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ACCUMULATOR MANAGEMENT

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is being filed on December 15, 2016 as a PCT International Patent
Application and claims the benefit of U.S. Patent Application Serial No. 62/269,704, filed
on December 18, 2015, and claims the benefit of U.S. Patent Application Serial No.
62/291,103, filed on February 4, 2016, the disclosures of which are incorporated herein by

reference in their entireties.

BACKGROUND

Mobile pieces of machinery (e.g., excavators) often include hydraulic systems
having hydraulically powered linear and rotary actuators used to power various active
machine components (e.g., linkages, tracks, rotating joints, etc.). Typically, the linear
actuators include hydraulic cylinders and the rotary actuators include hydraulic motors. By
accessing a user interface of a machine control system, a machine operator can control
movement of the various machine components.

A typical piece of mobile machinery includes a prime mover (e.g., a diesel engine,
spark ignition engine, electric motor, etc.) that functions as an overall source of power for
the piece of mobile machinery. Commonly, the prime mover powers one or more
hydraulic pumps that provide pressurized hydraulic fluid for driving the active machine
components of the piece of machinery. The prime mover is typically required to be sized
to satisty a peak power requirement of the system. Because the prime mover is designed to
satisty peak power requirements, the prime mover often does not operate at peak
efficiency under average working loads.

The operation of the active hydraulic components of the type described above can
be characterized by frequent accelerations and decelerations (e.g., overrunning hydraulic
loads). Due to throttling, there is often substantial energy loss associated with
decelerations. Accumulators are often used to recover energy losses associated with such
decelerations and to supplement the power of the prime mover. Such accumulators are
configured to store high amounts of energy for on-demand use in hydraulic systems.
However, there is a need for improved systems for maintaining consistent energy storage

within the accumulator while also maintaining a safely operating accumulator.
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SUMMARY

The present disclosure relates generally to series of control valves that manage
accumulator behavior.

In a first aspect of the present disclosure, a hydraulic system is disclosed. The
hydraulic system includes a variable displacement pump and a hydraulic transformer. The
hydraulic transformer includes an output shaft mechanically connected to a working load.
The working load is a swing gearbox for an excavator. The hydraulic system also includes
an accumulator fluidly connected to the pump by a pump line. The accumulator is also
fluidly connected to the hydraulic transformer by a transformer line. The hydraulic system
further includes a pre-charge valve positioned on the pump line between the accumulator
and the pump. Fluid passes to the accumulator from the pump through the pre-charge
valve along the pump line when the pump is first powered on.

In a second aspect of the present disclosure, a method of operating a hydraulic
system is disclosed. The method includes powering on a hydraulic pump that is fluidly
connected to a hydraulic circuit and an accumulator circuit. The method also includes
opening a pre-charge valve positioned along an accumulator line. The accumulator line is
connected to the pump and the accumulator circuit. The method includes providing fluid
flow from the pump along the accumulator line and charging an accumulator connected to
the accumulator line prior to providing fluid flow to the hydraulic circuit. The method also
includes closing the pre-charge valve.

In a third aspect of the present disclosure, a hydraulic system is disclosed. The
hydraulic system includes a variable displacement pump and a hydraulic fluid tank
connected to the pump. The hydraulic system also includes an accumulator that is fluidly
connected to the pump by a pump line. The hydraulic system includes a pre-charge valve
positioned on the pump line between the accumulator and the pump. Fluid passes to the
accumulator from the pump through the pre-charge valve along the pump line when the
pump is first powered on. The hydraulic system also includes a drain valve positioned
between the accumulator and the hydraulic fluid tank. The drain valve opens to drain the
fluid from the accumulator to the hydraulic fluid tank when the pump is powered off. The
hydraulic system further includes a hydraulic transformer fluidly connected to the
accumulator by a transformer line. The hydraulic transformer includes an output shaft
mechanically connected to a working load. The working load is a swing gearbox for an

excavator. Further, the hydraulic system includes a transformer valve positioned on the



10

15

20

25

30

WO 2017/106536 PCT/US2016/066987

transformer line between the hydraulic transformer and the accumulator. The transformer
valve, pre-charge valve, and drain valve are capable of closing simultaneously to fluidly
isolate the accumulator from the pump, accumulator, and hydraulic transformer.

A variety of additional aspects will be set forth in the description that follows. The
aspects can relate to individual features and to combinations of features. It is to be
understood that both the foregoing general description and the following detailed
description are exemplary and explanatory only and are not restrictive of the broad

inventive concepts upon which the embodiments disclosed herein are based.

DRAWINGS
The following drawings are illustrative of particular embodiments of the present

disclosure and therefore do not limit the scope of the present disclosure. The drawings are
not to scale and are intended for use in conjunction with the explanations in the following
detailed description. Embodiments of the present disclosure will hereinafter be described
in conjunction with the appended drawings, wherein like numerals denote like elements.

FIG 1 and FIG. 2 show a mobile piece of excavation equipment that is an example
of one type of machine on which hydraulic systems in accordance with the principles of
the present disclosure can be used;

FIG. 3 is a schematic diagram of a hydraulic system in accordance with the
principles of the present disclosure; and

FIG. 4 is a schematic diagram of a hydraulic system in accordance with the

principles of the present disclosure.

DETAILED DESCRIPTION

Reference will now be made in detail to aspects of the present disclosure that 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 structure.

The hydraulic system described herein is configured to more efficiently and safely
manage the operation of an accumulator in a hydraulic circuit. Specifically, the hydraulic
system described herein is configured to charge the accumulator with a baseline pump
immediately after startup and prior to operation of other hydraulic components within the
hydraulic circuit. Additionally, the system has the ability to fluidly isolate the accumulator
in the instance of an accumulator failure so as to protect the hydraulic system, and

attached components, along with limiting the maximum pressure held within the
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accumulator. Once isolated, the accumulator can then be safely drained. Further, it is
preferred that, once the hydraulic system is powered down, the accumulator also be
simultaneously emptied to prevent an accidental output of any energy stored in the
accumulator. Such an accident could occur during maintenance. Therefore, the hydraulic
circuit disclosed herein is configured to immediately vent any stored energy left in the
hydraulic accumulator to the tank upon shutdown of the hydraulic system.

FIGS. 1 and 2 depict an example excavator 100 including an upper structure 102
supported on an undercarriage 104. The undercarriage 104 includes a propulsion structure
for carrying the excavator 100 across the ground. For example, the undercarriage 104 can
include left and right tracks. The upper structure 102 is pivotally movable relative to the
undercarriage 104 about a pivot axis 106 (i.e., a swing axis). In certain embodiments of the
present disclosure, the transformer input/output shafts of described herein can be used for
pivoting the upper structure 102 about the pivot axis 106 relative to the undercarriage 104.

The upper structure 102 can support and carry a prime mover (e.g., a diesel
engine, a spark ignition engine, an electric motor, or other power source) of the machine
and can also include a cab 108 in which an operator interface is provided. A boom 110 is
carried by the upper structure 102 and is pivotally moved between raised and lowered
positions by a boom cylinder 110c. An arm 112 is pivotally connected to a distal end of
the boom 110. An arm cylinder 112c¢ is used to pivot the arm 112 relative to the boom
110. The excavator 100 also includes a bucket 114 pivotally connected to a distal end of
the arm 112. A bucket cylinder 114c is used to pivot the bucket 114 relative to the arm
112. In certain embodiments, the boom cylinder 110c, the arm cylinder 112¢, and the
bucket cylinder 114c¢ can be controlled by, and part of, the hydraulic circuit described
herein.

Figure 3 shows a hydraulic system 116 in accordance with the principles of the
present disclosure. The hydraulic system 116 includes a variable displacement pump 118
driven by a prime mover 120. The variable displacement pump 118 includes an inlet 122
that draws low pressure hydraulic fluid from a tank 124 (i.e., a low pressure reservoir).
The variable displacement pump 118 also includes an outlet 126 through which high
pressure hydraulic fluid is output. The outlet 126 is preferably fluidly coupled to a
plurality of different working load circuits. For example, the outlet 126 is shown coupled
to a first load circuit 128 and a second load circuit 130. The first load circuit 128 includes
a hydraulic transformer 132 including a first port 134, a second port 136, and a third port
138. The first port 134 of the hydraulic transformer 132 is fluidly connected to the outlet
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126 of the variable displacement pump 118. The first port 134 is also fluidly connected to
the second load circuit 130 and a recovery circuit 139. The second load circuit 130 and
recovery circuit 139 can both be fluidly connected to the boom cylinder 110c¢, the arm
cylinder 112c, and the bucket cylinder 114c. The second port 136 is fluidly connected to
the tank 124. The third port 138 is fluidly connected to a hydraulic pressure accumulator
140.

The fluid recovery circuit 139 is connected to the first port 134 via flow line 141
and a flow control valve 160 (i.e., a mode valve). The flow control valve 160 is between
the first port 134 and the recovery circuit 139. The flow control valve 160 is movable
between first and second positions. In the first position, the flow control valve 160 fluidly
connects the output side 126 of the pump 122 to the first port 134 of the transformer 132.
In the second position, the flow control valve 160 fluidly connects the first port 134 to the
recovery circuit 139. The recovery circuit 139, for example, can contain the boom cylinder
110c, the arm cylinder 112¢, and the bucket cylinder 114¢. Therefore, fluid flow can be
supplied by the recovery circuit 139 to the transformer 132 when an element in the circuit
is performing certain movements. For example, the lowering of the boom can cause
pressurized fluid to leave the boom cylinder 110c¢ and travel to the first port 134 of the
transformer 132. By directing pressurized hydraulic fluid to the transformer 132, potential
energy corresponding to the element in the recovery circuit 139 can be recovered and
stored in the accumulator 140 and/or can be transferred to an external load 144.
Additionally, in certain embodiments, the energy can also be transferred back toward the
variable displacement pump 122 in the form of pressurized hydraulic fluid pumped out of
the transformer 132. In this way, the hydraulic transformer 132 allows for the recovery
and use of potential energy corresponding to the element in the recovery circuit 139.

The hydraulic transformer 132 includes a shaft 142 that couples to the external
load 144. In the depicted embodiment, the external load 144 is the swing gearbox that is
used to pivot (i.e., swing) the upper structure 102 of the excavator 100 about the pivot axis
106 relative to the undercarriage 104. Thus, the external load 144 represents the load used
to accelerate and decelerate pivotal movement of the upper structure 102 about the pivot
axis 106. A brake 146 can be used to selectively slow the rotation of the shaft 142.

The hydraulic transformer 132 includes first and second variable volume positive
displacement pump/motor units 148, 150 connected by the shaft 142. The shaft 142

includes a first portion 142a that connects the first pump/motor unit 148 to the second
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pump/motor unit 150, and a second portion 142b that connects to an output/input shaft
142c¢.

In one embodiment, each of the first and second pump/motor units 148, 150
includes a rotating group (e.g., cylinder block and pistons) that rotates with the shaft 142,
and a swash plate 152 that can be positioned at different angles relative to the shaft 142 to
change the amount of pump displacement per each shaft rotation. The volume of hydraulic
fluid displaced across a given one of the pump/motor units 148, 150 per rotation of the
shaft 142 can be varied by varying the angle of the swash plate 152 corresponding to the
given pump/motor unit. Varying the angle of the swash plate 152 also changes the torque
transferred between the shaft 142 and the rotating group of a given pump/motor unit.
When the swash plates 152 are aligned perpendicular to the shaft 142, no hydraulic fluid
flow is directed through the pump/motor units 148, 150. The swash plates 152 can be
over-the-center swash plates that allow for bi-directional rotation of the shaft 142. The
angular positions of the swash plates 152 are individually controlled by the electronic
controller 154 based on the operating condition of the system 116. The hydraulic
transformer 132 can be operated in a variety of different modes. Examples of such modes
are disclosed in U.S. Pat. Pub. No. 2013/0061587, which is herein incorporated by
reference in its entirety.

By controlling the displacement rates and displacement directions of the
pump/motor units 148, 150, fluid power (pressure times flow) at a particular level can be
converted to an alternate level, or supplied as shaft power used to drive the external load
144. When a deceleration of the external load 144 is desired, the hydraulic transformer
132 can act as a pump taking low pressure fluid from the tank 124 and directing it either to
the accumulator 140 for storage, returned to the recovery circuit (i.e. meter-less supply
directly to the boom cylinder), to the second load circuit 130 connected to the variable
displacement pump 118, or a combination of the two. In some embodiments, a clutch can
be used in addition to, or in place of, the brake 146 to disengage the output/input shaft
142¢ from the external load 144. In such an embodiment, the hydraulic transformer 132
can function as a stand-alone hydraulic transformer (e.g., a conventional hydraulic
transformer) when no shaft work is required to be applied to the external load 144. This is
achieved by taking energy from the system 116 at whatever pressure is dictated by the
other associated system loads (e.g., the load corresponding to the second load circuit 130)
and storing the energy, without throttling, at the current accumulator pressure. In the same

way, unthrottled energy can also be taken from the accumulator 140 at its current pressure
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and supplied to the system 116 at the desired operating pressure. Proportioning of power
flow by the hydraulic transformer 132 can be controlled by controlling the positions of the
swash plates 152 on the pump/motor units 148, 150.

The system 116 further includes an electronic controller 154 that interfaces with
the prime mover 120, the variable displacement pump 118, the hydraulic transformer 132,
and a series of control valves to control the operation of the system 116. The electronic
controller can include memory storage 155 and a user interface 157 to allow the user to
modify the operation of the electronic controller 154. It will be appreciated that the
electronic controller 154 can also interface with various other sensors and other data
sources provided throughout the system 116. For example, the electronic controller 154
can interface with a pressure sensor 151 incorporated into the system 116 for measuring
the hydraulic pressure in the accumulator 140, a pressure sensor 153 for sensing an
accumulator leak, the hydraulic pressure provided by the variable displacement pump 118
to the first and second load circuits 128,130, the pressures at the pump and tank sides of
the hydraulic transformer 132, and other pressures within the system 116. Moreover, the
electronic controller 154 can interface with a rotational speed sensor that senses a speed of
rotation of the output/input shaft 142. Additionally, the electronic controller 154 can be
used to monitor a load on the prime mover 120 and can control the hydraulic fluid flow
rate across the variable displacement pump 118 at a given rotational speed of the drive
shaft 142 powered by the prime mover 120.

As mentioned above, the electronic controller 154 can control operation of a
series of control valves in the system 116. The first operation performed by the system
116, and controlled by the electronic controller 154, is a pre-charge of the accumulator
140 upon startup of the variable displacement pump 118. This pre-charge operation is
carried out by the electronic controller 154 by first closing a valve 156 so as to prevent the
accumulator 140 from draining to the tank 124. The electronic controller 154 then ensures
a control valve 162 is closed and opens a control valve 158 to allow the variable
displacement pump 118 to pump fluid directly to accumulator 140 before such fluid
operates the hydraulic transformer 132. Additionally, in some embodiments, the variable
displacement pump 118 pumps fluid directly to accumulator 140 before pumping fluid to
the second load circuit 130. By allowing fluid to flow along a pump line 159, on which
valve 158 is positioned, at the startup of the variable displacement pump 118, it ensures
the accumulator 140 is charged to a minimum pressure prior to operating the excavator

100. This allows the excavator 100 to almost immediately either 1) use the energy stored
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in the accumulator 140 after startup; or 2) operate at full power without concern that the
accumulator is being charged. This avoids the need to delay operation of the excavator 100
or operate it at reduced performance until the hydraulic transformer 132 has had a chance
to charge the accumulator 140. Once the electronic controller 154 observes a desired
pressure from the pressure sensor 151, valve 158 is closed by the electronic controller 154
and the accumulator is sealed off, thereby storing energy within the accumulator 140.

The electronic controller 154 can also use valve 158 to perform a second
operation in the system 116. During operation of the excavator 100, it is sometimes
advantageous to store energy in the accumulator 140 during a low power cycle. A low
power cycle occurs when the variable displacement pump 118 is operating at only a
portion of its full pumping capacity. The energy stored during a low power cycle can then
be used to power the second load circuit 130 during high power cycle situations, where
more fluid flow is required. During a low power cycle, the electronic controller 154 opens
valve 158 and closes valve 162, thereby allowing fluid to flow from the outlet 126 of the
variable displacement pump 118 to the second load circuit 130 and also to the accumulator
140 along pump line 159, thereby charging the accumulator 140. To ensure that the
accumulator 140 does not become overcharged past a maximum designed pressure, a
pressure relief valve 161 bleeds off excess pressure beyond a maximum set level for the
accumulator 140. Once the excavator 100 requires a higher power demand, the electronic
controller 154 closes valve 158, storing the energy in the accumulator 140, and supplies
flow only to the second load circuit 130. Further, once the excavator 100 encounters a high
power cycle, the electronic controller 154 opens the control valve 162, allowing energy
stored in the accumulator 140 to be supplied to the hydraulic transformer 132 via a
transformer line 163 or to the second load circuit 130.

The electronic controller 154 can also control the system 116 so as to improve the
overall safety. Because the accumulator 140 stores energy that can be dangerous if
released at the wrong time, the electronic controller 154 can operate the valve system so as
to isolate the accumulator 140. An isolation operation can be performed if there is a fault
or failure in the hydraulic system 116 where an energy release from the accumulator 140
could create a dangerous or damaging condition. To perform the isolation operation, the
electronic controller 154 closes valve 158 and valve 162. When both valves 158, 162 are
closed, the accumulator 140 cannot provide flow to the hydraulic transformer 132 or
hydraulic system load 130 and, alternatively, the accumulator 140 cannot receive fluid

flow from the variable displacement pump 118 or the hydraulic transformer 132. In some
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embodiments, after an isolation operation has been carried out, the accumulator 140 can be
drained to tank 124 by opening valve 156, which is normally closed. This allows the
energy stored in the accumulator 140 to be safely drained to the tank 124 so that the
accumulator 140 does not present a risk of accidently dissipating stored energy to the
system 116.

In other embodiments, an isolation operation may be carried out by the electronic
controller 154 if there has been a fault or failure detected in the accumulator 140. A
detection of an accumulator 140 fault can be sensed by sensor 153 reading a high pressure,
which could indicate a leak in the accumulator 140, or a mechanical failure with the
internal parts of the accumulator 140. The isolation event can be either manually triggered
by an operator or automatically triggered by the electronic controller 154. When
automatically triggered, the electronic controller 154 monitors the pressure reading of
sensor 153, and if the reading exceeds a predetermined valve, indicating an accumulator
140 fault, the electronic controller 154 closes valves 156, 158, and 162 so as to isolate the
accumulator 140 from the system 116. After the isolation operation has been completed,
the accumulator 140 can be bled externally from the system so as to prevent any potential
damage to the system 116 and its operators.

As noted above, the energy stored in the accumulator 140 can present certain
safety concerns. This is also the case when the system 116 is shut down. If the system 116
is shut down and there is energy still stored in the accumulator 140, a potential safety risk
could exist as the energy could remain stored in the accumulator 140 for a significant
amount of time. This is particular relevant when maintenance is being performed on the
system 116. If the operator is unaware that there is energy still stored in the accumulator
140, the operator could become injured if the energy is allowed to escape from the
accumulator 140 unexpectedly. To mitigate this issue, the electronic controller 154 can
perform a drain operation at the shutdown of system 116. To perform a drain operation,
once the system 116 is powered down, specifically the variable displacement pump 118,
the electronic controller opens valve 156 so as to allow any energy stored in the
accumulator to drain to the tank 124.

FIG. 4 shows a hydraulic system 216 in accordance with the principles of the
present disclosure. The system 216 operates in a similar manner to the system 116.
Specifically, a series of control valves 256, 258, 260, 262, in a first load circuit 232
operate similarly to the series of control valves 156, 158, 160, 162 in the system 116.
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Differing from the system 116, the system 216 includes a more detailed pilot pump
arrangement 240, recovery circuit 239, and second load circuit 230.

The hydraulic system 216 includes a pair of variable displacement pumps 218,
219 driven by a prime mover 220. Each pump 218, 219 is connected to a hydraulic fluid
tank 224 at inlets 222, 223 and the second load circuit 230 at outlets 226, 227. Further, the
pumps 218, 219 are connected to one another by a rotatable shaft 225.

The second load circuit 230 includes a first boom control valve 264, a second
boom control valve 266, a swing control valve 268, a bucket control valve 270, a first arm
control valve 272, a second arm control valve 274, and left and right track control valves
276, 278. The control valves of the second load circuit 230 control the operation of their
attached element (i.e., boom, bucket, track, etc.). Further, the control valves of the second
load circuit 230 control fluid flow to either hydraulic cylinders or additional pumps. The
operation of the control valves in the second load circuit 230 can be controlled by an
electric controller (not shown) similar to the controller 154 of the system 116. As shown,
the first pump 218 and a first load circuit 228 are fluidly connected to first boom control
valve 264, swing control valve 268, second arm control valve 274, and the left track
control valve 276. In other embodiments, the first pump 218 can also be connected to
other control valves. The second pump 219 is fluidly connected to second boom control
valve 266, bucket control valve 270, first arm control valve 272, and the right track control
valve 278. In other embodiments, the second pump 219 can also be connected to other
control valves.

The recovery circuit 239 is shown to include a pair of regeneration valves 280,
282. The regeneration valves 280, 282 are fluidly connected to boom cylinders 284 that
are used to raise and lower the boom. When lowering the boom, pressurized fluid is forced
from the boom cylinders 284, and the regeneration valves 280, 282 can control the flow of
such fluid to either the tank 224 or the control valve 260 and then to the transformer 232.
Therefore, as discussed with respect to the recovery circuit 139 in the system 116 above,
energy can be harvested from the gravity assisted/powered movement of lowering the
boom. In other embodiments, the recovery circuit 139 can include additional regeneration
valves connected to other elements in the second load circuit 230 (i.e., arm, bucket, etc.).

The system 216 also includes a pilot pump arrangement 240. A pilot pump 286
can be a smaller pump used to supplement the first and second pumps 218, 219 in low
consumption periods. Additionally, the pilot pump 286 can provide fluid flow to a brake
valve 288 that controls a hydraulic brake 246 secured to an output shaft 242 of the

10
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hydraulic transformer 232. Further, the pilot pump arrangement 240 can include a plurality
of electronic pressure relief valves 290 in fluid communication with the first and second
boom control valves 264, 266 and the pilot pump 286. The electronic proportional relief
valves 290 allows the system 216 to electronically control the pilot pressure signal to the
first and second boom control valves 264, 266 thereby controlling the flow supplied to the
boom cylinders 284. All of the valves shown in the system 216 can be controlled by the
electric controller so as to maximize the efficiency and effectiveness of the system 216.
The various embodiments described above are provided by way of illustration

only and should not be construed to limit the claims attached hereto. Those skilled in the
art will readily recognize various modifications and changes that may be made without
following the example embodiments and applications illustrated and described herein, and

without departing from the true spirit and scope of the following claims.
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WE CLAIM:
1. A hydraulic system comprising:

a variable displacement pump;

a hydraulic transformer having an output shaft mechanically connected to a
working load, wherein the working load is a swing gearbox for an excavator;

an accumulator fluidly connected to the pump by a pump line and fluidly
connected to the hydraulic transformer by a transformer line; and

a pre-charge valve positioned on the pump line between the accumulator and the
pump, wherein fluid passes to the accumulator from the pump through the pre-charge

valve along the pump line when the pump is first powered on.

2. The hydraulic system of claim 1, further comprising a drain valve fluidly

connected to the accumulator and a hydraulic tank on a drain line.

3. The hydraulic system of claim 1, wherein the hydraulic system is part of an
excavator, the excavator including an upper structure supported on an undercarriage, the
undercarriage including a propulsion structure for carrying the excavator across the
ground, and the upper structure being pivotally movable relative to the undercarriage

about a pivot axis.

4. The hydraulic system of claim 1, further comprising a transformer valve positioned
on the transformer line between the hydraulic transformer and the accumulator, wherein
the transformer valve and pre-charge valve are capable of closing simultaneously to

fluidly isolate the accumulator from the pump, accumulator, and hydraulic transformer.

5. The hydraulic system of claim 1, further comprising a flow control valve
positioned on a flow line between the hydraulic transformer and a recovery circuit, the
flow control valve being movable between first and second positions, wherein, in the first
position, the flow control valve fluidly connects the variable displacement pump to the
hydraulic transformer, and wherein, in the second position, the flow control valve fluidly
connects the hydraulic transformer to the recovery circuit, wherein the recovery circuit

includes at least one hydraulic cylinder.

12
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6. The hydraulic system of claim 1, further comprising a pressure sensor in
communication with the accumulator and a controller in communication with the pressure
sensor, wherein the controller controls the operation of the pre-charge valve based on a

reading from the pressure sensor.

7. A method of operating a hydraulic system comprising;

powering on a hydraulic pump, the pump being fluidly connected to a hydraulic
circuit and an accumulator circuit;

opening a pre-charge valve positioned along an accumulator line, the accumulator
line being connected to the pump and the accumulator circuit;

providing fluid flow from the pump along the accumulator line;

charging an accumulator connected to the accumulator line prior to providing fluid
flow to the hydraulic circuit; and

closing the pre-charge valve.

8. The method of claim 7, further comprising monitoring a pressure reading at a
pressure sensor in the accumulator and comparing the pressure reading to a predetermined

pre-charge pressure value prior to providing fluid flow to the hydraulic circuit.

0. The method of claim 8, further comprising providing a controller in
communication with the pre-charge valve and automatically controlling the operation of
the pre-charge valve by way of the controller in response to a pressure reading at the

pressure sensor.

10. The method of claim 7, further comprising powering off the hydraulic pump and
simultaneously opening a drain valve, the drain valve being positioned along a drain line

that s fluidly connected to the accumulator and a hydraulic tank.

11. The method of claim 10, further comprising closing the drain valve, pre-charge
valve, and a transformer valve during a hydraulic system failure, the transformer valve
being positioned on a transformer line connecting the hydraulic circuit and the

accumulator.
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12. The method of claim 11, wherein the hydraulic circuit includes a hydraulic
transformer.
13. The method of claim 7, wherein the hydraulic circuit includes at least one of a

boom cylinder, arm cylinder, and bucket cylinder of an excavator, the excavator including
an upper structure supported on an undercarriage, the undercarriage including a propulsion
structure for carrying the excavator across the ground, and the upper structure being

pivotally movable relative to the undercarriage about a pivot axis.

14. A hydraulic system comprising:

a variable displacement pump;

a hydraulic fluid tank connected to the pump;

an accumulator fluidly connected to the pump by a pump line;

a pre-charge valve positioned on the pump line between the accumulator and the
pump, wherein fluid passes to the accumulator from the pump through the pre-charge
valve along the pump line when the pump is first powered on;

a drain valve positioned between the accumulator and the hydraulic fluid tank,
wherein the drain valve opens to drain the fluid from the accumulator to the hydraulic
fluid tank when the pump is powered off;

a hydraulic transformer fluidly connected to the accumulator by a transformer line,
the hydraulic transformer having an output shaft mechanically connected to a working
load, wherein the working load is a swing gearbox for an excavator; and

a transformer valve positioned on the transformer line between the hydraulic
transformer and the accumulator, wherein the transformer valve, pre-charge valve, and

drain valve are capable of closing simultaneously to fluidly isolate the accumulator from

the pump, accumulator, and hydraulic transformer.

15.  The hydraulic system of claim 14, wherein the excavator includes an upper
structure supported on an undercarriage, the undercarriage including a propulsion structure
for carrying the excavator across the ground, and the upper structure being pivotally

movable relative to the undercarriage about a pivot axis via the swing gearbox.

14
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16. The hydraulic system of claim 14, further comprising a pressure sensor in
communication with the accumulator and a controller in communication with the pressure
sensor, wherein the controller automatically controls the operation of the pre-charge valve,

drain valve, and transformer valve based on a reading from the pressure sensor.

17.  The hydraulic system of claim 14, further comprising a flow control valve
positioned on a flow line between the hydraulic transformer and a recovery circuit, the
flow control valve being movable between first and second positions, wherein, in the first
position, the flow control valve fluidly connects the variable displacement pump to the
hydraulic transformer, and wherein, in the second position, the flow control valve fluidly
connects the hydraulic transformer to the recovery circuit, wherein the recovery circuit

includes at least one hydraulic cylinder.
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