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Power Management Systems with Dynamic Target State of Charge 

TECHNICAL FIELD 

[0001] 	This disclosure relates 	generally to electronics and more particularly to 

managing the state of charge of an energy storage device. 

BACKGROUND 

[0002] 	Renewable resources, such as wind and solar energy, are attractive alternatives 

to the use of fossil fuels for generating power due to their renewable nature and clean 

operation. However, unlike thermal power plants (e.g., coal fired or natural gas fired plants), 

generally, the amount of wind or solar energy available at any given time cannot be 

controlled or reliably predicted. Further, due to the inherent variability of these renewable 

energy sources, (e.g., wind gusts and/or directional changes, weather conditions, breaking 

clouds), the instantaneous power output of an associated power generator (e.g., a wind 

turbine) may vary significantly from one second to the next. 

[0003] 	Introducing such variability into the grid may destabilize the grid. 	For 

example, a sudden increase in active power may result in a corresponding increase in grid 

frequency. 	These increases may result in protective relay tripping, thereby separating 

portions of the grid and potentially creating a load/generation imbalance in certain portions of 

the grid. 	In some cases, such an imbalance may result in a cascading power failure as the 

grid is further segmented and/or available generation resources trip off-line to prevent 

damage that may result from the imbalance. 

[0004] 	Ramp rate limits help protect the grid from such an event by limiting the rate 

at which power injected into the grid increases or decreases. By limiting the rate of change in 

power of generation resources coupled to the grid, grid operators are provided with more time 

to respond to the change and maintain a load/generation balance. 

[0005] 	For wind turbine applications, ramp rate limiting can be implemented by 

manipulating the wind turbine and/or its controls (e.g., yawing or tilting the plane of rotation, 

varying the blade pitch, using a passive/active stall mechanism, controlling the output of a 

variable-speed generator, etc.). 	However, intentionally reducing power output despite the 

availability of wind energy (i.e., curtailment) decreases the overall energy efficiency of the 

system. 	Similarly, preemptively reducing the power output of a wind turbine generator so 

that a sudden decrease in wind energy appears less abrupt also decreases the overall energy 

efficiency of the system. 
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[0006] 	In some applications, ramp rate limiting may be implemented, at least in part, 

by using an energy storage device to absorb excess power during a ramp up and/or to 

supplement power output during a ramp down. Generally, such energy storage devices have 

a fixed storage capacity. Having a fixed storage capacity typically limits a device's ability to 

mitigate the risk of exceeding a ramp rate limit (i.e., a ramp rate violation). 	For example, a 

system having a 50% state of charge may be able to avoid a ramp rate violation in either 

direction for finite, and approximately equal, periods of time, assuming equal, worst-case- 

rates of change and equal ramp rate limits. 

[0007] 	In operation, such systems may implement a target state of charge (SOC) 

around which the storage device is managed. When the SOC of the device drops below this 

target or moves beyond this target, the energy storage device is controlled such that the SOC 

returns to the target SOC in preparation for the next event. 

[0008] 	Using 	a target 	SOC 	near the 	center 	of an 	energy 	storage 	device's 

charge/discharge capacity increases the probability that the energy storage device will recover 

to such a level prior to a subsequent event. 	A centered target SOC also increases the 

probability that the energy storage device will be available to mitigate a ramp rate violation 

irrespective of whether the event is a ramp up event or a ramp down event. 	Such an 

implementation may improve the efficiency of a ramp-rate-limited power generation facility 

by minimizing the need to curtail power output for at least a corresponding period of time. 

The period of time may be increased by increasing the size of the energy storage device 

and/or by utilizing multiple energy storage devices to provide additional charge/discharge 

capacity. Outside that time period, other measures may be implemented to avoid a ramp rate 

violation, e.g., curtailment. 

SUMMARY 

[0009] 	A power management system includes an energy storage device and a control 

system coupled to the energy storage device. The control system is configured to execute a 

control routine to determine whether to charge or discharge the energy storage device using at 

least a target state of charge and a current state of charge of the energy storage device. The 

control system is configured to determine that an output signal, received from a power 

generator, or output measurement, calculated from the output of current and potential 

measurement devices, is outside of a specified range. 	The control system is configured to 

modify the target state of charge of the energy storage device in response to determining that 

the output signal is outside of the specified range. 
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[0010] 	In general, one aspect of the subject matter described in this specification can 

be embodied in methods that include the actions of executing a control routine to determine 

whether to charge or discharge an energy storage device coupled to a load, including: 

determining a difference between a current state of charge of the energy storage device and a 

target state of charge of the energy storage device; receiving an output signal characterizing 

the output of a power generator coupled to the load; and determining to charge or discharge 

the energy storage device based on the difference and the output signal; determining that the 

output signal is outside of a specified range; and modifying the target state of charge of the 

energy storage device in response to determining that the output signal is outside of the 

specified range. Other embodiments of this aspect include corresponding systems, apparatus, 

and computer programs, configured to perform the actions of the methods, encoded on 

computer storage devices. A system of one or more computers can be configured to perform 

particular actions by virtue of having software, firmware, hardware, or a combination of them 

installed on the system that in operation causes or cause the system to perform the actions. 

One or more computer programs can be configured to perform particular actions by virtue of 

including instructions that, when executed by data processing apparatus, cause the apparatus 

to perform the actions. 

[0011] 	These and other embodiments can each optionally include one or more of the 

following features. 	Determining that the output signal is outside of the specified range and 

modifying the target state of charge of the energy storage device comprises: determining that 

the output signal is below a first threshold and, in response, reducing the target state of charge 

of the energy storage device; and determining that the output signal is above a second 

threshold and, in response, increasing the target state of charge of the energy storage device. 

Determining that the output signal is outside of the specified range comprises determining 

that the output signal is outside of a specified range for a specified period of time. The power 

generator is configured to provide intermittent power to the load, and wherein the energy 

storage device is configured to source power to the load when discharging and sink power 

from the power generator when charging. The power generator comprises one or more wind 

turbines, the load is an electrical grid, and the energy storage device comprises one or more 

batteries, each battery coupled to a respective bidirectional power conversion system. 

Receiving the output signal from the power generator comprises receiving a value indicating 

an average or instantaneous power output from the wind turbines. Determining to charge or 

discharge the energy storage device based on the difference and the output signal comprises: 

determining that the output signal indicates that the power generator is generating power at an 
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increasing rate above a first threshold rate and, in response, charging the energy storage 

device; and determining that the output signal indicates that the power generator is generating 

power at a decreasing rate below a second threshold rate and, in response, discharging the 

energy storage device. The actions further comprise decreasing the first threshold rate or the 

second threshold rate or both when the current state of charge of the energy storage device is 

below the target state of charge of the energy storage device. 	The actions further comprise 

increasing the first threshold rate or the second threshold rate or both when the current state 

of charge of the energy storage device is above the target state of charge of the energy storage 

device. 

[0012] 	Particular implementations of the control system can provide one or more of 

the following advantages: system efficiency may be improved by reducing the need to curtail 

available power. 	In some cases, energy storage devices may be able to provide ramp rate 

mitigation services for a greater number of power generators, or power generators having a 

greater generation capacity. 	In some instances, ramp rate mitigation services may be 

provided by smaller energy storage devices, thereby decreasing costs. 	In some generation 

applications, the compliance of a generation source to given ramp rate limits is measured on a 

percentage compliance basis, and the control system can increase the compliance percentage 

of a generation source with an energy storage system without increasing the size of the 

energy storage system. 

[0013] 	The details of one or more disclosed implementations are set forth in the 

accompanying drawings and the description below. Other features, aspects, and advantages 

will become apparent from the description, the drawings and the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] 	FIG. 1 is a block diagram of an example power generation system including a 

power management system and a power generator. 

[0015] 	FIG. 2 is a chart illustrating some parameters of an example target SOC 

control routine executed by a control system. 

[0016] 	FIG. 3 is a chart illustrating an example scenario where an example target 

SOC modifier routine executed by a control system modifies a target SOC. 

[0017] 	FIG. 4 is a flow diagram of a method performed by a control system executing 

a target SOC control routine. 

[0018] 	FIG. 5 is a flow diagram of a method performed by a control system executing 

a target SOC modifier routine. 
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DETAILED DESCRIPTION 

[0019] 	FIG. 1 is a block diagram of an example power generation system 100 

including a power management system 102 and a power generator 118. The power generator 

and the power management system are coupled to an electrical grid 120. 	The power 

generation system may include other components to manage the connections between the 

power management system, the power generator, and the grid, e.g., a substation including one 

or more transformers, fault protection equipment, and the like. 

[0020] 	In some implementations, the power generator provides a variable amount of 

power, e.g., depending on environmental conditions. For example, the power generator can 

be a wind farm of one or more wind turbines, or a solar power generator of one or more 

photovoltaic solar panels. The power management system provides one or more services to 

assist the power generator. For example, the power management system can provide a ramp 

rate mitigation service to prevent power from the power generator from increasing or 

decreasing at any more than a threshold rate. Other examples of services include grid voltage 

regulation, grid frequency regulation, and power smoothing. 

[0021] 	The power management system includes a control system 104, energy storage 

devices 106a and 106b, power conversion systems 108a and 108b, and line filters 110a and 

110b. The control system can be implemented, e.g., in a system of one or more computers. 

The energy storage devices can be, e.g., batteries. 	The line filters can be, e.g., LC filters of 

one or more inductors and one or more capacitors configured to filter high frequency 

harmonics from the power conversion systems. 

[0022] 	The power conversion systems can be, e.g., bidirectional power converters that 

act as inverters when the energy storage devices are discharging to the grid and that act as 

rectifiers when the energy storage devices are charging using energy from the power 

generator or the grid. 	For example, the power conversion systems can be implemented as 

three-phase 	sinusoidal pulse-width modulated (PWM) 	inverters 	operating 	in current- 

controlled mode to generate three-phase sinusoidal output currents. 	The inverters may 

include half-bridge or full bridge switching configurations utilizing insulated-gate bipolar 

transistor (IGBT) modules as switching devices. 

5 

WO 2014/106082 PCT/US2013/078050 

DETAILED DESCRIPTION 

[0019] FIG. 1 is a block diagram of an example power generation system 100 

including a power management system 102 and a power generator 118. The power generator 

and the power management system are coupled to an electrical grid 120. The power 

generation system may include other components to manage the connections between the 

power management system, the power generator, and the grid, e.g., a substation including one 

or more transformers, fault protection equipment, and the like. 

[0020] In some implementations, the power generator provides a variable amount of 

power, e.g., depending on environmental conditions. For example, the power generator can 

be a wind farm of one or more wind turbines, or a solar power generator of one or more 

photovoltaic solar panels. The power management system provides one or more services to 

assist the power generator. For example, the power management system can provide a ramp 

rate mitigation service to prevent power from the power generator from increasing or 

decreasing at any more than a threshold rate. Other examples of services include grid voltage 

regulation, grid frequency regulation, and power smoothing. 

[0021] The power management system includes a control system 104, energy storage 

devices 106a and 106b, power conversion systems 108a and 108b, and line filters 110a and 

110b. The control system can be implemented, e.g., in a system of one or more computers. 

The energy storage devices can be, e.g., batteries. The line filters can be, e.g., LC filters of 

one or more inductors and one or more capacitors configured to filter high frequency 

harmonics from the power conversion systems. 

[0022] The power conversion systems can be, e.g., bidirectional power converters that 

act as inverters when the energy storage devices are discharging to the grid and that act as 

rectifiers when the energy storage devices are charging using energy from the power 

generator or the grid. For example, the power conversion systems can be implemented as 

three-phase sinusoidal pulse-width modulated (PWM) inverters operating in current-

controlled mode to generate three-phase sinusoidal output currents. The inverters may 

include half-bridge or full bridge switching configurations utilizing insulated-gate bipolar 

transistor (IGBT) modules as switching devices. 

5 



WO 2014/106082 
	

PCT/US2013/078050 

[0023] 	The control system receives an output signal characterizing the output of the 

power generator. 	The output signal can be, e.g., one or more digital values indicating an 

instantaneous power output of the power generator, or one or more digital values indicating 

an average power output of the power generator over a specified period of time. The control 

system can receive the output signal from the power generator. 	The control system can 

alternatively receive the output signal from measurement devices placed on the output of the 

power generator. 	The control system also receives information from the energy storage 

devices, e.g., information specifying a current state of charge. 	For example, the energy 

storage devices may provide a reading from a voltage sensor indicating the current voltage of 

the battery, which the control system can use to determine the current state of charge, or the 

energy storage devices may directly report the current state of charge. 

[0024] 	In some implementations, the control system receives other input. 	For 

example, the control system can receive distribution network status information from the grid 

or the power generator or both. 	Distribution network status information includes, for 

example, voltage, current, active power, reactive power, and frequency information derived, 

e.g., from one or more sensors coupled to the grid. 

[0025] 	The control system provides control signals to the power conversions systems 

that cause the energy storage devices to charge or discharge. For example, the control system 

can issue target active power settings ("P commands") and target reactive power settings ("Q 

commands") to the power conversion systems to meet system performance specifications. To 

provide a ramp rate mitigation service, the control system can cause the energy storage 

devices to discharge when the power output of the power generator is decreasing faster than 

a threshold rate (e.g., when the wind dies) and can cause the energy storage devices to charge 

when the power output of the power generator is increasing faster than a threshold rate (e.g., 

when the wind gusts). 

[0026] 	The control system executes a target state of charge (SOC) control routine 114. 

In executing the target SOC control routine, the control system determines a difference 

between the current state of charge of an energy storage device and the target state of charge 

of the energy storage device. 	The control system determines to charge or discharge the 

energy storage device based on the difference and the ramp rate of the power generator. 

[0027] 	In some implementations, the control system charges the energy storage 

device in response to determining that the output signal indicates that the power generator is 

generating power at an increasing rate above a first threshold rate, and the control system 

discharges the energy storage device in response to determining that the output signal 
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indicates that the power generator is generating power at a decreasing rate below a second 

threshold rate. 	The control system can decrease the first threshold rate or the second 

threshold rate or both when the current state of charge of the energy storage device is below 

the target state of charge of the energy storage device, and the control system can increase the 

first threshold rate or the second threshold rate or both when the current state of charge of the 

energy storage device is above the target state of charge of the energy storage device. 

[0028] 	The control system also executes a target SOC modifier routine 116. 	In 

executing the target SOC modifier routine, the control system modifies the target SOC of the 

target SOC control routine 114. 	When the control system modifies the target SOC, the 

current SOC may not immediately change, or may not change at all, depending on the 

difference between the current SOC and the target SOC and the state of the target SOC 

control routine. 	Typically, the target SOC control routine will eventually bring the current 

SOC closer to the target SOC. 

[0029] 	In some implementations, the control system determines that the output signal 

from the power generator is outside of a specified range, or outside of the specified range for 

a specified amount of time, and modifies the target SOC in response to determining that the 

output signal is outside of the specified range. The control system reduces the target state of 

charge of the energy storage device in response to determining that the output signal is below 

a first threshold. 	The control system can increase the target state of charge of the energy 

storage device in response to determining that the output signal is above a second threshold. 

[0030] 	For purposes of illustration, consider an example scenario where the power 

generator is a wind farm, the target SOC of an energy storage device is initially set to 50% 

capacity, and the current SOC of the energy storage device is 50% capacity, e.g., as measured 

by a sensor on the energy storage device. When the wind dies, the power output of the wind 

farm goes down. 	In response, the control system reduces the target SOC to 40% capacity. 

After a period of time passes, the current SOC of the energy storage device falls to 40% 

capacity. 

[0031] 	At 40% capacity, the power management system is better situated to handle 

sudden increases in wind speed. When the wind speed does increase, the power management 

system provides a ramp rate mitigation service by charging the energy storage device, and the 

current SOC of the storage device rises to 60% capacity. 	In response to the wind speed 

increasing for a specified period of time, the control system increases the target SOC, e.g., so 

that the power management system may be better situated to handle decreases in wind speed. 
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control routine. Typically, the target SOC control routine will eventually bring the current 

SOC closer to the target SOC. 

[0029] In some implementations, the control system determines that the output signal 

from the power generator is outside of a specified range, or outside of the specified range for 

a specified amount of time, and modifies the target SOC in response to determining that the 

output signal is outside of the specified range. The control system reduces the target state of 

charge of the energy storage device in response to determining that the output signal is below 

a first threshold. The control system can increase the target state of charge of the energy 

storage device in response to determining that the output signal is above a second threshold. 

[0030] For purposes of illustration, consider an example scenario where the power 

generator is a wind farm, the target SOC of an energy storage device is initially set to 50% 

capacity, and the current SOC of the energy storage device is 50% capacity, e.g., as measured 

by a sensor on the energy storage device. When the wind dies, the power output of the wind 

farm goes down. In response, the control system reduces the target SOC to 40% capacity. 

After a period of time passes, the current SOC of the energy storage device falls to 40% 

capacity. 

[0031] At 40% capacity, the power management system is better situated to handle 

sudden increases in wind speed. When the wind speed does increase, the power management 

system provides a ramp rate mitigation service by charging the energy storage device, and the 

current SOC of the storage device rises to 60% capacity. In response to the wind speed 

increasing for a specified period of time, the control system increases the target SOC, e.g., so 

that the power management system may be better situated to handle decreases in wind speed. 
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[0032] 	The capacity of an energy storage device can be defined by minimum and 

maximum rated charge levels that do not necessarily describe the entire potential range of 

charge levels of the energy storage device. For example, the minimum rated charge level of a 

lead acid battery may be 20% of the actual maximum capacity to potentially improve the 

expected life cycle of the battery. 	In this case, a current SOC of 50% would refer to the 

midpoint between the minimum rated charge level (20%) and the maximum rated charge 

level (100%), or 60%. 

[0033] 	In some implementations, the control system is implemented by a real-time 

processing system that executes the target SOC control routine and a controller, e.g., a 

Programmable Automation Controller (PAC) or Programmable Logic Controller (PLC), that 

executes the target SOC modifier routine. 	The control system can include one or more 

optically-isolated signal conditioner (OSIC) boards that condition signals from the energy 

storage devices or the power generator or both and protect the control system from electrical 

damage. 	In some other implementations, the control system is implemented on a single 

computer system. 

[0034] 	FIG. 2 is a chart 200 illustrating some parameters of an example target SOC 

control routine executed by a control system. 	The chart plots the difference between a 

current SOC and a target SOC on the horizontal axis and a percentage of an allowable ramp 

rate limit on the vertical axis. 

[0035] 	The percentage of the allowable ramp rate limit refers to two specified ramp 

rate limits, an increase limit and a decrease limit. 	The allowable ramp rate limit can be 

specified by a grid operator, a power purchase agreement (PPA), or an interconnection 

agreement, for example. An upper line 202 illustrates a first threshold for charging an energy 

storage device and a lower line 204 illustrates a second threshold for discharging an energy 

storage device. 

[0036] 	In operation, the control system determines the difference between the current 

SOC and the target SOC and also determines the rate of change of the power output of a 

power generator. The control system divides that rate of change by the allowable ramp rate 

limit (the increase limit if increasing and the decrease limit if decreasing) to determine the 

percentage of the allowable ramp rate limit. 

[0037] 	If the determined percentage of the allowable ramp rate limit is greater than 

the first threshold, as given by the upper line at the determined difference, the control system 

determines to charge the energy storage device to curb the rate at which power output is 

increasing. 	If the determined percentage of the allowable ramp rate limit is less than the 
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second threshold, as given by the lower line at the determined difference, the control system 

determines to discharge the energy storage device to curb the rate at which power output is 

decreasing. 

[0038] 	For purposes of illustration, consider an example scenario where the current 

SOC is 50% capacity and the target SOC is 50% capacity. The difference is 0%. The first 

threshold is 10% of the increase limit and the second threshold is -10% of the decrease limit. 

If the power output is increasing at greater than 10% of the increase limit, the control system 

will charge the energy storage device. If the power output is decreasing at greater than 10% 

of the decrease limit, the control system will discharge the energy storage device. 

[0039] 	Consider a different example scenario where the current SOC is 45% capacity 

and the target SOC is 50% capacity. The difference is -5%. The first threshold is 10% of the 

increase limit and the second threshold is -100% of the decrease limit. If the power output is 

increasing at more than 10% of the increase limit, the control system will charge the energy 

storage device. If the power output is decreasing at more than the decrease limit, the control 

system will discharge the energy storage device. 

[0040] 	FIG. 3 is a chart illustrating an example scenario where an example target 

SOC modifier routine executed by a control system modifies a target SOC. The chart plots a 

timeline on the horizontal axis and a percentage of charge capacity on the vertical axis. 

[0041] 	A first line 302 illustrates the current SOC of an energy storage device and a 

second line 304 illustrates the target SOC of a target SOC control routine controlling the 

charging and discharging of the energy storage device. A control system executing a target 

SOC modifier routine modifies the target SOC at some points in time, e.g., in response to 

determining that the power output is outside a specified range or outside the specified range 

for a specified amount of time. 

[0042] 	For purposes of illustration, suppose that the target SOC control routine uses 

the thresholds illustrated in FIG. 2. 	Further suppose that, during the times illustrated on the 

chart, the power output of the power generator is increasing at a constant rate of 10% of the 

increase limit described above with reference to FIG. 2. 

[0043] 	At time tO, the current SOC is 50% of capacity and the target SOC is 55% of 

capacity. The difference between the current and target SOC is -5%, and, referring to FIG. 2, 

the allowed ramp rate is 10% of the increase limit. Since, in this example, the power output 

is increasing at 10% of the increase limit, the target SOC control routine does not charge or 

discharge the energy storage device. 
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[0044] 	At time tl, the target SOC modifier routine decreases the target SOC to 45% 

of capacity. The difference between the current and target SOC is 5%, and referring to FIG. 

2, the allowed ramp rate is still 10% of the increase limit, so the target SOC control routine 

does not charge or discharge the energy storage device. 

[0045] 	At time t2, the target SOC modifier routine decreases the target SOC to 20% 

of capacity. The difference between the current and target SOC is 30%, and referring to FIG. 

2, the allowed ramp rate is 100% of the increase limit, so the target SOC control routine does 

not charge or discharge the energy storage device. 

[0046] 	At time t3, the target SOC modifier routine increases the target SOC to 75% of 

capacity. The difference between the current and target SOC is -25%, and referring to FIG. 

2, the allowed ramp rate is 0% of the increase limit, so the target SOC control routine charges 

the energy storage device. The current SOC begins rising. 

[0047] 	At time t4, the current SOC reaches 70%, and the difference between the 

current and target SOC is -5%. Referring to FIG. 2, the allowed ramp rate limit is 10%, and 

since the power output is increasing at 10% in this example, the target SOC control routine 

ceases charging the energy storage device. 

[0048] 	At time t5, the target SOC modifier routine decreases the target SOC to 50% 

of capacity. The difference between the current and target SOC is 20%, and referring to FIG. 

2, the allowed ramp rate is 10% of the increase limit, so the target SOC control routine does 

not charge or discharge the energy storage device. 

[0049] 	FIG. 4 is a flow diagram of a method 400 performed by a control system 

executing a target SOC control routine. For example, the control system can be the control 

system 104 of FIG. 1 executing the target SOC control routine 114 of FIG. 1. 

[0050] 	The control system receives a current SOC of an energy storage device (402). 

The control system determines the difference between the current SOC and a target SOC 

(404). 	The control system receives an output signal, e.g., from a power generator or a 

measurement device coupled to the power generator (406). The control system determines to 

charge or discharge the energy storage device based on the difference and the output signal 

(408). 

[0051] 	FIG. 5 is a flow diagram of a method 500 performed by a control system 

executing a target SOC modifier routine. For example, the control system can be the control 

system 104 of FIG. 1 executing the target SOC modifier routine 116 of FIG. 1. 

[0052] 	The control system receives an output signal, e.g., from a power generator or a 

measurement device coupled to the power generator (502). 	The control system determines 
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that the output signal is outside of a specified range or outside of a specified range for a 

specified period of time (504). 	In response, the control system modifies a target SOC of a 

target SOC control routine controlling an energy storage device based on the target SOC and 

a current SOC of the energy storage device (506). 

[0053] 	Embodiments of the subject matter and the functional operations described in 

this specification can be implemented in digital electronic circuitry, in tangibly-embodied 

computer software or firmware, in computer hardware, including the structures disclosed in 

this specification and their structural equivalents, or in combinations of one or more of them. 

Embodiments of the subject matter described in this specification can be implemented as one 

or more computer programs, i.e., one or more modules of computer program instructions 

encoded on a tangible non-transitory program carrier for execution by, or to control the 

operation of, data processing apparatus. Alternatively or in addition, the program instructions 

can be encoded on an artificially-generated propagated signal, e.g., a machine-generated 

electrical, optical, or electromagnetic signal, that is generated to encode information for 

transmission to suitable receiver apparatus for execution by a data processing apparatus. The 

computer storage medium can be a machine-readable storage device, a machine-readable 

storage substrate, a random or serial access memory device, or a combination of one or more 

of them. 

[0054] 	Computers suitable for the execution of a computer program include, by way 

of example, general or special purpose microprocessors or both, or any other kind of central 

processing unit. Generally, a central processing unit will receive instructions and data from a 

read-only memory or a random access memory or both. The essential elements of a computer 

are a central processing unit for performing or executing instructions and one or more 

memory devices for storing instructions and data. Generally, a computer will also include, or 

be operatively coupled to receive data from or transfer data to, or both, one or more mass 

storage devices for storing data, e.g., magnetic, magneto-optical disks, or optical disks. 

However, a computer need not have such devices. Moreover, a computer can be embedded 

in another device, e.g., a mobile telephone, a personal digital assistant (PDA), a mobile audio 

or video player, a game console, a Global Positioning System (GPS) receiver, or a portable 

storage device, e.g., a universal serial bus (USB) flash drive, to name just a few. 

[0055] 	Computer-readable media suitable for storing computer program instructions 

and data include all forms of non-volatile memory, media and memory devices, including by 

way of example semiconductor memory devices, e.g., EPROM, EEPROM, and flash memory 

devices; magnetic disks, e.g., internal hard disks or removable disks; magneto-optical disks; 
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and CD-ROM and DVD-ROM disks. The processor and the memory can be supplemented 

by, or incorporated in, special purpose logic circuitry. 

[0056] 	The processes and logic flows described in this specification can be performed 

by one or more programmable computers executing one or more computer programs to 

perform functions by operating on input data and generating output. The processes and logic 

flows can also be performed by, and apparatus can also be implemented as, special purpose 

logic 	circuitry, 	e.g., 	an 	FPGA 	(field 	programmable 	gate 	array) 	or 	an 	ASIC 

(application-specific integrated circuit). 

[0057] 	While this specification contains many specific implementation details, these 

should not be construed as limitations on the scope of any invention or of what may be 

claimed, but rather as descriptions of features that may be specific to particular embodiments 

of particular inventions. Certain features that are described in this specification in the context 

of separate embodiments can also be implemented in combination in a single embodiment. 

Conversely, various features that are described in the context of a single embodiment can also 

be implemented in multiple embodiments separately or in any suitable subcombination. 

Moreover, although features may be described above as acting in certain combinations and 

even initially claimed as such, one or more features from a claimed combination can in some 

cases be excised from the combination, and the claimed combination may be directed to a 

subcombination or variation of a subcombination. 

[0058] 	Similarly, while operations are depicted in the drawings in a particular order, 

this should not be understood as requiring that such operations be performed in the particular 

order shown or in sequential order, or that all illustrated operations be performed, to achieve 

desirable results. 	In certain circumstances, multitasking and parallel processing may be 

advantageous. 	Moreover, the separation of various system modules and components in the 

embodiments described above should not be understood as requiring such separation in all 

embodiments, and it should be understood that the described program components and 

systems can generally be integrated together in a single software product or packaged into 

multiple software products. 

What is claimed is: 
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CLAIMS 

1. A power management system comprising: 

an energy storage device; and 

a control system coupled to the energy storage device, wherein the control system is 

configured to: 

execute a control routine to determine whether to charge or discharge the 

energy storage device, including determining a difference between a current state of charge of 

the energy storage device and a target state of charge of the energy storage device, receiving 

an output signal characterizing the output of a power generator, and determining to charge or 

discharge the energy storage device based on the difference and the output signal; 

determine that the output signal is outside of a specified range; and 

modify the target state of charge of the energy storage device in response to 

determining that the output signal is outside of the specified range. 

2. The power management system of claim 1, wherein the control system is configured 

to: 

determine that the output signal is below a first threshold and, in response, reduce the 

target state of charge of the energy storage device; and 

determine that the output signal is above a second threshold and, in response, increase 

the target state of charge of the energy storage device. 

3. The power management system of claim 1, wherein the control system is configured 

to: 

determine that the output signal is outside of a specified range for a specified period 

of time; and 

modify the target state of charge of the energy storage device in response to 

determining that the output signal is outside of the specified range for the specified period of 

time. 

4. The power management system of claim 1, wherein the power generator is configured 

to provide intermittent power to a load, and wherein the energy storage device is configured 

to source power to the load when discharging and sink power from the power generator when 

charging. 

13 

WO 2014/106082 PCT/US2013/078050 

CLAIMS 

1. A power management system comprising: 

an energy storage device; and 

a control system coupled to the energy storage device, wherein the control system is 

configured to: 

execute a control routine to determine whether to charge or discharge the 

energy storage device, including determining a difference between a current state of charge of 

the energy storage device and a target state of charge of the energy storage device, receiving 

an output signal characterizing the output of a power generator, and determining to charge or 

discharge the energy storage device based on the difference and the output signal; 

determine that the output signal is outside of a specified range; and 

modify the target state of charge of the energy storage device in response to 

determining that the output signal is outside of the specified range. 

2. The power management system of claim 1, wherein the control system is configured 

to: 

determine that the output signal is below a first threshold and, in response, reduce the 

target state of charge of the energy storage device; and 

determine that the output signal is above a second threshold and, in response, increase 

the target state of charge of the energy storage device. 

3. The power management system of claim 1, wherein the control system is configured 

to: 

determine that the output signal is outside of a specified range for a specified period 

of time; and 

modify the target state of charge of the energy storage device in response to 

determining that the output signal is outside of the specified range for the specified period of 

time. 

4. The power management system of claim 1, wherein the power generator is configured 

to provide intermittent power to a load, and wherein the energy storage device is configured 

to source power to the load when discharging and sink power from the power generator when 

charging. 

13 



WO 2014/106082 
	

PCT/US2013/078050 

5. The power management system of claim 4, wherein the power generator comprises 

one or more wind turbines, the load is an electrical grid, and the energy storage device 

comprises one or more batteries, each battery coupled to a respective bidirectional power 

conversion system. 

6. The power management system of claim 5, wherein receiving the output signal 

comprises receiving a value from the power generator or a measurement device coupled to 

the power generator indicating an average or instantaneous power output from the wind 

turbines. 

7. The power management system of claim 1, wherein determining to charge or 

discharge the energy storage device based on the difference and the output signal comprises: 

determining that the output signal indicates that the power generator is generating 

power at an increasing rate above a first threshold rate and, in response, charging the energy 

storage device; and 

determining that the output signal indicates that the power generator is generating 

power at a decreasing rate below a second threshold rate and, in response, discharging the 

energy storage device. 

8. The power management system of claim 7, wherein the control system is configured 

to, in executing the control routine, decrease the first threshold rate or the second threshold 

rate or both when the current state of charge of the energy storage device is below the target 

state of charge of the energy storage device. 

9. The power management system of claim 7, wherein the control system is configured 

to, in executing the control routine, increase the first threshold rate or the second threshold 

rate or both when the current state of charge of the energy storage device is above the target 

state of charge of the energy storage device. 

10. The power management system of claim 1, wherein the control system comprises a 

real-time processing system to execute the control routine. 
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5. The power management system of claim 4, wherein the power generator comprises 
one or more wind turbines, the load is an electrical grid, and the energy storage device 
comprises one or more batteries, each battery coupled to a respective bidirectional power 
conversion system. 

6. The power management system of claim 5, wherein receiving the output signal 
comprises receiving a value from the power generator or a measurement device coupled to 
the power generator indicating an average or instantaneous power output from the wind 
turbines. 

7. The power management system of claim 1, wherein determining to charge or 
discharge the energy storage device based on the difference and the output signal comprises: 

determining that the output signal indicates that the power generator is generating 
power at an increasing rate above a first threshold rate and, in response, charging the energy 
storage device; and 

determining that the output signal indicates that the power generator is generating 
power at a decreasing rate below a second threshold rate and, in response, discharging the 
energy storage device. 

8. The power management system of claim 7, wherein the control system is configured 
to, in executing the control routine, decrease the first threshold rate or the second threshold 
rate or both when the current state of charge of the energy storage device is below the target 
state of charge of the energy storage device. 

9. The power management system of claim 7, wherein the control system is configured 
to, in executing the control routine, increase the first threshold rate or the second threshold 
rate or both when the current state of charge of the energy storage device is above the target 
state of charge of the energy storage device. 

10. The power management system of claim 1, wherein the control system comprises a 
real-time processing system to execute the control routine. 

14 



WO 2014/106082 	 PCT/US2013/078050 

11. A method performed by a control system of a power management system, the method 

comprising: 

executing a control routine to determine whether to charge or discharge an energy 

storage device coupled to a load, including: 

determining a difference between a current state of charge of the energy 

storage device and a target state of charge of the energy storage device; 

receiving an output signal characterizing the output of a power generator 

coupled to the load; and 

determining to charge or discharge the energy storage device based on the 

difference and the output signal; 

determining that the output signal is outside of a specified range; and 

modifying the target state of charge of the energy storage device in response to 

determining that the output signal is outside of the specified range. 

12. The method of claim 11, wherein determining that the output signal is outside of the 

specified range and modifying the target state of charge of the energy storage device 

comprises: 

determining that the output signal is below a first threshold and, in response, reducing 

the target state of charge of the energy storage device; and 

determining that the output signal is above a second threshold and, in response, 

increasing the target state of charge of the energy storage device. 

13. The method of claim 11, wherein determining that the output signal is outside of the 

specified range comprises determining that the output signal is outside of a specified range 

for a specified period of time. 

14. The method of claim 11, wherein the power generator is configured to provide 

intermittent power to the load, and wherein the energy storage device is configured to source 

power to the load when discharging and sink power from the power generator when charging. 

15. The method of claim 14, wherein the power generator comprises one or more wind 

turbines, the load is an electrical grid, and the energy storage device comprises one or more 

batteries, each battery coupled to a respective bidirectional power conversion system. 
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11. A method performed by a control system of a power management system, the method 
comprising: 

executing a control routine to determine whether to charge or discharge an energy 
storage device coupled to a load, including: 

determining a difference between a current state of charge of the energy 
storage device and a target state of charge of the energy storage device; 

receiving an output signal characterizing the output of a power generator 
coupled to the load; and 

determining to charge or discharge the energy storage device based on the 
difference and the output signal; 

determining that the output signal is outside of a specified range; and 
modifying the target state of charge of the energy storage device in response to 

determining that the output signal is outside of the specified range. 

12. The method of claim 11, wherein determining that the output signal is outside of the 
specified range and modifying the target state of charge of the energy storage device 
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determining that the output signal is below a first threshold and, in response, reducing 
the target state of charge of the energy storage device; and 

determining that the output signal is above a second threshold and, in response, 
increasing the target state of charge of the energy storage device. 

13. The method of claim 11, wherein determining that the output signal is outside of the 

specified range comprises determining that the output signal is outside of a specified range 
for a specified period of time. 

14. The method of claim 11, wherein the power generator is configured to provide 
intermittent power to the load, and wherein the energy storage device is configured to source 
power to the load when discharging and sink power from the power generator when charging. 

15. The method of claim 14, wherein the power generator comprises one or more wind 

turbines, the load is an electrical grid, and the energy storage device comprises one or more 
batteries, each battery coupled to a respective bidirectional power conversion system. 
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16. The method of claim 15, wherein receiving the output signal from the power 

generator comprises receiving a value indicating an average or instantaneous power output 

from the wind turbines. 

17. The method of claim 11, wherein determining to charge or discharge the energy 

storage device based on the difference and the output signal comprises: 

determining that the output signal indicates that the power generator is generating 

power at an increasing rate above a first threshold rate and, in response, charging the energy 

storage device; and 

determining that the output signal indicates that the power generator is generating 

power at a decreasing rate below a second threshold rate and, in response, discharging the 

energy storage device. 

18. The method of claim 17, further comprising decreasing the first threshold rate or the 

second threshold rate or both when the current state of charge of the energy storage device is 

below the target state of charge of the energy storage device. 

19. The method of claim 17, further comprising increasing the first threshold rate or the 

second threshold rate or both when the current state of charge of the energy storage device is 

above the target state of charge of the energy storage device. 
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16. The method of claim 15, wherein receiving the output signal from the power 

generator comprises receiving a value indicating an average or instantaneous power output 

from the wind turbines. 

17. The method of claim 11, wherein determining to charge or discharge the energy 

storage device based on the difference and the output signal comprises: 

determining that the output signal indicates that the power generator is generating 

power at an increasing rate above a first threshold rate and, in response, charging the energy 

storage device; and 

determining that the output signal indicates that the power generator is generating 

power at a decreasing rate below a second threshold rate and, in response, discharging the 

energy storage device. 

18. The method of claim 17, further comprising decreasing the first threshold rate or the 

second threshold rate or both when the current state of charge of the energy storage device is 

below the target state of charge of the energy storage device. 

19. The method of claim 17, further comprising increasing the first threshold rate or the 

second threshold rate or both when the current state of charge of the energy storage device is 

above the target state of charge of the energy storage device. 
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20. 	A method performed by a first control system of a power management system, the 

method comprising: 

receiving an output signal characterizing the output of a power generator coupled to a 

load; 

determining that the output signal is outside of a specified range; and 

sending a modified target state of charge to a second control system for an energy 

storage device in response to determining that the output signal is outside of the specified 

range, wherein the second control system is executing a control routine to determine whether 

to charge or discharge the energy storage device coupled to the load, including: 

determining a difference between a current state of charge of the energy 

storage device and the modified target state of charge of the energy storage device; 

receiving an output signal from a power generator coupled to the load; and 

determining to charge or discharge the energy storage device based on the 

difference and the output signal. 
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20. A method performed by a first control system of a power management system, the 
method comprising: 

receiving an output signal characterizing the output of a power generator coupled to a 
load; 

determining that the output signal is outside of a specified range; and 
sending a modified target state of charge to a second control system for an energy 

storage device in response to determining that the output signal is outside of the specified 
range, wherein the second control system is executing a control routine to determine whether 
to charge or discharge the energy storage device coupled to the load, including: 

determining a difference between a current state of charge of the energy 
storage device and the modified target state of charge of the energy storage device; 

receiving an output signal from a power generator coupled to the load; and 
determining to charge or discharge the energy storage device based on the 

difference and the output signal. 
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