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(57) Abstract: A microgrid includes a plurality of distributed energy resources such as controllable distributed electric generators 
(104, 106, 108, 110, 112) and electrical energy storage devices (114). A method of controlling operation of the microgrid includes 
periodically updating a distributed energy resource schedule for the microgrid that includes on/off status of the controllable distrib 
uted electric generators (104, 106, 108, 110, 112) and charging/discharging status and rate of the electrical energy storage devices 
(114) and which satisfies a first control objective for a defined time window, based at least in part on a renewable energy generation 

f4 and load forecast for the microgrid (200). The method further includes periodically determining power set points for the controllable 
distributed energy resources (104, 106, 108, 110, 112) which satisfy a second control objective for a present time interval within the 
defined time window, the second control objective being a function of at least the distributed energy resource schedule for the mi 
crogrid (210).



MICROGRID ENERGY MANAGEMENT SYSTEM AND METHOD FOR 
CONTROLLING OPERATION OF A MICROGRID 

TECHNICAL FIELD 

The instant application relates to microgrids, and more particularly to controlling 

5 operation of microgrids.  

BACKGROUND 

A microgrid is a semiautonomous grouping of distributed energy resources (distributed 

generation and energy storage) and loads within a local area. The loads can be one utility 

"customer," a grouping of several sites, or dispersed sites that operate in a coordinated fashion.  

0 The distributed electric generators can include reciprocating engine generators, microturbines, 

fuel cells, photovoltaic/solar and other small-scale renewable generators. All controllable 

distributed energy resources and loads are interconnected in a manner that enables devices to 

perform certain microgrid control functions. For example, the energy balance of the system 

must be maintained by dispatch and non-critical loads might be curtailed or shed during times of 

5 energy shortfall or high operating costs. While capable of operating independently of the 

macrogrid (in island mode), the microgrid usually functions interconnected (in grid-connected 

mode) with a sub-station or grid (i.e. macrogrid), purchasing energy from the macrogrid and 

potentially selling back energy and ancillary services at different times. Microgrids are typically 

designed based on the total system energy requirements of the microgrid. Heterogeneous levels 

0 of power quality and reliability are typically provisioned to end-uses. A microgrid is typically 

presented to a macrogrid as a single controllable entity.  

Most microgrid control systems adopt either a centralized or distributed mechanism.  

Distributed microgrid control systems are mostly used in remote area islanded and weakly grid

connected microgrids, in which system stability is a major concern and the control objective is 

25 mainly to maintain the microgrid dynamic stability. Centralized microgrid control systems 

perform the coordinated management of the microgrid in a central controller, which monitors 

overall system operating conditions, makes optimal control decisions in terms of minimizing 

operation cost, reduces fossil fuel consumption, provides services for utility grid, etc. and then 

communicates power set points to distributed energy resources and control commands to 

30 controllable loads within the microgrid. Most conventional centralized microgrid control 

systems implement either a so-called ' dayahead' DER (distributed energy resource) scheduling 

process combined with online economic dispatch (ED), or online-ED, across multiple time 

intervals. These solutions attempt to provide an optimized operation strategy over a predefined 

period of time while account for the renewable generation and load forecast.  
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The day-ahead DER scheduling with online ED approach generates an optimal operation 

plan for the next 24 hour period based on the day-ahead renewable generation and load forecast 

for the microgrid, and the ED is executed in real time the next day using the day-ahead DER 

schedule results. Due to imprecise forecasting techniques and high variability in renewable 

5 generation and load demand, the DER schedule executed in the day-ahead time frame cannot 

provide reliable operation planning and therefore adversely affects the online ED.  

Online ED over multiple intervals incorporates the most recent generation and load 

forecast into the operation decision. However, this approach has considerable computation 

complexity at each execution interval (e.g., every 5 to 15 minutes) in real time to provide the 

0 control decision not only for the current interval, but also for future intervals. Due to the heavy 

computation burden, a simplified optimization, which only considers the power balance of the 

microgrid, is usually deployed instead of more detailed operating constraints provided by power 

flow analysis.  

SUMMARY 

5 The present invention provides a method of controlling operation of a microgrid which 

comprises a plurality of distributed energy resources including controllable distributed electric 

generators and electrical energy storage devices, the method comprising: 

periodically updating a distributed energy resource schedule for the microgrid that 

includes on/off status of the controllable distributed electric generators and charging/discharging 

0 status and rate of the electrical energy storage devices and which satisfies a first control objective 

for a defined time window, based at least in part on a renewable energy generation and load 

forecast for the microgrid; and 

periodically determining power set points for the plurality of distributed energy resources 

which satisfy a second control objective for a present time interval within the defined time 

25 window, the second control objective being a function of at least the distributed energy resource 

schedule for the microgrid wherein the power set points for the plurality of distributed energy 

resources are determined for at least two successive time intervals within the defined time 

window before the distributed energy resource schedule is updated again and the defined time 

window is moved.  

30 The present invention also provides a microgrid energy management system for 

controlling operation of a microgrid which comprises a plurality of distributed energy resources 

including controllable distributed electric generators and electrical energy storage devices, the 

microgrid energy management system comprising a processing circuit operable to: 

periodically update a distributed energy resource schedule for the microgrid that includes 

35 on/off status of the controllable distributed electric generators and charging/discharging status 
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and rate of the electrical energy storage devices and which satisfies a first control objective for a 

defined time window, based at least in part on a renewable energy generation and load forecast 

for the microgrid; and 

periodically update a distributed energy resource schedule for the microgrid that includes 

5 on/off status of the controllable distributed electric generators and charging/discharging status 

and rate of the electrical energy storage devices and which satisfies a first control objective for a 

defined time window, based at least in part on a renewable energy generation and load forecast 

for the microgrid; and 

periodically determine power set points for the plurality of distributed energy resources 

0 which satisfy a second control objective for a present time interval within the defined time 

window, the second control objective being a function of at least the distributed energy resource 

schedule for the microgrid, wherein the processing circuit is operable to determine the power set 

points for the plurality of distributed energy resources for at least two successive time intervals 

within the defined time window before the distributed energy resource schedule is updated again 

5 and the defined time window is moved.  

According to the exemplary embodiments described herein, a microgrid energy 

management system (EMS) is provided that enables secure and economic steady-state operation 

of a microgrid in both grid-connected and island modes. The microgrid EMS maintains system 

steady-state economic operation.  

0 According to an embodiment of a method of controlling operation of a microgrid which 

comprises a plurality of distributed energy resources including controllable distributed electric 

generators and electrical energy storage devices, the method comprises: periodically updating a 

distributed energy resource schedule for the microgrid that includes on/off status of the 

controllable distributed electric generators and charging/discharging status and rate of the 

25 electrical energy storage devices and which satisfies a first control objective for a defined time 

window, based at least in part on a renewable energy generation and load forecast for the 

microgrid; and periodically determining power set points for the controllable distributed energy 

resources which satisfy a second control objective for a present time interval within the defined 

time window, the second control objective being a function of at least the distributed energy 

30 resource schedule for the microgrid.  

According to an embodiment of a microgrid energy management system for controlling 

operation of a microgrid which comprises a plurality of distributed energy resources including 

controllable distributed electric generators and electrical energy storage devices, the microgrid 

energy management system comprising a processing circuit operable to periodically update a 

35 distributed energy resource schedule for the microgrid that includes on/off status of the 

controllable distributed electric generators and charging/discharging status and rate of the 
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electrical energy storage devices and which satisfies a first control objective for a defined time 

window, based at least in part on a renewable energy generation and load forecast for the 

microgrid. The processing circuit is further operable to periodically determine power set points 

for the controllable distributed energy resources which satisfy a second control objective for a 

5 present time interval within the defined time window, the second control objective being a 

function of at least the distributed energy resource schedule for the microgrid.  

Those skilled in the art will recognize additional features and advantages upon reading 

the following detailed description, and upon viewing the accompanying drawings.brief 

description of the drawings 

0 BRIEF DESCRIPTION OF THE DRAWINGS 

The components in the figures are not necessarily to scale, emphasis instead being placed 

upon illustrating the principles of the invention. Moreover, in the figures, like reference 

numerals designate corresponding parts. In the drawings: 

Figure 1 illustrates a block diagram of an embodiment of a microgrid energy 

5 management system for controlling operation of a microgrid; 

Figure 2 illustrates a flow diagram of an embodiment of a method of controlling 

operation of a microgrid; 

Figure 3 illustrates a schematic diagram of an embodiment of periodically updating a 

distributed energy resource schedule for a microgrid and periodically determining power set 

0 points for controllable distributed energy resources included in the microgrid; 

Figure 4 illustrates a flow diagram of another embodiment of a method of controlling 

operation of a microgrid; and 

Figure 5 illustrates a flow diagram of an embodiment of a method of controlling 

operation of a microgrid, including load shedding.  

25 DETAILED DESCRIPTION 

According to the exemplary embodiments described herein, a microgrid energy 

management system (EMS) is provided that generates optimal dispatch decisions while account 

for various factors over a certain time period. The microgrid EMS coordinates control actions 

among various controllable devices within a microgrid over multiple time intervals to implement 

30 an overall optimization objective function. For example, the microgrid EMS can use renewable 

energy generation and load forecast information for a future time period to maximize renewable 

energy utilization and reduce fossil fuel dependency. In addition, energy storage 

charge/discharge operation can be optimally scheduled across multiple time intervals so that 

electrical energy storage devices included in the microgrid can store low-price energy during 

35 light-load periods and deliver energy during heavy-load or high-price energy periods.  
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The microgrid EMS can also leverage the network model of the microgrid. For example, 

a balanced network mode may not be valid for a particular microgrid. The microgrid EMS can 

use a detailed unbalanced network model when available, increasing the control complexity and 

accuracy. The microgrid EMS can consider different operational characteristics when the 

5 microgrid operates in different modes (e.g., grid-connected or island modes) and provide 

corresponding control strategies which enhance the secure and economic operation of the 

microgrid. The microgrid EMS can also account for physical limitations of the various 

controllable devices included in the microgrid, such as generator capacity, start-up time, ramping 

rate, start-up/shutdown/generation costs, energy storage charging/discharging rates, state of 

0 charge, etc.  

Broadly, the microgrid EMS described herein uses mathematical optimization techniques 

to address the economic operation of a microgrid so that optimal generation dispatch decisions 

are made which account for various factors over a certain time period.  

Figure 1 illustrates an embodiment of the microgrid EMS 100 and a microgrid controlled 

5 by the microgrid EMS 100. The microgrid includes distributed energy resources (DERs) and 

loads 102 within a local area. The loads 102 can be a single utility customer, a grouping of 

several sites, or dispersed sites that operate in a coordinated fashion. The DERs can include one 

or more distributed electric generators such as reciprocating engine generator(s) 104, 

microturbine(s) 106, fuel cell(s) 108, photovoltaic/solar generator(s) 110, wind turbine(s) 112, 

0 and other small-scale renewable generators, and also electrical energy storage devices 114. The 

DERs and loads 102 are interconnected by an electrical network 116. Each DER and load 102 

can be connected to the electrical network 116 by a protection device (PD) 118 such as a fuse, 

circuit breaker, relay, step-down transformer, etc. The microgrid can be connected to a 

substation or a macrogrid 120 in a grid-connected mode. One or more points of common 

25 coupling (PCC) 122 can be provided for connecting the electrical network 116 of the microgrid 

to the substation or macrogrid 120. The microgrid can be isolated from all power grids, 

substations, etc. in an island mode by appropriate control of the PCC 122.  

All controllable DERs and loads 102 included in the microgrid are interconnected by a 

communications and control network 124 so that the controllable devices can perform certain 

30 microgrid control functions. The microgrid EMS 100 has remote or direct access to the 

communications and control network 124 of the microgrid, for controlling the DERs and loads 

102 through local control agents (CA) 126. The microgrid EMS 100 comprises a processing 

circuit 128 which can include digital and/or analog circuitry such as one or more controllers, 

processors, ASICs (application-specific integrated circuits), etc. for executing program code 

35 which performs the energy management control operations described herein. To this end, the 

microgrid EMS 100 includes a DER schedule unit 130, an ED/OPF (economic dispatch / optimal 
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power flow) unit 132 and an outage mitigation unit 133 included in or associated with the 

processing circuit 128 for performing the energy management control operations. The microgrid 

EMS 100 also has one or more storage media such as DRAM (dynamic random access memory) 

134 and an HDD (hard disk drive) 136 for storing the program code and related data processed 

5 and accessed by the processing circuit 128, DER schedule unit 130, ED/OPF unit 132, and 

outage mitigation unit 133 during execution of program code. The storage medium also stores 

the results generated by the microgrid EMS 100.  

The microgrid EMS 100 also has I/O (input/output) circuitry 138 for communicating with 

the controllable DERs and loads 102 over the communications and control network 124 via the 

0 local control agents 126. For example, the microgrid EMS 100 can receive renewable energy 

generation and load forecast information, DER power generation information and other 

information used in the energy management control operations via the I/O circuitry 138. The 

microgrid EMS 100 can also communicate power set points and other types of control 

information generated as part of the energy management control operations described herein to 

5 the controllable DERs and loads 102 via the I/O circuitry 138.  

Figure 2 illustrates a flow diagram of an embodiment of a method of controlling 

operation of a microgrid which comprises a plurality of distributed energy resources including 

controllable distributed electric generators and electrical energy storage devices. The method 

includes periodically updating a DER schedule for the microgrid (Block 200), e.g. by the DER 

0 schedule unit 130 of the microgrid EMS 100. The DER schedule includes the on/off status of 

the controllable distributed electric generators and charging/discharging status and rate of the 

electrical energy storage devices included in the microgrid. The on/off status of the controllable 

distributed electric generators indicates whether each controllable distributed electric generator is 

online (active) or offline (de-active). The charging/discharging status of the electrical energy 

25 storage devices indicates whether each electrical energy storage device is storing (charging) 

energy or releasing (discharging) energy. The rate indicates how quickly each electrical energy 

storage device charges or discharges energy. The DER schedule satisfies a first control objective 

for a defined time window e.g. 24 hours, and is determined based at least in part on a renewable 

energy generation and load forecast for the microgrid. Any standard methodology can be used to 

30 derive the renewable energy generation and load forecast. The method further includes 

periodically determining power set points for the controllable distributed energy resources which 

satisfy a second control objective for the present time interval within the defined time window 

(Block 210), e.g. by the ED/OPF unit 132 of the microgrid EMS 100. The second control 

objective is a function of at least the distributed energy resource schedule for the microgrid.  

35 Figure 3 illustrates an embodiment of the method of Figure 2, implemented for an 

exemplary moving (sliding) 24 hour time window. According to this embodiment, the DER 
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schedule for the controllable distributed electric generators and electrical energy storage devices 

included in the microgrid is updated every hour (' 1 0' , ' HR 1' , ... , ' HR 23' ) based at least in 

part on the latest renewable energy generation and load forecast available for the microgrid.  

Each DER schedule update yields on/off status of the controllable distributed electric generators 

5 and charging/discharging status and rate of the electrical energy storage devices for the next 24 

hour window i.e. the defined time window moves (slides) by one hour each update, but still 

looks out over a 24 hour window. In another embodiment, the DER schedule is updated each 

time the renewable energy generation and load forecast is revised. In each case, the defined time 

window (24 hours in this example) moves (slides) by a corresponding amount (1 hour in this 

0 example) each time the DER schedule is updated.  

Between DER schedule updates, power set points for the controllable distributed energy 

resources are determined so that a second control objective is satisfied for the present time 

interval within the 24 hour time window. The power set points can be determined e.g. every 5 to 

15 minutes between DER schedule updates. As such, the power set points can be updated 

5 multiple times during successive time intervals before the DER schedule is updated again and 

the defined time window is moved (shifted). In one embodiment, the defined time window is 

shorter for the island mode than for the grid-connected mode. For example, a 24 hour time 

window may be used for the grid-connected mode and a 12 hour time window may be used for 

the island mode. In general, any defined time window can be used such as 48 hours, 36 hours, 

0 24 hours, 12 hours, etc. Also, the power set points for the controllable distributed energy 

resources can be determined for a present time interval of any desirable length within the defined 

time window e.g. every 5 to 15 minutes or more or less frequently. According to one 

embodiment, the DER schedule is updated every hour or less frequently and the power set points 

for the controllable distributed energy resources are determined every fifteen minutes or more 

25 frequently. In each case, a power balance approach can be used for periodically updating the 

DER schedule and an optimal power flow approach can be used for periodically determining the 

power set points of the controllable distributed energy resources.  

Described next is an embodiment of a power balance approach for periodically updating 

the DER schedule. The DER schedule unit 130 included in or associated with the microgrid 

30 EMS 100 performs a forward-looking DER schedule function for implementing the operation 

planning that optimizes the DER schedule for a defined time window (e.g., 24 hours in the 

exemplary embodiment of Figure 3). The DER schedule function determines the on/off status of 

the controllable distributed electric generators (DG) included in the microgrid and the 

charging/discharging status and rate of the electrical energy storage devices (ES) included in the 

35 microgrid. The DER schedule function can be executed each time the renewable generation 

and/or load forecasting is updated, such as every one hour or every two hours. In each 
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execution, the DER schedule function considers the latest renewable generation/load forecast to 

determine the committed DGs and ESs for every preselected time interval (e.g., every 30 

minutes) in the defined time window (e.g., 24 hours). The DER schedule function plans for 

enough spinning (working) reserve capacity for critical load(s) to improve the operation security 

5 in case of contingencies such as unplanned outage events. The DER schedule function also 

includes constraints such as power balance, DG/ES capacity, energy storage state of charge, etc.  

The formulation of the DER schedule function is presented next in more detail. The 

DER schedule unit 130 included in or associated with the microgrid EMS 100 implements the 

DER schedule function to generate a DER schedule that satisfies a control objective for the 

0 defined time window of interest. In one embodiment, the control objective minimizes the 

operation cost of the microgrid over the defined time window. Microgrid operation cost 

constraints can include utility grid electricity price, distributed electric generator 

startup/shutdown/no-load/generation cost, energy storage costs, etc. The constraint set includes 

the constraints for power balance, generation power output, security, energy storage charge state 

5 (charging or discharging), energy storage charging/discharging rates, etc. The energy storage 

charging/discharging/stand-by efficiency can be assumed to be 100% and the costs associated 

with energy storage (e.g. startup/shutdown, charging/discharging, etc.) are assumed to prevent 

frequent charging and discharging of the electrical energy storage devices in order to prolong 

battery life. The charging and discharging operation costs of the electrical energy storage 

0 devices are used to prevent unexpected utilization of energy storage. The startup/shutdown costs 

of the electrical energy storage devices are used to prevent frequent charging and discharging. In 

addition, system loss is assumed to be a certain percentage of the overall loading level. The 

planning horizon of the DER schedule in the grid-connected mode is usually longer than that in 

the island mode. For instance in the grid-connected mode, the planning period can be chosen as 

25 24 hours and in the island mode the period can be chosen as 12 hours or less.  

In one embodiment, the forward-looking DER schedule function implemented by the 

DER schedule unit 130 included in or associated with the microgrid EMS 100 satisfies the 

following cost control objective: 

min tG{Cg Pg + Ed [S Cd + Pd Cd +SUd Ci + SDd C ] + 

30 E, [Cs ' (SUl + SUL ) + CS (S" + SC )]} (1) 

where: 

Pg +2dIPd + E"" Pe + En Sn P.% K2 PT t 1,.T (2) 

S., Pa" :! Pd :! S. Pa" d = 1... na t =1..T (3) 

Sd Sa (t-l)+SUd d = 1... na t = 1,...,T (4) 

35 S > Sa (t_1-SD d = 1...na t = 1,...T(5) 
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aISd Pa K1Pc =1(6) 

0 :! Sn 1 n = 1... nn t =1..,T(7) 

EL"' s! Ee :5 Ee" e, = 1 ... ne, t =2, ... ,7T'+ 1 (8) 

Ee = Ee (t-1) - Pe At e = 1... ne t = 2,..., T+ 1 (9) 

5 S PeC Pe 5 e PeD e = 1 ... ne t=, , (10) 

0 5 SL + S" < 1 es = 1 ... ne t = 1, ... , T (1 

S' - S (t-1) - S ' < 0 e = 1 e... n. t = (12) 

Se - se (t-1) - S <_ <0 e = 1 e... n. t = (13) 

According to equation (1) the control objective implemented by the DER schedule 

0 function minimizes operation cost of the microgrid, where: 

T is the number of time intervals considered in the optimization problem; 

nd is the number of controllable distributed electric generators (DGs); 

Cg is the cost function of electricity provided from the utility (external) grid; 

Pg is the power supplied from the utility (external) grid; 

5 Sd indicates the on/off status of the controllable DGs; 

Cn is the no load cost of the controllable DGs; 

CP is the power generation cost for the controllable DGs; 

Pd is the power generation by the controllable DGs; 

SUd is the start-up operation status of the DGs (1 = start-up operation, 0 = no start-up 

0 operation) 

C' is the start-up cost of the controllable DGs; 

SDd is the shut-down cost of the controllable DGs (1 = shut-down operation, 0 = no 

shut-down operation); 

C" is the cost of shutting down the controllable DGs; 

25 ne is the number of electrical energy storage (ES) devices; 

CS L2 Ce is the charging/discharging cost for the ES devices; 

SUU indicates discharging action of the ES devices (1 = start-discharging operation, 0 = 

no start-discharging operation; 

SUL indicates the charging action of the ES devices (1 = start-charging operation, 0 = no 

30 start-charging operation); 

Ce is the charging/discharging operation cost of the ES devices (e.g. in the DER 

schedule, the operation cost of the energy storage can increase from the first time interval to the 

last time interval, which drives the energy storage to charge or discharge as early as possible); 
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SU indicates the discharging status of the ES devices (1 = discharging, 0 = charging or 

idle); and 

SI indicates the charging status of the ES devices (1 = charging, 0 = discharging or idle).  

According to equation (1), the control objective is also a function of the energy storage 

5 cost associated with the electrical energy storage devices. In one embodiment, the variables 

C' , SUU, SUC , Ce' , S3 and/or Se can be selected so that the term gei[C ' (SUe + 

SUC ) + CS (S" + SC )] in equation (1) limits the amount of charging/discharging permitted 

for the electrical energy storage devices over the defined time window so that the energy storage 

cost is minimized for the defined time window.  

0 Equation (2) is a power balance equation which ensures the total generation is equal to 

total load demand in each decision time interval. A correction factor K2 can be set to a value 

other than one to adjust the power balance. Equation (3) represents the power output constraints 

for the controllable distributed electric generators. Equations (4) and (5) are constraints for start

up and shut-down operation of the distributed electric generators, respectively. Equation (6) is a 

5 security constraint which ensures that the total generation capacity of on-line (active) 

controllable distributed electric generators is larger than the total demand of the critical loads.  

That is, in the grid-connected mode, the control objective ensures the total power generation 

capacity of all of the controllable distributed electric generators having an 'on' status as 

indicated by parameter Sd of the distributed energy resource schedule is greater than a critical 

0 load of the microgrid for the defined time window. While in the island mode, a correction factor 

K1 can be set to a value other than one to account for at least one of the ' on'controllable 

distributed electric generators being out of service during the defined time window. This way, 

the total power generation capacity remains greater than the critical load of the microgrid over 

the defined time window even if an unplanned outage happens such as the disconnection from 

25 the main grid (islanding) or one of the controllable distributed electric generators is out of 

service in island mode.  

Equation (7) is a renewable power output constraint for the renewable electric generators 

included in the microgrid. Equation (8) is the state of the charge constraint for the electrical 

energy storage devices included in the microgrid. Equation (9) is the charge or discharge 

30 constraint for the electrical energy storage devices, where the efficiency of charging/discharging 

is assumed to be 100%. Equation (10) is a constraint for the electrical energy storage devices 

between the charging/discharging rate and the status. Equation (11) is an energy storage 

charging/discharging status constraint. Equations (12) and (13) are constraints related to energy 

storage start-up charging/discharging operation.  

35 In equations (2)-(13): 

10



Pe represents power generation from the electrical energy storage (ES) devices; 

nn is the number of renewable DGs; 

Sn is the renewable electric generator power coefficient (binary value, if renewable is 

not continuously controllable; continuous variable between 0 and 1, otherwise); 

5 Pn is the renewable DG power generation; 

K2 is a loss coefficient (e.g. chosen between 1.01-1.05 based on loading level, with other 

values possible); 

PT is the total load power demand 

P"' represents the controllable DG minimum power output; 

0 Pa" represents the controllable DG maximum power output; 

K1 is a security coefficient (1 = grid-connected mode, 1.3-1.5 = island mode, with other 

values possible); 

Pc is the critical load demand; 

Er is the rated maximum stored energy for the ES devices; 

5 Em is the rated minimum stored energy for the ES devices; 

Ee is the amount of energy in the electrical energy storage devices; 

At is the time length for each preselected interval; 

PD is the maximum power discharging rate of the ES devices (>0); and 

PeG is the maximum power charging rate of the electrical energy storage devices (<0).  

0 The control variables of the DER schedule function are as follows: 

UD [PO U a -U- - Ua _'d Ue _i Ue _z -. _ Ue -c Ue _u](1 4 ) 

where: 

Pg = [Pg Pg --- Pg ] (power from external utility grid) 

U _1-- [P _1 Sa -1 S d -1 S d -1 ] (parameters of DG 1) 

25 Pd _ -- [Pa _1 Pa -I ''' Pa -1r] 

Sa _1 [Sa _1 Sa -i ' Sa -ir] 

S d -I = [S a -i S a -i S a -1r] 

S d -1 = [S a -1 S a -i S a -1 r] 

30Ua 1 _, =a- [P 5_ -
1 1_, S a _. S S _l, ] (parameters of DG na ) 

Pd -n - [Pa -n 1 Pa -nd 2 ' Pa -n r] 

Su _nd = [Sa -na Sa -na 2 --- Sa -nar ] 

S d nd = [S a -na . S a -na ] 
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S t- = a -n 1 S a -na 2 --- S a -na ] 

Ue -1 = [Pe -1 Se -1 Si -1 Su -1] (parameters of ES 1) 

Pe _1 -- [Pe _1L Pe _1 --- Pe -1T] 

Se -i = [Se -i Se -1 --- Se -1T] 

5 SC 1 =[S_ 1  S_ 1 

Se _I = [5e _1 Se" _1- 5 S -1T ] 

Ue _n, = [PSe_ 1, Se _ ,e S S (parameters of ES ne ) 

e -ne = We -ne 1 e -ne 2 ''' e -ne T 

0 Se - = [e -ne a Se -ne 2 Se -ne r] 

S ne = [s -ne I 5 ne 2  S-- 5-ne r] 

SB _S, =[Se _ne I S -ne 2  S"ne r] 

Ue -c = [S ej . .. S -ne 1 ... S e -e T] (start-up charging of ES) 

Ueu = [S " _1 ...S - -1 - -e r] (star-up discharging of ES) 

5 The DER schedule function can be formulated as a mixed integer linear programming 

problem. The control variables include both continuous and binary variables. The continuous 

control variables include Pg , Pd , and Pe . The binary control variables (0 or 1) include 

Sd , S d , S d , Se , Si, S'e, S e , S u . The input information for DER schedule 

function includes: 

0 utility electricity price: Cg (t = 1,...,'T); 

controllable DG no load/startup/shutdown/generation costs: Ca , Ca , Ca , Ca" 

assumed energy storage charging/discharging and corresponding operation costs: Ce 

CSL 
Ce 

total load demand power forecast: PT (t = 1, , T); 

25 renewable DG power generation forecast: Pn (t = 1, ... , T); 

controllable DG minimum and maximum power outputs: Pa' and Pa' 

critical load demand forecast: Pc (t = 1, ... , T); 

rated maximum and minimum stored energy: Em and E ; 

time length for each decision interval: At; 

30 maximum charging/discharging power rate of energy storage: P.I and Pf 

actual status of charge of each energy storage: Ee (this value is used to update the 

initial status of charge of the energy storage at the beginning of each DER schedule execution) 
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The output of the DER schedule function is a DER schedule including: the on/off status 

of the controllable distributed electric generators, renewable power output (when renewable is 

on/off or continuously controllable), and the charging/discharging/idle status and rate of the 

electrical energy storage devices. The DER schedule is used by the ED/OPF unit 132 of the 

5 microgrid EMS 100 to determine the power set points of the distributed energy resources in real

time operation.  

Based on the on/off status of the electric generators and the energy storage 

charging/discharging status and rate included in the DER schedule, the ED/OPF unit 132 

minimizes the operation cost of the microgrid for the present time interval (e.g., 5 to 15 minutes) 

0 while minimizing the deviation of the energy storage charging/discharging rate. That is, the 

control objective minimizes the extent by which the actual charging/discharging rate of the 

electrical energy storage devices deviates from the charging/discharging rate identified for the 

electrical energy storage devices in the distributed energy resource schedule. The constraints 

considered by the ED/OPF unit 132 include power balance, ramping rate, energy storage 

5 charging/discharging efficiencies, as well as operating constraints such as line current and node 

voltage limits in case a detailed network model is available for the microgrid. The ED/OPF unit 

132 determines the power set points for the controllable distributed energy resources based on 

the following control objective: 

min tCgPg + E Pd C + E"w (Pe -P )2} (15) 

0 where: 

Pg + Z Pa + "" Sn p +E.*Pe K2PT (16) 

Pm Pa a Pa" d = 1 ... na (17) 

pa - R At Pa PS + Ra At (18) 

Pec Pe !0 or 0 Pe P" e, =1 ...ne (19) 

25 Ee - pcPe At 5 E" or E." Ei - Pe At/P e 1 ... ne (20) 

, + "" 5i* AU *u , in =1 ....nn, (21) 

Vn" : V41 + Eu"" 5 "L * AU Vn" n = 1 ... n. (22) 

Qm Qa ! Qm or Vam Va Va d =i ... na (23) 

and where: 

30 C9 represents a cost function of electricity provided from the utility (external) grid; 

Pg is the power supplies from the utility grid; 

na is the number of controllable distributed electric generators (DGs); 

C is the energy generation cost for the controllable DGs; 

Pa is the power generation for the controllable DGs; 
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K2 is a loss coefficient (e.g. chosen between 1.01 and 1.05 based on loading level, other 

values are possible); 

ne is the number of electrical energy storage (ES) devices; 

we is a weight factor for the ES devices; 

5 Pe represents power generation of the ES devices; 

Pe represents a power generation reference (determined by the DER schedule) for the 

ES devices; 

n. is the number of renewable DGs; 

Pn represents the power generation of the renewable DGs; 

0 PT is the total load demand power; 

Pd' represents the minimum power output of the controllable DGs; 

Pg' represents the maximum power output of the controllable 

Pa represents the base case power generation of the controllable DGs; 

R is a ramp-up rate of the DGs; 

5 R is a ramp-down rate of the DGs; 

At is the time interval under consideration; 

Pe represents the maximum power discharging rate of the ES devices (>0); 

Pe represents the maximum power charging rate of the ES devices (<0); 

E. is the base case stored energy of the ES devices; 

0 pc, pD represents the charging/discharging efficiency of the ES devices 

Em represents the rated maximum stored energy; 

Em is the rated minimum stored energy; 

IA' is the base case line current magnitude; 

I' is the line current limit; 

25 n 1 is the number of lines with line current constraint violations; 

u is a controllable variable; 

S. represents sensitivity of the line current with respect to the controllable variable u; 

S. represents sensitivity of the node voltages with respect to the controllable variable u; 

V"' , Vn"' are the node voltage lower and upper limits, respectively; 

30 Vn is the base case node voltage magnitude; 

n is the number of voltages with voltage constraint violations; 

Qa represents the reactive power generation of the controllable DGs; 

Qa' , Q" represent the reactive power lower and upper limits of the controllable DGs, 

respectively; 
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Va is the voltage set points of the controllable DGs; and 

Va' , Va' are the voltage set point lower and upper limits of the controllable DGs, 

respectively.  

Equation (15) is an objective function implemented by the ED/OPF unit 132 that 

5 minimizes operation cost of the microgrid. The ED/OPF control objective can be weighted 

based on energy storage as given by the term Ze' we (Pe - Pe )2 in equation (15), where the 

weighting factor we is applied to the charging/discharging rate identified for the electrical 

energy storage devices in the DER schedule. Equation (16) is a power balance equation which 

ensures total load demand is supplied from generation. In one embodiment, a loss coefficient K2 

0 accounts for planned outages in the microgrid so that load shedding can be minimized over the 

present time interval i.e. by setting K2 > 1 e.g. between 1.01 and 1.05. Equation (17) defines an 

operating range on the upper and lower limits of DG active power. Equation (18) provides DG 

real (P) power output ramp rate constraints. Equation (19) provides electrical energy storage 

device charging/discharging rate constraints. Equation (20) provides electrical energy storage 

5 device state (i.e. charging or discharging) constraints. Equations (21) and (22) provide line 

current and node voltage constraints, respectively, when a detailed network model is available 

for the microgrid. The line current and node voltage constraints can include line current and 

node voltage sensitivity variables, respectively. Equation (23) defines an operating range on the 

upper and lower limits of DG reactive (Q) power or the voltage setting point.  

0 The control variables of the ED/OPF function are as follows: 

In grid-connected mode: U j = [P9  Pa Pe Qd ], 

where, 

Pd [P e a- .... a  

Pe [P~e-1Pe -2 ... .... se -n, I 

Qd [Q -1 Qa -2 ... ... .Qa -- dJ 

In island mode: uE /0 - d P Qd ] 

where, 

Pe [Pe -1Pe -2... .... e - n, 

=~ [Qa -2... ...Qa -Rd ] 

25 Distributed electric generator DG1, for example the electric generator with the largest 

capacity, is chosen as a slack generator in island mode. The reactive power (Q) of DG1 is 

determined by the total load demand and power outputs of the other distributed electric 
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generators. The ED/OPF unit 132 formulates the ED/OPF as a quadratic programming problem.  

A quadratic term is included in the objective function given by equation (15). All the constraints 

are linear expressions. The input information for ED/OPF objective function includes: 

utility electricity price Cg ; 

5 controllable DG generation cost C,; 

ES device charging/discharging power reference determined by DER schedule Pf 

online (active) controllable DGs determined by DER schedule (i.e. status = on); 

total load demand power PT ; 

renewable DG power generation P.  

0 controllable DG minimum and maximum power outputs Pfa and Pam 

controllable DG ramp up/down rates Ru and R; 

rated ES device maximum and minimum stored energy Em and E ; 

time interval At; 

maximum charging/discharging power rate of energy storage PD and PC§ 

5 sensitivity information of operating constraints with respect to the control variables; and 

line current and node voltage magnitude limits I' , V'" , and V" .  

The output of ED/OPF objective function includes power set points for the controllable 

distributed energy resources and energy storage charging/discharging power. Theses control 

demands can be issued to corresponding devices to operate the microgrid every time interval in 

0 operational real time, via the microgrid communications and control network 124.  

As previously described herein, power outages can be mitigated by the outage mitigation 

unit 133 of the microgrid EMS 100 e.g. by setting the loss coefficient K2 appropriately. For 

planned outages, a more precise and robust solution is provided.  

Figure 4 illustrates a flow diagram of an embodiment of a method of controlling 

25 operation of a microgrid which comprises a plurality of distributed energy resources including 

controllable distributed electric generators and electrical energy storage devices. If the 

renewable generation/load forecast is updated (Block 300), the DER schedule unit 130 of the 

microgrid EMS 100 executes the DER objective function to update the DER schedule (Block 

310) e.g. in accordance with equations (1)-(14). The ED/OPF unit 132 executes the ED/OPF 

30 objective function based in part on the new DER schedule to determine new power set points for 

the controllable distributed energy resources (Block 320) e.g. in accordance with equations (15)

(23). Otherwise, the microgrid EMS 100 executes the DER objective function at the normally 

scheduled interval (e.g. every 1 or 2 hours, with a 24 hour forward-looking window) and then 

executes the ED/OPF objective function based in part on the new (regularly scheduled) DER 

35 schedule (Blocks 330, 320).  
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For an unplanned disturbance or outage, the DER schedule can plan for enough spinning 

(working) reserve for the critical loads. When an unplanned outage occurs, both the local control 

of DG/ES and load shedding mechanism respond automatically to the frequency/voltage 

variation to adjust the generation output and/or conduct load shedding. For planned outages, the 

5 microgrid EMS can implement a planned outage control function (Block 340). The microgrid 

EMS can implement the planned outage control function to determine the load shedding in 

advance. In addition, the DER and ED/OPF objective functions can be executed to determine 

the load shedding as well as power generation re-dispatch among the available distributed 

electric generators, for instance, to reach zero power exchange with the utility before entering 

0 island mode.  

Figure 5 illustrates a flow diagram of an embodiment of a planned outage control 

function implemented by the outage mitigation unit 133 of the microgrid EMS 100. According 

to this embodiment, the planned outage control function considers a worst-case scenario during 

an outage. The amount of load shedding is determined based on the maximum mismatch of the 

5 generation and load. The load shedding solution is the same during each outage. The planned 

outage control function uses the planned outage time/schedule (Block 400) and the load 

demand/renewable generation forecast over the estimated outage duration (Block 410) to 

calculate whether load shedding is necessary and if so how much load should be shed (Block 

420). If load shedding is not required (Block 430), no loads are disconnected (Block 440) and 

0 the result is output (Block 450). Otherwise, non-critical loads are prioritized and shed before the 

outage occurs (Block 460). This can include determining the load shedding list based on 

heuristic rules so that no optimization is required. This solution is applicable when the estimated 

outage duration is relatively short such as less than 4 hours.  

According to one embodiment of the load shedding (Block 460), the non-critical loads 

25 are prioritized (Block 462) and the smallest non-critical load is disconnected and removed from 

the load shedding list (Block 464). If the load capacity remains above the generation capacity 

after this modification of the load shedding list (Block 466), the next smallest non-critical load is 

disconnected and removed from the load shedding list (Block 464). This process is repeated 

until the load capacity is at or below the generation capacity (Blocks 464, 466) or some other 

30 stopping criteria is satisfied. The new load shedding list is output (Block 468) for use during the 

scheduled outage.  

According to another embodiment of the planned outage control function, the entire 

duration of the outage is considered rather than the worst-case scenario. Operation of the 

microgrid is also optimized over a time horizon to calculate the DER status and energy storage 

35 set points as well as the amount of load shedding in each decision time interval. This 

formulation is the same as DER schedule function embodiments previously described herein, 
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except load shedding is included. After the amount of load shedding in each interval is 

determined, a new load shedding list is generated based on the priority of non-critical loads for 

each time interval. Non-critical loads are shed based on the load shedding list in each decision 

interval. As such, load shedding is considered over the outage duration which helps to minimize 

5 the adverse effects of load shedding. This solution is applicable when the estimated outage 

duration is relatively long such as longer than 4 hours. The DER schedule function is modified 

to include load shedding as follows: 

min E {Cg Pg + Eld[S, Cn + Pd CP +SUd CS + SDd CS ] + 

ne' [Cs ' (SUl + SUL ) + CS (S" + SL )] + wS PS } (24) 

0 Pg +nP + 2"*i Pe + . Sn Pn =K 2 (PT - te ) t 

(25) 

Pshe 0 t = 1,..., T (26) 

S. Pa" s Pd ! S. Pa" d = 1 ...na t=1..,T (27) 

S 5  Sa (tl)+SUd d = 1 ... na t = 1,...,iT (28) 

5 Sd 2 Sa (t-1 )-SDd d =1 ...n t .. , (29) 

n S d Pam K2 KPc t =1, .. ,T(30) 

0 :5 Sn :5 1 n = 1... nn t =1..,T(31) 

Ee" s Ee 5 Ee e= 1 ... n. t 2,...,7'+ 1 (32) 

Ee = Ee (t-1) - Pe At e = 1 ... ne t = 2,...,7'+ 1 (33) 

0 S' Pec 5 Pe 5 Se Pe" e = 1 ...ne t=1,.. (34) 

05 SL + S" < 1 es = 1...ne t = 1, ..., T (35) 

Se' - S,: (t-1) - S < 0 e = 1 ... ne, t = 1..,T(36) 

Se" - Se" (t-1) - S " <_ 0 e = 1 ... n. t = 1..,T(37) 

where: 

25 wS is load shedding weighting factor; 

Ps represents an amount of load shedding in time interval t; and 

To is the total outage time.  

The remaining variables in equations (24)-(37) are described previously herein with 

respect to the DER schedule function.  

30 Equation (24) minimizes the operation cost of the microgrid and also minimizes load 

shedding over the outage duration. Equation (25) ensures that the generation and load are 

balanced in each time interval. Equation (26) ensures that the amount of load shedding is always 

positive. Equations (27)-(37) correspond to equations (3)-(13) relating to the DER schedule 

function.  
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The control variables of the modified DER schedule function with load shedding are as 

follows: 

U = [Uai Ua2_ -- .Ua _n, Ue _I Ue_ -- Ue.. _ -ne Ue _c Ue _jn 

Us a] (38) 

5 where: 

U_ - [P _1 Sa -I S d -1 S d -1 ] (parameters of DGl) 

Pd -1I [Pa -I Pa -I ''' Pa -1r] 

Sd _1 =[Sa 1 Sa -i ' Sa -ir] 

S d -I = [S a -i S a -i S a -1r] 

0 S d -1 = [S a -1 S a -I S a -1r] 

Ua d = [Pa -n Sa - a _ a .- ] (parameters of DGna ) 

Pd -n a -nd 1 Pa -nd 2 ' Pa -nd T 

S -nd =[Sa -na Sa -na 2 --- Sa -nar ] 

5 S d -n = [S a -nd 1 S a -nd 2 --' S a -nar ] 

S -_ [S -S d1 S a -na 2 - S a -na ] 

Ue -1 = [Pe -1 Se -1 Si -1 Su -1] (parameters of ESI) 

Pe _- [PWe _1. Pe _1 --- Pe -1T] 

0 Se _i = [Se _I Se _i --- Se -IT] 

Se _1 = [S' _1 S' _ ---. Se -1T] 

S i = [S' _1 S'"_ ---. 5e -1IT] 

Ue -e = [Pe -e Se -ee S _ Se (parameters of ESne ) 

25 Pe -ne = [e -ne 1 Pe -ne 2 --' Pe -ne r] 

Se -,e = [Se -ne a Se -ne 2 Se -ne r] 

SC - 1S: SC - S I 
e - = Lse -ne e ne 2  Se -ne 

S Se = [S _ne I Se -ne 2  Se ne r] 

30 Ue _c = [S e: _1 ... S e"I*I ... IS e: _ne 1 ... S , -ne r] (start-up charging of ES 

devices) 

Ue_ [S " ...S e-i l -S e"-ne 1 --- S e-ne r] (start-up discharging of ES 

devices) 
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Us, = [P 1 Psae 2 "' Phe ] (amount of load shedding) 

The planned outage control is formulated by the outage mitigation unit 133 of the 

microgrid EMS 100 as a mixed integer linear programming problem. The control variables 

include both continuous and binary variables. Continuous control variables include: Pg ; Pd 

5 Pe ;and Pg . Binary control variables (0 or 1) include: Sd ; S d ; S d 

Se ; S ; Si ; S C ; S U . Information input for the planned outage control includes: 

controllable DG no load/startup/shutdown/generation costs: Ca" , Ca , Ca , Cal; 

energy storage charging/discharging and corresponding operation costs: C e CeL 

total load demand power forecast during outage: PT (t = 1, ..., T); 

0 renewable DG power generation forecast during outage: P', (t = 1, ., T); 

controllable DG minimum and maximum power outputs: Pa and Pa 

critical load demand forecast during outage: Pc (t = 1, ..., T); 

rated maximum and minimum stored energy: Em and Em 

time length for each decision interval: At; 

5 maximum charging/discharging power rate of energy storage: PeD and PeC ; and 

outage duration: T .  

The output of the planned outage control function includes: the on/off status of 

controllable distributed electric generators, renewable power output (when renewable is 

continuously controllable), charging/discharging/idle status and rate of electrical energy storage 

0 devices and a load shedding list.  

The microgrid EMS 100 described herein can execute in a central controller of a 

distributed control system (DCS) and collect information from across the entire microgrid. In 

the grid-connected mode, stability is not a major issue while the main objective is to achieve 

economic operation of the microgrid. Usually the local stability control (V/f) is disabled and all 

25 units operate in the so-called PQ mode with settings provided by the microgrid 100 EMS unless 

the microgrid provides ancillary services such as frequency control and voltage regulation to the 

grid operator. One or more fast responsive DERs such as flywheels can be controlled to respond 

to system frequency and voltage variation, while the microgrid EMS 100 provides power set 

points for other energy resources in the desired time interval (e.g. every 5 to 15 minutes) to 

30 improve system economic operation. In the island mode, the main objective for microgrid 

operation is to maintain system stability and guarantee the critical load service, based on which 

economic operation can be further achieved. The microgrid EMS 100 can provide power set 

points as a point of reference to the decisions made by the DCS.  

The methodologies described herein move operational planning from day-ahead to an 

35 hour(s) ahead time frame, which enables the DER schedule to take full advantage of the latest 
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and most accurate generation and load forecasting information. In addition, the proposed DER 

schedule function can determine the commitment of the DERs in a shorter time length (e.g., 

every 30 minutes) according to the microgrid scale. These features provide a highly flexible 

control strategy and yield improved control results for microgrid operation.  

5 Moreover, the microgrid EMS 100 described herein solves the DER schedule when the 

renewable generation and load forecast is updated and implements the ED/OPF for the present 

time interval to reduce computational complexity. This allows the incorporation of more 

detailed operating constraints such as line current and bus voltage constraints i.e. optimal power 

flow constraints.  

0 To further reduce the computational effort, the execution frequency of the DER schedule 

can also be adjusted by the scale of the microgrid or the dimension of the optimization problem 

to be solved. For example, if the optimization problem can be solved fast enough, then the 

execution of the DER schedule can be done each time when an update in the generation and/or 

load forecast occurs. Otherwise, the DER schedule can be executed only if there is a change 

5 greater than a certain pre-defined threshold.  

Terms such as "first", "second", and the like, are used to describe various elements, 

regions, sections, etc. and are not intended to be limiting. Like terms refer to like elements 

throughout the description.  

As used herein, the terms "having", "containing", "including", "comprising" and the like 

0 are open ended terms that indicate the presence of stated elements or features, but do not 

preclude additional elements or features. The articles "a", "an" and "the" are intended to include 

the plural as well as the singular, unless the context clearly indicates otherwise.  

With the above range of variations and applications in mind, it should be understood that 

the present invention is not limited by the foregoing description, nor is it limited by the 

25 accompanying drawings. Instead, the present invention is limited only by the following claims 

and their legal equivalents.  

In the claims that follow and in the preceding description of the invention, except where 

the context requires otherwise due to express language or necessary implication, the word 

"comprise" or variations such as "comprises" or "comprising" is used in an inclusive sense, i.e.  

30 to specify the presence of the stated features but not to preclude the presence or addition of 

further features in various embodiments of the invention.  

It is to be understood that, if any prior art is referred to herein, such reference does not 

constitute an admission that such prior art forms a part of the common general knowledge in the 

art, in Australia or any other country.  

35 
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CLAIMS 

1. A method of controlling operation of a microgrid which comprises a plurality of 

distributed energy resources including controllable distributed electric generators and electrical 

energy storage devices, the method comprising: 

periodically updating a distributed energy resource schedule for the microgrid that 

includes on/off status of the controllable distributed electric generators and charging/discharging 

status and rate of the electrical energy storage devices and which satisfies a first control objective 

for a defined time window, based at least in part on a renewable energy generation and load 

forecast for the microgrid; and 

periodically determining power set points for the plurality of distributed energy resources 

which satisfy a second control objective for a present time interval within the defined time 

window, the second control objective being a function of at least the distributed energy resource 

schedule for the microgrid wherein the power set points for the plurality of distributed energy 

resources are determined for at least two successive time intervals within the defined time 

window before the distributed energy resource schedule is updated again and the defined time 

window is moved.  

2. The method of claim 1, wherein the first control objective is also a function of an energy 

storage cost associated with the electrical energy storage devices.  

3. The method of claim 2, wherein the first control objective limits the amount of 

charging/discharging permitted for the electrical energy storage devices over the defined time 

window so that the energy storage cost is minimized for the defined time window.  

4. The method of claim 1, wherein the first control objective ensures a total power 

generation capacity of all of the controllable distributed electric generators having an on status as 

indicated by the distributed energy resource schedule is greater than a critical load of the 

microgrid for the defined time window.  

5. The method of claim 4, wherein the first control objective is also a function of a 

correction factor that accounts for at least one of the controllable distributed electric generators 

having an on status being out of service during the defined time window so that the total power 

generation capacity remains greater than the critical load of the microgrid over the defined time 

window even if the microgrid is disconnected from a main grid or at least one of the controllable 

distributed electric generators is out of service in island mode.  
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6. The method of claim 1, wherein the microgrid is configured to be connected to power 

grids in a grid-connected mode and isolated from all power grids in an island mode, and wherein 

the defined time window is shorter for the island mode than for the grid-connected mode.  

7. The method of claim 1, further comprising: 

updating the distributed energy resource schedule each time the renewable energy 

generation and load forecast is revised; and 

moving the defined time window each time the distributed energy resource schedule is 

updated.  

8. The method of claim 1, wherein the distributed energy resource schedule is updated 

every hour or less frequently, and wherein the power set points for the plurality of distributed 

energy resources are determined every fifteen minutes or more frequently.  

9. The method of claim 1, wherein the second control objective minimizes an operation cost 

of the microgrid for the present time interval while minimizing the extent by which the actual 

charging/discharging rate of the electrical energy storage devices deviates from the 

charging/discharging rate identified for the electrical energy storage devices in the distributed 

energy resource schedule.  

10. The method of claim 1, wherein the second control objective is also a function of line 

current and node voltage constraints imposed on the microgrid.  

11. The method of claim 1, wherein the second control objective is also a function of a 

weighting factor applied to the charging/discharging rate identified for the electrical energy 

storage devices in the distributed energy resource schedule.  

12. The method of claim 1, wherein the second control objective is also a function of a load 

shedding variable which accounts for planned outages in the microgrid so that load shedding is 

minimized over the present time interval.  

13. A microgrid energy management system for controlling operation of a microgrid which 

comprises a plurality of distributed energy resources including controllable distributed electric 
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generators and electrical energy storage devices, the microgrid energy management system 

comprising a processing circuit operable to: 

periodically update a distributed energy resource schedule for the microgrid that includes 

on/off status of the controllable distributed electric generators and charging/discharging status 

and rate of the electrical energy storage devices and which satisfies a first control objective for a 

defined time window, based at least in part on a renewable energy generation and load forecast 

for the microgrid; and 

periodically determine power set points for the plurality of distributed energy resources 

which satisfy a second control objective for a present time interval within the defined time 

window, the second control objective being a function of at least the distributed energy resource 

schedule for the microgrid, wherein the processing circuit is operable to determine the power set 

points for the plurality of distributed energy resources for at least two successive time intervals 

within the defined time window before the distributed energy resource schedule is updated again 

and the defined time window is moved.  

14. The microgrid energy management system of claim 13, wherein the first control objective 

is also a function of an energy storage cost associated with the electrical energy storage devices.  

15. The microgrid energy management system of claim 14, wherein the first control objective 

limits the amount of charging/discharging permitted for the electrical energy storage devices 

over the defined time window so that the energy storage cost is minimized for the defined time 

window.  

16. The microgrid energy management system of claim 13, wherein the first control objective 

ensures a total power generation capacity of all of the controllable distributed electric generators 

having an on status as indicated by the distributed energy resource schedule is greater than a 

critical load of the microgrid for the defined time window.  

17. The microgrid energy management system of claim 16, wherein the first control objective 

is also a function of a correction factor that accounts for disconnection from power grids or at 

least one of the plurality of distributed electric generators having an on status being out of 

service during the defined time window so that the total power generation capacity remains 

greater than the critical load of the microgrid over the defined time window even if the power 

grids or the at least one controllable distributed electric generator is out of service in island 

operation.  
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18. The microgrid energy management system of claim 13, wherein the processing circuit is 

further operable to: 

update the distributed energy resource schedule each time the renewable energy 

generation and load forecast is revised; and 

move the defined time window each time the distributed energy resource schedule is 

updated.  

19. The microgrid energy management system of claim 13, wherein the processing circuit is 

operable to update the distributed energy resource schedule every hour or less frequently and 

determine the power set points for the plurality of distributed energy resources every fifteen 

minutes or more frequently.  

20. The microgrid energy management system of claim 13, wherein the second control 

objective minimizes an operation cost of the microgrid for the present time interval while 

minimizing the extent by which the actual charging/discharging rate of the electrical energy 

storage devices deviates from the charging/discharging rate identified for the electrical energy 

storage devices in the distributed energy resource schedule.  

21. The microgrid energy management system of claim 13, wherein the second control 

objective is also a function of line current and node voltage constraints imposed on the 

microgrid.  

22. The microgrid energy management system of claim 13, wherein the second control 

objective is also a function of a weighting factor applied to the charging/discharging rate 

identified for the electrical energy storage devices in the distributed energy resource schedule.  

23. The microgrid energy management system of claim 13, wherein the second control 

objective is also a function of a load shedding variable which accounts for planned outages in the 

microgrid so that load shedding is minimized over the present time interval.  
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