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SYSTEMS AND METHODS FOR IMPROVING DRIVETRAIN EFFICIENCY FOR
COMPRESSED GAS ENERGY STORAGE

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[0001] This invention was made with government support under IIP-08 10590 and IIP-

0923633 awarded by the NSF. The government has certain rights in the invention.

CROSS-REFERENCE TO RELATED APPLICATIONS

[0002] This application claims priority to U.S. Provisional Patent Application Serial Nos.

61/159,623, filed on March 12, 2009; 61/227,591, filed on July 22, 2009; and 61/229,853, filed

on July 30, 2009, the disclosures of which are hereby incorporated herein by reference in their

entireties.

FIELD OF THE INVENTION

[0001] The invention relates to hydraulics and pneumatics, power generation, and control

systems. More particularly, the invention relates the integration of variable and fixed

displacement hydraulic motor-pumps in hydraulic-pneumatic energy storage and recovery

systems and related control systems and methods to provide constant electrical power therefrom.

BACKGROUND OF THE INVENTION

[0002] Storing energy in the form of compressed gas has a long history and components

tend to be well tested, reliable, and have long lifetimes. The general principles for compressed

gas energy storage are generated energy (e.g., electric energy, etc.) is used to compress gas and

thus converts the original energy to pressure potential energy; the energy is later recovered in a

useful form (e.g. converted back to electric energy, etc.) via appropriate gas expansion.

Advantages to compressed gas energy storage include low specific energy costs, long-lifetime,

low maintenance, reasonable energy density, and good reliability. However, recovering the

energy from the stored compressed gas has certain drawbacks. For example, systems that utilize



pneumatic to hydraulic conversion to drive a hydraulic motor are subject to a decaying pressure

profile, which in turn produces decreasing and/or irregular power output.

[0003] Conventional usage of a fixed displacement (FD) hydraulic motor is to convert

fluid power into rotational mechanical power. This is used, for example, in a hydraulically

powered crane where a fluid power source is used to drive a FD hydraulic motor whose rotating

shaft drives a winch that raises or lowers a load. Increasing or decreasing the pressure to the FD

hydraulic motor increases or decreases the torque to the winch, allowing the load to be raised or

lowered. In the afore-mentioned pneumatic to hydraulic conversion systems, especially those

with accumulator discharge, the input to the hydraulic motor has a decaying pressure profile.

For such a decaying pressure profile and for a FD hydraulic motor, in which torque is

proportional to pressure, torque decreases proportionally. Likewise, hydraulic flow rate and

motor RPM are typically proportional to pressure. With decaying pressure and torque and with

the FD motor driving a constant load, RPM and flow rate also decay, which decreases power

(torque times RPM) in a quadratic fashion.

[0004] In addition, in a system in which a single fluid power source (usually at constant

pressure) is used to power multiple FD hydraulic motors to drive multiple loads (e.g., to drive

multiple winches with different loads), throttling valves are necessary to decrease the source

pressure to a controlled pressure and provide torque control of each FD hydraulic motor,

allowing each load to be independently controlled. The disadvantage with this approach is that a

significant amount of energy is lost and converted to heat in the throttling valves, greatly

reducing system efficiency.

[0005] Variable displacement (VD) hydraulic motors were developed to provide torque

control from a constant or nearly constant pressure fluid power source without the need for

throttling valves. By eliminating the energy losses associated with throttling control valves,

system efficiencies are greatly increased. To do this, the control system for the VD hydraulic



motor increases or decreases the displacement of the motor to increase or decrease the torque

output to account for changes in load.

[0006] The prior art does not disclose systems and methods for providing constant

electrical power with a staged hydraulic-pneumatic energy conversion system having hydraulic

outputs having widely-varying pressures.

SUMMARY OF THE INVENTION

[0007] The control systems and methods disclosed herein can be used in such

applications as, for example, short-term power storage, long-term power storage, frequency

regulation, and power quality control. The systems and methods allow a user to maintain electric

output at constant power and frequency from a decaying, or otherwise widely-varying, pressure

signal at the input to the hydraulic motor. For example, the systems and methods can be used

with a fixed or variable displacement hydraulic motor in combination with a varying pressure

profile, for example, such as a decaying pressure profile that results from a discharging

accumulator. The control systems and methods disclosed herein are used with novel compressed

air energy storage and recovery systems as described in U.S. Patent Application Nos.

12/421,057; 12/639,703; and 12/481,235; the disclosures of which are hereby incorporated by

reference herein in their entireties, that include a hydraulic motor-pump which is driven by or

used to pump hydraulic fluid over a range of pressures - from a mid-pressure to a high pressure

(e.g. 300 psi to 3000 psi). The various systems include the use of staged hydraulic conversion

and isothermal gas expansion and compression.

[0008] Nearly constant power can be achieved by a FD hydraulic motor operating over a

broad pressure range by varying RPM. With active control, as torque decreases with pressure,

the FD hydraulic motor load can be reduced (e.g., by using power electronics) such that

hydraulic flow rate and motor RPM increase, keeping a nearly constant power output (i.e., as

pressure and torque decrease, RPM is increased proportionally, keeping power constant). Using



a VD hydraulic motor with active control, as described herein, constant power can be achieved

while also maintaining constant RPM and torque. By actively controlling the displacement as

the pressure decays, the torque can be maintained as a constant. Likewise, RPM can be

maintained as a constant through a feedback loop. Using the system to drive an electric

generator, constant power can be achieved. By running the system with a synchronous generator

with RPM fixed with line frequency and by performing VD system control based on torque

feedback (or open-loop based on pressure measurements, or based on known pressure profiles), a

constant RPM, constant torque, and thus constant power output can be achieved over a broad

pressure range as described herein.

[0009] For compressed gas systems, when the gas expands, the pressure will drop. When

coupled with a hydraulic system, such as is the case with a hydraulic-pneumatic accumulator,

hydraulic pressure similarly drops. In a hydraulic system where this pressure drops over the

range of an expansion, when using a fixed displacement hydraulic motor with a constant load, as

pressure drops, the torque and power drops. In many instances, it would be advantageous to

minimize these changes in power level over the pressure range. For example, operating at a

fixed electric power and frequency during system discharge would potentially allow an electric

generator to be coupled to the grid without additional power conditioning equipment that would

be required for a variable frequency, variable voltage, and/or variable power output.

[0010] In pneumatic accumulator-discharge systems where an electric machine (motor-

generator) is coupled directly to an FD hydraulic motor, if constant power is to be maintained,

the RPM of the hydraulic motor and electric machine must be increased as accumulator pressure

(and thus torque on the FD hydraulic motor shaft) decreases. Increased RPM can be achieved by

modifying the load on the electric machine and thus on the hydraulic motor. If this is done, and

if electric power output at grid frequency (e.g., 60 Hz) is to be produced by the system, then the

electric output of the electric machine must be appropriately conditioned. A class of devices



suitable for such load adjustment and power conditioning is the variable-frequency drive. As

used herein, the term "variable frequency drive" (VFD) denotes an electronic device that is

coupled to alternating-current line voltage on one side and to an electrical machine on the other,

and through which power may flow in either direction. The frequency on the VFD ' s line side

remains constant (e.g., 60 Hz) and the frequency on its machine side can vary. Such a device

will be familiar to persons acquainted with the art of electrical machinery and power electronics.

[0011] However, with active control, as described herein, as torque decreases the load on

the FD hydraulic motor can be modified such that hydraulic flow rate and motor RPM increase,

keeping power output constant: i.e., as torque decreases, RPM is increased proportionally,

keeping power constant. One such system and method of control using power electronics is

described herein. For example, one method for maintaining nearly constant power output over

the range of pressures is to use an FD hydraulic motor to drive an electrical machine whose load

is controlled by a VFD. Despite varying torque at the output of the hydraulic motor, RPM can

be controlled in such a way so as to keep power nearly constant, while the VFD conditions the

electric machine's electrical output to have a constant frequency (e.g., 60 Hz).

[0012] Alternatively, a continuously variable transmission (CVT) can be placed between

the shaft of the FD hydraulic motor and the shaft of the electrical machine. As used herein, the

term "continuously variable transmission" denotes a mechanical device providing a connection

between two rotating shafts, said connection having an effective gear ratio that can adjusted to

any value within a certain range. The effective gear ratio of the CVT can be varied in such a

way that as torque on the FD hydraulic motor shaft decays with accumulator discharge, constant

RPM is maintained at the CVT' s output (i.e., the shaft of the electric machine). In effect, the

CVT adjusts the load on the hydraulic machine to keep mechanical power constant.

Consequently, constant-power, constant-frequency electricity are produced by the electric



machine. One such system and method of control using a mechanical transmission is described

herein.

[0013] Generally, the foregoing systems and methods for providing constant power can

be used to control one or more parameters of the VFD, such as the load presented to the electric

machine, and include monitoring at least one operational parameter of the FD hydraulic motor

(e.g., torque on hydraulic motor shaft, torque on shaft of electric generator coupled to the

hydraulic motor, output voltage of electric generator coupled to the hydraulic motor) and

operating the VFD to vary the load seen by the electric machine. The operational parameter or

parameters can also be used to control the effective gear ratio of the CVT so as to vary the load

seen by the hydraulic motor.

[0014] Additionally, the control system can be used to vary electrical load on the

generator. That is, the control system may be configured to increase the RPM of an electric

generator by controlling a VFD in such a way as to modify the generator's load in response to

decreasing torque on its shaft. Constant power output from the electric generator is thereby

maintained and the output voltage of the electric generator can be synchronized to a power grid.

Additionally, or alternatively, the control system can be used to vary the mechanical load on the

hydraulic motor. The control system may be configured to increase the RPM of the hydraulic

motor by adjusting the CVT in such a way as to decrease the hydraulic motor' s load in response

to decreasing torque on its shaft. Motor RPM consequently increases, constant power output

from the electric generator is maintained, and the output voltage of the electric generator can be

synchronized to a power grid.

[0015] Other systems and methods for providing constant power, improving efficiency,

and overcoming the limitations of fixed displacement motors when operating over a wide

pressure range include using active control with a VD hydraulic motor. For example, efficiency

for an electric motor-generator can vary substantially based on torque and RPM; when the



hydraulic motor-pump in the staged hydraulic conversion system is attached to an electric motor-

generator, it would be advantageous to operate at a narrow range or fixed value for RPM (e.g.

1800 RPM) and torque to operate at peak efficiency, increasing electric motor, and thus system,

efficiency. Likewise, operating at a fixed RPM and power (and thus constant voltage, frequency,

and current for an electric generator) during system discharge would allow an electric generator

to be synchronized with the grid and potentially eliminate additional power conditioning

equipment that would be required for a variable frequency, variable voltage, and/or variable

power output. By using the VD hydraulic motor-pump in lieu of the FD hydraulic motor, the

displacement per revolution can be controlled in such a way as to maintain a nearly constant

torque and proportionally increasing flow rate such that the RPM and power output are kept

nearly constant. For the novel compressed air energy storage and recovery system using staged

hydraulic conversion described in the above-referenced applications, this constant RPM and

power allows for a reduction in electric system costs by potentially eliminating power

conditioning equipment necessary for a variable frequency, voltage, or power output, while at

the same time improving overall system efficiency by operating at the peak efficiency region of

the electric generator; likewise, the increasing flow rate maintains a nearly constant power

throughout a decreasing pressure range, also adding value to the energy storage and recovery

system.

[0016] Furthermore, high efficiency standard commercial variable displacement motor-

pump designs include radial piston style (external cam), which are used primarily at low speeds,

and axial piston styles (swash-plate, bent-axis). For axial piston motors, the piston assembly

typically rotates in an oil bath; for large displacement axial piston motors, viscous drag (which is

proportional to speed squared) limits efficiency at high rotational speeds. Additionally, for the

radial and axial piston styles displacement is reduced by reducing piston stroke; as piston stroke

drops below half the total possible stroke, efficiency typically drops substantially. As described



herein, newly developed VD hydraulic motor-pumps which use digital control to open and close

valves to control displacement are able to achieve substantially higher efficiencies at large

displacement sizes (no longer rotating the entire piston assembly in an oil bath) and maintain

high efficiency at low relative displacements (by not changing piston stroke length). In these

digitally controlled pumps/motors, relative displacement is controlled by actively opening and

closing valves to each piston, such that each piston may or may not be exposed to high pressure

each time the rotating cam completes a revolution. Unlike the standard commercial VD motor-

pumps, the piston always completes a full stroke, maintaining high motor-pump efficiency even

at low relative displacements.

[0017] In one aspect, the invention relates to a system for providing a constant electrical

output from a compressed gas energy storage and recovery system. The system includes a

hydraulic-pneumatic energy storage and recovery system configured to provide a varying

pressure profile at, at least one outlet, a variable displacement hydraulic motor-pump in fluid

communication with the at least one outlet, and a control system in communication with the

variable displacement hydraulic motor-pump. The control system controls at least one variable,

such as pressure, piston position, power, flow rate, torque, RPM, current, voltage, frequency, and

displacement per revolution. The use of the variable displacement hydraulic motor and

associated control system allow a user to achieve near constant expansion and compression

power in the hydraulic-pneumatic energy storage and recovery system, while maintaining near

constant RPM or torque at the shaft of an electric motor-generator.

[0018] In various embodiments, the system also includes an electric motor-generator

mechanically coupled to the variable displacement hydraulic motor-pump. The variable

displacement hydraulic motor-pump converts hydraulic work to mechanical energy to drive a

drive shaft of the electric motor-generator, and the electric motor generator converts the

mechanical energy to electrical energy. The system may further include power electronics in



communication with the electric motor-generator to synchronize an output (e.g., voltage, current,

power, frequency) of the electric motor-generator to a power supply. In one embodiment, the

control system is configured to vary the displacement per revolution of the variable displacement

hydraulic motor-pump in response to the varying pressure profile at the at least one outlet. The

control system can vary flow rate inversely with pressure as a function of time. For example,

during an expansion cycle (energy recovery), the control system increases the displacement per

revolution of the variable displacement hydraulic motor as the pressure profile decays. During a

compression cycle (energy storage), the control system decreases the displacement per

revolution as the pressure profile increases, which reduces fluctuations in the energy drawn from

the power supply during an energy storage cycle. In another embodiment, the control system is

configured to maintain a constant torque or RPM of the variable displacement hydraulic motor-

pump to maintain an output (e.g., voltage) by the electric motor-generator. The output can

include an output produced at either the shaft side of the electric motor-generator (e.g., torque) or

the electric side of the motor-generator (e.g., voltage). The control system controls the variable

displacement hydraulic motor-pump to maintain an output at the electric motor-generator that

matches a required input for a power supply.

[0019] In additional embodiments, the system includes a graphical display in

communication with the variable displacement hydraulic motor-pump, which can display one or

more parameters, such as piston position, power, pressure, flow rate, torque, RPM, current, and

voltage versus time. The hydraulic-pneumatic energy storage and recovery system can use

staged hydraulic conversion to provide the varying pressure profile and include a cylinder

assembly including a staged pneumatic side and a hydraulic side, the sides being separated by a

movable mechanical boundary mechanism that transfers energy therebetween, and a compressed

gas storage system in fluid communication with the cylinder assembly. The hydraulic-pneumatic

storage and recovery system can include any of the components and their associated



configurations as disclosed in the incorporated patent applications. The hydraulic-pneumatic

storage and recovery system can also include a heat transfer subsystem to provide isothermal

expansion and compression of the gas.

[0020] In another aspect, the invention relates to a system for providing a constant

electrical output from a compressed gas energy storage and recovery system. The system

includes a hydraulic-pneumatic energy storage and recovery system configured to provide a

varying pressure profile at, at least one outlet, a fixed displacement hydraulic motor-pump in

fluid communication with the at least one outlet, an electric motor-generator mechanically

coupled to the fixed displacement hydraulic motor-pump, and a control system. The control

system is in communication with a control device to control at least one variable, such as power,

flow rate, torque, RPM, current, voltage, and frequency.

[0021] In various embodiments, the control system is configured to maintain a constant

torque or RPM of the fixed displacement hydraulic motor-pump to maintain a constant output

(e.g., voltage, current, power, frequency) by the electric motor-generator. The control system is

also configured to vary a flow rate of the fixed displacement hydraulic motor-pump in response

to the varying pressure profile at the at least one outlet. For example, increasing the flow rate in

response to a decaying pressure profile during an expansion cycle or decreasing the flow rate in

response to an increasing pressure profile during a compression cycle. In one embodiment, the

control device includes a variable frequency drive coupled to the electric motor-generator to

control a load on the hydraulic motor-pump. In another embodiment, the control device includes

a continuously variable transmission disposed between the hydraulic motor-pump and the

electric motor-generator to control a load on the hydraulic motor-pump. Additionally, the

control device can include power electronics in communication with the electric motor-generator

to synchronize an output of the electric motor-generator to a power supply.



[0022] The hydraulic-pneumatic energy storage and recovery system can use staged

hydraulic conversion to provide the varying pressure profile and include a cylinder assembly

including a staged pneumatic side and a hydraulic side, the sides being separated by a movable

mechanical boundary mechanism that transfers energy therebetween, and a compressed gas

storage system in fluid communication with the cylinder assembly. The hydraulic-pneumatic

storage and recovery system can include any of the components and their associated

configurations as disclosed in the incorporated patent applications. The hydraulic-pneumatic

storage and recovery system can also include a heat transfer subsystem to provide isothermal

expansion and compression of the gas.

[0023] In another aspect, the invention relates to a system for providing a constant

electrical output from a compressed gas energy storage and recovery system. The system can

include a hydraulic-pneumatic energy storage and recovery system configured to provide a

varying pressure profile at, at least one outlet, a digital displacement hydraulic motor-pump in

fluid communication with the at least one outlet, and a control system in communication with the

digital displacement hydraulic motor-pump. The control system controls at least one variable,

such as pressure, piston position, power, flow rate, torque, RPM, current, voltage, frequency, and

displacement per revolution. As used herein, a digital-displacement hydraulic motor-pump is a

hydraulic motor-pump that varies its effective displacement by actively changing the number of

pistons powered during each rotation (e.g., via valving), with all powered piston providing a full

stroke, as compared to a conventional hydraulic motor-pump in which every piston is powered

each rotation, but the length of the stroke is changed to change displacement.

[0024] In various embodiments, the system also includes an electric motor-generator

mechanically coupled to the digital displacement hydraulic motor-pump. The hydraulic motor-

pump converts hydraulic work to mechanical energy to drive a drive shaft of the electric motor-

generator, and the electric motor generator converts the mechanical energy to electrical energy.



The system can also include power electronics in communication with the electric motor-

generator to synchronize an output (e.g., current, voltage, power, frequency) of the electric

motor-generator to a power supply. Additionally, the control system can be configured to vary

the displacement per revolution of the digital displacement hydraulic motor-pump in response to

the varying pressure profile at the at least one outlet; for example, increasing the flow rate in

response to a decaying pressure profile during an expansion cycle or decreasing the flow rate in

response to an increasing pressure profile during a compression cycle. In one embodiment, the

control system is configured to maintain a constant torque or RPM of the digital displacement

hydraulic motor-pump to maintain an output by the electric motor-generator. The control system

can control the digital displacement hydraulic motor-pump to maintain an output at the electric

motor-generator that matches a required input for a power supply.

[0025] In one embodiment, the digital displacement hydraulic motor-pump includes a

high pressure input-output, a low pressure input-output, an off-center rotating cam, a plurality of

radial piston assemblies coupled to the off-center rotating cam, and a control valve arrangement

responsive to the control system for operating the hydraulic motor-pump at, at least one of a

substantially constant pressure, power output, flow rate, torque, RPM, or displacement per

revolution. In one embodiment, the control valve arrangement includes pairs of high speed

valves in fluid communication with each piston assembly and the control system actuates the

high speed valves to control aggregate displacement of the hydraulic motor-pump. In one

embodiment, the digital displacement hydraulic motor-pump can include a plurality of high-

pressure inputs-outputs and a plurality of low-pressure inputs-outputs.

[0026] Furthermore, the hydraulic-pneumatic energy storage and recovery system can

use staged hydraulic conversion to provide the varying pressure profile and include a cylinder

assembly including a staged pneumatic side and a hydraulic side, the sides being separated by a

movable mechanical boundary mechanism that transfers energy therebetween, and a compressed



gas storage system in fluid communication with the cylinder assembly. The hydraulic-pneumatic

storage and recovery system can include any of the components and their associated

configurations as disclosed in the incorporated patent applications. The hydraulic-pneumatic

storage and recovery system can also include a heat transfer subsystem to provide isothermal

expansion and compression of the gas.

[0027] In another aspect, the invention relates to a method of providing a constant output

from a compressed gas energy storage and recovery system. The method includes the steps of

providing a hydraulic-pneumatic energy storage and recovery system configured to provide a

varying pressure profile at, at least one outlet, providing a variable displacement hydraulic

motor-pump in fluid communication with the at least one pressure outlet, providing an electric

motor-generator mechanically coupled to the variable displacement hydraulic motor-pump,

monitoring a pressure of the at least one hydraulic outlet, monitoring at least one operational

parameter of at least one of the variable displacement hydraulic motor-pump or the electric

motor-generator, and operating a control system to vary an operational parameter of at least one

of the variable displacement hydraulic motor-pump or the electric motor-generator to maintain at

least one output parameter of the system constant. The variable displacement hydraulic motor-

pump converts hydraulic work to mechanical energy to drive a drive shaft of the electric motor-

generator, and the electric motor generator converts the mechanical energy an electrical output.

[0028] In various embodiments, the at least one constant output parameter can be a

torque, RPM, power, voltage, current, and/or frequency. The operational parameter of the

hydraulic motor-pump can be pressure, piston position, power, flow rate, torque, RPM, and/or

displacement per revolution. The operational parameter of the electric motor-generator can be

power, torque, RPM, current, voltage, and/or frequency.

[0029] In one embodiment, the step of operating the control system includes varying a

displacement per revolution of the variable displacement hydraulic motor-pump to maintain the



at least one output parameter constant, as described above to compensate for a decaying pressure

profile during expansion or an increasing pressure profile during compression. For example, the

control system can be configured to increase the flow rate of the variable displacement hydraulic

motor-pump in response to a decreasing pressure at the at least one outlet. Additionally, the step

of operating the control system can include maintaining at least one of constant torque or RPM

of the variable displacement hydraulic motor-pump to maintain a constant output at the electric

motor-generator. The step of operating the control system can also include synchronizing an

output (e.g., voltage) of the electric motor-generator with a power grid.

[0030] These and other objects, along with the advantages and features of the present

invention herein disclosed, will become apparent through reference to the following description,

the accompanying drawings, and the claims. Furthermore, it is to be understood that the features

of the various embodiments described herein are not mutually exclusive and can exist in various

combinations and permutations.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] In the drawings, like reference characters generally refer to the same parts

throughout the different views. Also, the drawings are not necessarily to scale, emphasis instead

generally being placed upon illustrating the principles of the invention. In the following

description, various embodiments of the present invention are described with reference to the

following drawings, in which:

[0032] FIG. 1 is a schematic diagram of an open-air hydraulic-pneumatic energy storage

and recovery system using a hydraulic motor for generating electrical power in accordance with

one embodiment of the invention;

[0033] FIG. 2 is a schematic diagram of the major components related to a system and

method for providing a constant output from a compressed gas energy storage and recovery

system using a fixed displacement hydraulic motor-pump;



[0034] FIGS. 3A-3E are graphical representations of the hydraulic pressure, motor

torque, hydraulic flow rate, shaft RPM, and generator output power for a single pressure profile

for a representative pressure range produced by the system of FIG. 2;

[0035] FIGS. 4A-4E are graphical representations of the hydraulic pressure, shaft torque,

hydraulic flow rate, hydraulic motor RPM, and motor output power for a series of pressure

profiles for an exemplary cyclic operation of the system of FIG. 2;

[0036] FIG. 5 is a schematic diagram of the major components related to a system and

method for providing a constant output from a compressed gas energy storage and recovery

system using a fixed displacement hydraulic motor-pump and a continuously variable

transmission;;

[0037] FIGS. 6A-6H are graphical representations of the hydraulic pressure, hydraulic

motor torque, hydraulic flow rate, hydraulic motor shaft RPM, generator output power, CVT

gear ratio, generator shaft RPM, and generator torque for a single pressure profile for a

representative pressure range produced by the system of FIG. 5;

[0038] FIGS. 7A-7H are graphical representations of the the hydraulic pressure,

hydraulic motor torque, hydraulic flow rate, hydraulic motor shaft RPM, generator output power,

CVT gear ratio, generator shaft RPM, and generator torque for a series of pressure profiles for an

exemplary cyclic operation of the system of FIG. 5;

[0039] FIG. 8 is a schematic diagram of the major components related to conversion

efficiency for a compressed air energy storage and recovery system using staged hydraulic

conversion;

[0040] FIG. 9 is a schematic diagram of the major components related to conversion

efficiency for a compressed air energy storage and recovery system using staged hydraulic

conversion, where a fixed displacement hydraulic motor-pump is used, including graphic



representations of the various operational parameters, such as piston profile, power, pressure,

flow, torque, RPM, current and voltage versus time for various stages or operation;

[0041] FIG. 10 is a schematic diagram of the major components related to conversion

efficiency for a compressed air energy storage and recovery system using staged hydraulic

conversion, where a variable displacement hydraulic motor-pump and non-optimized control

scheme is used, including graphic representations of the various operational parameters, such as

piston position, power, pressure, flow, torque, RPM, current and voltage versus time for the

various stages;

[0042] FIG. 11 is a schematic of the components related to conversion efficiency for

compressed air energy storage using staged hydraulic conversion, where a variable displacement

hydraulic motor-pump and optimal control scheme is used for providing constant power, and

graphic representations of the various operational parameters, such as piston position, power,

pressure, flow, torque, RPM, current and voltage versus time for the various stages;

[0043] FIG. 12 is a schematic representation of the major components related to one

embodiment of a system and method for providing constant power, RPM, and torque from a

hydraulic input having a widely-varying pressure profile and using a variable displacement

hydraulic motor;

[0044] FIG. 13 is a schematic representaiton of the major components related to another

embodiment of a system and method for providing constant power, RPM, and torque from a

hydraulic input having a widely-varying pressure profile and using a variable displacement

hydraulic motor;

[0045] FIGS. 14A-14C are graphical representations of the hydraulic pressure, flow rate,

and motor output power for a single pressure profile for a representative pressure range related to

the systems and methods of FIGS. 12 and 13;



[0046] FIGS. 15A-15E are graphical representations of the hydraulic pressure, motor

displacement, motor RPM, motor torque, and motor output power for a series of pressure profiles

for an example cyclic operation of the systems and methods of FIGS. 12 and 13;

[0047] FIG. 16 is a schematic representation of the major components related to another

embodiment of a system and method for providing constant power, RPM, and torque from a

hydraulic input having a widely-varying pressure profile and using a variable displacement

hydraulic motor;

[0048] FIG. 17A is a schematic representation of a hydraulic drivetrain including a single

fluid power source and a single fluid power consumer, wherein the fluid power consumer is a

fixed displacement hydraulic motor;

[0049] FIG. 17B is an equation describing the torque, pressure, and displacement

relationship for the hydraulic motor in FIG. 17A;

[0050] FIG. 18A is a schematic representation of a hydraulic drivetrain including a single

fluid power source and multiple fluid power consumers, wherein the fluid power consumers are

fixed displacement hydraulic motors;

[0051] FIG. 18B is a set of equations describing the torque, pressure, and displacement

relationships for the hydraulic motors in FIG. 18A;

[0052] FIG. 19A is a schematic representation of a hydraulic drivetrain including a single

fluid power source and multiple fluid power consumers wherein the fluid power consumers are

variable displacement hydraulic motors;

[0053] FIG. 19B is a set of equations describing the torque, pressure, and displacement

relationships for the hydraulic motors in FIG. 19B;

[0054] FIG. 2OA is a schematic representation of a hydraulic drivetrain including a single

fluid power source and a single fluid power consumer, wherein the fluid power source is a non-



controlled, non-constant pressure source and the fluid power consumer is a variable displacement

motor producing a constant output speed;

[0055] FIG. 2OB is an equation describing the torque, pressure, and displacement

relationship for the hydraulic motor in FIG. 2OA;

[0056] FIG. 2 1 is a schematic representation of the major components for an alternative

system and method for improving drivetrain efficiency for a compressed gas energy storage and

recovery system using staged hydraulic conversion;

[0057] FIG. 22 is a schematic representation of one embodiment of a high-efficiency,

variable volume hydraulic motor-pump for use in the system and method of FIG. 21;

[0058] FIG. 23 is a schematic representation of the major components for an alternative

system and method for improving drivetrain efficiency for a compressed gas energy storage and

recovery system using staged hydraulic conversion; and

[0059] FIG. 24 is a schematic representation of one embodiment of a high-efficiency,

variable volume hydraulic motor-pump for use in the system and method of FIG. 23.

DETAILED DESCRIPTION

[0060] FIG. 1 depicts generally a basic hydraulic-pneumatic energy conversion system 1

that stores and recovers electrical energy using at least one hydraulic motor. Various hydraulic-

pneumatic energy conversion systems are described in detail in the above incorporated patent

applications. The system 1 includes one or more high-pressure gas/air storage tanks 2a, 2b, . . .

2n. Each tank 2 is joined in parallel via a manual valve(s) 4a, 4b, . . . 4n, respectively, to a main

air line 8. The valves 4 are not limited to manual operation, as the valves can be electrically,

hydraulically, or pneumatically actuated, as can all of the valves described herein. The tanks 2

are each provided with a pressure sensor 12a, 12b . . . 12n and a temperature sensor 14a, 14b

. . .14n. These sensors 12, 14 can output electrical signals that can be monitored by a control



system 20 via appropriate wired and wireless connections/communications. Additionally, the

sensors 12, 14 could include visual indicators.

[0061] The control system 20 can be any acceptable control device with a human-

machine interface. For example, the control system 20 could include a computer (for example a

PC-type) that executes a stored control application in the form of a computer-readable software

medium. The control application receives telemetry from the various sensors to be described

below, and provides appropriate feedback to control valve actuators, motors, and other needed

electromechanical/electronic devices .

[0062] The system 1 further includes pneumatic valves 6a, 6b, 6c, ... 6n that control the

communication of the main air line 8 with an accumulator 16 and an intensifier 18. As

previously stated, the system 1 can include any number and combination of accumulators 16 and

intensifiers 18 to suit a particular application. The pneumatic valves 6 are also connected to a

vent 10 for exhausting air/gas from the accumulator 16, the intensifier 18, and/or the main air

line 8.

[0063] The system 1 further includes hydraulic valves 28a, 28b, 28c, 28d .. . 28n that

control the communication of the fluid connections of the accumulator 16 and the intensifier 18

with a hydraulic motor-pump 30. The specific number, type, and arrangement of the hydraulic

valves 28 and the pneumatic valves 6 are collectively referred to as the control valve

arrangements. In addition, the valves are generally depicted as simple two way valves (i.e., shut-

off valves); however, the valves could essentially be any configuration as needed to control the

flow of air and/or fluid in a particular manner. The hydraulic line between the accumulator 16

and valves 28a, 28b and the hydraulic line between the intensifier 18 and valves 28c, 28d can

include flow sensors 26 that relay information to the control system 20.

[0064] The motor-pump 30 can be a fixed or variable displacement piston-type assembly

having a shaft 3 1 (or other mechanical coupling) that drives, and is driven by, a combination



electrical motor and generator assembly 32. The motor-pump 30 could also be, for example, an

impeller, vane, or gear type assembly. The motor-generator assembly 32 is interconnected with

a power distribution system and can be monitored for status and output/input level by the control

system 20.

[0065] The system 1 can also include heat transfer subsystems in fluid communication

with the air chambers of the accumulators and intensifiers and the high pressure storage tanks

that provide improved isothermal expansion and compression of the gas. Various heat transfer

subsystems are described in detail in the above incorporated patent applications.

[0066] FIG. 2 depicts the major components related to a system and method for

providing constant power from a hydraulic-pneumatic energy storage and recovery system using

staged hydraulic conversion that provides a widely-varying pressure profile to a FD hydraulic

motor-pump by using a closed loop control system and a variable frequency drive (VFD) to

adjust the load seen by the electric generator and to produce constant electric power at a constant

frequency.

[0067] The major regions illustrated in FIG. 2 include a source of pressurized hydraulic

fluid 101, such as a hydraulic-pneumatic accumulator or system as described above with respect

to FIG. 1, which is driving the FD hydraulic motor-pump 110 providing rotary motion (as

indicated by arrow 121) of an output shaft 120.

[0068] The output shaft drives an electric motor-generator 130 having electric output

131. This electric output 131 is the input of the VFD 140 having an electric output 141. In this

illustration, the outlet of the hydraulic motor 110 is at low pressure and is directed to a hydraulic

fluid reservoir 102; however, the outlet could be directed back to the source of pressurized

hydraulic fluid 101, as shown in FIG. 1. A torque sensor 150 on the shaft 120 provides

information via a channel 151 to the VFD 140, which adjusts the load seen by the generator



accordingly. The output 141 of the VFD 140 is a sinusoidal voltage having a constant frequency

(e.g., 60 Hz) and constant power.

[0069] FIGS. 3A-3E are graphical representations of the hydraulic pressure (A), motor

torque (B), hydraulic flow rate (C), shaft RPM (D), and generator output power (E) for a single

pressure profile for a representative pressure range delivered to the FD hydraulic motor-pump

using the system and method of the invention for providing constant power from the widely-

varying pressure profile. As shown in FIG. 3A, a pressure profile is depicted for a simulated

system using a hydraulic pneumatic accumulator with an initial pressure of 3000 psi. As the

compressed gas expands in the accumulator forcing out hydraulic fluid, the pressure falls from

3000 psi to approximately 300 psi. Torque on the output shaft of the hydraulic motor decreases

in proportion to the pressure (FIG. 3B), which in all examplary figures is shown as a 25 cc/rev

hydraulic motor. The load on the generator (and, consequently, the mechanical load on the FD

hydraulic motor shaft) is decreased by the VFD in proportion to the sensed torque in such a way

that flow rate through the FD motor increases as shown in FIG. 3C. Shaft RPM, identical for

both the hydraulic and electric machines, increases proportionately as shown in FIG 3D. In this

way, the power output of both the hydraulic motor (which is identical to the output of the electric

generator and VFD, assuming zero losses for schematic purposes) is kept nearly constant as a

function of time, as shown in FIG. 3E. The output frequency of the electric generator increases

in proportion to shaft RPM, but the output frequency of the VFD is constant.

[0070] FIGS. 4A-4E are graphical representations of the hydraulic pressure (A), shaft

torque (B),hydraulic flow rate (C), hydraulic motor RPM (D), and motor output power (E) for a

series of pressure profiles during a cyclic operation of the system of FIG. 2 . In FIG. 4A, a set of

three cyclical pressure profiles are shown for a simulated process where successive hydraulic

pneumatic accumulators are discharged with an initial pressure of 3000 psi. As the compressed

gas expands in each successive accumulator forcing out hydraulic fluid, the pressure falls from



3000 psi to approximately 300 psi. As shown in FIG. 4B, for a FD motor, torque decreases with

decreasing pressure. The load on the generator (and, consequently, the mechanical load on the

FD hydraulic motor shaft) is decreased by the VFD in proportion to the sensed torque in such a

way that flow rate through the FD motor increases as shown in FIG. 4C. Shaft RPM, identical

for both the hydraulic and electric machines, increases proportionately as shown in FIG 4D. In

this way, power is kept nearly constant as a function of time as shown in FIG. 4E.

[0071] FIG. 5 depicts the major components related to an alternative system and method

for providing a constant output (e.g., power, current, voltage, frequency) from a hydraulic-

pneumatic energy storage and recovery system using staged hydraulic conversion that provides a

widely-varying pressure profile to a FD hydraulic motor-pump by using a closed loop control

system and a continuously variable transmission (CVT). The systems and methods of the

invention are capable of maintaining constant RPM for the electric generator and so produce

constant elecric power at a constant frequency.

[0072] The major regions illustrated in FIG. 5 include the source of pressurized hydraulic

fluid 101, as discussed above, which is driving the FD hydraulic motor 110, providing rotary

motion (as indicated by arrow 121) of the output shaft 120. The output shaft 120 drives the CVT

160 whose output shaft 165 drives the electric motor-generator 130 having electric output 131.

A torque sensor 150 on the shaft 120 of the FD hydraulic motor 110 communicates information

by a channel 151 to a control unit (e.g., a computer) 170. This control unit controls the effective

gear ratio of the CVT through a mechanical linkage (or combination of information channel and

mechanical linkage) 175. The effective gear ratio of the CVT is adjusted in such a way as to

provide constant RPM and torque to the shaft 165 of the electric generator 130. In this

illustration, the outlet of the hydraulic motor 110 is at low pressure and is directed to a hydraulic

fluid reservoir 102, but as discussed above could be directed back to the source of pressurized



hydraulic fluid 101. The output 131 of the electric generator 130 is a sinusoidal voltage having a

constant frequency (e.g., 60 Hz) and constant power.

[0073] FIGS. 6A-6H are graphical representations of the hydraulic pressure (A),

hydraulic motor torque (B), hydraulic flow rate (C), hydraulic motor shaft RPM (D), generator

output power (E), CVT gear ratio (F), generator RPM (G), and generator torque (H) for a single

pressure profile for a representative pressure range delivered to the fixed hydraulic motor-pump

using the system and method of the invention for providing constant power from the widely-

varying pressure profile. As shown in FIG. 6A, a pressure profile is depicted for a simulated

system using a hydraulic pneumatic accumulator with an initial pressure of 3000 psi. As the

compressed gas expands in the accumulator forcing out hydraulic fluid, the pressure falls from

3000 psi to approximately 300 psi. Torque on the output shaft of the hydraulic motor decreases

in proportion to the pressure (FIG. 6B). The effective gear ratio of the CVT is adjusted in

proportion to torque in such a way that load on the FD hydraulic motor shaft is decreased and the

flow rate through the FD motor increases as shown in FIG. 6C. Shaft RPM of the FD hydraulic

motor increases proportionately, as shown in FIG 6D. In this way, the power output of the

hydraulic motor is kept nearly constant as a function of time, as shown in FIG. 6E. Shaft RPM

(FIG 6G) and torque (FIG 6H) on the other side of the CVT, i.e., at the input of the electric

generator, remains constant by continuously varying the gear ratio as shown in FIG 6F. In this

way, the output frequency, voltage, current, and power of the electric generator remains nearly

constant.

[0074] FIGS. 7A-7H are graphical representations of the hydraulic pressure (A),

hydraulic flow rate (B), motor RPM (C), hydraulic motor shaft RPM (D), generator output power

(E), CVT gear ratio (F), generator RPM (G), and generator torque (H) for a series of pressure

profiles generated during a cyclic operation of the system of FIG. 5 . In FIG. 7A, a set of three

cyclical pressure profiles are shown for the simulated process where successive hydraulic



pneumatic accumulators are discharged with an initial pressure of 3000 psi. As the compressed

gas expands in each successive accumulator forcing out hydraulic fluid, the pressure falls from

3000 psi to approximately 300 psi. Torque on the output shaft of the hydraulic motor decreases

in proportion to the pressure (FIG. 7B). The effective gear ratio of the CVT is adjusted in

proportion to torque in such a way that load on the FD hydraulic motor shaft is decreased and the

flow rate through the FD motor increases as shown in FIG. 7C. Shaft RPM of the FD hydraulic

motor increases proportionately as shown in FIG 7D. In this way, the power output of both the

hydraulic motor and electric generator is kept nearly constant as a function of time, as shown in

FIG. 7E. Shaft RPM (FIG 7G) and torque (FIG 7H) on the other side of the CVT, i.e. at the

input of the electric generator, remains constant by continuously varying the gear ratio as shown

in FIG 7F. In this way, the the output frequency, voltage, current, and power of the electric

generator are kept nearly constant as a function of time.

[0075] FIG. 8 depicts generally the major components for improving conversion

efficiency of compressed air energy storage using staged hydraulic conversion and the four

major energy conversion stages. The major regions illustrated in FIG. 8 include compressed gas

energy 201, which is converted to hydraulic energy 202 via a pneumatic to hydraulic device,

such as an accumulator 210 or intensifier 220, with the pneumatic to hydraulic pressure ratio

determined by relative piston sizing and selected based on pressure levels and actuation of valves

270 as, for example, described in the above-incorporated patent applications. The dashed line

separating compressed gas energy 201 and hydraulic energy 202 represents a transition between

energy types and thus has an associated efficiency —compressed gas potential energy to work

done by the hydraulic fluid. Optimization of this efficiency, in part through the use of near

isothermal expansion and compression, is also discussed in the above incorporated patent

applications.



[0076] The pressurized hydraulic fluid in region 202 is driven by or used to drive a

hydraulic motor-pump 230, converting the work performed by or on the fluid to or from

mechanical energy 203 typically in the form of a rotating drive shaft. This transition, indicated

by the dashed line separating hydraulic energy 202 and mechanical energy 203, represents the

hydraulic to mechanical conversion efficiency and is dependent in part on the efficiency

characteristics of the hydraulic motor-pump 230, which vary with pressure/torque and

flow/RPM. In practice, this drive shaft will be connected to an electric motor-generator 240,

which converts the mechanical energy 203 to electrical energy 204. This transition, indicated by

the dashed line separating mechanical energy 203 and electrical energy 204, represents the

mechanical to electrical conversion efficiency and is dependent in part on the efficiency

characteristics of the electric motor-generator 240, which vary with torque and RPM.

[0077] Typically, this electrical motor-generator 240 will be further connected to power

electronics 250 to condition the electrical motor-generator 240 input/output power to the power

supply 260 (e.g., an electrical power grid). The effect of the addition of power electronics 250

here is included in overall mechanical to final electrical efficiency. As proposed in FIGS. 10 and

11, direct operation of the electric motor-generator 250 from the power supply 260 can improve

overall efficiency by removing any inefficiency from the addition of power electronics 250.

[0078] FIG. 9 depicts generally the major components related to conversion efficiency

for compressed air energy storage using staged hydraulic conversion, where a FD hydraulic

motor-pump 230 is used. FIG. 9 illustrates the four major energy conversion stages discussed

above (compressed gas energy 201, hydraulic energy 202, mechanical energy 203, and electrical

energy 204). In addition, FIG. 9 graphically depicts the various operational parameters of the

system, such as piston position, power, pressure, flow, torque, RPM, current and voltage versus

time for those stages. It should be noted that for simplicity of description, the case of expansion

(compressed air energy storage and recovery system discharge) is displayed and described for



the graphs in FIG. 9, but the case of compression (system charging) can be imagined by

reversing the time axis on the various plots.

[0079] Starting in compressed gas energy 201 region, a set amount of compressed gas is

admitted and then expanded in a pneumatic hydraulic device such as the accumulator 210

driving hydraulic fluid through hydraulic motor-pump 230. The hydraulic fluid pressure

(directly related to compressed gas pressure) falls as a function of time as indicated in the first

half of graph 320. For all graphs, two expansions are shown for the time scale. At the mid-point

in time, a second pneumatic hydraulic device such as the intensifier 220 admits and expands a

fixed amount of compressed gas. For a FD hydraulic motor 230, the flow rate will tend to drop

with pressure as indicated in graph 321, with a fixed load. Piston speed in the accumulator 210

changes with flow rate, and thus piston position is related in an integral fashion to flow rate as

indicated in graph 310. As hydraulic power is pressure times flow rate, power drops as a

function of time as the product of graph 320 and graph 321 as indicated in graph 322. For FD

hydraulic motor 230, output torque is related to pressure, graph 320, as indicated in graph 330,

and hydraulic motor output RPM is related to flow graph 321 as indicated in graph 331.

Similarly, converting mechanical 203 to electrical 204 power, motor-generator 240 current is

related to torque graph 330 as indicated in graph 340, and thus also tracks with pressure. Electric

motor-generator 240 voltage is related to RPM graph 331 as indicated in graph 341. Power in

each stage: compressed gas energy 201, hydraulic energy 202, mechanical energy 203, and

electrical energy 204, are closely related, scaled by efficiencies of conversions, and fall with

time.

[0080] Power electronics 250 can be used to transform voltage to a constant value as a

function of time for a final power supply 260 (e.g. for use on the power grid), as indicated in

graph 351. Additionally, short-term energy storage devices such as ultracapacitors can be used

with the power electronics to smooth current, graph 350, and power supply, graph 352, as a



function of time. This addition of power electronics and potentially short-term energy storage

adds cost and complexity to the energy storage and recovery system, while adding additional

electric conversion losses, potentially decreasing overall system efficiency. Additionally,

efficiency of both the FD hydraulic motor-pump 230 and electric motor-generator 240 are

dependent on operating torque and RPM, and thus when varied over a large range as indicated in

graph 330 and graph 331 both may suffer lower efficiencies over the course of a full expansion

than if operated over a narrow or fixed range of torque and RPM. As discussed with respect to

FIGS. 2-7, near constant torque and RPM can be achieved by using a VFD or CVT. However, it

is also possible to achieve constant power output by using a VD hydraulic motor-pump as

discussed with respect to FIG. 11.

[0081] FIG. 10 depicts generally the major components related to conversion efficiency

for compressed air energy storage using staged hydraulic conversion, where a VD hydraulic

motor-pump 230 is used. The use of the VD hydraulic motor-pump improves the conversion

efficiency of the hydraulic-pneumatic energy storage and recovery system and allows a user to

achieve near constant expansion or compression power in the system, while maintaining near

constant RPM or torque at the shaft of an electric motor-generator. FIG. 10 illustrates the four

major energy conversion stages discussed above (compressed gas energy 201, hydraulic energy

202, mechanical energy 203, and electrical energy 204). In addition, FIG. 10 graphically depicts

the various operational parameters of the system, such as piston position, power, pressure, flow,

torque, RPM, current and voltage versus time for those regions. It should be noted that for

simplicity of description, the case of expansion (compressed air energy storage and recovery

system discharge) is displayed and described for the graphs in FIG. 10, but the case of

compression (system charging) can be imagined by reversing the time axis on the various plots.

[0082] Starting in the compressed gas energy 201 stage, a set amount of compressed gas

is admitted and then expanded in a pneumatic hydraulic device such as the accumulator 210



driving hydraulic fluid through the hydraulic motor-pump 230. The hydraulic fluid pressure

(directly related to compressed gas pressure) falls as a function of time as indicated in the first

half of graph 420. For all graphs, two expansions are shown for the time scale. At the mid-point

in time, a second pneumatic hydraulic device such as intensifier 220 admits and expands a fixed

amount of compressed gas. For a VD hydraulic motor-pump 230, the flow rate is controlled by

both by the RPM and the displacement per revolution of the motor.

[0083] The displacement per revolution of the motor can be controlled in a VD motor-

pump. By using pressure, piston position, power, or other current operational information, the

flow rate can be set in such a way as to increase with decreasing pressure as shown in graph 421,

by increasing the displacement per revolution. In this instance, a control system is implemented

to maintain a nearly constant RPM as indicated in graph 431. Piston speed in accumulator 210

changes with flow rate, and thus piston position is related in an integral fashion to flow rate as

indicated in graph 410. As hydraulic power is pressure times flow rate, power varies as a

function of time as the product of graph 420 and graph 421 as indicated in graph 422. For the

VD hydraulic motor-pump 230, hydraulic motor-pump output torque is related to pressure, graph

420, times the displacement as a function of time (a fixed RPM displacement has the same curve

as flow as shown in graph 421) as indicated in graph 430. Hydraulic motor-pump 230 output

RPM is related to flow graph 421 as indicated in graph 431.

[0084] Similarly, converting mechanical energy 203 to electrical energy 204, electric

motor-generator 240 current is related to torque graph 430 as indicated in graph 440. Electric

motor-generator 240 voltage is related to RPM graph 431 as indicated in graph 441. Power in

each compressed gas energy 201, hydraulic energy 202, mechanical energy 203, and electrical

energy 204 stages is closely related, scaled by efficiencies of conversions, and fall with time. By

maintaining a constant RPM via control of the VD hydraulic motor, output voltage from the

electric motor-generator 240 can be matched to the required output, such as the electrical grid



power. By matching voltage and frequency with the desired output, power electronics 250 can

be removed from the system, saving substantial system costs. Short-term energy storage

devices, such as ultracapacitors, could be used to smooth current 440 and power output 442 as a

function of time. As the efficiency of the electric motor-generator 240 is dependent on operating

torque and RPM, by limiting the variation in torque and RPM to operation operated over a

narrow or fixed range, mechanical to electrical conversion can be increased.

[0085] FIG. 11 depicts generally the major components related to conversion efficiency

for compressed air energy storage using staged hydraulic conversion, where a VD hydraulic

motor-pump 230 is used. FIG. 11 illustrates the four major energy conversion stages discussed

above and graphically depicts the various operational parameters, such as piston position, power,

pressure, flow, torque, RPM, current and voltage versus time for those regions. FIG. 11 is

closely related to FIG. 10, but shows the full potential of an optimized control scheme for the

VD hydraulic motor-pump 230. It should be noted that for simplicity of description, the case of

expansion (compressed air energy storage and recovery system discharge) is displayed and

described for the graphs in FIG. 11, but the case of compression (system charging) can be

imagined by reversing the time axis on the various plots.

[0086] Starting in region 201, a set amount of compressed gas is admitted and then

expanded in a pneumatic hydraulic device, such as an accumulator 210 driving hydraulic fluid

through the hydraulic motor-pump 230. The hydraulic fluid pressure (directly related to

compressed gas pressure) falls as a function of time as indicated in the first half of graph 520.

For all graphs, two expansions are shown for the time scale. At the mid-point in time, a second

pneumatic hydraulic device such as an intensifier 220 admits and expands a fixed amount of

compressed gas. For a VD hydraulic motor-pump 230, the flow rate is controlled by both the

RPM and the displacement per revolution of the motor.



[0087] The displacement per revolution of the motor can be controlled in a VD motor-

pump. By using pressure, piston position, power, or other current operational information, the

flow rate can be set in such a way as to increase with decreasing pressure as shown in graph 521

by increasing the displacement per revolution. In this instance, as opposed to FIG. 10, a control

system is implemented to maintain a nearly constant torque or RPM as indicated in graph 530

and graph 531. Piston speed in the accumulator 210 changes with flow rate, and thus piston

position is related in an integral fashion to flow rate as indicated in graph 510. As hydraulic

power is pressure times flow rate, power can be made constant as indicated in graph 522 if

pressure varies inversely with flow rate as a function of time as indicated in graph 520 and graph

521. For the VD motor 230, hydraulic motor output torque is related to pressure, graph 520,

times the displacement as a function of time (a fixed RPM displacement has the same curve as

flow as shown in graph 521) as indicated in graph 530. Hydraulic motor output RPM is related

to flow 521 as indicated in 531.

[0088] Similarly, converting mechanical 203 to electrical energy 204, electric motor-

generator 240 current is related to torque graph 530 as indicated in graph 540. Electric motor-

generator 240 voltage is related to RPM graph 531 as indicated in graph 541. Power in each

stage: compressed gas energy 201, hydraulic energy 202, mechanical energy 203, and electrical

energy 204, are closely related, scaled by efficiencies of conversions, and fall with time. By

maintaining a constant torque and RPM via control of the VD hydraulic motor-pump 230

displacement, output voltage from 240 can be matched to the required output, such as the

electrical grid power. By matching voltage and frequency with the desired output, power

electronics can be removed from the system, saving substantial system costs. Further, by

maintaining a constant power output as a function of time over each cycle, no limited short-term

energy storage devices, such as ultracapacitors, would be needed to smooth current, graph 540,

and power output, graph 542 as a function of time. As the efficiency of the electric motor-



generator 240 is dependent on operating torque and RPM, by limiting the variation in torque and

RPM to operation operated over a narrow or fixed range, mechanical to electrical conversion can

be increased.

[0089] FIG. 12 depicts an alternative arrangement of the major components related to the

systems and methods for providing constant power, RPM, and torque from a hydraulic input

having a widely-varying pressure profile, in this case using a VD motor-pump and open loop

control system. Similar to those described above (see, e.g., FIGS. 2-7), the major regions

illustrated in FIG. 12 include a source of pressurized hydraulic fluid 101, such as a hydraulic-

pneumatic accumulator or system as described above, which is driving a VD hydraulic motor

110 providing rotary motion (as indicated by arrow 121) of an output shaft 120. In this

illustration, the outlet of the motor 110 is at low pressure and is directed to a hydraulic fluid

reservoir 102; however, the outlet could be directed back to the system providing the source of

pressurized hydraulic fluid 101. The displacement of motor 110 is controlled via displacement

controller 132.

[0090] FIG. 13 depicts an alternative arrangement of the major components related to the

systems and methods for providing constant power, RPM, and torque from a hydraulic input

having a widely-varying pressure profile, in this case using a VD motor-pump and a closed loop

control system. Similar to those described above, the major regions illustrated in FIG. 13

include a source of pressurized hydraulic fluid 101, which is driving a VD hydraulic motor 110

providing rotary motion (arrow 121) of an output shaft 120. In this illustration, the outlet of the

motor 110 is at low pressure and is directed to a hydraulic fluid reservoir 102, but could be

returned to the system providing the source of pressurized hydraulic fluid 101. The displacement

of the motor 110 is controlled via displacement controller 132, which is based on RPM and/or

torque measurements from a RPM/torque sensor 134.



[0091] FIGS. 14A-14C are graphical representations of the hydraulic pressure, flow rate,

and motor output power for a single pressure profile for a representative pressure range related to

the system and method for providing constant power, RPM, and torque from a widely-varying

pressure hydraulic input of FIG. 13. As shown in FIG. 14A, a pressure profile is depicted for a

simulated system using a hydraulic pneumatic accumulator with an initial pressure of 3000 psi.

As the compressed gas expands in the accumulator forcing out hydraulic fluid, the pressure falls

from 3000 psi to approximately 300 psi. The VD hydraulic motor displacement is changed such

that RPM and torque are nearly constant, increasing hydraulic flow rate through the motor, as

shown in FIG. 14B, as pressure decreases. In this way, power is kept nearly constant as a

function of time as shown in FIG. 14C.

[0092] FIGS. 15A-15E are graphical representations of the hydraulic pressure, motor

displacement, motor RPM, motor torque, and motor output power for a series of pressure profiles

for an example cyclic operation of the system and method for providing constant power, RPM,

and torque from a widely-varying pressure hydraulic input of fIG. 13. In FIG. 15A, a set of three

cyclical pressure profiles are shown for the simulated process where successive hydraulic

pneumatic accumulators are discharged with an initial pressure of 3000 psi. As the compressed

gas expands in each successive accumulator forcing out hydraulic fluid, the pressure falls from

3000 psi to approximately 300 psi. The displacement setting of the VD hydraulic motor is

controlled in this example by a PID controller set to achieve constant RPM. As shown in FIGS

14A-14C, the displacement and thus hydraulic flow increase with decreasing pressure, as shown

in FIG. 15B. In this way, RPM, torque, and power are kept nearly constant as a function of time

as shown in FIGS. 15C-15E, respectively. In FIGS. 15A-15E, closed-loop feedback on RPM

provides a nearly constant power output, except during times of transition switching between

accumulators. This switching between accumulators is done in a predictable fashion.



[0093] FIG. 16 depicts an alternative arrangement of the major components related to the

systems and methods for providing constant power, RPM, and torque from a hydraulic input

having a widely-varying pressure profile, in this case using a VD motor-pump and a control

system using predictive information and feedback. Similar to those described above, the major

regions illustrated in FIG. 16 include a source of pressurized hydraulic fluid 101, which is

driving a VD hydraulic motor 110 providing rotary motion (arrow 121) of an output shaft 120.

In this illustration, the outlet of the motor 110 is at low pressure and is directed to a hydraulic

fluid reservoir 102, but could be returned to the system providing the source of pressurized

hydraulic fluid 101. The displacement of the motor 110 is controlled via displacement controller

132, which is based on computed inputs from the system controller 136. The system controller

136 incorporates predictive information based on current system parameters (such as RPM

/torque measurements from a RPM/torque sensor 134, as well as piston positions, pressures,

and/or temperatures) and procedures such as switching pressures to set displacement such that

variations in output around state changes can be minimized.

[0094] FIG. 17A is a schematic diagram of a hydraulic drivetrain including a single fluid

power source and a single fluid power consumer, in which the fluid power consumer is a FD

hydraulic motor. A driving machine 604 is used to turn a shaft 605 powering a VD pump 606

that pumps fluid from a tank 602 into a high-pressure line 601. Fluid from the high pressure line

601 flows through a FD hydraulic motor 610 and back into the tank 602. The motor 610

converts the fluid power into mechanical power, driving shaft 663 and powering the driven

machine 660.

[0095] The equation depicted in FIG. 17B shows the torque, pressure, and displacement

relationship of FD hydraulic motor 610. In this case, the displacement 690 of motor 610 is

constant and fixed. Therefore, the pressure 680 in the high pressure line 601 and experienced by

motor 610 must be increased or decreased to increase or decrease the output torque 670 of the



motor 610. In drivetrain 600, this is accomplished by adjusting the displacement 607 of pump

606, which increases the fluid power provided to line 601.

[0096] FIG. 18A is a schematic diagram of a hydraulic drivetrain including a single fluid

power source and multiple fluid power consumers, in which the fluid power consumers are FD

hydraulic motors. A driving machine 704 is used to turn a shaft 705 powering a VD pump 706

that pumps fluid from a tank 702 into a high-pressure line 701. Fluid from the high pressure line

701 flows through FD hydraulic motors 7 11, 712 and back into the tank 702. The motors 711,

712 convert the fluid power into mechanical power, driving shafts 763, 764 to power the driven

machines 761, 762.

[0097] The equation depicted in FIG. 18B shows the torque, pressure, and displacement

relationship of the FD hydraulic motors 7 11, 712. In this case, the displacements 791, 792 of the

motors 7 11, 712 are constant and fixed. Therefore, the pressures 781, 782 in the high pressure

lines 733, 734 that are experienced by the motors 7 11, 712 must be increased or decreased in

order to increase or decrease the output torques 771, 772 of the motors 7 11, 712. Both fluid

power consumers, motors 711, 712, are affected by the pressure in the high-pressure line 701,

which therefore cannot be used to individually control the outputs of the motors 7 11, 712 the

way the pressure in line 601 in FIG. 17A can control the output of motor 610. Therefore, the

pressure in the high-pressure line 701 is held constant or nearly constant by adjusting the

displacement 707 of pump 706, which increases the fluid power provided to line 701. A

hydraulic accumulator 703 is used to reduce pressure fluctuations. Since there are multiple fluid

power consumers in drivetrain system 700, pressure-reducing valves 731, 732 are used to control

the pressures 781, 782 in the fluid lines 733, 734 at the inlets of the motors 7 11, 712, thus

individually controlling output torques 771, 772 of the motors. The disadvantage with this

approach is that a significant amount of energy is lost and converted to heat by throttling the

flow through valves 731, 732 to control the pressure, thereby greatly reducing system efficiency.



[0098] FIG. 19A is a schematic of a hydraulic drivetrain including a single fluid power

source and multiple fluid power consumers, in which the fluid power consumers are VD

hydraulic motors. VD hydraulic motors were developed to provide torque control from a

constant or nearly constant pressure fluid power source without the need for throttling valves.

By eliminating the energy losses associated with throttling control valves, system efficiencies are

greatly increased.

[0099] A driving machine 804 is used to turn a shaft 805 powering a VD pump 806 that

pumps fluid from the tank 802 into the high-pressure line 801. Fluid from the high pressure line

801 flows through VD hydraulic motors 8 11, 812 and back to the tank 802. The motors 8 11, 812

convert the fluid power into mechanical power, driving shafts 863, 864 to power the driven

machines 861, 862. Similarly to drivetrain 700 in FIG. 18A, both fluid power consumers in FIG.

19A, motors 811, 812, are affected by the pressure in the high-pressure line 801, which therefore

cannot be used to individually control the outputs of the motors 811, 812 the way the pressure in

line 601 in FIG. 17A can control the output of motor 610. Therefore, the pressure in the high-

pressure line 801 is held constant or nearly constant by adjusting the displacement 807 of pump

806, which increases the fluid power provided to line 801. A hydraulic accumulator 803 is used

to reduce pressure fluctuations.

[0100] The equation depicted in FIG. 19B shows the torque, pressure, and displacement

relationship of the VD hydraulic motors 8 11, 812. In this case, the displacements 891, 892 of the

motors 811, 812 are variable and can be controlled by displacement controls 831, 832.

Therefore, although the pressures 881, 882 in the high pressure line 801 that are experienced by

the motors 8 11, 812 are constant or near constant, the displacements 881, 882 of the motors 811,

812 can be increased or decreased via displacement controls 831, 832, thus increasing or

decreasing the output torques 871, 872 of the motors 811, 812 to accommodate varying loads on

the shafts 863, 864 required by the driven machines 861, 862.



[0101] In the hydraulic systems shown in FIG. 17A, FIG. 18A, and FIG. 19A, either the

pressures 680, 781, 782 experienced by the hydraulic motors were dynamically changed or the

hydraulic motor displacements 891, 892 were dynamically changed in order to dynamically

change the motor output torques 670, 771, 772, 871, 872 to match the required torque demand

from the driven machines 660, 761, 762, 861, 862.

[0102] FIG. 2OA depicts an embodiment of a hydraulic drivetrain in which the driven

machine requires constant torque and the displacement of the VD hydraulic motor is controlled

to account for changes in the motor inlet pressure, which is non-constant and non-controllable.

As shown, the hydraulic motor 910 is powered by a non-controlled, non-constant pressure source

901, such as, for example, the compressed gas energy storage and recovery system using staged

hydraulic conversion described above. Fluid flows from the non-constant pressure source 901

through the VD hydraulic motor 910 and into tank 902. The motor 910 converts the fluid power

into mechanical power, driving a shaft 963 and powering a driven machine 960 that requires

constant or near constant input torque. In this case, the pressure differential 980 experienced by

the motor 910 is provided by the non-constant pressure source 901, and is thus non-constant and

non-controlled. In this embodiment, displacement 930 is actively controlled to be inversely

proportional to the pressure differential 980 in order to compensate for the varying nature of the

pressure input and provide the constant or near constant motor torque output 970 required by the

driven machine 960. See the equation depicted in FIG. 2OB, which shows the torque, pressure,

and displacement relationship for the hydraulic motor in FIG. 2OA.

[0103] FIG. 2 1 is a schematic representation of an alternative embodiment of a system and

method for improving drivetrain efficiency for a compressed gas energy storage using hydraulic

conversion to provide a constant output. The system 2100 is integrated with a hydraulic motor-

pump 2 110 having one each of a high pressure and low pressure input/output, with a series of



pistons each driven using a computer controlled valve actuation scheme to allow for variable

displacement operation at high efficiency, and described with respect to FIG. 22.

[0104] FIG. 22 depicts the hydraulic motor-pump 2 110, having one each of a high pressure

and low pressure input/output 2130 and 2140, with a series of pistons each driven using a

computer controlled valve actuation scheme to allow for variable displacement operation at high

efficiency. The major components include six radial piston assemblies 2 110a-f, each composed

of a piston 2111 attached to an off-center rotating cam 2120 that turns a center axle 2121. Each

piston 2111 reciprocates in a housing 2112 that is allowed to pivot about a fixed end 2113. High

pressure hydraulic fluid, which is brought to/from the motor-pump 2 110 through a high pressure

hydraulic port 2130, is distributed to/from each piston assembly 2 110a-f through high pressure

lines 2132. Likewise, low pressure hydraulic fluid is brought to/from the motor-pump 2 110

through a low pressure hydraulic port 2140 and is distributed to/from each piston assembly

2 110a-f through low pressure lines 2142.

[0105] As the cam 2120 rotates, feedback from motor-pump parameters such as cam

position, RPM, torque, and pressure is fed into a controller 2150 that actuates high speed valves

2131, 2141 through control lines 2133, 2143. Depending on the desired motor-pump

displacement per revolution, high pressure valves 2131 may or may not be actuated (to an open

position) each time the cam 2120 forces the piston 2111 near the top of the housing 2 112. When

the high pressure valve 2131 is not actuated (to an open position), the low pressure valve remains

open allowing low pressure fluid to freely enter and exit the housing resulting in minimal fluid

drag. Unlike most current commercially available VD motor-pumps, the piston always

completes a full stroke, thereby increasing motor-pump efficiency. Likewise, by precision

timing, the motor-pump can achieve high efficiency over a broad range of per revolution

displacements. The motor-pump 2 110 depicted in FIG. 22 has a radial piston layout with six

pistons; however, various implementations of the systems and methods described herein may use



a motor-pump that includes more or less pistons and and/or an axial piston design. One

implementation of this motor-pump is the "Digital Displacement" motor-pump designed by

Artemis IP in Edinburgh, Scotland.

[0106] Referring back to FIG. 21, the compressed gas energy storage and recovery system

illustrated herein consists of compressed gas storage vessels (or caverns) 2102 connected to a

hydraulic conversion system 2101, such as those described above. For example, the hydraulic

conversion system may consist of one or more hydraulic pneumatic accumulators 2116 and one

or more hydraulic pneumatic intensifiers 2118. The air side of the hydraulic pneumatic

accumulator 2 116 is connected to the compressed gas storage vessels 2102 and the hydraulic

pneumatic intensifier 2118 via air lines with shut-off valves 2106. The air side of the hydraulic

pneumatic intensifier 2 116 is also in communciation with the ambient environment through a

vent port and shut-off valve 2106. The hydraulic outputs of accumulator 2116 and intensifier

2118 are routed through a four way two position valve 2128 to hydraulic motor-pump 2 110. As

described above, the use of a VD motor-pump in combination with the system for compressed

gas energy storage and recovery allows for operation over a broad pressure range while

maintaining nearly constant RPM, torque, and power. The digitally controlled motor-pump 2110

described herein allows for a substantially higher efficiency over a broader pressure range than

conventional VD motor-pumps.

[0107] FIG. 23 is a schematic representation of an alternative embodiment of a system and

method for improving drivetrain efficiency for a compressed gas energy storage using hydraulic

conversion to provide a constant power output. The system 2200 is integrated with a hydraulic

motor-pump 2210 having two or more high pressure input/outputs, with a series of pistons each

driven using a computer controlled valve actuation scheme to allow for variable displacement

operation at high efficiency. The hydraulic motor-pump is described with respect to FIG. 24.



[0108] FIG. 24 is a schematic of the hydraulic motor-pump 2210, having two or more high

pressure input/outputs 2240 and 2230, with a series of pistons each driven using a computer

controlled valve actuation scheme to allow for variable displacement operation at high

efficiency. As previously described, the major components include six radial piston assemblies

2 110a-f, each composed of a piston 2111 attached to an off-center rotating cam 2120 which turns

a center axle 2121. Each piston 2111 reciprocates in a housing 2 112 that is allowed to pivot

about a fixed end 2113. High pressure hydraulic fluid, which is brought to/from the motor-pump

2210 through two (or more) high pressure hydraulic ports 2230bdf and 2230ace is distributed

to/from each piston assembly 2 110b,d,f and 2 110a,c,e through high pressure lines 2232bdf and

2232ace, respectively. Likewise, low pressure hydraulic fluid is brought to/from the motor-

pump 2210 through one or more low pressure hydraulic ports 2240 and is distributed to/from

each piston assembly 2 110a-f through low pressure lines 2242.

[0109] As the cam 2120 rotates, feedback from motor-pump parameters such as cam

position, RPM, torque, and pressure is fed into a controller 2150 which actuates high speed

valves 2131, 2141 through control lines 2133, 2143. Depending on the desired motor-pump

displacement per revolution, high pressure valves 2131 may or may not be actuated (to an open

position) each time the cam 2120 forces the piston 2111 near the top of the housing 2 112. When

the high pressure valve 2131 is not actuated (to an open position), the low pressure valve remains

open allowing low pressure fluid to freely enter and exit the housing resulting in minimal fluid

drag. As previously discussed, the piston always completes a full stroke, thereby increasing

motor-pump efficiency. Likewise, by precision timing, the motor-pump can achieve high

efficiency over a broad range of per revolution displacements. Again, the motor-pump is

depicted as a radial piston layout with six piston assemblies, but motor-pumps having different

layouts and quantities of piston assemblies and are contemplated and within the scope of the

invention. Additionally, by using multiple input/output ports attached to different piston



assemblies, multiple input/output pressures and flows can be achieved within a single motor-

pump. As shown in FIG. 24, all piston sizes are shown as the same; however, piston sizes can

vary. For example, piston assemblies 2 110a, c, e can be a different size than piston assemblies

2110b, d, f .

[0110] Referring back to FIG. 23, the compressed gas energy storage and recovery system

illustrated herein similarly consists of compressed gas storage vessels (or caverns) 2102

connected to a hydraulic conversion system 2201, such as those described above. As the

hydraulic motor-pump 2210 has multiple high pressure ports, system 2201 has multiple, different

hydraulic fluid pressure streams, allowing for their combination within a single motor 2210. The

staged hydraulic conversion system 2201 may consist of two or more accumulator and intensifier

arrangments. As shown, a first arrangment consists of one or more hydraulic pneumatic

accumulators 2116 and one or more hydraulic pneumatic intensifiers 2118. The air side of the

first arrangement of hydraulic pneumatic accumulators 2116 is connected to the compressed gas

storage vessels 2102 and the hydraulic pneumatic intensifiers 2118 via air lines with shut-off

valves 2106 and the air side of hydraulic pneumatic intensifiers 2 118 is also in communication

with the ambient environment through a vent port and shut-off valve 2106. The hydraulic

outputs of the first arrangement are routed through a four way two position valve 2128 to one of

the high pressure ports of the hydraulic motor-pump 2210.

[0111] The system 2201 also includes a second arrangment of accumulators and intensifiers.

The second arrangement also includes one or more hydraulic pneumatic accumulators 2116 and

one or more hydraulic pneumatic intensifiers 2118. The air side of the second arrangement of

the hydraulic pneumatic accumulators 2116 is connected to the compressed gas storage vessels

2102 and the hydraulic pneumatic intensifiers 2118 via air lines with shut-off valves 2106 and

the air side of hydraulic pneumatic intensifiers 2118 is also in communciation with the ambient

environment through a vent port and shut-off valve 2106. The hydraulic outputs of the second



arrangement are routed through a four way two position valve 2128 to a second of the high

pressure ports of the hydraulic motor-pump 2210. Likewise, additional high pressure ports may

be added to a single digitally controlled motor-pump, allowing for additional pressure streams to

be combined within a single motor-pump. Because the motor-pump 2210 has integrated

digitally controlled valving (2131a-f and 2141a-f in FIGS. 22 and 24), fewer hydraulic valves

can be used in the hydraulic conversion system 2102, thereby reducing cost and increasing

functionality. As described above, the use of a VD motor-pump in combination with the system

for compressed gas energy storage allows for operation over a broad pressure range while

maintaining nearly constant RPM, torque, and power and the digitally controlled motor-pump

2210 allows for a substantially higher efficiency over a broader pressure range than conventional

VD motor-pumps. Additionally, by combining multiple pressure streams, the effects of broader

pressure ranges in relation to power and flow rates can be further diminished, further improving

performance.

[0112] Having described certain embodiments of the invention, it will be apparent to those of

ordinary skill in the art that other embodiments incorporating the concepts disclosed herein may

be used without departing from the spirit and scope of the invention. The described

embodiments are to be considered in all respects as only illustrative and not restrictive.

[0113] Moreover, it will also be apparent to those of ordinary skill in the art that the

exemplary systems described herein, as well as other embodiments, can be operated reversibly,

that is, not only to produce electrical energy from the potential energy of pressurized gas but also

to produce stored pressurized gas using electrical energy.

[0114] What is claimed is:



CLAIMS

1. A system for providing a constant electrical output from a compressed gas energy storage

and recovery system, the system comprising:

a hydraulic-pneumatic energy storage and recovery system configured to provide a

varying pressure profile at, at least one outlet;

a variable displacement hydraulic motor-pump in fluid communication with the at least

one outlet; and

a control system in communication with the variable displacement hydraulic motor-pump

for controlling at least one variable selected from the group consisting of pressure, piston

position, power, flow rate, torque, RPM, current, voltage, frequency, and displacement per

revolution.

2 . The system of claim 1 further comprising an electric motor-generator mechanically

coupled to the variable displacement hydraulic motor-pump, wherein the variable displacement

hydraulic motor-pump converts hydraulic work to mechanical energy to drive a drive shaft of the

electric motor-generator, and the electric motor generator converts the mechanical energy to

electrical energy.

3 . The system of claim 2 further comprising power electronics in communication with the

electric motor-generator to synchronize an output of the electric motor-generator to a power

supply.

4 . The system of claim 1, wherein the control system is configured to vary the displacement

per revolution of the variable displacement hydraulic motor-pump in response to the varying

pressure profile at the at least one outlet.

5 . The system of claim 1, wherein the control system varies flow rate inversely with

pressure as a function of time.

6 . The system of claim 2, wherein the control system is configured to maintain at least one

of constant torque or RPM of the variable displacement hydraulic motor-pump to maintain an

output by the electric motor-generator.



7 . The system of claim 2, wherein the control system controls the variable displacement

hydraulic motor-pump to maintain an output at the electric motor-generator that matches a

required input for a power supply.

8. The system of claim 1 further comprising a graphical display in communication with the

variable displacement hydraulic motor-pump and configured to display one or more parameters

selected from piston position, power, pressure, flow rate, torque, RPM, current, and voltage

versus time.

9 . The system of claim 1, wherein the hydraulic-pneumatic energy storage and recovery

system uses staged hydraulic conversion to provide the varying pressure profile and comprises:

a cylinder assembly including a staged pneumatic side and a hydraulic side, the sides

being separated by a movable mechanical boundary mechanism that transfers energy

therebetween; and

a compressed gas storage system in fluid communication with the cylinder

assembly.

10. The system of claim 9, wherein the hydraulic-pneumatic storage and recovery system

further comprises a heat transfer subsystem to provide isothermal expansion and compression of

the gas.

11. A system for providing a constant electrical output from a compressed gas energy storage

and recovery system, the system comprising:

a hydraulic-pneumatic energy storage and recovery system configured to provide a

varying pressure profile at, at least one outlet;

a fixed displacement hydraulic motor-pump in fluid communication with the at least one

outlet;

an electric motor-generator mechanically coupled to the fixed displacement hydraulic

motor-pump; and

a control system in communication with a control device for controlling at least one

variable selected from the group consisting of power, flow rate, torque, RPM, current, voltage,

and frequency.



12. The system of claim 11, wherein the control system is configured to vary a flow rate of

the fixed displacement hydraulic motor-pump in response to the varying pressure profile at the at

least one outlet.

13. The system of claim 11, wherein the control device comprises a variable frequency drive

coupled to the electric motor-generator to control a load on the hydraulic motor-pump.

14. The system of claim 11, wherein the control device comprises a continuously variable

transmission disposed between the hydraulic motor-pump and the electric motor-generator to

control a load on the hydraulic motor-pump.

15. The system of claim 11, wherein the control device comprises power electronics in

communication with the electric motor-generator to synchronize an output of the electric motor-

generator to a power supply.

16. The system of claim 11, wherein the hydraulic-pneumatic energy storage and recovery

system uses staged hydraulic conversion to provide the varying pressure profile and comprises:

a cylinder assembly including a staged pneumatic side and a hydraulic side, the sides

being separated by a movable mechanical boundary mechanism that transfers energy

therebetween; and

a compressed gas storage system in fluid communication with the cylinder

assembly.

17. The system of claim 16, wherein the hydraulic-pneumatic storage and recovery system

further comprises a heat transfer subsystem to provide isothermal expansion and compression of

the gas.

18. A system for providing a constant electrical output from a compressed gas energy storage

and recovery system, the system comprising:

a hydraulic-pneumatic energy storage and recovery system configured to provide a

varying pressure profile at, at least one outlet;

a digital displacement hydraulic motor-pump in fluid communication with the at least one

outlet; and



a control system in communication with the digital displacement hydraulic motor-pump

for controlling at least one variable selected from the group consisting of pressure, piston

position, power, flow rate, torque, RPM, current, voltage, frequency, and displacement per

revolution.

19. The system of claim 18 further comprising an electric motor-generator mechanically

coupled to the digital displacement hydraulic motor-pump, wherein the hydraulic motor-pump

converts hydraulic work to mechanical energy to drive a drive shaft of the electric motor-

generator, and the electric motor generator converts the mechanical energy to electrical energy.

20. The system of claim 19 further comprising power electronics in communication with the

electric motor-generator to synchronize an output of the electric motor-generator to a power

supply.

21. The system of claim 18, wherein the control system is configured to vary the

displacement per revolution of the digital displacement hydraulic motor-pump in response to the

varying pressure profile at the at least one outlet.

22. The system of claim 19, wherein the control system is configured to maintain at least one

of constant torque or RPM of the digital displacement hydraulic motor-pump to maintain an

output by the electric motor-generator.

23. The system of claim 19, wherein the control system controls the digital displacement

hydraulic motor-pump to maintain an output at the electric motor-generator that matches a

required input for a power supply.

24. The system of claim 18, wherein the digital displacement hydraulic motor-pump

comprises:

a high pressure input-output;

a low pressure input-output;

an off-center rotating cam;

a plurality of radial piston assemblies coupled to the off-center rotating cam; and



a control valve arrangement responsive to the control system for operating the hydraulic

motor-pump at, at least one of a substantially constant pressure, power output, flow rate, torque,

RPM, or displacement per revolution.

25. The system of claim 24, wherein the control valve arrangement comprises pairs of high

speed valves in fluid communication with each piston assembly and the control system actuates

the high speed valves to control aggregate displacement of the hydraulic motor-pump.

26. The system of claim 24, wherein the digital displacement hydraulic motor-pump further

comprises a plurality of high-pressure inputs-outputs and a plurality of low-pressure inputs-

outputs.

27. The system of claim 18, wherein the hydraulic-pneumatic energy storage and recovery

system uses staged hydraulic conversion to provide the varying pressure profile and comprises:

a cylinder assembly including a staged pneumatic side and a hydraulic side, the sides

being separated by a movable mechanical boundary mechanism that transfers energy

therebetween; and

a compressed gas storage system in fluid communication with the cylinder

assembly.

28. The system of claim 27, wherein the hydraulic-pneumatic storage and recovery system

further comprises a heat transfer subsystem to provide isothermal expansion and compression of

the gas.

29. A method of providing a constant output from a compressed gas energy storage and

recovery system, the method comprising the steps of:

providing a hydraulic-pneumatic energy storage and recovery system configured to

provide a varying pressure profile at, at least one outlet;

providing a variable displacement hydraulic motor-pump in fluid communication with

the at least one pressure outlet;

providing an electric motor-generator mechanically coupled to the variable displacement

hydraulic motor-pump, wherein the variable displacement hydraulic motor-pump converts

hydraulic work to mechanical energy to drive a drive shaft of the electric motor-generator, and

the electric motor generator converts the mechanical energy an electrical output;



monitoring a pressure of the at least one hydraulic outlet;

monitoring at least one operational parameter of at least one of the variable displacement

hydraulic motor-pump or the electric motor-generator; and

operating a control system to vary an operational parameter of at least one of the variable

displacement hydraulic motor-pump or the electric motor-generator to maintain at least one

output parameter of the system constant.

30. The method of claim 29, wherein the at least one constant output parameter is selected

from the group consisting of a torque, RPM, power, voltage, current, and frequency.

31. The method of claim 29, wherein the operational parameter of the hydraulic motor-pump

is selected from the group consisting of pressure, piston position, power, flow rate, torque, RPM,

and displacement per revolution.

32. The method of claim 29, wherein the operational parameter of the electric motor-

generator is selected from the group consisting of power, torque, RPM, current, voltage, and

frequency.

33. The method of claim 29, wherein the step of operating the control system includes

varying a displacement per revolution of the variable displacement hydraulic motor-pump to

maintain the at least one output parameter constant.

34. The method of claim 29, wherein the step of operating the control system includes

varying a displacement per revolution of the variable displacement hydraulic motor-pump in

response to the varying pressure profile.

35. The method of claim 34, wherein the control system is configured to increase the flow

rate of the variable displacement hydraulic motor-pump in response to a decreasing pressure at

the at least one outlet.

36. The method of claim 29, wherein the step of operating the control system includes

maintaining at least one of constant torque or RPM of the variable displacement hydraulic

motor-pump to maintain a constant output at the electric motor-generator.



37. The method of claim 29, wherein the step of operating the control system includes

synchronizing an output of the electric motor-generator with a power grid.
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