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Description

ELECTRO-HYDRAULIC SYSTEM FOR RECOVERING

AND REUSING POTENTIAL ENERGY

Technical Field

The present disclosure relates generally to an electro-hydraulic

system and, more particularly, to an electro-hydraulic system for recovering and

reusing potential energy.

Background

A machine (e.g., a wheel loader, an excavator, a front shovel, a

bulldozer, a backhoe, a telehandler, etc.) may be used to move heavy loads, such

as earth, construction material, and/or debris. The machine may utilize an

implement to move the loads. The implement may be powered by a hydraulic

system that may use pressurized fluid to actuate a hydraulic actuator to move the

implement.

During operation of the machine, the implement may be raised to

an elevated position. As the implement may be relatively heavy, the implement

may gain potential energy when raised to the elevated position. As the

implement is released from the elevated position, this potential energy may be

converted to heat when pressurized hydraulic fluid is forced out of the hydraulic

actuator and is throttled across a valve and returned to a tank. The conversion of

potential energy into heat may result in an undesired heating of the discharged

hydraulic fluid, which may require that the machine possess additional cooling

capacity. Recovering that lost or wasted potential energy for reuse may improve

machine efficiency.

One system designed to recycle the energy associated with

lowering a load is disclosed in U.S. Pat. No. 6,584,769 to Bruun ("Bruun").



Bruun discloses a hydraulic circuit that includes a variable hydraulic machine, a

servo pump, and an accumulator. During operation, pressurized oil in the

accumulator flows through a bi-directional pump of the variable hydraulic

machine, which then conveys the oil to a lifting cylinder. In the event of a

lowering movement, the direction of flow in the bi-directional pump is changed

and oil is supplied to the accumulator. However, the hydraulic circuit in Bruun

may not efficiently recover or reuse potential energy from the lowered load, and

the system may be relatively complex and costly.

The system of the present disclosure is directed toward solving

one or more of the problems set forth above and/or other problems of the prior

art.

Summary

In one aspect, the present disclosure is directed to a hydraulic

system. The hydraulic system includes a hydraulic actuator, a pump configured

to supply fluid to the hydraulic actuator, and a first accumulator fluidly connected

to the hydraulic actuator. The first accumulator is configured to store fluid

received from the hydraulic actuator. The hydraulic system also includes a motor

drivingly connected to the pump and fluidly connected to the first accumulator.

The motor is configured to receive the stored fluid from the first accumulator to

drive the pump. The hydraulic system further includes a first discharge valve

fluidly connected between the first accumulator and the hydraulic actuator. The

first discharge valve is configured to supply the stored fluid from the first

accumulator to the hydraulic actuator without the stored fluid from the first

accumulator circulating through the pump.

In another aspect, the present disclosure is directed to a method of

recovering and reusing energy with a hydraulic system. The method includes

directing fluid from a hydraulic actuator to a first accumulator to store fluid in the

first accumulator, determining an accumulator pressure associated with the fluid

stored in the first accumulator, and determining an actuator pressure associated



with fluid supplied to the hydraulic actuator. The method also includes directing

the stored fluid from the first accumulator to the hydraulic actuator without the

stored fluid from the first accumulator circulating through a pump when a first

condition associated with the accumulator and actuator pressures is satisfied. The

method further includes directing the stored fluid from the first accumulator to a

motor driving the pump when a second condition associated with the accumulator

and actuator pressures is satisfied. The second condition is different from the

first condition.

In another aspect, the present disclosure is directed to a hydraulic

system. The hydraulic system includes a hydraulic actuator, a first pump

configured to supply fluid to the hydraulic actuator, and a power source

configured to supply power to drive the first pump. The hydraulic system also

includes a first accumulator fluidly connected to the hydraulic actuator and

configured to store fluid received from the hydraulic actuator. The hydraulic

system further includes a device drivingly connected to the first pump. The

device is configured to operate in a first mode as a motor to receive the stored

fluid from the first accumulator to drive the first pump, and configured to operate

in a second mode as a second pump to supply pressurized fluid to the first

accumulator.

Brief Description of the Drawings

Fig. 1 is a pictorial illustration of an exemplary disclosed machine;

Fig. 2 is a schematic illustration of an exemplary disclosed system

that may be used in conjunction with the machine of Fig. 1, according to an

embodiment;

Fig. 3 is a schematic illustration of an exemplary disclosed system

that may be used in conjunction with the machine of Fig. 1, according to another

embodiment; and



Fig. 4 is a schematic illustration of an exemplary disclosed system

that may be used in conjunction with the machine of Fig. 1, according to a further

embodiment.

Detailed Description

Reference will now be made in detail to exemplary embodiments

of the invention, examples of which are illustrated in the accompanying

drawings. Wherever possible, the same reference numbers will be used

throughout the drawings to refer to the same or like parts.

Fig. 1 illustrates an exemplary machine 10 having multiple

systems and components that cooperate to accomplish a task. The machine 10

may embody a fixed or mobile machine that performs some type of operation

associated with an industry such as mining, construction, farming, transportation,

or another industry known in the art. For example, the machine 10 may be an

earth moving machine such as an excavator (shown in Fig. 1), a wheel loader, a

front shovel, a bulldozer, a backhoe, a telehandler, a motor grader, a dump truck,

or any other earth moving machine. The machine 10 may include an implement

system 1 configured to move a work tool 14, a drive system 16 for propelling

the machine 10, a power source 18 that provides power to the implement system

12 and the drive system 16, and an operator station 20 situated for manual control

of the implement system 12, the drive system 16, and/or the power source 18.

The implement system 12 may include a linkage structure acted on

by one or more hydraulic actuators, such as hydraulic cylinders, to move the

work tool 14. The hydraulic actuators may include any device configured to

receive pressurized hydraulic fluid, and convert a hydraulic pressure and/or flow

from the pressurized hydraulic fluid into a mechanical force and/or motion. For

example, the implement system 12 may also include a boom 22 and a stick 24 for

pivotally connecting the work tool 14 to a body of the machine 10. In an

embodiment, the boom 22 may be vertically pivotal about a horizontal axis

relative to a work surface by one or more hydraulic cylinders 30. As shown in



Figs. 1 and 2, a pair of adjacent, double-acting, hydraulic cylinders 30 may

pivotally connect the boom 22 to the body of the machine 10. The stick 24 may

be pivotally connected at one end to the boom 22 and at the opposite end to the

work tool 14. One or more hydraulic cylinders may also be provided between the

stick 24 and the work tool 14 in order to pivot the work tool 14, and/or between

the boom 22 and the stick 24 in order to pivot the stick 24.

Numerous different work tools 14 may be attachable to a single

machine 10 and may be operator controllable. The work tool 14 may include any

device used to perform a particular task such as, for example, a bucket, a fork

arrangement, a blade, a shovel, a ripper, a dump bed, a broom, a snow blower, a

propelling device, a cutting device, a grasping device, or any other task-

performing device known in the art. Although connected in the embodiment of

Fig. 1 to pivot in the vertical direction relative to the body of the machine 10 and

to swing in the horizontal direction, the work tool 14 may alternatively or

additionally rotate, slide, open and close, or move in any other manner known in

the art.

The power source 18 may embody an engine such as, for example,

a diesel engine, a gasoline engine, a gaseous fuel-powered engine, or any other

type of combustion engine known in the art. It is contemplated that the power

source 18 may alternatively embody a non-combustion source of power such as a

fuel cell, a power storage device, or another source known in the art. The power

source 18 may produce a mechanical or electrical power output that may then be

converted to hydraulic power for moving the hydraulic cylinders 30 (and/or other

hydraulic actuators) and/or one or more pumps as described below.

The operator station 20 may include devices that receive input

from an operator indicative of desired machine maneuvering. Specifically, the

operator station 20 may include one or more operator interface devices (e.g., a

joystick, a steering wheel, a pedal, etc.) that are located proximate an operator

seat. The operator interface devices may initiate movement of the machine 10



(e.g., travel and/or tool movement) by producing displacement signals that are

indicative of desired machine maneuvering. As an operator moves the interface

device, the operator may affect a corresponding machine movement in a desired

direction, with a desired speed, and/or with a desired force.

As shown in Fig. 2, each hydraulic cylinder 30 may include a

housing 32 and a piston 34. The housing 32 may include a vessel having an inner

surface forming an internal chamber. In an embodiment, the housing 32 may

include a substantially cylindrically-shaped vessel having a cylindrical bore

therein defining the inner surface. The piston 34 may be closely and slidably

received against the inner surface of the housing 32 to allow relative movement

between the piston 34 and the housing 32.

A rod 36 may be connected on one end to the piston 34, as shown

in Fig. 2, and on another end to directly or indirectly to the boom 22, as shown in

Fig. 1. The piston 34 may divide the internal chamber of the housing 32 into a

rod-end chamber 38 corresponding to the portion of the internal chamber on the

rod-end side of the housing 32, and a head-end chamber 40 corresponding to the

portion of the internal chamber of the housing 32 opposite the rod-end side. The

rod-end and head-end chambers 38, 40 may each be selectively supplied with

pressurized fluid and drained of the pressurized fluid via respective apertures in

the housing 22 to cause the piston 34 to displace within the housing 32, thereby

changing an effective length of the hydraulic cylinders 30, which moves the

boom 22. A flow rate of fluid into and out of the rod-end and head-end chambers

38, 40 may relate to a translational velocity of the hydraulic cylinders 30, while a

pressure differential between the rod-end and head-end chambers 38, 40 may

relate to a force imparted by the hydraulic cylinders 30 on the associated linkage

structure of implement system 12.

As illustrated in Fig. 2, the machine 10 may include a hydraulic

circuit or system 50 having a plurality of fluid components that cooperate to

selectively direct pressurized hydraulic fluid into and out of one or more



hydraulic actuators to perform a task. For example, in the embodiment shown in

Fig. 2, the hydraulic system 50 selectively directs pressurized hydraulic fluid into

and out of the hydraulic cylinders 30 to move the boom 22. The hydraulic

system 50 may include a tank 52, a pump 54, a cylinder control valve assembly

60, and an energy recovery system 70. The hydraulic system 50 may also include

other hydraulic actuators of the machine 10.

The tank 52 may include a source of low-pressure hydraulic fluid,

such as, for example, a fluid reservoir. The fluid may include a dedicated

hydraulic oil, an engine lubrication oil, a transmission lubrication oil, and/or

other suitable working fluid. The hydraulic system 50 may selectively draw fluid

from and return fluid to the tank 52 during operation of the implement system 12.

Although only a single tank 52 is shown, it is also contemplated that the

hydraulic system 50 may be in fluid communication with multiple, separate fluid

tanks.

The pump 54 may be configured to produce a flow of pressurized

hydraulic fluid, and may include, for example, a piston pump, gear pump, vane

pump, or gerotor pump. The pump 54 may have a variable displacement

capacity, or, in the alternative, a fixed capacity for supplying the flow. The pump

54 may include a pump inlet 56 and a pump outlet 58. The pump inlet 56 may be

connected to the tank 52 by a fluid line. In operation, the pump 54 may draw

hydraulic fluid from the tank 52 at ambient or low pressure, and may convert

mechanical energy or power to hydraulic energy or power by pressurizing the

hydraulic fluid. The pressurized hydraulic fluid flow may exit through the pump

outlet 58.

The pump 54 may include a stroke-adjusting mechanism, for

example a swashplate, a position of which is hydro-mechanically or electro-

hydraulically adjusted based on, among other things, a desired speed of the

hydraulic actuators in the hydraulic system 50 (e.g., the hydraulic cylinders 30) to

thereby vary an output (e.g., a discharge rate) of the pump 54. The displacement



of the pump 54 may be adjusted from a zero displacement position at which

substantially no fluid is discharged from the pump 54, to a maximum

displacement position at which fluid is discharged from the pump 54 at a

maximum rate. The pump 54 may be drivably connected to the power source 18

by, for example, a countershaft, a belt, or in another suitable manner.

Alternatively, the pump 54 may be indirectly connected to the power source 18

via a coupling 19 (Figs. 3 and 4), a torque converter, a gear box, an electrical

circuit, or in any other manner known in the art. The pump 54 may be dedicated

to supplying pressurized hydraulic fluid to the hydraulic cylinders 30 and/or other

hydraulic actuators of the machine 10.

The cylinder control valve assembly 60 may include an

independent metering valve unit, including two pump-to-cylinder ("P-C")

independent metering control valves 62 and 64 and two cylinder-to-tank ("C-T")

independent metering control valves 66 and 68. The P-C and C-T independent

metering control valves 62, 64, 66, and 68 may each be independently actuated

into open and closed conditions, and positions between open and closed.

Through selective actuation of the P-C and C-T control valves 62, 64, 66, and 68,

pressurized hydraulic fluid may be directed into and out of the rod-end and head

end chambers 38, 40 of each hydraulic cylinder 30. By controlling the direction

and rate of fluid flow to and from the rod-end and head-end chambers 38, 40, the

P-C and C-T control valves 62, 64, 66, and 68 may control the motion of the

implement system 12. Additionally or alternatively, the cylinder control valve

assembly 60 may include one or more single spool valves (not shown),

proportional control valves, or any other suitable devices configured to control

the rate of pressurized hydraulic fluid flow entering into and exiting out of the

hydraulic cylinders 30.

The P-C control valves 62 and 64 may be configured to direct

pressurized hydraulic fluid exiting from the pump outlet 58 into the hydraulic

cylinders 30. In an embodiment, the P-C control valve 62 may selectively direct



hydraulic flow into the head-end chambers 40 of the hydraulic cylinders 30 (e.g.,

via one or more fluid lines that fluidly connect the P-C control valve 62 to the

head-end chambers 40 in parallel), and the P-C control valve 64 may selectively

direct hydraulic flow into the rod-end chambers 38 (e.g., via one or more fluid

lines that fluidly connects the P-C control valve 64 to the rod-end chambers 38 in

parallel). Also, the P-C control valves 62 and 64 may be configured to fluidly

connect the head-end chambers 40 and the rod-end chambers 38.

The C-T control valves 66 and 68 may be configured to direct

hydraulic fluid exiting from the hydraulic actuators 30 to the tank 52. In an

embodiment, the C-T control valve 66 may receive hydraulic fluid leaving the

head-end chambers 40 and direct the hydraulic fluid towards the tank 52 (e.g., via

one or more fluid lines that fluidly connect the head-end chambers 40 in parallel

to the C-T control valve 66). The C-T control valve 68 may receive hydraulic

fluid leaving the rod-end chambers 38 and direct the hydraulic fluid towards the

tank 52 (e.g., via one or more fluid lines that fluidly connect the rod-end

chambers 38 in parallel to the C-T control valve 68). The C-T control valves 66

and 68, like the P-C control valves 62 and 64, may include various types of

independently adjustable valve devices.

In an embodiment, the energy recovery system 70 may include a

high-pressure ("HP") accumulator 72, an accumulator charge valve 74, check

valves 76, 80, a cylinder discharge valve 78, a motor discharge valve 82, and a

motor 84. The energy recovered by the energy recovery system 70 may be used

to provide power for subsequent movements and operations of the hydraulic

cylinders 30 and/or other hydraulic actuators of the machine 10.

For example, the energy recovery system 70 may recover energy

associated with the pressurized hydraulic fluid discharged from the hydraulic

cylinders 30 under an overrunning load condition. An overrunning load

condition may exist when retraction is desired after the hydraulic cylinders 30

have been extended to lift a load. In the overrunning load condition, the



hydraulic cylinders 30 may be retracted by the force of gravity on the implement

system 12 and/or the force of gravity on the load carried by the implement system

12 (e.g., by opening the P-C control valve 64 and closing the P-C control valve

62 and the C-T control valve 68). This retraction may cause movement of the

pistons 34 in the direction of the respective head-end chambers 40, thus resulting

in pressurized hydraulic fluid being forced out of the head-end chambers 40. The

overrunning load condition may be distinguished from a resistive load condition

where the hydraulic cylinders 30 must work against the weight of the implement

system 12 and/or the force of gravity on the load to perform a movement or

operation. The resistive load condition may exist when extending the hydraulic

cylinders 30, e.g., lifting the pistons 34 against the force of gravity.

The accumulator charge valve 74 may fluidly connect the head

end chambers 40 to the HP accumulator 72. In the overrunning load condition,

the accumulator charge valve 74 may be actuated to an open position while the

C-T control valve 66 may be actuated to a closed position, thus allowing

pressurized hydraulic fluid exiting the head-end chambers 40 to enter (or charge)

the HP accumulator 72. The accumulator charge valve 74 may work in

conjunction with the check valve 76 such that when the accumulator charge valve

74 is in the open position, the check valve 76 may allow pressurized hydraulic

fluid to flow from the head-end chambers 40 to the HP accumulator 72, but not in

the reverse direction. In non-overrunning load conditions (such as the resistive

load condition), the accumulator charge valve 74 may be in a closed position to

prevent entry of pressurized hydraulic fluid exiting the head-end chambers 40

into the HP accumulator 72 (or vice versa).

As the amount of pressurized hydraulic fluid within the HP

accumulator 72 increases so may the pressure within the HP accumulator 72, thus

making it more difficult for pressurized hydraulic fluid to travel from the head

end chambers 40 to the HP accumulator 72. Once the pressure within the HP

accumulator 72 equals the pressure within the head-end chambers 40, the



pressurized hydraulic fluid may stop flowing from the head-end chambers 40 to

the HP accumulator 72. The pressurized hydraulic fluid may hold the hydraulic

cylinders 30 in their current positions, allowing the HP accumulator 72 to act as a

spring or shock absorber by reducing the amount of "bounce" of the implement

system 12 as the machine 10 moves over uneven surfaces at a work site. If

continued movement of the hydraulic cylinders 30 is desired, the pump 54 may

supply pressurized hydraulic fluid into the rod-end chambers 38 of the hydraulic

cylinders 30 (e.g., via the P-C control valve 64) to increase the pressure within

the head-end chambers 40 by driving the respective pistons 34 in the direction of

the head-end chambers 40. As such, the pressure in the head-end chambers 40

may be consistently maintained at a level greater than the pressure within the HP

accumulator 72 and the pistons 34 may function smoothly in the overrunning

load condition without experiencing a stoppage.

The cylinder discharge valve 78 and the motor discharge valve 82

may be located in fluid lines that fluidly connect the HP accumulator 72 to the

hydraulic cylinders 30 and the motor 84, respectively, to reuse (or discharge) the

pressurized hydraulic fluid stored in the HP accumulator 72. In the overrunning

load condition, the cylinder discharge valve 78 and the motor discharge valve 82

may be in respective closed positions, thus causing pressurized hydraulic fluid

exiting from the head-end chambers 40 to accumulate within and charge the HP

accumulator 72. When extension of the hydraulic cylinders 30 is desired, e.g., in

the resistive load condition or other non-overrunning load condition, the cylinder

discharge valve 78 and/or the motor discharge valve 82 may be shifted to the

respective open positions so that the pressurized hydraulic fluid stored in the HP

accumulator 72 may be reused. For example, as described below, the pressurized

hydraulic fluid may be supplied by the HP accumulator 72 to the hydraulic

cylinders 30 to perform a desired movement and/or to the motor 84 to generate

mechanical energy output.



The cylinder discharge valve 78 may be located in a fluid line

fluidly connecting the HP accumulator 72 and the hydraulic cylinders 30, e.g., to

selectively place the HP accumulator 72 into fluid communication with both

head-end chambers 40. In an embodiment, the cylinder discharge valve 78 may

be shifted to an open position while the accumulator charge valve 74 and the

motor discharge valve 82 are in closed positions, thus creating a flow path

between the HP accumulator 72 and the head-end chambers 40 such that

pressurized hydraulic fluid in the HP accumulator 72 may be supplied to the

head-end chambers 40 simultaneously to extend the hydraulic cylinders 30. The

cylinder discharge valve 78 may also work in conjunction with the check valve

80 such that when the cylinder discharge valve 78 is in the open position, the

check valve 80 may allow pressurized hydraulic fluid to flow from the HP

accumulator 72 to the head-end chambers 40, but not in the reverse direction.

The motor discharge valve 82 may be located in a fluid line fluidly

connecting the HP accumulator 72 and the motor 84, e.g., to selectively place the

HP accumulator 72 into fluid communication with the motor 84. In an

embodiment, the motor discharge valve 82 may be shifted to an open position

while the accumulator charge valve 74 and the cylinder discharge valve 78 are in

closed positions, thus creating a flow path between the HP accumulator 72 and

the motor 84 such that pressurized hydraulic fluid in the HP accumulator 72 may

be supplied to the motor 84 to produce a mechanical energy output (e.g., to assist

in driving the pump 54).

The motor 84 may be a variable-displacement motor coupled to

the power source 18 and/or the pump 54. The motor 84 may be configured to

receive pressurized fluid from the HP accumulator 72 and discharge the fluid into

the tank 52. The motor 84 may use the energy contained within the pressurized

fluid to generate a mechanical energy output that is passed to the pump 54 and/or

other components. For example, as shown in Fig. 2, the motor 84 may be

connected to a pump shaft of the pump 54, and the pump shaft may also be driven



by the power source 18. Alternatively, the pump 54 may be connected to the

motor 84 and/or the power source 18 via another mechanical arrangement, such

as one or more mechanical connectors, e.g., gears, shafts, couplers, etc.

The energy recovery system 70 may also include a tank

accumulator 90, a check valve 92, and a back pressure valve 94. In an

embodiment, the tank accumulator 90 may be operatively connected to the rod-

end chambers 38 via the C-T control valve 68. For example, when extension of

the hydraulic cylinders 30 is desired, e.g., in the resistive load condition or other

non-overrunning load condition, the C-T control valve 68 may be actuated to an

open position while the C-T control valve 66 is actuated to a closed position, thus

allowing pressurized hydraulic fluid exiting the rod-end chambers 38 to enter (or

charge) the tank accumulator 90. Thus, hydraulic fluid exiting from the rod-end

chambers 38 may be stored in the tank accumulator 90 for reuse at a later time.

The back pressure valve 94 may allow passage of pressurized

hydraulic fluid back into the tank 52, e.g., to regulate the pressure of pressurized

hydraulic fluid stored within the tank accumulator 90. For example, as

previously described, pressurized hydraulic fluid leaving the rod-end chambers

38 may be directed through C-T control valve 68 and towards the tank

accumulator 90, thus creating pressure within the tank accumulator 90 as

pressurized hydraulic fluid is stored therein. As long as the pressure in the tank

accumulator 90 remains below a predetermined pressure required to force the

back pressure valve 94 to an open position, the tank accumulator 90 may

continue to store more pressurized hydraulic fluid and the pressure in the tank

accumulator 90 may continue to steadily increase. However, once the pressure

within the tank accumulator 90 exceeds the predetermined pressure, the back

pressure valve 94 may be forced into an open position, thus allowing the

pressurized hydraulic fluid within the tank accumulator 90 to escape to the tank

52. Once enough fluid leaves the tank accumulator 90 to cause the pressure

within the tank accumulator 90 to fall back below the predetermined pressure,



then the back pressure valve 94 may return to its closed position. Thus, excess

flow in the tank accumulator 90 may return to the tank 52 so that the pressure

within the tank accumulator 90 may be consistently maintained at or below the

predetermined pressure level. It is contemplated that the predetermined pressure

level may be adjusted by adjusting the biasing pressure exerted by the back

pressure valve 94.

The tank accumulator 90 may supply pressurized hydraulic fluid

to the motor 84 when desired, e.g., when the motor 84 needs to be driven but

there is not enough pressurized hydraulic fluid in the HP accumulator 72 (e.g.,

when the pressure in the HP accumulator 72 is lower than a threshold). In an

embodiment, the motor discharge valve 82 may be shifted to a closed position

and the check valve 92 may allow pressurized hydraulic fluid to flow from the

tank accumulator 90 to the motor 84, but not in the reverse direction.

The energy recovery system 70 may also include a regeneration

valve 96 and a check valve 98. The regeneration valve 96 may be disposed

within one or more fluid lines that extend between the head-end chambers 40 and

the rod-end chambers 38. When the regeneration valve 96 is shifted to an open

position, some of the fluid discharged from the head-end chambers 40 may be

directed to the rod-end chambers 38 (and/or vice versa), without the fluid first

passing through the pump 54 and/or the HP accumulator 72. The regeneration

valve 96 may also work in conjunction with the check valve 98 such that when

the regeneration valve 96 is in the open position, the check valve 98 may allow

pressurized hydraulic fluid to flow from the head-end chambers 40 to the rod-end

chambers 38, but not in the reverse direction. Alternatively, instead of opening

the regeneration valve 96, the P-C control valves 62 and 64 may be shifted to

open positions simultaneously to allow some of the fluid discharged from the

head-end chambers 40 to be directed to the rod-end chambers 38 (and/or vice

versa), without the fluid first passing through the pump 54 and/or the HP

accumulator 72.



For example, when retraction of the hydraulic cylinders 30 is

desired, e.g., in the overrunning load condition, the regeneration valve 96 may be

shifted to the open position to allow pressurized hydraulic fluid to flow from the

head-end chambers 40 to the rod-end chambers 38. As a result, when there may

not be enough pressurized hydraulic fluid being supplied to the rod-end chambers

38 by the pump 54 (such as when the pump 54 is also supplying pressurized

hydraulic fluid to other hydraulic cylinders, e.g., for moving the stick 24 and/or

the work tool 14), the regeneration valve 96 may be operated to directly supply

pressurized hydraulic fluid from the head-end chambers 40 to the rod-end

chambers 38 to assist in maintaining a desired speed for the retraction of the

hydraulic cylinders 30 and to avoid having to limit the speed of the hydraulic

cylinders 30.

The regeneration valve 96 may be opened at the same time as the

accumulator charge valve 74 so that pressurized hydraulic fluid may be supplied

from the head-end chambers 40 to both the HP accumulator 72 and the rod-end

chambers 38 simultaneously. Alternatively, the regeneration valve 96 may be

opened when the accumulator charge valve 74 is closed so that the pressurized

hydraulic fluid from the head-end chambers 40 may be supplied to the rod-end

chambers 38 only.

During operation of the machine 10, the operator of the machine

10 may utilize the interface device (not shown) to provide a signal that identifies

a desired movement of the hydraulic cylinders 30 to a controller 100. Based

upon one or more signals, including the signal from the interface device (not

shown) and, for example, signals from various pressure, temperature, and/or

position sensors 102 located throughout the hydraulic system 50, the controller

100 may command movement of the different valves 62, 64, 66, 68, 74, 78, 82,

and 96 and/or displacement changes of the pump 54 and the motor 84 to move

the hydraulic cylinders 30 to a desired position in a desired manner (i.e., at a

desired speed and/or with a desired force). For example, the sensors 102 may



include an accumulator pressure sensor 10 A configured to determine a pressure

associated with the pressurized hydraulic fluid stored in and/or supplied to the HP

accumulator 72, one or more cylinder pressure sensors 102B configured to

determine a pressure associated with the pressurized hydraulic fluid stored in

and/or supplied to the head-end chambers 40, and/or a pump pressure sensor

102C configured to determine a pressure associated with the pressurized

hydraulic fluid supplied from the pump 54. As shown in Fig. 2, other sensors

may be provided, such as sensors 102 configured to determine a temperature of

the pressurized hydraulic fluid stored in the HP accumulator 72, a pressure of the

hydraulic fluid directed from the motor discharge valve 82 to the motor 84, a

displacement of the motor 84, spool displacement sensors for the respective P-C

control valves 62 and 64, a pressure of the hydraulic fluid supplied from the

pump 54 and directed to the P-C control valves 62 and 64, and pressures of the

hydraulic fluid stored in, supplied to, or discharged from the respective head-end

and rod-end chambers 38 and 40.

The controller 100 may embody a single microprocessor or

multiple microprocessors that include components for controlling operations of

the hydraulic system 50 based on input from an operator of the machine 10 and

based on sensed or other known operational parameters. Numerous

commercially available microprocessors can be configured to perform the

functions of the controller 100. It should be appreciated that the controller 100

could readily be embodied in a general machine microprocessor capable of

controlling numerous machine functions. The controller 100 may include a

memory, a secondary storage device, a processor, and any other components for

running an application. Various other circuits may be associated with the

controller 100 such as power supply circuitry, signal conditioning circuitry,

solenoid driver circuitry, and other types of circuitry.

One or more additional check valves 104 may be provided to

assist in regulating the flow of hydraulic fluid, e.g., discharged from the pump 54



and/or the hydraulic cylinders 30. Also, one or more relief valves 106 may be

provided to allow fluid relief from the hydraulic system 50 into the tank 52 when

a pressure of the hydraulic fluid exceeds a set threshold of the relief valve 106.

As shown in Fig. 3, a variable-displacement over-center

pump/motor 184 and its associated fluid lines may be substituted for the motor 84

and its associated fluid lines shown in Fig. 2. The hydraulic subsystem shown in

Fig. 3 may be provided in the hydraulic system 50 shown in Fig. 2 and for ease of

illustration components of the hydraulic system 50 have been omitted from Fig.

3. As indicated by arrow A, the HP accumulator 72 may receive pressurized

hydraulic fluid, e.g., via the accumulator charge valve 74 as described above in

connection with Fig. 2. As indicated by arrow B, the pump 54 may supply

pressurized hydraulic fluid to the hydraulic cylinders 30, e.g., via the cylinder

control valve assembly 60 as described above in connection with Fig. 2.

The over-center pump/motor 184 may be selectively configured to

operate as a pump or motor, e.g., depending on the position (e.g., tilt angle) of a

swashplate (not shown) of the over-center pump/motor 184. The position of the

swashplate may be controlled using the controller 100. As shown by arrow C,

the direction of flow with respect to the over-center motor 184 may be adjusted,

depending on the operation of the over-center pump/motor 184. The over-center

pump/motor 184 may include a first port 186 and a second port 188. When flow

is directed from the motor discharge valve 82 to the over-center pump/motor 184,

the first port 186 serves as an inlet and the second port 188 serves as an outlet.

When flow is directed in the opposite direction (from the over-center pump/motor

184 to the motor discharge valve 82), the second port 188 serves as an inlet and

the first port 186 serves as an outlet.

When the over-center pump/motor 184 is operating as a motor, the

first port 186 may serve as an inlet and the second port 188 may serve as an

outlet. Thus, the motor discharge valve 82 may be shifted to an open position to

allow the first port 186 to receive pressurized hydraulic fluid from the HP



accumulator 72 while the second port 188 may discharge fluid from the over-

center pump/motor 184 into the tank 52. The over-center pump/motor 184 may

use the energy contained within the pressurized fluid to generate a mechanical

energy output that is passed to the pump 54 and/or other components. As

indicated by arrow D, the over-center pump/motor 184 may receive pressurized

hydraulic fluid from other components, such as the tank accumulator 90, as

described above in connection with Fig. 2, instead of the pressurized hydraulic

fluid from the HP accumulator 72. For example, the motor discharge valve 82

may be shifted to a closed position and the check valve 92 may allow pressurized

hydraulic fluid to flow from the tank accumulator 90 to the motor 84, but not in

the reverse direction.

When the over-center pump/motor 184 is operating as a pump, the

second port 188 may serve as an inlet and the first port 186 may serve as an

outlet. Thus, the over-center pump/motor 184 may draw hydraulic fluid from the

tank 52 at ambient or low pressure at the second port 188, and may convert

mechanical energy or power (e.g., from the power source 18) to hydraulic energy

or power by pressurizing the hydraulic fluid. The pressurized hydraulic fluid

flow may exit through the first port 186. The motor discharge valve 82 may be

shifted to an open position to supply the pressurized hydraulic fluid to the HP

accumulator 72 to store the energy and use it through discharge later.

Alternatively, as shown in Fig. 4, a switching valve 282, a

variable-displacement pump/motor 284, and associated fluid lines may be

substituted for the motor discharge valve 82, the motor 84, and associated fluid

lines shown in Fig. 2. The hydraulic subsystem shown in Fig. 4 may be provided

in the hydraulic system 50 shown in Fig. 2 and for ease of illustration

components of the hydraulic system 50 have been omitted from Fig. 4.

The pump/motor 284 may be selectively configured to operate as a

pump or motor, e.g., depending on the position (e.g., tilt angle) of a swashplate

(not shown) of the pump/motor 284. The position of the swashplate may be



controlled using the controller 100. The pump/motor 284 may include an inlet

port 286 and an outlet port 288. Unlike the over-center pump/motor 184 shown

in Fig. 3, the ports 286 and 288 may not be capable of switching from inlet to

outlet (and vice versa). Therefore, the switching valve 282 may be provided to

control the direction of flow to the pump/motor 284. The switching valve 282

may be shifted between a first position 282A, a second position 282B, and a third

position 282C.

When the pump/motor 284 is operating as a motor, the switching

valve 282 may be shifted to the first position 282A to allow the inlet port 286 to

receive pressurized hydraulic fluid from the HP accumulator 72 while the outlet

port 288 may discharge fluid from the pump/motor 284 into the tank 52. The

pump/motor 284 may use the energy contained within the pressurized fluid to

generate a mechanical energy output that is passed to the pump 54 and/or other

components.

When the switching valve 282 is shifted to the second position

282B, the pump/motor 284 is not fluidly connected to the HP accumulator 72 and

therefore is not capable of charging or discharging the HP accumulator 72.

When the pump/motor 284 is operating as a pump, the switching

valve 282 may be shifted to the third position 282C to allow the inlet port 286 to

draw hydraulic fluid from the tank 52 at ambient or low pressure, and may

convert mechanical energy or power (e.g., from the power source 18) to hydraulic

energy or power by pressurizing the hydraulic fluid. The pressurized hydraulic

fluid flow may exit through the outlet port 286 and supplied via the switching

valve 282 to the HP accumulator 72. Thus, the HP accumulator 72 may be

charged by operating the pump/motor 284 as a pump while the switching valve

282 is in the third position 282C.

Industrial Applicability

The disclosed hydraulic system 50 may have particular

applicability with machines to allow recovery and/or reuse of potential energy



associated with movement of the implement system 12 operatively connected to

one or more hydraulic cylinders (e.g., the hydraulic cylinders 30) or other

hydraulic actuators. Operation of the hydraulic system 50 will now be described.

During operation of the machine 10, an operator located within the

operator station 20 may command a particular motion of work tool 14 in a

desired direction and at a desired velocity by way of an interface device. One or

more corresponding signals generated by the interface device may be provided to

the controller 100 indicative of the desired motion, along with machine

performance information, for example data from the sensors 102 such pressure

data, position data, temperature data, speed data, pump and/or motor

displacement data, and other data known in the art.

The controller 100 may generate control signals directed to one or

more of the pump 54, the motor 84, the pump/motor 184 or 284, the valve(s) 62,

64, 66, 68, 74, 78, 82, 96, and/or 282, and/or other components of the hydraulic

system 50. For example, based on the signals from the interface device, the

controller 100 may determine whether to extend or retract the hydraulic cylinders

30, and the speed and direction of movement of the hydraulic cylinders 30. The

controller 100 may also determine whether to open the accumulator charge valve

74 and/or operate the pump/motor 184 or 284 to charge the HP accumulator 72.

The controller 100 may also determine whether to discharge the HP accumulator

72 by supplying the pressurized hydraulic fluid to the head-end chambers 40

(e.g., by opening the cylinder discharge valve 78) to assist in extending the

hydraulic cylinders 30, and/or by supplying the pressurized hydraulic fluid to the

motor 84, the pump/motor 184, or the pump/motor 284 (e.g., via the motor

discharge valve 82 or the switching valve 282) to assist in driving the pump 54 or

other components.

The following discussion relates to the operation of the hydraulic

circuit 50 including the motor 84, but it is understood that the same description

applies to a similar hydraulic circuit including either the pump/motor 184 or 284.



Retraction of the hydraulic cylinders 30 to lower the boom 22

from a raised position may be driven by the force of gravity acting on the raised

boom 22 and/or the force of gravity on the load carried by the work tool 14.

Those forces may act on the pistons 34 to push pressurized hydraulic fluid out of

the head-end chambers 40. That pressurized hydraulic fluid may then be directed

into the HP accumulator 72 via the accumulator charge valve 74 where it may be

stored and/or directed into the rod-end chambers 38 via the regeneration valve 96

or the P-C control valves 62 and 64 to assist in maintaining a desired speed for

the retraction of the hydraulic cylinders 30.

Extension of the hydraulic cylinders 30 to raise the boom 22 may

include supplying pressurized hydraulic fluid, provided by the pump 54, into the

head-end chambers 40 while allowing pressurized hydraulic fluid in the rod-end

chambers 38 to return to the tank 52. As pressurized hydraulic fluid exits from

the rod-end chambers 38, it may be directed towards the tank accumulator 90 so

that the tank accumulator 90 may store the pressurized hydraulic fluid and the

energy associated therewith.

The stored pressurized hydraulic fluid in the HP accumulator 72

may be used to provide power to assist in subsequent movements of the boom 22,

e.g., towards the head-end chambers 40 to extend the hydraulic cylinders 30. For

example, the controller 100 may open the cylinder discharge valve 78 (e.g., while

closing the motor discharge valve 82) to supply the pressurized hydraulic fluid

from the HP accumulator 72 to the head-end chambers 40 to assist in extending

the hydraulic cylinders 30 and/or to supplement the flow from the pump 54,

which may pressurize hydraulic fluid drawn from the tank 52 and direct the

pressurized hydraulic fluid to the head-end chambers 40. Alternatively, the

controller 100 may open the motor discharge valve 82 (e.g., while closing the

cylinder discharge valve 78) to supply the pressurized hydraulic fluid from the

HP accumulator 72 to the motor 84 to assist in driving the pump 54.



The controller 100 may determine when to open the cylinder

discharge valve 78 or the motor discharge valve 82 at least based on the pressure

associated with the head-end chambers 40 (e.g., based on the sensed pressure

from the cylinder pressure sensor 102B) and the pressure associated with the HP

accumulator 72 (e.g., based on a sensed pressure from the accumulator pressure

sensor 102A). For example, the controller 100 may open the motor discharge

valve 82 when the pressure associated with the head-end chambers 40 is greater

than the pressure associated with the HP accumulator 72. The controller 100 may

also open the motor discharge valve 82 when the pressure associated with the

head-end chambers 40 is less than the pressure associated with the HP

accumulator 72 and when the difference in the two pressures is relatively high

(e.g., greater than a threshold such as approximately 10 bar, approximately 20

bar, approximately 30 bar, approximately 40 bar, etc.). Supplying pressurized

hydraulic fluid from the HP accumulator 72 to the motor 84 to assist in driving

the pump 54 may reduce the burden on the power source 18, which therefore may

reduce fuel consumption.

On the other hand, the controller 100 may open the cylinder

discharge valve 78 when the pressure associated with the head-end chambers 40

is less than the pressure associated with the HP accumulator 72 and when the

difference in the two pressures is relatively small (e.g., less than a threshold such

as approximately 10 bar, approximately 20 bar, approximately 30 bar,

approximately 40 bar, etc.). Opening the cylinder discharge valve 78 when there

is a relatively small pressure drop may reduce the amount of heat that may be

generated due to the pressure drop. Also, since the motor 84 is not used to supply

pressurized hydraulic fluid from the HP accumulator 72 to the head-end

chambers 40 via the cylinder discharge valve 78, any potential losses in energy

due to the motor's energy conversion efficiency may be avoided. Also, since the

pump 54 is not used to supply pressurized hydraulic fluid from the HP

accumulator 72 to the head-end chambers 40 via the cylinder discharge valve 78,



the burden on the power source 18 may be reduced, thereby reducing fuel

consumption.

Since the pressurized hydraulic fluid may be supplied from the HP

accumulator 72 to the head-end chambers 40 or the motor 84, pressurized

hydraulic fluid may not be supplied directly from the HP accumulator 72 to the

pump 54. As a result, the pump 54 does not have be designed specifically to

receive pressurized hydraulic fluid in addition to the low-pressure hydraulic fluid

from the tank 52.

The controller 100 may also determine which one of the cylinder

discharge valve 78 or the motor discharge valve 82 to open based on the pressure

associated with the pump 54 (e.g., based on a sensed pressure from the pump

pressure sensor 102C) in addition to the pressures associated with the head-end

chambers 40 and the HP accumulator 72. In certain applications, the hydraulic

system 50 may include multiple hydraulic actuators associated with different

desired pressures or loads (e.g., the hydraulic cylinders 30, one or more hydraulic

cylinders for moving the stick 24, and/or one or more hydraulic cylinders for

moving the work tool 14). The pump 54 may supply pressurized hydraulic fluid

to the multiple hydraulic actuators simultaneously. Outlet pressure of the pump

54 may be determined based on the highest desired pressure (load) of the multiple

hydraulic actuators connected to the pump 54. However, if the pressure of the

pressurized fluid supplied by the pump 54 is higher than the pressure associated

with the head-end chambers 40, then there may be a pressure drop across the P-C

control valve 62, which may generate heat depending on the pressure difference.

Thus, when the cylinder discharge valve 78 is opened, there may be a pressure

drop (and corresponding heat generation) depending on the difference in pressure

associated with the head-end chambers 40 and the HP accumulator 72. When the

motor discharge valve 82 is opened, there may be a pressure drop (and

corresponding heat generation) depending on the difference in pressure

associated with the head-end chambers 40 and the pump 54. The controller 100



may determine which one of the cylinder discharge valve 78 or the motor

discharge valve 82 to open based on which valve 78 or 82 may produce the

smaller pressure drop, which may reduce heat generation.

For example, the controller 100 may determine a first difference

between the pressure associated with the head-end chambers 40 and the pressure

associated with the HP accumulator 72, and a second difference between the

pressure associated with the head-end chambers 40 and the pressure associated

with the pump 54. The controller 100 may open the motor discharge valve 82

when the second difference is less than the first difference and/or when the pump

54 is delivering pressurized fluid to another hydraulic actuator other than the

hydraulic cylinders 30 (e.g., when any of the hydraulic actuators is in a non-

overrunning load condition), and may open the cylinder discharge valve 78 when

the first difference is less than the second difference. As a result, pressure drops

may be reduced, which may reduce the amount of heat generated in the hydraulic

system 50 and may save energy accordingly.

As the stored pressurized hydraulic fluid within the HP

accumulator 72 is used up, the pressure within the HP accumulator 72 may drop

accordingly. When the controller 100 determines that the pressure associated

with the HP accumulator 72 falls below a predetermined level, e.g., based on a

sensed pressure from the accumulator pressure sensor 102A, the controller 100

may close the motor discharge valve 82 and the cylinder discharge valve 78 and

the pressurized fluid in the tank accumulator 90 may be supplied to the motor 84,

allowing the motor 84 to drive the pump 52 as the pressurized hydraulic fluid in

the HP accumulator 72 nears depletion.

When the energy recovery system 70 includes the pump/motor

184 or 284, the HP accumulator 72 may also be charged by operating the

pump/motor 184 or 284 as a pump. For example, the pump/motor 184 or 284

may be operated as a pump when the power source 18 is idling, has a lower load,

and/or has a lower power requirement (e.g., if the power requirement of the



power source 18 is less than a maximum power output of the power source 18,

below a threshold (e.g., below approximately 200 kW, approximately 150 kW,

approximately 100 kW, approximately 50 kW, etc.), etc.), and/or when the HP

accumulator 72 has a lower pressure. However, when the power source 18 is not

idling, has a higher load, and/or has a higher power requirement (e.g., if the

power requirement of the power source 18 is greater than the power output),

and/or the pressure in the HP accumulator 72 is above a threshold, the

pump/motor 184 or 284 may be operable as a motor to discharge the HP

accumulator 72 for generating a mechanical power output that assists in driving

the pump 54 and/or other components. Therefore, the pump/motor 184 or 284

provides a peak shaving function that may permit more efficient operation of the

power source 18 and therefore may also allow for a reduction in size of the power

source 18.

Thus, the energy recovery system 70 may provide for the recovery

and/or reuse of energy by capturing the energy which was previously throttled to

tank and lost as heat, and by storing the energy in the HP and tank accumulators

72 and 90. Then, when an operator desires to once again raise the boom 22 by

extending the hydraulic cylinders 30, the stored energy, in the form of

pressurized hydraulic fluid, may be recirculated to the head-end chambers 40 or

to the motor 84, 184, or 284. This reuse of energy may improve machine

efficiency and reduce fuel costs (e.g., by helping to reduce a load on the power

source 18) and overall operating costs, while still satisfying operator demands.

It will be apparent to those skilled in the art that various

modifications and variations can be made to the disclosed hydraulic system.

Other embodiments will be apparent to those skilled in the art from consideration

of the specification and practice of the disclosed hydraulic system. It is intended

that the specification and examples be considered as exemplary only, with a true

scope being indicated by the following claims and their equivalents.



Claims

1. A hydraulic system (50) comprising:

a hydraulic actuator (30);

a pump (54) configured to supply fluid to the hydraulic actuator

(30);

a first accumulator (72) fluidly connected to the hydraulic actuator

(30) and configured to store fluid received from the hydraulic actuator (30);

a motor (84, 184, 284) drivingly connected to the pump (54) and

fluidly connected to the first accumulator (72), the motor being configured to

receive the stored fluid from the first accumulator (72) to drive the pump (54);

and

a first discharge valve (78) fluidly connected between the first

accumulator (72) and the hydraulic actuator (30), the first discharge valve (78)

being configured to supply the stored fluid from the first accumulator (72) to the

hydraulic actuator (30) without the stored fluid from the first accumulator (72)

circulating through the pump (54).

2. The hydraulic system (50) of claim 1, further including a

second discharge valve (82, 282) fluidly connected between the first accumulator

(72) and the motor (84, 184, 284), the second discharge valve (82, 282) being

configured to supply the stored fluid from the first accumulator (72) to the motor

(84, 184, 284).

3. The hydraulic system (50) of claim 2, further including:

an accumulator pressure sensor (102A) configured to determine an

accumulator pressure associated with the stored fluid in the first accumulator

(72);



an actuator pressure sensor (102B) configured to determine an

actuator pressure associated with the fluid supplied to the hydraulic actuator (30);

and

a controller (100) connected to the first discharge valve (78), the

second discharge valve (82, 282), the accumulator pressure sensor (102A), and

the actuator pressure sensor (102B), the controller (100) being configured to:

open the first discharge valve (78) when a first condition

associated with the accumulator pressure and the actuator pressure is satisfied,

and

open the second discharge valve (82, 282) when a second

condition associated with the accumulator pressure and the actuator pressure is

satisfied, the second condition being different from the first condition.

4. The hydraulic system (50) of claim 3, wherein the controller

(100) is configured to receive a command to provide fluid to the hydraulic

actuator (30), and determine which of the first discharge valve (78) or the second

discharge valve (82, 282) to open in response to the command.

5. The hydraulic system (50) of claim 4, wherein:

the first condition includes the actuator pressure being less than

the accumulator pressure and a difference between the accumulator and actuator

pressures being smaller than a threshold; or

the second condition includes the actuator pressure being less than

the accumulator pressure and a difference between the accumulator and actuator

pressures being greater than a threshold.

6. The hydraulic system (50) of claim 4, wherein the second

condition includes the actuator pressure being greater than the accumulator

pressure.

7. The hydraulic system (50) of claim 4, wherein:



in response to the command, the controller (100) is further

configured to determine a first difference between the actuator pressure and the

accumulator pressure and a second difference between the actuator pressure and a

pump pressure associated with the fluid supplied by the pump (54); and

the first condition includes the first difference being less than the

second difference or the second condition includes the second difference being

less than the first difference.

8. The hydraulic system (50) of claim 1, wherein:

the hydraulic actuator is a hydraulic cylinder (30) configured to

move a boom (22) that is movably connected to a body of a machine, the

hydraulic cylinder being one of a plurality of hydraulic cylinders (30),

the pump (54) is selectively configured to supply fluid to a

plurality of first chambers (40) of the plurality of hydraulic actuators (30) in

parallel and supply fluid to a plurality of second chambers (38) of the plurality of

hydraulic actuators (30) in parallel;

in an overrunning load condition, the first accumulator (72) is

configured to store fluid received from the plurality of first chambers (40); and

in a non-overrunning load condition, the motor (84, 184, 284) is

configured to receive the stored fluid from the first accumulator (72) to drive the

pump (54) to supply fluid to the plurality of first chambers (40).

9. A method of recovering and reusing energy with a hydraulic

system (50), the method comprising:

directing fluid from a hydraulic actuator (30) to a first accumulator

(72) to store fluid in the first accumulator (72);

determining an accumulator pressure associated with the fluid

stored in the first accumulator (72);

determining an actuator pressure associated with fluid supplied to

the hydraulic actuator (30);



directing the stored fluid from the first accumulator (72) to the

hydraulic actuator (30) without circulating the stored fluid from the first

accumulator (72) through a pump (54) when a first condition associated with the

accumulator and actuator pressures is satisfied; and

directing the stored fluid from the first accumulator (72) to a

motor (84, 184, 284) driving the pump (54) when a second condition associated

with the accumulator and actuator pressures is satisfied, the second condition

being different from the first condition.

10. The method of claim 9, wherein the first condition includes at

least one of:

a first difference between the accumulator and actuator pressures

being smaller than a threshold; or

a second difference between the actuator pressure and the

accumulator pressure being less than a third difference between the actuator

pressure and a pump pressure associated with fluid supplied by the pump (54).
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