner surface of the casing
1120 defines an internal volume that includes motor cavities 1184 and 1184’ and gear cavity
1186. The casing 1120 can include end plates 1180, 1182. These two plates 1180, 1182 can
be connected by a plurality of bolts (not shown).

[00108] The fluid drivers 1140, 1160 respectively include motors 1141, 1161 and gears
1150, 1170. The motors 1141, 1161 are of an inner-rotor design and are respectively
disposed in motor cavities 1184, 1184°. The motor 1141 and gear 1150 of the fluid driver
1140 have a common shaft 1142 and the motor 1161 and gear 1170 of the fluid driver 1160
have a common shaft 1162. The motors 1141, 1161 respectively include rotors 1144, 1164
and stators 1146, 1166, and the gears 1150, 1170 respectively include a plurality of gear teeth
1152, 1172 extending radially outward from the respective gear bodies. The fluid driver
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1140 is disposed next to fluid driver 1160 such that the respective gear teeth 1152, 1172
contact each other in a manner similar to the contact of gear teeth 52, 72 in contact area 78
discussed above with respect to pump 10. Bearings 1195 and 1195’ can be respectively
disposed between motors 1141, 1161 and gears 1150, 1170. The bearings 1195 and 1195’ are
similar in design and function to bearing 1095 discussed above. It should be understood that
those skilled in the art will recognize that the fluid drivers 1140, 1160 are similar to fluid
driver 1060 and that the configurations and functions of the fluid driver 1060, discussed
above, can be incorporated into the fluid drivers 1140, 1160 within pump 1110. Thus, for
brevity, fluid drivers 1140, 1160 will not be discussed in detail. Similarly, the operation of
pump 1110 is similar to that of pump 10 and thus, for brevity, will not be further discussed.
In addition, like fluid driver 1060, the means for transmitting torque (or power) from the
motor to the gear is not limited to a shaft. Instead, any combination of power transmission
devices, for example, shafts, sub-shafts, belts, chains, couplings, gears, connection rods,
cams, or other power transmission devices can be used without departing from the spirit of
the present disclosure. In addition, in some exemplary embodiments, motors 1141, 1161 can
be outer-rotor motor designs that are appropriately configured to respectively rotate the gears
1150, 1170.

[00109] Figure 11C shows a side cross-sectional view of another exemplary embodiment
of an external gear pump 1210. The embodiment of the pump 1210 shown in Figure 11C
differs from pump 10 in that one of the two motors is disposed outside the pump casing. In
addition, like pump 10, the storage device 170 is not integral to the pump assembly and
neither shaft 1242 of fluid drivers 1240 nor shaft 1262 of fluid driver 1260 has a flow-
through shaft configuration. The pump 1210 includes a casing 1220, a fluid driver 1240, and
a fluid driver 1260. The inner surface of the casing 1220 defines an internal volume. The
casing 1220 can include end plates 1280, 1282. These two plates 1280, 1282 can be
connected by a plurality of bolts.

[00110] The fluid driver 1240 includes motor 1241 and a gear 1250. The motor 1241 is an
outer-rotor motor design and is disposed in the body of gear 1250, which is disposed in the
internal volume. The motor 1241 includes a rotor 1244 and a stator 1246. The gear 1250
includes a plurality of gear teeth 1252 extending radially outward from its gear body. It
should be understood that those skilled in the art will recognize that fluid driver 1240 is
similar to fluid driver 40 and that the configurations and functions of fluid driver 40, as
discussed above, can be incorporated into fluid driver 1240. Accordingly, for brevity, fluid

driver 1240 will not be discussed in detail except as necessary to describe this embodiment.
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[00111] The fluid driver 1260 includes a motor 1261 and a gear 1270. The fluid driver
1260 is disposed next to fluid driver 1240 such that the respective gear teeth 1272, 1252
contact each other in a manner similar to the contact of gear teeth 52, 72 in contact area 78
discussed above with respect to pump 10. In this embodiment, motor 1261 is an inner-rotor
motor design and, as seen in Figure 6, the motor 1261 is disposed outside the casing 1220.
The rotor 1264 of motor 1261 is disposed radially between the motor shaft 1262” and the
stator 1266. The stator 1266 is disposed radially outward of the rotor 1264 and surrounds the
rotor 1264. The inner-rotor design means that the shaft 1262°, which is coupled to rotor
1264, rotates while the stator 1266 is fixedly connected to the pump casing 1220 either
directly or indirectly via, e.g., motor housing 1287. The gear 1270 includes a shaft 1262 that
can be supported by the plate 1282 at one end 1290 and the plate 1280 at the other end 1291.
The gear shaft 1262, which extends outside casing 1220, can be coupled to motor shaft 1262’
via, e.g., a coupling 1285 such as a shaft hub to form a shaft extending from point 1290 to
point 1288. One or more seals 1293 can be disposed to provide necessary sealing of the
fluid. Design of the shafts 1262, 1262’ and the means to couple the motor 1261 to gear 1270
can be varied without departing from the spirit of the present invention.

[00112] As shown in Figure 11C, the gear 1270 is disposed proximate the motor 1261.
That is, unlike motor 1241, the motor 1261 is not disposed in the gear body of gear 1270.
Instead, the gear 1270 is disposed in the casing 1220 while the motor 1261 is disposed
proximate to the gear 1270 but outside the casing 1220. In the exemplary embodiment of
Figure 6, the gear 1270 is spaced apart from the motor 1261 in an axial direction along the
shafts 1262 and 1262°. The rotor 1266 is fixedly connected to the shaft 1262°, which is
couple to shaft 1262 such that the torque generated by the motor 1261 is transmitted to the
gear 1270 via the shaft 1262. The shafts 1262 and 1262’ can be supported by bearings at one
or more locations. It should be understood that those skilled in the art will recognize that the
operation of pump 1210, including fluid drivers 1240, 1260, will be similar to that of pump
10 and thus, for brevity, will not be further discussed.

[00113] In the above embodiment gear 1270 is shown spaced apart from the motor 1261
along the axial direction of the shafts 1262 and 1262’ (i.e., spaced apart but axially aligned).
However, other configurations can fall within the scope of the present disclosure. For
example, the gear 1270 and motor 1261 can be positioned side-by-side, on top of each other,
or offset from each other. Thus, the present disclosure covers all of the above-discussed
positional relationships and any other variations of a relatively proximate positional

relationship between a gear and a motor outside the casing 1220. In addition, in some
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exemplary embodiments, motor 1261 can be an outer-rotor motor design that is appropriately
configured to rotate the gear 1270.

[00114] Further, in the exemplary embodiment described above, the torque of the motor
1261 is transmitted to the gear 1270 via the shafts 1262, 1262°. However, the means for
transmitting torque (or power) from a motor to a gear is not limited to shafts. Instead, any
combination of power transmission devices, e.g., shafts, sub-shafts, belts, chains, couplings,
gears, connection rods, cams, or other power transmission devices, can be used without
departing from the spirit of the present disclosure. In addition, the motor housing 1287 can
include a vibration isolator (not shown) between the casing 1220 and the motor housing
1287. Further, the motor housing 1287 mounting is not limited to that illustrated in Figure
11C and the motor housing can be mounted at any appropriate location on the casing 1220 or
can even be separate from the casing 1220.

[00115] Figure 11D shows a side cross-sectional view of another exemplary embodiment
of an external gear pump 1310. The embodiment of the pump 1310 shown in Figure 11D
differs from pump 10 in that the two motors are disposed external to the gear body with one
motor still being disposed inside the pump casing while the other motor is disposed outside
the pump casing. In addition, like pump 10, the storage device 170 is not integral to the
pump assembly and neither shaft 1342 of fluid drivers 1340 nor shaft 1362 of fluid driver
1360 has a flow-through shaft configuration. The pump 1310 includes a casing 1320, a fluid
driver 1340, and a fluid driver 1360. The inner surface of the casing 1320 defines an internal
volume that includes a motor cavity 1384 and a gear cavity 1386. The casing 1320 can
include end plates 1380, 1382. These two plates 1380, 1382 can be connected to a body of
the casing 1320 by a plurality of bolts.

[00116] The fluid driver 1340 includes a motor 1341 and a gear 1350. In this
embodiment, motor 1341 is an inner-rotor motor design and, as seen in Figure 11D, the motor
1341 is disposed outside the casing 1320. The rotor 1344 of motor 1341 is disposed radially
between the motor shaft 1342” and the stator 1346. The stator 1346 is disposed radially
outward of the rotor 1344 and surrounds the rotor 1344. The inner rotor design means that
the shaft 1342°, which is connected to rotor 1344, rotates while the stator 1346 is fixedly
connected to the pump casing 1320 either directly or indirectly via, e.g., motor housing 1387.
The gear 1350 includes a shaft 1342 that can be supported by the lower plate 1382 at one end
1390 and the upper plate 1380 at the other end 1391. The gear shaft 1342, which extends
outside casing 1320, can be coupled to motor shaft 1342’ via, e.g., a coupling 1385 such as a

shaft hub to form a shaft extending from point 1384 to point 1386. One or more seals 1393
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can be disposed to provide necessary sealing of the fluid. Design of the shafts 1342, 1342’
and the means to couple the motor 1341 to gear 1350 can be varied without departing from
the spirit of the present invention. It should be understood that those skilled in the art will
recognize that fluid driver 1340 is similar to fluid driver 1260 and that the configurations and
functions of fluid driver 1260, as discussed above, can be incorporated into fluid driver 1340.
Accordingly, for brevity, fluid driver 1340 will not be discussed in detail except as necessary
to describe this embodiment.

[00117] In addition, the gear 1350 and motor 1341 can be positioned side-by-side, on top
of each other, or offset from each other. Thus, the present disclosure covers all of the above-
discussed positional relationships and any other variations of a relatively proximate positional
relationship between a gear and a motor outside the casing 1320. Also, in some exemplary
embodiments, motor 1341 can be an outer-rotor motor design that are appropriately
configured to rotate the gear 1350. Further, the means for transmitting torque (or power)
from a motor to a gear is not limited to shafts. Instead, any combination of power
transmission devices, ¢.g., shafts, sub-shafts, belts, chains, couplings, gears, connection rods,
cams, or other power transmission devices, can be used without departing from the spirit of
the present disclosure. In addition, the motor housing 1387 can include a vibration isolator
(not shown) between the casing 1320 and the motor housing 1387. Further, the motor
housing 1387 mounting is not limited to that illustrated in Figure 11D and the motor housing
can be mounted at any appropriate location on the casing 1320 or can even be separate from
the casing 1320.

[00118] The fluid driver 1360 includes a motor 1361 and a gear 1370. The fluid driver
1360 is disposed next to fluid driver 1340 such that the respective gear teeth 1372, 1352
contact each other in a manner similar to the contact of gear teeth 52, 72 in contact area 128
discussed above with respect to pump 10. In this embodiment, motor 1361 is an inner-rotor
motor design and is disposed in the motor cavity 1384. In this embodiment, the motor 1361
and the gear 1370 have a common shaft 1362. The rotor 1364 of motor 1361 is disposed
radially between the shaft 1362 and the stator 1366. The stator 1366 is disposed radially
outward of the rotor 1364 and surrounds the rotor 1364. Bearing 1395 can be disposed
between motor 1361 and gear 1370. The bearing 1395 is similar in design and function to
bearing 1095 discussed above. The inner-rotor design means that the shaft 1362, which is
connected to rotor 1364, rotates while the stator 1366 is fixedly connected to the casing 1320.
In addition, gear 1370 is also connected to the shaft 1362. It should be understood that those
skilled in the art will recognize that the fluid driver 1360 is similar to fluid driver 1060 and
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that the configurations and functions of fluid driver 1060, as discussed above, can be
incorporated into fluid driver 1360. Accordingly, for brevity, fluid driver 1360 will not be
discussed in detail except as necessary to describe this embodiment. Also, in some
exemplary embodiments, motor 1361 can be an outer-rotor motor design that is appropriately
configured to rotate the gear 1370. In addition, it should be understood that those skilled in
the art will recognize that the operation of pump 1310, including fluid drivers 1340, 1360,
will be similar to that of pump 10 and thus, for brevity, will not be further discussed. In
addition, the means for transmitting torque (or power) from the motor to the gear is not
limited to a shaft. Instead, any combination of power transmission devices, for example,
shafts, sub-shafts, belts, chains, couplings, gears, connection rods, cams, or other power
transmission devices can be used without departing from the spirit of the present disclosure.
[00119] Figure 11E shows a side cross-sectional view of another exemplary embodiment
of an external gear pump 1510. The embodiment of the pump 1510 shown in Figure 11E
differs from pump 10 in that both motors are disposed outside a pump casing. In addition,
like pump 10°, the storage device 170 is not integral to the pump assembly and neither shaft
1542 of fluid drivers 1540 nor shaft 1562 of fluid driver 1560 has a flow-through shaft
configuration. The pump 1510 includes a casing 1520, a fluid driver 1540, and a fluid driver
1560. The inner surface of the casing 1520 defines an internal volume. The casing 1520 can
include end plates 1580, 1582. These two plates 1580, 1582 can be connected to a body of
the casing 1520 by a plurality of bolts.

[00120] The fluid drivers 1540, 1560 respectively include motors 1541, 1561 and gears
1550, 1570. The fluid driver 1540 is disposed next to fluid driver 1560 such that the
respective gear teeth 1552, 1572 contact each other in a manner similar to the contact of gear
teeth 52, 72 in contact area 78 discussed above with respect to pump 10. In this embodiment,
motors 1541, 1561 are of an inner-rotor motor design and, as seen in Figure 11E, the motors
1541, 1561 are disposed outside the casing 1520. Each of the rotors 1544, 1564 of motors
1541, 1561 are disposed radially between the respective motor shafts 1542, 1562 and the
stators 1546, 1566. The stators 1546, 1566 are disposed radially outward of the respective
rotors 1544, 1564 and surround the rotors 1544, 1564. The inner-rotor designs mean that the
shafts 1542°, 1562, which are respectively coupled to rotors 1544, 1564, rotate while the
stators 1546, 1566 are fixedly connected to the pump casing 1220 either directly or indirectly
via, e.g., motor housing 1587. The gears 1550, 1570 respectively include shafts 1542, 1562
that can be supported by the plate 1582 at ends 1586, 1590 and the plate 1580 at ends 1591,
1597. The gear shafts 1542, 1562, which extend outside casing 1520, can be respectively
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coupled to motor shafts 1542°, 1562’ via, e.g., couplings 1585, 1595 such as shaft hubs to
respectively form shafts extending from points 1591, 1590 to points 1584, 1588. One or
more seals 1593 can be disposed to provide necessary sealing of the fluid. Design of the
shafts 1542, 1542°, 1562, 1562° and the means to couple the motors 1541, 1561 to respective
gears 1550, 1570 can be varied without departing from the spirit of the present disclosure. It
should be understood that those skilled in the art will recognize that the fluid drivers 1540,
1560 are similar to fluid driver 1260 and that the configurations and functions of fluid driver
1260, as discussed above, can be incorporated into fluid drivers 1540, 1560 . Accordingly,
for brevity, fluid drivers 1540, 1560 will not be discussed in detail except as necessary to
describe this embodiment. In addition, it should be understood that those skilled in the art
will also recognize that the operation of pump 1510, including fluid drivers 1540, 1560, will
be similar to that of pump 10 and thus, for brevity, will not be further discussed. In addition,
the means for transmitting torque (or power) from the motor to the gear is not limited to a
shaft. Instead, any combination of power transmission devices, for example, shafts, sub-
shafts, belts, chains, couplings, gears, connection rods, cams, or other power transmission
devices can be used without departing from the spirit of the present disclosure. Also, in some
exemplary embodiments, motors 1541, 1561 can be of an outer rotor motor design that are
appropriately configured to respectively rotate the gears 1550, 1570.

[00121] In an exemplary embodiment, the motor housing 1587 can include a vibration
isolator (not shown) between the plate 1580 and the motor housing 1587. In the exemplary
embodiment above, the motor 1541 and the motor 1561 are disposed in the same motor
housing 1587. However, in other embodiments, the motor 1541 and the motor 1561 can be
disposed in separate housings. Further, the motor housing 1587 mounting and motor
locations are not limited to that illustrated in Figure 11E, and the motors and motor housing
or housings can be mounted at any appropriate location on the casing 1520 or can even be
separate from the casing 1520. A detailed description of the various dual fluid driver pump
configurations of Figures 11-11Ecan be found in U.S. Patent Application No. 14/637,064,
which is incorporated herein by reference in its entirety.

[00122] In addition to the non-flow through shaft drive-drive configurations of Figures 11-
11E, exemplary embodiments of the present disclosure can also include non-flow shaft
driver-driven configurations. Figure 12 shows a side cross-sectional view of an exemplary
embodiment of an external gear pump 910°. The pump 910 includes a casing 920’ and a
fluid driver 940° with gears 950° and 970’ and motor 941°. The embodiment of the pump
910’ differs from pump 910 of Figure 8 in that because the storage device 1070 is not integral
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to the pump assembly, neither shaft 942° of nor shaft 962’ of fluid driver 940’ has a flow-
through shaft configuration. In all other respects, the pump 910’ is the same as pump 910.
Thus, for brevity, the pump 910 will not be further discussed.

[00123] Figure 12A shows a side cross-sectional view of an exemplary embodiment of an
external gear pump 1610. The pump 1610 includes a casing 1620 with a fluid driver 1640.
The embodiment of the pump 1610 differs from pump assembly of Figure 8 in that the gear
1650 is disposed adjacent to the motor 1641 in the casing 1620. That is, unlike motor 941,
the motor 1641 is not disposed in the gear body of the gear. In additional, the storage device
1070 is not integral to the pump assembly and neither shaft 1642 of nor shaft 1662 of fluid
driver 1640 has a flow-through shaft configuration. The gear 1650 is spaced apart from the
motor 1641 in an axial direction on the shaft 1642. For example, in the embodiment shown
in Figure 12A, the gear 1650 is spaced apart from the motor 1641 by a distance D in the axial
direction of the support shaft 1642. The rotor 1644 is fixedly connected to the shaft 1642 on
one side 1684 of the shaft 1642, and the gear 1650 is fixedly connected to the shaft 1642 on
the other side 1686 of the shaft 1642 such that torque generated by the motor 1641 is
transmitted to the gear 1650 via the shaft 1642.

[00124] The motor 1641 is designed to fit into its cavity 1685 with sufficient tolerance
between the motor casing and the pump casing 1620 so that fluid is prevented (or
substantially prevented) from entering the cavity 1685 during operation. In addition, there is
sufficient clearance between the motor casing and the gear 1650 for the gear 1650 to rotate
freely but the clearance is such that the fluid can still be pumped efficiently. Thus, with
respect to the fluid, in this embodiment, the motor casing is designed to perform the function
of the appropriate portion of the pump casing walls of the embodiment of Figure 8. In some
embodiments, the diameter of the cavity 1685 opening and thus the outer diameter of the
motor 1641 is equal to or less than the root diameter for the gear teeth 1652. Thus, in these
embodiments, even the motor side of the gear teeth 1652 will be adjacent to a wall of the
pump casing 1620 as they rotate. In some embodiments, a bearing 1695 can be inserted
between the gear 1650 and the motor 1641. The bearing 1695, which can be, e.g., a washer-
type bearing, decreases friction between the gear 1650 and the casing of motor 1641 as the
gear 1650 rotates. Depending on the fluid being pumped and the type of application, the
bearing can be metallic, a non-metallic or a composite. Metallic material can include, but is
not limited to, steel, stainless steel, anodized aluminum, aluminum, titanium, magnesium,
brass, and their respective alloys. Non-metallic material can include, but is not limited to,

ceramic, plastic, composite, carbon fiber, and nano-composite material. In addition, the
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bearing 1695 can be sized to fit the motor cavity 1685 opening to help seal the motor cavity
1685 from the gear cavity 1686, and the gears 1650, 1670 will be able to pump the fluid more
efficiently. It should be understood that those skilled in the art will recognize that, in
operation, the fluid driver 1640 will operate in a manner similar to that disclosed above with
respect to pump 910. Accordingly, for brevity, pump 1610 operating details will not be
further discussed.

[00125] In the above exemplary embodiment, the gear 1650 is shown as being spaced
apart from the motor 1641 along the axial direction of the shaft 1642. However, other
configurations fall within the scope of the present disclosure. For example, the gear 1650 and
motor 1641 can be completely separated from each other (e.g., without a common shaft),
partially overlapping with each other, positioned side-by-side, on top of each other, or offset
from each other. Thus, the present disclosure covers all of the above-discussed positional
relationships and any other variations of a relatively proximate positional relationship
between a gear and a motor inside the casing 1620. In addition, in some exemplary
embodiments, motor 1641 can be an outer-rotor motor design that is appropriately configured
to rotate the gear 1650.

[00126] Further, in the exemplary embodiment described above, the torque of the motor
1641 is transmitted to the gear 1650 via the shaft 1642. However, the means for transmitting
torque (or power) from a motor to a gear is not limited to a shaft, e.g., the shaft 1642 in the
above-described exemplary embodiment. Instead, any combination of power transmission
devices, ¢.g., shafts, sub-shafts, belts, chains, couplings, gears, connection rods, cams, or
other power transmission devices, can be used without departing from the spirit of the present
disclosure. As discussed above, although the exemplary embodiments of Figures 11-12A are
shown with a non-flow-through shaft configuration, the exemplary embodiments of Figures
11-12A can include a flow-through shaft and/or an integrated storage device if desired.
[00127] Figure 13 shows an exemplary embodiment of a pump assembly 1710. The pump
assembly includes a casing 1720 with a casing wall 1721 that defines an internal volume
1722. The pump assembly 1710 includes a fluid driver assembly 1730 that includes fluid
drivers 40 and 60 with motors 41 and 61. The motors 41 and 61 drive respective gear
assemblies 50 and 70 and corresponding teeth 52 and 72 to pump fluid through the pump
assembly 1710. The operation of fluid driver assembly 1730 is similar to fluid drivers 40 and
60 in pump 10 discussed above and thus, for brevity, will not be discussed further. Although
fluid driver assembly 1730 is illustrated with fluid drivers 40 and 60, the configuration of

fluid driver 1730 can be any one of the drive-drive and driver driven configurations discussed
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above. However, the maximum compact configuration is achieved when both motors of a
drive-drive configuration are disposed within the respective gear cylinders or the single motor
of a driver-driven configuration is disposed within a gear cylinder, as discussed above. A
storage device 1770 (not shown in Figure 13) can be part of pump assembly 1710 if desired.
The configuration and operation of the pump assembly 1710, which includes storage device
1770, will be similar to that discussed above with respect to pump assembly 2. According,
for brevity, storage device 1770 portion of pump assembly 1710 will not be further discussed.
[00128] One difference between pump assembly 1710 and pump assembly 2 is that, in
pump assembly 1710, the valve assemblies that isolate the pump assembly 1710 are disposed
internal to the casing 1720 of the pump assembly 1710. In addition, in some exemplary
embodiments, sensor assemblies that measure pump and system parameters can also be
disposed internal to the casing of the pump assembly 1710. For example, as seen in Figure
13, valve assemblies 222, 242 are disposed partially in the casing wall 1721 and partially in
the interior volume 1722. However, in some exemplary embodiments, the entirety of the
valve assemblies 222, 242 can be disposed in the internal volume 1722 of the pump assembly
1710. Valve assemblies 222 and 242, which can be, ¢.g., lock valves (or shut off valves) are
preferably disposed in the fluid flow path of the pump assembly 1710 in the vicinity of ports
A and B, respectively. In the exemplary embodiment of the Figure 13, valve assemblies 222,
242 include lock valves 222B and 242B, which are operated by solenoids 222 A and 242A,
respectively, to selectively provide fluid communication or fluid isolation between the
interior volume and the respective ports A and B. Operation of solenoid operated valves is
known and thus, for brevity will not be discussed except as necessary to describe the present
embodiment.

[00129] The valve assemblies 222 and 242 are disposed in the fluid path of pump
assembly 1710 such that the valves 222B and 242B, when operated, fluidly isolate pump
assembly 1710 from the fluid system or permit fluid communication with the fluid system. In
the exemplary embodiment of Figure 13, respective spools of the valves 222 and 242 move
along spool guides 224 and 244 to open and close the respective fluid paths based on the
operation of solenoids 222A and 222B. Communication connectors 302 and 303 permit
communications with a controller that can be disposed in the pump assembly 1710 and/or an
external controller. The connectors 302 and 303 can also provide power to operate the valve
assemblies 222, 242,

[00130] The pump assembly 1710 can also include sensor assemblies 228 and 248
disposed within the casing wall 1721 of the pump assembly 1710. However, at least a
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portion of or the entirety of the sensor assemblies 228 and 248 can be disposed the internal
volume 1722. The sensor assemblies 228 and 248 can monitor pump and/or system
parameters (e.g., measured pressure, temperature, flow rate or other system parameters). For
example, as shown in Figure 13, sensor assemblies 228 and 248 can be disposed adjacent to
and be in fluid communication with the ports A and B, respectively, of pump assembly 1710
to monitor, e.g., the pump’s mechanical performance and/or system parameters. The sensor
assemblies 228 and 248 can communicate via communication connectors 232 and 252 with a
controller in pump assembly 1710 and/or with an external controller.

[00131] In some embodiments, the lock valves 222, 242 are normally closed solenoid
controlled valves which return to a closed position when the solenoid is de-energized. Thus,
these valves can return to a closed position in the event of abnormal or emergent operations,
for example, detection of excessive pressure, power outage, failure of an operating system,
failure of a motor, failure of a pressure transducer, or activation of an emergency button.
Accordingly, the flow of fluid is prevented from entering or exiting the pump assembly 1710,
thereby ensuring safety during emergent events. Because the valve assemblies 222, 242,
sensor assemblies 228, 248, and corresponding connectors are all contained in the casing
and/or the internal volume of the pump 1710, the pump assembly 1710 makes for a compact
configuration and reduces potential sources of contamination in the fluid system.

[00132] Figure 14 illustrates an exemplary schematic of a linear system 1700 that includes
liner actuator assembly 1701 having the pump assembly 1710 and hydraulic cylinder 3. The
pump assembly 1710 includes fluid driver assembly 1730, valve assemblies 222 and 242,
sensor assemblies 228 and 248 and storage device 1770, as discussed above. The linear
system 1700 can also include additional sensors such as sensor assemblies 297, 298. In the
exemplary embodiment of Figure 14, the hydraulic cylinder assembly 3 and the pump
assembly 1710 can be integrated into an integrated liner actuator assembly 1701. However,
the components that make up linear actuator assembly 1701, including the components that
make up pump assembly 1710, can be disposed separately if desired, using hoses and pipes to
provide the interconnections.

[00133] As discussed above, in some embodiments, the valves 222B, 242B can be lock
valves (or shutoff valves) that are either fully open or fully closed (i.c. switchable between a
fully open state and a fully closed state) and actuated by the respective solenoids 222A and
242A. In other embodiments, the valves 222B, 242B can be set to intermediate positions
between 0% and 100%. It should be understood however that, while the valves 222B, 242B

can be set to a desired position at the start and end of a given hydraulic system operation, the
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valves are not used to control the flow or pressure during the operation. That is, during
normal operation, the valves 222B, 242B will remain at the set position during a given
operation, ¢.g., at full open or another desired positon at the start of the operation. During the
hydraulic system operation, in some embodiments, the control unit 266 will control the speed
and/or torque of the motor or motors in fluid driver assembly 1730 to exclusively adjust the
flow and/or pressure in the hydraulic system. In this way, the complexity of conventional
systems that use, e.g., directional flow valves and variable-flow piston pumps can be
eliminated, which will also provide a more reliable system in terms of maintenance and
control.

[00134] In the system of Figure 14, the valve assembly 242 of the hydraulic pump
assembly 1710 is in fluid communication with the retraction chamber 7 of the hydraulic
cylinder 3 and the valve assembly 222 is in fluid communication with the extraction chamber
8 of the hydraulic cylinder 3. The valve assemblies 222, 242 and fluid driver assembly 1730
are powered by a common power supply 296. In some embodiments, the fluid driver
assembly 1730 and the valves assemblies 222, 242 can be powered separately or each valve
assembly 222, 242 and fluid driver assembly 1730 can have its own power supply.

[00135] The linear system 1700 can include one or more process sensors therein. For
example, as discussed above, pump assembly 1710 can include sensor assemblies 228 and
248 and, alternatively or additionally, sensor assemblies 297 and 298 can be included in the
system. Each of the sensor assemblies 228, 248, 297, 298 can include one or more sensors to
monitor the system operational parameters. The sensor assemblies 228, 248, 297, 298 can
communicate with the control unit 266 and/or drive unit 295. Each sensor assembly 228,
248, 297, 298 can include at least one of a pressure transducer, a temperature transducer, and
a flow transducer (i.e., any combination of the transducers therein). Signals from the sensor
assemblies 228, 248, 297, 298 can be used by the control unit 266 and/or drive unit 295 for
monitoring and for control purposes. In some embodiments sensor assemblies 228 and 248
can be configured to monitor the performance of fluid driver assembly 1730, e.g., the
mechanical performance, while sensor assemblies 297, 298 can be configured to monitor
general system parameters and/or performance of the hydraulic cylinder 3. The status of each
valve assembly 222, 242 (e.g., the appropriate operational status — open or closed, percent
opening, or some other valve status indication) and the process data measured by the sensors
in sensor assemblies 228, 248, 297, 298 (e.g., measured pressure, temperature, flow rate or
other system parameters) may be communicated to the drive unit 295 via the respective

communication connections 302-305.
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[00136] As discussed above, the fluid driver assembly 1730 includes one or more motors
depending on the configuration of the fluid driver assembly 1730. The motor or motors are
controlled by the control unit 266 via the drive unit 295 using communication connection
301. In some embodiments, the functions of drive unit 295 can be incorporated into one or
both motors (if the pump has two motors) and/or the control unit 266 such that the control
unit 266 communicates directly with one or both motors. In addition, the valve assemblies
222,242 can also be controlled (e.g., open/close) by the control unit 266 via the drive unit
295 using communication connections 301, 302, and 303. In some embodiments, the
functions of drive unit 295 can be incorporated into the valve assemblies 222, 242 and/or
control unit 266 such that the control unit 266 communicates directly with valve assemblies
222,242, The drive unit 295 can also process the communications between the control unit
266 and the sensor assemblies 228, 248, 297, 298 using communication connections 232,
252, 304 and 305. In some embodiment, the control unit 266 can be set up to communicate
directly with the sensor assemblies 228, 248, 297 and/or 298. The data from the sensors can
be used by the control unit 266 and/or drive unit 295 to control the motor(s) and/or the valve
assemblies 222, 242. For example, based on the process data measured by the sensors in
sensor assemblies 228, 248, 297, 298, the control unit 266 can provide command signals to
the valve assemblies to, e.g., open/close lock valves in the valve assemblies 222, 242 (or
move the valves to an intermediate opening) in addition to controlling a speed and/or torque
of the motor(s).

[00137] The drive unit 295 includes hardware and/or software that interprets the command
signals from the control unit 266 and sends the appropriate demand signals to the motor(s)
and/or valve assemblies 222, 242. For example, the drive unit 295 can include pump and/or
motor curves that are specific to the fluid driver assembly 1730 such that command signals
from the control unit 266 will be converted to appropriate speed/torque demand signals to the
fluid driver assembly 1730 based on the design of the fluid driver assembly 1730. Similarly,
the drive unit 295 can include valve and/or actuator curves that are specific to the valve
assemblies 222, 242 and the command signals from the control unit 266 will be converted to
the appropriate demand signals based on the type of valve. The pump/motor and/or the valve
curves can be implemented in hardware and/or software, ¢.g., in the form of hardwire
circuits, software algorithms and formulas, or some other hardware and/or software system
that appropriately converts the demand signals to control the pump/motor and/or the valve.
In some embodiments, the drive unit 295 can include application specific hardware circuits

and/or software (e.g., algorithms) to control the motor(s) and/ or valve assemblies 222, 242,
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[00138] The control unit 266 can receive feedback data from one or both motors (if the
pump has two motors). For example, the control unit 266 can receive speed or frequency
values, torque values, current and voltage values, or other values related to the operation of
the motor(s). In addition, the control unit 266 can receive feedback data from the valve
assemblies 222, 242. For example, the control unit 266 can receive the open and close status
of the lock valves 222B, 242B. In some embodiments, the lock valves 222B, 242B can have
a percent opening indication instead of or in addition to an open/close indication to e.g.,
provide status of a partially open valve. Further, the control unit 266 can receive feedback of
process parameters such as pressure, temperature, flow, or some other process parameter. As
discussed above, each sensor assembly 228, 248, 297, 298 can have one or more sensors to
measure process parameters such as pressure, temperature, and flow rate of the hydraulic
fluid. The illustrated sensor assemblies 297, 298 are shown disposed next to the hydraulic
cylinder 3. However, the sensor assemblies 297 and 298 are not limited to these locations.
Alternatively, or in addition to sensor assemblies 297, 298, the system 1700 can have other
sensors throughout the system to measure process parameters such as, e.g., pressure,
temperature, flow, or some other process parameter. While the range and accuracy of the
sensors will be determined by the specific application, it is contemplated that hydraulic
system application with have pressure transducers that range from 0 to 5000 psi with the
accuracy of +/- 0.5 %. These transducers can convert the measured pressure to an electrical
output, e.g., a voltage ranging from 1 to 5 DC voltages. Similarly, temperature transducers
can range from -4 deg. F to 300 deg. F, and flow transducers can range from 0 gallons per
minute (gpm) to 160 gpm with an accuracy of +/- 1 % of reading. However, the type, range
and accuracy of the transducers in the present disclosure are not limited to the transducers
discussed above, and the type, range and/or the accuracy of the transducers can vary without
departing from the scope of the present disclosure.

[00139] Although the drive unit 295 and control unit 266 are shown as separate controllers
in Figure 14, the functions of these units can be incorporated into a single controller or
further separated into multiple controllers (e.g., the motor(s) in fluid driver assembly 1730
and valve assemblies 222, 242 can have a common controller or each component can have its
own controller). The controllers (e.g., control unit 266, drive unit 295 and/or other
controllers) can communicate with each other to coordinate the operation of the valve
assemblies 222, 242 and the fluid driver assembly 1730. For example, as illustrated in Figure
14, the control unit 266 communicates with the drive unit 295 via a communication

connection 301. The communications can be digital based or analog based (or a combination
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thereof) and can be wired or wireless (or a combination thereof). In some embodiments, the
control system can be a “fly-by-wire” operation in that the control and sensor signals between
the control unit 266, the drive unit 295, the valve assemblies 222, 242, fluid driver assembly
1730, sensor assemblies 228, 248, 297, 298 are entirely electronic or nearly all electronic.
That is, the control system does not use hydraulic signal lines or hydraulic feedback lines for
control, e.g., the actuators in valve assemblies 222, 242 do not have hydraulic connections for
pilot valves. In some exemplary embodiments, a combination of electronic and hydraulic
controls can be used.

[00140] The control unit 266 may receive inputs from an operator’s input unit 276. Using
the input unit 276, the operator can manually control the system or select pre-programmed
routines. For example, the operator can select a mode of operation for the system such as
flow (or speed) mode, pressure (or torque) mode, or a balanced mode. Flow or speed mode
may be utilized for an operation where relatively fast retraction or extraction of the piston rod
6 is requested with relatively low torque requirement. Conversely, a pressure or torque mode
may be utilized for an operation where relatively slow retraction or extraction of the piston
rod 6 is requested with a relatively high torque requirement. Based on the mode of operation
selected, the control scheme for controlling the motor(s) can be different.

[00141] As discussed above, in some embodiments, the valve assemblies 222, 242 can
include lock valves that are designed to be either fully open or fully closed. In such systems,
the control unit 266/drive unit 295 will fully open the valves and, in some embodiments,
check for the open feedback prior to starting the motor(s). During normal operation, the
valves 222B, 242B can be at 100% open or some other desired positon by, €.g., energizing
the respective solenoids 222A and 242A, and the control unit 266/drive unit 295 controls the
operation of the motor(s) to maintain the flow and/or pressure at the operational set point.
The operational set point can be determined or calculated based on a desired and/or an
appropriate set point for a given mode of operation. Upon shutdown or abnormal operation,
the motor(s) are shut down and the valves 222B, 242B are closed or moved to some other
desired positon, e.g., by de-energizing the respective solenoids 222A and 242A. During a
normal shut down, the hydraulic pressure in the system may be allowed to drop before the
valves are closed. However, in some abnormal operating conditions, based on safety protocol
routines, the valves may be closed immediately after or substantially simultaneously with the
motor(s) being turned off in order to trap the pressure in the system. For example, in some
abnormal conditions, it might be safer to lock the hydraulic cylinder 3 in place by trapping

the pressure on the extraction chamber 8 and the retraction chamber 7.
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[00142] In the exemplary system of Figure 14, when the control unit 266 receives a
command to extract the cylinder rod 6, for example in response to an operator’s command,
the control unit 266 controls the speed and/or torque of the motor(s) fluid driver assembly
1730 to transfer pressurized fluid from the retraction chamber 7 to the extraction chamber 8.
That is, fluid driver assembly 1730 pumps fluid from port B to port A. In this way, the
pressurized fluid in the retraction chamber 7 is drawn, via the hydraulic line 268, into port B
of the pump assembly 1710 and carried to the port A and further to the extraction chamber 8
via the hydraulic line 270. By transferring fluid and increasing the pressure in the extraction
chamber 8, the piston rod 6 is extended. During this operation of the fluid driver assembly
1730, the pressure in the port B side of the pump assembly 1710 can become lower than that
of the storage device (i.e. pressurized vessel) 1770. When this happens, the pressurized fluid
stored in the storage device 1770 is released to the port B side of the system so that the pump
does not experience cavitation. The amount of the pressurized fluid released from the storage
device 1770 can correspond to a difference in volume between the retraction and extraction
chambers 7, 8 due to, ¢.g., the volume the piston rod occupies in the retraction chamber 7 or
for some other reason.

[00143] When the control unit 266 receives a command to retract the cylinder rod 6, for
example in response to an operator’s command, the control unit 266 controls the speed and/or
torque of the pump 10 to transfer pressurized fluid from the extraction chamber 8 to the
retraction chamber 7. That is, fluid driver assembly 1730 pumps fluid from port A to port B.
In this way, the pressurized fluid in the extraction chamber 8 is drawn, via the hydraulic line
268, into the port A of the pump assembly 1710 and carried to the port B and further to the
retraction chamber 7 via the hydraulic line 268. By transferring fluid and increasing the
pressure in the retraction chamber 7, the piston rod 6 is retracted. During this operation of
the pump 1710, the pressure in the port B side of the pump 1710 can become higher than that
of the storage device (e.g., pressurized vessel) 1770. Thus, a portion of the fluid carried from
the extraction chamber 8 is replenished back to the storage device 1770.

[00144] The control unit 266 that controls the linear system 1700 can have multiple
operational modes. For example, a speed/flow mode, a torque/pressure mode, or a
combination of both. A speed/flow mode may be utilized for an operation where relatively
fast retraction or extraction of the piston rod 6 is requested with relatively low torque
requirement. Conversely, a torque/pressure mode may be utilized for an operation where
relatively slow retraction or extraction of the piston rod 6 is requested with a relatively high

torque requirement. Operation of the linear system 1700 will be discussed further below.
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[00145] Preferably, the motor(s) of fluid driver assembly 1730 are variable speed/variable
torque and bi-directional. Depending on the mode of operation, e.g. as set by the operator or
as determined by the system based on the application (e.g., boom application), the flow
and/or pressure of the system can be controlled to an operational set-point value by
controlling either the speed or torque of the motor. For example, in flow (or speed) mode
operation, the control unit 266/drive unit 295 controls the flow in the system by controlling
the speed of the motor(s). When the system is in pressure (or torque) mode operation, the
control unit 266/drive unit 295 controls the pressure at a desired point in the system, ¢.g., at
the chambers 7, 8, by adjusting the torque of the hydraulic pump motor(s). When the system
is in a balanced mode of operation, the control unit 266/drive unit 295 takes both the system’s
pressure and hydraulic flow rate into account when controlling the motor(s). Because the
pump is not run continuously at a high rpm as in conventional systems, the temperature of the
fluid remains relatively low thereby eliminating the need for a large fluid reservoir. In some
embodiments, in each of these modes, the speed and/or torque of the fluid driver assembly
1730 can be controlled to exclusively adjust the flow and/or pressure in the system, i.c.,
without the aid of another flow control device, to the operational set point.

[00146] The pressure/torque mode operation can be used to ensure that either the
extraction chamber 8 or retraction chamber 7 of the hydraulic cylinder 3 is maintained at a
desired pressure (or any other point in the hydraulic system). In pressure/torque mode
operation, the power to the hydraulic pump motor(s) is determined based on the system
application requirements using criteria such as maximizing the torque of the motors. If the
hydraulic pressure is less than a predetermined set-point at the extraction chamber 8 side
(e.g., at the location of sensor assembly 248 and/or 297) of the hydraulic pump assembly
1710, the control unit 266/drive unit 295 will increase the hydraulic pump’s motor current
(and thus the torque of the hydraulic motor(s)) to increase the hydraulic pressure. If the
pressure at sensor assembly 297 is less than the required pressure based on the operational set
point, the control unit 266/drive unit 295 will decrease the current of motor(s) (and thus the
torque) to reduce the hydraulic pressure. While the pressure at sensor assembly 297 is used
in the above-discussed exemplary embodiment, pressure mode operation is not limited to
measuring the pressure at a single location. Instead, the control unit 266/drive unit 295 can
receive pressure feedback signals from multiple locations in the system for control.

[00147] In flow/speed mode operation, the power to the motor(s) is determined based on
the system application requirements using criteria such as how fast the motor(s) ramp to the

desired speed and how precisely the motor speeds can be controlled. Because the fluid flow
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rate is proportional to the motor speed and the fluid flow rate determines the travel speed of
the hydraulic cylinder 3, the control unit 266 can be configured to control the travel speed of
the hydraulic cylinder 3 based on a control scheme that uses the motor speed, the flow rate, or
some combination of the two. That is, when a specific response time of the hydraulic
cylinder 3 is required, the control unit 266/drive unit 295 can control the motor(s) to achieve
a predetermined speed and/or a predetermined hydraulic flow rate that corresponds to the
desired response time for the hydraulic cylinder 3. For example, the control unit 266/drive
unit 295 can be set up with algorithms, look-up tables, or some other type of hardware and/or
software functions to correlate the speed of the hydraulic cylinder 3 to the speed of the fluid
driver assembly 1730 and/or the flow of the hydraulic fluid. Thus, if the system requires that
the hydraulic cylinder 3 move from position X to position Y (see Figure 14) in a
predetermined time period, i.e., at a desired speed, the control unit 266/drive unit 295 can be
set up to control either the speed of the motor(s) or the hydraulic flow rate in the system to
achieve the desired travel speed of the hydraulic cylinder 3.

[00148] If the control scheme uses the flow rate, the control unit 266/drive unit 295 can
receive a feedback signal from a flow sensor, ¢.g., a flow sensor in one or all of sensor
assemblies 228, 248, 297, 298, to determine the actual flow in the system. The flow in the
system may be determined by measuring, e.g., the differential pressure across two points in
the system, the signals from an ultrasonic flow meter, the frequency signal from a turbine
flow meter, or by using some other type of flow sensor or instrument. Thus, in systems
where the control scheme uses the flow rate, the control unit 266/drive unit 295 can control
the flow output of the fluid driver assembly 1730to a predetermined flow set-point value that
corresponds to the desired travel speed of the hydraulic cylinder 3.

[00149] Similarly, if the control scheme uses the motor speed, the control unit 266/drive
unit 295 can receive speed feedback signals from the fluid driver(s) of the fluid driver
assembly 1730. For example, the actual speed of the motor(s) can be measured by sensing
the rotation of the pump gears. For example, the fluid driver assembly 1730 can include a
magnetic sensor (not shown) that senses the gear teeth as they rotate. Alternatively, or in
addition to the magnetic sensor (not shown), one or more teeth can include magnets that are
sensed by a pickup located either internal or external to the hydraulic pump casing. Thus, in
systems where the control scheme uses the flow rate, the control unit 266/drive unit 295 can
control the actual speed of the fluid driver assembly 1730to a predetermined speed set-point
that corresponds to the desired travel speed of the hydraulic cylinder 3.



WO 2015/187688 PCT/US2015/033776
55

[00150] Alternatively, or in addition to the controls described above, the speed of the
hydraulic cylinder 3 can be measured directly and compared to a desired travel speed set-
point to control the speed of motor(s).

[00151] In some embodiments, for drive-drive configurations, the control unit 266/drive
unit 295 (or some other controller) can be configured such that when one of prime movers
fails, the pump will operate in a driver-driven configuration to operate the system, e.g.,
operate the system for a limited time period to safely shutdown the system. That is, the
system will go from a configuration where the fluid drivers are independently driven with
synchronous contact between the fluid drivers to a configuration where the remaining
operative motor drives the corresponding fluid driver (e.g., gear), which in turn meshes with
the other fluid driver (e.g., gear). Thus, the control unit 266/drive unit 295 can have a normal
mode of operation where the fluid drivers 40, 60 of the fluid driver assembly 1730 are
independently driven by the motors 41 and 61 so as to synchronize contact between the
respective gears of fluid drivers 40 and 60, and a fail-safe mode where the fluid driver
assembly 1730 is operated in a driver-driven configuration using the operative motor and
shutting down the non-operational motor. “Non-operational” means that the motor is
inoperative or operating outside of established safety and/or operational guidelines and/or
procedures. The guidelines and procedures can be established, ¢.g., by the motor
manufacturer based on current and/or power limits, temperature limits, vibration limits or
some other performance limit of the motor. Alternatively, or in addition to the
manufacturer’s guidelines and/or procedures, other guidelines and procedures can be
established based on limits specific to the particular application, e.g., limits based on pump
flow and pressure curves. The fail-safe mode operation may eliminate or reduce the
hydraulic system’s downtime caused by failure of one of the electric motors 41, 61 until the
non-operational motor is repaired or replaced.

[00152] Inoperativeness of a motor (or failure of a motor) may be detected in various
ways. For example, if there are abnormal current readings by one or both of the motors or if
there is a difference in current readings between the two motors, it can be a sign of motor
problems. Similarly, a difference in speed feedback (or no feedback — zero value) of a motor
compared to the demand signal and/or a difference in rpm readings between the two motors
can also be a sign of motor problems. Of course, other indications such as responsiveness of
a motor in comparison to a predetermined limit or limits (e.g., comparison to a desired set
point, an upper and/or a lower limit), temperature of a motor, vibration of a motor or some

other performance criteria of the motor can also be used to determine if a motor is failing and
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whether to switch the system from normal mode of operation to a fail-safe mode of operation.
The switch from normal mode to fail-safe mode can be done manually by the operator based
on indications provided to the operator by the control unit 266. Alternatively or in addition to
the manual option, the control unit 266 can be configured to automatically switch from
normal mode to fail-safe mode based on a determination that a prime mover, ¢.g., a motor, is
non-operational, i.e., operating abnormally, according to predetermined criteria, as discussed
above. Depending on the type of operation, the control unit 266 can immediately shut down
the system or let the system run at a reduced load limit for a predetermined period of time.
For example, if a motor fails when the boom of an excavator is on the ground, the control unit
266 will immediately shut down the system prior to operator attempting to lift a load.
However, if the boom is in the air and is carrying a load, the control unit 266, afier providing
an alarm to the operator, will allow operation in driver-driven mode for a predetermined
amount of time for the operator to safely bring down the load. In some embodiments, the
control unit 266 may allow operation in a driver-driven for an indefinite period of time but at
a reduced load (e.g., 50-75% of full load power as compared to the normal mode of
operation).

[00153] As discussed above, the control unit 266/drive unit 295 can include motor and/or
valve curves. In addition, the hydraulic cylinder 3 can also have characteristic curves that
describe the operational characteristics of the cylinder, e.g., curves that correlate
pressure/flow with travel speed/position. The characteristic curves of the motor(s) of fluid
driver assembly 1730, valve assemblies 222, 242, and the hydraulic cylinder 3can be stored
in memory, ¢.g. RAM, ROM, EPROM, or some other type of storage device in the form of
look-up tables, formulas, algorithms, or some other type of software implementation in the
control unit 266, drive unit 295, or some other storage that is accessible to the control unit
266/drive unit 295 (e.g., in the fluid driver(s) of fluid driver assembly 1730, valve assemblies
222,242, and/or the hydraulic cylinder 3). The control unit 266/drive unit 295 can then use
the characteristic curves to precisely control the motor(s).

[00154] The linear actuator assemblies discussed above can be a component in systems,
e.g., industrial machines, in which one structural element is moved or translated relative to
another structural element. In some embodiment, the extraction and retraction of the linear
actuator, e.g., hydraulic cylinder, will provide a linear or telescoping movement between the
two structural elements, e.g., a hydraulic car lift. In other embodiments, where the two
structures are pivotally attached, the linear actuator can provide a rotational or turning

movement of one structure relative to the other structure. For example, Figure 15 shows an
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exemplary configuration of an articulated boom structure 2301 of an excavator when a
plurality of any of the linear actuator assemblies of the present disclosure are installed on the
boom structure 2301. The boom structure 2301 may include an arm 2302, a boom 2303, and
a bucket 2304. As shown in Figure 15, the arm 2302, boom 2303, and bucket 2304 are
driven by an arm actuator 2305, a boom actuator 2306, and a bucket actuator 2307,
respectively. The dimensions of each linear actuator assembly 2305, 2306, 2307 can vary
depending on the geometry of the boom structure 2301. For example, the axial length of the
bucket actuator assembly 2307 may be larger than that of the boom actuator assembly 2306.
Each actuator assembly 2305, 2306, 2307 can be mounted on the boom structure 2301 at
respective mounting structures.

[00155] In the boom structure of 2301, each of the linear actuator assemblies is mounted
between two structural elements such that operation of the linear actuator assembly will
rotate one of the structural element relative to the other around a pivot point. For example,
one end of the bucket actuator assembly 2307 can be mounted at a boom mounting structure
2309 on the boom 2303 and the other end can be mounted at a bucket mounting structure
2308 on the bucket 2304. The attachment to each mounting structure 2309 and 2303 is such
that the ends of the bucket actuator assembly 2307 are free to move rotationally. The bucket
2304 and the boom 2303 are pivotally attached at pivot point 2304A. Thus, extraction and
retraction of bucket actuator assembly 2307 will rotate bucket 2304 relative to boom 2303
around pivot point 2304A. Various mounting structures for linear actuators (e.g., other types
of mounting structures providing relative rotational movement, mounting structures providing
linear movement, and mounting structure providing combinations of rotational and linear
movements) are known in the art, and thus a detailed explanation other types of mounting
structures is omitted here.

[00156] Each actuator assembly 2305, 2306, 2307 may include a hydraulic pump assembly
and a hydraulic cylinder and can be any of the drive-drive or driver-driven linear actuator
assemblies discussed above. In the exemplary embodiment of the boom structure 2301, the
respective hydraulic pump assemblies 2311, 2312, 2313 for actuator assemblies 2305, 2306,
2307 are mounted on the top of the corresponding hydraulic cylinder housings. However, in
other embodiments, the hydraulic pump assemblies may be mounted on a different location,
for example at the rear end of the cylinder housing 4 as illustrated in Figure 1A.

[00157] In addition to linear actuator assemblies, the boom structure 2301 can also include
an auxiliary pump assembly 2310 to provide hydraulic fluid to other hydraulic device such

as, ¢.g., portable tools, i.e., for operations other than boom operation. For example, a work
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tool such as a jackhammer may be connected to the auxiliary pump assembly 2310 for
drilling operation. The configuration of auxiliary pump assembly 2310 can be any of the
drive-drive or driver-driven pump assemblies discussed above. Each actuator assembly 2305,
2306, 2307 and the auxiliary pump 2310 can be connected, via wires (not shown), to a
generator (not shown) mounted on the excavator such that the electric motor(s) of each
actuator and the auxiliary pump can be powered by the generator. In addition, the actuators
2305, 2306, 2307 and the auxiliary pump 2310 can be connected, via wires (not shown), to a
controller (not shown) to control operations as described above with respect to control unit
266/drive unit 295. Because each of the linear actuator assemblies are closed-loop hydraulic
systems, the excavator using the boom structure 2301 does not require a central hydraulic
storage tank or a large central hydraulic pump, including associated flow control devices such
as a variable displacement pump or directional flow control valves. In addition, hydraulic
hoses and pipes do not have to be run to each actuator as in conventional systems.
Accordingly, an excavator or other industrial machine using the linear actuator assemblies of
the present disclosure will not only be less complex and lighter, but the potential sources of
contamination into the hydraulic system will be greatly reduced.

[00158] The articulated boom structure 301 with the linear actuators 305, 306, 307 of an
excavator described above is only for illustrative purpose and application of the linear
actuator 1 of the present disclosure is not limited to operating the boom structure of an
excavator. For example, the linear actuator 1 of the present disclosure can be applied to
various other machinery such as backhoes, cranes, skid-steer loaders, and wheel loaders.
[00159] Although the above drive-drive and driver-driven embodiments were described
with respect to an external gear pump arrangement with spur gears having gear teeth, it
should be understood that those skilled in the art will readily recognize that the concepts,
functions, and features described below can be readily adapted to external gear pumps with
other gear configurations (helical gears, herringbone gears, or other gear teeth configurations
that can be adapted to drive fluid), internal gear pumps with various gear configurations, to
pumps having more than two prime movers, to prime movers other than electric motors, e.g.,
hydraulic motors or other fluid-driven motors, inter-combustion, gas or other type of engines
or other similar devices that can drive a fluid displacement member, and to fluid
displacement members other than an external gear with gear teeth, ¢.g., internal gear with
gear teeth, a hub (e.g. a disk, cylinder, other similar component) with projections (e.g. bumps,
extensions, bulges, protrusions, other similar structures or combinations thereof), a hub (e.g. a

disk, cylinder, or other similar component) with indents (e.g., cavities, depressions, voids or
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other similar structures), a gear body with lobes, or other similar structures that can displace
fluid when driven. Accordingly, for brevity, detailed description of the various pump
configurations are omitted. In addition, those skilled in the art will recognize that, depending
on the type of pump, the synchronizing contact (drive-drive) or meshing (driver-driven) can
aid in the pumping of the fluid instead of or in addition to sealing a reverse flow path. For
example, in certain internal-gear georotor configurations, the synchronized contact or
meshing between the two fluid displacement members also aids in pumping the fluid, which
is trapped between teeth of opposing gears. Further, while the above embodiments have fluid
displacement members with an external gear configuration, those skilled in the art will
recognize that, depending on the type of fluid displacement member, the synchronized
contact or meshing is not limited to a side-face to side-face contact and can be between any
surface of at least one projection (e.g. bump, extension, bulge, protrusion, other similar
structure, or combinations thereof) on one fluid displacement member and any surface of at
least one projection(e.g. bump, extension, bulge, protrusion, other similar structure, or
combinations thereof) or indent (e.g., cavity, depression, void or other similar structure) on
another fluid displacement member. Further, with respect to the drive-drive configurations,
while two prime movers are used to independently and respectively drive two fluid
displacement members in the above embodiments, it should be understood that those skilled
in the art will recognize that some advantages (e.g., reduced contamination as compared to
the driver-driven configuration) of the above-described embodiments can be achieved by
using a single prime mover to independently drive two fluid displacement members. For
example, in some embodiments, a single prime mover can independently drive the two fluid
displacement members by the use of, e.g., timing gears, timing chains, or any device or
combination of devices that independently drives two fluid displacement members while
maintaining synchronization with respect to each other during operation.

[00160] The fluid displacement members, e.g., gears in the above embodiments, can be
made entirely of any one of a metallic material or a non-metallic material. Metallic material
can include, but is not limited to, steel, stainless steel, anodized aluminum, aluminum,
titanium, magnesium, brass, and their respective alloys. Non-metallic material can include,
but is not limited to, ceramic, plastic, composite, carbon fiber, and nano-composite material.
Metallic material can be used for a pump that requires robustness to endure high pressure, for
example. However, for a pump to be used in a low pressure application, non-metallic

material can be used. In some embodiments, the fluid displacement members can be made of



WO 2015/187688 PCT/US2015/033776
60

a resilient material, e.g., rubber, elastomeric material, to, for example, further enhance the
sealing area.

[00161] Alternatively, the fluid displacement member, ¢.g., gears in the above
embodiments, can be made of a combination of different materials. For example, the body
can be made of aluminum and the portion that makes contact with another fluid displacement
member, e.g., gear teeth in the above exemplary embodiments, can be made of steel for a
pump that requires robustness to endure high pressure, a plastic for a pump for a low pressure
application, a elastomeric material, or another appropriate material based on the type of
application.

[00162] Exemplary embodiments of the fluid delivery system can displace a variety of
fluids. For example, the pumps can be configured to pump hydraulic fluid, engine oil, crude
oil, blood, liquid medicine (syrup), paints, inks, resins, adhesives, molten thermoplastics,
bitumen, pitch, molasses, molten chocolate, water, acetone, benzene, methanol, or another
fluid. As seen by the type of fluid that can be pumped, exemplary embodiments of the pump
can be used in a variety of applications such as heavy and industrial machines, chemical
industry, food industry, medical industry, commercial applications, residential applications,
or another industry that uses pumps. Factors such as viscosity of the fluid, desired pressures
and flow for the application, the configuration of the fluid displacement member, the size and
power of the motors, physical space considerations, weight of the pump, or other factors that
affect pump configuration will play a role in the pump arrangement. It is contemplated that,
depending on the type of application, the exemplary embodiments of the fluid delivery
system discussed above can have operating ranges that fall with a general range of, e.g., 1 to
5000 rpm. Of course, this range is not limiting and other ranges are possible.

[00163] The pump operating speed can be determined by taking into account factors such
as viscosity of the fluid, the prime mover capacity (e.g., capacity of electric motor, hydraulic
motor or other fluid-driven motor, internal-combustion, gas or other type of engine or other
similar device that can drive a fluid displacement member), fluid displacement member
dimensions (e.g., dimensions of the gear, hub with projections, hub with indents, or other
similar structures that can displace fluid when driven), desired flow rate, desired operating
pressure, and pump bearing load. In exemplary embodiments, for example, applications
directed to typical industrial hydraulic system applications, the operating speed of the pump
can be, e.g., in a range of 300 rpm to 900 rpm. In addition, the operating range can also be
selected depending on the intended purpose of the pump. For example, in the above

hydraulic pump example, a pump configured to operate within a range of 1-300 rpm can be
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selected as a stand-by pump that provides supplemental flow as needed in the hydraulic
system. A pump configured to operate in a range of 300-600 rpm can be selected for
continuous operation in the hydraulic system, while a pump configured to operate in a range
of 600-900 rpm can be selected for peak flow operation. Of course, a single, general pump
can be configured to provide all three types of operation.

[00164] In addition, the dimensions of the fluid displacement members can vary depending
on the application of the pump. For example, when gears are used as the fluid displacement
members, the circular pitch of the gears can range from less than 1 mm (e.g., a nano-
composite material of nylon) to a few meters wide in industrial applications. The thickness
of the gears will depend on the desired pressures and flows for the application.

[00165] In some embodiments, the speed of the prime mover, e.g., a motor, that rotates the
fluid displacement members, ¢.g., a pair of gears, can be varied to control the flow from the
pump. In addition, in some embodiments the torque of the prime mover, ¢.g., motor, can be
varied to control the output pressure of the pump.

[00166] While the present invention has been disclosed with reference to certain
embodiments, numerous modifications, alterations, and changes to the described
embodiments are possible without departing from the sphere and scope of the present
invention, as defined in the appended claims. Accordingly, it is intended that the present
invention not be limited to the described embodiments, but that it has the full scope defined

by the language of the following claims, and equivalents thereof.
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What is Claimed is:

1. A linear hydraulic actuator assembly, comprising:

a linear hydraulic actuator having first and second ports;

an integrated hydraulic pump assembly conjoined with the linear actuator to provide
hydraulic fluid to operate the linear hydraulic actuator, the integrated hydraulic pump
assembly including,

a casing wall defining an interior volume, the casing wall having a third port
to provide fluid communication between the interior volume and the first port, and a fourth
port to provide fluid communication between the interior volume and the second port,

a fluid driver assembly disposed inside the interior volume, the fluid driver
assembly having at least one fluid driver having at least one of variable-speed and variable
torque motor,

at least one sensor assembly disposed in at least one of the casing wall and the
interior volume and having at least one of a pressure transducer, a temperature transducer,
and a flow transducer,

a first valve assembly disposed in at least one of the casing wall and the
interior volume and in fluid communication with the third port, the first valve assembly to
selectively provide fluid communication or fluid isolation between the interior volume and
the third port, and

a second valve assembly disposed in at least one of the casing and interior
volume and in fluid communication with the fourth port, the second valve assembly to
selectively provide fluid communication or fluid isolation between the interior volume and

the fourth port.

2. The linear actuator assembly of claim 1, wherein the linear actuator assembly forms a

closed-loop system.

3. The linear actuator assembly of claim 1, wherein the motor is an outer-rotor motor.

4. The linear actuator assembly of claim 1, wherein the fluid driver assembly includes a

first fluid driver with a first motor and a first gear, and a second fluid driver with a second

motor and a first gear.
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5. The linear actuator assembly of claim 4, wherein the first and second motors are
disposed within the respective first and second gears, and

wherein the first motor and the second motor are outer rotor motors.

6. The linear actuator assembly of claim 1, wherein the first and second valve assemblies

each include a solenoid operated lock valve.

7. The linear actuator assembly of claim 6, wherein the solenoid operated lock valves are

normally closed valves that return to a closed positon when de-energized.

8. The linear actuator assembly of claim 1, wherein the integrated pump assembly
further includes a storage device, which is in fluid communications with the fluid driver
assembly, to store hydraulic fluid, and

wherein the fluid driver assembly includes a flow-through shaft that provides fluid

communication between the storage device and at least one of the third and fourth ports.

9. A hydraulic system, comprising:

a linear hydraulic actuator having first and second ports;

an integrated hydraulic pump assembly conjoined with the linear hydraulic actuator to
provide hydraulic fluid to operate the linear hydraulic actuator, the integrated hydraulic pump
assembly including,

a casing wall defining an interior volume, the casing wall having a third port
to provide fluid communication between the interior volume and the first port, and a fourth
port to provide fluid communication between the interior volume and the second port,

a fluid driver assembly disposed inside the interior volume, the fluid driver
assembly having at least one fluid driver with each fluid driver having at least one of a
variable-speed and a variable torque motor,

at least one sensor assembly disposed in at least one of the casing wall and the
interior volume and having at least one of a pressure transducer, a temperature transducer,
and a flow transducer,

a first valve assembly disposed in at least one of the casing and interior
volume and in fluid communication with the third port, and

a second valve assembly disposed in at least one of the casing and interior

volume and in fluid communication with the fourth port; and
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a controller that opens the first and second valve assemblies to provide fluid
communication between the interior volume and the third and fourth ports, respectively, and
establishes at least one of a speed and a torque of the motor in each of the at least one fluid
driver to exclusively adjust at least one of a flow and a pressure in the hydraulic system to an

operational set point.

10.  The system of claim 9, wherein the hydraulic system is a closed-loop system.

11.  The system of claim 9, wherein the fluid driver assembly includes a first fluid driver
with a first motor and a first gear, and a second fluid driver with a second motor and a second
gear,

wherein the first motor is disposed within the first gear and the second motor is
disposed within the second gear, and

wherein the first motor and the second motor are outer-rotor motors.

12.  The system of claim 11, wherein the controller independently drives the first motor

and the second motor so as to synchronize contact between the first gear and the second gear.

13.  The system of claim 9, wherein the first and second valve assemblies each include a

solenoid operated lock valve.

14.  The system of claim 13, wherein the solenoid operated lock valves are normally

closed valves that return to a closed positon when de-energized.

15.  The system of claim 9, wherein the integrated hydraulic pump assembly further
includes a storage device, which is in fluid communications with the fluid driver assembly, to
store hydraulic fluid, and

wherein the fluid driver assembly includes a flow-through shaft that provides fluid

communication between the storage device and at least one of the third and fourth ports.

16.  The system of claim 9, wherein the at least one fluid driver includes a first fluid driver
with a first motor driving a first gear and a second fluid driver with a second motor driving a
second gear,

wherein the first gear has a plurality of first gear teeth and the second gear has a
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plurality of second gear teeth,

wherein the first motor rotates the first gear about a first axial centerline of the first
gear in a first direction to transfer the hydraulic fluid to the linear actuator,

wherein the second motor rotates the second gear, independently of the first motor,
about a second axial centerline of the second gear in a second direction to transfer the
hydraulic fluid to the linear actuator, and

wherein the controller controls the first motor and the second motor so as to
synchronize contact between a face of at least one tooth of the plurality of second gear teeth

and a face of at least one tooth of the plurality of first gear tecth.

17.  The system of claim 16, wherein the first direction and the second direction are a

same direction.

18.  The system of claim 16, wherein the first direction is opposite the second direction.

19.  The system of claim 16, wherein the first motor is disposed inside the first gear and
the second motor is disposed inside the second gear, and

wherein the first motor and the second motor are outer-rotor motors.

20.  The system of claim 9, wherein the controller is configured to trap pressure in the
linear hydraulic actuator to lock the linear hydraulic actuator in place by closing the first and

second valve assemblies.

21.  The system of claim 9, wherein the controller includes one or more characteristic

curves for the fluid driver assembly.

22.  The system of claim 9, wherein the controller includes one or more characteristic

curves for at least one of the first and second valve assemblies.

23.  The system of claim 9, wherein the controller includes a plurality of operational

modes including at least one of a flow mode, a pressure mode, and a balanced mode.
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24.  The system of claim 9, wherein the operational set point corresponds to a desired
travel speed for the linear hydraulic actuator when the operational mode is set to the flow

mode.

25. A method of operating a linear actuator by providing fluid to one of a first port and a
second port of the linear actuator from an integrated pump assembly including a casing wall
that defines an interior volume, a motor, a first gear having a plurality of first gear teeth, a
second gear having a plurality of second gear teeth, a first valve assembly, a second valve
assembly, and at least one sensor assembly, the method comprising:

disposing the motor in the interior volume;

disposing the first and second valve assemblies in at least one of the casing wall and
the interior volume;

operating the first valve assembly to provide fluid communication between the
interior volume and the first port of linear actuator;

operating the second valve assembly to provide fluid communication between the
interior volume and the second port of the linear actuator;

disposing the at least one sensor assembly in at least one of the casing wall and the
interior volume;

monitoring at least one of pressure, temperature and flow of the fluid using the at least
one sensor assembly;

disposing the second gear in the interior volume such that a first face of at least one
tooth of the plurality of first gear teeth meshes with a second face of at least one tooth of the
plurality of second gear teeth when the first gear is rotated; and

rotating the motor to rotate the first gear about a first axial centerline of the first gear
in a first direction to transfer the fluid to the linear actuator, a meshing force from the first
face rotating the second gear about a second axial centerline of the second gear in a second

direction to transfer the fluid to the linear actuator.

26.  The method of claim 25, wherein the linear actuator and the integrated pump

assembly form a closed-loop system.

27.  The system of claim 25, wherein the first direction and the second direction are a

same direction.
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28.  The system of claim 25, wherein the first direction is opposite the second direction.

29. A method of operating a linear actuator by providing fluid to one of a first port and a
second port of the linear actuator from an integrated pump assembly including a casing wall
that defines an interior volume, a first motor, a first gear having a plurality of first gear teeth,
a second motor, a second gear having a plurality of second gear teeth, a first valve assembly,
a second valve assembly, and at least one sensor assembly, the method comprising:

disposing the first and second motors in the interior volume;

disposing the first and second valve assemblies in at least one of the casing and
interior volume;

operating the first valve assembly to provide fluid communication between the
interior volume and the first port of linear actuator;

operating the second valve assembly to provide fluid communication between the
interior volume and the second port of the linear actuator;

disposing the at least one sensor assembly in at least one of the casing wall and the
interior volume;

monitoring at least one of pressure, temperature and flow of the fluid using the at least
one sensor assembly;

rotating the first motor to rotate the first gear about a first axial centerline of the first
gear in a first direction to transfer the fluid to the linear actuator;

rotating the second motor, independently of the first motor, to rotate the second gear
about a second axial centerline of the second gear in a second direction to transfer the fluid to
the linear actuator; and

synchronizing contact between a face of at least one tooth of the plurality of second

gear teeth and a face of at least one tooth of the plurality of first gear teeth.

30.  The method of claim 29, wherein the linear actuator and the integrated pump

assembly form a closed-loop system.

31.  The system of claim 29, wherein the first direction and the second direction are a

same direction.

32.  The system of claim 29, wherein the first direction is opposite the second direction.
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33. A linear actuator assembly, comprising:

a linear actuator having first and second ports;

an integrated pump assembly conjoined with the linear actuator to provide fluid to
operate the linear actuator, the integrated pump assembly including,

a casing wall defining an interior volume, the casing wall having a third port
to provide fluid communication between the interior volume and the first port, and a fourth
port to provide fluid communication between the interior volume and the second port,

a fluid driver assembly disposed inside the interior volume, the fluid driver
assembly having at least one fluid driver having at least one of a variable-speed and a
variable torque prime mover,

at least one sensor assembly disposed in at least one of the casing wall and the
interior volume and comprising at least one of a pressure transducer, a temperature
transducer, and a flow transducer,

a first valve assembly disposed in at least one of the casing wall and the
interior volume and in fluid communication with the third port, the first valve assembly to
selectively provide fluid communication or fluid isolation between the interior volume and
the third port, and

a second valve assembly disposed in at least one of the casing wall and the
interior volume and in fluid communication with the fourth port, the second valve assembly
to selectively provide fluid communication or fluid isolation between the interior volume and

the fourth port.

34.  The linear actuator assembly of claim 33, wherein the linear actuator assembly forms

a closed-loop system.

35.  The linear actuator assembly of claim 33, wherein the prime mover is an outer-rotor

motor.

36.  The linear actuator assembly of claim 33, wherein the fluid driver assembly includes a
first fluid driver with a first prime mover and a first fluid displacement member, and
wherein the fluid driver assembly includes a second fluid driver with a first fluid

driver with a first prime mover and a first fluid displacement member.

37.  The linear actuator assembly of claim 33, wherein the fluid is hydraulic fluid.
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38.  The linear actuator assembly of claim 33, wherein the integrated pump assembly
further includes a storage device, which is in fluid communications with the fluid driver
assembly, to store hydraulic fluid, and

wherein the fluid driver assembly includes a flow-through shaft that provides fluid

communication between the storage device and at least one of the third and fourth ports.

39. A fluid system, comprising:

a linear actuator having first and second ports;

an integrated pump assembly conjoined with the linear actuator to provide fluid to
operate the linear actuator, the integrated pump assembly including,

a casing wall defining an interior volume, the casing wall having a third port
to provide fluid communication between the interior volume and the first port, and a fourth
port to provide fluid communication between the interior volume and the second port,

a fluid driver assembly disposed inside the interior volume, the fluid driver
assembly having at least one fluid driver having at least one of a variable-speed and a
variable torque prime mover,

at least one sensor assembly disposed in at least one of the casing and interior
volume and comprising at least one of a pressure transducer, a temperature transducer, and a
flow transducer,

a first valve assembly disposed in at least one of the casing wall and the
interior volume and in fluid communication with the third port, and

a second valve assembly disposed in at least one of the casing wall and the
interior volume and in fluid communication with the fourth port; and

a controller that opens the first and second valve assemblies to provide fluid
communication between the interior volume and the third and fourth ports, respectively, and
establishes at least one of a speed and a torque of the prime mover in each of the at least one
fluid driver to exclusively adjust at least one of a flow and a pressure in the hydraulic system

to an operational set point.

40.  The hydraulic system of claim 39, wherein the linear actuator and the integrated pump

assembly form a closed-loop system.

41.  The system of claim 39, wherein the prime mover is an outer-rotor motor.
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42.  The system of claim 39, wherein the fluid is hydraulic fluid.

43.  The system of claim 39, wherein the integrated pump assembly further includes a
storage device, which is in fluid communications with the fluid driver assembly, to store
fluid, and

wherein the fluid driver assembly includes a flow-through shaft that provides fluid

communication between the storage device and at least one of the third and fourth ports.

44.  The system of claim 39, wherein the controller is configured to trap pressure in the
linear actuator to lock the linear actuator in place by closing the first and second valve

assemblies.

45.  The system of claim 39, wherein the controller includes one or more characteristic

curves for the fluid driver assembly.

46.  The system of claim 39, wherein the controller includes one or more characteristic

curves for at least one of the first and second valve assemblies.

47.  An industrial machine, comprising:

a first structural element;

a second structural element;

a linear actuator assembly that extracts and retracts a piston assembly, the linear
actuator assembly having first end attached to the first structural element and a second end
attached to the second structural element, the extraction and retraction of the piston assembly
moving the first structural element relative to the second structural element, the linear
actuator assembly including,

a linear hydraulic actuator having first and second ports,
an integrated hydraulic pump assembly conjoined with the linear hydraulic
actuator to provide hydraulic fluid to operate the linear hydraulic actuator, the integrated
hydraulic pump assembly including,
a hydraulic pump having a casing defining an interior volume, the
casing including a third port in fluid communication with the interior volume, and a fourth

port in fluid communication with the interior volume, the hydraulic pump having at least one
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fluid driver with each fluid driver having at least one of a variable-speed and a variable
torque motor;

a first valve assembly in fluid communication with the first and third
ports, and

a second valve assembly in fluid communication with the second and
fourth ports; and

a controller that opens the first and second valve assemblies to provide fluid

communication between the first and third ports and between the second and fourth ports,
respectively, and establishes at least one of a speed and a torque of the motor in each of the at
least one fluid driver to exclusively adjust at least one of a flow and a pressure to the linear
hydraulic actuator to a desired set point.
48. The industrial machine of claim 47, wherein the relative movement is at least one of a

linear movement and a rotational movement.

49.  The industrial machine of claim 47, wherein the first structural element is pivotally
attached to the second structural element, and
wherein the extraction and retraction of the piston assembly rotates the first structural

element relative to the second structural element.

50.  The industrial machine of claim 47, wherein the linear hydraulic actuator and the

integrated hydraulic pump assembly form a closed-loop system.

51.  The industrial machine of claim 47, wherein the integrated hydraulic pump assembly
includes a first fluid driver with a first motor and a first gear, and a second fluid driver with a
second motor and a second gear,

wherein the first motor is disposed within the first gear and the second motor is
disposed within the second gear, and

wherein the first motor and the second motor are outer-rotor motors.

52.  The industrial machine of claim 51, wherein the controller independently drives the
first motor and the second motor so as to synchronize contact between the first gear and the

second gear.



WO 2015/187688 PCT/US2015/033776
72

53. The industrial machine of claim 47, wherein the first and second valve assemblies

each include a solenoid operated lock valve.

54.  The industrial machine of claim 53, wherein the solenoid operated lock valves are

normally closed valves that return to a closed positon when de-energized.

55.  The industrial machine of claim 47, wherein the integrated hydraulic pump assembly
further includes a storage device, which is in fluid communications with the hydraulic pump,
to store hydraulic fluid, and

wherein the hydraulic pump includes a flow-through shaft that provides fluid

communication between the storage device and at least one of the third and fourth ports.

56. The industrial machine of claim 47, wherein the at least one fluid driver includes a
first fluid driver with a first motor driving a first gear and a second fluid driver with a second
motor driving a second gear,

wherein the first gear has a plurality of first gear teeth and the second gear has a
plurality of second gear teeth,

wherein the first motor rotates the first gear about a first axial centerline of the first
gear in a first direction to transfer the hydraulic fluid to the linear actuator,

wherein the second motor rotates the second gear, independently of the first motor,
about a second axial centerline of the second gear in a second direction to transfer the
hydraulic fluid to the linear actuator, and

wherein the first motor and the second motor are controlled so as to synchronize
contact between a face of at least one tooth of the plurality of second gear teeth and a face of

at least one tooth of the plurality of first gear teeth.

57. The industrial machine of claim 56, wherein the first direction and the second

direction are a same direction.

58.  The industrial machine of claim 56, wherein the first direction is opposite the second

direction.

59.  The industrial machine of claim 56, wherein the first motor is disposed within the first

gear and the second motor is disposed within the second gear, and
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wherein the first motor and the second motor are outer-rotor motors

60.  The industrial machine of claim 47, wherein the controller is configured to trap
pressure in the linear hydraulic actuator to lock the linear hydraulic actuator in place by

closing the first and second valve assemblies.

61. The industrial machine of claim 47, wherein the controller includes one or more

characteristic curves for the hydraulic pump.

62. The industrial machine of claim 47, wherein the controller includes one or more

characteristic curves for at least one of the first and second valve assemblies.

62.  The industrial machine of claim 47, wherein the controller includes a plurality of
operational modes including at least one of a flow mode, a pressure mode, and a balanced

mode.

64.  The industrial machine of claim 47, wherein the desired set point corresponds to a
desired travel speed for the linear hydraulic actuator when the operational mode is the flow

mode.

65. The industrial machine of claim 49, wherein the industrial machine is an excavator
and the first structural element is a bucket on the excavator and the second structural element

is a boom arm of the excavator.

66. A method of controlling relative movement between a first structural element and a
second structural element in an industrial machine using a linear actuator assembly having a
linear actuator, which extracts and retracts a piston assembly, and a hydraulic pump
assembly, the hydraulic pump assembly including a first valve assembly, a second valve
assembly and a hydraulic pump to provide fluid to one of a first port and a second port of the
linear actuator, the hydraulic pump including a casing that defines an interior volume, a
motor, a first gear having a plurality of first gear teeth, and a second gear having a plurality of
second gear teeth, the method comprising:

disposing the motor in the interior volume;

operating the first valve assembly to provide fluid communication between the
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hydraulic pump and the first port of linear actuator;

operating the second valve assembly to provide fluid communication between the
hydraulic pump and the second port of the linear actuator;

disposing the second gear in the interior volume such that a first face of at least one
tooth of the plurality of first gear teeth meshes with a second face of at least one tooth of the
plurality of second gear teeth when the first gear is rotated;

rotating the motor to rotate the first gear about a first axial centerline of the first gear
in a first direction to transfer the fluid to the linear actuator, a meshing force from the first
face rotating the second gear about a second axial centerline of the second gear in a second
direction to transfer the fluid to the linear actuator;

establishing at least one of a speed and a torque of the motor to exclusively adjust at
least one of a flow and a pressure to the linear actuator to an operational set point; and

performing at least one of an extraction and retraction of the piston assembly to
provide relative movement between the first structural element and the second structural

element.

67. The method of claim 66, wherein the relative movement is at least one of a linear

movement and a rotational movement.

68.  The method of claim 66, wherein the first structural element is pivotally attached to
the second structural element, and
wherein the extraction and retraction of the piston assembly rotates the first structural

element relative to the second structural element.

69. The method of claim 68, wherein the industrial machine is an excavator and the first
structural element is a bucket on the excavator and the second structural element is a boom

arm of the excavator.

70.  The method of claim 66, wherein the linear actuator and the hydraulic pump assembly

form a closed-loop system.

71. The method of claim 66, wherein the first direction and the second direction are a

same direction.
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72.  The method of claim 66, wherein the first direction is opposite the second direction.

73. A method of controlling relative movement between a first structural element and a
second structural element in an industrial machine using a linear actuator assembly having a
linear actuator, which extracts and retracts a piston assembly, and a hydraulic pump
assembly, the hydraulic pump assembly including a first valve assembly, a second valve
assembly and a hydraulic pump to provide fluid to one of a first port and a second port of the
linear actuator, the hydraulic pump including a casing that defines an interior volume, a first
motor, a first gear having a plurality of first gear teeth, a second motor and a second gear
having a plurality of second gear teeth, the method comprising:

disposing the first and second motors in the interior volume;

operating the first valve assembly to provide fluid communication between the
hydraulic pump and the first port of linear actuator;

operating the second valve assembly to provide fluid communication between the
hydraulic pump and the second port of the linear actuator;

rotating the first motor to rotate the first gear about a first axial centerline of the first
gear in a first direction to transfer the fluid to the linear actuator;

rotating the second motor, independently of the first motor, to rotate the second gear
about a second axial centerline of the second gear in a second direction to transfer the fluid to
the linear actuator;

synchronizing contact between a face of at least one tooth of the plurality of second
gear teeth and a face of at least one tooth of the plurality of first gear teeth;

establishing at least one of a speed and a torque of the first motor and the second
motor to exclusively adjust at least one of a flow and a pressure to the linear actuator to an
operational set point; and

performing at least one of an extraction and retraction of the piston assembly to
provide a relative movement between the first structural element and the second structural

element.

74. The method of claim 73, wherein the relative movement is at least one of a linear

movement and a rotational movement.

75.  The method of claim 73, wherein the first structural element is pivotally attached to

the second structural element, and
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wherein the extraction and retraction of the piston assembly rotates the first structural

element relative to the second structural element.

76. The method of claim 75, wherein the industrial machine is an excavator and the first
structural element is a bucket on the excavator and the second structural element is a boom

arm of the excavator.

77.  The method of claim 73, wherein the linear actuator and the hydraulic pump assembly

form a closed-loop system.

78. The method of claim 73, wherein the first direction and the second direction are a

same direction.

79.  The method of claim 73, wherein the first direction is opposite the second direction.

80. A hydraulic system comprising;:

a linear hydraulic actuator having first and second ports;

an integrated hydraulic pump assembly conjoined with the linear hydraulic actuator to
provide hydraulic fluid to operate the linear hydraulic actuator, the integrated hydraulic pump
assembly including,

a hydraulic pump having a casing defining an interior volume, the casing
having a third port in fluid communication with the interior volume, and a fourth port in fluid
communication with the interior volume, the hydraulic pump including a first at least one of a
variable-speed and a variable torque motor and a second at least one of a variable-speed and a
variable torque motor, the first motor to drive a first gear and the second motor to drive a
second gear;

a first valve assembly in fluid communication with the first and third ports,
and

a second valve assembly in fluid communication with the second and fourth
ports; and

a controller that establishes a normal mode of operation in which the first and second
motors are independently driven so as to synchronize contact between the first gear and the
second gear, the controller establishing a fail-safe mode of operation based on a

determination that one of the first and second motors is non-operational, the fail-safe mode of
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operation shutting down the non-operational motor and driving the operational motor such

that the first gear meshes with the second gear.

81.  The system claim 80, wherein the linear hydraulic actuator and the integrated

hydraulic pump assembly form a closed-loop system.

82,  The system of claim 80, wherein the fail-safe mode of operation limits the operation
of the hydraulic pump assembly to 50 to 75% of a full load power of the hydraulic pump

when operating in the normal mode.

83,  The system of claim 80, wherein the fail-safe mode of operation shuts down operation

of the hydraulic pump after a predetermined period of time.

84.  The system of claim 80, wherein the first motor is disposed within the first gear and
the second motor is disposed within the second gear, and

wherein the first motor and the second motor are outer-rotor motors

85.  The system of claim 80, wherein the first and second valve assemblies each include a

solenoid operated lock valve.

86.  The system of claim 85, wherein the solenoid operated lock valves are normally

closed valves that return to a closed positon when de-energized.

87.  The system of claim 80, wherein the integrated hydraulic pump assembly further
includes a storage device, which is in fluid communications with the hydraulic pump, to store
hydraulic fluid, and

wherein the hydraulic pump includes a flow-through shaft that provides fluid

communication between the storage device and at least one of the third and fourth ports.

88. A method of operating a linear actuator by providing fluid to one of a first port and a
second port of the linear actuator from an integrated pump assembly including a first valve
assembly, a second valve assembly, and a pump having a casing that defines an interior
volume, a first motor, a first gear having a plurality of first gear teeth, a second motor, a

second gear having a plurality of second gear teeth, the method comprising:
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disposing the first and second motors in the interior volume;

operating the first valve assembly to provide fluid communication between the
interior volume and the first port of linear actuator;

operating the second valve assembly to provide fluid communication between the
interior volume and the second port of the linear actuator;

rotating the first motor to rotate the first gear about a first axial centerline of the first
gear in a first direction to transfer the fluid to the linear actuator;

rotating the second motor, independently of the first motor, to rotate the second gear
about a second axial centerline of the second gear in a second direction to transfer the fluid to
the linear actuator;

establishing a normal mode of operation by synchronizing contact between a face of
at least one tooth of the plurality of second gear teeth and a face of at least one tooth of the
plurality of first gear teeth,

establishing a fail-safe mode of operation upon a determination that one of the first
and second motors is non-operational, the fail-safe mode of operation shutting down the non-
operating motor and driving the operational motor such that the first gear meshes with the

second gear.

89.  The method of claim 88, wherein the linear actuator and the integrated pump

assembly form a closed-loop system.
90.  The method of claim 88, wherein the fail-safe mode of operation limits the operation
of the pump to 50 to 75% of a full load power of the pump when operating in the normal

mode.

91.  The method of claim 88, wherein the fail-safe mode of operation shuts down

operation of the pump after a predetermined period of time.

92.  The system of claim 88, wherein the first direction and the second direction are a

same direction.

93.  The system of claim 88, wherein the first direction is opposite the second direction.

94, A pump system comprising;:
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a pump having,

a casing defining an interior volume, the casing including a first port in fluid
communication with the interior volume, and a second port in fluid communication with the
interior volume,

a first gear disposed within the interior volume, the first gear having a first
gear body and a plurality of first gear teeth,

a second gear disposed within the interior volume, the second gear having a
second gear body and a plurality of second gear teeth projecting radially outwardly from the
second gear body, the second gear is disposed such that a second face of at least one tooth of
the plurality of second gear teeth aligns with a first face of at least one tooth of the plurality
of first gear teeth,

a first at least one of a variable speed and variable torque motor that rotates the
first gear about a first axial centerline of the first gear in a first direction to transfer a fluid
from the first port to the second port along a first flow path; and

a second at least one of a variable speed and variable torque motor that rotates
the second gear about a second axial centerline of the second gear in a second direction to
transfer the fluid from the first port to the second port along a second flow path; and

a controller that establishes a normal mode of operation in which the first and second
motors are independently driven so as to synchronize contact between the first gear and the
second gear, the controller establishing a fail-safe mode of operation based on a
determination that one of the first and second motors is non-operational, the fail-safe mode of
operation shutting down the non-operational motor and driving the operational motor such

that the first gear meshes with the second gear.
95.  The pump system of claim 94, wherein the first and second motors are disposed in the
internal volume, and

wherein the first and second motors are outer-rotor motors.

96.  The pump system of claim 94, wherein the pump operates a fluid-driven actuator.
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-*-Supplemental Box - Box IIl - Lack of Unity of Invention-*-

The groups of inventions listed above do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features (Distinct Technical Features):

The special technical features of Group | are a hydraulic actuator assembly. wherein the assembly comprises a linear hydraulic actuator
having at least two ports, wherein the actuator includes a hydraullc pump that includes a first and second valve assembly.

The special technical feature of Group Il are a fi rst and second gear within the casing of the pump, and a f rst and second vanable speed
and variable torque motor, and a controller.

Common Technical Features (Features Do Not Make a Contribution Over the Prior Ar):

Groups I-Il share the technical features of a hydraulic pump assembly that comprises a pump having a casing that defines an interior
volume, wherein the casing includes at least two ports in fluid communication with the interior volume. However, these shared technical
features do not represent a contribution over the prior art. Specifically, US 2003/0126981 A1 to Bridger et al (hereinafter "Bridger”)
teaches a pump assembly that includes a pump having a casing that defines an interior volume (as shown in Fig 1, fluid pump 20
comprises pump driver 21 having a casing (not labeled) that defines an interior volume), wherein the casing includes at least two ports in
fluid communication with the interior volume (as shown in Fig 1, the casing includes at least two ports (conduit 39 and conduit 32) in fluid
communication with the interior volume).

Therefore, Groups [-II lack unity under PCT Rule 13.
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