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ELECTRICAL ENERGY STORAGE SYSTEM WITH BATTERY POWER 

SETPOINT OPTIMIZATION BASED ON BATTERY DEGRADATION 

COSTS AND EXPECTED FREQUENCY RESPONSE REVENUE 

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS 

[0001] This application claims the benefit of and priority to U.S. Patent Application No.  

15/247,784 filed August 25, 2016, U.S. Provisional Patent Application No. 62/239,131 filed 

October 8, 2015, U.S. Provisional Patent Application No. 62/239,231 filed October 8, 2015, 

U.S. Provisional Patent Application No. 62/239,233 filed October 8, 2015, U.S. Provisional 

Patent Application No. 62/239,245 filed October 8, 2015, U.S. Provisional Patent 

Application No. 62/239,246 filed October 8, 2015, and U.S. Provisional Patent Application 

No. 62/239,249 filed October 8, 2015. The entire disclosure of each of these patent 

applications is incorporated by reference herein.  

BACKGROUND 

[0002] The present invention relates generally to frequency response systems configured 

to add or remove electricity from an energy grid, and more particularly to a frequency 

response controller that determines optimal power setpoints for a battery power inverter in a 

frequency response system.  

[0003] Increased concerns about environmental issues such as global warming have 

prompted an increased interest in alternate clean and renewable sources of energy. Such 

sources include solar and wind power. One method for harvesting solar energy is using a 

photovoltaic (PV) field which provides power to an energy grid supplying regional power.  

[0004] Availability of solar power depends on the time of day (sunrise and sunsets) and 

weather variables such as cloud cover. The power output of a PV field can be intermittent 

and may vary abruptly throughout the course of a day. For example, a down-ramp (i.e., a 

negative change) in PV output power may occur when a cloud passes over a PV field. An 

up-ramp (i.e., a positive change) in PV output power may occur at sunrise and at any time 

during the day when a cloudy sky above the PV field clears up. This intermittency in PV 

power output presents a problem to the stability of the energy grid. In order to address the 
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intermittency of PV output power, ramp rate control is often used to maintain the stability of 

the grid.  

[0005] Ramp rate control is the process of offsetting PV ramp rates that fall outside of 

compliance limits determined by the electric power authority overseeing the grid. Ramp 

rate control typically requires the use of an energy source that allows for offsetting ramp 

rates by either supplying additional power to the grid or consuming more power from the 

grid. Stationary battery technology can been used for such applications. Stationary battery 

technology can also be used for frequency regulation, which is the process of maintaining 

the grid frequency at a desired value (e.g. 60 Hz in the United States) by adding or 

removing energy from the grid as needed. However, it is difficult and challenging to 

implement both ramp rate control and frequency regulation simultaneously.  

[0006] Ramp rate control and frequency regulation both impact the rate at which energy is 

provided to or removed from the energy grid. However, ramp rate control and frequency 

regulation often have conflicting objectives (i.e., controlling PV ramp rates vs. regulating 

grid frequency) which the same battery from being used for ramp rate control and frequency 

regulation simultaneously. Additionally, conventional ramp rate control and frequency 

regulation techniques can result in premature degradation of battery assets and often fail to 

maintain the state-of-charge of the battery within an acceptable range. It would be desirable 

to provide solutions to these and other disadvantages of conventional ramp rate control and 

frequency regulation techniques.  

SUMMARY 

[0007] One implementation of the present disclosure is an electrical energy storage 

system. The system includes a battery configured to store and discharge electric power to 

an energy grid, a power inverter configured to use battery power setpoints to control an 

amount of the electric power stored or discharged from the battery, and a controller. The 

controller is configured to generate optimal values for the battery power setpoints as a 

function of both an estimated amount of battery degradation and an estimated amount of 

frequency response revenue that will result from the battery power setpoints.  

[0008] In some embodiments, the controller is configured to estimate the amount of 

battery degradation that will result from battery power setpoints using a battery life model.  
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[0009] In some embodiments, the battery life model is a parametric model comprising a 

regression coefficient for each of the plurality of variables in the battery life model. The 

controller may be configured to perform a curve fitting process to determine values for the 

regression coefficients.  

[0010] In some embodiments, the curve fitting process includes providing the power 

inverter with known battery power setpoints, determining values for each of the variables in 

the battery life model based on the known battery power setpoints, measuring an amount of 

battery degradation that results from the known battery power setpoints, and using the 

values for each of the variables in the battery life model and the measured amount of battery 

degradation to determine the values for the regression coefficients.  

[0011] In some embodiments, the controller is configured to generate frequency 

regulation power setpoints based on a frequency of the energy grid, generate ramp rate 

control power setpoints based on a power output of a photovoltaic field, and combine the 

frequency regulation power setpoints and ramp rate control power setpoints to generate the 

battery power setpoints.  

[0012] In some embodiments, the controller is configured to estimate a monetary cost of 

the battery degradation that will result from the battery power setpoints and generate the 

optimal values for the battery power setpoints by optimizing an objective function. The 

objective function may include the estimated amount of frequency response revenue and the 

monetary cost of the battery degradation that will result from the battery power setpoints.  

[0013] In some embodiments, the controller is configured to estimate the monetary cost of 

the battery degradation. In some embodiments, the controller estimates the monetary cost 

of the battery degradation by determining a total loss in the frequency response revenue that 

will result from the battery power setpoints and calculating a present value of the total loss 

in the frequency response revenue.  

[0014] In some embodiments, the estimated amount of battery degradation comprises an 

estimated loss in battery capacity that will result from the battery power setpoints.  

[0015] In some embodiments, the controller is configured to generate the optimal values 

for the battery power setpoints by identifying constraints on a state-of-charge (SOC) of the 

battery, determining a relationship between the SOC of the battery and the battery power 

setpoints, and generating the optimal values of the battery power setpoits such that a 
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predicted SOC of the battery during an optimization period does not violate the constraints 

on the SOC of the battery.  

[0016] In some embodiments, the controller is configured to generate the predicted SOC 

of the battery using a random walk model. The constraints on the SOC of the battery may 

ensure that the battery will not become full charged or fully depleted during the 

optimization period.  

[0017] Another implementation of the present disclosure is a method for operating an 

electrical energy storage system. The method includes using a battery life model to identify 

a relationship between battery power setpoints and an estimated amount of battery 

degradation that will result from battery power setpoints. The battery life model may 

include a plurality of variables that depend on the battery power setpoints. The method may 

further includes estimating an amount of frequency response revenue that will result from 

the battery power setpoints and generating optimal values for the battery power setpoints as 

a function of both the estimated amount of battery degradation and the estimated amount of 

frequency response revenue that will result from the battery power setpoints. The method 

may further include using the optimal values of the battery power setpoints to control an 

amount of electric power stored or discharged from a battery.  

[0018] In some embodiments, the battery life model is a parametric model comprising a 

regression coefficient for each of the plurality of variables in the battery life model.  

[0019] In some embodiments, the method further includes performing a curve fitting 

process to determine values for the regression coefficients.  

[0020] In some embodiments, the curve fitting process includes providing a power 

inverter with known battery power setpoints, determining values for each of the variables in 

the battery life model based on the known battery power setpoints, measuring an amount of 

battery degradation that results from the known battery power setpoints, and using the 

values for each of the variables in the battery life model and the measured amount of battery 

degradation to determine the values for the regression coefficients.  

[0021] In some embodiments, the method further includes generating frequency 

regulation power setpoints based on a frequency of an energy grid, generating ramp rate 

control power setpoints based on a power output of a photovoltaic field, and combining the 
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frequency regulation power setpoints and ramp rate control power setpoints to generate the 

battery power setpoints.  

[0022] In some embodiments, the method further includes estimating a monetary cost of 

the battery degradation that will result from the battery power setpoints. Generating the 

optimal values for the battery power setpoints may include optimizing an objective 

function. The objective function may include the estimated amount of frequency response 

revenue and the monetary cost of the battery degradation that will result from the battery 

power setpoints.  

[0023] In some embodiments, estimating the monetary cost of the battery degradation 

includes determining a total loss in the frequency response revenue that will result from the 

battery power setpoints and calculating a present value of the total loss in the frequency 

response revenue.  

[0024] In some embodiments, the estimated amount of battery degradation includes an 

estimated loss in battery capacity that will result from the battery power setpoints.  

[0025] In some embodiments, generating optimal values for the battery power setpoints 

includes identifying constraints on a state-of-charge (SOC) of the battery, determining a 

relationship between the SOC of the battery and the battery power setpoints, and generating 

the optimal values of the battery power setpoits such that a predicted SOC of the battery 

during an optimization period does not violate the constraints on the SOC of the battery.  

[0026] In some embodiments, the method further includes generating the predicted SOC 

of the battery using a random walk model. The constraints on the SOC of the battery may 

ensure that the battery will not become full charged or fully depleted during the 

optimization period.  

[0027] Those skilled in the art will appreciate that the summary is illustrative only and is 

not intended to be in any way limiting. Other aspects, inventive features, and advantages of 

the devices and/or processes described herein, as defined solely by the claims, will become 

apparent in the detailed description set forth herein and taken in conjunction with the 

accompanying drawings.  
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] FIG. 1 is a block diagram of a frequency response optimization system, according 

to an exemplary embodiment.  

[0029] FIG. 2 is a graph of a regulation signal which may be provided to the system of 

FIG. 1 and a frequency response signal which may be generated by the system of FIG. 1, 

according to an exemplary embodiment.  

[0030] FIG. 3 is a block diagram illustrating the frequency response controller of FIG. 1 

in greater detail, according to an exemplary embodiment.  

[0031] FIG. 4 is a block diagram illustrating the high level controller of FIG. 3 in greater 

detail, according to an exemplary embodiment.  

[0032] FIG. 5 is a block diagram illustrating the low level controller of FIG. 3 in greater 

detail, according to an exemplary embodiment.  

[0033] FIG. 6 is a flowchart of a process for determining frequency response midpoints 

and battery power setpoints that maintain the battery at the same state-of-charge at the 

beginning and end of each frequency response period, according to an exemplary 

embodiment.  

[0034] FIG. 7 is a flowchart of a process for determining optimal frequency response 

midpoints and battery power setpoints in the presence of demand charges, according to an 

exemplary embodiment.  

[0035] FIG. 8A is a block diagram of an electrical energy storage system configured to 

simultaneously perform both ramp rate control and frequency regulation while maintaining 

the state-of-charge of the battery within a desired range, according to an exemplary 

embodiment.  

[0036] FIG. 8B is a drawing of the electrical energy storage system of FIG. 8A, according 

to an exemplary embodiment.  

[0037] FIG. 9 is a flowchart of a process for generating and using a battery life model to 

control battery power setpoints, according to an exemplary embodiment.  
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[0038] FIG. 10 is a graph illustrating a reactive ramp rate control technique which can be 

used by the electrical energy storage system of FIGS. 8A-8B, according to an exemplary 

embodiment.  

[0039] FIG. 11 is a graph illustrating a preemptive ramp rate control technique which can 

be used by the electrical energy storage system of FIGS. 8A-8B, according to an exemplary 

embodiment.  

[0040] FIG. 12 is a block diagram of a frequency regulation and ramp rate controller 

which can be used to monitor and control the electrical energy storage system of FIGS. 8A

8B, according to an exemplary embodiment.  

[0041] FIG. 13 is a block diagram of a frequency response control system, according to an 

exemplary embodiment.  

[0042] FIG. 14 is a block diagram illustrating data flow into a data fusion module of the 

frequency response control system of FIG. 13, according to an exemplary embodiment.  

[0043] FIG. 15 is a block diagram illustrating a database schema which can be used in the 

frequency response control system of FIG. 13, according to an exemplary embodiment.  

DETAILED DESCRIPTION 

[0044] Referring generally to the FIGURES, systems and methods for controlling and 

using electrical energy storage are shown, according to various exemplary embodiments.  

Electrical energy storage (e.g., a battery) can be used for several applications, two of which 

are ramp rate control and frequency regulation. Ramp rate control is the process of 

offsetting ramp rates (i.e., increases or decreases in the power output of an energy system 

such as a photovoltaic energy system) that fall outside of compliance limits determined by 

the electric power authority overseeing the energy grid. Ramp rate control typically 

requires the use of an energy source that allows for offsetting ramp rates by either supplying 

additional power to the grid or consuming more power from the grid. In some instances, a 

facility is penalized for failing to comply with ramp rate requirements.  

[0045] Frequency regulation (also referred to as frequency response) is the process of 

maintaining the grid frequency at a desired value (e.g. 60 Hz in the United States) by adding 

or removing energy from the grid as needed. During a fluctuation of the grid frequency, a 

frequency regulation system may offset the fluctuation by either drawing more energy from 
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the energy grid (e.g., if the grid frequency is too high) or by providing energy to the energy 

grid (e.g., if the grid frequency is too low). A facility participating in a frequency regulation 

program may receive a regulation signal from a utility or other entity responsible for 

regulating the frequency of the energy grid. In response to the regulation signal, the facility 

adds or removes energy from the energy grid. The facility may be provided with monetary 

incentives or awards in exchange for participating in the frequency regulation program.  

[0046] Storing electrical energy in a battery may allow a facility to perform frequency 

regulation and/or ramp rate control. However, repeatedly charging and discharging the 

battery may cause battery degradation and reduce battery life. In some instances, the costs 

of battery degradation (e.g., decreased ability to store and discharge energy, reduced 

potential for participating in frequency regulation programs, etc.) outweigh the monetary 

incentives or cost savings that would be gained from using the battery to perform frequency 

regulation and/or ramp rate control. However, it is difficult and challenging to predict the 

costs of battery degradation. Additionally, even if the costs of battery degradation are 

known, it can be difficult to determine appropriate control actions to preserve battery life.  

[0047] Advantageously, the systems and methods described herein use a battery life 

model to predict the battery degradation that will result from various control actions (e.g., 

charging or discharging the battery). The battery life model may estimate battery capacity 

loss as a function of variables that can be controlled (e.g., by a battery controller) while 

performing ramp rate control and/or frequency regulation. Losses in battery capacity can be 

converted into revenue losses and compared with the potential revenue gains resulting from 

battery usage (e.g., frequency response revenue). This allows the controller to make an 

informed decision regarding battery usage by considering the tradeoff between revenue 

generation potential and battery degradation.  

[0048] The following sections of this disclosure describe the battery life model in greater 

detail as well as several exemplary systems in which the battery life model may be used.  

For example, the battery life model can be used in a frequency response optimization 

system to determine optimal battery power setpoints while participating in a frequency 

response program. The frequency response implementation is described with reference to 

FIGS. 1-7. The battery life model can also be used to determine optimal battery power 

setpoints and photovoltaic power setpoints in a photovoltaic (PV) energy system that 
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simultaneously performs both frequency regulation and ramp rate control. The PV energy 

system implementation is described with reference to FIGS. 8A-8B.  

Frequency Response Optimization 

[0049] Referring to FIG. 1, a frequency response optimization system 100 is shown, 

according to an exemplary embodiment. System 100 is shown to include a campus 102 and 

an energy grid 104. Campus 102 may include one or more buildings 116 that receive power 

from energy grid 104. Buildings 116 may include equipment or devices that consume 

electricity during operation. For example, buildings 116 may include HVAC equipment, 

lighting equipment, security equipment, communications equipment, vending machines, 

computers, electronics, elevators, or other types of building equipment. In some 

embodiments, buildings 116 are served by a building management system (BMS). A BMS 

is, in general, a system of devices configured to control, monitor, and manage equipment in 

or around a building or building area. A BMS can include, for example, a HVAC system, a 

security system, a lighting system, a fire alerting system, and/or any other system that is 

capable of managing building functions or devices. An exemplary building management 

system which may be used to monitor and control buildings 116 is described in U.S. Patent 

Application No. 14/717,593, titled "Building Management System for Forecasting Time 

Series Values of Building Variables" and filed May 20, 2015, the entire disclosure of which 

is incorporated by reference herein.  

[0050] In some embodiments, campus 102 includes a central plant 118. Central plant 118 

may include one or more subplants that consume resources from utilities (e.g., water, 

natural gas, electricity, etc.) to satisfy the loads of buildings 116. For example, central plant 

118 may include a heater subplant, a heat recovery chiller subplant, a chiller subplant, a 

cooling tower subplant, a hot thermal energy storage (TES) subplant, and a cold thermal 

energy storage (TES) subplant, a steam subplant, and/or any other type of subplant 

configured to serve buildings 116. The subplants may be configured to convert input 

resources (e.g., electricity, water, natural gas, etc.) into output resources (e.g., cold water, 

hot water, chilled air, heated air, etc.) that are provided to buildings 116. An exemplary 

central plant which may be used to satisfy the loads of buildings 116 is described U.S.  

Patent Application No. 14/634,609, titled "High Level Central Plant Optimization" and filed 

February 27, 2015, the entire disclosure of which is incorporated by reference herein.  
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[0051] In some embodiments, campus 102 includes energy generation 120. Energy 

generation 120 may be configured to generate energy that can be used by buildings 116, 

used by central plant 118, and/or provided to energy grid 104. In some embodiments, 

energy generation 120 generates electricity. For example, energy generation 120 may 

include an electric power plant, a photovoltaic energy field, or other types of systems or 

devices that generate electricity. The electricity generated by energy generation 120 can be 

used internally by campus 102 (e.g., by buildings 116 and/or campus 118) to decrease the 

amount of electric power that campus 102 receives from outside sources such as energy grid 

104 or battery 108. If the amount of electricity generated by energy generation 120 exceeds 

the electric power demand of campus 102, the excess electric power can be provided to 

energy grid 104 or stored in battery 108. The power output of campus 102 is shown in FIG.  

1 as Pcampus. Pcampus may be positive if campus 102 is outputting electric power or 

negative if campus 102 is receiving electric power.  

[0052] Still referring to FIG. 1, system 100 is shown to include a power inverter 106 and a 

battery 108. Power inverter 106 may be configured to convert electric power between 

direct current (DC) and alternating current (AC). For example, battery 108 may be 

configured to store and output DC power, whereas energy grid 104 and campus 102 may be 

configured to consume and generate AC power. Power inverter 106 may be used to convert 

DC power from battery 108 into a sinusoidal AC output synchronized to the grid frequency 

of energy grid 104. Power inverter 106 may also be used to convert AC power from 

campus 102 or energy grid 104 into DC power that can be stored in battery 108. The power 

output of battery 108 is shown as Pbat. Pbat may be positive if battery 108 is providing 

power to power inverter 106 or negative if battery 108 is receiving power from power 

inverter 106.  

[0053] In some instances, power inverter 106 receives a DC power output from battery 

108 and converts the DC power output to an AC power output that can be fed into energy 

grid 104. Power inverter 106 may synchronize the frequency of the AC power output with 

that of energy grid 104 (e.g., 50 Hz or 60 Hz) using a local oscillator and may limit the 

voltage of the AC power output to no higher than the grid voltage. In some embodiments, 

power inverter 106 is a resonant inverter that includes or uses LC circuits to remove the 

harmonics from a simple square wave in order to achieve a sine wave matching the 

frequency of energy grid 104. In various embodiments, power inverter 106 may operate 
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using high-frequency transformers, low-frequency transformers, or without transformers.  

Low-frequency transformers may convert the DC output from battery 108 directly to the 

AC output provided to energy grid 104. High-frequency transformers may employ a multi

step process that involves converting the DC output to high-frequency AC, then back to DC, 

and then finally to the AC output provided to energy grid 104.  

[0054] System 100 is shown to include a point of interconnection (POI) 110. POI 110 is 

the point at which campus 102, energy grid 104, and power inverter 106 are electrically 

connected. The power supplied to POI 110 from power inverter 106 is shown as P"p. PUP 

may be defined as Pbat + Pos, where Pbatt is the battery power and P1ess is the power loss 

in the battery system (e.g., losses in power inverter 106 and/or battery 108). Psup may be 

positive is power inverter 106 is providing power to POI 110 or negative if power inverter 

106 is receiving power from POI 110. Pcampus and Psup combine at POI 110 to form Ppo1 .  

Ppo may be defined as the power provided to energy grid 104 from POI 110. Ppo0 may be 

positive if POI 110 is providing power to energy grid 104 or negative if POI 110 is 

receiving power from energy grid 104.  

[0055] Still referring to FIG. 1, system 100 is shown to include a frequency response 

controller 112. Controller 112 may be configured to generate and provide power setpoints 

to power inverter 106. Power inverter 106 may use the power setpoints to control the 

amount of power Psup provided to POI 110 or drawn from POI 110. For example, power 

inverter 106 may be configured to draw power from POI 110 and store the power in battery 

108 in response to receiving a negative power setpoint from controller 112. Conversely, 

power inverter 106 may be configured to draw power from battery 108 and provide the 

power to POI 110 in response to receiving a positive power setpoint from controller 112.  

The magnitude of the power setpoint may define the amount of power Psup provided to or 

from power inverter 106. Controller 112 may be configured to generate and provide power 

setpoints that optimize the value of operating system 100 over a time horizon.  

[0056] In some embodiments, frequency response controller 112 uses power inverter 106 

and battery 108 to perform frequency regulation for energy grid 104. Frequency regulation 

is the process of maintaining the stability of the grid frequency (e.g., 60 Hz in the United 

States). The grid frequency may remain stable and balanced as long as the total electric 

supply and demand of energy grid 104 are balanced. Any deviation from that balance may 
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result in a deviation of the grid frequency from its desirable value. For example, an increase 

in demand may cause the grid frequency to decrease, whereas an increase in supply may 

cause the grid frequency to increase. Frequency response controller 112 may be configured 

to offset a fluctuation in the grid frequency by causing power inverter 106 to supply energy 

from battery 108 to energy grid 104 (e.g., to offset a decrease in grid frequency) or store 

energy from energy grid 104 in battery 108 (e.g., to offset an increase in grid frequency).  

[0057] In some embodiments, frequency response controller 112 uses power inverter 106 

and battery 108 to perform load shifting for campus 102. For example, controller 112 may 

cause power inverter 106 to store energy in battery 108 when energy prices are low and 

retrieve energy from battery 108 when energy prices are high in order to reduce the cost of 

electricity required to power campus 102. Load shifting may also allow system 100 reduce 

the demand charge incurred. Demand charge is an additional charge imposed by some 

utility providers based on the maximum power consumption during an applicable demand 

charge period. For example, a demand charge rate may be specified in terms of dollars per 

unit of power (e.g., $/kW) and may be multiplied by the peak power usage (e.g., kW) during 

a demand charge period to calculate the demand charge. Load shifting may allow system 

100 to smooth momentary spikes in the electric demand of campus 102 by drawing energy 

from battery 108 in order to reduce peak power draw from energy grid 104, thereby 

decreasing the demand charge incurred.  

[0058] Still referring to FIG. 1, system 100 is shown to include an incentive provider 114.  

Incentive provider 114 may be a utility (e.g., an electric utility), a regional transmission 

organization (RTO), an independent system operator (ISO), or any other entity that provides 

incentives for performing frequency regulation. For example, incentive provider 114 may 

provide system 100 with monetary incentives for participating in a frequency response 

program. In order to participate in the frequency response program, system 100 may 

maintain a reserve capacity of stored energy (e.g., in battery 108) that can be provided to 

energy grid 104. System 100 may also maintain the capacity to draw energy from energy 

grid 104 and store the energy in battery 108. Reserving both of these capacities may be 

accomplished by managing the state-of-charge of battery 108.  

[0059] Frequency response controller 112 may provide incentive provider 114 with a 

price bid and a capability bid. The price bid may include a price per unit power (e.g., 

$/MW) for reserving or storing power that allows system 100 to participate in a frequency 
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response program offered by incentive provider 114. The price per unit power bid by 

frequency response controller 112 is referred to herein as the "capability price." The price 

bid may also include a price for actual performance, referred to herein as the "performance 

price." The capability bid may define an amount of power (e.g., MW) that system 100 will 

reserve or store in battery 108 to perform frequency response, referred to herein as the 

"capability bid." 

[0060] Incentive provider 114 may provide frequency response controller 112 with a 

capability clearing price CPcap, a performance clearing price CPperf, and a regulation award 

Regaward, which correspond to the capability price, the performance price, and the 

capability bid, respectively. In some embodiments, CPcap, CPperf, and Regaward are the 

same as the corresponding bids placed by controller 112. In other embodiments, CPcap, 

CPperf, and Regaward may not be the same as the bids placed by controller 112. For 

example, CPcap, CPperf, and Regaward may be generated by incentive provider 114 based 

on bids received from multiple participants in the frequency response program. Controller 

112 may use CPcap, CPperf, and Regaward to perform frequency regulation, described in 

greater detail below.  

[0061] Frequency response controller 112 is shown receiving a regulation signal from 

incentive provider 114. The regulation signal may specify a portion of the regulation award 

Regaward that frequency response controller 112 is to add or remove from energy grid 104.  

In some embodiments, the regulation signal is a normalized signal (e.g., between -1 and 1) 

specifying a proportion of Regaward. Positive values of the regulation signal may indicate 

an amount of power to add to energy grid 104, whereas negative values of the regulation 

signal may indicate an amount of power to remove from energy grid 104.  

[0062] Frequency response controller 112 may respond to the regulation signal by 

generating an optimal power setpoint for power inverter 106. The optimal power setpoint 

may take into account both the potential revenue from participating in the frequency 

response program and the costs of participation. Costs of participation may include, for 

example, a monetized cost of battery degradation as well as the energy and demand charges 

that will be incurred. The optimization may be performed using sequential quadratic 

programming, dynamic programming, or any other optimization technique.  
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[0063] In some embodiments, controller 112 uses a battery life model to quantify and 

monetize battery degradation as a function of the power setpoints provided to power 

inverter 106. Advantageously, the battery life model allows controller 112 to perform an 

optimization that weighs the revenue generation potential of participating in the frequency 

response program against the cost of battery degradation and other costs of participation 

(e.g., less battery power available for campus 102, increased electricity costs, etc.). An 

exemplary regulation signal and power response are described in greater detail with 

reference to FIG. 2.  

[0064] Referring now to FIG. 2, a pair of frequency response graphs 200 and 250 are 

shown, according to an exemplary embodiment. Graph 200 illustrates a regulation signal 

Regsignai 202 as a function of time. Regsignai 202 is shown as a normalized signal ranging 

from -1 to 1 (i.e., -1 < Regsignai 1). Regsignai 202 may be generated by incentive 

provider 114 and provided to frequency response controller 112. Regsignai 202 may define 

a proportion of the regulation award Regawara 254 that controller 112 is to add or remove 

from energy grid 104, relative to a baseline value referred to as the midpoint b 256. For 

example, if the value of Regaward 254 is 10 MW, a regulation signal value of 0.5 (i.e., 

Regsignai = 0.5) may indicate that system 100 is requested to add 5 MW of power at POI 

110 relative to midpoint b (e.g., P 0 = 10MW x 0.5 + b), whereas a regulation signal 

value of -0.3 may indicate that system 100 is requested to remove 3 MW of power from POI 

110 relative to midpoint b (e.g., P 0 = 10MW x -0.3 + b).  

[0065] Graph 250 illustrates the desired interconnection power P 0 252 as a function of 

time. P 0 252 may be calculated by frequency response controller 112 based on Regsignai 

202, Regawara 254, and a midpoint b 256. For example, controller 112 may calculate P 0 

252 using the following equation: 

P or = Regawara x Regsignai + b 

where P 0 represents the desired power at POI 110 (e.g., P1 0 = Psup + Pcampus) and b is 

the midpoint. Midpoint b may be defined (e.g., set or optimized) by controller 112 and may 

represent the midpoint of regulation around which the load is modified in response to 

Regsignai 202. Optimal adjustment of midpoint b may allow controller 112 to actively 
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participate in the frequency response market while also taking into account the energy and 

demand charge that will be incurred.  

[0066] In order to participate in the frequency response market, controller 112 may 

perform several tasks. Controller 112 may generate a price bid (e.g., $/MW) that includes 

the capability price and the performance price. In some embodiments, controller 112 sends 

the price bid to incentive provider 114 at approximately 15:30 each day and the price bid 

remains in effect for the entirety of the next day. Prior to beginning a frequency response 

period, controller 112 may generate the capability bid (e.g., MW) and send the capability 

bid to incentive provider 114. In some embodiments, controller 112 generates and sends the 

capability bid to incentive provider 114 approximately 1.5 hours before a frequency 

response period begins. In an exemplary embodiment, each frequency response period has 

a duration of one hour; however, it is contemplated that frequency response periods may 

have any duration.  

[0067] At the start of each frequency response period, controller 112 may generate the 

midpoint b around which controller 112 plans to perform frequency regulation. In some 

embodiments, controller 112 generates a midpoint b that will maintain battery 108 at a 

constant state-of-charge (SOC) (i.e. a midpoint that will result in battery 108 having the 

same SOC at the beginning and end of the frequency response period). In other 

embodiments, controller 112 generates midpoint b using an optimization procedure that 

allows the SOC of battery 108 to have different values at the beginning and end of the 

frequency response period. For example, controller 112 may use the SOC of battery 108 as 

a constrained variable that depends on midpoint b in order to optimize a value function that 

takes into account frequency response revenue, energy costs, and the cost of battery 

degradation. Exemplary processes for calculating and/or optimizing midpoint b under both 

the constant SOC scenario and the variable SOC scenario are described in greater detail 

with reference to FIGS. 3-4.  

[0068] During each frequency response period, controller 112 may periodically generate a 

power setpoint for power inverter 106. For example, controller 112 may generate a power 

setpoint for each time step in the frequency response period. In some embodiments, 

controller 112 generates the power setpoints using the equation: 

Pj =: Regawara x Regsignai + b 
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where P j = Psu, + Pcampus. Positive values of P 0j indicate energy flow from POI 110 

to energy grid 104. Positive values of Psup and Pcampus indicate energy flow to POI 110 

from power inverter 106 and campus 102, respectively. In other embodiments, controller 

112 generates the power setpoints using the equation: 

j =: Regawara x ReSFR + b 

where ReSFR is an optimal frequency response generated by optimizing a value function 

(described in greater detail below). Controller 112 may subtract Pcampus from P 0j to 

generate the power setpoint for power inverter 106 (i.e., Psup -- Pjoi - Pcampus). The 

power setpoint for power inverter 106 indicates the amount of power that power inverter 

106 is to add to POI 110 (if the power setpoint is positive) or remove from POI 110 (if the 

power setpoint is negative).  

Frequency Response Controller 

[0069] Referring now to FIG. 3, a block diagram illustrating frequency response 

controller 112 in greater detail is shown, according to an exemplary embodiment.  

Frequency response controller 112 may be configured to perform an optimization process to 

generate values for the bid price, the capability bid, and the midpoint b. In some 

embodiments, frequency response controller 112 generates values for the bids and the 

midpoint b periodically using a predictive optimization scheme (e.g., once every half hour, 

once per frequency response period, etc.). Controller 112 may also calculate and update 

power setpoints for power inverter 106 periodically during each frequency response period 

(e.g., once every two seconds).  

[0070] In some embodiments, the interval at which controller 112 generates power 

setpoints for power inverter 106 is significantly shorter than the interval at which controller 

112 generates the bids and the midpoint b. For example, controller 112 may generate 

values for the bids and the midpoint b every half hour, whereas controller 112 may generate 

a power setpoint for power inverter 106 every two seconds. The difference in these time 

scales allows controller 112 to use a cascaded optimization process to generate optimal bids, 

midpoints b, and power setpoints.  

[0071] In the cascaded optimization process, a high level controller 312 determines 

optimal values for the bid price, the capability bid, and the midpoint b by performing a high 
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level optimization. High level controller 312 may select midpoint b to maintain a constant 

state-of-charge in battery 108 (i.e., the same state-of-charge at the beginning and end of 

each frequency response period) or to vary the state-of-charge in order to optimize the 

overall value of operating system 100 (e.g., frequency response revenue minus energy costs 

and battery degradation costs). High level controller 312 may also determine filter 

parameters for a signal filter (e.g., a low pass filter) used by a low level controller 314.  

[0072] Low level controller 314 uses the midpoint b and the filter parameters from high 

level controller 312 to perform a low level optimization in order to generate the power 

setpoints for power inverter 106. Advantageously, low level controller 314 may determine 

how closely to track the desired power P 0 at the point of interconnection 110. For 

example, the low level optimization performed by low level controller 314 may consider not 

only frequency response revenue but also the costs of the power setpoints in terms of energy 

costs and battery degradation. In some instances, low level controller 314 may determine 

that it is deleterious to battery 108 to follow the regulation exactly and may sacrifice a 

portion of the frequency response revenue in order to preserve the life of battery 108. The 

cascaded optimization process is described in greater detail below.  

[0073] Still referring to FIG. 3, frequency response controller 112 is shown to include a 

communications interface 302 and a processing circuit 304. Communications interface 302 

may include wired or wireless interfaces (e.g., jacks, antennas, transmitters, receivers, 

transceivers, wire terminals, etc.) for conducting data communications with various 

systems, devices, or networks. For example, communications interface 302 may include an 

Ethernet card and port for sending and receiving data via an Ethernet-based 

communications network and/or a WiFi transceiver for communicating via a wireless 

communications network. Communications interface 302 may be configured to 

communicate via local area networks or wide area networks (e.g., the Internet, a building 

WAN, etc.) and may use a variety of communications protocols (e.g., BACnet, IP, LON, 

etc.).  

[0074] Communications interface 302 may be a network interface configured to facilitate 

electronic data communications between frequency response controller 112 and various 

external systems or devices (e.g., campus 102, energy grid 104, power inverter 106, 

incentive provider 114, utilities 320, weather service 322, etc.). For example, frequency 

response controller 112 may receive inputs from incentive provider 114 indicating an 
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incentive event history (e.g., past clearing prices, mileage ratios, participation requirements, 

etc.) and a regulation signal. Controller 112 may receive a campus power signal from 

campus 102, utility rates from utilities 320, and weather forecasts from weather service 322 

via communications interface 302. Controller 112 may provide a price bid and a capability 

bid to incentive provider 114 and may provide power setpoints to power inverter 106 via 

communications interface 302.  

[0075] Still referring to FIG. 3, processing circuit 304 is shown to include a processor 306 

and memory 308. Processor 306 may be a general purpose or specific purpose processor, 

an application specific integrated circuit (ASIC), one or more field programmable gate 

arrays (FPGAs), a group of processing components, or other suitable processing 

components. Processor 306 may be configured to execute computer code or instructions 

stored in memory 308 or received from other computer readable media (e.g., CDROM, 

network storage, a remote server, etc.).  

[0076] Memory 308 may include one or more devices (e.g., memory units, memory 

devices, storage devices, etc.) for storing data and/or computer code for completing and/or 

facilitating the various processes described in the present disclosure. Memory 308 may 

include random access memory (RAM), read-only memory (ROM), hard drive storage, 

temporary storage, non-volatile memory, flash memory, optical memory, or any other 

suitable memory for storing software objects and/or computer instructions. Memory 308 

may include database components, object code components, script components, or any other 

type of information structure for supporting the various activities and information structures 

described in the present disclosure. Memory 308 may be communicably connected to 

processor 306 via processing circuit 304 and may include computer code for executing (e.g., 

by processor 306) one or more processes described herein.  

[0077] Still referring to FIG. 3, frequency response controller 112 is shown to include a 

load/rate predictor 310. Load/rate predictor 310 may be configured to predict the electric 

load of campus 102 (i.e., Pcampus) for each time step k (e.g., k = 1 ... n) within an 

optimization window. Load/rate predictor 310 is shown receiving weather forecasts from a 

weather service 322. In some embodiments, load/rate predictor 310 predicts Pcampus as a 

function of the weather forecasts. In some embodiments, load/rate predictor 310 uses 

feedback from campus 102 to predict Pcampus. Feedback from campus 102 may include 
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various types of sensory inputs (e.g., temperature, flow, humidity, enthalpy, etc.) or other 

data relating to buildings 116, central plant 118, and/or energy generation 120 (e.g., inputs 

from a HVAC system, a lighting control system, a security system, a water system, a PV 

energy system, etc.). Load/rate predictor 310 may predict one or more different types of 

loads for campus 102. For example, load/rate predictor 310 may predict a hot water load, a 

cold water load, and/or an electric load for each time step k within the optimization 

window.  

[0078] In some embodiments, load/rate predictor 310 receives a measured electric load 

and/or previous measured load data from campus 102. For example, load/rate predictor 310 

is shown receiving a campus power signal from campus 102. The campus power signal 

may indicate the measured electric load of campus 102. Load/rate predictor 310 may 

predict one or more statistics of the campus power signal including, for example, a mean 

campus power campus and a standard deviation of the campus power Ucampus. Load/rate 

predictor 310 may predict Pcampus as a function of a given weather forecast (h), a day 

type (day), the time of day (t), and previous measured load data (Yk_1). Such a relationship 

is expressed in the following equation: 

Campus f(O day, tIk-1) 

[0079] In some embodiments, load/rate predictor 310 uses a deterministic plus stochastic 

model trained from historical load data to predict Pcampus. Load/rate predictor 310 may use 

any of a variety of prediction methods to predict Pcampus (e.g., linear regression for the 

deterministic portion and an AR model for the stochastic portion). In some embodiments, 

load/rate predictor 310 makes load/rate predictions using the techniques described in U.S.  

Patent Application No. 14/717,593, titled "Building Management System for Forecasting 

Time Series Values of Building Variables" and filed May 20, 2015.  

[0080] Load/rate predictor 310 is shown receiving utility rates from utilities 320. Utility 

rates may indicate a cost or price per unit of a resource (e.g., electricity, natural gas, water, 

etc.) provided by utilities 320 at each time step k in the optimization window. In some 

embodiments, the utility rates are time-variable rates. For example, the price of electricity 

may be higher at certain times of day or days of the week (e.g., during high demand 

periods) and lower at other times of day or days of the week (e.g., during low demand 

periods). The utility rates may define various time periods and a cost per unit of a resource 
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during each time period. Utility rates may be actual rates received from utilities 320 or 

predicted utility rates estimated by load/rate predictor 310.  

[0081] In some embodiments, the utility rates include demand charges for one or more 

resources provided by utilities 320. A demand charge may define a separate cost imposed 

by utilities 320 based on the maximum usage of a particular resource (e.g., maximum 

energy consumption) during a demand charge period. The utility rates may define various 

demand charge periods and one or more demand charges associated with each demand 

charge period. In some instances, demand charge periods may overlap partially or 

completely with each other and/or with the prediction window. Advantageously, frequency 

response controller 112 may be configured to account for demand charges in the high level 

optimization process performed by high level controller 312. Utilities 320 may be defined 

by time-variable (e.g., hourly) prices, a maximum service level (e.g., a maximum rate of 

consumption allowed by the physical infrastructure or by contract) and, in the case of 

electricity, a demand charge or a charge for the peak rate of consumption within a certain 

period. Load/rate predictor 310 may store the predicted campus power Pcampus and the 

utility rates in memory 308 and/or provide the predicted campus power Pcampus and the 

utility rates to high level controller 312.  

[0082] Still referring to FIG. 3, frequency response controller 112 is shown to include an 

energy market predictor 316 and a signal statistics predictor 318. Energy market predictor 

316 may be configured to predict energy market statistics relating to the frequency response 

program. For example, energy market predictor 316 may predict the values of one or more 

variables that can be used to estimate frequency response revenue. In some embodiments, 

the frequency response revenue is defined by the following equation: 

Rev = PS(CPcap + MR- CPperf)Regaward 

where Rev is the frequency response revenue, CPcap is the capability clearing price, MR is 

the mileage ratio, and CPperf is the performance clearing price. PS is a performance score 

based on how closely the frequency response provided by controller 112 tracks the 

regulation signal. Energy market predictor 316 may be configured to predict the capability 

clearing price CPcap, the performance clearing price CPperf, the mileage ratio MR, and/or 

other energy market statistics that can be used to estimate frequency response revenue.  
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Energy market predictor 316 may store the energy market statistics in memory 308 and/or 

provide the energy market statistics to high level controller 312.  

[0083] Signal statistics predictor 318 may be configured to predict one or more statistics 

of the regulation signal provided by incentive provider 114. For example, signal statistics 

predictor 318 may be configured to predict the mean yFR, standard deviation 0~FR, and/or 

other statistics of the regulation signal. The regulation signal statistics may be based on 

previous values of the regulation signal (e.g., a historical mean, a historical standard 

deviation, etc.) or predicted values of the regulation signal (e.g., a predicted mean, a 

predicted standard deviation, etc.).  

[0084] In some embodiments, signal statistics predictor 318 uses a deterministic plus 

stochastic model trained from historical regulation signal data to predict future values of the 

regulation signal. For example, signal statistics predictor 318 may use linear regression to 

predict a deterministic portion of the regulation signal and an AR model to predict a 

stochastic portion of the regulation signal. In some embodiments, signal statistics predictor 

318 predicts the regulation signal using the techniques described in U.S. Patent Application 

No. 14/717,593, titled "Building Management System for Forecasting Time Series Values 

of Building Variables" and filed May 20, 2015. Signal statistics predictor 318 may use the 

predicted values of the regulation signal to calculate the regulation signal statistics. Signal 

statistics predictor 318 may store the regulation signal statistics in memory 308 and/or 

provide the regulation signal statistics to high level controller 312.  

[0085] Still referring to FIG. 3, frequency response controller 112 is shown to include a 

high level controller 312. High level controller 312 may be configured to generate values 

for the midpoint b and the capability bid Regawara. In some embodiments, high level 

controller 312 determines a midpoint b that will cause battery 108 to have the same state-of

charge (SOC) at the beginning and end of each frequency response period. In other 

embodiments, high level controller 312 performs an optimization process to generate 

midpoint b and Regaward. For example, high level controller 312 may generate midpoint b 

using an optimization procedure that allows the SOC of battery 108 to vary and/or have 

different values at the beginning and end of the frequency response period. High level 

controller 312 may use the SOC of battery 108 as a constrained variable that depends on 

midpoint b in order to optimize a value function that takes into account frequency response 
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revenue, energy costs, and the cost of battery degradation. Both of these embodiments are 

described in greater detail with reference to FIG. 4.  

[0086] High level controller 312 may determine midpoint b by equating the desired power 

P o0 at POI 110 with the actual power at POI 110 as shown in the following equation: 

(Regsignai)(Regawara) + b = Pbat + Pioss + Pcampus 

where the left side of the equation (Regsignai)(Regawara) + b is the desired power P 0j at 

POI 110 and the right side of the equation is the actual power at POI 110. Integrating over 

the frequency response period results in the following equation: 

f ((Re gsignai)(Regawara) + b) dt = (Pbat + Pioss + Pcampus) dt 

period period 

[0087] For embodiments in which the SOC of battery 108 is maintained at the same value 

at the beginning and end of the frequency response period, the integral of the battery power 

Pbat over the frequency response period is zero (i.e., f Pbatdt = 0). Accordingly, the 

previous equation can be rewritten as follows: 

b = f Pioss dt + f Pcampus dt - Regaward f Regsignai dt 

period period period 

where the term f Pbatdt has been omitted because f Pbatdt = 0. This is ideal behavior if 

the only goal is to maximize frequency response revenue. Keeping the SOC of battery 108 

at a constant value (and near 50%) will allow system 100 to participate in the frequency 

market during all hours of the day.  

[0088] High level controller 312 may use the estimated values of the campus power signal 

received from campus 102 to predict the value of f Pcampus dt over the frequency response 

period. Similarly, high level controller 312 may use the estimated values of the regulation 

signal from incentive provider 114 to predict the value of f Regsignai dt over the frequency 

response period. High level controller 312 may estimate the value of f Pioss dt using a 

Thevinin equivalent circuit model of battery 108 (described in greater detail with reference 

to FIG. 4). This allows high level controller 312 to estimate the integral f Press dt as a 

function of other variables such as Regaward, Regsignai, Pcampus, and midpoint b.  
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[0089] After substituting known and estimated values, the preceding equation can be 

rewritten as follows: 

1 

4P [E{P 2ampusl + RegawaraE{RegSignail - 2RegawaraE{Regsignai}E{Pcampus]At 
max 

+ [RegawaraE{Regsignai} - E{PcampusflAt 

b b2 
+ [RegawaraE{Regsignai} - E{PcampuslAt + bAt + -At = 0 

2 Pmax 4 Pmax 

where the notation E{ } indicates that the variable within the brackets { } is ergodic and 

can be approximated by the estimated mean of the variable. For example, the term 

E{Regsignal} can be approximated by the estimated mean of the regulation signal yFR and 

the term E{Pcampus} can be approximated by the estimated mean of the campus power 

signal campus. High level controller 312 may solve the equation for midpoint b to 

determine the midpoint b that maintains battery 108 at a constant state-of-charge.  

[0090] For embodiments in which the SOC of battery 108 is treated as a variable, the SOC 

of battery 108 may be allowed to have different values at the beginning and end of the 

frequency response period. Accordingly, the integral of the battery power Pbat over the 

frequency response period can be expressed as -ASOC Caes as shown in the following 

equation: 

f Pbat dt = -ASOC Cdes 

period 

where ASOC is the change in the SOC of battery 108 over the frequency response period 

and Cdes is the design capacity of battery 108. The SOC of battery 108 may be a 

normalized variable (i.e., 0 < SOC 1) such that the term SOC - Cdes represents the 

amount of energy stored in battery 108 for a given state-of-charge. The SOC is shown as a 

negative value because drawing energy from battery 108 (i.e., a positive Pbat) decreases the 

SOC of battery 108. The equation for midpoint b becomes: 

b f Pioss dt + f Pcampus dt + f Pbat dt - Regawar f Regsignai dt 

period period period period 
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[0091] After substituting known and estimated values, the preceding equation can be 

rewritten as follows: 

1 

4P [E{P2mpus + Re award + E{Re gSgai - 2RegawaraE{RegsignalE{Pcampus]At 
max 

+ [RegawaraE{Regsignai} + E{Pcampus]]At + ASOC - Caes 

b b2 
+ [RegawaraE{Regsignai} - E{PcampuslAt + bAt + -At = 0 2 Pmax 4 Pmax 

High level controller 312 may solve the equation for midpoint b in terms of ASOC.  

[0092] High level controller 312 may perform an optimization to find optimal midpoints b 

for each frequency response period within an optimization window (e.g., each hour for the 

next day) given the electrical costs over the optimization window. Optimal midpoints b 

may be the midpoints that maximize an objective function that includes both frequency 

response revenue and costs of electricity and battery degradation. For example, an 

objective function J can be written as: 

J= Rev(Regawarak)+ ckbk + min (Pcampusk + bk)-- Abatk 
k=1 k=1 k=1 

where Rev(Regawark) is the frequency response revenue at time step k, ckbk is the cost 

of electricity purchased at time step k, the minor term is the demand charge based on the 

maximum rate of electricity consumption during the applicable demand charge period, and 

lbat,k is the monetized cost battery degradation at time step k. The electricity cost is 

expressed as a positive value because drawing power from energy grid 104 is represented as 

a negative number and therefore will result in negative value (i.e., a cost) in the objective 

function. The demand charge is expressed as a minimum for the same reason (i.e., the most 

negative power value represents maximum power draw from energy grid 104).  

[0093] High level controller 312 may estimate the frequency response revenue 

Rev(Regawardk) as a function of the midpoints b. In some embodiments, high level 

controller 312 estimates frequency response revenue using the following equation: 

Rev(Regawara) = Regawara(CPap + MR - CPperf) 

where CPcap, MR, and CPperf are the energy market statistics received from energy market 

predictor 316 and Regawad is a function of the midpoint b. For example, high level 
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controller 312 may place a bid that is as large as possible for a given midpoint, as shown in 

the following equation: 

Regawara = Plimit - |bI 

where Plimit is the power rating of power inverter 106. Advantageously, selecting 

Regaward as a function of midpoint b allows high level controller 312 to predict the 

frequency response revenue that will result from a given midpoint b.  

[0094] High level controller 312 may estimate the cost of battery degradation Abat as a 

function of the midpoints b. For example, high level controller 312 may use a battery life 

model to predict a loss in battery capacity that will result from a set of midpoints b, power 

outputs, and/or other variables that can be manipulated by controller 112. In some 

embodiments, the battery life model expresses the loss in battery capacity Clossaad as a sum 

of multiple piecewise linear functions, as shown in the following equation: 

Cioss,add = h1(Tceu) + f 2 (SOC) + f3 (DOD) + f 4 (PR) + fs (ER) - Cioss nom 

where Tcel is the cell temperature, SOC is the state-of-charge, DOD is the depth of 

discharge, PR is the average power ratio (e.g., PR = avg ( )), and ER is the average 

effort ratio (e.g., ER = avg 'P-) of battery 108. Each of these terms is described in 
G des 

greater detail with reference to FIG. 4. Advantageously, several of the terms in the battery 

life model depend on the midpoints b and power setpoints selected by controller 112. This 

allows high level controller 312 to predict a loss in battery capacity that will result from a 

given set of control outputs. High level controller 312 may monetize the loss in battery 

capacity and include the monetized cost of battery degradation Abat in the objective 

function J.  

[0095] In some embodiments, high level controller 312 generates a set of filter parameters 

for low level controller 314. The filter parameters may be used by low level controller 314 

as part of a low-pass filter that removes high frequency components from the regulation 

signal. In some embodiments, high level controller 312 generates a set of filter parameters 

that transform the regulation signal into an optimal frequency response signal ReSFR. For 

example, high level controller 312 may perform a second optimization process to determine 
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an optimal frequency response ReSFR based on the optimized values for Regawara and 

midpoint b.  

[0096] In some embodiments, high level controller 312 determines the optimal frequency 

response ReSFR by optimizing value function J with the frequency response revenue 

Rev(Regaward) defined as follows: 

Rev(Regawara) = PS- Regawara(CPcap + MR- CPperf) 

and with the frequency response ReSFR substituted for the regulation signal in the battery 

life model. The performance score PS may be based on several factors that indicate how 

well the optimal frequency response ReSFR tracks the regulation signal. Closely tracking 

the regulation signal may result in higher performance scores, thereby increasing the 

frequency response revenue. However, closely tracking the regulation signal may also 

increase the cost of battery degradation Abat. The optimized frequency response ReSFR 

represents an optimal tradeoff between decreased frequency response revenue and increased 

battery life. High level controller 312 may use the optimized frequency response ReSFR to 

generate a set of filter parameters for low level controller 314. These and other features of 

high level controller 312 are described in greater detail with reference to FIG. 4.  

[0097] Still referring to FIG. 3, frequency response controller 112 is shown to include a 

low level controller 314. Low level controller 314 is shown receiving the midpoints b and 

the filter parameters from high level controller 312. Low level controller 314 may also 

receive the campus power signal from campus 102 and the regulation signal from incentive 

provider 114. Low level controller 314 may use the regulation signal to predict future 

values of the regulation signal and may filter the predicted regulation signal using the filter 

parameters provided by high level controller 312.  

[0098] Low level controller 314 may use the filtered regulation signal to determine 

optimal power setpoints for power inverter 106. For example, low level controller 314 may 

use the filtered regulation signal to calculate the desired interconnection power P 0j using 

the following equation: 

P j = Regawara -Reginer + b 
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where Refilter is the filtered regulation signal. Low level controller 314 may subtract the 

campus power Pcampus from the desired interconnection power P 0j to calculate the optimal 

power setpoints PSP for power inverter 106, as shown in the following equation: 

SP :PoI - Pcampus 

[0099] In some embodiments, low level controller 314 performs an optimization to 

determine how closely to track P 0j. For example, low level controller 314 may determine 

an optimal frequency response ReSFR by optimizing value function J with the frequency 

response revenue Rev(Regawara) defined as follows: 

Rev(Regawara) = PS- Regawara(CPcap + MR - CPperf) 

and with the frequency response ReSFR substituted for the regulation signal in the battery 

life model. Low level controller 314 may use the optimal frequency response ReSFR in 

place of the filtered frequency response Refilter to calculate the desired interconnection 

power P 0j and power setpoints PSP as previously described. These and other features of 

low level controller 314 are described in greater detail with reference to FIG. 5.  

High Level Controller 

[0100] Referring now to FIG. 4, a block diagram illustrating high level controller 312 in 

greater detail is shown, according to an exemplary embodiment. High level controller 312 

is shown to include a constant state-of-charge (SOC) controller 402 and a variable SOC 

controller 408. Constant SOC controller 402 may be configured to generate a midpoint b 

that results in battery 108 having the same SOC at the beginning and the end of each 

frequency response period. In other words, constant SOC controller 408 may determine a 

midpoint b that maintains battery 108 at a predetermined SOC at the beginning of each 

frequency response period. Variable SOC controller 408 may generate midpoint b using an 

optimization procedure that allows the SOC of battery 108 to have different values at the 

beginning and end of the frequency response period. In other words, variable SOC 

controller 408 may determine a midpoint b that results in a net change in the SOC of battery 

108 over the duration of the frequency response period.  
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Constant State-of-Charge Controller 

[0101] Constant SOC controller 402 may determine midpoint b by equating the desired 

power P 0j at POI 110 with the actual power at POI 110 as shown in the following 

equation: 

(Regsignai)(Regawara) + b = Pbat + Pioss + Pcampus 

where the left side of the equation (Regsignai)(Regawara) + b is the desired power P 0j at 

POI 110 and the right side of the equation is the actual power at POI 110. Integrating over 

the frequency response period results in the following equation: 

f ((Regsignai)(Regawara) + b) dt = (Pbat + Pioss + Pcampus) dt 

period period 

[0102] Since the SOC of battery 108 is maintained at the same value at the beginning and 

end of the frequency response period, the integral of the battery power Pbat over the 

frequency response period is zero (i.e., f Pbatdt = 0). Accordingly, the previous equation 

can be rewritten as follows: 

b = f Pioss dt + f Pcampus dt - Regawara f Regsignai dt 

period period period 

where the term f Pbatdt has been omitted because f Pbatdt = 0. This is ideal behavior if 

the only goal is to maximize frequency response revenue. Keeping the SOC of battery 108 

at a constant value (and near 50%) will allow system 100 to participate in the frequency 

market during all hours of the day.  

[0103] Constant SOC controller 402 may use the estimated values of the campus power 

signal received from campus 102 to predict the value of f Pcampus dt over the frequency 

response period. Similarly, constant SOC controller 402 may use the estimated values of 

the regulation signal from incentive provider 114 to predict the value of f Regsignai dt over 

the frequency response period. Regawara can be expressed as a function of midpoint b as 

previously described (e.g., Regaward = Plimit - lb 1). Therefore, the only remaining term 

in the equation for midpoint b is the expected battery power loss f P 0ess.  
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[0104] Constant SOC controller 402 is shown to include a battery power loss estimator 

404. Battery power loss estimator 404 may estimate the value of f PiOS dt using a 

Thevinin equivalent circuit model of battery 108. For example, battery power loss 

estimator 404 may model battery 108 as a voltage source in series with a resistor. The 

voltage source has an open circuit voltage of Voc and the resistor has a resistance of RTH

An electric current I flows from the voltage source through the resistor.  

[0105] To find the battery power loss in terms of the supplied power Psup, battery power 

loss estimator 404 may identify the supplied power Pup as a function of the current I, the 

open circuit voltage Voc, and the resistance RTH as shown in the following equation: 

PS'p VocI - J 2 RTH 

which can be rewritten as: 

I 2 p = 

ISc 4 

with the following substitutions: 

Voc P V2c 
ISC = , P =max 4 RTH 

RT H Pmax TH 

where P is the supplied power and Pmax is the maximum possible power transfer.  

[0106] Battery power loss estimator 404 may solve for the current I as follows: 

I 'Sc 

which can be converted into an expression for power loss Pios in terms of the supplied 

power P and the maximum possible power transfer Pmax as shown in the following 

equation: 

PiOSS = Pmax( - 2 P) 

[0107] Battery power loss estimator 404 may simplify the previous equation by 

approximating the expression (1 - V1 -P) as a linear function about P' = 0. This results 

in the following approximation for Pless: 
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P, 
2 

Pless 'Z: Fmax 

which is a good approximation for powers up to one-fifth of the maximum power.  

[0108] Battery power loss estimator 404 may calculate the expected value of f P 0ess dt 

over the frequency response period as follows: 

2 

f Pioss dt f -Pmax RegawardRegsignal + b - Pcampus dt 

period period / 

APmax .2Regawara f PcampusRegsignai dt - fP2ampus dt 

period period 

- Regawar f Regsignal dt 

period 

b p2b2 
2P campus dt - Regawara Regsignai dt - At 

4P [E{P 2ampusl + Re gawardE{Re gsignai - 2RegawardE{RegsignaE{Pcampus]At 

b b2 
2P [RegawardE{Regsignal} - E{PcampusllAt -- 'At 

2max 4max 

where the notation E{ } indicates that the variable within the brackets { } is ergodic and 

can be approximated by the estimated mean of the variable. This formulation allows battery 

power loss estimator 404 to estimate f Pess dt as a function of other variables such as 

Regawara, Regsignai, Fcampus, midpoint b, and Pmax.  

[0109] Constant SOC controller 402 is shown to include a midpoint calculator 406.  

Midpoint calculator 406 may be configured to calculate midpoint b by substituting the 

previous expression for f P 0ess dt into the equation for midpoint b. After substituting 

known and estimated values, the equation for midpoint b can be rewritten as follows: 
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4 [E{P 2ampusl + RegawaraE{Regsignai - 2 RegawaraE{ Regsigna jE{Pcampus}]At 
4Pmax 

+ [RegawaraE{Regsignai} - E{PcampusllAt 

b b2 
+ 2P [RegawaraE{Regsignai} - E{Pcampus]]At + bAt + -At = 0 

max max 

Midpoint calculator 406 may solve the equation for midpoint b to determine the midpoint b 

that maintains battery 108 at a constant state-of-charge.  

Variable State-of-Charge Controller 

[0110] Variable SOC controller 408 may determine optimal midpoints b by allowing the 

SOC of battery 108 to have different values at the beginning and end of a frequency 

response period. For embodiments in which the SOC of battery 108 is allowed to vary, the 

integral of the battery power Pbat over the frequency response period can be expressed as 

-ASOC - Cdes as shown in the following equation: 

f Pbat dt = -ASOC - Cdes 
period 

where ASOC is the change in the SOC of battery 108 over the frequency response period 

and Cdes is the design capacity of battery 108. The SOC of battery 108 may be a 

normalized variable (i.e., 0 < SOC 1) such that the term SOC - Cdes represents the 

amount of energy stored in battery 108 for a given state-of-charge. The SOC is shown as a 

negative value because drawing energy from battery 108 (i.e., a positive Pbat) decreases the 

SOC of battery 108. The equation for midpoint b becomes: 

b = f Pios dt + f Pcampus dt + f Pbat dt - Regawar f Regsignai dt 

period period period period 

[0111] Variable SOC controller 408 is shown to include a battery power loss estimator 

410 and a midpoint optimizer 412. Battery power loss estimator 410 may be the same or 

similar to battery power loss estimator 404. Midpoint optimizer 412 may be configured to 

establish a relationship between the midpoint b and the SOC of battery 108. For example, 

after substituting known and estimated values, the equation for midpoint b can be written as 

follows: 
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4P [E{P2ampusl + Re award + E{Re gsgai - 2RegawaraE{RegsignalE{Pcampus]At 4max 

+ [RegawaraE{Regsignai} + E{PcampusllAt + ASOC - Caes 

b b2 
+2P [RegawaraE{Regsignai} - E{Pcampus]At + bAt + -At = 0 

max max 

[0112] Advantageously, the previous equation defines a relationship between midpoint b 

and the change in SOC of battery 108. Midpoint optimizer 412 may use this equation to 

determine the impact that different values of midpoint b have on the SOC in order to 

determine optimal midpoints b. This equation can also be used by midpoint optimizer 412 

during optimization to translate constraints on the SOC in terms of midpoint b. For 

example, the SOC of battery 108 may be constrained between zero and 1 (e.g., 0 SOC 

1) since battery 108 cannot be charged in excess of its maximum capacity or depleted below 

zero. Midpoint optimizer 412 may use the relationship between ASOC and midpoint b to 

constrain the optimization of midpoint b to midpoint values that satisfy the capacity 

constraint.  

[0113] Midpoint optimizer 412 may perform an optimization to find optimal midpoints b 

for each frequency response period within the optimization window (e.g., each hour for the 

next day) given the electrical costs over the optimization window. Optimal midpoints b 

may be the midpoints that maximize an objective function that includes both frequency 

response revenue and costs of electricity and battery degradation. For example, an 

objective function J can be written as: 

J= Rev(Regawarak)+ ckbk + min (Pcampusk + bk)-- Abatk 

k=1 k=1 k=1 

where Rev(Regawark) is the frequency response revenue at time step k, ckbk is the cost 

of electricity purchased at time step k, the min() term is the demand charge based on the 

maximum rate of electricity consumption during the applicable demand charge period, and 

Abatk is the monetized cost battery degradation at time step k. Midpoint optimizer 412 may 

use input from frequency response revenue estimator 416 (e.g., a revenue model) to 

determine a relationship between midpoint b and Rev(Regawark). Similarly, midpoint 

optimizer 412 may use input from battery degradation estimator 418 and/or revenue loss 
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estimator 420 to determine a relationship between midpoint b and the monetized cost of 

battery degradation Abatk.  

[0114] Still referring to FIG. 4, variable SOC controller 408 is shown to include an 

optimization constraints module 414. Optimization constraints module 414 may provide 

one or more constraints on the optimization performed by midpoint optimizer 412. The 

optimization constraints may be specified in terms of midpoint b or other variables that are 

related to midpoint b. For example, optimization constraints module 414 may implement 

an optimization constraint specifying that the expected SOC of battery 108 at the end of 

each frequency response period is between zero and one, as shown in the following 

equation: 

O SOCo + ASO Ci 1 V j = 1 ... h 

where SOCO is the SOC of battery 108 at the beginning of the optimization window, ASOCi 

is the change in SOC during frequency response period i, and h is the total number of 

frequency response periods within the optimization window.  

[0115] In some embodiments, optimization constraints module 414 implements an 

optimization constraint on midpoint b so that the power at POI 110 does not exceed the 

power rating of power inverter 106. Such a constraint is shown in the following equation: 

-Plimit bk + P'iapusmax <P ilmit 

where Plimit is the power rating of power inverter 106 and PIa 4PUSmax is the maximum 

value of Pcampus at confidence level p. This constraint could also be implemented by 

identifying the probability that the sum of bk and Pcampusmax exceeds the power inverter 

power rating (e.g., using a probability density function for Pcampusmax) and limiting that 

probability to less than or equal to 1 - p.  

[0116] In some embodiments, optimization constraints module 414 implements an 

optimization constraint to ensure (with a given probability) that the actual SOC of battery 

108 remains between zero and one at each time step during the applicable frequency 

response period. This constraint is different from the first optimization constraint which 

placed bounds on the expected SOC of battery 108 at the end of each optimization period.  
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The expected SOC of battery 108 can be determined deterministically, whereas the actual 

SOC of battery 108 is dependent on the campus power Pcampus and the actual value of the 

regulation signal Regsignal at each time step during the optimization period. In other 

words, for any value of Regawara > 0, there is a chance that battery 108 becomes fully 

depleted or fully charged while maintaining the desired power P 0j at POI 110.  

[0117] Optimization constraints module 414 may implement the constraint on the actual 

SOC of battery 108 by approximating the battery power Pbat (a random process) as a wide

sense stationary, correlated normally distributed process. Thus, the SOC of battery 108 can 

be considered as a random walk. Determining if the SOC would violate the constraint is an 

example of a gambler's ruin problem. For example, consider a random walk described by 

the following equation: 

Yk+1 =YA+ Xk, P(xk =1) = P, P(xk = 1)=1 P 

The probability P that yk (starting at state z) will reach zero in less than n moves is given 

by the following equation: 

a 

Pn-z n+z n-1 7Tv si T) i zy) 
P = 2a-1(2p) 2[2(1 - p)] 2 cos"-' - s - s 

v=1 

In some embodiments, each frequency response period includes approximately n = 1800 

time steps (e.g., one time step every two seconds for an hour). Therefore, the central limit 

theorem applies and it is possible to convert the autocorrelated random process for Pbat and 

the limits on the SOC of battery 108 into an uncorrelated random process of 1 or -1 with a 

limit of zero.  

[0118] In some embodiments, optimization constraints module 414 converts the battery 

power Pbat into an uncorrelated normal process driven by the regulation signal Regsignal.  

For example, consider the original battery power described by the following equation: 

Xk+1 - aXk + ek, Xk~N(p, a), ek-N(pe, Ue) 

where the signal x represents the battery power Pbat, a is an autocorrelation parameter, and 

e is a driving signal. In some embodiments, e represents the regulation signal Regsignal. If 

the power of the signal x is known, then the power of signal e is also known, as shown in 

the following equations: 
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- a) =e 

E{x'}(1 - a) 2 - 2 appe = E{el} 

Ef}2(1 - a 2 ) - 2y 2 a(1 - a) = Efe }, 

Additionally, the impulse response of the difference equation for Xk+l is: 

hk - ak k > 0 

Using convolution, Xk can be expressed as follows: 

k 

Xk - ak-ei_1 

i=1 

X3 a 2e0 + ae 1 + e2 

Xq = aq-leo + a -2e, + + aeo- 2 + eq_1 

[0119] A random walk driven by signal Xk can be defined as follows: 

k k i 

Yk - - al-1 
j=1 j=1 i=1 

which for large values of j can be approximated using the infinite sum of a geometric series 

in terms of the uncorrelated signal e rather than x: 

k k k 

k xi L l e x k>>1 
j=1 j=1 j=1 

Thus, the autocorrelated driving signal Xk of the random walk can be converted into an 

uncorrelated driving signal x' with mean and power given by: 

E{x'} = y, E{(x' - y)21 +a2, Ex+2 a2 + 2, 1-a 1- a 

2 1+a 2 
X 1- a 

where x' represents the regulation signal Regsignai. Advantageously, this allows 

optimization constraints module 414 to define the probability of ruin in terms of the 

regulation signal Regsignal.  
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[0120] In some embodiments, optimization constraints module 414 determines a 

probability p that the random walk driven by the sequence of -1 and 1 will take the value of 

1. In order to ensure that the random walk driven by the sequence of -I and 1 will behave 

the same as the random walk driven by x', optimization constraints module 414 may select 

p such that the ratio of the mean to the standard deviation is the same for both driving 

functions, as shown in the following equations: 

mean y [ 2p - 1 

stdev 1 + a 4p(l- p) 
1-a 

1 1 

2-2 #+ 

where P is the ratio of the mean to the standard deviation of the driving signal (e.g., 

Regsignai) and y is the change in state-of-charge over the frequency response period 

divided by the number of time steps within the frequency response period (i.e., y = [).  

For embodiments in which each frequency response period has a duration of one hour (i.e., 

3600 seconds) and the interval between time steps is two seconds, the number of time steps 

per frequency response period is 1800 (i.e., n = 1800). In the equation for p, the plus is 

used when fl is greater than zero, whereas the minus is used when fl is less than zero.  

Optimization constraints module 414 may also ensure that both driving functions have the 

same number of standard deviations away from zero (or ruin) to ensure that both random 

walks have the same behavior, as shown in the following equation: 

SOC- Caes 4 P(l - P) 
Z =~ 

+: 
1 + 
1 - a a 

[0121] Advantageously, the equations for p and z allow optimization constraints module 

414 to define the probability of ruin P (i.e., the probability of battery 108 fully depleting or 

reaching a fully charged state) within N time steps (n = 1 ... N) as a function of variables 

that are known to high level controller 312 and/or manipulated by high level controller 312.  

For example, the equation for p defines p as a function of the mean and standard deviation 

of the regulation signal Regsignai, which may be estimated by signal statistics predictor 
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318. The equation for z defines z as a function of the SOC of battery 108 and the 

parameters of the regulation signal Regsignal.  

[0122] Optimization constraints module 414 may use one or more of the previous 

equations to place constraints on ASOC - Caes and Regawara given the current SOC of 

battery 108. For example, optimization constraints module 414 may use the mean and 

standard deviation of the regulation signal Regsignal to calculate p. Optimization 

constraints module 414 may then use p in combination with the SOC of battery 108 to 

calculate z. Optimization constraints module 414 may use p and z as inputs to the equation 

for the probability of ruin P. This allows optimization constraints module 414 to define the 

probability or ruin P as a function of the SOC of battery 108 and the estimated statistics of 

the regulation signal Regsignal. Optimization constraints module 414 may impose 

constraints on the SOC of battery 108 to ensure that the probability of ruin P within N time 

steps does not exceed a threshold value. These constraints may be expressed as limitations 

on the variables ASOC - Caes and/or Regawara, which are related to midpoint b as 

previously described.  

[0123] In some embodiments, optimization constraints module 414 uses the equation for 

the probability of ruin P to define boundaries on the combination of variables p and z. The 

boundaries represent thresholds when the probability of ruin P in less than N steps is greater 

than a critical value Pcr (e.g., Pcr = 0.001). For example, optimization constraints module 

414 may generate boundaries that correspond to a threshold probability of battery 108 fully 

depleting or reaching a fully charged state during a frequency response period (e.g., in 

N = 1800 steps).  

[0124] In some embodiments, optimization constraints module 414 constrains the 

probability of ruin P to less than the threshold value, which imposes limits on potential 

combinations of the variables p and z. Since the variables p and z are related to the SOC of 

battery 108 and the statistics of the regulation signal, the constraints may impose limitations 

on ASOC - Cdes and Regaward given the current SOC of battery 108. These constraints may 

also impose limitations on midpoint b since the variables ASOC - Cdes and Regawara are 

related to midpoint b. For example, optimization constraints module 414 may set 

constraints on the maximum bid Regawara given a desired change in the SOC for battery 
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108. In other embodiments, optimization constraints module 414 penalizes the objective 

function J given the bid Regawara and the change in SOC.  

[0125] Still referring to FIG. 4, variable SOC controller 408 is shown to include a 

frequency response (FR) revenue estimator 416. FR revenue estimator 416 may be 

configured to estimate the frequency response revenue that will result from a given 

midpoint b (e.g., a midpoint provided by midpoint optimizer 412). The estimated frequency 

response revenue may be used as the term Rev(Regawardk) in the objective functionJ.  

Midpoint optimizer 412 may use the estimated frequency response revenue along with other 

terms in the objective function J to determine an optimal midpoint b.  

[0126] In some embodiments, FR revenue estimator 416 uses a revenue model to predict 

frequency response revenue. An exemplary revenue model which may be used by FR 

revenue estimator 416 is shown in the following equation: 

Rev(Regawara) = Regawara(CPcap + MR - CPperf) 

where CPcap, MR, and CPperf are the energy market statistics received from energy market 

predictor 316 and Regaward is a function of the midpoint b. For example, capability bid 

calculator 422 may calculate Regaward using the following equation: 

Regawara = Plimit - |bI 

where Plimit is the power rating of power inverter 106.  

[0127] As shown above, the equation for frequency response revenue used by FR revenue 

estimator 416 does not include a performance score (or assumes a performance score of 

1.0). This results in FR revenue estimator 416 estimating a maximum possible frequency 

response revenue that can be achieved for a given midpoint b (i.e., if the actual frequency 

response of controller 112 were to follow the regulation signal exactly). However, it is 

contemplated that the actual frequency response may be adjusted by low level controller 

314 in order to preserve the life of battery 108. When the actual frequency response differs 

from the regulation signal, the equation for frequency response revenue can be adjusted to 

include a performance score. The resulting value function J may then be optimized by low 

level controller 314 to determine an optimal frequency response output which considers 

both frequency response revenue and the costs of battery degradation, as described with 

reference to FIG. 5.  
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[0128] Still referring to FIG. 4, variable SOC controller 408 is shown to include a battery 

degradation estimator 418. Battery degradation estimator 418 may estimate the cost of 

battery degradation that will result from a given midpoint b (e.g., a midpoint provided by 

midpoint optimizer 412). The estimated battery degradation may be used as the term Abat 

in the objective function J. Midpoint optimizer 412 may use the estimated battery 

degradation along with other terms in the objective function J to determine an optimal 

midpoint b.  

[0129] In some embodiments, battery degradation estimator 418 uses a battery life model 

to predict a loss in battery capacity that will result from a set of midpoints b, power outputs, 

and/or other variables that can be manipulated by controller 112. The battery life model 

may define the loss in battery capacity Clossaadd as a sum of multiple piecewise linear 

functions, as shown in the following equation: 

Ciossaaa = f1(Tceu1) + f 2 (SOC) + f3 (DOD) + f 4 (PR) + fs (ER) - Cioss nom 

where Tce is the cell temperature, SOC is the state-of-charge, DOD is the depth of 

discharge, PR is the average power ratio (e.g., PR = avg Pa( )), and ER is the average 

effort ratio (e.g., ER = avg "Pbat) of battery 108. Closs,nom is the nominal loss in battery 
Pdes 

capacity that is expected to occur over time. Therefore, Closs,add represents the additional 

loss in battery capacity degradation in excess of the nominal value Closs,nom.  

[0130] In some embodiments, the battery life model is generated by a battery life model 

generator 428. Battery life model generator 428 may define the terms in the battery life 

model as functions of one or more variables that have known values (e.g., estimated or 

measured values) and/or variables that can be manipulated by high level controller 312. For 

example, battery life model generator 428 may define the terms in the battery life model as 

functions of the regulation signal statistics (e.g., the mean and standard deviation of 

Regsignal), the campus power signal statistics (e.g., the mean and standard deviation of 

Pcampus), Regaward, midpoint b, the SOC of battery 108, and/or other variables that have 

known or controlled values.  

[0131] In some embodiments, battery life model generator 428 measures the cell 

temperature Tell using a temperature sensor configured to measure the temperature of 

battery 108. In other embodiments, battery life model generator 428 estimates or predicts 
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the cell temperature Tce based on a history of measured temperature values. For example, 

battery life model generator 428 may use a predictive model to estimate the cell temperature 

Tei as a function of the battery power Pbat, the ambient temperature, and/or other variables 

that can be measured, estimated, or controlled by high level controller 312.  

[0132] Battery life model generator 428 may define the variable SOC in the battery life 

model as the SOC of battery 108 at the end of the frequency response period. The SOC of 

battery 108 may be measured or estimated based on the control decisions made by 

controller 112. For example, battery life model generator 428 may use a predictive model 

to estimate or predict the SOC of battery 108 at the end of the frequency response period as 

a function of the battery power Pbat, the midpoint b, and/or other variables that can be 

measured, estimated, or controlled by high level controller 312.  

[0133] Battery life model generator 428 may define the average power ratio PR as the 

ratio of the average power output of battery 108 (i.e., Pavyq) to the design power Pdes (e.g., 

PR = -"). The average power output of battery 108 can be defined using the following 
Pdes 

equation: 

Pavg = E{|RegawaraRegsignai + b - Pioss - Pcampusil 

where the expression (RegawaraRegsignai + b - P 0ess - Pcampus) represents the battery 

power Pbat. The expected value of Pavg is given by: 

2 -ybat -ybat 
Pavg = Obat eXp 2 +erf a exc 2abat 42a 

where pbat and Ubat are the mean and variance of the battery power Pbat. The variables 

pbat and Ubat may be defined as follows: 

ybat = RegawaraE{Regsignai} + b - E{Pioss} - E{Pcampusl 

2 D 2  2  + U2 

Ubat = Regawar campus 

where FRJ is the variance of Regsignal and the contribution of the battery power loss to the 

variance Ubat is neglected.  
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[0134] Battery life model generator 428 may define the average effort ratio ER as the ratio 

of the average change in battery power APav, to the design power Pdes (i.e., ER = A""g 
Pdes 

The average change in battery power can be defined using the following equation: 

APavg = E{Pbatk - Pbatk-11 

APavg = E{IRegawara(Regsigna,k - Regsignal,k-1) - iossk - Plossk-1) 

- (Pcampus,k - Pcampus,k-1)11 

To make this calculation more tractable, the contribution due to the battery power loss can 

be neglected. Additionally, the campus power Pcampus and the regulation signal Regsignai 

can be assumed to be uncorrelated, but autocorrelated with first order autocorrelation 

parameters of acampus and a, respectively. The argument inside the absolute value in the 

equation for APavg has a mean of zero and a variance given by: 

OYff = E f[Regawara(Regsignalk - Regsigna,k-1) - (Pcampus,k - Pcampus,k-1 ]2 

= E {Regawara(Regsignalk - Regsigna,k1)2 - (Pcampus,k - Pcampus,k-1)2 

= 2Regawara(1 - a)oaFR + 2(1 - acampus campus 

[0135] Battery life model generator 428 may define the depth of discharge DOD as the 

maximum state-of-charge minus the minimum state-of-charge of battery 108 over the 

frequency response period, as shown in the following equation: 

DOD = SOCmax - SOCmin 

The SOC of battery 108 can be viewed as a constant slope with a zero mean random walk 

added to it, as previously described. An uncorrelated normal random walk with a driving 

signal that has zero mean has an expected range given by: 

2N 
E{max - min} = 20- 

where E{max - min} represents the depth of discharge DOD and can be adjusted for the 

autocorrelation of the driving signal as follows: 

E{max - min} = 2 ubat abat IN 1 - abat 
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2 _ e 2  U2 + U2 
Ubat = RegawardR campus 

a =+eawaraasR campus campus 
abat Reg a 2 + U2 

Award R campus 

[0136] If the SOC of battery 108 is expected to change (i.e., is not zero mean), the 

following equation may be used to define the depth of discharge DOD: 

( o- SOC 
Ro + c - ASOC exp Ro -a A ASOC < Ro 

E~max - min} = -SatR 
ASOC+ c-Ro exp -a Ro1  ASOC > Ro 

I I- Obat 

where Ro is the expected range with zero expected change in the state-of-charge.  

Advantageously, battery life model generator 428 may use the previous equations to define 

each of the variables in the battery life model (e.g., Tceii, SOC, DOD, PR, and ER) as a 

function of variables that are known to controller 112 and/or variables that can be 

manipulated by controller 112 (e.g., battery power setpoint, frequency response control 

signals, ramp rate control signals, etc.).  

[0137] In some embodiments, battery life model generator 428 defines the battery life 

model as a parametric function of the variables Tceii, SOC, DOD, PR, and ER. For 

example, battery life model generator 428 may formulate the battery life model as follows: 

Cioss,aaa = OiTceii + 02SOC + 03DOD + 04 PR + 5ER - Ciossnom 

where 01-0s are parameters of the battery life model (e.g., regression coefficients) and the 

variables Tceii, SOC, DOD, PR, and ER are the same as previously described.  

[0138] Battery life model generator 428 may perform a series of experiments to determine 

values for the model parameters 01-0s. For example, battery life model life generator 428 

may apply known battery power signals (e.g., frequency response signals, ramp rate control 

signals, etc.) to power inverter 106, causing power inverter 106 to charge or discharge 

battery 108 according to a known profile. Battery life model generator 428 may calculate 

values for the input variables to the battery life model (e.g., Tceii, SOC, DOD, PR, and ER) 

based on the known battery power signals. Battery life model generator 428 may then 

measure a decrease in battery capacity that results from the known battery power signals.  

From this experiment, battery life model generator 428 can obtain values for all of the input 

variables to the battery life model and the resulting output variable Closs,aaa.  
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[0139] Battery life model generator 428 may perform this experiment multiple times to 

generate test data. The test data may include multiple different sets of values for the input 

variables Teii, SOC, DOD, PR, and ER, along with the resultant value of the output 

variable Closs,aaa corresponding to each set of input variables. Battery life model generator 

428 may then perform a curve fitting process (e.g., a regression process) to determine 

values for the model parameters 01-05 that best fit the test data. Battery life model 

generator 428 may provide the battery life model with the values for the model parameters 

01-05 to battery degradation estimator 418. Battery degradation estimator 418 may use the 

battery life model to estimate a loss in battery capacity that will result from a new set of 

input variables based on an actual or potential set of control outputs (e.g., frequency 

response signals, ramp rate control signals, battery power control signals, etc.). A process 

for generating and using a battery life model is described in greater detail with reference to 

FIG. 9.  

[0140] Still referring to FIG. 4, variable SOC controller 408 is shown to include a revenue 

loss estimator 420. Revenue loss estimator 420 may be configured to estimate an amount of 

potential revenue that will be lost as a result of the battery capacity loss Ciossaaa. In some 

embodiments, revenue loss estimator 420 converts battery capacity loss Closs,aaa into lost 

revenue using the following equation: 

Rioss = (CPcap + MR -CPperf )Cioss,aaaPaes 

where Rloss is the lost revenue over the duration of the frequency response period.  

[0141] Revenue loss estimator 420 may determine a present value of the revenue loss 

Rl0 ss using the following equation: 

Abat loss 

where n is the total number of frequency response periods (e.g., hours) during which the 

revenue loss occurs and Abat is the present value of the revenue loss during the ith 

frequency response period. In some embodiments, the revenue loss occurs over ten years 

(e.g., n = 87,600 hours). Revenue loss estimator 420 may provide the present value of the 

revenue loss Abat to midpoint optimizer 412 for use in the objective function J.  
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[0142] Midpoint optimizer 412 may use the inputs from optimization constraints module 

414, FR revenue estimator 416, battery degradation estimator 418, and revenue loss 

estimator 420 to define the terms in objective function J. Midpoint optimizer 412 may 

determine values for midpoint b that optimize objective function J. In various 

embodiments, midpoint optimizer 412 may use sequential quadratic programming, dynamic 

programming, or any other optimization technique to optimize the objective function J.  

[0143] Still referring to FIG. 4, high level controller 312 is shown to include a capability 

bid calculator 422. Capability bid calculator 422 may be configured to generate a capability 

bid Regawara based on the midpoint b generated by constant SOC controller 402 and/or 

variable SOC controller 408. In some embodiments, capability bid calculator 422 generates 

a capability bid that is as large as possible for a given midpoint, as shown in the following 

equation: 

Re gawara -- Plimit - |bI 

where Plimit is the power rating of power inverter 106. Capability bid calculator 422 may 

provide the capability bid to incentive provider 114 and to frequency response optimizer 

424 for use in generating an optimal frequency response.  

Filter Parameters Optimization 

[0144] Still referring to FIG. 4, high level controller 312 is shown to include a frequency 

response optimizer 424 and a filter parameters optimizer 426. Filter parameters optimizer 

426 may be configured to generate a set of filter parameters for low level controller 314.  

The filter parameters may be used by low level controller 314 as part of a low-pass filter 

that removes high frequency components from the regulation signal Regsignai. In some 

embodiments, filter parameters optimizer 426 generates a set of filter parameters that 

transform the regulation signal Regsignai into an optimal frequency response signal ReSFR

Frequency response optimizer 424 may perform a second optimization process to determine 

the optimal frequency response ReSFR based on the values for Regawad and midpoint b.  

In the second optimization, the values for Regawad and midpoint b may be fixed at the 

values previously determined during the first optimization.  

[0145] In some embodiments, frequency response optimizer 424 determines the optimal 

frequency response ReSFR by optimizing value function J shown in the following equation: 
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h h h 

J = Rev(Regawarak) + cbk + mi (Pcampusk + bk) -- loatk 

k=1 k=1 k=1 

where the frequency response revenue Rev(Regawara) is defined as follows: 

Rev(Regawara) = PS- Regawara(CPcap + MR- CPperf) 

and the frequency response ReSFR is substituted for the regulation signal Regsignai in the 

battery life model used to calculate Abatk. The performance score PS may be based on 

several factors that indicate how well the optimal frequency response ReSFR tracks the 

regulation signal Regsignai.  

[0146] The frequency response ReSFR may affect both Rev(Regawara) and the monetized 

cost of battery degradation Abat. Closely tracking the regulation signal may result in higher 

performance scores, thereby increasing the frequency response revenue. However, closely 

tracking the regulation signal may also increase the cost of battery degradation Abat. The 

optimized frequency response ReSFR represents an optimal tradeoff between decreased 

frequency response revenue and increased battery life (i.e., the frequency response that 

maximizes value J).  

[0147] In some embodiments, the performance score PS is a composite weighting of an 

accuracy score, a delay score, and a precision score. Frequency response optimizer 424 

may calculate the performance score PS using the performance score model shown in the 

following equation: 

1 1 1 
PS = -PSacc +-PSaeiay + - PSpree 

where PSacc is the accuracy score, PSdelay is the delay score, and P5 pree is the precision 

score. In some embodiments, each term in the precision score is assigned an equal 

weighting (e.g., 1/3). In other embodiments, some terms may be weighted higher than 

others.  

[0148] The accuracy score PSacc may be the maximum correlation between the regulation 

signal Regsignal and the optimal frequency response ReSFR. Frequency response optimizer 

424 may calculate the accuracy score PSacc using the following equation: 

PSacc = max rReg,Res(S) 
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where 5 is a time delay between zero and Smax (e.g., between zero and five minutes).  

[0149] The delay score PSdeiay may be based on the time delay 5 between the regulation 

signal Regsignai and the optimal frequency response ReSFR. Frequency response optimizer 

424 may calculate the delay score PSdeiay using the following equation: 

PSaeiay = Is] - 5 max 
dmax 

where S[s] is the time delay of the frequency response ReSFR relative to the regulation 

signal Regsignal and 5max is the maximum allowable delay (e.g., 5 minutes or 300 

seconds).  

[0150] The precision score PSpree may be based on a difference between the frequency 

response ReSFR and the regulation signal Regsignal. Frequency response optimizer 424 

may calculate the precision score PSpree using the following equation: 

PSprec = 1 - ReSFR - Regsignal 

EIRegsignail 

[0151] Frequency response optimizer 424 may use the estimated performance score and 

the estimated battery degradation to define the terms in objective function J. Frequency 

response optimizer 424 may determine values for frequency response ReSFR that optimize 

objective functionJ. In various embodiments, frequency response optimizer 424 may use 

sequential quadratic programming, dynamic programming, or any other optimization 

technique.  

[0152] Filter parameters optimizer 426 may use the optimized frequency response ReSFR 

to generate a set of filter parameters for low level controller 314. In some embodiments, the 

filter parameters are used by low level controller 314 to translate an incoming regulation 

signal into a frequency response signal. Low level controller 314 is described in greater 

detail with reference to FIG. 5.  

[0153] In some embodiments, high level controller 312 includes a data fusion module 

430 (shown in FIG. 14). Data fusion module 430 is configured to aggregate data received 

from external systems and devices for processing by high level controller 312. For 

example, data fusion module 430 may store and aggregate external data such as the campus 

-46-



WO 2017/062917 PCT/US2016/056190 

power signal, utility rates, incentive event history and/or weather forecasts as shown in FIG.  

14. Further, data fusion module 430 may store and aggregate data from low level controller 

314. For example, data fusion module 430 may receive data such as battery SOC, battery 

temperature, battery system temperature data, security device status data, battery voltage 

data, battery current data and/or any other data provided by battery system 1304. Data 

fusion module 430 is described in greater detail with reference to FIG. 14.  

Low Level Controller 

[0154] Referring now to FIG. 5, a block diagram illustrating low level controller 314 in 

greater detail is shown, according to an exemplary embodiment. Low level controller 314 

may receive the midpoints b and the filter parameters from high level controller 312. Low 

level controller 314 may also receive the campus power signal from campus 102 and the 

regulation signal Regsignai and the regulation award Regawara from incentive provider 

114.  

Predicting and Filtering the Regulation Signal 

[0155] Low level controller 314 is shown to include a regulation signal predictor 502.  

Regulation signal predictor 502 may use a history of past and current values for the 

regulation signal Regsignai to predict future values of the regulation signal. In some 

embodiments, regulation signal predictor 502 uses a deterministic plus stochastic model 

trained from historical regulation signal data to predict future values of the regulation signal 

Regsignai. For example, regulation signal predictor 502 may use linear regression to 

predict a deterministic portion of the regulation signal Regsignal and an AR model to 

predict a stochastic portion of the regulation signal Regsignai. In some embodiments, 

regulation signal predictor 502 predicts the regulation signal Regsignai using the techniques 

described in U.S. Patent Application No. 14/717,593, titled "Building Management System 

for Forecasting Time Series Values of Building Variables" and filed May 20, 2015.  

[0156] Low level controller 314 is shown to include a regulation signal filter 504.  

Regulation signal filter 504 may filter the incoming regulation signal Regsignal and/or the 

predicted regulation signal using the filter parameters provided by high level controller 312.  

In some embodiments, regulation signal filter 504 is a low pass filter configured to remove 
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high frequency components from the regulation signal Regsignai. Regulation signal filter 

504 may provide the filtered regulation signal to power setpoint optimizer 506.  

Determining Optimal Power Setpoints 

[0157] Power setpoint optimizer 506 may be configured to determine optimal power 

setpoints for power inverter 106 based on the filtered regulation signal. In some 

embodiments, power setpoint optimizer 506 uses the filtered regulation signal as the 

optimal frequency response. For example, low level controller 314 may use the filtered 

regulation signal to calculate the desired interconnection power P 0j using the following 

equation: 

Plo1 = Regawara -Regfilter + b 

where Refilter is the filtered regulation signal. Power setpoint optimizer 506 may subtract 

the campus power Pcampus from the desired interconnection power P 0j to calculate the 

optimal power setpoints PSP for power inverter 106, as shown in the following equation: 

SP' oI - Pcampus 

[0158] In other embodiments, low level controller 314 performs an optimization to 

determine how closely to track P 0j. For example, low level controller 314 is shown to 

include a frequency response optimizer 508. Frequency response optimizer 508 may 

determine an optimal frequency response ReSFR by optimizing value function J shown in 

the following equation: 

J = Rev(Regawark) + ckbk + min(Pcampusk + bk) - Aat~ k 

k=1 k=1 k=1 

where the frequency response ReSFR affects both Rev(Regawara) and the monetized cost 

of battery degradation Abat. The frequency response ReSFR may affect 

both Rev(Regawara) and the monetized cost of battery degradation Abat. The optimized 

frequency response ReSFR represents an optimal tradeoff between decreased frequency 

response revenue and increased battery life (i.e., the frequency response that maximizes 

value J). The values of Rev(Regawara) and Abatk may be calculated by FR revenue 

estimator 510, performance score calculator 512, battery degradation estimator 514, and 

revenue loss estimator 516.  
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Estimating Frequency Response Revenue 

[0159] Still referring to FIG. 5, low level controller 314 is shown to include a FR revenue 

estimator 510. FR revenue estimator 510 may estimate a frequency response revenue that 

will result from the frequency response ReSFR . In some embodiments, FR revenue 

estimator 510 estimates the frequency response revenue using the following equation: 

Rev(Regawara) = PS- Regawara(CPcap + MR- CPperf) 

where Regaward, CPcap, MR, and CPperf are provided as known inputs and PS is the 

performance score.  

[0160] Low level controller 314 is shown to include a performance score calculator 512.  

Performance score calculator 512 may calculate the performance score PS used in the 

revenue function. The performance score PS may be based on several factors that indicate 

how well the optimal frequency response ReSFR tracks the regulation signal Regsigna. In 

some embodiments, the performance score PS is a composite weighting of an accuracy 

score, a delay score, and a precision score. Performance score calculator 512 may calculate 

the performance score PS using the performance score model shown in the following 

equation: 

1 1 1 
PS = -PSacc + - PSaeiay + - PSpree 

where PSacc is the accuracy score, PSdelay is the delay score, and P5 pree is the precision 

score. In some embodiments, each term in the precision score is assigned an equal 

weighting (e.g., 1/3). In other embodiments, some terms may be weighted higher than 

others. Each of the terms in the performance score model may be calculated as previously 

described with reference to FIG. 4.  

Estimating Battery Degradation 

[0161] Still referring to FIG. 5, low level controller 314 is shown to include a battery 

degradation estimator 514. Battery degradation estimator 514 may be the same or similar to 

battery degradation estimator 418, with the exception that battery degradation estimator 514 

predicts the battery degradation that will result from the frequency response ReSFR rather 

than the original regulation signal Regsignal. The estimated battery degradation may be 

used as the term Abatt in the objective functionJ. Frequency response optimizer 508 may 

-49-



WO 2017/062917 PCT/US2016/056190 

use the estimated battery degradation along with other terms in the objective function J to 

determine an optimal frequency response ReSFR 

[0162] In some embodiments, battery degradation estimator 514 uses a battery life model 

to predict a loss in battery capacity that will result from the frequency response ReSFR. The 

battery life model may define the loss in battery capacity Closs,aad as a sum of multiple 

piecewise linear functions, as shown in the following equation: 

Cioss,add = h1(Tceu) + f 2 (SOC) + f3 (DOD) + f 4 (PR) + fs (ER) - Ciossnom 

where Tcel is the cell temperature, SOC is the state-of-charge, DOD is the depth of 

discharge, PR is the average power ratio (e.g., PR = avg ( -)), and ER is the average 

effort ratio (e.g., ER = avg (Pbat) of battery 108. Closs,nom is the nominal loss in battery 

capacity that is expected to occur over time. Therefore, Closs,add represents the additional 

loss in battery capacity degradation in excess of the nominal value Closs,nom. The terms in 

the battery life model may be calculated as described with reference to FIG. 4, with the 

exception that the frequency response ReSFR is used in place of the regulation signal 

Regsignal. In some embodiments, battery degradation estimator 514 uses the battery life 

model generated by battery life model generator 428 to estimate the loss in battery capacity.  

[0163] Still referring to FIG. 5, low level controller 314 is shown to include a revenue loss 

estimator 516. Revenue loss estimator 516 may be the same or similar to revenue loss 

estimator 420, as described with reference to FIG. 4. For example, revenue loss estimator 

516 may be configured to estimate an amount of potential revenue that will be lost as a 

result of the battery capacity loss Closs,add. In some embodiments, revenue loss estimator 

516 converts battery capacity loss Closs,add into lost revenue using the following equation: 

Rioss = (CPcap + MR- CPperf )Closs,addPdes 

where Rloss is the lost revenue over the duration of the frequency response period.  

[0164] Revenue loss estimator 420 may determine a present value of the revenue loss 

Rloss using the following equation: 

-n

Abat n loss 
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where n is the total number of frequency response periods (e.g., hours) during which the 

revenue loss occurs and Abat is the present value of the revenue loss during the ith 

frequency response period. In some embodiments, the revenue loss occurs over ten years 

(e.g., n = 87,600 hours). Revenue loss estimator 420 may provide the present value of the 

revenue loss Abat to frequency response optimizer 508 for use in the objective function J.  

[0165] Frequency response optimizer 508 may use the estimated performance score and 

the estimated battery degradation to define the terms in objective function J. Frequency 

response optimizer 508 may determine values for frequency response ReSFR that optimize 

objective functionJ. In various embodiments, frequency response optimizer 508 may use 

sequential quadratic programming, dynamic programming, or any other optimization 

technique.  

Frequency Response Optimization Processes 

[0166] Referring now to FIG. 6, a flowchart of a process 600 for determining optimal 

battery power setpoints in a frequency response optimization system is shown, according to 

an exemplary embodiment. Process 600 may be performed by one or more components of 

frequency response optimization system 100, as described with reference to FIGS. 1-5.  

[0167] Process 600 is shown to include predicting regulation signal statistics, campus 

power use, and energy market statistics for one or more frequency response periods (step 

602). The regulation signal statistics may include a mean and a standard deviation of the 

regulation signal Regsignai. Predicting the campus power use may include predicting the 

electric power consumption of the campus (e.g., Pcampus) over the duration of the frequency 

response periods. In some embodiments, predicting campus power use includes predicting 

statistics of the campus power use (e.g., mean, standard deviation, etc.). Predicting energy 

market statistics may include predicting energy prices such as electricity rates and demand 

charges. Predicting energy market statistics may also include predicting frequency response 

statistics such as clearing capability price CPcap, clearing performance price CPperf, and 

mileage ratio MR.  

[0168] Process 600 is shown to include determining frequency response midpoints that 

maintain a battery at the same state-of-charge at the beginning and end of each frequency 

response period (step 604). Step 604 may be performed by constant state-of-charge 

controller 402. In some embodiments, step 604 includes determining expected values for 
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the regulation signal Regsignai, campus power use Pcampus, regulation award Regaward, 

battery power loss P1ess, and maximum battery power Pmax. The expected value of the 

regulation award Regawara may be assumed to be the difference between the midpoint b 

and the power inverter power limit Plimit (e.g., Regaward = Pumit - lb 1). The midpoint b 

which maintains the battery at the same state-of-charge at the beginning and end of each 

frequency response period can be determined by solving the following equation: 

4P [E{P 2ampusl + RegawaraE{RegSignail - 2RegawaraE{RegsignalE{Pcampus]At 4max 

+ [RegawaraE{Regsignai} - E{PcampusllAt 

b b2 
+2P [RegawaraE{Regsignail - E{Pcampus]]At + bAt + -At = 0 

max max 

which can be solved for midpoint b.  

[0169] Process 600 is shown to include generating an objective function that estimates 

value as a function of frequency response revenue, energy costs, and monetized costs of 

losses in battery capacity (step 606). An exemplary value function which may be generated 

in step 606 is shown in the following equation: 

J = Rev(Regawark) + ckbk + min (Pcampusk + bk) - Abat k 
k=1 k=1 k=1 

where Rev(Regawark) is the frequency response revenue, ckbk is the cost per unit of 

electricity, the min() term is the demand charge, and lbatk is the monetized cost of battery 

degradation.  

[0170] The frequency response revenue may be determined using the following equation: 

Rev(Regawara) = PS- Regawara(CPcap + MR- CPperf) 

where Regaward, CPcap, MR, and CPperf are provided as known inputs and PS is the 

performance score. In some embodiments, the performance score PS is a composite 

weighting of an accuracy score, a delay score, and a precision score. The performance 

score PS may be calculated using the performance score model shown in the following 

equation: 

1 1 1 
PS = -PSacc + - PSaeiay + - prec 
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where PSacc is the accuracy score, PSdeiay is the delay score, and PSpree is the precision 

score. In some embodiments, each term in the precision score is assigned an equal 

weighting (e.g., 1/3). In other embodiments, some terms may be weighted higher than 

others. Each of the terms in the performance score model may be calculated as previously 

described with reference to FIG. 4.  

[0171] The cost of battery degradation may be determined using a battery life model. An 

exemplary battery life model which may be used to determine battery degradation is shown 

in the following equation: 

Cioss,add = h1(Tceu1) + f 2 (SOC) + f3 (DOD) + f 4 (PR) + fs (ER) - Cioss nom 

where Tce is the cell temperature, SOC is the state-of-charge, DOD is the depth of 

discharge, PR is the average power ratio (e.g., PR = avg Pav-g)), and ER is the average 

effort ratio (e.g., ER = avg ( Apbat) of battery 108. The terms in the battery life model may 

be calculated as described with reference to FIGS. 4-5, using the frequency response ReSFR 

as the optimization variable.  

[0172] The battery capacity loss Clossaaa can be converted into lost revenue using the 

following equation: 

Rioss = (CPcap + MR - CPperf)Cioss,addPdes 

where Rloss is the lost revenue over the duration of the frequency response period. The 

present value of the revenue loss Rloss can be calculated as follows: 

-n

[1-(1 + )T 
Abat n loss 

where n is the total number of frequency response periods (e.g., hours) during which the 

revenue loss occurs and Abat is the present value of the revenue loss during the ith 

frequency response period. In some embodiments, the revenue loss occurs over ten years 

(e.g., n = 87,600 hours).  

[0173] Still referring to FIG. 6, process 600 is shown to include performing an 

optimization to determine battery power setpoints that optimize the objective function based 

on the midpoints (step 608). Step 608 may be performed by low level controller 314, as 
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described with reference to FIG. 5. Step 608 may include using the objective function to 

determine the optimal frequency response ReSFR. The optimal frequency response may be 

the frequency response which maximizes J. The optimal frequency response ReSFR can be 

used to calculate the desired interconnection power P o0 using the following equation: 

jo1 =: Regawara, -ReSFR + b 

[0174] Step 608 may include subtracting the campus power Pcampus from the desired 

interconnection power P o0 to calculate the optimal battery power setpoints PSp, as shown 

in the following equation: 

SP' oI - Pcampus 

[0175] Process 600 is shown to include using the battery power setpoints to control an 

amount of power charged or discharged from the battery (step 610). Step 610 may include 

providing the battery power setpoints to a battery power inverter (e.g., power inverter 106).  

The power inverter may use the battery power setpoints to an amount of power drawn from 

the battery or stored in the battery during each of a plurality of time steps. Power drawn 

from the battery may be used to power the campus or provided to an energy grid.  

[0176] Referring now to FIG. 7, a flowchart of a process 700 for determining optimal 

battery power setpoints in a frequency response optimization system is shown, according to 

an exemplary embodiment. Process 700 may be performed by one or more components of 

frequency response optimization system 100, as described with reference to FIGS. 1-5.  

[0177] Process 700 is shown to include predicting regulation signal statistics, campus 

power use, and energy market statistics for one or more frequency response periods (step 

702). The regulation signal statistics may include a mean and a standard deviation of the 

regulation signal Regsignai. Predicting the campus power use may include predicting the 

electric power consumption of the campus (e.g., Pcampus) over the duration of the frequency 

response periods. In some embodiments, predicting campus power use includes predicting 

statistics of the campus power use (e.g., mean, standard deviation, etc.). Predicting energy 

market statistics may include predicting energy prices such as electricity rates and demand 

charges. Predicting energy market statistics may also include predicting frequency response 

statistics such as clearing capability price CPcap, clearing performance price CPperf, and 

mileage ratio MR.  
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[0178] Process 700 is shown to include generating an objective function that estimates 

value as a function of frequency response revenue, energy costs, and monetized costs of 

losses in battery capacity (step 704). An exemplary value function which may be generated 

in step 704 is shown in the following equation: 

J = Rev(Regawark) + cb min (Pcampusk + bk) - Abat k 

k=1 k=1 k=1 

where Rev(Regawark) is the frequency response revenue, ckbk is the cost per unit of 

electricity, the min() term is the demand charge, and lbat,k is the monetized cost of battery 

degradation.  

[0179] The frequency response revenue may be determined using the following equation: 

Rev(Regawara) = Regawara(CPcap + MR - CPperf) 

where Regaward, CPcap, MR, and CPperf are provided as known inputs and PS is the 

performance score.  

[0180] The cost of battery degradation may be determined using a battery life model. An 

exemplary battery life model which may be used to determine battery degradation is shown 

in the following equation: 

Cioss,aaa = f1(Tceu) + f 2 (SOC) + f3 (DOD) + f 4 (PR) + fs (ER) - Cioss nom 

where Tcel is the cell temperature, SOC is the state-of-charge, DOD is the depth of 

discharge, PR is the average power ratio (e.g., PR = avg (" ), and ER is the average 
Pdes 

effort ratio (e.g., ER = avg (Apbat) of battery 108. The terms in the battery life model may 

be calculated as described with reference to FIGS. 4-5, using the midpoint b as the 

optimization variable.  

[0181] The battery capacity loss Closs,add can be converted into lost revenue using the 

following equation: 

Rioss = (CPcap + MR- CPperf )Closs,addPdes 

where Rloss is the lost revenue over the duration of the frequency response period. The 

present value of the revenue loss Rloss can be calculated as follows: 
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bat n loss 

where n is the total number of frequency response periods (e.g., hours) during which the 

revenue loss occurs and Abat is the present value of the revenue loss during the ith 

frequency response period. In some embodiments, the revenue loss occurs over ten years 

(e.g., n = 87,600 hours).  

[0182] Process 700 is shown to include performing a high level optimization to determine 

frequency response midpoints that optimize the objective function based on the predicted 

regulation signal statistics (step 706). Step 706 may be performed by variable state-of

charge controller 408. Step 706 may include determining a set of midpoints b that 

maximize the objective function J. The optimization may be subject to optimization 

constraints. For example, step 706 may include implementing optimization constraints that 

keep the state-of-charge of the battery between threshold values (e.g., between 0 and 1) 

and/or constraints that prevent sum of the midpoint b and the campus power Pcampus from 

exceeding the power inverter rating Plimit, as described with respect to optimization 

constraints module 414.  

[0183] In some embodiments, step 706 includes determining expected values for the 

regulation signal Regsignal, campus power use Pcampus, regulation award Regaward, 

battery power loss Pless, and maximum battery power Pmax. The expected value of the 

regulation award Regawara may be assumed to be the difference between the midpoint b 

and the power inverter power limit Plimit (e.g., Regaward = Plimit - lb 1). The midpoint b 

can be expressed in terms of the change in the state-of-charge of the battery by solving the 

following equation: 

1 

4P [E{P2ampusl + Re award + E{Re signal - 2RegawaraE{RegsignaiE{Pcampus]At 
max 

+ [RegawaraE{Regsignaij + E{Pcampusl]]At + ASOC- Caes 

b b2 
+2P [RegawaraE{Regsignai} - E{Pcampusl]At + bAt + -At = 0 

max max 
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This relationship between midpoint b and the change in the SOC may be used to translate 

constraints on the SOC of the battery into constraints on midpoint b. The optimization 

problem can then be solved to determine optimal values for midpoint b.  

[0184] Still referring to FIG. 7, process 700 is shown to include performing a low level 

optimization to determine battery power setpoints that optimize the objective function based 

on the midpoints (step 708). Step 708 may be performed by low level controller 314, as 

described with reference to FIG. 5. Step 708 may include using the objective function to 

determine the optimal frequency response ReSFR. The optimal frequency response may be 

the frequency response which maximizes J. The optimal frequency response ReSFR can be 

used to calculate the desired interconnection power P o0 using the following equation: 

jo1 =: Regawara, -ReS FR + b 

[0185] Step 708 may include subtracting the campus power Pcampus from the desired 

interconnection power P o0 to calculate the optimal battery power setpoints PSp, as shown 

in the following equation: 

SP' oI - Pcampus 

[0186] Process 700 is shown to include using the battery power setpoints to control an 

amount of power charged or discharged from the battery (step 710). Step 710 may include 

providing the battery power setpoints to a battery power inverter (e.g., power inverter 106).  

The power inverter may use the battery power setpoints to an amount of power drawn from 

the battery or stored in the battery during each of a plurality of time steps. Power drawn 

from the battery may be used to power the campus or provided to an energy grid.  

Photovoltaic Energy System With Frequency Regulation and Ramp Rate Control 

[0187] Referring now to FIGS. 8A-8B, a photovoltaic energy system 800 that uses battery 

storage to simultaneously perform both ramp rate control and frequency regulation is 

shown, according to an exemplary embodiment. As previously described, frequency 

regulation is the process of maintaining the stability of the grid frequency (e.g., 60 Hz in the 

United States). The grid frequency may remain balanced at 60 Hz as long as there is a 

balance between the demand from the energy grid and the supply to the energy grid. An 

increase in demand yields a decrease in grid frequency, whereas an increase in supply yields 

an increase in grid frequency. During a fluctuation of the grid frequency, system 800 may 
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offset the fluctuation by either drawing more energy from the energy grid (e.g., if the grid 

frequency is too high) or by providing energy to the energy grid (e.g., if the grid frequency 

is too low).  

[0188] Ramp rate control is the process of offsetting PV ramp rates (i.e., increases or 

decreases in PV power output) that fall outside of compliance limits determined by the 

electric power authority overseeing the energy grid. Ramp rate control typically requires 

the use of an energy source that allows for offsetting ramp rates by either supplying 

additional power to the grid or consuming more power from the grid. Advantageously, 

system 800 may use battery storage in combination with photovoltaic power to perform 

frequency regulation while simultaneously complying with ramp rate requirements and 

maintaining the state-of-charge of the battery storage within a predetermined desirable 

range. System 800 may use the battery life model described with reference to FIGS. 1-7 to 

make decisions regarding battery usage.  

[0189] System 800 is shown to include a photovoltaic (PV) field 802, a PV field power 

inverter 804, a battery 806, a battery power inverter 808, a point of interconnection (POI) 

810, and an energy grid 812. In some embodiments, system 800 also includes a controller 

814 (shown in FIG. 8A) and/or a building 818 (shown in FIG. 8B). In brief overview, PV 

field 802 may convert solar energy into a DC power output Ppy and provide the DC power 

output Ppy to PV field power inverter 804. PV field power inverter 804 may convert the 

DC power output Ppy into an AC power output upv and provide the AC power output upv 

to POI 810. PV field power inverter 804 can be operated by controller 814 to control the 

power output of PV field 802. Similarly, battery power inverter 808 can be operated by 

controller 814 to control the power input and/or power output of battery 806. The power 

outputs of PV field power inverter 804 and battery power inverter 808 combine at POI 810 

to form the power provided to energy grid 812. In some embodiments, building 818 is also 

connected to POI 810. Building 818 can consume a portion of the combined power at POI 

810 to satisfy the energy requirements of building 818.  

[0190] PV field power inverter 804 can include any of a variety of circuit components 

(e.g., resistors, capacitors, indictors, transformers, transistors, switches, diodes, etc.) 

configured to perform the functions described herein. In some embodiments DC power 

from PV field 802 is connected to a transformer of PV field power inverter 804 through a 

center tap of a primary winding. A switch can be rapidly switched back and forth to allow 
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current to flow back to PV field 802 following two alternate paths through one end of the 

primary winding and then the other. The alternation of the direction of current in the 

primary winding of the transformer can produce alternating current (AC) in a secondary 

circuit.  

[0191] In some embodiments, PV field power inverter 804 uses an electromechanical 

switching device to convert DC power from PV field 802 into AC power. The 

electromechanical switching device can include two stationary contacts and a spring 

supported moving contact. The spring can hold the movable contact against one of the 

stationary contacts, whereas an electromagnet can pull the movable contact to the opposite 

stationary contact. Electric current in the electromagnet can be interrupted by the action of 

the switch so that the switch continually switches rapidly back and forth. In some 

embodiments, PV field power inverter 804 uses transistors, thyristors (SCRs), and/or 

various other types of semiconductor switches to convert DC power from PV field 802 into 

AC power. SCRs provide large power handling capability in a semiconductor device and 

can readily be controlled over a variable firing range.  

[0192] In some embodiments, PV field power inverter 804 produces a square voltage 

waveform (e.g., when not coupled to an output transformer). In other embodiments, PV 

field power inverter 804 produces a sinusoidal waveform that matches the sinusoidal 

frequency and voltage of energy grid 812. For example, PV field power inverter 804 can 

use Fourier analysis to produce periodic waveforms as the sum of an infinite series of sine 

waves. The sine wave that has the same frequency as the original waveform is called the 

fundamental component. The other sine waves, called harmonics, that are included in the 

series have frequencies that are integral multiples of the fundamental frequency.  

[0193] In some embodiments, PV field power inverter 804 uses inductors and/or 

capacitors to filter the output voltage waveform. If PV field power inverter 804 includes a 

transformer, filtering can be applied to the primary or the secondary side of the transformer 

or to both sides. Low-pass filters can be applied to allow the fundamental component of the 

waveform to pass to the output while limiting the passage of the harmonic components. If 

PV field power inverter 804 is designed to provide power at a fixed frequency, a resonant 

filter can be used. If PV field power inverter 804 is an adjustable frequency inverter, the 

filter can be tuned to a frequency that is above the maximum fundamental frequency. In 

some embodiments, PV field power inverter 804 includes feedback rectifiers or antiparallel 
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diodes connected across semiconductor switches to provide a path for a peak inductive load 

current when the switch is turned off. The antiparallel diodes can be similar to freewheeling 

diodes commonly used in AC/DC converter circuits.  

[0194] Battery power inverter 808 may be configured to draw a DC power Pbat from 

battery 806, convert the DC power Pbat into an AC power Ubat, and provide the AC power 

Ubat to P01 810. Battery power inverter 808 may also be configured to draw the AC power 

Ubat from POI 810, convert the AC power Ubat into a DC battery power Pbat, and store the 

DC battery power Pbat in battery 806. As such, battery power inverter 808 can function as 

both a power inverter and a rectifier to convert between DC and AC in either direction. The 

DC battery power Pbat may be positive if battery 806 is providing power to battery power 

inverter 808 (i.e., if battery 806 is discharging) or negative if battery 806 is receiving power 

from battery power inverter 808 (i.e., if battery 806 is charging). Similarly, the AC battery 

power Ubat may be positive if battery power inverter 808 is providing power to POI 810 or 

negative if battery power inverter 808 is receiving power from POI 810.  

[0195] Like PV field power inverter 804, battery power inverter 808 can include any of a 

variety of circuit components (e.g., resistors, capacitors, indictors, transformers, transistors, 

switches, diodes, etc.) configured to perform the functions described herein. Battery power 

inverter 808 can include many of the same components as PV field power inverter 804 and 

can operate using similar principles. For example, battery power inverter 808 can use 

electromechanical switching devices, transistors, thyristors (SCRs), and/or various other 

types of semiconductor switches to convert between AC and DC power. Battery power 

inverter 808 can operate the circuit components to adjust the amount of power stored in 

battery 806 and/or discharged from battery 806 (i.e., power throughput) based on a power 

control signal or power setpoint from controller 814.  

[0196] The AC battery power Ubat is shown to include an amount of power used for 

frequency regulation (i.e., UFR) and an amount of power used for ramp rate control (i.e., 

URR) which together form the AC battery power (i.e., Ubat -- UFR + URR). The DC battery 

power Pbat is shown to include both UFR and URR as well as an additional term P1ess 

representing power losses in battery 806 and/or battery power inverter 808 (i.e., Pbat 

UFR + URR + Ploss). The PV field power upv and the battery power Ubat combine at POI 

810 to form Pp0o (i.e., Pp0o = UpV + Ubat), which represents the amount of power provided 
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to energy grid 812. Ppo0 may be positive if POI 810 is providing power to energy grid 812 

or negative if POI 810 is receiving power from energy grid 812.  

[0197] Still referring to FIGS. 8A-8B, system 800 is shown to include a controller 814.  

Controller 814 may be configured to generate a PV power setpoint upv for PV field power 

inverter 804 and a battery power setpoint Ubat for battery power inverter 808. Throughout 

this disclosure, the variable upv is used to refer to both the PV power setpoint generated by 

controller 814 and the AC power output of PV field power inverter 804 since both 

quantities have the same value. Similarly, the variable Ubat is used to refer to both the 

battery power setpoint generated by controller 814 and the AC power output/input of 

battery power inverter 808 since both quantities have the same value.  

[0198] PV field power inverter 804 uses the PV power setpoint upy to control an amount 

of the PV field power Ppy to provide to POI 810. The magnitude of upy may be the same 

as the magnitude of Ppy or less than the magnitude of Ppy. For example, upv may be the 

same as Ppy if controller 814 determines that PV field power inverter 804 is to provide all 

of the photovoltaic power Ppy to POI 810. However, upv may be less than Ppy if controller 

814 determines that PV field power inverter 804 is to provide less than all of the 

photovoltaic power Ppy to POI 810. For example, controller 814 may determine that it is 

desirable for PV field power inverter 804 to provide less than all of the photovoltaic power 

Ppy to POI 810 to prevent the ramp rate from being exceeded and/or to prevent the power at 

POI 810 from exceeding a power limit.  

[0199] Battery power inverter 808 uses the battery power setpoint Ubat to control an 

amount of power charged or discharged by battery 806. The battery power setpoint Ubat 

may be positive if controller 814 determines that battery power inverter 808 is to draw 

power from battery 806 or negative if controller 814 determines that battery power inverter 

808 is to store power in battery 806. The magnitude Of Ubat controls the rate at which 

energy is charged or discharged by battery 806.  

[0200] Controller 814 may generate upv and Ubat based on a variety of different variables 

including, for example, a power signal from PV field 802 (e.g., current and previous values 

for Ppv), the current state-of-charge (SOC) of battery 806, a maximum battery power limit, 

a maximum power limit at POI 810, the ramp rate limit, the grid frequency of energy grid 

812, and/or other variables that can be used by controller 814 to perform ramp rate control 
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and/or frequency regulation. Advantageously, controller 814 generates values for upv and 

Ubat that maintain the ramp rate of the PV power within the ramp rate compliance limit 

while participating in the regulation of grid frequency and maintaining the SOC of battery 

806 within a predetermined desirable range.  

[0201] In some embodiments, controller 814 uses a battery life model to determine 

optimal battery power setpoints Ubat. For example, controller 814 may include a battery 

degradation estimator (e.g., battery degradation estimator 418 or 514) configured to 

estimate an amount of battery degradation that will result from the battery power setpoints 

Ubat. Controller 814 may use the battery life model produced by battery life model 

generator 428 to estimate a decrease in battery capacity that will result from a planned or 

actual set of control outputs (e.g., a frequency regulation control signal, a ramp rate control 

signal, a battery power signal, etc.). Controller 814 may include a revenue loss estimator 

(e.g., revenue loss estimator 420 or 516) configured to estimate an amount of potential 

revenue that will be lost as a result of the battery degradation. Controller 814 may adjust 

the frequency regulation setpoints UFR, the ramp rate control setpoints URR, and/or the 

battery power setpoints Ubat in order to optimize an objective function that considers 

frequency response revenue, ramp rate compliance penalties, and the monetized cost of 

battery degradation, as described with reference to FIGS. 4-5.  

Reactive Ramp Rate Control 

[0202] Controller 814 may be configured to control a ramp rate of the power output 816 

provided to energy grid 812. Ramp rate may be defined as the time rate of change of power 

output 816. Power output 816 may vary depending on the magnitude of the DC output 

provided by PV field 802. For example, if a cloud passes over PV field 802, power output 

816 may rapidly and temporarily drop while PV field 802 is within the cloud's shadow.  

Controller 814 may be configured to calculate the ramp rate by sampling power output 816 

and determining a change in power output 816 over time. For example, controller 814 may 

calculate the ramp rate as the derivative or slope of power output 816 as a function of time, 

as shown in the following equations: 

Ramp Rate = or Ramp Rate = 
dt At 

where P represents power output 816 and t represents time.  
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[0203] In some embodiments, controller 814 controls the ramp rate to comply with 

regulatory requirements or contractual requirements imposed by energy grid 812. For 

example, system 800 may be required to maintain the ramp rate within a predetermined 

range in order to deliver power to energy grid 812. In some embodiments, system 800 is 

required to maintain the absolute value of the ramp rate at less than a threshold value (e.g., 

less than 10% of the rated power capacity per minute). In other words, system 800 may be 

required to prevent power output 816 from increasing or decreasing too rapidly. If this 

requirement is not met, system 800 may be deemed to be in non-compliance and its capacity 

may be de-rated, which directly impacts the revenue generation potential of system 800.  

[0204] Controller 814 may use battery 806 to perform ramp rate control. For example, 

controller 814 may use energy from battery 806 to smooth a sudden drop in power output 

816 so that the absolute value of the ramp rate is less than a threshold value. As previously 

mentioned, a sudden drop in power output 816 may occur when a solar intensity disturbance 

occurs, such as a passing cloud blocking the sunlight to PV field 802. Controller 814 may 

use the energy from battery 806 to make up the difference between the power provided by 

PV field 802 (which has suddenly dropped) and the minimum required power output 816 to 

maintain the required ramp rate. The energy from battery 806 allows controller 814 to 

gradually decrease power output 816 so that the absolute value of the ramp rate does not 

exceed the threshold value.  

[0205] Once the cloud has passed, the power output from PV field 802 may suddenly 

increase as the solar intensity returns to its previous value. Controller 814 may perform 

ramp rate control by gradually ramping up power output 816. Ramping up power output 

816 may not require energy from battery 806. For example, power inverter 804 may use 

only a portion of the energy generated by PV field 802 (which has suddenly increased) to 

generate power output 816 (i.e., limiting the power output) so that the ramp rate of power 

output 816 does not exceed the threshold value. The remainder of the energy generated by 

PV field 802 (i.e., the excess energy) may be stored in battery 806 and/or dissipated.  

Limiting the energy generated by PV field 802 may include diverting or dissipating a 

portion of the energy generated by PV field 802 (e.g., using variable resistors or other 

circuit elements) so that only a portion of the energy generated by PV field 802 is provided 

to energy grid 812. This allows power inverter 804 to ramp up power output 816 gradually 
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without exceeding the ramp rate. The excess energy may be stored in battery 806, used to 

power other components of system 800, or dissipated.  

[0206] Referring now to FIG. 10, a graph 1000 illustrating a reactive ramp rate control 

technique which can be used by system 800 is shown, according to an exemplary 

embodiment. Graph 1000 plots the power output P provided to energy grid 812 as a 

function of time t. The solid line 1002 illustrates power output P without any ramp rate 

control, whereas the broken line 1004 illustrates power output P with ramp rate control.  

[0207] Between times to and ti, power output P is at a high value Phigh. At time ti, a cloud 

begins to cast its shadow on PV field 802, causing the power output of PV field 802 to 

suddenly decrease, until PV field 802 is completely in shadow at time t 2. Without any ramp 

rate control, the sudden drop in power output from PV field 802 causes the power output P 

to rapidly drop to a low value Pio, at time t2 . However, with ramp rate control, system 800 

uses energy from battery 806 to gradually decrease power output P to Pio at time t3 .  

Triangular region 1006 represents the energy from battery 806 used to gradually decrease 

power output P.  

[0208] Between times t 2 and t 4, PV field 802 is completely in shadow. At time t 4, the 

shadow cast by the cloud begins to move off PV field 802, causing the power output of PV 

field 802 to suddenly increase, until PV field 802 is entirely in sunlight at time t5 . Without 

any ramp rate control, the sudden increase in power output from PV field 802 causes the 

power output P to rapidly increase to the high value Pigh at time t 5. However, with ramp 

rate control, power inverter 804 limits the energy from PV field 802 to gradually increase 

power output P to Phigh at time t6 . Triangular region 1008 represents the energy generated 

by PV field 802 in excess of the ramp rate limit. The excess energy may be stored in 

battery 806 and/or dissipated in order to gradually increase power output P at a rate no 

greater than the maximum allowable ramp rate.  

[0209] Notably, both triangular regions 1006 and 1008 begin after a change in the power 

output of PV field 802 occurs. As such, both the decreasing ramp rate control and the 

increasing ramp rate control provided by system 800 are reactionary processes triggered by 

a detected change in the power output. In some embodiments, a feedback control technique 

is used to perform ramp rate control in system 800. For example, controller 814 may 

monitor power output 816 and determine the absolute value of the time rate of change of 
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power output 816 (e.g., dP/dt or AP/At). Controller 814 may initiate ramp rate control when 

the absolute value of the time rate of change of power output 816 exceeds a threshold value.  

Preemptive Ramp Rate Control 

[0210] In some embodiments, controller 814 is configured to predict when solar intensity 

disturbances will occur and may cause power inverter 804 to ramp down the power output 

816 provided to energy grid 812 preemptively. Instead of reacting to solar intensity 

disturbances after they occur, controller 814 can actively predict solar intensity disturbances 

and preemptively ramp down power output 816 before the disturbances affect PV field 802.  

Advantageously, this allows system controller 814 to perform both ramp down control and 

ramp up control by using only a portion of the energy provided by PV field 802 to generate 

power output 816 while the power output of PV field 802 is still high, rather than relying on 

energy from a battery. The remainder of the energy generated by PV field 802 (i.e., the 

excess energy) may be stored in battery 806 and/or dissipated.  

[0211] In some embodiments, controller 814 predicts solar intensity disturbances using 

input from one or more cloud detectors. The cloud detectors may include an array of solar 

intensity sensors. The solar intensity sensors may be positioned outside PV field 802 or 

within PV field 802. Each solar intensity sensor may have a known location. In some 

embodiments, the locations of the solar intensity sensors are based on the geometry and 

orientation of PV field 802. For example, if PV field 802 is rectangular, more sensors may 

be placed along its long side than along its short side. A cloud formation moving 

perpendicular to the long side may cover more area of PV field 802 per unit time than a 

cloud formation moving perpendicular to the short side. Therefore, it may be desirable to 

include more sensors along the long side to more precisely detect cloud movement 

perpendicular to the long side. As another example, more sensors may be placed along the 

west side of PV field 802 than along the east side of PV field 802 since cloud movement 

from west to east is more common than cloud movement from east to west. The placement 

of sensors may be selected to detect approaching cloud formations without requiring 

unnecessary or redundant sensors.  

[0212] The solar intensity sensors may be configured to measure solar intensity at various 

locations outside PV field 802. When the solar intensity measured by a particular solar 

intensity sensor drops below a threshold value, controller 814 may determine that a cloud is 
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currently casting a shadow on the solar intensity sensor. Controller 814 may use input from 

multiple solar intensity sensors to determine various attributes of clouds approaching PV 

field 802 and/or the shadows produced by such clouds. For example, if a shadow is cast 

upon two or more of the solar intensity sensors sequentially, controller 814 may use the 

known positions of the solar intensity sensors and the time interval between each solar 

intensity sensor detecting the shadow to determine how fast the cloud/shadow is moving. If 

two or more of the solar intensity sensors are within the shadow simultaneously, controller 

814 may use the known positions of the solar intensity sensors to determine a position, size, 

and/or shape of the cloud/shadow.  

[0213] Although the cloud detectors are described primarily as solar intensity sensors, it is 

contemplated that the cloud detectors may include any type of device configured to detect 

the presence of clouds or shadows cast by clouds. For example, the cloud detectors may 

include one or more cameras that capture visual images of cloud movement. The cameras 

may be upward-oriented cameras located below the clouds (e.g., attached to a structure on 

the Earth) or downward-oriented cameras located above the clouds (e.g., satellite cameras).  

Images from the cameras may be used to determine cloud size, position, velocity, and/or 

other cloud attributes. In some embodiments, the cloud detectors include radar or other 

meteorological devices configured to detect the presence of clouds, cloud density, cloud 

velocity, and/or other cloud attributes. In some embodiments, controller 814 receives data 

from a weather service that indicates various cloud attributes.  

[0214] Advantageously, controller 814 may use the attributes of the clouds/shadows to 

determine when a solar intensity disturbance (e.g., a shadow) is approaching PV field 802.  

For example, controller 814 may use the attributes of the clouds/shadows to determine 

whether any of the clouds are expected to cast a shadow upon PV field 802. If a cloud is 

expected to cast a shadow upon PV field 802, controller 814 may use the size, position, 

and/or velocity of the cloud/shadow to determine a portion of PV field 802 that will be 

affected. The affected portion of PV field 802 may include some or all of PV field 802.  

Controller 814 may use the attributes of the clouds/shadows to quantify a magnitude of the 

expected solar intensity disturbance (e.g., an expected decrease in power output from PV 

field 802) and to determine a time at which the disturbance is expected to occur (e.g., a start 

time, an end time, a duration, etc.).  
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[0215] In some embodiments, controller 814 predicts a magnitude of the disturbance for 

each of a plurality of time steps. Controller 814 may use the predicted magnitudes of the 

disturbance at each of the time steps to generate a predicted disturbance profile. The 

predicted disturbance profile may indicate how fast power output 816 is expected to change 

as a result of the disturbance. Controller 814 may compare the expected rate of change to a 

ramp rate threshold to determine whether ramp rate control is required. For example, if 

power output 816 is predicted to decrease at a rate in excess of the maximum compliant 

ramp rate, controller 814 may preemptively implement ramp rate control to gradually 

decrease power output 816.  

[0216] In some embodiments, controller 814 identifies the minimum expected value of 

power output 816 and determines when the predicted power output is expected to reach the 

minimum value. Controller 814 may subtract the minimum expected power output 816 

from the current power output 816 to determine an amount by which power output 816 is 

expected to decrease. Controller 814 may apply the maximum allowable ramp rate to the 

amount by which power output 816 is expected to decrease to determine a minimum time 

required to ramp down power output 816 in order to comply with the maximum allowable 

ramp rate. For example, controller 814 may divide the amount by which power output 816 

is expected to decrease (e.g., measured in units of power) by the maximum allowable ramp 

rate (e.g., measured in units of power per unit time) to identify the minimum time required 

to ramp down power output 816. Controller 814 may subtract the minimum required time 

from the time at which the predicted power output is expected to reach the minimum value 

to determine when to start preemptively ramping down power output 816.  

[0217] Advantageously, controller 814 may preemptively act upon predicted disturbances 

by causing power inverter 804 to ramp down power output 816 before the disturbances 

affect PV field 802. This allows power inverter 804 to ramp down power output 816 by 

using only a portion of the energy generated by PV field 802 to generate power output 816 

(i.e., performing the ramp down while the power output is still high), rather than requiring 

additional energy from a battery (i.e., performing the ramp down after the power output has 

decreased). The remainder of the energy generated by PV field 802 (i.e., the excess energy) 

may be stored in battery 806 and/or dissipated.  

[0218] Referring now to FIG. 11, a graph 1100 illustrating a preemptive ramp rate control 

technique which can be used by controller 814 is shown, according to an exemplary 
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embodiment. Graph 1100 plots the power output P provided to energy grid 812 as a 

function of time t. The solid line 1102 illustrates power output P without any ramp rate 

control, whereas the broken line 1104 illustrates power output P with preemptive ramp rate 

control.  

[0219] Between times to and t 2 , power output P is at a high value Phigh. At time t2 , a cloud 

begins to cast its shadow on PV field 802, causing the power output of PV field 802 to 

suddenly decrease, until PV field 802 is completely in shadow at time t 3 . Without any ramp 

rate control, the sudden drop in power output from PV field 802 causes the power output P 

to rapidly drop from Phigh to a low value Pio, between times t 2 and t3 . However, with 

preemptive ramp rate control, controller 814 preemptively causes power inverter 804 to 

begin ramping down power output P at time ti, prior to the cloud casting a shadow on PV 

field 802. The preemptive ramp down occurs between times ti and t3 , resulting in a ramp 

rate that is relatively more gradual. Triangular region 1106 represents the energy generated 

by PV field 802 in excess of the ramp rate limit. The excess energy may be limited by 

power inverter 804 and/or stored in battery 806 to gradually decrease power output P at a 

rate no greater than the ramp rate limit.  

[0220] Between times t 3 and t 4 , PV field 802 is completely in shadow. At time t 4 , the 

shadow cast by the cloud begins to move off PV field 802, causing the power output of PV 

field 802 to suddenly increase, until PV field 802 is entirely in sunlight at time t5 . Without 

any ramp rate control, the sudden increase in power output from PV field 802 causes the 

power output P to rapidly increase to the high value Pigh at time t 5 . However, with ramp 

rate control, power inverter 804 uses only a portion of the energy from PV field 802 to 

gradually increase power output P to Phigh at time t6 . Triangular region 1108 represents the 

energy generated by PV field 802 in excess of the ramp rate limit. The excess energy may 

be limited by power inverter 804 and/or stored in battery 806 to gradually increase power 

output P at a rate no greater than the ramp rate limit.  

[0221] Notably, a significant portion of triangular region 1106 occurs between times ti 

and t2 , before the disturbance affects PV field 802. As such, the decreasing ramp rate 

control provided by system 800 is a preemptive process triggered by detecting an 

approaching cloud, prior to the cloud casting a shadow upon PV field 802. In some 

embodiments, controller 814 uses a predictive control technique (e.g., feedforward control, 

model predictive control, etc.) to perform ramp down control in system 800. For example, 
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controller 814 may actively monitor the positions, sizes, velocities, and/or other attributes of 

clouds/shadows that could potentially cause a solar intensity disturbance affecting PV field 

802. When an approaching cloud is detected at time ti, controller 814 may preemptively 

cause power inverter 804 to begin ramping down power output 816. This allows power 

inverter 804 to ramp down power output 816 by limiting the energy generated by PV field 

802 while the power output is still high, rather than requiring additional energy from a 

battery to perform the ramp down once the power output has dropped.  

Process for Generating and Using a Battery Life Model 

[0222] Referring now to FIG. 9, a flowchart of a process 900 for generating and using a 

battery life model is shown, according to an exemplary embodiment. Process 900 may be 

performed by one or more components of frequency response optimization system 100 

(e.g., controller 112) and/or photovoltaic energy system 800 (e.g., controller 814), as 

described with reference to FIGS. 1-8B.  

[0223] Process 900 is shown to include generating a battery life model that includes a 

plurality of variables that depend on battery power setpoints (step 902). The battery life 

model may define a loss in battery capacity Clossaaa as a sum of multiple piecewise linear 

functions, as shown in the following equation: 

Cioss,add = h1(Tceu1) + f 2 (SOC) + f3 (DOD) + f 4 (PR) + fs (ER) - Ciossnom 

where Tce is the cell temperature, SOC is the state-of-charge, DOD is the depth of 

discharge, PR is the average power ratio (e.g., PR = avg ( )), and ER is the average 

effort ratio (e.g., ER = avg ("ba) of the battery.  
Pdes 

[0224] Process 900 is shown to include identifying a relationship between each of the 

variables in the battery life model and the battery power setpoints (step 904). One or more 

of the variables in the battery life model (e.g., Tceu, SOC, DOD, PR, and ER) may a 

function of variables that are known and/or manipulated by a controller responsible for 

generating the battery power setpoints. Advantageously, this allows the controller to 

calculate values for each of the variables in the battery life model based on known or 

controlled values. For example, the cell temperature Tceu may be measured using a 

temperature sensor. The battery state-of-charge SOC may represent the state-of-charge of 

the battery at the end of the frequency response period and can be measured or estimated 
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based on the control decisions (e.g., charge rates, discharge rates, etc.) made by the 

controller.  

[0225] The average power ratio PR may be defined as the ratio of the average power 

output of the battery (i.e., Pavyq) to the design power Pdes (e.g., PR = The average 
Pdes 

power output of the battery can be defined using the following equation: 

Pavg = E{|RegawaraRegsignai + b - Pioss - Pcampus l 

where the expression (RegawaraRegsignai + b - P 0ess - Pcampus) represents the battery 

power Pbat. The expected value of Pavg is given by: 

2 -ybat --' a 
Pavg = Obat -exp + erf exp 2J(t 2aat) 

where pbat and Ubat are the mean and variance of the battery power Pbat. The variables 

pbat and Ubat may be defined as follows: 

Pbat RegawardE{Regsignai} + b - E{Pioss} - E{Pcampusl 

2 D 2  2  + U2 
Ubat = Regawar R campus 

where FRJ is the variance of Regsignal and the contribution of the battery power loss to the 

variance Ubat is neglected.  

[0226] The average effort ratio ER may be defined as the ratio of the average change in 

battery power APavg to the design power Pdes (i.e., ER = """). The average change in 
Pdes 

battery power can be defined using the following equation: 

APavg = E{Pbatk - Pbatk-11 

APavg = E{|Regawara(Regsignal,k - Regsignal,k-1) - (Plossk - Piossk-1) 

- (Pcampus,k - Pcampus,k-1)I 

To make this calculation more tractable, the contribution due to the battery power loss can 

be neglected. Additionally, the campus power Pcampus and the regulation signal Regsignai 

can be assumed to be uncorrelated, but autocorrelated with first order autocorrelation 
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parameters of acampus and a, respectively. The argument inside the absolute value in the 

equation for APavg has a mean of zero and a variance given by: 

Y =ff E f[Regawara(Regsignalk - Regsignal,k-1) - (Pcampus,k - Pcampus,k-1)2 

E {Regaward(Regsignalk - Regsignal,k- 2 - (Pcampus,k - Pcampus,k-1)2 

2Regawar(1 - a)oR + 2(1 - acampus) campus 

[0227] The depth of discharge DOD may be defined as the maximum state-of-charge 

minus the minimum state-of-charge of the battery over the frequency response period, as 

shown in the following equation: 

DOD = SOCmax - SOCmin 

The SOC of the battery can be viewed as a constant slope with a zero mean random walk 

added to it, as previously described. An uncorrelated normal random walk with a driving 

signal that has zero mean has an expected range given by: 

2N 
E{max - min} = 2a 

where E{max - min} represents the depth of discharge DOD and can be adjusted for the 

autocorrelation of the driving signal as follows: 

E{max - min} = 2 ubat labat IN 1 - abat 1n 

2 D 2  2  + 2 
Ubat = RegUwarcR campus 

at = RegawardaaR campus campus 
Rbat a + U2 

award R campus 

[0228] If the SOC of the battery is expected to change (i.e., is not zero mean), the 

following equation may be used to define the depth of discharge DOD: 

- ASOC 
Ro + c - ASOC exp o a ASOC < Ro 

E {max - min} = -S~atR 

ASOC+ c-Ro exp -a ASOC>Ro 
Ubat 
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where Ro is the expected range with zero expected change in the state-of-charge.  

Advantageously, the previous equations can be used to define each of the variables in the 

battery life model (e.g., Teii, SOC, DOD, PR, and ER) as a function of variables that are 

known to the controller and/or variables that can be manipulated by the controller (e.g., 

battery power setpoint, frequency response control signals, ramp rate control signals, etc.).  

[0229] In some embodiments, step 904 includes defining the battery life model as a 

parametric function of the variables Teii, SOC, DOD, PR, and ER. For example, the 

battery life model may be formulated as follows: 

Cioss,aaa = OiTceii + 0 2 SOC + 03DOD + O4 PR + 5ER - Ciossnom 

where 01-0s are parameters of the battery life model (e.g., regression coefficients) and the 

variables Tcell, SOC, DOD, PR, and ER are the same as previously described.  

[0230] Step 904 may include performing a series of experiments to determine values for 

the model parameters 01-0s. For example, step 904 may include applying known battery 

power signals (e.g., frequency response signals, ramp rate control signals, etc.) to the 

battery power inverter, causing the power inverter to charge or discharge the battery 

according to a known profile. Step 904 may include calculating values for the input 

variables to the battery life model (e.g., Tcell, SOC, DOD, PR, and ER) based on the known 

battery power signals and measuring a decrease in battery capacity that results from the 

known battery power signals. From this experiment, values can be obtained for all of the 

input variables to the battery life model and the resulting output variable Cioss,aaa. This 

experiment can be performed multiple times to generate test data. The test data may include 

multiple different sets of values for the input variables Tcell, SOC, DOD, PR, and ER, along 

with the resultant value of the output variable Closs,aaa corresponding to each set of input 

variables. Step 904 may include performing curve fitting process (e.g., a regression 

process) to determine values for the model parameters 01-0s that best fit the test data.  

[0231] Still referring to FIG. 9, process 900 is shown to include using the battery life 

model to estimate an amount of battery degradation that will result from the battery power 

setpoints (step 906). Step 906 may include calculating values for each of the variables in 

the battery life model based on the battery power setpoints and using the calculated 

variables as inputs to the battery life model. The battery life model may provide the 

estimated amount of battery degradation Closslaaa as a function of the input variables.  
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[0232] In some embodiments, step 906 includes estimating an amount of potential 

revenue that will be lost as a result of the battery capacity loss Cioss,aaa. In some 

embodiments, the battery capacity loss Cioss,aaa can be converted into lost revenue using 

the following equation: 

Rioss = (CPcap + MR -CPperf )Cioss,aaaPaes 

where Rloss is the lost revenue over the duration of the frequency response period. A 

present value of the revenue loss Rloss can be calculated using the following equation: 

-n

Abat n loss 

where n is the total number of frequency response periods (e.g., hours) during which the 

revenue loss occurs and Abat is the present value of the revenue loss during the ith 

frequency response period. In some embodiments, the revenue loss occurs over ten years 

(e.g., n = 87,600 hours).  

[0233] Process 900 is shown to include adjusting the battery power setpoints based on the 

estimated amount of battery degradation (step 908). Step 908 may include selecting battery 

power setpoints that result in an optimal tradeoff between frequency response revenue and 

battery degradation. In some embodiments, the optimal battery power setpoints maximize 

an objective function that includes frequency response revenue, costs of electricity, and 

costs of battery degradation. For example, an objective function J can be written as: 

J = Rev(Regawark) + ckbk + min (Pcampusk + bk) - Abattk 

k=1 k=1 k=1 

where Rev(Regawark) is the frequency response revenue at time step k, ckbk is the cost 

of electricity purchased at time step k, minperioa(Pcampus,k + bk) is the demand charge 

based on the maximum rate of electricity consumption during the applicable demand charge 

period, and Abattk is the monetized cost battery degradation at time step k. Step 908 may 

include performing an optimization process to determine the battery power setpoints that 

optimize objective function J.  
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[0234] Process 900 is shown to include using the adjusted battery power setpoints to 

control an amount of electric power stored or discharged from the battery to an energy grid 

(step 910). Step 910 may include providing the battery power setpoints to a battery power 

inverter. The power inverter may use the battery power setpoints to control an amount of 

power stored in the battery or discharged from the battery. Power stored in the battery may 

be removed from the energy grid for purposes of ramp rate control and/or frequency 

regulation. Similarly, power discharged from the battery may be provided to the energy 

grid for purposes of ramp rate control and/or frequency regulation.  

Frequency Regulation and Ramp Rate Controller 

[0235] Referring now to FIG. 12, a block diagram illustrating controller 814 in greater 

detail is shown, according to an exemplary embodiment. Controller 814 is shown to include 

a communications interface 1202 and a processing circuit 1204. Communications interface 

1202 may include wired or wireless interfaces (e.g., jacks, antennas, transmitters, receivers, 

transceivers, wire terminals, etc.) for conducting data communications with various 

systems, devices, or networks. For example, communications interface 802 may include an 

Ethernet card and port for sending and receiving data via an Ethernet-based 

communications network and/or a WiFi transceiver for communicating via a wireless 

communications network. Communications interface 1202 may be configured to 

communicate via local area networks or wide area networks (e.g., the Internet, a building 

WAN, etc.) and may use a variety of communications protocols (e.g., BACnet, IP, LON, 

etc.).  

[0236] Communications interface 1202 may be a network interface configured to facilitate 

electronic data communications between controller 814 and various external systems or 

devices (e.g., PV field 802, energy grid 812, PV field power inverter 804, battery power 

inverter 808, etc.). For example, controller 814 may receive a PV power signal from PV 

field 802 indicating the current value of the PV power Ppv generated by PV field 802.  

Controller 814 may use the PV power signal to predict one or more future values for the PV 

power Ppy and generate a ramp rate setpoint URR. Controller 814 may receive a grid 

frequency signal from energy grid 812 indicating the current value of the grid frequency.  

Controller 814 may use the grid frequency to generate a frequency regulation setpoint UFR

Controller 814 may use the ramp rate setpoint URR and the frequency regulation setpoint 

UFR to generate a battery power setpoint Ubat and may provide the battery power setpoint 
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Ubat to battery power inverter 808. Controller 814 may use the battery power setpoint Ubat 

to generate a PV power setpoint upv and may provide the PV power setpoint upv to PV 

field power inverter 804.  

[0237] Still referring to FIG. 12, processing circuit 1204 is shown to include a processor 

1206 and memory 1208. Processor 1206 may be a general purpose or specific purpose 

processor, an application specific integrated circuit (ASIC), one or more field 

programmable gate arrays (FPGAs), a group of processing components, or other suitable 

processing components. Processor 1206 may be configured to execute computer code or 

instructions stored in memory 1208 or received from other computer readable media (e.g., 

CDROM, network storage, a remote server, etc.).  

[0238] Memory 1208 may include one or more devices (e.g., memory units, memory 

devices, storage devices, etc.) for storing data and/or computer code for completing and/or 

facilitating the various processes described in the present disclosure. Memory 1208 may 

include random access memory (RAM), read-only memory (ROM), hard drive storage, 

temporary storage, non-volatile memory, flash memory, optical memory, or any other 

suitable memory for storing software objects and/or computer instructions. Memory 1208 

may include database components, object code components, script components, or any other 

type of information structure for supporting the various activities and information structures 

described in the present disclosure. Memory 1208 may be communicably connected to 

processor 1206 via processing circuit 1204 and may include computer code for executing 

(e.g., by processor 1206) one or more processes described herein.  

Predicting PV Power Output 

[0239] Still referring to FIG. 12, controller 814 is shown to include a PV power predictor 

1212. PV power predictor 1212 may receive the PV power signal from PV field 802 and 

use the PV power signal to make a short term prediction of the photovoltaic power output 

Ppy. In some embodiments, PV power predictor 1212 predicts the value of Ppy for the next 

time step (i.e., a one step ahead prediction). For example, at each time step k, PV power 

predictor 1212 may predict the value of the PV power output Ppy for the next time step 

k + 1 (i.e., Py(k + 1)). Advantageously, predicting the next value for the PV power 

output Ppy allows controller 814 to predict the ramp rate and perform an appropriate control 

action to prevent the ramp rate from exceeding the ramp rate compliance limit.  
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[0240] In some embodiments, PV power predictor 1212 performs a time series analysis to 

predict Ppv(k + 1). A time series may be defined by an ordered sequence of values of a 

variable at equally spaced intervals. PV power predictor 1212 may model changes between 

values of Ppy over time using an autoregressive moving average (ARMA) model or an 

autoregressive integrated moving average (ARIMA) model. PV power predictor 1212 may 

use the model to predict the next value of the PV power output Ppv and correct the 

prediction using a Kalman filter each time a new measurement is acquired. The time series 

analysis technique is described in greater detail in the following paragraphs.  

[0241] In some embodiments, PV power predictor 1212 uses a technique in the Box

Jenkins family of techniques to perform the time series analysis. These techniques are 

statistical tools that use past data (e.g., lags) to predict or correct new data, and other 

techniques to find the parameters or coefficients of the time series. A general representation 

of a time series from the Box-Jenkins approach is: 

p q 

Xk -- PrXkr OsEk-s 
r=1 s=O 

which is known as an ARMA process. In this representation, the parameters p and q define 

the order and number of lags of the time series, p is an autoregressive parameter, and 0 is a 

moving average parameter. This representation is desirable for a stationary process which 

has a mean, variance, and autocorrelation structure that does not change over time.  

However, if the original process {Yk} representing the time series values of Ppv is not 

stationary, Xk can represent the first difference (or higher order difference) of the process 

{Yk - Yk_1}. If the difference is stationary, PV power predictor 1212 may model the 

process as an ARIMA process.  

[0242] PV power predictor 1212 may be configured to determine whether to use an 

ARMA model or an ARIMA model to model the time series of the PV power output Ppy.  

Determining whether to use an ARMA model or an ARIMA model may include identifying 

whether the process is stationary. In some embodiments, the power output Ppy is not 

stationary. However, the first difference Yk - Yk-1 may be stationary. Accordingly, PV 

power predictor 1212 may select an ARIMA model to represent the time series of Ppy.  
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[0243] PV power predictor 1212 may find values for the parameters p and q that define 

the order and the number of lags of the time series. In some embodiments, PV power 

predictor 1212 finds values for p and q by checking the partial autocorrelation function 

(PACF) and selecting a number where the PACF approaches zero (e.g., p = q). For some 

time series data, PV power predictor 1212 may determine that a 4 or 5 order model is 

appropriate. However, it is contemplated that PV power predictor 1212 may select a 

different model order to represent different time series processes.  

[0244] PV power predictor 1212 may find values for the autoregressive parameter 1Pi..P 

and the moving average parameter 0 1_. q In some embodiments, PV power predictor 1212 

uses an optimization algorithm to find values for p1 ...p and 0 1...q given the time series data 

{Yk}. For example, PV power predictor 1212 may generate a discrete-time ARIMA model 

of the form: 

A (z) y(k) = 1Z e (t) 
1 - z-1 

where A(z) and C(z) are defined as follows: 

A(z)= 1 + pz1 + p 2 z-2 + p 3 z- 3 + p 4 z-4 

C(z) = 1 + 01 z-1 + 02 z- 2 + 3 z- 3 + 04 z-4 

where the values for p1_...p and 0 1...q are determined by fitting the model to the time series 

values of Ppy.  

[0245] In some embodiments, PV power predictor 1212 uses the ARIMA model as an 

element of a Kalman filter. The Kalman filter may be used by PV power predictor 1212 to 

correct the estimated state and provide tighter predictions based on actual values of the PV 

power output Ppy. In order to use the ARIMA model with the Kalman filter, PV power 

predictor 1212 may generate a discrete-time state-space representation of the ARIMA 

model of the form: 

x(k + 1) = Ax(k) + Ke(k) 

y(k) = Cx(k) + e(k) 

where y(k) represents the values of the PV power output Ppy and e(k) is a disturbance 

considered to be normal with zero mean and a variance derived from the fitted model. It is 

contemplated that the state-space model can be represented in a variety of different forms.  
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For example, the ARIMA model can be rewritten as a difference equation and used to 

generate a different state-space model using state-space modeling techniques. In various 

embodiments, PV power predictor 1212 may use any of a variety of different forms of the 

state-space model.  

[0246] The discrete Kalman filter consists of an iterative process that takes a state-space 

model and forwards it in time until there are available data to correct the predicted state and 

obtain a better estimate. The correction may be based on the evolution of the mean and 

covariance of an assumed white noise system. For example, PV power predictor 1212 may 

use a state-space model of the following form: 

x(k + 1) = Ax(k) + Bu(k) + w(k) w(k)-N(0, Q) 

y(k) =Cx(k) + Du(k) + v(k) v(k)-N(0, R) 

where N() represents a normal distribution, v(k) is the measurement error having zero 

mean and variance R, and w(k) is the process error having zero mean and variance Q. The 

values of R and Q are design choices. The variable x(k) is a state of the process and the 

variable y(k) represents the PV power output Ppy(k). This representation is referred to as a 

stochastic state-space representation.  

[0247] PV power predictor 1212 may use the Kalman filter to perform an iterative process 

to predict Pry(k + 1) based on the current and previous values of Ppy (e.g., Pry(k), 

Ppy(k - 1), etc.). The iterative process may include a prediction step and an update step.  

The prediction step moves the state estimate forward in time using the following equations: 

2 -(k + 1) = A * 2e(k) 

P-(k + 1)= A * P(k) * AT + Q 

where 2(k) is the mean of the process or estimated state at time step k and P(k) is the 

covariance of the process at time step k. The super index " - " indicates that the estimated 

state -(k + 1) is based on the information known prior to time step k + 1 (i.e., 

information up to time step k). In other words, the measurements at time step k + 1 have 

not yet been incorporated to generate the state estimate -(k + 1). This is known as an a 

priori state estimate.  
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[0248] PV power predictor 1212 may predict the PV power output ?pv(k + 1) by 

determining the value of the predicted measurement f -(k + 1). As previously described, 

the measurement y(k) and the state x(k) are related by the following equation: 

y(k) = Cx(k) + e(k) 

which allows PV power predictor 1212 to predict the measurement f -(k + 1) as a function 

of the predicted state 2-(k + 1). PV power predictor 1212 may use the measurement 

estimate f -(k + 1) as the value for the predicted PV power output Ppy(k + 1) 

(i.e., Ppy(k + 1) = f-(k + 1)).  

[0249] The update step uses the following equations to correct the apriori state estimate 

2-(k + 1) based on the actual (measured) value of y(k + 1): 

K= P-(k+1)*CT * [R +C* P-(k+1)*CT]-1 

2(k + 1) = 2-(k + 1) + K * [y(k + 1) - C * 2-(k + 1)] 

P(k + 1) = P-(k + 1) - K * [R + C * P-(k + 1) * CT] * KT 

where y(k + 1) corresponds to the actual measured value of Pry(k + 1). The variable 

2(k + 1) represents the aposteriori estimate of the state x at time k + 1 given the 

information known up to time step k + 1. The update step allows PV power predictor 1212 

to prepare the Kalman filter for the next iteration of the prediction step.  

[0250] Although PV power predictor 1212 is primarily described as using a time series 

analysis to predict Ppv(k + 1), it is contemplated that PV power predictor 1212 may use 

any of a variety of techniques to predict the next value of the PV power output Ppy. For 

example, PV power predictor 1212 may use a deterministic plus stochastic model trained 

from historical PV power output values (e.g., linear regression for the deterministic portion 

and an AR model for the stochastic portion). This technique is described in greater detail in 

U.S. Patent Application No. 14/717,593, titled "Building Management System for 

Forecasting Time Series Values of Building Variables" and filed May 20, 2015, the entirety 

of which is incorporated by reference herein.  

[0251] In other embodiments, PV power predictor 1212 uses input from cloud detectors 

(e.g., cameras, light intensity sensors, radar, etc.) to predict when an approaching cloud will 

cast a shadow upon PV field 802. When an approaching cloud is detected, PV power 

predictor 1212 may estimate an amount by which the solar intensity will decrease as a result 
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of the shadow and/or increase once the shadow has passed PV field 802. PV power 

predictor 1212 may use the predicted change in solar intensity to predict a corresponding 

change in the PV power output Ppy. This technique is described in greater detail in U.S.  

Provisional Patent Application No. 62/239,131 titled "Systems and Methods for Controlling 

Ramp Rate in a Photovoltaic Energy System" and filed October 8, 2015, the entirety of 

which is incorporated by reference herein. PV power predictor 1212 may provide the 

predicted PV power output Ppv(k + 1) to ramp rate controller 1214.  

Controlling Ramp Rate 

[0252] Still referring to FIG. 12, controller 814 is shown to include a ramp rate controller 

1214. Ramp rate controller 1214 may be configured to determine an amount of power to 

charge or discharge from battery 806 for ramp rate control (i.e., URR). Advantageously, 

ramp rate controller 1214 may determine a value for the ramp rate power URR that 

simultaneously maintains the ramp rate of the PV power (i.e., URR + Ppv) within 

compliance limits while allowing controller 814 to regulate the frequency of energy grid 

812 and while maintaining the state-of-charge of battery 806 within a predetermined 

desirable range.  

[0253] In some embodiments, the ramp rate of the PV power is within compliance limits 

as long as the actual ramp rate evaluated over a one minute interval does not exceed ten 

percent of the rated capacity of PV field 802. The actual ramp rate may be evaluated over 

shorter intervals (e.g., two seconds) and scaled up to a one minute interval. Therefore, a 

ramp rate may be within compliance limits if the ramp rate satisfies one or more of the 

following inequalities: 

0.P 
Irr| < 3cap (1 + tolerance) 

IRRI < O.lPcap(l + tolerance) 

where rr is the ramp rate calculated over a two second interval, RR is the ramp rate 

calculated over a one minute interval, Pcap is the rated capacity of PV field 802, and 

tolerance is an amount by which the actual ramp rate can exceed the compliance limit 

without resulting in a non-compliance violation (e.g., tolerance = 10%). In this 

formulation, the ramp rates rr and RR represent a difference in the PV power (e.g., 

measured in kW) at the beginning and end of the ramp rate evaluation interval.  
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[0254] Simultaneous implementation of ramp rate control and frequency regulation can be 

challenging (e.g., can result in non-compliance), especially if the ramp rate is calculated as 

the difference in the power Ppor at POI 810. In some embodiments, the ramp rate over a 

two second interval is defined as follows: 

rr = [Ppo 1(k) - Ppor(k - 1)] - [uFR(k) - UFR(k - 1)] 

where Ppo,(k - 1) and Ppo,(k) are the total powers at POI 810 measured at the beginning 

and end, respectively, of a two second interval, and UFR (k - 1) and UFR (k) are the powers 

used for frequency regulation measured at the beginning and end, respectively, of the two 

second interval.  

[0255] The total power at POI 810 (i.e., Ppo0 ) is the sum of the power output of PV field 

power inverter 804 (i.e., upy) and the power output of battery power inverter 808 (i.e., 

Ubat - UFR + URR). Assuming that PV field power inverter 804 is not limiting the power 

Ppv generated by PV field 802, the output of PV field power inverter 804 upv may be equal 

to the PV power output Ppy (i.e., Ppy = upv) and the total power Ppo1 at POI 810 can be 

calculated using the following equation: 

PPo1 - PPV +uFR + URR 

Therefore, the ramp rate rr can be rewritten as: 

rr = Ppv(k) - Ppv(k - 1) + URR(k) - URR(k - 1) 

and the inequality which must be satisfied to comply with the ramp rate limit can be 

rewritten as: 

0.1P 
IPpv(k) - Ppv(k - 1) + URR(k) - URR(k - 1)1 < cap (1 + tolerance) 

30 

where Ppv(k - 1) and Ppv(k) are the power outputs of PV field 802 measured at the 

beginning and end, respectively, of the two second interval, and URR (k - 1) and URR (k) are 

the powers used for ramp rate control measured at the beginning and end, respectively, of 

the two second interval.  

[0256] In some embodiments, ramp rate controller 1214 determines the ramp rate 

compliance of a facility based on the number of scans (i.e., monitored intervals) in violation 

that occur within a predetermined time period (e.g., one week) and the total number of scans 
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that occur during the predetermined time period. For example, the ramp rate compliance 

RRC may be defined as a percentage and calculated as follows: 

RRC = 1 0 0 (1 - vscan 
ntscan 

where nvscan is the number of scans over the predetermined time period where rr is in 

violation and ntscan is the total number of scans during which the facility is performing 

ramp rate control during the predetermined time period.  

[0257] In some embodiments, the intervals that are monitored or scanned to determine 

ramp rate compliance are selected arbitrarily or randomly (e.g., by a power utility).  

Therefore, it may be impossible to predict which intervals will be monitored. Additionally, 

the start times and end times of the intervals may be unknown. In order to guarantee ramp 

rate compliance and minimize the number of scans where the ramp rate is in violation, ramp 

rate controller 1214 may determine the amount of power URR used for ramp rate control 

ahead of time. In other words, ramp rate controller 1214 may determine, at each instant, the 

amount of power URR to be used for ramp rate control at the next instant. Since the start and 

end times of the intervals may be unknown, ramp rate controller 1214 may perform ramp 

rate control at smaller time intervals (e.g., on the order of milliseconds).  

[0258] Ramp rate controller 1214 may use the predicted PV power Ppy(k + 1) at instant 

k + 1 and the current PV power Ppy(k) at instant k to determine the ramp rate control 

power aRRT(k) at instant k. Advantageously, this allows ramp rate controller 1214 to 

determine whether the PV power Ppy is in an up-ramp, a down-ramp, or no-ramp at instant 

k. Assuming a T seconds time resolution, ramp rate controller 1214 may determine the 

value of the power for ramp rate control aRRT(k) at instant k based on the predicted value 

of the PV power Pry(k + 1), the current value of the PV power Ppy(k), and the previous 

power used for ramp rate control aRRT(k - 1). Scaling to T seconds and assuming a 

tolerance of zero, ramp rate compliance is guaranteed if afRT(k) satisfies the following 

inequality: 

lbRRT 5 URRT ubRRT 

where T is the sampling time in seconds, lbRRT is the lower bound on aRRT(k), and ubRRT 

is the upper bound on aRRT(k).  
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[0259] In some embodiments, the lower bound lbRR, and the upper bound ubRR, are 

defined as follows: 

lbRRT -(PV,(k + 1) -Pp,(k)) + URRT(k - 1) - 60/T 

ubRRT -(PV,(k + 1) -Pp,(k)) + URRT 61+ p 

where a is the uncertainty on the PV power prediction and A is a scaling factor of the 

uncertainty in the PV power prediction. Advantageously, the lower bound lbRRT and the 

upper bound ubRRT provide a range of ramp rate power aRRT(k) that guarantees compliance 

of the rate of change in the PV power.  

[0260] In some embodiments, ramp rate controller 1214 determines the ramp rate power 

tRRT(k) based on whether the PV power PPV is in an up-ramp, a down-ramp, or no-ramp 

(e.g., the PV power is not changing or changing at a compliant rate) at instant k. Ramp rate 

controller 1214 may also consider the state-of-charge (SOC) of battery 806 when 

determining tRRT(k). Exemplary processes which may be performed by ramp rate 

controller 1214 to generate values for the ramp rate power tRRT(k) are described in detail 

in U.S. Patent Application No. 62/239,245. Ramp rate controller 1214 may provide the 

ramp rate power setpoint aRRT(k) to battery power setpoint generator 1218 for use in 

determining the battery power setpoint Ubat.  

Controlling Frequency Regulation 

[0261] Referring again to FIG. 12, controller 814 is shown to include a frequency 

regulation controller 1216. Frequency regulation controller 1216 may be configured to 

determine an amount of power to charge or discharge from battery 806 for frequency 

regulation (i.e., UFR). Frequency regulation controller 1216 is shown receiving a grid 

frequency signal from energy grid 812. The grid frequency signal may specify the current 

grid frequency frid of energy grid 812. In some embodiments, the grid frequency signal 

also includes a scheduled or desired grid frequency f, to be achieved by performing 

frequency regulation. Frequency regulation controller 1216 may determine the frequency 

regulation setpoint UFR based on the difference between the current grid frequency fgrid and 

the scheduled frequency f.  
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[0262] In some embodiments, the range within which the grid frequency fgrid is allowed 

to fluctuate is determined by an electric utility. Any frequencies falling outside the 

permissible range may be corrected by performing frequency regulation. Facilities 

participating in frequency regulation may be required to supply or consume a contracted 

power for purposes of regulating grid frequency fgrid (e.g., up to 10% of the rated capacity 

of PV field 802 per frequency regulation event).  

[0263] In some embodiments, frequency regulation controller 1216 performs frequency 

regulation using a dead-band control technique with a gain that is dependent upon the 

difference fe between the scheduled grid frequency f, and the actual grid frequency frid 

(i.e., fe = fs - fria) and an amount of power required for regulating a given deviation 

amount of frequency error fe. Such a control technique is expressed mathematically by the 

following equation: 

UFR(k) = min(max(lbFRa),ubFR) 

where lbFR and ubFR are the contracted amounts of power up to which power is to be 

consumed or supplied by a facility. lbFR and ubFR may be based on the rated capacity Pcap 

of PV field 802 as shown in the following equations: 

lbFR -0.1 X cap 

ubFR 0.1 X cap 

[0264] The variable a represents the required amount of power to be supplied or 

consumed from energy grid 812 to offset the frequency error fe. In some embodiments, 

frequency regulation controller 1216 calculates a using the following equation: 

a = KFR X sign(fe) x max(IfeI - dband,0) 

where dbad is the threshold beyond which a deviation in grid frequency must be regulated 

and KFR is the control gain. In some embodiments, frequency regulation controller 1216 

calculates the control gain KFR as follows: 

KFR 
Pcap 

0.01 x droop x 

where droop is a parameter specifying a percentage that defines how much power must be 

supplied or consumed to offset a 1 Hz deviation in the grid frequency. Frequency 
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regulation controller 1216 may calculate the frequency regulation setpoint UFR using these 

equations and may provide the frequency regulation setpoint to battery power setpoint 

generator 1218.  

Generating Battery Power Setpoints 

[0265] Still referring to FIG. 12, controller 814 is shown to include a battery power 

setpoint generator 1218. Battery power setpoint generator 1218 may be configured to 

generate the battery power setpoint Ubat for battery power inverter 808. The battery power 

setpoint Ubat is used by battery power inverter 808 to control an amount of power drawn 

from battery 806 or stored in battery 806. For example, battery power inverter 808 may 

draw power from battery 806 in response to receiving a positive battery power setpoint Ubat 

from battery power setpoint generator 1218 and may store power in battery 806 in response 

to receiving a negative battery power setpoint Ubat from battery power setpoint generator 

1218.  

[0266] Battery power setpoint generator 1218 is shown receiving the ramp rate power 

setpoint URR from ramp rate controller 1214 and the frequency regulation power setpoint 

UFR from frequency regulation controller 1216. In some embodiments, battery power 

setpoint generator 1218 calculates a value for the battery power setpoint Ubat by adding the 

ramp rate power setpoint URR and the frequency response power setpoint UFR. For example, 

battery power setpoint generator 1218 may calculate the battery power setpoint Ubat using 

the following equation: 

Ubat -- URR + UFR 

[0267] In some embodiments, battery power setpoint generator 1218 adjusts the battery 

power setpoint Ubat based on a battery power limit for battery 806. For example, battery 

power setpoint generator 1218 may compare the battery power setpoint Ubat with the 

battery power limit battPowerLimit. If the battery power setpoint is greater than the 

battery power limit (i.e., Ubat > battPowerLimit), battery power setpoint generator 1218 

may replace the battery power setpoint Ubat with the battery power limit. Similarly, if the 

battery power setpoint is less than the negative of the battery power limit (i.e., Ubat < 

-battPowerLimit), battery power setpoint generator 1218 may replace the battery power 

setpoint Ubat with the negative of the battery power limit.  
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[0268] In some embodiments, battery power setpoint generator 1218 causes frequency 

regulation controller 1216 to update the frequency regulation setpoint UFR in response to 

replacing the battery power setpoint Ubat with the battery power limit battPowerLimit or 

the negative of the battery power limit -battPowerLimit. For example, if the battery 

power setpoint Ubat is replaced with the positive battery power limit battPowerLimit, 

frequency regulation controller 1216 may update the frequency regulation setpoint UFR 

using the following equation: 

uFR(k) = battPowerLimit - uRRT(k) 

[0269] Similarly, if the battery power setpoint Ubat is replaced with the negative battery 

power limit -battPowerLimit, frequency regulation controller 1216 may update the 

frequency regulation setpoint UFR using the following equation: 

uFR(k) -battPowerLimit - uRRT(k) 

These updates ensure that the amount of power used for ramp rate control URRT(k) and the 

amount of power used for frequency regulation UFR (k) can be added together to calculate 

the battery power setpoint Ubat. Battery power setpoint generator 1218 may provide the 

battery power setpoint Ubat to battery power inverter 808 and to PV power setpoint 

generator 1220.  

Generating PV Power Setpoints 

[0270] Still referring to FIG. 12, controller 814 is shown to include a PV power setpoint 

generator 1220. PV power setpoint generator 1220 may be configured to generate the PV 

power setpoint upv for PV field power inverter 804. The PV power setpoint upv is used by 

PV field power inverter 804 to control an amount of power from PV field 802 to provide to 

POI 810.  

[0271] In some embodiments, PV power setpoint generator 1220 sets a default PV power 

setpoint upy(k) for instant k based on the previous value of the PV power Ppy(k - 1) at 

instant k - 1. For example, PV power setpoint generator 1220 may increment the previous 

PV power Ppy(k - 1) with the compliance limit as shown in the following equation: 

0.1P 
upv(k) = Ppv(k -1) + cap A 

60/T 
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This guarantees compliance with the ramp rate compliance limit and gradual ramping of the 

PV power output to energy grid 812. The default PV power setpoint may be useful to 

guarantee ramp rate compliance when the system is turned on, for example, in the middle of 

a sunny day or when an up-ramp in the PV power output Ppy is to be handled by limiting 

the PV power at PV power inverter 804 instead of charging battery 806.  

[0272] In some embodiments, PV power setpoint generator 1220 updates the PV power 

setpoint upy (k) based on the value of the battery power setpoint Ubat(k) so that the total 

power provided to POI 810 does not exceed a POI power limit. For example, PV power 

setpoint generator 1220 may use the PV power setpoint upy(k) and the battery power 

setpoint Ubat(k) to calculate the total power Ppo,(k) at point of intersection 810 using the 

following equation: 

Ppor(k) = Ubat(k) + upv(k) 

[0273] PV power setpoint generator 1220 may compare the calculated power Ppo0 (k) 

with a power limit for POI 810 (i.e., POIPowerLimit). If the calculated power Ppo0 (k) 

exceeds the POI power limit (i.e., Ppor(k) > POIPowerLimit), PV power setpoint 

generator 1220 may replace the calculated power Ppor(k) with the POI power limit. PV 

power setpoint generator 1220 may update the PV power setpoint upy (k) using the 

following equation: 

upv(k) = POIPowerLimit - Ubat(k) 

This ensures that the total power provided to POI 810 does not exceed the POI power limit 

by causing PV field power inverter 804 to limit the PV power. PV power setpoint generator 

1220 may provide the PV power setpoint upv to PV field power inverter 804.  

Frequency Response Control System 

[0274] Referring now to FIG. 13, a block diagram of a frequency response control system 

1300 is shown, according to exemplary embodiment. Control system 1300 is shown to 

include frequency response controller 112, which may be the same or similar as previously 

described. For example, frequency response controller 112 may be configured to perform 

an optimization process to generate values for the bid price, the capability bid, and the 

midpoint b. In some embodiments, frequency response controller 112 generates values for 

the bids and the midpoint b periodically using a predictive optimization scheme (e.g., once 

-87-



WO 2017/062917 PCT/US2016/056190 

every half hour, once per frequency response period, etc.). Frequency response controller 

112 may also calculate and update power setpoints for power inverter 106 periodically 

during each frequency response period (e.g., once every two seconds). As shown in FIG 13, 

frequency response controller 112 is in communication with one or more external systems 

via communication interface 1302. Additionally, frequency response controller 112 is also 

shown as being in communication with a battery system 1304.  

[0275] In some embodiments, the interval at which frequency response controller 112 

generates power setpoints for power inverter 106 is significantly shorter than the interval at 

which frequency response controller 112 generates the bids and the midpoint b. For 

example, frequency response controller 112 may generate values for the bids and the 

midpoint b every half hour, whereas frequency response controller 112 may generate a 

power setpoint for power inverter 106 every two seconds. The difference in these time 

scales allows frequency response controller 112 to use a cascaded optimization process to 

generate optimal bids, midpoints b, and power setpoints.  

[0276] In the cascaded optimization process, high level controller 312 determines optimal 

values for the bid price, the capability bid, and the midpoint b by performing a high level 

optimization. The high level controller 312 may be a centralized server within the 

frequency response controller 112. The high level controller 312 may be configured to 

execute optimization control algorithms, such as those described herein. In one 

embodiment, the high level controller 312 may be configured to run an optimization engine, 

such as a MATLAB optimization engine.  

[0277] Further, the cascaded optimization process allows for multiple controllers to 

process different portions of the optimization process. As will be described below, the high 

level controller 312 may be used to perform optimization functions based on received data, 

while a low level controller 314 may receive optimization data from the high level 

controller 312 and control the battery system 1304 accordingly. By allowing independent 

platforms to perform separation portions of the optimization, the individual platforms may 

be scaled and tuned independently. For example, the controller 112 may be able to be 

scaled up to accommodate a larger battery system 1304 by adding additional low level 

controllers to control the battery system 1304. Further, the high level controller 312 may be 

modified to provide additional computing power for optimizing battery system 1304 in 

more complex systems. Further, modifications to either the high level controller 312 or the 
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low level controller 314 will not affect the other, thereby increasing overall system stability 

and availability.  

[0278] In system 1300, high level controller 312 may be configured to perform some or 

all of the functions previously described with reference to FIGS. 3-4. For example, high 

level controller 312 may select midpoint b to maintain a constant state-of-charge in battery 

108 (i.e., the same state-of-charge at the beginning and end of each frequency response 

period) or to vary the state-of-charge in order to optimize the overall value of operating 

system 1300 (e.g., frequency response revenue minus energy costs and battery degradation 

costs), as described below. High level controller 312 may also determine filter parameters 

for a signal filter (e.g., a low pass filter) used by a low level controller 314.  

[0279] The low level controller 314 may be a standalone controller. In one embodiment, 

the low level controller 314 is a Network Automation Engine (NAE) controller from 

Johnson Controls. However, other controllers having the required capabilities are also 

contemplated. The required capabilities for the low level controller 314 may include having 

sufficient memory and computing power to run the applications, described below, at the 

required frequencies. For example, certain optimization control loops (described below) 

may require control loops running at 200 ms intervals. However, intervals of more than 200 

ms and less than 200 ms may also be required. These control loops may require reading and 

writing data to and from the battery inverter. The low level controller 314 may also be 

required to support Ethernet connectivity (or other network connectivity) to connect to a 

network for receiving both operational data, as well as configuration data. The low level 

controller 314 may be configured to perform some or all of the functions previously 

described with reference to FIGS. 3-5.  

[0280] The low level controller 314 may be capable of quickly controlling one or more 

devices around one or more setpoints. For example, low level controller 314 uses the 

midpoint b and the filter parameters from high level controller 312 to perform a low level 

optimization in order to generate the power setpoints for power inverter 106.  

Advantageously, low level controller 314 may determine how closely to track the desired 

power P 0j at the point of interconnection 110. For example, the low level optimization 

performed by low level controller 314 may consider not only frequency response revenue 

but also the costs of the power setpoints in terms of energy costs and battery degradation.  

In some instances, low level controller 314 may determine that it is deleterious to battery 
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108 to follow the regulation exactly and may sacrifice a portion of the frequency response 

revenue in order to preserve the life of battery 108.  

[0281] Low level controller 314 may also be configured to interface with one or more 

other devises or systems. For example, the low level controller 314 may communicate with 

the power inverter 106 and/or the battery management unit 1310 via a low level controller 

communication interface 1312. Communications interface 1312 may include wired or 

wireless interfaces (e.g., jacks, antennas, transmitters, receivers, transceivers, wire 

terminals, etc.) for conducting data communications with various systems, devices, or 

networks. For example, communications interface 1312 may include an Ethernet card and 

port for sending and receiving data via an Ethernet-based communications network and/or a 

WiFi transceiver for communicating via a wireless communications network.  

Communications interface 1312 may be configured to communicate via local area networks 

or wide area networks (e.g., the Internet, a building WAN, etc.) and may use a variety of 

communications protocols (e.g., BACnet, MODBUS, CAN, IP, LON, etc.).  

[0282] As described above, the low level controller 314 may communicate setpoints to the 

power inverter 106. Furthermore, the low level controller 314 may receive data from the 

battery management unit 1310 via the communication interface 1312. The battery 

management unit 1310 may provide data relating to a state of charge (SOC) of the batteries 

108. The battery management unit 1310 may further provide data relating to other 

parameters of the batteries 108, such as temperature, real time or historical voltage level 

values, real time or historical current values, etc. The low level controller 314 may be 

configured to perform time critical functions of the frequency response controller 112. For 

example, the low level controller 314 may be able to perform fast loop (PID, PD, PI, etc.) 

controls in real time.  

[0283] The low level controller 314 may further control a number of other systems or 

devices associated with the battery system 1304. For example, the low level controller may 

control safety systems 1316 and/or environmental systems 1318. In one embodiment, the 

low level controller 314 may communicate with and control the safety systems 1316 and/or 

the environmental systems 1318 through an input/output module (IOM) 1319. In one 

example, the IOM may be an IOM controller from Johnson Controls. The IOM may be 

configured to receive data from the low level controller and then output discrete control 

signals to the safety systems 1316 and/or environmental systems 1318. Further, the IOM 
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1319 may receive discrete outputs from the safety systems 1316 and/or environmental 

systems 320, and report those values to the low level controller 314. For example, the IOM 

1319 may provide binary outputs to the environmental system 1318, such as a temperature 

setpoint; and in return may receive one or more analog inputs corresponding to 

temperatures or other parameters associated with the environmental systems 1318.  

Similarly, the safety systems 1316 may provide binary inputs to the IOM 1319 indicating 

the status of one or more safety systems or devices within the battery system 1304. The 

IOM 1319 may be able to process multiple data points from devices within the battery 

system 1304. Further, the IOM may be configured to receive and output a variety of analog 

signals (4-20mA, 0-5V, etc.) as well as binary signals.  

[0284] The environmental systems 1318 may include HVAC devices such as roof-top 

units (RTUs), air handling units (AHUs), etc. The environmental systems 1318 may be 

coupled to the battery system 1304 to provide environmental regulation of the battery 

system 1304. For example, the environmental systems 1318 may provide cooling for the 

battery system 1304. In one example, the battery system 1304 may be contained within an 

environmentally sealed container. The environmental systems 1318 may then be used to 

not only provide airflow through the battery system 1304, but also to condition the air to 

provide additional cooling to the batteries 108 and/or the power inverter 106. The 

environmental systems 1318 may also provide environmental services such as air filtration, 

liquid cooling, heating, etc. The safety systems 1316 may provide various safety controls 

and interlocks associated with the battery system 1304. For example, the safety systems 

1316 may monitor one or more contacts associated with access points on the battery system.  

Where a contact indicates that an access point is being accessed, the safety systems 1316 

may communicate the associated data to the low level controller 314 via the IOM 1319.  

The low level controller may then generate and alarm and/or shut down the battery system 

1304 to prevent any injury to a person accessing the battery system 1304 during operation.  

Further examples of safety systems can include air quality monitors, smoke detectors, fire 

suppression systems, etc.  

[0285] Still referring to FIG. 13, the frequency response controller 112 is shown to 

include the high level controller communications interface 1302. Communications interface 

1302 may include wired or wireless interfaces (e.g., jacks, antennas, transmitters, receivers, 

transceivers, wire terminals, etc.) for conducting data communications with various 

-91-



WO 2017/062917 PCT/US2016/056190 

systems, devices, or networks. For example, communications interface 1302 may include 

an Ethernet card and port for sending and receiving data via an Ethernet-based 

communications network and/or a WiFi transceiver for communicating via a wireless 

communications network. Communications interface 1302 may be configured to 

communicate via local area networks or wide area networks (e.g., the Internet, a building 

WAN, etc.) and may use a variety of communications protocols (e.g., BACnet, IP, LON, 

etc.).  

[0286] Communications interface 1302 may be a network interface configured to facilitate 

electronic data communications between frequency response controller 112 and various 

external systems or devices (e.g., campus 102, energy grid 104, incentive provider 114, 

utilities 320, weather service 322, etc.). For example, frequency response controller 112 

may receive inputs from incentive provider 114 indicating an incentive event history (e.g., 

past clearing prices, mileage ratios, participation requirements, etc.) and a regulation signal.  

Further, the incentive provider 114 may communicate utility rates provided by utilities 320.  

Frequency response controller 112 may receive a campus power signal from campus 102, 

and weather forecasts from weather service 322 via communications interface 1302.  

Frequency response controller 112 may provide a price bid and a capability bid to incentive 

provider 114 and may provide power setpoints to power inverter 106 via communications 

interface 1302.  

Data Fusion 

[0287] Turning now to FIG. 14, a block diagram illustrating data flow into the data fusion 

module 428 is shown, according to some embodiments. As shown in FIG. 14, the data 

fusion module 428 may receive data from multiple devices and/or systems. In one 

embodiment, the data fusion module 428 may receive all data received by the high level 

controller 312. For example, the data fusion module 428 may receive campus data from the 

campus 102. Campus data may include campus power requirements, campus power 

requests, occupancy planning, historical use data, lighting schedules, HVAC schedules, etc.  

In a further embodiment, the data fusion module 428 may receive weather data from the 

weather service 322. The weather service 322 may include current weather data 

(temperature, humidity, barometric pressure, etc.), weather forecasts, historical weather 

data, etc. In a still further embodiment, the data fusion module 428 may receive utility data 

from the utilities 320. In some examples, the data fusion module 428 may receive some or 
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all of the utility data via the incentive provider 114. Examples of utility data may include 

utility rates, future pricing schedules, anticipated loading, historical data, etc. Further, the 

incentive provider 114 may further add data such as capability bid requests, price bid 

requests, incentive data, etc.  

[0288] The data fusion module 428 may further receive data from the low level controller 

314. In some embodiments, the low level controller may receive data from multiple 

sources, which may be referred to collectively as battery system data. For example, the low 

level controller 314 may receive inverter data from power inverter 106. Example inverter 

data may include inverter status, feedback points, inverter voltage and current, power 

consumption, etc. The low level controller 314 may further receive battery data from the 

battery management unit 1310. Example battery data may include battery SOC, depth of 

discharge data, battery temperature, battery cell temperatures, battery voltage, historical 

battery use data, battery health data, etc. In other embodiment, the low level controller 314 

may receive environmental data from the environmental systems 1318. Examples of 

environmental data may include battery system temperature, battery system humidity, 

current HVAC settings, setpoint temperatures, historical HVAC data, etc. Further, the low 

level controller 314 may receive safety system data from the safety systems 1316. Safety 

system data may include access contact information (e.g. open or closed indications), access 

data (e.g. who has accessed the battery system 1304 over time), alarm data, etc. In some 

embodiments, some or all of the data provided to the low level controller 314 is via an 

input/output module, such as IOM 1319. For example, the safety system data and the 

environmental system data may be provided to the low level controller 314 via an 

input/output module, as described in detail in regards to FIG. 13.  

[0289] The low level controller 314 may then communicate the battery system data to the 

data fusion module 428 within the high level controller 312. Additionally, the low level 

controller 314 may provide additional data to the data fusion module 428, such as setpoint 

data, control parameters, etc.  

[0290] The data fusion module 428 may further receive data from other stationary power 

systems, such as a photovoltaic system 1402. For example, the photovoltaic system 1402 

may include one or more photovoltaic arrays and one or more photovoltaic array power 

inverters. The photovoltaic system 1402 may provide data to the data fusion module 428 

such as photovoltaic array efficiency, photovoltaic array voltage, photovoltaic array inverter 
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output voltage, photovoltaic array inverter output current, photovoltaic array inverter 

temperature, etc. In some embodiments, the photovoltaic system 1402 may provide data 

directly to the data fusion module 428 within the high level controller 312. In other 

embodiments, the photovoltaic system 1402 may transmit the data to the low level 

controller 314, which may then provide the data to the data fusion module 428 within the 

high level controller 312.  

[0291] The data fusion module 428 may receive some or all of the data described above, 

and aggregate the data for use by the high level controller 312. In one embodiment, the data 

fusion module 428 is configured to receive and aggregate all data received by the high level 

controller 312, and to subsequently parse and distribute the data to one or more modules of 

the high level controller 312, as described above. Further, the data fusion module 428 may 

be configured to combine disparate heterogeneous data from the multiple sources described 

above, into a homogeneous data collection for use by the high level controller 312. As 

described above, data from multiple inputs is required to optimize the battery system 1304, 

and the data fusion module 428 can gather and process the data such that it can be provided 

to the modules of the high level controller 312 efficiently and accurately. For example, 

extending battery lifespan is critical for ensuring proper utilization of the battery system 

1304. By combining battery data such as temperature and voltage, along with external data 

such as weather forecasts, remaining battery life may be more accurately determined by the 

battery degradation estimator 418, described above. Similarly, multiple data points from 

both external sources and the battery system 1304 may allow for more accurate midpoint 

estimations, revenue loss estimations, battery power loss estimation, or other optimization 

determination, as described above.  

[0292] Turning now to FIG. 15, a block diagram showing a database schema 1500 of the 

system 1300 is shown, according to some embodiments. The schema 1500 is shown to 

include an algorithm run data table 1502, a data point data table 1504, an algorithm-run 

time series data table 1508 and a point time series data table 1510. The data tables 1502, 

1504, 1508, 1510 may be stored on the memory of the high level controller 312. In other 

embodiments, the data tables 1502, 1504, 1508, 1510 may be stored on an external storage 

device and accessed by the high level controller as required.  

[0293] As described above, the high level controller performs calculation to generate 

optimization data for the battery optimization system 1300. These calculation operations 
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(e.g. executed algorithms) may be referred to as "runs." As described above, one such run 

is the generation of a midpoint b which can subsequently be provided to the low level 

controller 314 to control the battery system 1304. However, other types of runs are 

contemplated. Thus, for the above described run, the midpoint b is the output of the run.  

The detailed operation of a run, and specifically a run to generate midpoint b is described in 

detail above.  

[0294] The algorithm run data table 1502 may include a number of algorithm run 

attributes 1512. Algorithm run attributes 1512 are those attributes associated with the high 

level controller 312 executing an algorithm, or "run", to produce an output. The runs can be 

performed at selected intervals of time. For example, the run may be performed once every 

hour. However, in other examples, the run may be performed more than once every hour, 

or less than once every hour. The run is then performed and by the high level controller 312 

and a data point is output, for example a midpoint b, as described above. The midpoint b 

may be provided to the low level controller 314 to control the battery system 1304, 

described above in the description of the high level controller 1304 calculating the midpoint 

b.  

[0295] In one embodiment, the algorithm run attributes contain all the information 

necessary to perform the algorithm or run. In a further embodiment, the algorithm run 

attributes 1512 are associated with the high level controller executing an algorithm to 

generate a midpoint, such as midpoint b described in detail above. Example algorithm run 

attributes may include an algorithm run key, an algorithm run ID (e.g. "midpoint," 

"endpoint," "temperaturesetpoint," etc.), Associated Run ID (e.g. name of the run), run 

start time, run stop time, target run time (e.g. when is the next run desired to start), run 

status, run reason, fail reason, plant object ID (e.g. name of system), customer ID, run 

creator ID, run creation date, run update ID, and run update date. However, this list is for 

example only, as it is contemplated that the algorithm run attributes may contain multiple 

other attributes associated with a given run.  

[0296] As stated above, the algorithm run data table 1502 contains attributes associated 

with a run to be performed by the high level controller 312. In some embodiments, the 

output of a run, is one or more "points," such as a midpoint. The data point data table 1504 

contains data point attributes 1514 associated with various points that may be generated by 

a run. These data point attributes 1514 are used to describe the characteristics of the data 
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points. For example, the data point attributes may contain information associated with a 

midpoint data point. However, other data point types are contemplated. Example attributes 

may include point name, default precision (e.g. number of significant digits), default unit 

(e.g. cm, degrees Celsius, voltage, etc.), unit type, category, fully qualified reference (yes or 

no), attribute reference ID, etc. However, other attributes are further considered.  

[0297] The algorithmrun time series data table 1508 may contain time series data 1516 

associated with a run. In one embodiment, the algorithmrun time series data 1516 includes 

time series data associated with a particular algorithm run ID. For example, a run 

associated with determining the midpoint b described above, may have an algorithm run ID 

of MidpointRun. The algorithmrun time series data table 1508 may therefore include 

algorithmrun time series data 1516 for all runs performed under the algorithm ID 

MidpointRun. Additionally, the algorithmrun time series data table 1508 may also 

contain run time series data associated with other algorithm IDs as well. The run time 

series data 1516 may include past data associated with a run, as well as expected future 

information. Example run time series data 1516 may include final values of previous runs, 

the unit of measure in the previous runs, previous final value reliability values, etc. As an 

example, a "midpoint" run may be run every hour, as described above. The algorithmrun 

time series data 1516 may include data related to the previously performed runs, such as 

energy prices over time, system data, etc. Additionally, the algorithmrun time series data 

1516 may include point time series data associated with a given point, as described below.  

[0298] The point time series data table 1510 may include the point time series data 1518.  

The point time series data 1518 may include time series data associated with a given data 

"point." For example, the above described midpoint b may have a point ID of "Midpoint." 

The point time series data table 1510 may contain point time series data 1518 associated 

with the "midpoint" ID, generated over time. For example, previous midpoint values may 

be stored in the point time series data table 1518 for each performed run. The point time 

series data table 1510 may identify the previous midpoint values by time (e.g. when the 

midpoint was used by the low level controller 314), and may include information such as 

the midpoint value, reliability information associated with the midpoint, etc. In one 

embodiment, the point time series data table 1518 may be updated with new values each 

time a new "midpoint" is generated via a run. Further, the point time series data 1516 for a 

given point may include information independent of a given run. For example, the high 
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level controller 312 may monitor other data associated with the midpoint, such as regulation 

information from the low level controller, optimization data, etc., which may further be 

stored in the point time series data table 1510 as point time series data 1518.  

[0299] The above described data tables may be configured to have an association or 

relational connection between them. For example, as shown in FIG. 15, the algorithmrun 

data table 1502 may have a one-to-many association or relational relationship with the 

algorithmrun time series association table 1508, as there may be many algorithm-run time 

series data points 1516 for each individual algorithm run ID. Further, the data point data 

table 1504 may have a one-to many relationship with the point time series data table 1510, 

as there may be many point time series data points 1518 associated with an individual point.  

Further, the point time series data table 1510 may have a one to many relationship with the 

algorithmrun time series data table 1508, as there may be multiple different point time 

series data 1518 associated with a run. Accordingly, the algorithmrun data table 1502 has 

a many-to-many relationship with the data point data table 1504, as there may be many 

points, and/or point time series data 1518, associated with may run types; and, there may be 

multiple run types associated with many points 

[0300] By using the above mentioned association data tables 1502, 1504, 1508, 1510, 

optimization of storage space required for storing time series data may be achieved. With 

the addition of additional data used in a battery optimization system, such as battery 

optimization system 1300 described above, vast amounts of time series data related to data 

provided by external sources (weather data, utility data, campus data, building automation 

systems (BAS) or building management systems (BMS)), and internal sources (battery 

systems, photovoltaic systems, etc.) is generated. By utilizing association data tables, such 

as those described above, the data may be optimally stored and accessed.  

Configuration of Exemplary Embodiments 

[0301] The construction and arrangement of the systems and methods as shown in the 

various exemplary embodiments are illustrative only. Although only a few embodiments 

have been described in detail in this disclosure, many modifications are possible (e.g., 

variations in sizes, dimensions, structures, shapes and proportions of the various elements, 

values of parameters, mounting arrangements, use of materials, colors, orientations, etc.).  

For example, the position of elements can be reversed or otherwise varied and the nature or 
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number of discrete elements or positions can be altered or varied. Accordingly, all such 

modifications are intended to be included within the scope of the present disclosure. The 

order or sequence of any process or method steps can be varied or re-sequenced according 

to alternative embodiments. Other substitutions, modifications, changes, and omissions can 

be made in the design, operating conditions and arrangement of the exemplary 

embodiments without departing from the scope of the present disclosure.  

[0302] The present disclosure contemplates methods, systems and program products on 

any machine-readable media for accomplishing various operations. The embodiments of 

the present disclosure can be implemented using existing computer processors, or by a 

special purpose computer processor for an appropriate system, incorporated for this or 

another purpose, or by a hardwired system. Embodiments within the scope of the present 

disclosure include program products comprising machine-readable media for carrying or 

having machine-executable instructions or data structures stored thereon. Such machine

readable media can be any available media that can be accessed by a general purpose or 

special purpose computer or other machine with a processor. By way of example, such 

machine-readable media can comprise RAM, ROM, EPROM, EEPROM, CD-ROM or 

other optical disk storage, magnetic disk storage or other magnetic storage devices, or any 

other medium which can be used to carry or store desired program code in the form of 

machine-executable instructions or data structures and which can be accessed by a general 

purpose or special purpose computer or other machine with a processor. Combinations of 

the above are also included within the scope of machine-readable media. Machine

executable instructions include, for example, instructions and data which cause a general 

purpose computer, special purpose computer, or special purpose processing machines to 

perform a certain function or group of functions.  

[0303] Although the figures show a specific order of method steps, the order of the steps 

may differ from what is depicted. Also two or more steps can be performed concurrently or 

with partial concurrence. Such variation will depend on the software and hardware systems 

chosen and on designer choice. All such variations are within the scope of the disclosure.  

Likewise, software implementations could be accomplished with standard programming 

techniques with rule based logic and other logic to accomplish the various connection steps, 

processing steps, comparison steps and decision steps.  
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WHAT IS CLAIMED IS: 

1. An electrical energy storage system comprising: 

a battery configured to store and discharge electric power to an energy grid; 

a power inverter configured to use battery power setpoints to control an amount of 

the electric power stored or discharged from the battery; and 

a controller configured generate optimal values for the battery power setpoints as a 

function of both an estimated amount of battery degradation and an estimated amount of 

frequency response revenue that will result from the battery power setpoints.  

2. The system of Claim 1, the controller is configured to estimate the amount of battery 

degradation that will result from battery power setpoints using a battery life model.  

3. The system of Claim 2, wherein the battery life model is a parametric model 

comprising a regression coefficient for each of the plurality of variables in the battery life 

model; 

wherein the controller is configured to perform a curve fitting process to determine 

values for the regression coefficients.  

4. The system of Claim 3, wherein the curve fitting process comprises: 

providing the power inverter with known battery power setpoints; 

determining values for each of the variables in the battery life model based on the 

known battery power setpoints; 

measuring an amount of battery degradation that results from the known battery 

power setpoints; and 

using the values for each of the variables in the battery life model and the measured 

amount of battery degradation to determine the values for the regression coefficients.  
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5. The system of Claim 1, wherein the controller is configured to: 

generate frequency regulation power setpoints based on a frequency of the energy 

grid; 

generate ramp rate control power setpoints based on a power output of a 

photovoltaic field; and 

combine the frequency regulation power setpoints and ramp rate control power 

setpoints to generate the battery power setpoints.  

6. The system of Claim 1, wherein the controller is configured to: 

estimate a monetary cost of the battery degradation that will result from the battery 

power setpoints; and 

generate the optimal values for the battery power setpoints by optimizing an 

objective function comprising the estimated amount of frequency response revenue and the 

monetary cost of the battery degradation that will result from the battery power setpoints.  

7. The system of Claim 6, wherein the controller is configured to estimate the 

monetary cost of the battery degradation by: 

determining a total loss in the frequency response revenue that will result from the 

battery power setpoints; 

calculating a present value of the total loss in the frequency response revenue.  

8. The system of Claim 1, wherein the estimated amount of battery degradation 

comprises an estimated loss in battery capacity that will result from the battery power 

setpoints.  
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9. The system of Claim 1, wherein the controller is configured to generate the optimal 

values for the battery power setpoints by: 

identifying constraints on a state-of-charge (SOC) of the battery; 

determining a relationship between the SOC of the battery and the battery power 

setpoints; and 

generating the optimal values of the battery power setpoits such that a predicted 

SOC of the battery during an optimization period does not violate the constraints on the 

SOC of the battery.  

10. The system of Claim 9, wherein the controller is configured to generate the 

predicted SOC of the battery using a random walk model; 

wherein the constraints on the SOC of the battery ensure that the battery will not 

become full charged or fully depleted during the optimization period.  

11. A method for operating an electrical energy storage system, the method comprising: 

using a battery life model to identify a relationship between battery power setpoints 

and an estimated amount of battery degradation that will result from battery power 

setpoints, the battery life model comprising a plurality of variables that depend on the 

battery power setpoints; 

estimating an amount of frequency response revenue that will result from the battery 

power setpoints; 

generating optimal values for the battery power setpoints as a function of both the 

estimated amount of battery degradation and the estimated amount of frequency response 

revenue that will result from the battery power setpoints; and 

using the optimal values of the battery power setpoints to control an amount of 

electric power stored or discharged from a battery.  

12. The method of Claim 11, wherein the battery life model is a parametric model 

comprising a regression coefficient for each of the plurality of variables in the battery life 

model.  
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13. The method of Claim 12, further comprising performing a curve fitting process to 

determine values for the regression coefficients.  

14. The method of Claim 13, wherein the curve fitting process comprises: 

providing a power inverter with known battery power setpoints; 

determining values for each of the variables in the battery life model based on the 

known battery power setpoints; 

measuring an amount of battery degradation that results from the known battery 

power setpoints; and 

using the values for each of the variables in the battery life model and the measured 

amount of battery degradation to determine the values for the regression coefficients.  

15. The method of Claim 11, further comprising: 

generating frequency regulation power setpoints based on a frequency of an energy 

grid; 

generating ramp rate control power setpoints based on a power output of a 

photovoltaic field; and 

combining the frequency regulation power setpoints and ramp rate control power 

setpoints to generate the battery power setpoints.  

16. The method of Claim 11, further comprising estimating a monetary cost of the 

battery degradation that will result from the battery power setpoints; 

wherein generating the optimal values for the battery power setpoints comprises 

optimizing an objective function comprising the estimated amount of frequency response 

revenue and the monetary cost of the battery degradation that will result from the battery 

power setpoints.  

17. The method of Claim 16, wherein estimating the monetary cost of the battery 

degradation comprises: 

determining a total loss in the frequency response revenue that will result from the 

battery power setpoints; 

calculating a present value of the total loss in the frequency response revenue.  
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18. The method of Claim 11, wherein the estimated amount of battery degradation 

comprises an estimated loss in battery capacity that will result from the battery power 

setpoints.  

19. The method of Claim 11, wherein generating optimal values for the battery power 

setpoints comprises: 

identifying constraints on a state-of-charge (SOC) of the battery; 

determining a relationship between the SOC of the battery and the battery power 

setpoints; and 

generating the optimal values of the battery power setpoits such that a predicted 

SOC of the battery during an optimization period does not violate the constraints on the 

SOC of the battery.  

20. The method of Claim 19, further comprising generating the predicted SOC of the 

battery using a random walk model; 

wherein the constraints on the SOC of the battery ensure that the battery will not 

become full charged or fully depleted during the optimization period.  
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