
ABSTRACT 

HUQ, KAZI MOHAMMAD MOYEENULL. An Energy Management System for a 

Community Energy Storage System to Manage Distributed Renewable Energy Resources in 

Distribution System. (Under the direction of Mesut E Baran.) 

 

It is anticipated that adoption of residential PV systems will accelerate in near future.  The 

improvement of overall efficiency of solar cells together with reduced lifetime cost and 

different state & federal programs such as subsidy or tax rebate will encourage residential 

users towards higher adoption of solar systems. Non-measurable issues like increasing 

environmental consciousness and interest towards reducing dependency on foreign fossil fuel 

sources contribute positively to this. 

When the portion of power generated from PV sources becomes significant, it causes certain 

issues to the distribution systems such as voltage fluctuation due to intermittent power output 

of PV systems. This may result in flicker at customer premise. In a high penetration of PV 

scenario, reverse power flow towards grid occurs when the load is low but the PV system 

generates power close to full capacity. The traditional distribution system is designed for 

unidirectional power flow from source (substation) to load. The associated control and 

protection schemes are designed accordingly. Reverse power flow introduces bi-directional 

power flow which can raise voltages above normal limits thus modifying the expected 

voltage profile. This can cause malfunction of voltage control devices. 

Peak energy consumption affects the grid both technically and economically. In order to meet 

the peak energy demand a utility has to run expensive peaking power plant only during the 

peak hours. The transmission and distribution systems may get congested during system peak 

requiring system capacity upgrade.  Peak energy consumption reduction can be effective 

measures for utilities in improving grid efficiency and deferring system upgrade. For 

consumers, it will result in reduced charges from the utility. 

 

 



These benefits can be harnessed by suitably placing energy storage devices at distribution 

level. But, the energy storage devices will need a energy management system that will 

control the system to achieve the targets. 

This thesis explores the applications of small scale local storage like battery energy storage 

device to address the above mentioned issues in a community level microgrid that uses PV 

systems as the main source of local power generation. This concept is known as Community 

Energy Storage (CES) system which is using the battery energy storage systems to serve a 

few homes at a time for improving service quality, renewables integration, peak shaving. 

load leveling etc.  

The thesis proposes an EMS which will address the main operational issues described 

previously such as reducing energy consumption during system peak load, smoothing out 

intermittent power output of the PV systems, and prevent excess reverse power flow back to 

the utility. 
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Chapter 1 

Introduction 

It is anticipated that adoption of residential PV systems will accelerate in the near future.  

The improvement of overall efficiency of solar cells together with reduced lifetime cost and 

different state & federal programs such as subsidy or tax rebate will encourage residential 

users towards higher adoption of solar systems. Non-measurable issues like increasing 

environmental consciousness and interest towards reducing dependency on foreign fossil fuel 

sources contribute positively to this. 

When the portion of power generated from PV sources becomes significant, it causes certain 

issues to the distribution systems such as voltage fluctuation due to intermittent power output 

of PV systems. This may result in flicker at customer premise. In a high penetration of PV 

scenario, reverse power flow towards grid occurs when the load is low and the PV system 

generates power close to full capacity. The traditional distribution system is designed for 

unidirectional power flow from source (substation) to load. The associated control and 

protection schemes are designed accordingly. Reverse power flow introduces bi-directional 

power flow which can raise voltages above normal limits thus modifying the expected 

voltage profile. This can cause malfunction of voltage control devices. 

Peak energy consumption affects the grid both technically and economically. In order to meet 

the peak energy demand a utility has to run expensive peaking power plant only during the 

peak hours. The transmission and distribution systems may get congested during system peak 

requiring system capacity upgrades.  Peak energy consumption reduction can be effective 

measures for utilities in improving grid efficiency and deferring system upgrades. For 

consumers, it will result in reduced charges from the utility. 

Here, community energy storage systems will be used to mitigate some of the major issues 

likely to be caused by hi penetration of PV at power distribution system level. But, energy 
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storage devices require an Energy Management System (EMS) for control in order to meet 

the target objectives. Such an EMS is proposed in this thesis.  

1.1 State of Art: 

A detailed literature review was performed on the applications of  battery energy storage 

systems(BESS), concept of community energy storage (CES), and issues arising from high 

penetration of PV systems in distribution systems. The findings are presented below in two 

sections-  

1) Battery energy storage systems (BESS) & Community energy storage (CES) – 

overview of concepts and applications.  

2) Impact of High-penetration of PV on distribution system. 

 

1.2 Battery energy storage systems (BESS) & Community energy storage 

(CES) – overview of concepts and applications: 

 

1.2.1 Battery energy storage systems: 

Battery energy storage systems (BESS) are collections of batteries used to store energy 

from the grid and feed the energy back to the grid at a later time. Community Energy 

Storage (CES) is the concept of distributed battery energy storage at residential level [1]. 

CES is a fleet of small distributed energy storage units connected to the secondary of 

transformers serving a few houses controlled together to provide feeder level benefits.      

Electric energy storage systems can be used at different segments of electric power 

system namely generation, transmission & distribution and for different end user 

applications [2,3]. Transmission and distribution systems are the most likely candidates 

to benefit from battery energy storage applications. Research organizations like ERPI, 
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different national labs like Sandia, Pacific northwest, Lawrence Berkeley national lab 

etc. are working together with utilities on applying different electric energy storage 

technologies to improve reliability and performance of electric grid [2-5]. The 

Renewable Systems Interconnection (RSI) study is a DOE project focused the technical 

and analytical challenges on the use of renewable technologies at high penetration level. 

The RSI study resulted in development of Solar Energy Grid Integration Systems – 

energy storage (SEGIS-ES ) program[4] which focused on residential and small 

commercial level energy storage applications. 

The reviewed reports suggest placement options and usages for battery storage systems. 

A SANDIA study[3] suggested that some related application for BESS at distribution 

level might be:   

i) Time of use (TOU) energy cost management - the storage is charged during off-

peak time periods when the electric energy price is low, then discharge the energy 

during times when peak TOU energy prices apply. TOU differential cost structure 

is required to take advantage of this scheme. 

ii) Demand charge management – Energy storage is used to reduce the demand 

charges, by reducing power drawn during specified periods, normally the utility’s 

peak demand periods. 

iii) Renewables energy time-shift - Energy storage is charged from energy produced 

during off peak hour which would otherwise have to be sold at lower price. The 

stored energy is later used to offset energy purchase during peak hour or sold at 

higher rate. 

iv) Renewables capacity firming - applies to circumstances involving renewable 

energy-fueled generation whose output is intermittent. The objective is to use 

storage to ‘fill in’ so that the combined output from renewable energy generation 

plus storage is quite constant. Thus, Capacity firming allows use of an 

intermittent electric supply resource as a nearly constant power source. 
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Another report by EPRI [5] categorized the usage according to location of the storage in the 

power system. They also mentioned customer level energy management, renewable energy 

management to be the relevant usages of energy storage at customer end of distribution 

system. Here, customer energy management refers to storing energy during off-peak hour 

and dispatching it during peak hours to manage demand on utility sourced power. Renewable 

energy management refers to storing renewable generated energy generated during off-peak 

hours and making it available during peak hours. It corresponds to renewables energy time-

shift discussed before. The report also mentioned that energy storage can be used to prevent 

voltage sag at customer premise thus improving power quality. This is a relevant application 

because if a considerable portion of power is generated from renewables as discussed later in 

the thesis and if the renewable source is intermittent, the sudden changes in output power 

level may introduce voltage sag or rise at customer end. If the usage of energy storage at 

suitable locations reduces peak demand and/or peak energy consumption from utility, then it 

can also be used to defer system upgrades, new line or transformer installations.       

 

It should be noted that the cost of battery energy storage device is significantly high. This is 

one of the major challenges preventing widespread use of BESS. Several applications or 

services could be combined to make the BESS economically viable. It is generally termed as 

application synergy[2]. The possible synergy applications for storage located at distribution 

side are renewable capacity firming, renewable energy time-shifting, T&D upgrade deferral,  

demand charge management, time of use (TOU) based energy cost management and power 

quality. Since each application has different storage capacity requirements, an analysis of 

minimum storage capacity for a synergistic application is required. 

 

Therefore, renewable energy management is a promising application for energy storage 

systems. This will allow easier integration of renewable systems to the grid. Energy storage 

systems can be used to support high penetration of PV systems to grid by smoothing output 
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intermittency. It can also be used to store energy generated during off peak hours for use 

during peak hours (energy time shift). In general, most financial benefits will result from: 

a) reduced peak demand and time-of-use charges for consumers and  

b) the avoided costs of maintaining sufficient peak and intermediate power generating 

capability plus spinning reserve for utilities.[5] 

 

1.2.2 Community Energy Storage (CES)  

Community energy Storage (CES) is the concept of distributed energy storage at residential 

level. CES is a fleet of small distributed energy storage units connected to the secondary of 

transformers serving a few houses controlled together to provide feeder level benefits.  

In the USA, different utilities are interested in implementing the  CES concept. Several 

utilities like American Electric Power (AEP), Detroit Edison (DTE) and Sacramento 

Municipal Utility District (SMUD) have community energy storage demonstration projects 

on the way. In response to utility demand several manufacturers (S&C, international battery, 

A123 etc.) have developed CES units.  

AEP is leading this effort and, together with EPRI, has developed a detailed specification for 

CES systems [1,6,7] . Their approach and expected benefit out of the implementation will be 

discussed in next few paragraphs 

According to the specifications, AEP envisions [1] –  

“Community Energy Storage (CES) consists of multiple small battery-based energy storage 

units connected to the utility transformers’ 240/120 V secondary and controlled from a 

common remote control. Initially the individual CES Units will be pad-mounted and 

typically be deployed in Underground Residential Distribution (URD) settings adjacent to a 

single phase pad mount transformer. A large number of these small storage units will be 

aggregated regionally and controlled as a fleet”  
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Figure 1: Community Energy Storage Placement [source: AEP] 

 

 

 

Figure 2 : Communication & Control Layout for CES unit. 

 

Figure 1 shows the residential level placement of CES devices. In the diagram, each CES 

unit is connected at the secondary of each transformer serving a few homes. The homes may 

have renewable sources like PV installations. The individual CES units may run in 

distributed mode in which a unit decides on charging or discharging based on locally sensed 

parameters or activates on preset time basis. Figure 2 shows that the individual CES units in 
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an area can be controlled by a regional control hub or center if communication links are 

installed. The CES specifications created by AEP describe benefits like renewable 

integration, voltage control, improving power quality, load leveling and peak load shaving 

etc. Load leveling is similar to TOU energy cost management idea. The CES unit is charged 

when the load is low (off-peak hours) and discharged when the load is high (peak hours). As 

a result, the distribution system, transmission or the generation plants – depending on 

application scope – sees a more consistent load level. This helps increasing system efficiency 

because from transmission and distribution point of view, the lines do not get overloaded 

during peak hours. Also, from generation point of view, a consistent load helps achieve 

higher generation efficiency by avoiding use of peaking power plants.      

  

Therefore, to summarize, the general BESS / CES benefits that are of most interest are:  

1. Time of use energy cost management, demand charge management to help customers 

reduce utility charges due to peak energy consumption and peak power demand. 

2. Renewables integration: Renewables Energy Time-shift and renewables capacity 

firming to facilitate use of renewables. 

3. Load leveling and peak load shaving to make the load more consistent and to 

decrease peak load on transmission and distribution system.  

 

1.3 Impact of High-penetration of PV on distribution grid: 

It is expected that in near future, the improvement of overall efficiency of solar cells 

together with reduced lifetime cost and different state & federal programs such as 

subsidy or tax rebate will encourage residential users towards higher adoption of solar 

systems. Non-measurable issues like increasing environmental consciousness and 

interest towards reducing dependency on foreign fossil fuel sources contribute positively 

to this. 
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Since, the future distribution system is expected to have a high concentration of 

renewables and we’re considering a system with high penetration of PV, the issues 

related to high penetration of PV are reviewed here –  

 

The effects associated with high penetration of PV have been studied in detail in 

different papers, reports and articles[8,9,10]. Some articles suggest that reverse power 

flow can negatively impact protection co-ordination and may cause incorrect operation 

of line drop compensator enabled voltage regulators[9,10]. 

 

The Renewable Systems Interconnection (RSI) study is a DOE project focused on 

renewable systems. The project was launched during 2007 to identify the technical and 

analytical challenges that need to be addressed to enable use of renewable technologies 

at high penetration level. The study consisted of 15 reports addressing different issues 

which are available at DOE website [10] . The Solar Energy Grid Integration Systems 

(SEGIS) program[11] was initiated at 2008 as a result of the RSI studies. SEGIS is an 

industry led effort to develop inverters, controllers and energy management systems to 

enhance distributed PV systems application. SEGIS project also addresses mitigation of 

the intermittency of the solar resource caused by cloud cover or shading.  

 

Since the output of solar array depends on solar irradiance, a fast moving cloud cover or 

change from a sunny period to cloudy period introduces output power change. The 

output can go to zero within a very short period. This introduces a challenge for adopting 

PV systems at high penetration level because when the collective output in an area  

suddenly drops, the distribution grid has to supply the rest of the power. Therefore, the 

PV output power intermittency needs to be controlled [12].  

 

A of collection of PV output power curves is presented as an example to visualize the 

nature of intermittency. The profiles are called day0 (blue) , day1 (magenta) and day2 
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(orange) respectively.  Day-0 represents a normal sunny day. The curve has almost no 

intermittency. Day-1 profile represents a sunny day with some intermittency caused by 

passing cloud covers. On the other hand, Day-2 represents a partially sunny day with 

large variation in output power. The output power suddenly drops to zero after 3.00 pm 

on day-2. 

 

Figure 3: Sample PV profiles – PV output intermittency   

       

According to a RSI report on distribution system voltage performance at high-

penetration of PV scenario [13] - significant reverse power flow may result in the 

following operational issues in a traditional distribution system:  

i. Over-voltage in the distribution feeder – which is caused by the current injection 

associated with reverse power flow. PV penetration up to 50% was evaluated in 

the report. Voltage rise on the secondary circuits was observed and the rise was 

directly correlated to the amount of reverse power flow. 
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A report by IEA task group-V on PV systems suggested limiting that the 

maximum PV penetration to the minimum load on that specific feeder  [14]. 

According to the report, for example, if the minimum load was assumed to be 

25% of the maximum load of the feeder and if the PV penetration were 25% of 

the maximum load, only insignificant overvoltage occurred. This translates to an 

attempt to avoid reverse power flow by limiting PV adoption in the grid. 

Since the over voltage relates to the reverse current flow by ohms law, one 

solution to reducing over voltage is reducing utility’s series impedance. This can 

be achieved by designing service drops and distribution systems to have very low 

impedances resulting in low voltage drops. This means using larger or multiple 

conductors, modified transformer design – all of which increases capital costs. 

But another impact will be the system short circuit current will change, so the 

protection co-ordinations need to be modified, too. Other suggestions include 

using energy storage technologies or allowing PV inverters to do VAR 

compensation for voltage control.  

ii. Incorrect operation of control equipment that may lead to an increased number of 

operations and related equipment wear, or further aggravation of problems that 

might affect nearby other equipment [14,15]. 

An example of such an operation can be as follows –  line drop compensation 

(LDC) for load tap changing (LTC) transformer is commonly employed technique 

at distribution substations to raise or decrease the substation voltage according the 

load of a feeder so that a desired voltage is maintained at some point along the 

feeder. 

 If a group of residential PV systems are situated close to the substation and then 

at some time of the day the residential system may begin to inject current to the 

feeder due to reverse power flow. This can change the amount of load current 

measured at substation thus the LDC will calculate wrong setting for the LTC 



 

 

11 

 

transformer. As a result, the customers at the end of the regulation zone might 

face voltages below normal range.     

 Another possible scenario is runaway tap changer. Some controllers change the 

‘regulating side’ when reverse power flow is detected. In that case, the regulator 

may run into its highest or lowest allowed setting. It can be avoided if the 

regulator is capable of detecting reverse power flow and also change its regulating 

side from “normal output side” to “normal input side” as shown in the figure 

below.      

 

 

 

 

 

 

 

 

 

Reverse power flow may also effect capacitor banks that operate based on voltage 

level. 

The report mentioned that loss voltage regulation is the most likely to occur 

among all the issues that may arise due to reverse power flow. It can be 

accommodated up to a certain level of PV penetration by using modified controls. 

 

Figure 4:  runaway tap changer  due to reverse power flow 
[4]
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The distribution feeder model used in the study[13] comprised of residential and 

commercial loads.   

 

Thus from the literature search, we may conclude that the major benefits expected from 

BESS / CES implementations in a high penetration of PV environment are – 

1. Reducing peak energy consumption, peak load shaving resulting in improved grid 

performance.  

2. Support renewables integration by reducing PV output power intermittency. It’ll 

prevent any customer discomfort or equipment operation issues like flicker due to 

voltage fluctuation caused by PV output variability.   

3. Support renewables integration by limiting reverse power flow caused by high 

penetration of PV. Thus, it’ll stabilize the voltage profile across the feeder. 
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1.4 Community Energy Storage:  Desired Features 

 

In order to accommodate high penetration of PV in residential distribution systems, one 

option considered in this thesis is to cluster the PV systems which are close to each other 

- such as a neighborhood or community - to facilitate the management. Such a system is 

represented in figure 5. To manage the impact of such a community based PV systems 

on the grid, use of a small scale storage system or battery bank is considered. Therefore, 

the storage system can be used to address the previously stated issues. Henceforth, such 

neighborhood or community based systems will be referred as community microgrids.  

 

Microgrids are small-scale, low voltage supply networks designed to supply electrical 

and heat loads for a small community, such as a housing estate or a suburban 

locality, or an academic or public community such as a university or school etc. 

Microgrid is an active distribution network because it is the conglomerate of distributed 

generation (DG) systems and different loads at distribution voltage level.[16]. Since the 

DGs are situated close to the load, it increases system reliability. The difference between 

DG generation and load demand is met by the main grid or other nearby microgrids. 

With proper planning, in case of failure of main grid, the microgrid can act 

autonomously by supplying its loads or minimally the critical loads from DG resources. 

Microgrids encourage renewable generation or reuse of ‘waste’ heat for power 

generation or local water heating thus displacing some coal fired generation making it 

environmentally friendly. 

 

Figure -5 shows a graphical representation of a community microgrid. The community 

has PV arrays installed in the neighborhood houses. A few homes, usually four to six, 

serviced by a distribution transformer are grouped together and supported by a 

community energy storage (CES) device. This defines the boundary of community 

microgrid which is then connected to the distribution feeder by distribution transformer.  
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Figure 5: A community microgrid with clustered PV and Community Energy Storage. 

 

To harness the benefits of a CES unit, a properly designed control scheme – an Energy 

Management System (EMS) for the storage system is required.       

 

Therefore, in order to maximize the benefits of storage device, we want to use the CES 

unit to  

(a)  Reduce the demand or total energy consumption during the heavy load 

conditions. As described before in the ES applications, this will help the 

community to participate in, and benefit economically from the incentive 

programs utility offers, such as demand charge reduction, and/or time of use 

pricing. 
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(b)  Manage the impact of intermittent PV power output on the system, by smoothing 

out the PV power output. Because, in a high PV penetration scenario it might 

cause flicker at customer premise resulting in annoyance. 

(c)  Prevent excessive reverse power flow back to the utility during low load and high 

PV generation. These services can then be provided to the utility as ancillary 

services. Limiting excess reverse power flow will help to control overall feeder 

voltage profile which otherwise may result in incorrect or unwanted operation of 

control equipments. 

 

In this thesis, an optimization based real time management scheme has been considered 

for this purpose. The controller monitors aggregated load and aggregated PV generation 

at a certain interval, i.e.- every five minutes or less. Then, it employs an optimization 

method to find the proper dispatch level for the storage device to meet given objectives. 

The control scheme is discussed in next chapter. 
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Chapter 2 

Proposed Method 

 

In this chapter, the mathematical problem formulation and an appropriate solution method 

will be presented.  

In this thesis, an optimization based management scheme has been considered. The control 

scheme is shown in Figure 6 which corresponds to the graphical representation of the system 

in Figure 5. The controller monitors aggregated load, PL and aggregated PV output power Pg. 

Then, it employs an optimization method to find the proper dispatch level (charging or 

discharging rate , PES ) for the storage device to meet the target objectives. Since PV output  

can change suddenly and given the fact that long term forecasts tend to be inaccurate, a real 

time control scheme is required which is capable of utilizing forecast updates made available 

at a certain interval.  
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Figure 6a: Control scheme of the energy management system. 

 

This problem lends itself naturally as an optimal control problem. First of all, the control 

needs to observe the power balance all the time. Note that the power balance for the system 

in Figure-5 for any ‘i’-th interval will be 

           –                      …      (i) 

It should be noted that positive PL means load consumption. Similarly, positive Pg means PV 

supplies power to node, positive PES  means the storage is in charging mode  i.e. drawing 

power from node and positive Pg  means grid supplies power to the node. 

The objectives and other constraints of the problem are the following: 

 

1. The main objective of the control is to minimize the energy demand from the grid 

during high load conditions in the system. Cost of electricity during peak load period 
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is higher than non-peak period. Hence, the following weighted objective function is 

used to differentiate between these periods.   

 

Minimize                      
   
                      

   
         …  (ii) 

 

where ‘p’ to ‘p+q’ are the non-peak hours, ‘p+q+1’ to ‘p+k’ are the peak hour, 

and.    is the control interval. Note that the function uses different weights for 

energy consumption during peak and non peak periods. The weight W2, chosen for 

peak period, is higher than the weight W1 used for non peak hours. As a result the 

energy consumption for the whole optimization period will be minimized but the 

optimization algorithm will put more emphasis on minimizing energy demand during 

the period associated with higher weight   . Thus it will try to direct the energy 

storage in such a way that a portion of the energy required during peak hour is stored 

in the energy storage device during non peak hour. It will result in shifting the net 

energy demand from the grid from peak period to non-peak period.   

The weights should correspond to the price difference between peak and non-peak 

period. Therefore, it should be set experimentally. Tests show that the algorithm 

becomes somewhat insensitive to weight ratio when     > 3W1 . 

PES = X is the control variable, and the controller needs an estimate of the load and 

PV profiles in order to determine the optimal control scheme for ES device. 

 

2. An energy storage device has limits on charging and discharging power capacity. If 

the maximum charging or discharging power of the energy storage device is denoted 

by Pmax, it can represented as –  

 

                   …( iii) 
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3. The energy storage device also has maximum energy storage capacity limit. If the 

maximum energy storage capacity of the device is denoted by Es,max, then at any 

given time the energy stored has to be within zero and Es,max. If the initial state of 

energy of storage device in E0, it can represented by  - 

 

          
 
               …(iv) 

 

4. We want to prevent the excess generated power from PV to flow back to the grid 

from the community microgrid. This will eliminate the issues such as feeder over 

voltage or incorrect operation of control devices. For demonstration,  'No reverse 

power flow’ condition is selected which can be represented by the condition –  

 

       –                …(v) 

 

The utility or microgrid owners might want to limit the reverse power flow to a 

certain level so that the microgrid can send a portion of its excess generated energy 

back to the grid without causing any adverse impact to the system. In that case, the 

value of    can be set to an acceptable value to allow limited amount of reverse power 

flow back to grid.  

 

5. Sudden change, especially, drop of PV output power may result in flicker in the 

community service area causing customer annoyance. Thus a smoothing condition 

can be imposed to counter the intermittence. Flicker can be related to the amount of 

PV output power change. For a certain sized community, if the change of PV output 

power is below a range, then the intermittency doesn’t produce noticeable flicker. 

Hence, The strategy used here is to limit the change of PV output power by using 

energy storage. 
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A new quantity ,                    ) has been defined.      represents the power 

injected to the node by the combination of energy storage and PV which is consumed 

by the load. The variation of this injection from last time interval is limited by     

     . Thus the load sees a more leveled power. 

Thus, the smoothing condition can be represented by –  

 

                      …(vi) ; 

 

where,                       is the power injection to the node by ES & PV at ‘i’-th 

interval.  

 

6. The problem, the objective (ii) with the constraints (iii) to (vi), is a discrete optimal 

control problem. The problem has single objective and has linear constraints; hence, a 

linear programming technique is adopted to solve the problem, and a MATLAB 

program was developed for this purpose. Given an estimate of the load and PV power 

output profile for the next 24 hours, the initial control sequence can be estimated. 

However, since the actual PV power output may vary significantly from the forecast 

and also considering the fact that short term forecast is more accurate than a day 

ahead forecast, the program needs to update the initial control sequence as the updates 

of PV forecast becomes available. This will improve the performance of the energy 

management system. 

 

7. The EMS accounts for the state of charge (SOC) of battery storage system. Generally, 

manufacturers specify to what extent a battery can be discharged and the operating 

SOC region. If the battery operates in regions outside the specified SOC range, the 

output voltage may change sharply which is undesirable.  
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Thus the maximum and minimum operating ranges of the SOC are input to the EMS. 

The EMS makes sure that the battery energy storage is not charged or discharged 

beyond the given ranges.  

 

This parameter can also be used to allow some tolerance to the EMS. Since, forecasts 

are not totally accurate. Thus, there may be a cloud cover without any forecast. If the 

energy storage is close to exhausted at that moment, the intermittency can’t be served. 

Similarly, if a day is more sunny than forecasted, then the energy storage may need to 

absorb some extra energy to stop reverse power flow. Thus allowing some SOC 

tolerance might be useful in these scenarios.  

Next, the nature of forecast variation needs to be taken care of. We have assumed that short 

term forecasts tend to be accurate and as the forecasting horizon increases, forecast tends to 

be less accurate since cloud cover is hard to predict even in day ahead forecasts.  

 

Therefore, we need to incorporate real time forecast updates to the EMS. The EMS sends 

updated command to energy storage device at a set interval, i.e.- every five minutes. We can 

make the EMS capable of taking into account the latest PV output forecast to update its 

control command such that forecasting error is minimized.       

 

The concept of model predictive control (MPC) is suitable for online tracking of fast 

changing variables. The method is adopted for real time updating as follows – 

 An optimization window is selected and forecasted PV power generation and load 

information is used to solve for the chosen period. For a window size haing N data 

points, there will be N control points, X=[ X1, X2, X3 … XN ]. 

 The first control signal X1 is sent to ES device for the first control interval. 

 For the next iteration, PV output forecasts are updated. The previous solution(s) X1 

with respective PV and load data are saved and set as a historical value for the new 

iterations. 
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 The problem is solved with the new data to get the updated solution Xn=[ Xn1, Xn2, 

Xn3 … XnN ]. Where Xn1 = X1. 

 New solution Xn2 is sent to ES for second control interval. 

 The process is repeated. i.e.- fixing [X1, X2] , updating PV forecast and re-calculating 

X then applying X3 for third interval and so on. 

Therefore, the implementation of the algorithm can be explained by the following flowchart: 

 

Figure 6b: Flowchart of the control algorithm 

So, at the beginning of each control period, the program refreshes the PV forecast. Then it 

runs the MPC algorithm, selects the appropriate value and sends that as command to the ES 
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to execute. An external override command can be used to stop the program for the purpose of 

maintenance or changing mode etc.  

The timing co-ordination between the blocks should be considered during implementation. 

The MPC algorithm will run at a certain interval. The ‘update PV output forecast’ must have 

to generate new forecast before that interval so that the MPC algorithm can fetch and use the 

updated forecast data. 

Similarly, a practical inverter will have a ramp up time. The MPC algorithm should run at a 

speed slower than the inverter ramp rate. 

Another point regarding the battery is that the storage system is not energy neutral for every 

interval. A system is called energy neutral if after operating for a certain time-period ‘T’, the 

SOC or energy of the battery is greater or equal to energy before the operation. Since, the 

SOC has lower bounds; the algorithm will limit the amount of discharge so that the battery 

does not run into deep discharge. Same argument holds true for charging case.   

In the next section, test results associated with different use cases will be presented.   
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Chapter 3 

Test Results 

 

A Matlab program was developed to implement the proposed scheme.To test and assess the 

performance of the proposed scheme, residential load profiles from PG&E were used. PV 

power output profiles were collected from the outputs of 40KW rooftop solar panel installed 

at FREEDM systems center, Raleigh, NC. The test setup is explained below - 

3.1 PV profile data and forecast generation 

The following PV profiles were chosen, 

 

Figure 7 : PV profiles used 
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The profiles are called day0 , day1 and day2 respectively. Three different profiles were 

selected to cover different possible situations like a sunny day or a cloudy day. The profiles 

are called day0 (blue) , day1 (magenta) and day2 (orange) respectively. Day-0 represents a 

normal sunny day. The curve has almost no intermittency. Day-1 profile represents a sunny 

day with some intermittency caused by passing cloud covers. On the other hand, Day-2 

represents a partially sunny day with large variation in output power. The output power 

suddenly drops to zero after 3.00 pm on day-2.   Here the load profile is presented in per unit, 

but during test the profiles were converted to 4KW base.  

The PV forecast update is fed to the algorithm at each step so that the algorithm can take 

corrective action. Here the idea used is that short term PV output forecast is closer to actual 

output than longer term forecast.  

The actual PV output data for a day is also fed to the program to simulate the scenario where 

the program has the correct forecast for the whole day at the beginning of the day. It will 

indicate the optimal performance of the algorithm which will be used to compare against the 

MPC performance. Thus the control solution will be called ‘optimal’ or ‘Base case’ solution.  

We have assumed that accuracy of the estimate decreases as the forecasting horizon is 

increased, i.e.- the longer the forecasting time period the less accurate the estimate becomes. 

This approach is used to account for the PV output variability due to cloud cover which is 

hard to predict even 24 hour in advance. 

While generating PV output forecast, it is assumed that initially there is a 5 % mismatch 

between the actual curve and the forecast. This mismatch increases as the forecast horizon 

increases. The error is created by using an equation of the following form. Standard deviation 

   starts from 5% at the forecasting time and increases upto 50% as time progresses. A 

random number generator, rand() , is used to simulate the randomness. 

 forecasted_value= Actual_value * ( 1 +      rand () ) 
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For example, a forecast generated from the actual curve at 13:00 is shown in figure 8a. A 

zoomed version is shown in figure 8b.  It can be seen that as time progresses the error 

between actual and forecasted (generated) PV profile increases.  

 

Figure 8a: A PV forecast at 1pm 
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Figure 8b: A forecast at 1pm (Zoomed) 

  

3.2 Load profile 

The load profile used for the study is shown in Figure 9 . The residential load profile was 

collected from PG&E[17] . It represents a winter weekday. The residents of the household 

wake up by 7 AM. The load remains at that level up to 12 PM then it sags a little. It starts 

picking up after 3pm when the members start to come back home from school and office. 

The load peaks around 7PM - 8PM then starts to decrease slowly till 3 AM when it reaches 

the lowest level.   
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Figure 9: Load profile used 

 

3.3 Parameter selection 

The load base was selected to be 4KW which can be considered an average home load.   

Both the PV profile and load data were scaled to a 4KW base in order to represent a 100% 

PV penetration scenario.  

Some test runs were conducted to decide on the test parameters. The battery storage device 

used for simulation is rated at Pmax = 4 KW, Es,max =16 KWh with an initial SOC of 50%. 

Pmax was chosen to be equal to load base. While Es,max was a conservative selection from 

initial test run results. Later, studies were conducted to determine lowest achievable values of 

Pmax and Es,max so that Battery sizing could be determined. The effect of parameter change 

on objective function was also determined.  

The control interval is 5 minutes and the smoothing parameter is chosen as ∆P=0.5 KW. 

Since sun rises approximately around 7 AM, there’s no PV output before that time. So, the 

optimization window has been chosen from 7.00 – 24.00 hours and peak hours are from 
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17.00 to 24.00. It has been mentioned before that the weights associated with peak and non-

peak period should be set experimentally. TOU charge difference is one of the factors that 

effect the weights.   

3.4 Use cases  

Since, the main issues the energy management system will address are - 

a) Reduction of energy consumption during peak hours.  

b) Preventing reverse power flow towards feeder / grid. 

c) Smoothing of PV output power intermittency. 

The proposed method is general enough to handle all the goals. An utility user might decide 

to use all the target functions together or a combination of functions along with the main 

objective, peak energy consumption reduction .Thus, the likely combinations are -  

1) Reduction of energy consumption during peak hours.  

2) Reduction of peak energy consumption & preventing reverse power flow. 

3) Reduction of peak energy consumption and smoothing of PV output power 

intermittency. 

4) Reduction of peak energy consumption, preventing reverse power flow and 

smoothing of PV output power intermittency. 

Each combination is referred to as a ‘use case’. The combinations have been studied and 

compared for performance. The plot of Ps (power consumed from grid), can be used to 

observe peak energy reduction and associated load reduction effects. On the other hand, 

smoothing effect will be visible in PI (power injected to node by PV & ES combination) plot. 

Furthermore, the numerical values have been tabulated for comparison of objective function 

values ( named F_val). the objective function has been defined in previous chapter as 

                      
   
                      

   
        ;  

F_val can be considered to represent weighted energy consumption from grid. 

Note: Each use case test result consists of three days’ simulation. Each day has a MPC test 

result and a basecase test result. The results are plotted. Each plot contains three parts – a) 
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Power required from grid -with & without ES system. b) Power injected to the node by 

(PV,ES) combination. c) Charging command sequence to the energy storage device, PES .  

    

3.4.1: Use Case - 1 : Reduction of only energy consumption during peak hours  

The simulation was conducted on the three different PV profiles. The results are as follows. 

     

     

Figure 10: MPC algorithm result for the system – day0 
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Figure 11: Basecase result for the system – day0 
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Figure 12: MPC algorithm result for the system – day1 
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Figure 13: Basecase result for the system – day1 
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Figure 14: MPC algorithm result for the system – day2 
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Figure 15: Basecase optimization result for the system – day2 
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   Figure 15a: Comparison between charging trends of MPC algorithm and Basecase (Day -0) 

 

A numerical summary is provided below -   
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Table 1 : Simulation results summary for use case -1

 

 

These results show that if the ES is used only for peak energy management, then the energy 

management system charges the battery to full capacity during the non peak hours and then 

fully discharges during the peak hours.  

For the usecase-1 (for day-0) the battery state of charge (SOC) pattern is plotted together 

with basecase in Figure-15a for comparison. It is observed that the EMS charges the battery 

to a point (for day-0, approximately 71%) then just before the peak hour approaches, it 

charges the battery to the maximum allowed SOC. While for the base case scenario, it 

charges the battery to maximum allowed charge (SOCmax) at the very beginning. Therefore at 

the onset of peak hour (17.00 hr) both algorithms charge the battery to the maximum SOC. 

Therefore, results show that the MPC reacts only to short term.  

As the peak hour begins, the EMS gradually discharges the battery. On the contrary, the 

basecase scenario holds onto the charge till the end of peak hour and finally discharges at full 

rate. Since, the weights associated to the objective functions remain the same during the peak 

as well as the non-peak period, it doesn’t impact the objective function at what point during a 

period (peak or non peak) the battery was charged or discharged because ultimately the same 

amount of load shifting is achieved. The same behavior is observed for the other days. 

Simulation Result- Energy consumed from grid,Ps

without ES without ES without ES

MPC Basecase MPC Basecase MPC Basecase

F_val   (16.49) 7.5367 6.2027 17.50534 8.54604 7.21204 21.50671 12.54741 11.21341

sum(PL-PG) sum(PL-PG) sum(PL-PG)

13.2525 10.0531 8.7191 18.5101 15.3108 13.9768 27.5152 24.3159 22.9819

Breakdown Breakdown Breakdown

Non Peak hr : Non Peak : Non Peak :

-3.604 2.796 2.796 1.1164 7.5164 7.5164 6.6761 13.0761 13.0761

Peak hr: Peak : Peak :

16.8564 7.2571 5.9231 17.3937 7.7944 6.4604 20.8391 11.2398 9.9058

Max load : Max : Max :

3.4172 3.0251 3.4172 3.4152 3.0232 3.4152 3.4711 3.038 3.0232

With ES With ES With ES

Day - 0 Day-1 Day-2
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Specifically for the usecase-1, it may be observed that there’s a sudden spike in the battery 

charging as well as associated ‘power required from the grid’ graph because of the fast 

charging trend before the onset of peak hour. There is a similar discharging spike when the 

peak hour begins. From operations point of view, the grid should be able to handle the 

combined spike generated in a neighborhood during non-peak to peak hour transition. 

Another option maybe to to set different starting time for peak hours ( within a suitable close 

proximity in time) for different neighborhood or regions so that the combined effect of spike 

is disintegrated.          

The numerical comparison shows that for Day-0 - without any energy storage device the 

value of the weighted objective function is 16.49. In base-case scenario this could be reduced 

down to 6.2.  The MPC algorithm was able to achieve 7.53. The MPC algorithm is about 1.3 

KWh off from basecase performance.  

From the breakdown between peak and non peak period energy consumption from grid 

(Pgrid), load shifting effect is visible. Peak energy consumption is reduced from 16.85 KWhr 

to 7.257 KWhr while non-peak hour consumption increased from -3.6 KWhr (export) to 2.79 

KWhrs . Although it is not part of the objective, peak load reduction is observed.   

 

3.4.2: Use Case - 2: Reducing of peak energy consumption & limiting reverse power-

flow. 

These two functionalities can be combined in the EMS. The simulation results are shown 

below-  
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Figure 16: MPC algorithm result for the system – day0 



 

 

40 

 

 

 
Figure 17: Basecase optimization result for the system – day0 
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Figure 18: MPC algorithm result for the system – day1 
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Figure 19: Basecase optimization result for the system – day1 
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Figure 20: MPC algorithm result for the system – day2 
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Figure 21: Basecase optimization result for the system – day2 
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Figure 21a: Comparison between charging trends of MPC algorithm and Basecase (Day -0) 

A numerical summary chart is provided below -   
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Table 2: Simulation results summary for use case-2

 

 

 

It is noticeable from the graphs that reverse power flow was limited to zero (No reverse 

power flow). In all the test results using EMS, the power required from grid (Pgrid) never 

went below zero. it is observed that the weighted objective function values are pretty close 

the values achieved at use case -1 (only peak energy reduction). 

At the beginning, the discharging trends follow similar trend but slightly different path. From 

the forecasts (MPC) and given data (basecase) the algorithms have an estimate of the amount 

of energy they will have to store in order to limit reverse power flow. Since the initial SOC is 

higher than the minimum SOC required to operate when reverse power flow begins, the EMS 

discharges the system. As reverse power flow begins at 10.00 hrs, both the MPC and 

basecase acts to limit reverse power flow by storing excess energy. At the end of non-peak 

period, the ES reaches maximum allowed charge (SOCmax)  for both MPC and basecase. As 

the peak period begins, MPC begins to discharge gradually. In case of basecase, it holds the 

charge for a while then discharges at maximum rate till it reaches minimum allowed SOC. 

This action seems to render lesser value for the peak period portion of the objective function.   

Simulation Result- Energy consumed from grid,Ps

without ES without ES without ES

MPC Basecase MPC Basecase MPC Basecase

F_val   (16.49) 7.54981 6.83715 17.50534 8.59315 7.84181 21.50671 12.5707 11.84011

sum(PL-PG) sum(PL-PG) sum(PL-PG)

13.2525 10.0583 9.3459 18.5101 15.3148 14.6035 27.5152 24.3544 23.6086

Breakdown Breakdown Breakdown

Non Peak hr : Non Peak : Non Peak :

-3.604 2.7871 2.7875 1.1164 7.4685 7.5131 6.6761 13.093 13.0761

Peak hr: Peak : Peak :

16.8564 7.2711 6.5584 17.3937 7.8463 7.0905 20.8391 11.2614 10.5325

Max load : Max : Max :

3.4172 1.8596 3.3657 3.4152 1.8674 3.2908 3.4711 2.5511 3.4711

With ESWith ES With ES

Day - 0 Day-1 Day-2
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For Day-1 and Day-2 , the charging graph (figure 18,20) shows spike similar to the one 

discussed in usecase-1 (figure 10,12,14). Since the objectives do not include any smoothing 

function, the PV intermittency in visible in some area. Although, when reverse power flow is 

limited by the algorithms, it also flattens PV intermittency as a secondary effect. 

The tabulated results show that considerable reduction of peak energy consumption is 

achieved by using the ES. In this case, the energy minimization difference between MPC 

algorithm and basecase for day-0 is about 0.72 KWh. The numerical comparison shows that 

for Day-0 - without any energy storage device the value of the weighted objective function is 

16.49. In base-case scenario this could be reduced down to 6.84.  The MPC algorithm was 

able to achieve 7.55.   

From the breakdown, load shifting effect is visible. Peak energy consumption is reduced 

from 16.85 KWhr to 7.27 KWhr while non-peak hour consumption increased from -3.6 

KWhr (export) to 2.79 KWhr. Although, not part of the objective, peak load reduction is 

observed.    
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3.4.3: Use Case - 3: Reduction of peak energy consumption & smoothing PV output 

power intermittency 

 

 

Figure 22: MPC algorithm result for the system – day0 
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Figure 23: Basecase optimization result for the system – day0 
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Figure 24: MPC algorithm result for the system – day1 
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Figure 25: Basecase optimization result for the system – day1 
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Figure 26: MPC algorithm result for the system – day2 
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Figure 27: Basecase optimization result for the system – day2 
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Figure 27a: Comparison between charging trends of MPC and Basecase (Day -0) 
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Table 3: Simulation results summary for use case-3

 
 

 

 

 

In this mode, the objective function value for MPC algorithm and basecase output results are 

very close. This usecase have the minimum numeric difference between MPC and basecase 

run. Although the minimized peak hour energy consumption is pretty close to the values 

achieved in usecase 1 and 2 .  

 

In this usecase, the objectives are reducing energy consumption during peak-period and 

smoothing PV output. So, the general charging and discharging trend visible in Figure 22, 24 

and 26 is that for the MPC algorithm, at the beginning of non peak period, the EMS charges 

the battery to some midpoint SOC and then before the peak hour begins it charges the battery 

to maximum allowed SOC following a similar trend of usecase-1 but due to the smoothing 

condition the change can’t be abrupt. Therefore, a sharp peak before the beginning of peak 

hour like that of usecase-1 is not visible here. Once the peak hour begins,the EMS gradually 

discharges the battery towards minimum allowed SOC. But, contrary to the MPC behavior, 

the Basecase discharges the system at the beginning of peak hour, keeps smoothing the PV 

intermittency and as the peak hour approaches, it charges the battery to maximum allowed 

Simulation Result- Energy consumed from grid,Ps

without ES without ES without ES

MPC Basecase MPC Basecase MPC Basecase

F_val   (16.49) 7.54977 7.54375 17.50534 8.54852 8.54841 21.50671 12.5875 12.54671

sum(PL-PG) sum(PL-PG) sum(PL-PG)

13.2525 10.0525 10.0525 18.5101 15.3104 15.3101 27.5152 24.3661 24.3152

Breakdown Breakdown Breakdown

Non Peak hr : Non Peak : Non Peak :

-3.604 2.7807 2.7875 1.1164 7.5132 7.5131 6.6761 13.0872 13.0761

Peak hr: Peak : Peak :

16.8564 7.2717 7.265 17.3937 7.7972 7.7971 20.8391 11.2788 11.2391

Max load : Max : Max :

3.4172 1.7669 3.688 3.4152 1.9907 3.2714 3.4711 2.3495 3.7187

Day - 0 Day-1 Day-2

With ES With ES With ES
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SOC. As the peak hour begins, it discharges the battery for reducing grid energy 

consumption( figure 23,25,27). This usecase shows differerent charging /discharging trend 

than the basecase(optimal) scenario. Also, it may be noted that the basecase results exhibit 

some oscillation (within the smoothing limits) which may be caused due to instability in the 

numeric method used.   

 

This usecase would be useful if the utility or microgrid owners want to focus on PV output 

power intermittency beside reducing peak energy consumption. The smoothing effect is 

observable from the injected power (PI) parameter in “power injected to node by (PV,ES) 

combination”. It is observable specifically from day-2 MPC run that in spite of  fluctuations 

in the PV profile, the power injected to the node by PV & ES is smooth and there’s no visible 

step changes. Thus the ES successfully smoothed the output. It can be seen from the ES 

discharge (PES) graph that when the PV curve suddenly changed, the ES control changed to 

discharge or absorb the difference. 
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3.4.4: Use case - 4: Reduction of peak energy consumption, preventing reverse power 

flow  & smoothing PV output power  intermittency 

 

 

Figure 28: MPC algorithm result for the system – day0 
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Figure 28a: Basecase optimization result for the system – day0 
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Figure 30: MPC algorithm result for the system – day1 
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Figure 31: Basecase optimization result for the system – day1 
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Figure 32: MPC algorithm result for the system – day2 
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Figure 33: Basecase optimization result for the system – day2 
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Figure 33a: Comparison between charging trends of MPC and Basecase (Day -0) 
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Table 4: Simulation results summary for use case-4

 
 

 

 

 

This mode is the combination of all the functionalities. In this mode, the objective function 

value for MPC algorithm control output and basecase output results for peak energy 

reduction are very close. For Day-1 there’s a difference of about 0.7 Kwhrs between the 

algorithms. For the other days the difference is less that 0.1 Kwhr. But , compared to other 

use cases, this usecase with multiple constraint achieved less minimization ( Day0,MPC :- 

usecase-1: 7.53 , usecase-2: 7.55 , usecase-3: 7.55   ).  

The smoothing effect is observable from the injected power (PI) parameter in “power injected 

to node by (PV,ES) combination”. It is observable specifically from day-2 MPC run that in 

spite of  fluctuations in the PV profile, the power injected to the node by PV & ES is smooth 

and there’s no visible step changes. Thus the ES successfully smoothed the output. 

For the usecase-4, the MPC and basecase has similarity in charging and discharging pattern. 

At the beginning both MPC and basecase discharges. This happens because from the 

forecasts (MPC) and given data (basecase) the algorithms have an estimate of the amount of 

energy they’ll have to store to limit reverse power flow. But, since the initial SOC is higher 

Simulation Result- Energy consumed from grid,Ps

without ES without ES without ES

MPC Basecase MPC Basecase MPC Basecase

F_val   (16.49) 8.24111 7.536 17.50534 8.58006 8.54534 21.50671 12.5749 12.54671

sum(PL-PG) sum(PL-PG) sum(PL-PG)

13.2525 10.628 10.0525 18.5101 15.318 15.3101 27.5152 24.3365 24.3152

Breakdown Breakdown Breakdown

Non Peak hr : Non Peak : Non Peak :

-3.604 2.6521 2.796 1.1164 7.4866 7.5164 6.6761 13.0684 13.0761

Peak hr: Peak : Peak :

16.8564 7.9759 7.2564 17.3937 7.8314 7.7937 20.8391 11.2681 11.2391

Max load : Max : Max :

3.4172 2.7479 3.6496 3.4152 2.7616 3.7737 3.4711 2.7163 3.8576

Day - 0 Day-1 Day-2

With ES With ES With ES
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than the required minimum SOC to operate when reverse power flow begins, the EMS 

discharges the system. Reverse power flow occurs from 10.00 hrs. From that point, the EMS 

(both MPC and basecase) begins to charge the battery till the peak load period begins. As the 

peak period begins, the MPC begins to discharge at a steady rate upto minimum allowed 

SOC. The basecase holds the charge for some time then discharges the stored energy upto 

minimum allowed SOC. The charging and discharging pattern has similarity to usecase-2. 

Smoothing is performed simultaneously.  

 

It is also observed from the following modified figure that if a narrow the peak period is 

selected (19-21 hrs), the control sequence generated by both MPC and basecase seems to 

follow a close path, especially during peak hours.(figure 33b ).  
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Figure 33b: Charging trends for peak: 19-21 hrs, MPC4 day0(above) and day2(below)  

   

Among the combinations explored here, use case-1 (peak energy consumption reduction 

only) is considered the basic objective. But, using this option only may result in increased 

reverse power flow. There’s also a step reduction in power consumed from grid when the 

peak hour begins (Figure 10,12,14). If this change is not rate limited and all the feeder loads 
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suddenly change due to ES activation at the onset of peak hour, this may result is a step 

change in total system load which may not be desirable from operational point of view.  

 

Use case -2  (peak energy consumption reduction & preventing reverse power flow) seems to 

be suited for a system that can accommodate some occasional power demand fluctuations. 

 

Use case -3 (Reduction of peak energy consumption & smoothing PV output power 

intermittency) can successfully limit the output power intermittency within given range. 

Since, reverse power flow is not enabled, the system has to be able to handle resultant reverse 

power flow which is about 30% -50% of feeder load / base.  

  

Use case -4 makes use of all the options and produces a decent performance. The algorithm 

setup (parameter settings ) needs to be fine tuned according to feeder loading condition.  
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Chapter 4 

Sizing of Storage System 

 

Battery sizing is an important issue for energy storage system design. Since, batteries 

contribute heavily towards the final cost of the ES system. On the other hand, inadequate 

battery capacity might lead to sub-optimal benefits.  Parametric analysis was conducted on 

the major sizing parameters –charging power (     ), energy capacity        and smoothing 

parameter (∆P) 

4.1  Charging & discharging Power rating, Pmax: 

The basic relation used for preventing reverse power flow is that at any specific 

interval – 

         

     –             

                

which means that the ES should be able to absorb any excess energy produced by PV 

after meeting the load demand. Thus, the battery power capacity should be such that – 

                         + (allowed reverse power )    …(A1) 

When the system fails to meet this requirement then it’ll result in reverse power flow 

whose magnitude will equal to the difference of the two quantities.  
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So, it can be concluded that       can be reduced as long the condition A1 is not 

violated. In order to evaluate that a possible scenario of maximum PV generation with 

minimum feeder load should be considered.  

Thus ,                                  + (allowed reverse power )    …. (A2)     

Then a tolerance ( 20% suggested) should be allowed since the MPC algorithm gives 

result close to optimal minimum but it doesn’t guarantee optimal performance. 

For the PV and load profiles chosen here, we get 

 

So,  Pmax = 2.4 KW is chosen as minimum battery  power rating for ‘No reverse 

power flow’ condition. 

 

 

 

 

Day0 Day1 Day2

Max(Pg-Pl) 2.0013 1.8906 1.4505
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Figure 34: Effect of P=2.4 KW ; Emax=16 (Usecase-4) 

 

It can be observed from figure that maximum value of the charge discharge command 

to ES is close to maximum limit 2.4 KW. 
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4.2  Energy storage capacity, Es,max : 

The objectives of preventing reverse power flow impacts battery sizing most. In order 

to prevent reverse power flow, the battery storage device has to absorb the excess 

energy that would otherwise flow back towards grid. Thus, the minimum energy 

capacity of the storage has to be greater than the energy that would be transferred due 

to reverse power flow. Mathematically, it can be expressed as –  

                                           

  

From the PV profiles used here  -  

Table5: Reverse Power Flow for different days

 

   
   Thus the        has to be greater than 7.6 KWh. A tolerance should be allowed. Thus 

for MPC operation,          (20% tolerance) should be used.  It should be noted 

that the algorithm used only 60% of full range (90% to 30 %  SOC ). Thus, the 

minimum suggested Emax is 9.2/.6 = 15.33 KWhr.  

When all other objectives are enabled (usecase-4), it may require some more 

tolerance.(25% suggested) since, it is not possible to acquire prior knowledge of 

amount of PV variation for a day. For simulation purpose,         , performed 

satisfactorily with all objectives enabled.  

The graphs show that if Emax is increased, it’ll be able to  reduce peak energy 

consumption more (more load shifting), and the maximum peak load is also reduced. 

Day0 Day1 Day2

-7.59 -5.76 -2.38

reverse power flow (KWh)
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Figure 35a: P=2.4 KW ; Emax=16 
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Figure 35b: P=2.4 KW ; Emax=20 (Usecase-4) 

It is visible from the figures (power required from grid,  Pgrid curve) that increased 

Emax  reduces peak energy consumption. It is an expected outcome because a system 

with higher energy capacity can store more energy during off peak hours and return it 

to the node or customers it services during peak hours. Therefore the node can 

achieve better peak energy reduction. 

4.3 Setting smoothing parameter (∆P)  

The smoothing parameter restricts how much the output power from PV and ES 

combination can change in one time interval. This is how the PV output intermittency 

is reduced. The lower ∆P is, the smoother the output will be. But, in order to make the 

output smooth, ES needs to supply the differential power which may require higher 

energy capacity. From the simulations it was observed that if ∆P was reduced, it 

didn’t require to change Pmax for same given conditions. If ∆P  was reduced further, 

the optimization became infeasible due to hitting energy limits. It happened because, 

although (Plg = PL - Pg) changed  - the optimized power curve couldn’t change to 

follow the trend . Thus, the ES had to supply or recharge to fill the difference. This 

requires increased Emax capacity. In our simulation, initially we selected ∆P =0.5 

KW. We could reduce the delta down to ∆P=0.18. The performance indicators 

remained almost same. 
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Figure 36a : Usecase-4 ,  ∆P variation 
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Figure 36b: Usecase-4 ,  ∆P variation 

 

The curve for power injected to node by the combination of PV & ES (PI curves in 

figure 36a ,b ) seems smoother in the figures when the ∆P is reduced. Otherwise in 

“power required from grid,  Pgrid” curve , no appreciable difference is noted.  The 

effect of variation of  ∆P is also explored in parametric analysis part. 
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4.4 Parametric analysis 

 

Parametric analysis was conducted to find relations between varying Pmax & 

objective function value (fval). The results and summary is presented below.  

4.4.1 correlation with Pmax 

 

 

Figure 37a: Use case 1, Reduction of energy consumption during peak hours. 
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Figure 37b : Use case 2,  Reduction of peak energy consumption & preventing reverse power 

flow. 
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Figure 37c : Use case 3,Reduction of peak energy consumption and smoothing of PV 

output power intermittency. 
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Figure 37d: Use case 4, Reduction of peak energy consumption, preventing reverse 

power flow and smoothing of PV output power intermittency. 

 

From the plots, we can comment that for almost all the modes, the value of objective 

function      does not vary significantly if      is increased. It was observed that for 

mode3 (smoothing of PV output power intermittency) and for the worst day (day2),       

showed some variation at some higher      values. So, it can be commented that a 

minimum      is required according to the decribed requirements at the beginning of the 

chapter, but otherwise       didn’t correlate much on      . 
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4.4.2 Parametric study with respect to battery energy capacity (Es,max):  

 

Figure 38a: Use case 1, Reduction of energy consumption during peak hours. 
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Figure 38b: Use case 2, Reduction of peak energy consumption & preventing reverse power 

flow. 

 

Figure 38c: Use case  3, Reduction of peak energy consumption and smoothing of PV 

output power intermittency. 
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Figure 38d: Use case  4, (Reduction of peak energy consumption, preventing reverse 

power flow and smoothing of PV output power intermittency.) 

 

 

Here,        shows direct correlation with the value of objective function      .       

can attain lower values (better minimization) if        is increased. In case of 

multiple objectives (mode 2,4 , day 1-2) , it is observed that when          is 

increased      may reach a minimum saturation point. 
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4.4.3 Parametric study with respect to smoothing parameter (∆P):  

 

 

Figure 39a : Use case 1, Reduction of energy consumption during peak hours. 
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Figure 39b : Use case 2 : Reduction of peak energy consumption & preventing reverse power 

flow. 

 

 
Figure 39c : Use case 3, Reduction of peak energy consumption and smoothing of PV output 

power intermittency. 
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Figure 39d : Use case 4, Reduction of peak energy consumption, preventing reverse 

power flow and smoothing of PV output power intermittency. 

 

Here, ∆P  doesn’t show any direct correlation with the value of objective function 

     .       is almost insensitive to ∆P changes for mode 1 and mode 2. For mode 3 

and Mode 4,      changes within a small range as ∆P is increased. Thus it can be 

concluded that unless ∆P causes optimization infeasibility, it doesn’t have much 

impact on the value of objective function      .  

 

The effect of smoothing parameter can be visualized from the graph of power injected 

to node by PV & ES, namely PI (Figure 40 a,b). A portion of the graph is zoomed and 

it is observed that for a smaller ∆P , corresponding PI plot changes are smaller from 

one time step to next. Thus, the objective performed satisfactorily. 
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Figure 40a : effect of variation of ∆P (full view and portion zoomed.) 
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Figure 40b : effect of variation of ∆P (zoomed portion.) 

 

 

 

In figure 40a and 40b , the curve of PI ( Power injected to node by the combination of 

PV & ES)for three different ∆P values (0.2, 0.5, 0.9) are plotted. It is obverved that 

when ∆P is  lower the changes are in  

Thus, in summary,      and ∆P  doesn’t have much impact on     . However, if they 

are not properly selected, they may cause optimization infeasibility or render non-

optimal results. 

On the other hand, maximum battery energy capacity,        has direct correlation 

with      upto a saturation point.   
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Chapter 5 

5.1. Conclusion 

An energy management system for a community energy storage device has been 

developed in the thesis. The possible usages for an energy storage system and the 

expected benefits were considered. Issues arising from high penetration of PV in a 

distribution feeder were reviewed. Some of the major issues were selected and mitigation 

of these issues was attempted by the application of community energy storage. Such an 

application required an energy management system for the control of energy storage 

devices. Thus, an energy management system was developed for the control of energy 

storage devices. 

i. It can be concluded that the developed program is general in that it can be tailored 

to any of the specific main goals. It has the ability to integrate forecast updates in 

order to minimize the error that occurs due to long term forecasting inaccuracy.  

 

ii. The system runs in real time and uses model predictive control (MPC) technique 

to calculate the control command for the energy storage device based on current 

system conditions. Test results have shown that the objective function can attain 

results close to optimal values despite making adjustments for forecasting 

inaccuracies. 

 

iii. Battery sizing factors for system designing was studied and parametric analysis 

was performed to understand relations between objective function and the main 

three parameters – battery power rating, battery energy capacity and smoothing 

parameter.  
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iv. The minimum requirement for battery power rating depends on the difference 

between maximum PV power generation and the minimum load demand. The 

power rating of energy storage has to meet this condition for the program to 

operate in feasible region.     

v. The Energy capacity of the energy storage device depends specifically on the 

amount of power it needs to absorb to prevent reverse power flow towards grid. 

The value of objective function shows direct correlation to energy capacity.  A 

system with higher energy capacity can store more energy during off peak hours 

and then return it to the node or customers it services during peak hours. 

Therefore, the node can achieve better peak energy reduction. 

 

vi. A direct relation between smoothing parameter value and battery sizing is not 

observed. But, if the smoothing parameter is reduced very much then the 

optimization algorithm fails to find a feasible solution therefore producing a sub 

optimal solution. This same situation occurs if the power rating or energy capacity 

requirement for the battery is not fulfilled. 

 

It should be mentioned that battery sizing is focused on minimal sizing. So, there may be 

situations when the algorithms might fail to solve the problem due to infeasible initial 

condition. In that case, the solver needs to be robust enough to generate the best sub-

optimal solution.   

Therefore, the proposed EMS is an effective scheme for CES management. It facilitates 

grid efficiency by reducing peak energy consumption, provides peak load shaving and 

load shifting functionality. The proposed ES and control schemes will facilitate the high 

penetration of PVs at distribution systems by taking care of system issues like PV 

intermittency and reverse power flow.    
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5.2. Future Work 

1) The system needs a PV output power forecasting block. This block was simulated 

during test run. Such a block needs to be developed that will take weather pattern as input 

and shall forecast the expected PV output power for the rest of the day. The output of the 

block needs to be in KW so that the MPC algorithm can readily use it. ( Figure-6b ) 

2)  As described  in Figure-2, it is possible to develop hierarchical control using the EMS 

for CES to perform global optimization to achieve a given objective. An example of such 

an objective might be to reduce peak energy consumption for a combination of 

neighborhoods whose energy consumption pattern are not similar. In such a case the 

previously described neighborhood micro-grids would form a macro-grid.    

3) In this Thesis, only the PV output was smoothed. But, another constraint can be 

formulated to smooth the variation of load. Therefore, The load variation (such as 

charging PV ) will not affect the system. Then the impact of load smoothing on battery 

sizing has to be investigated. This can be considered as another usecase for the EMS.    

4) In this work the battery is assumed to be an ideal source. The impact of charging and 

discharging cycles on battery life should be considered. Some constraint may be included 

in the algorithm so that the battery life is not reduced too much. 
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