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Preface to ”Distributed Energy Storage Devices in

Smart Grids”

Energy storage systems have been recognized as viable solutions for implementing the smart

grid paradigm, but have created challenges for load levelling, integrating renewable and intermittent

sources, voltage and frequency regulation, grid resiliency, improving power quality and reliability,

reducing energy import during peak demand periods, and so on. In particular, distributed energy

storage addresses a wide range of the above potential issues, and it is gaining attention from

customers, utilities, and regulators.

Distributed energy storage has considerable potential for reducing costs and improving the

quality of electric services. However, installation costs and lifespan are the main drawbacks to

the wide diffusion of this technology. In this context, a serious challenge is the adoption of new

techniques and strategies for the optimal planning, control, and management of grids that include

distributed-energy storage devices. Regulatory guidance and proactive policies are urgently needed

to ensure a smooth rollout of this technology.

This collection of recent contributions addresses the development of methodologies applied

to the integration of distributed energy storage devices in smart power systems. Several areas of

research, such as optimal siting and sizing of energy storage systems, adaption of energy storage

systems to load leveling and harmonic compensation, integration of electric vehicles and optimal

control systems, are investigated in the contributions collected in this book, including:

• An economic analysis of load leveling with battery energy storage systems in an electricity

market from the perspective of a utility company and/or a government agency (Kim, H.; Jin, Y.;

Yoon, Y. An Economic Analysis of Load Leveling with Battery Energy Storage Systems (BESS)

in an Electricity Market Environment: The Korean Case. Energies 2019, 12(9), 1608);

• A proposal of a multiport converter for integrating photovoltaics, electric vehicle charging

docks, and energy storage devices with the grid system (Jha, M.; Blaabjerg, F.; Khan, M.; Bharath

Kurukuru, V.; Haque, A. Intelligent Control of Converter for Electric Vehicles Charging Station.

Energies 2019, 12(12), 2334);

• The configuration and control of a converter able to integrate batteries in a fast electric vehicle

charging station by decoupling the grid power from vehicle power using several auxiliary

battery modules (De Simone, D.; Piegari, L. Integration of Stationary Batteries for Fast Charge

EV Charging Stations. Energies 2019, 12(24), 4638);

• A method that fully supports battery energy storage system location and sizing, considering the

time-variable generation and demand patterns and by considering both technical and economic

aspects (Mazza, A.; Mirtaheri, H.; Chicco, G.; Russo, A.; Fantino, M. Location and Sizing of

Battery Energy Storage Units in Low Voltage Distribution Networks. Energies 2020, 13(1), 52);

• A multi-step procedure for the optimal planning of the electrical energy storage systems in

the microgrids aimed at minimizing the total costs while considering the compensation of the

voltage dips (Mottola, F.; Proto, D.; Varilone, P.; Verde, P. Planning of Distributed Energy Storage

Systems in μGrids Accounting for Voltage Dips. Energies 2020, 13(2), 401).

ix



• A methodology for energy storage placement in the distribution networks, in which robust

optimization accommodates system uncertainty (Chowdhury, N.; Pilo, F.; Pisano, G. Optimal

Energy Storage System Positioning and Sizing with Robust Optimization. Energies 2020, 13(3),

512).

• An optimization model to operate energy storage systems as coordinated active harmonic

filters for distributed compensation (Marini, A.; Piegari, L.; Mortazavi, S.; Ghazizadeh, M.

Coordinated Operation of Energy Storage Systems for Distributed Harmonic Compensation

in Microgrids. Energies 2020, 13(3), 771).

This book is relevant for energy practitioners involved in smart grid planning, management,

and control. It also represents a good starting point for young researchers who want to discover

the potential and up-to-date areas of research related to the services provided by distributed energy

storage systems in smart grid context. Eventually, the contents of the book may be used by system

operators to address the planning of future installations of energy storage system to boost the

performance of networks.

Guido Carpinelli, Pasquale De Falco, Fabio Mottola

Special Issue Editors

x
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Abstract: The capacity of battery energy storage systems (BESS) is expected to increase for power
system applications. However, as the cost of BESS is high, economic feasibility must be considered
when using BESS in grid applications. Load leveling with BESS is one such application for which the
economic implications have been analyzed in the literature. However, these studies do not sufficiently
consider the fact that the leveled loads will lead to a change in electricity prices, thereby modifying
charging/discharging operations of BESS. Additionally, in a competitive electricity market, electricity
prices are not determined by the generator cost functions. Market participants’ strategic decisions
also affect prices. Therefore, we conducted an economic analysis of load leveling with BESS in an
electricity market from the perspective of a utility company and/or a government agency. In our
analysis of the Korean market, we examine whether the leveled loads necessarily lead to economic
benefits. Load leveling performance and the associated economic benefit are quantitatively analyzed
for varying sizes of BESS. Further, the policy implications related to using BESS are derived from the
analysis results.

Keywords: battery energy storage systems (BESS); economic analysis; load leveling; electricity market

1. Introduction

The urgent environmental need to reduce greenhouse gas emissions has led to the integration of
renewable energy sources (RESs) into the power grid. In 2018, the global cumulative installed capacity
of RESs such as wind power and solar photovoltaic (PV) generation amounted to 539,123 MW [1] and
402.5 GW [2], respectively. However, RESs have disadvantages in terms of variability, intermittency,
and uncertainty of electricity generation [3]. Therefore, energy storage systems (ESS), particularly
battery ESS (BESS), have recently been attracting significant interest in the electricity industry as an
effective means of mitigating the disadvantages of RESs [4,5].

The installed BESS capacity for power system applications is expected to increase consistently, not
only for utility-scale applications but also for distributed small-scale applications, whereby a large
number of BESS are expected to be connected to PV systems and behind the meter [6,7]. This trend of
increasing BESS usage is likely to be accelerated by the widespread adoption of electric vehicles (EVs),
supported by improvements in vehicle-to-grid and grid-to-vehicle technologies [8]. Furthermore, cost
reductions in BESS technology are widely expected to become a key determinant of their increased
installation. For instance, it is expected that the cost of lithium-ion BESS will decrease significantly,
namely by 54–61%, between 2016 and 2030 [6], or by 52% between 2018 and 2040 [9]. For the latter
period, it is estimated that USD 620 billion in investment in the vehicle and the electricity sectors will
ensue [9].

Energies 2019, 12, 1608; doi:10.3390/en12091608 www.mdpi.com/journal/energies1
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Despite the positive forecasts regarding the cost of BESS, currently, costs are still so high that
the economic feasibility of their installation is not always given [10]. For this reason, several studies
have dealt with the economic aspects of BESS [11–38]. For instance, studies examine the BESS size
and the associated charging/discharging strategy for optimal usage, either by minimizing total cost
or maximizing the net present value (NPV) of grid-connected renewable energy systems [11–15].
Further, for a given BESS capacity, studies examine the operating strategy (i.e., the charging/discharging
schedule) is determined to minimize the cost or maximize the net benefit under a dynamic pricing
scheme [16–18]. Other researchers consider how a bidding strategy for BESS in an electricity market
environment can also be developed to increase profit [19,20]. The economic aspects of BESS have
also been considered for EV charging station planning [21–23]. Finally, economic considerations are
important in the process of designing and operating a microgrid with ESS [24–26], where the methods
based on particle swarm optimization have been used to determine an optimal size and/or an optimal
operational strategy of ESS in a microgrid. Particular consideration is given to the integration of RESs
into the microgrid in [24–26].

Economic feasibility is also an important factor to be considered for the various grid applications
of BESS [5,27]. This study focuses on the application of load leveling and analyzes its economic benefits.
Peak shaving using the discharging operation of BESS (when electricity demand is particularly high) is
inevitably followed by the charging operation during off-peak periods. Therefore, the analysis of load
leveling with BESS in this study includes peak shaving. Previous studies dealing with the economic
aspects of load leveling with BESS obtained the following results: It was found that load leveling
with BESS achieves an increase in the cost savings of thermal units [28–30]. Further, research suggests
that BESS can be used to maximize the NPV of a renewable energy system and a substation [31,32].
Evidence also suggests that the leveled loads with BESS may provide economic benefits by reducing
the required capacity of other equipment, such as generators and transformers, and by reducing the
frequency with which investment in such network equipment is needed [33]. Finally, it has been shown
that an economic benefit can also be obtained by peak shaving or peak reduction with BESS under a
dynamic electricity pricing scheme [34–36]. Since the accurate forecasts of generation and load are
essential to improving the performance of peak shaving, a method for peak shaving combined with a
forecasting method based on the adaptive neuro-fuzzy inference system is presented in [37].

Customers of electricity providers, particularly the industrial customers, pay the electricity bill,
which is comprised of the consumed energy cost and the peak demand surcharge. Thus, the economic
benefit of load leveling or peak reduction with BESS is obvious to customers. Since the buying cost
of electricity is a major cost component of a utility company, the provider’s economic benefit with
BESS corresponds to the reduction in the purchasing cost. Further, this economic benefit is relevant
for the government agencies which are responsible for the policies of the electricity industry because
the government permits billing rates to customers considering the cost of a utility. It can induce a
utility to lower the bill if the cost can be reduced by load leveling with BESS. This study considers the
perspective of a utility company and/or government agency. Hence, the problem to address in this
study can be simply expressed as the following questions: Does load leveling with BESS necessarily
lead to the economic benefit of a utility company? If so, how does the economic benefit change as the
BESS size increases? If not, what is the reason for the results contrary to the previous studies?

Answering these questions fills a research gap as the insightfulness of previous studies is limited
by the fact that electricity prices are always regarded as given. However, if the number and/or size
of BESS is large, then the leveled loads with BESS will result in a change in electricity prices, which,
in turn, modifies the charging/discharging operation of BESS. Accounting for this reality induces
an iterative process that is challenging to resolve. If the electricity price follows a typical parabolic
cost function, the iterative process may be resolved by mathematically finding a converging point.
However, in a competitive electricity market, the strategic decisions of participants may distort the
electricity price pattern. Therefore, the change in electricity prices due to the leveled loads with BESS
should be estimated as a basis for performing any economic analysis. Consequently, in this study, we

2
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derive the answers to the research questions by conducting an economic analysis of load leveling from
the perspective of a utility company, while considering changes in electricity prices, particularly thus
induced by large BESS in an electricity market environment. To illustrate the results, we consider the
situation of Korea’s electricity market and use the corresponding data as a case study.

The contributions of this paper are (1) the change in electricity prices due to the leveled loads are
explicitly considered in the economic analysis as the price function is defined with respect to loads;
(2) in defining the price function, a data-driven regression model is used and estimation accuracy is
achieved by data grouping; (3) it is shown as a main claim that it may be blind faith for load leveling
with BESS whereby a large cumulative capacity of BESS is always economically beneficial.

The remainder of the paper is organized as follows. To provide important background information,
Section 2 summarizes the structure of the Korean electricity market. Section 3 describes the optimization
formulation to perform load leveling and a method to estimate electricity prices with respect to the
load. Section 4 presents the necessary data for the analysis. Section 5 presents the results of the case
study, followed by a discussion in Section 6. Finally, concluding remarks are provided in Section 7.

2. Korean Electricity Market

The electric industry in Korea was re-structured in 2001, whereby the vertically integrated utility
company, the Korea Electric Power Corporation (KEPCO), was divided into an independent system
operator, the Korea Power Exchange (KPX); some generation companies (GENCOs), subsidiaries of
KEPCO; and the KEPCO itself playing correspondingly a reduced role. The Korean electricity market
was also defined as a result of the restructuring and is now run by the KPX.

The Korean electricity market is a cost-based pool. The GENCOs submit the amount of electricity
generation capacity and the cost function to the KPX. Then, the KPX determines the hourly generation
of each GENCO based on forecasted demand. The methods applied to this end, such as economic
dispatch or optimal power flow, must satisfy various conditions, such as balance of supply and demand,
reserve requirements, and maximum power flows of transmission lines. The KPX also sets the hourly
system marginal price (SMP). The SMP is usually set as the marginal generation cost of the most
expensive generator, or the marginal generator, and is used in the settlement process. The KEPCO
buys electricity through the market and pays the GENCOs according to the SMP. The KEPCO recovers
the cost of purchasing electricity by invoicing customers based on the billing rates approved by the
government agency.

3. Methodology

3.1. Load Leveling

The variation in original loads is mitigated or leveled by BESS charging/discharging operations.
The load leveling performance can be evaluated based on how close the leveled loads are to a reference
value. The mean-squared error (MSE) is selected in this study as a measure of closeness to the reference
value. Thus, the objective function to determine the optimal BESS operation for load leveling is the
MSE with respect to the reference value (Pre f ,h):

1
H

H∑
h=1

(
PL,h − Pre f ,h

)2

(1)

where PL,h is the original load at hour h and H is the number of hours corresponding to the time horizon
for load leveling. The reference, Pre f ,h, is defined for all h as the constant average of the original loads
during the entire time period:

Pre f ,h = 1
H

H∑
k=1

PL,k, h = 1, 2, · · ·H (2)

3
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Alternatively, BESS can be operated for load leveling on a daily basis. In this case, the reference
value on a specific day d may be defined as:

Pre f ,h = 1
24

24∑
k=1

PL,k, k ∈ d (3)

For convenience, the references in Equations (2) and (3) are denoted as the yearly reference (Yref)
and the daily reference (Dref), respectively. After including BESS, PL,h in (1) is replaced with the leveled
load, P̃L,h, defined as:

P̃L,h = PL,h + PB,h (4)

where PB,h is the electricity used to charge the BESS (leading to a positive value) or discharged from
the BESS (resulting in a negative value) at hour h. Therefore, load leveling involves determining the
value of PB,h that minimizes Equation (1), subject to the BESS-related constraints described below.

The first constraint is related to the maximum hourly charging and discharging power, Pmax
B ,

given as:
− Pmax

B ≤ PB,h ≤ Pmax
B (5)

In this study, the value of Pmax
B is considered equal to BESS capacity. For normal operation, the

state of charge (SOC) of the BESS should be bounded:

SOClow
B ≤ SOCB,h ≤ SOCupp

B (6)

where SOCB,h is the SOC at hour h and SOClow
B and SOCupp

B are the lower and upper bounds of the
SOC, respectively. The value of SOCB,h is updated every hour according to the following rule:

SOCB,h =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
SOCB,h−1 + ηB,chPB,h/Pmax

B , if PB,h > 0 (charging)
SOCB,h−1, if PB,h = 0 (no operation)
SOCB,h−1 + PB,h/(ηB,dchPmax

B ), if PB,h < 0 (discharging)
(7)

where ηB,ch and ηB,dch are the charging and discharging efficiencies, respectively. From Equation (7),
even if ηB,ch and ηB,dch are equal, the update equation is asymmetric because the effects of these values
are different for charging and discharging. However, the asymmetry for considering the loss of BESS
makes the solution of the optimization problem using the mixed integer quadratic programming
method extremely time-consuming. For example, when H is set to 168 h (one week), both ηB,ch and
ηB,dch are set to 95%, the BESS size is 50 GWh, the computation time to find the optimal solution is 110
s. By contrast, if the loss of BESS is neglected, that is, if ηB,ch and ηB,dch in Equation (7) are equal to one,
it can be reduced to a simpler equation:

SOCB,h = SOCB,h−1 + PB,h/Pmax
B (8)

As a result, for the same load leveling problem over 168 h, the computation time falls significantly
to just 0.2 s, which is a 99.82% decrease in computation time. The leveled loads with and without the
loss of BESS are shown in Figure 1 together with the original load. Figure 1 clarifies that the solutions
for the two cases are very similar in shape, and their mean absolute percentage errors (MAPEs) are
as small as 0.26%. This minor difference is not the primary concern of this study. Moreover, in
our analysis, H is equal to 8760 h (one year). This means that if the formulas that consider the loss
of BESS are applied, the computation time would be too large because the search space expands
exponentially as H increases. Consequently, Equation (8) without loss is used instead of Equation (7)
for the remainder of this study. This enhances computational efficiency without causing a noteworthy
loss of informativeness of results.

4
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Figure 1. Leveled loads with and without the loss of battery energy storage systems (BESS) compared
with original loads.

3.2. Electricity Price as a Function of Load

Electricity prices should be represented as a function of load to estimate the change in price for the
leveled loads. Among the methods for identifying the relationship between input and output values,
we selected the polynomial regression method [38], in which the load corresponds to the input, and
the electricity price is the output. Then, the price function, ρh(PL,h), can be represented as:

ρh(PL,h) = β0 + β1PL,h + β2P2
L,h + · · ·+ βmPm

L,h + εh (9)

where βm’s are the regression coefficients and εh is the error term. It should be noted that the original
loads, PL,h, are used in (9) because the price function is found using the original loads. Then, the
change in price after load leveling is estimated by substituting the leveled load, P̃L,h, into the price
function in (9).

The degree of the polynomial, m, is selected according to the adjusted R2 index, which indicates
the quality of the regression model. When a model fits the data well, the adjusted R2 index becomes
closer to 1 [38]. Therefore, the degree of the polynomial is chosen as the value where the adjusted R2

saturates at a value closer to 1 or its rate of increase becomes moderately small.

4. Case Description

The data on loads and electricity prices are taken from the Korean power system for the year
2018 [39,40]. The case study consists of three steps. The first step is to find the leveled loads using
BESS based on the formulation in Section 3.1. It is performed by varying the BESS size from 1 GWh
to 150 GWh by increments of 1 GWh, where the maximum size is approximately 1.7 times the peak
load of 87.03 GWh. The maximum and minimum SOC are set to 90% and 10%, respectively. The
two references of Yref and Dref are applied separately. The second step is to represent the electricity
prices as a function of loads using a polynomial regression. In order to determine a suitable degree of
polynomial, the adjusted R-squared values are calculated by varying the degree of the polynomial
(which entails varying the number of terms in the polynomial regression) from one to nine. Then, the
fitted price function of loads is derived as a polynomial function of the selected degree. The final step
is to perform the economic analysis by calculating the total cost of leveled loads based on the results
from the first and second steps.

For a more detailed economic analysis, another simulation, which is essentially the opposite of
the previous scenario, is performed to examine how the BESS operation for reducing the cost affects

5
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the load leveling performance. In other words, BESS are operated with the goal of minimizing the
total cost, not optimizing load leveling. Then, it can be investigated to what extent the adjusted loads
are spread with respect to the reference, Yref or Dref, by calculating the MSE. In this second scenario,
the first step is to again vary the BESS size from 1 GWh to 150 GWh by increments of 1 GWh, thus
determining the charging/discharging schedule of BESS, which reduces the total cost for the original
electricity prices. Then, the adjusted loads and the corresponding total cost are calculated. The second
step is to calculate the MSE for the adjusted loads with respect to Yref and Dref.

The monthly and hourly load patterns are represented as box plots using Matlab in Figure 2a,b,
respectively. When generating Figure 2a, the hourly loads over the year are grouped by month. Thus,
the number of data points in each month is equal to 24 h times the number of days in the corresponding
month. Then, the monthly loads in each month are sorted in ascending order and represented as a box
plot, where the upper and lower sides of the blue box indicate the 75th percentile (the third quartile,
Q3) and 25th percentile (the first quartile, Q1), respectively. The red line in the middle of the blue box
indicates the median (50th percentile) of the sorted loads and the highest and lowest black lines indicate
the maximum and minimum values, respectively. When generating Figure 2b, the hourly loads over
the year are grouped by hour, such that there are 365 data for each hour group. Then, the hourly
loads for each hour are sorted in ascending order and represented as a box plot. Like Figure 2a, the
upper side, the red line, and the lower side of the blue box indicate the 25th percentile, 50th percentile
(median), and 75th percentile of the sorted loads. However, the hourly loads are distributed quite
widely, such that there are some points that are greater than Q3 + 1.5 times (Q3 − Q1) or less than
Q1 − 1.5 times (Q3 − Q1). These data points are referred to as whiskers. This type of points can be
interpreted as outliers in data analysis and are represented as red crosses in Figure 2b. If there are red
crosses outside the highest and lowest black lines, then the black line indicates Q3 + 1.5 times (Q3 −
Q1) or Q1 − 1.5 times (Q3 − Q1); otherwise, it indicates the maximum or minimum value of the sorted
hourly loads. The average hourly load of the analyzed year is equal to 61.25 GWh. Figure 2 shows
that summer (July and August) and winter (January, February, and December) are the peak seasons of
electricity consumption over the year. In addition, during a day, two peaks occur just before and just
after noon.

 
(a) (b) 

Figure 2. Box plots for original loads: (a) Monthly loads; (b) Hourly loads.

The monthly and hourly patterns of original electricity prices are represented as the box plots
using Matlab in Figure 3a,b, respectively. The methods of grouping the price data for the year and the
meaning of the symbols of the box plot are the same as those for the loads in Figure 2a,b. Electricity
prices need to be represented as a function of load in this study, which requires a relationship to exist
between them. Figure 3b shows a similar pattern to Figure 2a, although peak and off-peak hours are
not as apparent as the loads. Therefore, it can be inferred that there is a positive relationship between
loads and electricity prices. However, the monthly variation of electricity prices in Figure 3a does not

6



Energies 2019, 12, 1608

show a clear pattern which was observed seen in Figure 2a. Therefore, we checked the correlation
coefficient between loads and electricity prices. The correlation coefficient for the entire dataset is 0.47,
indicating a moderately positive correlation. By contrast, Table 1 shows that the monthly correlation
coefficients are very high, indicating a highly positive relationship. Consequently, the polynomial
regression is performed on monthly data, so that a total of 12 price functions are found to estimate the
price change in response to the leveled loads. The specific results of the polynomial regression are
presented in Section 4.

 
(a) (b) 

Figure 3. Box plots for original electricity prices: (a) Monthly prices; (b) Hourly prices.

Table 1. Correlation coefficients between monthly loads and electricity prices.

January February March April May June

0.84 0.79 0.81 0.92 0.72 0.85

July August September October November December

0.90 0.84 0.81 0.88 0.87 0.84

5. Simulation Results

5.1. Load Leveling

It is expected that the load will be leveled more and the MSE will decrease as the BESS size
increases. Further, the important result to be examined is not the absolute value of the MSE, but how
much the MSE is reduced when BESS size is increased. Therefore, the load leveling performance in
terms of the MSE is represented in Figure 4a as the percentage ratio to the MSE of the original loads
without BESS. Since two references of Yref and Dref are used in this study, two graphs of the MSE
ratio are shown in Figure 4a. Additionally, the original loads and the leveled loads with the BESS
sizes of 50 GWh and 150 GWh for the month of May are shown in Figure 5 to identify the changes
from load leveling more clearly. Another measure to examine the load leveling performance is the
maximum/minimum values of the leveled loads because they will be closer to a reference, that is,
the maximum will decrease and the minimum will increase, as the BESS size increases. Thus, the
maximum/minimum values of the leveled loads for Yref and Dref are given in Figure 4b.

Figure 4a shows that the marginal improvement in the load leveling performance by the unit
increase in BESS size gradually decreases as BESS size increases. This is because the load duration
of very high or very low loads is relatively short, so that a relatively small BESS can significantly
improve load leveling. However, as BESS size increases, the duration for which loads need to be
lowered or raised with respect to the reference value increases. Therefore, the degree of reduction in
MSE decreases. More specifically, the decrease in the degree of reduction is severe, especially for Yref,
because the load leveling is performed for the same constant reference over the entire time period.
Figure 4a clarifies this relationship by showing the slow decrease in the MSE for Yref, which makes a
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significant difference for a large BESS. Specifically, the MSE for Dref is reduced to less than 10% for a
BESS size greater than 70 GWh. By contrast, the MSE for Yref is still equal to approximately 48%, even
for a BESS size of 150 GWh.

On the other hand, as Figure 4b shows, the maximum and minimum values of the leveled loads
are almost the same for the two references. Specifically, the maximum values of the leveled loads
for the two references are equal to each other in the beginning (hence why the lines in the graph
almost exactly coincide), but a difference in the minimum values becomes evident from the BESS size
of 30 GWh. The results can be clarified with Figure 5. Regardless of whether the load leveling is
performed during a year or a day, the goal is to lower the high loads and raise the low loads. Thus,
the overall shapes of Figure 5 for the two reference values are similar. However, the highs and lows
improve more for Yref than for Dref. This is because the number of days with high loads, such as
summer and winter weekdays, is greater than the number of days with low loads, such as holidays
and spring/autumn weekends. Therefore, lowering the maximum total loads for Yref is equivalent
to lowering the maximum of a day of high loads for Dref. However, after increasing the minimum
of the holidays and weekends of low loads, the minimum of the leveled days of low loads remains
unchanged. Consequently, as seen in Figure 4b, the minimum of the leveled load for Dref hardly
changes after some point, which corresponds to a BESS size of 30 GWh in this case study.

 
(a) (b) 

Figure 4. Mean-squared error (MSE) and maximum/minimum values of the leveled loads with respect
to BESS size: (a) MSE for Yref and Dref; (b) Maximum and minimum values for Yref and Dref.

 
(a) (b) 

Figure 5. Original and leveled loads with BESS of 50 GWh and 150 GWh in May: (a) Leveled loads for
Yref; (b) Leveled loads for Dref.
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5.2. Representation of Electricity Prices

In Figure 6, electricity prices are represented as a scatter plot with respect to the load. Although
the electricity price appears to increase as the load increases, a relationship between them is difficult to
identify. Therefore, considering the monthly correlation coefficients in Table 1, we divide the data by
month and represent them as separate scatter plots in Figure 7. Contrary to Figure 6, the variation of
data points is small, so a relationship between electricity prices and loads becomes evident.

Figure 6. Electricity prices with respect to the loads over a year.

Figure 7. Electricity prices with respect to loads (blue dots) in each month and the fitted prices (solid
red lines) using the polynomial regression.

The results of the adjusted R-squared values are shown in Figure 8. By checking whether the
adjusted R-squared value is close enough to 1, the degrees of the polynomial of each month, from
January to December, are selected as 6, 3, 4, 4, 4, 4, 5, 3, 4, 4, 4, and 4, respectively. The fitted functions
are represented as the solid red lines on the original data points in Figure 7. The fitted graph of each
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month in Figure 7 represents the original electricity prices well. Specifically, the MAPE of the fitted
electricity prices during a year is equal to 1.78%.

Figure 8. Adjusted R-squared values of the polynomial regression with a degree of polynomial from
one to nine.

5.3. Economic Analysis

First, the accuracy of the fitted electricity price function is examined in terms of the total cost.
The total cost for the original prices and loads is calculated as 50,776 billion KRW and the total cost for
the fitted prices and original loads is also equal to 50,776 billion KRW. This is evidence of the suitability
of the fitted price function. The estimated costs after load leveling with the BESS are shown in Figure 9
as a percentage of the total cost of 50,776 billion KRW for the original prices and loads without BESS.
Figure 9 shows that, regardless of whether the load leveling is performed for Yref or Dref, the total cost
monotonically increases as BESS size increases. Based on the expectation that an economic benefit
should accrue from load leveling due to the reduction in peaks, this result seems counterintuitive at
first. However, closer inspection of Figure 7 indicates that this should nevertheless be the natural result
because electricity prices increase fast in the range of small loads, but they increase slowly in the range
of high loads. As a result, the increased cost due to upward leveling of small loads is greater than the
decreased cost from downward leveling of high loads. Consequently, the total cost increases after load
leveling with BESS. In addition, Figure 7 shows that the total cost for Yref is greater than that for Dref.
This implies that more effort is required to flatten the loads over a longer time period, resulting in a
greater cost increase.

The results suggest that we need to rethink the purpose of load leveling. If the price function
is a quadratic one based on the cost of the physical operation of generators [41], the total cost will
monotonically decrease as BESS size increases, although the extent of the decrease will gradually
become smaller. Then, it should be a natural decision to use BESS for load leveling, and the problem
is essentially reduced to deciding on a suitable BESS size by comparing the cost decrease from the
leveled loads against the cost increase from the BESS. However, as Figure 9 indicates, the costs which
are physically incurred by generators is not the only factor to be considered in deciding on electricity
prices or bidding prices in a market environment. For example, under some bidding strategies, bid
prices for low loads could be set much higher than the actual generation costs and those for high loads
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could be set at a level comparable to the actual generation cost. In this case, the electricity prices
shown in Figure 7 would result. Consequently, without other benefits, such as improved reliability
and stability due to the leveled load, one cannot simply assume that load leveling is a worthwhile grid
application of BESS from an economic standpoint, particularly in an electricity market environment.

Figure 9. Estimated cost of leveled loads with respect to BESS size.

5.4. BESS Operation for Reducing the Cost

The results of the second scenario, the cost minimization scenario, are shown in Figure 10. Like
Figure 9, the total cost and the MSE are represented in Figure 10 as the percentage of the corresponding
results for the original prices and loads without BESS. Figure 10 shows that the total cost decreases
linearly as the BESS size increases because BESS are operated to minimize the total cost. However, the
MSEs for Yref and Dref increase rapidly to tens of times the MSE without BESS, which is completely
against the purpose of load leveling. This is because, in the process of minimizing the cost, the loads
greater than the reference value are increased and the loads less than the reference value are decreased.
This means that the loads can be changed to deviate further from the reference value to reduce the cost.

Figure 10. Total cost from optimized BESS operation to reduce the cost and MSEs for Yref and Dref of
the resulting loads.

6. Discussion

The results of load leveling in Section 5.1 indicate that loads can be flattened more as BESS size
increases. However, it should be noted that the extent of load leveling performance is gradually
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reduced, while the costs of BESS remain high. Therefore, if the total cost of electricity consumption
decreases due to the leveled loads, it may be necessary to compare the marginal reduction in the total
cost reduction with the marginal increase in the investment for the unit increase in BESS size. Then,
the optimal BESS size can be determined. However, as presented in Section 5.3, the total cost rather
monotonically increases as the BESS size increases and the load is correspondingly flattened more.
This suggests that the load leveling with BESS may not necessarily lead to economic benefits for a
utility company, particularly in a competitive electricity market environment. Subsequently, it becomes
meaningless to discuss how much the economic benefit is as the BESS size increases and which BESS
size is optimal for the load leveling application in terms of economic benefit. What is the reason for
these counterintuitive results? It can be inferred from Figure 7 that the complex strategic decisions of
the participants in an electricity market may result in a complex pattern of electricity prices, whereby
prices increase quickly in the range of small loads but increase slowly in the range of high loads. In
this case, it may be simply incorrect to state that the utility’s investment in BESS can be recovered after
some years through the reduced purchasing cost of electricity.

This conflict between the economic benefit and the load leveling application with BESS can be
verified more clearly by reviewing the results of the second scenario. In order to reduce the total cost,
BESS are charged during the periods of low electricity price and discharged during high price periods.
However, this means that operating BESS with the goal of reducing electricity costs actually widened
the variation of the resulting loads. Consequently, in a certain electricity market environment, the
economic operation of BESS to recover investment costs will increase the fluctuation of net loads. As a
result, the side costs of maintaining the reliability and stability of electricity networks may undermine
the utility company’s profit.

The results in this study lead to some guidelines for designing a policy related to the BESS for load
leveling. First, it should not simply be assumed that BESS with a high cumulative capacity is always
economically beneficial even if the investment cost in BESS is low enough. Second, load leveling
with the BESS may rather increase the total cost of electricity provision, particularly in a competitive
electricity market environment. In this case, the load leveling needs to be linked to other purposes than
economic benefit to justify the validity of using the BESS. Third, when a large number of distributed
BESS are integrated into the power system, the pricing mechanism of electricity should be elaborately
designed to prevent the synchronized operation of the BESS. This is necessary to ensure systems remain
sufficiently profitable and that the power system is reliable.

7. Conclusions

BESS, alongside renewable energy sources, are expected to become a major component of future
power systems. However, an analysis of their economic feasibility is essential because, at present, the
costs of investing in BESS are significant. Among the various grid applications of BESS, this study
focused on load leveling and analyzed its economic benefits in an electricity market environment. For
economic analysis, load leveling is formulated as a constrained optimization problem, which is then
solved using mixed integer quadratic programming. Additionally, the electricity prices are represented
as a function of the load using the polynomial regression method to estimate the adjusted prices for
the leveled loads.

The results of the economic analysis using Korean data show that the degree of reduction in the
MSEs of the leveled loads decreases as BESS size increases. The problem that MSE reduction decreases
with the increase in BESS size is more severe for the yearly reference because load leveling is performed
for the same constant reference over a longer time period. Further, the results show that, contrary to
the simple expectation that load leveling will result in decreased cost of electricity generation, the total
cost monotonically increases as the BESS size increases and accordingly, the loads are flattened more.
By contrast, if BESS are operated to minimize the cost, the variation of net loads severely increases,
which is the opposite to what load leveling is intended to achieve.
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The results suggest some guidelines for designing policy related to BESS for load leveling. First, it
should not be assumed that a large cumulative capacity of BESS is always economically beneficial if its
price is low enough. Second, load leveling with BESS may actually increase the total cost of electricity
provision, particularly in a competitive electricity market environment. In this case, the justification for
pursuing load leveling needs to be based on some purpose other than economic benefit to ensure the
validity of using BESS. Finally, when a large number of distributed BESS are integrated into the power
system, the electricity pricing scheme should be elaborately designed to prevent the synchronized
operation of BESS and thereby, ensure the power system remains reliable.

Meaningful further research could consider the following topics: First, it is assumed that GENCOs’
bids do not change for utilities’ application of load leveling with BESS. That is, the price function
itself may change with leveled loads, which results in another iterative process. Thus, defining this
iterative mechanism becomes a research issue, which will be very difficult to be addressed because
it involves strategic, not just technical, decisions on behalf of GENCOs. Second, if the leveled loads
improve reliability and stability of power systems, a different kind of economic analysis can be done by
translating the improved reliability into monetary value. Third, it is assumed in this study that BESS
are operated only for load leveling. Thus, it may be necessary to consider that BESS are utilized partly
for load leveling and partly for another purpose, and to determine an optimal proportion between the
applications of BESS.
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Abbreviations

Acronyms
RES Renewable energy source
PV Photovoltaic
ESS Energy storage systems
BESS Battery energy storage systems
EV Electric vehicle
NPV Net present value
KEPCO Korea Electric Power Corporation
KPX Korea Power Exchange
GENCO Generation company
SMP System marginal price
MSE Mean-squared error
SOC State of charge
MAPE Mean absolute percentage error
Indices
h Index of hour
d Index of day
Parameters
xPre f ,h Reference for load leveling
PL,h Original load at hour h
Pmax

B BESS size
SOClow

B Lower bound of the SOC
SOCupp

B Upper bounds of the SOC
ηB,ch Charging efficiency of BESS
ηB,dch Discharging efficiency of BESS
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H Number of hours
m Degree of polynomial in regression
Variables
P̃L,h Leveled load at hour h

PB,h
Electricity charged (positive) to or discharged
(negative) from BESS at hour h

SOCB,h SOC of BESS at hour h
ρh Electricity price at hour h
βm Regression coefficients
εh Error term in regression
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Abstract: Electric vehicles (EVs) are envisaged to be the future transportation medium, and
demonstrate energy efficiency levels much higher than conventional gasoline or diesel-based vehicles.
However, the sustainability of EVs is only justified if the electricity used to charge these EVs is availed
from a sustainable source of energy and not from any fossil fuel or carbon generating source. In
this paper, the challenges of the EV charging stations are discussed while highlighting the growing
use of distributed generators in the modern electrical grid system. The benefits of the adoption of
photovoltaic (PV) sources along with battery storage devices are studied. A multiport converter
is proposed for integrating the PV, charging docks, and energy storage device (ESD) with the grid
system. In order to control the bidirectional flow between the generating sources and the loads, an
intelligent energy management system is proposed by adapting particle swarm optimization for
efficient switching between the sources. The proposed system is simulated using MATLAB/Simulink
environment, and the results depicted fast switching between the sources and less switching time
without obstructing the fast charging to the EVs.

Keywords: Grid Connected Photovoltaic Systems (GCPVS); Energy Storage Device (ESD); Electric
Vehicle (EV); Multiport Converter (MPC); Intelligent Energy Management System (iEMS)

1. Introduction

The current environmental challenges of reducing greenhouse gases and the potential shortage of
fossil fuels motivate widespread research on electric vehicle (EV) systems [1]. However, the research
on EVs is highly impacted by the consumer disposition for switching to EVs as an alternative for
conventional internal combustion engine vehicles. This willingness is the main factor in forecasting
future demand for EVs. In Reference [2], the authors depicted that the charging time is one of the main
challenges that the EV industry is facing. Generally, the EV charging levels are classified according to
their power charging rates [3]. Overnight charging takes place in level I, as the EVs are plugged to a
convenient power outlet (120 V) for slow charging (1.5–2.5 kW) over long hours. The main concern
of level-I is the long charging time, which renders this charging level unsuitable for long driving
cycles when more than one charging operation is needed. Moreover, from the electrical grid operation
point of view, the long charging hours at night overloads the distribution transformers as they are not
allowed to rest in a grid system with a high number of connected EVs [4]. Level-II charging requires
a 240 V outlet; thus, it is characteristically used as the prime charging means for public and private
facilities. This charging level is capable of supplying power in the range of 4–6.6 kW over a period
of 3–6 h to restock the depleted EV batteries. The time required is still the main drawback in this
charging level. Additionally, voltage sags and high-power losses in an electrical grid system with a
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high penetration of level II charging are some of the challenges that are facing its widespread. Control
and coordination in level II would reduce the negative impacts of level-II charging [5]; however, this
requires an extensive communication system to be adopted.

In general, both levels-I and II require single-phase power sources with onboard vehicle chargers.
On the contrary, three-phase power systems are used with off-board chargers for level III fast charging
rates (50–75 kW). The use of fast charging stations significantly reduces the EV charging time for a
complete charging cycle. Additionally, widespread deployment of fast EV charging stations across the
urban and the residential areas would eliminate the EV range anxiety concern [6,7]. However, the
high-power charging rates are essential over a short interval of time for level-III charging impose a very
high demand on the utility grid [8,9]. The current grid infrastructure is not capable of supporting the
desired high charging rates of level-III. Thus, accomplishing fast charging rates while solely depending
on the electrical grid does require not only the improvement of the charging system, but also the
improvement of the electrical grid capacity. Additionally, drawing large amounts of current from
the electrical grid will increase the utility charges especially at the peak hours and consequently
will increase the system cost. The impact of an EV charging station load on electric grid systems is
thoroughly discussed in Reference [10].

A possible solutions to these challenges could be the installation of a distributed generator (DG)
near the fast charging station site, as it generates electrical supply that is projected towards on-site
use [11]. A few decades ago, a number of developments began to change the basics of operation of the
electrical grid industry leading to the rise of DGs. The ambitious targets of the higher deployment
rates of the DGs into the electrical pool is achievable, due to advancement of technologies, and the
enhancements, in the fields of power electronics and smart grids. Additionally, new regulations and
policies are continuously issued favoring the distributed generation and the net metering concepts.
However, the type of energy used in fueling the deployed DG sources on the demand side is a decisive
factor in the economic viability of the DGs concept in today’s electrical distribution market.

Regarding the distributed generation, renewable energy sources (RES) have a distinct advantage
in their ability to be deployed in residential and urban areas, due to their environmentally friendly
operation and minimal maintenance requirements. Consequently, photovoltaics (PV) are considered
as an effective solution, due to its sustainability and ubiquity. The major advantage with PV systems is,
they are effectively utilized for different power generation levels starting from low-power domestic
applications to mega power PV based power plants. The grid-connected PV installations are utilized
with deeper penetrating levels compared to the standalone PV installations. This is due to the
continuous reliance on the electric grid as a stable source/load that can compensate for the PV power
fluctuations. In Reference [12], research by George et al. simulated a solar energy-based charging
station by considering the decongestive knots in the capacity of network distribution systems.

In the proposed system, PV operates as grid-tied DG source. Solar energy is a preferable DG
source in EV charging applications for two reasons:

1. The PV panels are more effective than other renewables in populated and residential areas, due
to their noise-free operation and low maintenance requirements.

2. PV panels generate most of their energy during the highly priced grid tariff hours of the electrical
grid. Thus, the EV charging stations can offset the high-cost electricity with solar energy during
peak hours.

The PV power production is highly impacted by the ambient temperature and solar insolation
levels, which causes discontinuity of operation. Consequently, connecting the PV panels directly to the
load without any subsidiary systems leads to a negative impact on the performance of the connected
electrical loads. One of the applicable solutions for the aforementioned challenge is the design of a
hybrid RESs system using various RESs, which can relatively offset a portion of the local fluctuations in
every generation unit. However, this requires an appropriate selection of the most suitable generation
technologies, as well as a proper sizing of the (RES) [13]. The combination of PV sources with wind
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energy is explored in Reference [14]. However, such a system requires either the insertion of storage
devices or a connection point to the electrical grid in order to support the necessary loads continuously.
The authors in Reference [15] presented the use of a PV source with fuel cells to meet the requirements
of a residential load. In doing so, a reserve capacity had to be maintained at the PV source to supply
the load changes as the fuel cells technology instills a slow dynamic response. This leads to a deviation
between the PV maximum power point (MPP) and the system operating point. A hybrid system,
composed of PV/fuel-cells/ultra-capacitors, is used in Reference [16] to accommodate these challenges.
In this study, the ultracapacitors are selected, due to their fast-dynamic response, which leads to their
ability to mitigate the rapid fluctuations of the PV power while continuously tracking the PV MPP.
However, this configuration fails to meet the load demands during extended hours of low insolation
level conditions (e.g., night hours or shady days).

Under such scenarios, storage devices can play a key role in the integrated RES. The literature
contains different examples of RES combined with energy storage systems. Various energy storage
technologies are studied in the literature to be connected with the wind generators, hydrogen cells,
and ultracapacitors [17–19] in order to provide steady output power to the electrical loads.

The authors in Reference [20] introduced the use of distributed batteries in a grid-tied PV power
plant to improve energy production. Achieving a constant power production from the PV power plant
is the main defined objective of inserting an energy storage system, as shown in Reference [21]. In
Reference [22], a storage battery is added to the grid-connected PV system to reduce the PV power
fluctuations in a defined range within a particular period of time while maximizing the revenue. This
is motivated by meeting the utilities regulations and restrictions on the PV power injected to the grid.

Therefore, from the literature, the advantages of integrating battery storage devices with PV
power in order to attain a stable power supply at a minimal operating cost is observed. In this research,
energy storage batteries are coupled with PV panels in a grid-tied system. The proposed hybrid system
is designed to provide means of fast charging for EVs. In this paper, energy storage devices, such
as batteries, are suggested to be combined with PV sources to sustain the continuous power supply
to the connected loads regardless of the power fluctuations in the PV sources [23]. Additionally, the
integration of the grid with hybrid PV-battery system allows for a higher degree of deregulation on the
demand side, which may result in achieving lower running costs for high performance.

The objective of this paper is to provide a grid-connected PV system with energy storage device
based fast charging solution for transportation infrastructure for high EV penetrations. An efficient
configuration of the proposed system using a multiport converter (MPC) and an optimal power flow
management tool are both desirable to supply the demanded high-power charging rates. Thus, new
converter topologies are presented in this paper, and the novel power flow management proposed could
result in a more efficient operation of the system. An overall image of the proposed grid-connected PV
system with energy storage devise for the EV charging station is shown in Figure 1. The presented
hybrid system is utilizing DG technology by the adoption of the PV/battery sources on the demand side.
These DG sources are connected to the electrical grid in a grid-tied system to provide fast charging
power rates to the EVs. Further sections of the paper are arranged as follows: Section 2 depicts the
charging scenarios available for EVs. Section 3 examines the various PV–EV charging architectures
and different converters available for integrating the PV, EV, and ESD with the grid. Section 4 depicts
the intelligent energy management and dynamic power flow between the various sources and loads in
a grid-connected PV–EV with ESD. Section 5 discusses the methodology for formulating the objective
function for power flow optimization using particle swarm optimization (PSO). Section 6 presents
the experimental analysis of the proposed system under different modes of operation, and the results
depict the efficiency of the proposed control and management techniques.
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Figure 1. An overview of the proposed hybrid system.

2. EV Charging Scenario

As renewable energy is the future of power generation, it is necessary that it is considered for
electric vehicle charging as well. PV panel-based EV charging station is being established in many
countries. For understanding the solar-powered EV charging infrastructure [24], it is necessary to
realize the existing EV–PV system, which is in use already by the industries or are in the development
stage by a different academic institution.

EV Charging

EV charging can be performed by AC [3], as well as DC [25]. Power obtained from the grid is
converted into DC for recharging the battery. Range of power required for charging varies for HEV,
PHEV, and PEV.

Pcp = VevhIevh, (1)

where Pcp denotes Power of DC charge, Vevh voltage for electric vehicle charging and Ievh represents
current required for charging the electric vehicle.

Ecp =

∫ tcp

0
Pcedt, (2)

where Ecp is the energy delivered by the batter over tcp period.
When AC based charging is performed on EV, an AC/DC power converter is required for

connecting the battery with the 1- or 3-phase system. AC charger used globally can be categorized into
three types.

Type 1: It is a single-phase charging method generally adopted by the US (SAE J1772-2009) [26].
Three pin plugs are used for charging (phase, earth and neutral).

Type 2: It is a single, and three-phase charging method generally adopted by Europe
(VDE-AR-E-2623-2-2) [27]. Three-phase plugs contain five pins (Phase 1, Phase 2, Phase 3, neutral
and earth).

Type 3: It is a single, and three-phase charging method generally adopted by Alliance.
As per IEC 61851-1 standards [28], the charging can be classified into four modes of operation.

Both mode 1 and 2 derive from the standard power socket. In the case of mode 2, inbuild protection is
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provided to the system. Mode 3 consists of electric vehicle supply equipment (EVSE), which ensures
protection and control functionality to be present in chargers. Mode 4 discuss the DC-based charging,
which is generally accounted when the power of the electric vehicle is more than 50 kW. DC-based
charger reduces the requirement of AC/DC converter on board hence reducing the space and weight
constraint of onboard chargers. The most commonly used DC charger is a combined charging system
(CCS) [29], Type 4 CHAdeMO [30] and Tesla dual charger [31]. The major benefit of using a DC-based
charging is that a bidirectional flow can be created between vehicle to home, building, load, grid or
any other power deficit system easily.

Economical and sustainability are two of the merit for using PV systems for electric vehicle
charging. The implementation of solar energy for charging results in higher efficiency regarding the
contacts of fuel usage and the life cycle of the battery [32]. As it can be determined from the discussion
above DC-based charging is mostly preferred for PV based EV charging. As both the EV and PV are
of DC nature, it’s easy to implement, and there is a possibility of smart charging, which indicates
the variation of charge concerning time. V2G can also be achieved easily by the implementation of
DC charging.

For charging the EVs from solar energy, various architecture can be implemented. EVSE based
charging in case of grid connection is implemented for charging EV directly for AC grid. Two of the
conventional power converters that can be implemented for the integration of PV, EV, and grid are (i)
Multi port-based converters for PV, EV, and grid integration. (ii) Separated power converters for EV,
PV, and grid with common point interlink. AC or DC interconnects are required between different
power converters. They help in interconnection the PV power amongst different EV and EV power to
the grid. From the power converter types mentioned four types of architecture could be deduced for
charging of electric vehicles.

Architecture 1: AC interconnection along with separate converter for PV and EV
The separate converter is used for PV panel and EV charging and discharging. PV panel consists

of a DC/AC converter with maximum power point tracking (MPPT), whereas the AC/DC converter is
implemented at the EV end. A grid of 50 Hz has a major role to play in this architecture as all the power
is passed through the grid. The major drawback is that DC power generated by PV can’t be directly
used for EV charging, creating an unnecessary requirement of DC to AC and AC to DC conversion in
the process.

Architecture 2: DC interconnection along with separate converter for PV and EV
In this architecture, both PV and EV requires a DC/DC converter. For EV charge control needed to

be present with converter, whereas, for PV, an MPPT controller is required. DC interconnection helps
in the utilization of DC power from the PV for battery charging directly. For grid interconnection, a
central inverter is used. The central inverter is vital as it draws power from PV and EV depending on
the demand side requirement. Separate construction of DC interconnection makes the architecture less
desirable as the existing AC base infrastructure is not utilized to its full extent.

Architecture 3: AC interconnection along with multiport converter for PV and EV
In this architecture, the PV–EV and grid are interconnected to a central DC link using multiport

converters. With the help of grid multiple, MPC relates to each other. Because of the interconnection
control of the system becomes easy along with low effective cost and high-power density. The previous
architecture used communication-based control, whereas in this architecture, control is provided
directly via MPC. One of the major disadvantages of this system is that DC for PV using one MPC
can’t be used to charge the EV connected to alternative MPC without AC conversion.

Architecture 4: DC interconnection along with multiport converter for PV and EV
This architecture consists of merit from architecture 2 and 3. MPC is used for interconnection of

PV and EV. DC interconnection is used to link different MPC. The grid is connected to the system with
the help of a high-power central inverter. All the architectures corresponding to charging of EV from
PV are depicted in Figure 2.
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Figure 2. System architectures for electric vehicle (EV)—photovoltaic (PV) charging using multiport converters.

3. PV Assisted EV Charging

This section examines the design of charging infrastructure for an electric vehicle with the help of
PV panels. The proposed system can be adapted for residential areas and workplaces to charge electric
cars as per the convenience of the EV user. The major objective here is to maximize the use of PV energy
for EV charging by utilizing energy storage systems and minimize the energy exchange with the grid.

3.1. System Design Architectures for Solar-Powered Charging Stations

Messenger [33], and Stapleton [34] suggest that for any PV based system to operate effectively,
the entire system design should be done by considering the parametric and location constraints for
installation of PV systems, load requirements, and electric codes as per the location. Considering these
constraints, there are three major types of system design for charging stations: Off-grid PV system
with energy storage device (ESD), grid-connected PV (GCPV) system with ESD, and GCPV system
without ESD. Conventionally, an off-grid PV system with ESD type of architecture is used for EV
charging stations. In this architecture, energy from the PV module and, ESD (battery) together is
used for meeting the load power requirements, and any excess power is fed back into ESD. The major
drawback with this system is that effective utilization of this type of architecture can be only done if an
external control system is incorporated. Apart from the control aspect, the system is not reliable, due
to its dependency on solar irradiance [35]. In order to overcome these drawbacks, charging stations
associated with the GCPV System without ESD were implemented. In this type of architecture, the
PV power generation is mainly used for meeting the load power requirements and the excess power
other than charging EV load is injected into the grid. The grid acts as a storage unit in this type of
architecture. The only disadvantage of this system is, loss of energy storage capabilities with grid
failure could pose a difficulty to meet load requirements.

Considering all these concerns and constraints, the GCPV System with ESD is developed in this
research. The basic structure of this system is shown in Figure 1. The major advantage with this system
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is, it is more reliable when compared to the conventional systems like this it will continue to satisfy
loads even when the grid fails. Also, it can be designed to have less reliance on the grid.

Apart from it, 100% utilization of time to use (TOU) pricing is possible in this type of system with
the presence of an additional controller to control the power injected into the grid from the DC side.

3.2. Power Converter Types for Grid Connected PV with ESD Assisted EV Charging

A grid-connected PV with energy storage device assisted EV charging system would involve the
PV system, AC grid, energy storage device, EV and a power electronic converter interface to combine
and link them. This converter must be capable of enabling the charging of EV from all the three utilities,
i.e., PV and AC grid and facilitate charging of EVs and ESD from both the sources. This operation will
guarantee that the grid can support the EV through G2V during the absence of PV and ESD and can
charge the ESD for emergency power requirements. In this section, an optimal multiport converter
topology that integrates EV, PV and the AC grid are proposed. The need to design such an optimal
topology is necessary to ensure that the converter has low cost, high power density, and high efficiency.
Conventionally, an optimal converter topology is chosen by considering several parameters, such as
converter volume, efficiency, the number of components, controllability, ripples, and opportunity for
efficiency improvement.

3.2.1. DC Link-Based Converter

Considering the above parameters, initially, the converter types are designed based on a DC-link.
These types of systems act as a high voltage energy buffer among the ports. Conventionally, there are
3 sub converters in a DC-link based multiport converter with multiple converter topologies. These
control strategies include a boost converter and MPPT algorithm integrated with the PV array for
maximum power, a buck-boost converter for controlling the charging needs of EV and ESD. The
complete setup is linked to the local grid with the help of a voltage source converter, which operates
bidirectionally and which is accountable for power stability with the grid. The major advantage with
such topology is, it’s simple power flow between PV and EV, and minimized DC/AC conversion losses.
This topology also improves the AC/DC conversion of VSC for charging the EVs during peak load
and when both PV and ESD were exhausted. Apart from the advantages mentioned, the topology
possesses some major drawbacks, due to its large DC link capacitors and multiple controllers for
each sub-converter.

3.2.2. Impedance-Network Based

Carli [35], Rasinab [36], and Rasin [37] discussed impedance network based multiport converter
topology. These converters deal with a variable DC-link voltage connected with a secluded DC-DC
converter for EV charging. These converters have major advantages, due to their low component
count, which improves the reliability of the system. The converter topology also has an advantage over
fewer control algorithms. The major drawback for such type of converters is that it is most intrinsically
modular and has very high control complexity, due to variable DC link voltage. The system architecture
of both DC link based multiport converter and impedance network-based converter is depicted in
Figure 3a,b.
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Figure 3. Block representation of grid-connected PV–EV converters (a) DC-link based converter, (b)
Impedance-network based converter.

3.3. Multiport Converter

For this research, the DC link based multiport converters are used with modified control and
intelligent energy management system. There are two types of multiport converters, as shown in
Figure 4.

 
Figure 4. Block representation of multiport converters. (a) MPCA; (b) MPCB.
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The major difference between both the possible MPC’s is the capability of isolating PV panels
from the grid. The Figure 4 depicts that, both the topologies adapt a central DC-link available within
the DC-DC converter. For efficient power flow management, the DC link voltage rating must be higher
than the peak voltage of the system. In Figure 4a, a non-isolated DC/DC converter is adapted for
achieving maximum power from the PV array. A high-frequency DC-DC conversion is adapted for
EV charging station by adding a high-frequency transformer between the conversion process as per
IEC 61727. For this research, the converter topology in Figure 4a is considered and tested with the
proposed energy management strategy.

4. Power Flow Management

In order to design the proposed system configuration, the flow of the power between the four
main elements in this system needs to be explored. The main elements are the connecting electrical
grid, the PV sources, the battery storage and the EVs charging load. The decision on the need for
a bi-directional power flow power electronic system, along with their sizing requirements, can be
decided based on power flow management. Consequently, the research attempts to solve the power
flow management problem by introducing their applicability on the studied application.

Conventionally, the power flow in a grid-connected PV/battery system is predefined by heuristic
rules that consider the load demand, the PV insolation levels and the off-peak utility hours [38].
However, a dynamic grid tariff complicates the solution of the proposed system further. In a dynamic
grid tariff system, the operation of the PV/battery system using the simplified heuristic rules will
provide running cost solutions that largely deviate from the minimal cost operation. Thus, the research
in this area has taken on an accelerated path.

In Reference [39], a Lagrangian relaxation technique is applied to determine the optimal hourly
battery charging or discharging current, where the objective is to maximize the contribution of the
hybrid system to the grid. The proposed technique in Reference [39] assumes there is no dispatch cost
associated with the PV/Battery output power. This leads to the negligence of the battery degradation
cost and its advisable operating conditions. Additionally, the formulation of the problem is limited to a
thermally based electrical grid system. A predefined rule-based model is presented in Reference [40]
where the battery energy storage is integrated into the renewable energy system in order to enable the
PV source to act as a dispatchable unit on an hourly basis. The objective of the battery storage utilization
in this paper leads to solutions that are not necessarily minimizing the running cost. Additionally, the
system is sensitive to solar power forecasts.

From the above literature, it is observed that, initially, the problem formulation should account
for the aging factor of the battery in order to extend the battery lifetime, and thus, increase the system
reliability. The desired power flow management topology has to accommodate non-linear functions.
This allows the generalization of the developed topology on different operating scenarios. An online
error compensation stage has to be included in the topology to allow the system to operate effectively
at mismatching conditions and forecasting deviations. Lastly, the online optimization stage should
be designed to operate with low computational time, which makes it easily integrated into real-time
controllers. Study regarding intelligent energy management strategy and dynamic power allocation is
required in order to overcome these drawbacks and achieve the proposed optimization.

4.1. Intelligent Energy Management Strategy

The EV–PV charger in its present structure will probably charge the EV from sun-based energy,
yet it does not possess any knowledge of its own. The energy price will remain low in early hours
of the day as per the forecasting; hence morning period is advantageous to charge EV from the grid.
While sunny afternoons provide advantage for charging from the solar. For the realization of control of
EV–PV system, smart charging algorithm necessary.
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The situation of charging the vehicles at parking stations has been considered where every vehicle
has a predictable time of accessibility as load. The user defines the charge time window as input while
parking the vehicle, and the other preferences of the user could be pricing, type of charge, etc.

The other characterization of the vehicles is its capacity, chemistry, open circuit voltage level, state
of charge, temperature, etc. Depending upon the user preference and battery properties every vehicle
will assign the power to the system. Hence to conclude, energy utilization of the system is optimized
by considering customer preferences and load attributes using dynamic power management for loads.
The control techniques, advanced demand-side power management and clients’ preferences in utility
services are the main objectives for grid design. For that purpose, a given system has been designed to
show the elements of the smart grid. The basic structure of the complete system is shown in Figure 5.
This system accomplishes all the merits discussed and designed using energy management system,
power grid, charging and battery loads. The iEMS used to control every parking deck, and these
parking decks are made of multiple loads.

Figure 5. Architecture of the intelligent energy management system.

All the information related to the power available and the pricing as per the time period at the
grid side is automatically updated to the iEMS. This process helps in simultaneously monitoring the
multiple converters for making real-time decisions by iEMS.

4.2. Dynamic Power Allocation for Energy Management at EV Charging Station

The primary components of the system are EVs, ESD, energy management systems and the power
grid (utility). We consider vehicles clustered in parking decks, with each parking deck under the
control of an iEMS. Essentially, a cluster of vehicles and an energy storage device being controlled
by an iEMS is a manageable load for the grid. The iEMS acts as an interface between the vehicles
and the utility. Information about available power and pricing is regularly updated to the iEMS;
multiple chargers at a parking deck are then simultaneously supervised and controlled according to
the real-time inferences made by it.

At the time of plug-in, the customer will specify their preferences on the type of charge desired,
estimated time of availability, willingness to participate in V2G, the price they are willing to pay for
charging, etc. This information may be entered via an interface within the vehicle itself or an external
user GUI available at the parking deck or from an internet profile maintained by the user for that
vehicle [41]. The parking deck can be equipped with an intelligent charger at each vehicle parking
space, capable of acquiring the vehicle battery state and relaying it to the iEMS via a communication
medium; alternatively, each EV could be communication enabled, capable of sending its battery data
to the iEMS.
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The electric load that can be sustained by the utility from a parking lot will change during the
course of the day as the system load varies. For vehicles willing to provide electricity back to the
grid, opportunities could also arise for V2G operation depending on the grid requirements. Thus, the
varying price of electricity can also be incorporated into the system information for better decision
making. Using the information from the utility and the vehicles, the iEMS will make a real-time
decision on power sharing to each vehicle and communicate this to the intelligent chargers.

Since the state of the system is continually changing with the arrival and departure of vehicles and
changing power requirements from the utility, the system states are sampled at regular time intervals
as the power allocation needs to be recomputed each time a vehicle plugs in/out, or there is a change in
power availability. The system is hybrid in nature; its event-based character arises from the plug-in,
plug-out activity and sampling time steps used by the iEMS for making its decisions. Moreover, the
process of vehicle charging is continuous with a non-linear power consumption curve, which varies
dynamically. The randomness of the preliminary states of charge, plug-in and out times and varying
power curves introduce dynamicity in the system, which makes the optimization for power allocation
a large scale, nonlinear, time-varying multi-objective problem with multiple constraints. In the ensuing
sections, we provide a framework for system modeling and operation, addressing system goals and
constraints along with optimization on a chosen objective.

4.2.1. System Modeling

The interactions in the system occur between the iEMS and the utility on the one hand and the
loads (vehicles) and the iEMS on the other. The iEMS acts as broker agent, taking information about
the power available from the utility on the one hand (can also be the transformer rating at the parking
deck), and the vehicle battery states and user preferences on the other hand. It makes a decision on
power allocation which is optimal in terms of satisfying both the parties. The system components can
be modeled on ‘Agents Based Approach’ [42], in which each entity has a set of attributes, states, and
functions and the entities interact with each other in order to achieve individual and system goals.

4.2.2. Optimization Objectives

A number of objectives are possible for the problem. Many objectives can be formulated around
user preferences. For example, the minimization of the time taken to charge the vehicle battery for all
the users, according to the price they are willing to pay. For users that do not mind compromising
on the time and would like to charge at the lowest prices, the objective could be to only charge when
the electricity cost is below a threshold. If the vehicle to the grid is also activated when the power
flow could be facilitated such that profit to each user is maximized [43]. Another objective could be to
minimize the overall power consumption (if desired by utility) while trying to guarantee a minimum
threshold SoC (say, 60%) for each vehicle. In this paper an optimization problem is formulated along
with the required constraints and the operating cost function is chosen as a combination of electricity
grid prices and the battery degradation cost. The proposed optimization procedure uses PSO, which
acts as a prediction layer for forecasting the system operation. This data is further processed for
switching between the different sources as per the load requirement and power available.

4.2.3. System Constraints

The primary constraint considered here is the power available from the utility. Type of charge
(slow, medium, fast), time of availability in the parking lot, the minimum desired state of charge at
plug-out, maximum price the user is willing to pay for charging, the maximum power that can be
absorbed by a vehicle battery, other battery requirements, etc. are other possible constraints. The user
could also specify the number of miles he/she plans to drive after plug out, in which case, the SoC for
achieving this will be guaranteed at plug-out. Another constraint for the iEMS could be in terms of
the layout of the parking deck, the sizing and capacity of the cables will place a limit on the power
that can be channeled to each vehicle(s). For a more robust system, we could consider the abrupt
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plug-out by a user before the stated time, and in this case, the aim would be having some fairness in
the SoC distribution at every time step to have a reasonable SoC even before plug-out. Additional
constraints in the system could be in terms of the bandwidth availability of the communication channel
for sampling the states of the vehicles, which would limit the sampling time. System performance
with packet delays and drops could also be evaluated. The final goal of the iEMS is to be flexible in
terms of accommodating multiple objectives for different users. It also opens up the opportunity of
dividing the station into clusters, grouping vehicles/users with common objectives and assigning the
responsibility of optimizing on each cluster to a sub-iEMS thereby translating the problem into the
arena of distributed control. The decision on how much power to allocate to each sub-iEMS will be
made by the central iEMS or could also result from bidding actions by the sub-iEMSs.

4.3. Particle Swarm Optimization

PSO is an iterative stochastic optimization algorithm, which is derived from studying the pattern
in which a flock of birds or schools of fish travels [44]. Multi-dimension solution space is searched
by the algorithm by collective search containing different particles and the best solution found by
the other particles are communicated. The communication enables the system to take an informed a
decision about the movement of each particle to find the best solution available global. Weighting
factor and random variations are also considered in the algorithm to prevent any early convergence
whenever local minimum is present.

Following the analysis in Reference [45], the electric vehicle system constraints are adapted from
Reference [46]. Each constraint is defined by the user in the EV-iEMS. A given day is fragmented up
into different intervals as per the irradiance variation pattern.

5. Methodology

The initial configuration of the grid-connected PV system with an energy storage device, explored
in this paper is shown in Figure 1. The PV array, energy storage, and EV charging station (EV load) are
connected at the DC link through a high frequency DC/DC converter. An interconnection between
the DC link and the electric grid is achieved using a bi-directional AC/DC converter. The DC/DC
converter used at the energy storage is a bi-directional power electronic interfacing converter to allows
smooth operation during the battery charging and discharging modes. However, the uniqueness
of this study is the reliance on the proposed configuration on the power flow management results.
Thus, the shown configuration will be developed at the end of this section to reflect the findings of
the optimal power flow operation through a given period of operation. The battery power (Pb) is
considered to be negative while it is charging and positive during discharging. All the charging slots,
and additional loads connected with the system are summed up to form the load power (PL). Here,
the load power (PL) is considered positive in all the cases as neither the battery storage, nor the EV
supply power back to the grid. The grid power (PG) is negative while the distributed generation feeds
power into the grid, and it is considered positive when the grid is satisfying the loads.

Power flow management methodology is developed by considering all the operating modes
and assumptions. Initially, the forecasting data regarding the weather conditions in the area, power
generation both from PV and grid, grid tariff and the power consumption profiles of auxiliary loads
and the EV charging loads are considered for a particular time period. The process of determining
the forecasted data and the grid tariffs were thoroughly discussed in the literature and can be
applicable [47,48].

Once the forecasted data and the grid tariffs were obtained, the objective function is defined.
The defined objective function aims at optimal power scheduling between the power sources and
energy storage for minimizing the daily running cost of the system. In this paper PSO method, as
discussed in this section, is used to define the optimization problem. In this paper, the implementation
of PSO for power flow optimization is considered to be a predictive upper-level optimization stage,
where the process is based on early forecasted data. The system measurements considered for this

28



Energies 2019, 12, 2334

methodology are, PV output power (PPV), grid power (PG), load power (PL), SOC of ESD and EVs,
and grid tariff (GT).

The power balancing equation for GCPVS with ESD is given by Equation (3), and the state of
charge of the ESD and EVs is estimated using Equation (4):

Pb(t) = PL(t) − Ppv(t) − PG(t), (3)

SOC(t) = SOC(t− Δt) − Pb(t)Δt
Q

, (4)

where Δt is the time interval, and Q is the SOC of battery at the time of power exchange.
The system operation is constrained by the following limits.

SOCmin ≤ SOC(t) ≤ SOCmax, (5)

Pbmin ≤ Pb(t) ≤ Pbmax , (6)

PGmin ≤ PG(t) ≤ PGmax . (7)

The system constraints defined in Equations (5) and (6) are considered for improving the battery
lifetime, while Equation (7) defines the limits for utilizing power from the grid. At any given time (t),
the total cost of the system is expressed as:

CT(t) = CG(t) + CBD(t), (8)

where CT(t) is the total cost of the system, CG(t) is the operating cost of grid CBD(t) is the degradation
cost of the battery.

By considering the above equations, the system objective function for operating the system for a
given time period is given by Equation (9).

Min(CT) = Min
∑t=T

t=0
[CG(t) + CBD(t)], (9)

where the grid operating cost CG(t) is given in Equation (10):

CG(t) = GT(t)PG(t)Δt. (10)

However, the process of developing the degradation cost function for the energy storage device is
a complex process it involves various independent factors [49]. The three major aspects impacting
the operation, lifetime and health of the ESDs are battery temperature [50], average SOC [51], and the
depth of discharge (DOD) [52].

By considering the temperature impact, both the charging and discharging process affect the
temperatures of the ESD. This phenomenon directly affects the average power (Pavg) drawn from or to
the battery as given in Equation (11). In order to account for temperature variations in both the charging
and the discharging scenarios the absolute of average temperature is considered in the equation.

T = Tamb + Rth
∣∣∣Pavg

∣∣∣, (11)

where T is operating temperature of the battery, Tamb is the battery pack ambient temperature, RTh is
the thermal resistance of the battery pack.
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The effect of battery temperature on the lifetime of the battery is calculated from the Arrhenius
equation [53].

L(T) = aQe
bQ
T , (12)

where a and b correspond to the curve fitting parameters.
The impact of temperature on the battery degradation cost is given by Equation (13)

Ctemp = Cbat

∫ t f

ti

dt
Ti L(T)

, (13)

where Ti is the number of intervals in the total time period, and Cbat is the initial cost of the battery.
Apart from the temperature impact, average SOC of the battery also impacts the degradation

rate of the battery. A firm relation between the average SOC and battery degradation cost is given by
Equation (14):

Csoc = Cbat
m SOCavg − d

Q f ade n Ti
, (14)

where m, d and n are constants of curve fitting, and Q f ade is the capacity fade at the end of the
battery lifetime.

Finally, a relation between the lifetime of the energy storage device and the DOD of the battery
are presented in References [54,55]. Equation (15) depicts the cost per kWh of the battery DOD.

CDOD =
Cbat

2 N DOD Q μ2 , (15)

where N is the battery lifecycle for a particular DOD, and μ depicts the charging and discharging
efficiency of the battery.

Considering all the factors that impact the degradation of the battery, the cost function for
battery degradation is given by Equation (16) and the final objective function is achieved using (17)
after discretization,

Cbd = max
{
Ctemp, CDOD, CSOCavg

}
, (16)

CTi, run =

Ni∑
k=1

[CG(k) + Pb(k)ΔtCbd(k)]. (17)

The proposed methodology for optimizing the power flow contributes to the improvement of the
lifetime of the system components, especially the storage devices. The PSO implementation for the
optimal selection of different power sources is illustrated in Figure 6.
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Figure 6. Implementation of particle swarm optimization (PSO) for the optimal selection of power source.
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6. Experimental Work

A simulation system model, containing the realistic models for the electric network and the EV,
was developed to test the developed charging strategy and study its effects on the electric network. A
simplified illustration of the whole simulation system is presented in Figure 7.

 
Figure 7. Simulink implementation of grid-connected PV–EV (GCPE) charging architecture with energy
storage device (ESD) and intelligent energy management system (iEMS).

These models are developed in the MATLAB/Simulink environment. The main script takes
data on driving distances and solar irradiance as input parameters. It then calculates the amount of
power that should be supplied to the EVs and the electricity grid respectively each hour, in order for
the self-consumption to be maximized and grid impact to be reduced. The parameters used for the
simulation of the proposed system is given in Table 1.

Table 1. Simulation parameters of grid-connected PV–EV charging station with an energy storage unit.

Components Rating

Solar Array 20 kW
Boost Converter 5 kHz, 500 V
DC link Voltage 500 V
Grid Parameters 2500 MVA, 120 kV

High Frequency Transformer 25 kva, 5 kHz, 500:80:80, three winding transformer
Electric Vehicle Mahindra severity

EV Battery
Lithium Battery

Nominal Voltage = 72 V
Rated Capacity = 200 Ah

Energy Storage Device Rated Power = 150 kW
Power Conversion Efficiency = 90%
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6.1. Electric Network Model

The used electric network model represents a typical grid-connected PV system with an energy
storage unit. The details for this synthetic electric network model are taken from MathWorks [56]. The
schematic of the developed electric network is presented in Figure 7. The developed system consists
of a 20 kW solar array connected to a 5 kHz boost converter with incremental conductance MPPT
algorithm. The PV network is connected to the grid via a three-phase voltage source converter (VSC).
The VSC can be operated both in inverter and rectifier mode in order to facilitate the power flow both
from the grid to charging stations and from PV to the grid. A 25-kVA high-frequency transformer is
used to provide isolation between GCPV and the EV charging, ESD unit.

6.2. EV Charging Model

The EVs can be modeled as systems composed of many dynamic dependencies. The key
components in the EV models are the charger and the battery. The EV model used in this research is
sourced from Reference [57]. It consists of blocks for the driving schedules, charger logic, converter
losses and the battery model as presented in Figure 8. The driving schedule block collects and passes
on the data regarding the EV ID, EV address and the EV demand DoDEV,n. The EV demand describes
the Depth of Discharge (DoD) of the nth EV. The EV ID specifies which of the EVs are connected and
the address specifies the household node for each EV. As soon as an EV is connected to the electric
network, the driving schedule block relays the details for the charger logic block and updates the
battery DoD information to the battery model block.

 

Figure 8. Architecture of EV charging model.

The charger logic block receives data from four sources. The first input comes from the battery
model block, which continuously updates the charger logic block with the current SoCEV,n. The second
input comes from the EV fleet aggregator who submits the EV schedules. These schedules are directly
used by the charger logic block. The third input receives the current voltages from the electric network
model. The fourth input comes from the driving schedule. The charger’s main function is to convert
the AC power into DC power, which is essential to charge the battery. The charger logic block processes
the received data and regulates the battery charging in a manner that the local network voltage limits,
set for each EV separately, are not violated. It also computes the appropriate charging power rates as
they are dependent on the batteries’ SoCEV,n levels, as explained in Reference [57].

6.3. Modes of Operation

The model is built on the idea of matching hourly charging powers and PV power generation,
meeting daily charging demands and achieving constant power exchange with the electricity grid.
Since the driving distance for each EV is randomly selected each day, the charging demand of the
car park is unique for each day of the simulated year. The level of self-sufficiency depends on the
amount of installed PV power. If the accumulated PV energy generation for one day equals the car
park demand, all PV generated power is supplied directly to the EVs. If the accumulated PV energy
generation falls short of the daily car park demand, the deficit is supplied from the electricity grid,
evenly distributed over all workday hours. If the daily PV energy generation exceeds the car park
demand; the excess power is supplied to the electricity grid as evenly distributed as possible. In this
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case, where the PV system generates excess energy, the power exchange with the electricity grid is
different each hour, depending on whether the hourly PV energy generation is higher or lower than
the mean excess energy generation. The complete scenario of charging the EVS by considering all the
constraints is explained in nine different modes, as shown in Figure 9.

 

Figure 9. Modes of operation for GCPE charging architecture with an ESD and iEMS.

Mode 1: PV generation full, EV load Available and ESD has less charge.
In this scenario, the PV generation is happening under standard test conditions and considered

to generate maximum power. Since all the systems EV1, EV2 and ESD act as loads and are ready to
charge, and the power demanded is greater than the power generated from the PV. In this condition,
the grid supports the PV in satisfying the load.

Mode 2: PV generation partial, EV load Available and ESD has less charge.
In this scenario, the PV generation is considered to happen under varying irradiance conditions.

Here the power generated from the PV is low. Since all the systems EV1, EV2 and ESD act as loads and
are ready to charge, and the power demanded is greater than the power generated from the PV. In this
condition, the grid supports the PV in satisfying the load.

Mode 3: PV generation partial, EV load Available and ESD is fully charged.
In this scenario, the PV generation is considered to happen under varying irradiance conditions.

Here the power generated from the PV is low. Since both EV1 and EV2 act as loads and are ready to
charge, and the power demanded is greater than the power generated from the PV. In this condition,
both the grid and ESD supports the PV in satisfying the load depending upon the requirement of
the user.
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Mode 4: No PV generation, EV load Available and ESD is fully charged.
In this scenario, the PV generation is zero. Since both the EVs are ready to charge, and the power

demanded is greater than the power generated from the PV and power available from the battery. In
this condition, the grid supports the ESD in satisfying the load and PV remains disconnected from
the system.

Mode 5: No PV generation, EV load Available and ESD has less charge.
In this scenario, the grid satisfies the changing needs of the EV station. The PV remains

disconnected from the charging dock, and once the charging needs of the EVs are satisfied, and the
load connected to the utility is less, then the grid charges the ESD.

Mode 6: PV generation full, Partial EV load Available and ESD has less charge.
In this scenario, the PV generation is happening under standard test conditions and considered to

generate maximum power. Since the ESD has less charge, and EV load available is less and ready to
charge, the PV satisfies the EV load first and then charges the ESD.

Mode 7: PV generation partial, Partial EV load Available and ESD has less charge.
In this scenario, the PV generation is considered to happen under varying irradiance conditions.

Here the power generated from the PV is low. Since the ESD has less charge, EV load available is less
and ready to charge, and the power demanded is greater than the power generated from the PV. In
this condition, PV satisfies the EV load first and then charges the ESD depending upon the generating
capability of the PV.

Mode 8: No PV generation, No EV load Available and ESD is fully charged.
In this scenario, the grid satisfies the utilities connected to it. The ESD remains connected with the

charging docks.
Mode 9: PV generation full, No EV load Available and ESD is fully charged.
In this scenario, the PV generation is happening under standard test conditions and considered to

generate maximum power. Since the EV load is not available and the ESD is fully charged, the PV
transfers its power to the grid.

By bearing these scenarios in mind, the model, considered above, is simulated to observe the
efficiency of the proposed charging and converter control strategy. The optimal power flow is achieved
by adapting the cost function achieved in Equation (17). The forecasting data to perform the experiment
is considered as follows:

The irradiance profile for performing the experiment is considered as depicted in Figure 10.

 
Figure 10. Irradiance variation for PV array.

From Figure 10, it is observed that there is variation in irradiance at multiple instances, this is
considered to replicate the behavior of PV system in real-time. By considering the real-time operation,
the PV systems depict five times the difference in energy yield for change in environmental conditions.
Due to this change, the ratings of the PV converter can be resized by 30%, which corresponds to a 3.2%
loss of energy [58]. Apart from the change in irradiance, the impact of using two stage conversion
for grid-connected PV system, the switching frequencies, the high frequency DC-DC converter at the
charging end and the impact of varying loads in the system also contribute for the power loss in the
system. A detailed explanation on power loss in grid-connected PV system and the impact of EV/ESD
charging and discharging in a grid-connected system were given in References [59–61]. Since the
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system design considered for this research investigates the best design for grid-connected PV system
to achieve efficient charging of EV and ESD, and the power flow in the considered to be unidirectional,
the power loss calculation is neglected.

Apart from the irradiance profile, the major assumptions considered for this research are as follow:
The SOC of ESD is 10%and it is considered to be in charging mode and hence it acts as a load, and
the SOC of EV1 is 40%, and SOC of EV 2 is 30% and were connected with the GCPV. The process of
implementing PSO for developing the proposed methodology as per the forecasted data is given in the
following steps.

Initialization of PSO:
Objective: For charging the vehicle finding an optimal power source using Equation (17).
Topology: Swarm optimization star configuration is used to ensure that all particle communicates

with each other.
Definition of particles: Depending upon the power capacity of PV and ESD, particles are defined.
Fitness Function: The equation is used to maximize and minimize the power generated during the

charging and discharging process.
Search Space: (Constraints) The major constraints to be considered for this problem is that the

hours must be a positive real number, which is limited by arrival and departure time.
PSO parameters: The PSO parameters tested for this control are depicted in Table 2.

Table 2. Tested PSO parameters.

Parameters Value

No of particles in swarm 24
No of iterations 30

Parameters to be identified 2
Search Space Range [0 50; 0 10];
Swarm declaration Zero
Velocity Clamping [3; 1];

The best performance of the proposed switching strategy as per the power available is obtained
from the PSO implemented and the corresponding results are depicted in Figure 11.

(a) (b) 

Figure 11. Best switching strategy as per the power available. (a) Best position for feeding the load; (b)
Best response of the algorithm.
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Figure 11a shows the best position for feeding the load continuously as per the power available
from different sources. The initial position defines the power generation capacity of various sources at
the time of interaction with the load. Whereas, the current position defines the source feeding the load
irrespective of the availability of the source or the status of the load, and the best position is defined
based on the load power and generation capacity. Figure 11b depicts the best response of the PSO in
finding the optimal power flow path for satisfying the loads connected at the DC link.

Considering the optimal power flow path defined by the PSO for the forecasted data, the
experimental analysis is carried out as follows:

Initially, the PV generation is set to high by operating it under STC. During this period the PV
is able to charge the EVs with rated power without any support from the grid. After 0.6 s, the PV
generation is set to zero by varying the irradiance of the system. Here the grid comes into the scenario,
in order to support the EV charging. At 2.4 s, the PV generation is minimized to generate 20% of the
rated power by varying the irradiance of the system, as shown in Figure 10. In this case, the grid
continuously supports the charging process of the system. The PSO here monitors the generation and
load profile of both the grid and EV charging docks in order to provide fast switching between the
sources as depicted in Figure 12.

 

Figure 12. Availability of PV and grid for charging of EVs.

The voltage at the DC link is maintained constant around 500 V, as shown in Figure 13.

Figure 13. DC link voltage of grid-connected PV system.

A high-frequency transformer is used to provide isolation between charging docks, ESD and the
grid-connected PV system. Finally, as per the specification of the vehicle mentioned in the section,
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the EVs were able to charge at rated voltage and current even with disturbances in PV generation, as
shown in Figure 14a,b.

(a) (b) 

Figure 14. Battery characteristics while charging for electric vehicles (a) EV1 and (b) EV2.

From the results, it can be observed that the developed power flow optimization algorithm,
effectively identifies the availability of power generated by various sources and schedules them as per
the load requirement. The developed algorithm achieves fast switching between various sources in
order to satisfy the loads continuously without any interruption. Further, the developed algorithm
can also be adapted for improving the lifetime of the energy storage device, which is integrated with
the system.

7. Conclusions

In this paper, an optimized power flow algorithm for grid-connected photovoltaic system with an
energy storage device for charging of electric vehicles is realized. The following objectives are achieved
throughout the paper:

1. The need to adopt renewable energy systems for the charging of electric vehicles is studied.
2. The advantage of using an energy storage device with grid integrated PV systems for charging

EVs is depicted.
3. The major role of converters in achieving optimal and bidirectional power flow between various

sources and loads is realized, and a multiport converter is designed for achieving the objective.
4. The need for an intelligent-energy management system for operating the power converter as per

the availability of power from the sources and demand on the load side is achieved by developing
an optimal power flow algorithm.

5. The developed algorithm is tested with a simulation setup by observing the various modes of
operation on the system.

All results and conclusions are based on the assumption that the model created in MATLAB is
implemented as a system that adjusts EV charging. A grid-connected PV–EV charging system with an
energy storage device is developed in this paper. A multiport converter is designed to accommodate
efficient power flow between multiple sources and the loads. The developed converter is controlled
by adapting particle swarm optimization, which acts as an intelligent energy management system
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for dynamic power management at the charging station. An objective function is formulated for
scheduling optimal power flow between various sources and loads in the system. The simulation
results depict that the new control strategy efficiently shifts between the sources within a stipulated
time and continuously supports the charging station.
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Abstract: One of the biggest issues preventing the spread of electric vehicles is the difficulty in
supporting distributed fast charging stations by actual distribution grids. Indeed, a significant
amount of power is required for fast charging, especially if multiple vehicles must be supplied
simultaneously. A possible solution to mitigate this problem is the installation of auxiliary batteries
in the charging station to support the grid during high peak power demands. Nevertheless, the
integration of high-voltage batteries with significant power is not a trivial task. This paper proposes the
configuration and control of a converter to integrate batteries in a fast charging station. The proposed
configuration makes it possible to decouple the grid power from the vehicle power using several
auxiliary battery modules. At the same time, the converter makes it possible to draw different
amounts of power from the battery modules, allowing the use of second life batteries performing in
different ways. This paper discusses the design, control, and operation of the converter. Moreover,
the effectiveness of the proposed control is shown by means of numerical results.

Keywords: battery electric vehicle; BEV; charging station; stationary storage; plug-in; EV; fast charge;
power quality; second life batteries

1. Introduction

Electric vehicles (EVs) are spreading in the private transportation sector. Although these vehicles
contribute less to city pollution, their spread is being hindered by limitations such as their high price,
short range, and long recharge time compared to the equivalent category of internal combustion
vehicles [1]. Battery technologies are being rapidly developed, with steady increases in their energy
and power densities and decreases in their prices [2].

Higher power density batteries can accept higher recharging power levels, allowing a fast charge.
Together with the spread of electric vehicles, the recharging infrastructure is undergoing significant
development in terms of charging points and installed power. A generic EV power profile during
the recharge phase is characterized by a high peak power demand that usually lasts 26–32 min [3].
Standard fast dc charging is performed at 50 kW dc, but multiple charging systems make it possible to
charge at higher power. By 2021, fast charging up to 350 kW might be possible [4]. The most common
charging standards and relative power ratings are summarized in Table 1 [4].

In urban areas, it is likely that many consumers will recharge their vehicles between 7:00 and 9:00,
at noon, and between 18:00 and 20:00 [3,5]. Grid operators might not be able to overcome future peak
power requirements without greatly oversizing the installed power. A possible approach to mitigate
this problem might be to add a battery electric storage system (BESS) to a fast charging station (FSS),
which will act as a buffer to reduce the peak power demand on the network without increasing the EV
charging time.
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Table 1. Charging standards.

System kW Availability

Combined Charging System (CCS) 50–350
United States

European Union
Australia, Korea

China GB/T 237.5 China, India
Tesla Supercharger 135 Global

CHAdeMO 50–100 Global

Two possible approaches could be followed to interface a BESS with a charging station [6]: ac
coupling and dc coupling. In ac coupling, the storage system and charging converters are interconnected
through an ac bus. In dc structures, the interconnection is through a common dc link. Figure 1 shows
schematics of the two coupling methods.

  
(a) (b) 

Figure 1. Charging station coupling methods: (a) ac coupling and (b) dc coupling.

At present, ac coupling is the most widespread because of the maturity of the ac technology
in terms of the converter design, protection devices, and standards. Although ac coupling is more
common, dc coupling provides a higher efficiency and lower cost because this configuration requires
fewer conversion stages.

Modular multilevel converters (MMCs) are widely used in dc/ac medium/high-voltage applications.
Their multilevel output waveform reduces the total harmonic content of the generated ac voltage and,
thus, the harmonics the of ac currents are quite limited also using a very small filter. Depending on the
number of levels and the grid impedance, a filter-less solution can be acceptable [7–10].

Double star chopper cells converters (DSCCs) replace the floating capacitors of traditional MMCs
with a battery. Recently, the use of this converter in an electric vehicle powertrain has been proposed [11].

Embedding DSCCs in EVs offers some major advantages. The storage system is embedded inside
the converter structure, which makes it possible to perform the battery management system (BMS)
operations without dedicated hardware [11]. Moreover, it is possible to balance the batteries within
each arm to exploit the load currents rather than moving energy from one cell to another, potentially
making the process more efficient. The control strategies available in the literature make it possible
to recharge the storage system [12] from any power source, i.e., ac three phase, ac single phase, and
dc. Finally, the modular structure ensures a highly redundant system [13]. The DSCC structure also
seems to be very promising for integrating a storage system in an EV charging station to support the
grid during a peak power demand. Indeed, batteries can be integrated, at the module level, directly
in the converter modules to ensure the correct power sharing between the modules. In this way, the
power converter also operates as a BMS controlling the power exchanged individually by each battery
module. Second life batteries can be used because each battery module is controlled separately from
the others, and the modularity of the solution makes it possible to substitute only one battery module
without the need to substitute all the others. With the proper choice of voltage levels, the dc bus of the
DSCC can be used inside the EV station for fast dc charging.
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This paper proposes the use of a DSCC converter to integrate an auxiliary storage system with an
EV charging station. Moreover, a new control strategy to separately control the power exchanged by
this converter at its dc and ac ports is proposed. This control strategy was simulated in a dc coupled
charging station, and the results obtained show that is possible to meet the charging power demand
by drawing constant power from the three-phase grid. In this way, the power installation required
by the EV charging station is limited and lower than the power required by modern fast dc charging
systems. This mitigates a big problem with modern fast charging systems, facilitating the diffusion of
electric vehicles.

2. Materials and Methods

2.1. Converter Control

The investigated DSCC converter is composed of three phases, each one realized with two arms
embedding six modules (Figure 2). The common points of the three phases are used to obtain a virtual
dc bus. For each arm, the reference voltage is obtained as follows:

⎧⎪⎪⎨⎪⎪⎩ v∗lower,k =
v∗dc

2 + v∗phase,k + v∗circ,k

v∗upper,k =
v∗dc

2 − v∗phase,k + v∗circ,k
(1)

where v*lower,k and v*upper,k are, respectively, the phase k lower and upper reference arm voltages. v*dc is
the voltage reference for the dc bus of the converter, v*phase,k is the phase voltage reference, and v*

circ,k is
the output of the circulating current controller for phase k used to balance the battery cells of the upper
and lower arms [13]. It is worth noting that the three virtual dc buses can have different reference
voltages:

v∗dc,k = v∗dc + 2 · v∗circ,k (2)

This is done to make it possible to balance the state of charge (SOC) of the battery cells of the three
legs of the converter.

The modulation strategy must be able to control the dc bus voltage reference. In literature different
modulation techniques for this converter topology are available. The modulation techniques can be
divided in two categories: nearest level control technique (NLC) and pulse width modulation (PWM)
based ones [14]. NLC approximates the output voltage by turning on and off modules in order to
minimize the discretization error related to the voltages of the modules, while PWM techniques add a
switching signal to the output of NLC. As a consequence, NLC has a discretization error on the dc bus
voltage equal to one module voltage. Therefore, if the number of levels is not very high, it can be used
neither for a precise control of the dc bus voltage nor for proper balancing among the phases. This
is the reason why, in this paper a PWM based technique is used. Given the references for each arm
voltage, the control signals of the converter modules are obtained using phase disposition pulse width
modulation (PD-PWM) [15]. It is worth noting that the results of this paper can be obtained with any
PWM based technique. The choice of the PD-PWM is only based on its simplicity of implementation.
This modulation consists of comparing the references with multiple carriers, where the amplitude is
the voltage module, translated from the voltages of the other connected modules to avoid overlapping
among them, as shown qualitatively in Figure 3.

As the voltages of the battery modules are never perfectly matched, circulating currents might
flow among the phases. Given the arm currents, referring to the symbols of Figure 2, the circulating
currents (icirc,k) and phase currents (iphase,k) are defined as follows:

⎧⎪⎪⎨⎪⎪⎩ icirc,k =
1
2

(
iupper,k + ilower,k

)
iphase,k = iupper,k − ilower,k

(3)
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where iupper,k and ilower,k are the phase k arm currents. It is worth noting that the dc component of
the circulating current is used to balance the batteries among the phases, while energy is exchanged
between the upper and lower arms using the second harmonic component of the same circulating
current. A dedicated circulating current controller is implemented to allow battery balancing among
the arms and phases [13]. The leg and arm balance is achieved following [16]. The logic scheme of the
circulating current controller is shown in Figure 4, where vph is the space vector of the phase voltages
generated by the converter; i*circ is the reference space vector of the circulating currents; and v*circ,a,
v*circ,b, and v*circ,c are the dc bus references for each phase. In practice, the balancing is obtained with
three different actions:

1. Balancing among battery modules belonging to same arm is achieved by sorting the cells on
the basis of their SOC and using the most charged (discharged) when the current is discharging
(charging) them;

2. Balancing among battery modules belonging to different legs is achieved by changing the dc
reference voltage of each leg allowing the circulation of a dc current among the legs (this current
does not interest the load);

3. Balancing among upper and lower arms is achieved using an oscillating zero-sequence current
(equal on each phase) that takes more energy from the lower (upper) arm if this is the more charged.

 
Figure 2. Six modules per arm of the double star chopper cells converter (DSCC).
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Figure 3. Phase disposition PWM (PD-PWM) qualitative modulation. Solid line: upper arm reference,
dashed line: lower arm reference.

 
Figure 4. Leg and arm balance controllers. SOCs are all the modules’ state of charge values. “Leg
unbalance” computes the mean SOC of each phase and compares the results. “Arm unbalance”
computes the imbalance between the upper and lower arms for each phase.

This balancing technique, anyway, is widely addressed in [16] and, therefore, it will not analyzed
in more details in this paper.

In order to control the dc power output of the converter, a dedicated controller acts on the average
dc bus voltage of the converter: reference dc current i*dc is computed given reference dc power P*dc
and dc bus voltage vdc. The difference between the reference and actual dc current, idc, is used for
the input of the dc current regulator acting on the converter virtual dc bus voltage reference v*dc, as
reported in Figure 5.

 
Figure 5. dc power regulator.

The ac power is controlled on a reference frame oriented on the grid voltage by means of a phase
locked loop (PLL). On this reference frame, the controls of the active and reactive power are decoupled.
Indeed, the direct axis oriented on the voltage space vector is indicated with “d” and the axis with a
90◦ lead is shown by “q”, where the quadrature component of the voltage is equal to zero, resulting in
the following [17,18]:

Pac =
3
2 vdid

Qac =
3
2 vdiq

(4)
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Therefore, the control of the active power is obtained by dividing the active power reference P∗ac
by the direct component of the grid voltage vector, obtaining the direct current reference i∗d. Using a
multilevel converter, the filter impedance to connect to the ac grid is very low, and it is possible to
control the direct and quadrature components of the current by directly controlling, respectively, the
direct and quadrature components of the voltage produced by the converter.

The position of the voltage grid, �vph, is then used to obtain the reference for the space vector of
the voltage to be used for the converter. The simplified control scheme is reported in Figure 6.

 
Figure 6. Active and reactive power regulator.

In [3] the charging station exchanges reactive power with the grid to provide grid services and
increasing the profitability of the installation. If no requirements is given for the reactive power, its
reference is usually set to zero to exchange power at unitary power factor minimizing the current and,
consequently, the losses. A zero reference for the reactive power is assumed for this paper.

2.2. Converter Sizing

Acting separately on the ac and dc power references, it is possible to simultaneously control the
dc and ac active power levels. The difference between the two is automatically stored or supplied by
the storage system. To simultaneously control the two power levels, the voltage levels of the converter
must be chosen so that the two controllers do not interact with each other. In particular, the lowest
voltage on the dc bus to regulate the power flows must be higher than the EV battery voltages and, at
the same time, it has to be higher than twice the highest voltage that is required on the ac side.

Allowing a voltage variation on the ac side of ±10% and considering an additional ±10% margin
to allow the control of the reactive power, the ac output voltage of the converter has to be able to reach
a value that is 20% higher than the rated ac voltage. As a consequence, to allow the full controllability
on the ac side, the minimum dc voltage vdc,min is as follows:

vdc,min = 2 · 1.2 · vph,rated (5)

where vph,rated is the peak of the rated grid voltage. If a ±10% margin is considered for the regulation of
the dc power and the balancing among the phases, the minimum module voltage vmodule,min can be
calculated as follows:

vmodule,min =
1.1vdc,min

nmodules
(6)

where nmodules is the number of modules per arm. In [3], a charging station with a storage system
was dimensioned so that the batteries’ SOC did not go below 20% under normal working conditions.
The minimum number of cells in the stack is thus obtained by applying the following:

nstack =

⌈
vmodule,min

vcell,min

⌉
(7)

where vcell,min is the minimum voltage achieved by one battery cell at the lowest SOC limit.
In this article, three vehicles of different categories are considered: the BMW i3 (EV1), belonging

to the city car category; the Nissan Leaf e+ (EV2), representing a medium size vehicle; and finally, the
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Porsche Taycan (EV3), which is a sports car. Their storage systems and charging power specifications
are summarized in Table 2 [4,19–21].

Table 2. Considered vehicles’ specifications.

Vehicle Usable Battery Capacity (kWh) Charging Power (kW)

EV1 BMW i3 37.9 46

EV2 Nissan Leaf e+ 56 100

EV3 Porsche Taycan 83.7 350

The charging station is supposed to have one fast charging dc port for the vehicles. It draws power
from a 100 kW three-phase low-voltage grid. Each vehicle is supposed to arrive at the charging spot
with a 10% SOC. The end of charge is considered at a SOC of 90%. As shown in [3], the average time,
tswap necessary to connect the charging station to the next customer is 10 min. To grant the maximum
charging power to the vehicles, the stationary storage system is dimensioned to be able to recharge the
medium size and large EVs in a row. The energy that must be stored is given by the energy balance
between the network and the vehicles:

Estorage =
1

0.6
· 1
η

{
0.8 · (EEV,2 + EEV,3) − Pnetwork ·

[
0.8 ·

(
EEV,2

PEV,2
+

EEV,3

PEV,3

)
+

tswap

60

]}
(8)

where 0.6 represents the exploited energy of the stationary storage (20%–80%); η is the global efficiency
of the storage and converter, which is supposed to be 90%; EEV,k and PEV,k are, respectively, the battery
rated energy in Wh and the charging power in W of the k vehicle, while tswap is expressed in minutes.

The power exchange with the grid is managed in order to keep the stationary storage system SOC
below 80% and to not overcome the power limit of 100 kW. If the vehicle is being charged at less than
100 kW and the stationary storage reaches 80%, the network power is reduced to match the vehicle
power demand. The dc power controller instead is programmed to prevent the storage system from
reaching a SOC lower than 20%. If a vehicle whose charging power is higher than the grid power is
connected, the dc power will be the maximum allowed until the storage system reaches a minimum
SOC (SOCmin) of 20%; then the dc power is limited to the power from the grid. To generate the dc
power reference, the stationary battery SOCmin is compared with the minimum allowed SOC of 20%.
The result is given as an input to a regulator whose output is saturated between the minimum and
maximum dc power levels of the installed DSCC. The result is that the maximum dc power Pdc,max is
compatible with the current SOCmin. The dc power required by the vehicle is then saturated between 0
and Pdc,max. The schematic of the minimum SOC regulator is reported in Figure 7.

 
Figure 7. Min SOC regulator.

The ac power reference is generated by comparing the average SOC with the maximum allowed
SOC of 80%. The result is given to a regulator whose output is saturated between 0 and the maximum
ac power, i.e., 100 kW (Figure 8).
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Figure 8. Max SOC regulator.

2.3. Test Setup

The proposed control strategy was tested by simulating the continuous connection of the vehicles
one after the other with pauses of 10 min between subsequent connections (as shown in Figure 9b).

Figure 9. Simulation results: (a) grid power, (b) vehicle power, and (c) average SOC of stationary battery.

The initial average SOC of the charging station battery was considered to be 60%. To test the BMS
capabilities, all of the modules were initialized with random SOCs between 40% and 80%.

3. Results

The control strategy was validated using Simulink. Figure 9 shows that the ac and dc power levels
could be controlled separately by exploiting the DSCC storage system as an energy buffer, recharging
the vehicles at their full capabilities without overloading the grid.

Comparing Table 3 with Table 2, it is possible to state that the full charging power capabilities
were achieved even though the stationary storage system had a lower capacity than the highest-range
vehicle. Moreover, the stationary storage was sized to maximize its expected lifespan using only an
SOC range of 20%–80%.

In Figure 10, it is possible to analyze the effectiveness of the module balancing algorithm. Even
if the starting condition represents a very unbalanced situation, the BMS capabilities of the DSCC
topology allows the cells to be balanced without dedicated hardware in the first 40 min. From the
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analysis of the figure, it is clear that, in the first 5 min, the balancing inside each arm is completed by
using the load current.

Table 3. Summary of the parameters used for the simulations.

Converter Parameters

Parameter Value Meas. Unit

vph,rated 311 V

vcell,min 3 V

vdc,min 828 V

nmodules 6

nstack 46

vmodule,min 138 V

Estorage 69 kWh

Figure 10. Modules’ SOCs.

Then, in a longer time of up to 40 min, the balancing among the arms is achieved. As the arm
balancing relies on the injection of circulating currents, the balancing power can be set to maximize the
efficiency or reduce the balancing time. It is worth noting that SOCs of all the modules is always kept
under the limit of 80% following the control rule presented in Section 3.

4. Discussion

At present, the main obstacles to the diffusion of EVs are their high costs, limited vehicle ranges,
and long recharging times. In the future, several efforts will be devoted to increase the vehicle range
while reducing the recharging time. For this reason, increasingly higher power levels will be required
for charging stations. Nevertheless, the widespread requests for high-power nodes represent a critical
scenario for actual electric transmission and distribution grids. For this reason, the option to add
a local storage system in proximity to a fast charging station has been under analysis in the recent
literature. In this paper, a new configuration to integrate battery modules in a fast charging station
was proposed and studied. In particular, a DSCC power converter was used to achieve the following
goals: (i) increasing the dc output voltage using lower voltage battery modules and (ii) balancing
the battery modules by separately controlling the power drawn by each module, allowing the use of
second life batteries. Moreover, a control strategy for the power converter was proposed in order to
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decouple the control of the ac and dc power values exchanged by the converter. With the proposed
control, it is possible to exchange two different power values on the two ports of the converter, and
the power difference is automatically supplied or drawn by the stationary battery. In this way, it is
possible to increase the power available for the fast charging station, requiring only the average power
from the grid.

In this study, a power converter was modeled, and numerical results were obtained for a single
point fast charging station. A sequence of three different kinds of vehicles, one city car, one medium-size
car, and one sports car, were simulated, and the obtained numerical results showed the effectiveness
of the proposed converter and strategy. Moreover, the balancing capabilities of the power converter
were demonstrated.
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Abstract: Proper planning of the installation of Battery Energy Storage Systems (BESSs) in distribution
networks is needed to maximize the overall technical and economic benefits. The limited lifetime and
relatively high cost of BESSs require appropriate decisions on their installation and deployment, in
order to make the best investment. This paper proposes a comprehensive method to fully support the
BESS location and sizing in a low-voltage (LV) network, taking into account the characteristics of
the local generation and demand connected at the network nodes, and the time-variable generation
and demand patterns. The proposed procedure aims to improve the overall network conditions, by
considering both technical and economic aspects. An original approach is presented to consider both
the planning and scheduling of BESSs in an LV system. This approach combines the properties of
metaheuristics for BESS sizing and placement with a greedy algorithm to find viable BESS scheduling
in a relatively short time considering a specified time horizon, and the application of decision theory
concepts to obtain the final solution. The decision theory considers various scenarios with variable
energy prices, the diffusion of local renewable generation, evolution of the local demand with the
integration of electric vehicles, and a number of planning alternatives selected as the solutions with
top-ranked objective functions of the operational schedules in the given scenarios. The proposed
approach can be applied to energy communities where the local system operator only manages the
portion of the electrical grid of the community and is responsible for providing secure and affordable
electricity to its consumers.

Keywords: distribution system; batteries; storage; planning; scheduling; decision theory

1. Introduction

The progress of technologies concerning different types of batteries and their control systems,
together with the evolution of a regulatory framework in which energy storage is considered more
explicitly, are making Battery Energy Storage Systems (BESSs) progressively more cost-effective for
energy system applications. A BESS is specified by its power rating and energy capacity. Both of these
specifications impact the BESS investment cost and need to be defined separately [1]. Typical BESS
applications for power and energy systems include improvement of the quality of service, assistance
with primary and secondary frequency control to enhance network stability, the smoothing of power
fluctuations in the generation profiles for better integration of Renewable Energy Sources (RES), and
the promotion of higher users’ participation in demand management through time-shifting of the
energy usage [2]. Most BESS applications in electrical networks refer to times of 1–2 h and to BESS
sizes smaller than 50 kW. However, the number of applications for longer times (e.g., 2–5 h) and sizes
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up to 500 kW is already significant, and applications for bigger sizes (also in the range 1–10 MW)
are increasing.

In the transmission system, the positive impacts of BESSs for providing a fast response to frequency
deviations [3], mitigating under-frequency transients [4], and being exploited for energy arbitrage [5]
have been observed. The integration of BESSs with appropriate control strategies has been shown
to be able to improve the frequency stability [6]. At the distribution system level, a BESS is mainly
used for enhancing the grid integration of RES by mitigating the effects of the uncertainty on load
and distributed generation [7,8], improving the distribution system reliability by avoiding operations
close to the line thermal limits and thus more exposed to the risk of protection trips [9], enhancing
the quality of the supply with relatively high-power and low-energy solutions [10], reducing the
need for grid expansion, shaving the power demand peaks through load shifting or load leveling [9],
optimizing the energy transaction costs [11], and integrating BESSs with the demand response in
microgrid applications [12]. In [13], a distinction is made between a centralized BESS (that participates
in reducing the demand deviation, avoiding the reverse power flow and correcting the power factor),
and a distributed BESS (that aims at annual energy loss reduction, reduction of the demand deviation,
and improvement of the voltage profile).

A key challenge is to determine the power rating, energy capacity, and location of BESSs in the
distribution network. A number of contributions have been published on the siting and sizing of
BESSs. Different objectives, such as peak shaving, voltage regulation, and reduction of the energy
not supplied, are combined in [14] in an optimal power flow-based approach. In [15], reliability
improvement, together with peak shaving, is considered as an objective. The review [16] presents
a categorization of the methods used to determine the BESS siting and sizing, in which four main
groups are identified (analytical methods, exhaustive search, mathematical programming, and heuristic
methods). Decision-making tools are also applied. For example, in [17], the optimal BESS sizing and
siting is identified in a microgrid with RES taking into account demand and generation uncertainty by
using decision theory criteria. In [18], hybrid energy storage systems, including BESSs, are addressed,
by determining the energy storage capacity in distribution systems through an assessment of the risk
tolerance of the investors. The results of BESS installations in terms of providing different services at
different voltage levels are reported in [19].

A specific aspect generally not highlighted in the reviews on BESS siting and sizing is the
distinction between applications for Medium Voltage (MV) and Low Voltage (LV) systems. The
literature contributions mainly refer to Medium Voltage (MV) distribution systems. However, the
formulation of a planning problem referring to the installation of BESSs in LV systems has various
differences with respect to what happens in MV systems. First of all, in MV systems, the study can
be conducted by assigning growth in the local generation and demand aggregated at the MV node
level. In this case, it is possible to mix up the contributions from different energy sources at the LV
level, without looking at the details of the individual sources. Additionally, the uncertainty that
characterizes the local generation is seen with respect to the aggregation of the generations, typically
taking into account possible correlations between the generation patterns due to external variables
(e.g., solar irradiance and temperature for photovoltaic systems). Then, it is possible to exploit the
smoothing effect due to the aggregation of a number of individual demands, define typical patterns for
the aggregated demand, and associate these typical patterns to predefined evolutions in time.

Conversely, for an LV system, the level of aggregation of demand and local generation is much
lower, and many more critical aspects appear. In particular, the local characteristics of the generation
and demand at each LV node have to be considered individually. The uncertainties of local generation
and demand increase as the smoothing effect of the aggregations is reduced. The setting up of scenarios
of development of the local generation cannot proceed with a generic aggregated effect at each LV node,
but has to take into account where there are different types of local generation and what reasonable
increment can be established for that type of generation. Some relevant differences between MV and
LV systems are summarized in Table 1.
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Table 1. Summary of relevant differences between Medium Voltage (MV) and Low Voltage (LV) systems.

Characteristics MV Grid LV Grid Consequences

Structure Weakly meshed Radial

LV grid cannot be reconfigured, thus the
proper network operation has to be

guaranteed thanks to the devices
connected to the grid

Load Balanced Unbalanced In the LV grid, it is advisable to apply
three-phase load flow

Branch R≈X R>>X

In the LV grid, the voltage drop is
strictly correlated to the active power,

and voltage control can thus be
effectively conducted by modifying the

net nodal active power

Load profile Aggregate Not aggregate

LV grid represents the last mile of the
grid and supplies the customer. A more

detailed representation of loads and
generation profiles is then necessary

and the aggregation impact is less
evident than in MV grids

To achieve the best BESS performance and to maximize the overall benefits, proper planning is
necessary. For instance, in [20], several configurations of BESSs are compared and the overall network
impact is evaluated and compared for different placements of BESSs in the network. In the relevant
literature, there are some contributions related to the optimal planning (sizing and placement) of
energy storage systems in LV distribution networks. The method applied in [21] aims to optimally
configure the energy storage systems to alleviate over- and under-voltage problems. The problem of
the optimal location is solved by a heuristic method based on voltage sensitivity analysis. Uncertainties
due to stochastic generation and demand are also considered in the optimal sizing and the worst-case
approach is applied to select the sizes.

Some contributions refer to LV distribution networks characterized by a high penetration of
photovoltaic generation, and consider the possibility of alleviating the negative impacts by the
installation of storage systems. In [22], a heuristic method is applied to determine the optimal location
and sizing of storage systems and the objective to be minimized is a cost function accounting for the
cost of storage systems and the cost due to voltage deviations. The optimal planning of BESSs proposed
in [23] aims at maximizing an objective function that includes both benefits and costs (i.e., energy
arbitrage, environmental emission, energy losses, transmission access fee, capital, and maintenance
costs of a BESS). Daily charge/discharge of the storage systems is also determined considering a proper
model of the BESS operation. In [24], the authors propose a procedure for the optimal placement and
sizing of distributed energy storage systems in low voltage distribution systems aimed at maximizing
the utilization of photovoltaic plants and minimizing the battery degradation. The multi-objective
optimization problem proposed by [25] is focused, from one side, on the minimization of energy losses
and, from the other side, on the minimization of costs associated with distributed generators and energy
storage systems. A distribution system with a high penetration of photovoltaics generators is considered
in [26]. A heuristic procedure for reducing the search space for the location of storage systems in a
low voltage microgrid is proposed in [27], where analytical considerations on the voltage sensitivity,
voltage unbalances, and line loading drive are included in the selection of candidate locations.

This paper proposes an overall procedure to address the BESS location and sizing in an LV
network, taking into account the characteristics of the local generation and demand connected at the
LV nodes and the time-variable generation and demand patterns. The proposed procedure aims to
improve the overall network conditions by considering both technical and economic aspects. This
condition aims to represent the conditions that could be found in the case of energy communities
where the local system operator only manages the electrical grid of the community and is responsible
for guaranteeing secure and affordable electricity for its consumers.
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An original algorithm is presented to consider both the planning and scheduling of BESSs in an LV
system. This algorithm combines the properties of metaheuristics (to explore the solution space as much
as possible), and a greedy algorithm able to find viable BESS scheduling in a relatively short period
of time, considering a specified time horizon. The final solution is obtained by using a multi-criteria
decision making (MCDM) approach based on the application of decision theory concepts [28] to a
number of selected planning alternatives evaluated for different weighted scenarios. Decision theory
is an appropriate tool for dealing with cases in which the uncertainty on possible future situations is
very large and is handled through scenario analysis.

The next sections of this paper are organized as follows. Section 2 describes the details of the
methodology used to address the planning problem. Section 3 presents the application to an LV
distribution system and discusses the results. The last section contains the concluding remarks.

2. Description of the Methodology

The BESS location and sizing is analysed as a planning problem seen from the point of view of
the electricity manager of an energy community, which is responsible for guaranteeing secure and
affordable electricity for its customers at a minimum cost, as well as for both the infrastructure and
quality of the service.

2.1. Data Resolution and Reference Period

The data used are assumed to have a constant time resolution Δt. A reference period of duration
Tref is assumed, in which the operation of the LV distribution system is analysed in detail by considering
the generation and demand patterns and a specific model for BESS scheduling. The planning problem
is set up for a time horizon multiple of Tref, namely, with an overall duration of TH = NH × Tref,
where NH > 1 is an integer number. It is assumed that the BESSs that will be chosen by the proposed
procedure will be installed at the beginning of the time period of analysis. The planning time horizon
chosen is longer than the lifetime of the BESS, in order to include the replacement of the BESS during
the planning period.

2.2. Definition of the Scenarios

The electricity prices, diffusion of the local generation, and diffusion of electric vehicles have been
assumed to be uncertain data inputs that affect the solution of the planning problem. Several methods
can be applied to handle uncertain variables; in this proposal, several scenarios will be identified to
represent different instances.

Starting from the results determined for the reference period, a number of scenarios are constructed
to represent possible paths of evolution of selected quantities that affect the LV network operation. The
scenarios are defined by taking into account the long-term changes in time that may appear in the
following quantities:

(a) Electricity prices: the consumers or prosumers connected to the LV system are considered as price
takers, namely, they do not participate in the definition of energy prices in the wholesale electricity
market. MP trends of variation of the electricity prices are established by the user by considering
the final increase (or decrease) of the electricity price at the end of the planning time horizon;

(b) Diffusion of the local generation: the distributed generation (DG) connected to the LV network can
change at selected locations in different ways. For LV systems, it is likely that more prosumers
will install their local generation systems at locations where there is no local production. From
the point of view of the scenario definition, MDG trends of variation of the local generation are
considered, and each one is defined by assuming a rate of increase of the energy production from
local generation (not of the power installed);
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(c) Diffusion of electric vehicles: in the present situation, the diffusion of EVs is still relatively limited
in many jurisdictions. The number of EVs will increase in the future, and different hypotheses
about their number can be represented by MEV trends.

Under the hypotheses provided for the scenarios, the number of scenarios considered is equal to
M =MP ×MDG ×MEV.

The scenarios obtained are applied to calculate the objective function for the planning problem
(Section 2.4), and are weighted in order to be used in the decision-based approach illustrated in
Section 2.6.

2.3. Definition of the Sizing Alternatives

Due to the particular use of the BESS, which includes load leveling, the indication of [29] to use
the energy to power ratio equal to 2 is followed. In this way, data are described in terms of their energy
capacity, and the power rating is then directly linked to the energy capacity through the energy to
power ratio.

In the distribution network, there are K nodes, but it is assumed that a user-defined number KBESS

< K of nodes is taken into account for possible BESS location. A maximum value for the BESS energy
capacity Ck,max is assigned to each node k = 1, . . . , KBESS, depending on the characteristics of the
node. The final BESS energy capacity to be assigned to each node will be determined by the proposed
approach in the range from zero to Ck,max at the nodes k = 1, . . . , KBESS. To avoid the use of continuous
variables, this range is partitioned into a given number Λ of BESS energy capacity levels. Without loss
of generality, the number Λ is chosen as a constant for all the nodes, that is, it is independent of k. In
this way, the total number of alternative combinations of BESS sizes is S = ΛKBESS . Even for relatively
small numbers of nodes and BESS energy capacity levels, the number of combinations S can become so
high that even their enumeration becomes intractable with an exhaustive search process. For example,
if KBESS = 20 nodes and Λ = 5 BESS energy capacity levels, the result is S = 520 = 9.54 × 1013. In this
situation, only parts of the combinations will be reached during the planning procedure, for instance,
that conducted by using a metaheuristic algorithm able to explore the solution space with a conceptual
direction of evolution towards the global optimum of the objective function employed in the definition
of the planning problem.

2.4. Definition of the Objective Functions

The solution of the power flow at each time step h = 1, . . . , H, together with the BESS operational
schedules, provide the data required to calculate the power flows and the LV network losses, and to
determine whether there is a reverse power flow with the power injected at the supply point. These
results are used as the contribution of the distribution system operation to the formulation of the
objective function for the planning problem.

The general objective function formulated for the planning problem is a penalized objective
function defined on the basis of the investment and operation and maintenance (O&M) costs, and of
penalty terms associated with violations of the voltage limits and with the presence of reverse power
flow to the MV distribution system. The expression of the objective function is constructed, starting
from a reference function fref and including some penalty terms to obtain the penalized objective
function fP:

fref = Δcinv + cO&M (1)

fP = fref × (1 + πV + πR), (2)

where the addends have the following meaning:

• Δcinv: investment costs for BESS purchasing and installation, determined by using the cost per
kWh, depending on the BESS energy capacity, and the cost per kW applied to the inverter for grid
connection of the BESS (depending on the BESS power rating) [29];
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• cO&M: operation and maintenance costs, calculated by considering the costs of network losses
(evaluated using the electricity prices), the BESS aging applied as a reduction of the maximum BESS
energy capacity [29], and the maintenance costs considered as a percent of the investment costs;

• πV: penalty term associated with the violation of the upper voltage limit Vmax or the lower voltage
limit Vmin, with a penalty coefficient ρV assigned by the user in such a way that the penalty
is significantly higher than the terms of fref, without being excessive (otherwise, only feasible
solutions would be accepted during the optimization problem, going against the goal of the
metaheuristics to open the search space by also accepting penalized cases):

πV =
K∑

k=1

H∑
h=1

ρVmax{Vkh −Vmax, Vmin −Vkh, 0}; (3)

• πR: penalty term associated with the total energy injected at the supply point in the cases of
reverse power flow from the low voltage to the medium voltage network that can impact the
voltage regulation, as well as the protection systems [30–32]:

πR =
H∑

h=1

ρRmax{−P0h, 0}Δt. (4)

2.5. Overall Calculation Procedure

The calculation procedure is composed of two main steps, as shown in Figure 1:

(1) Step A, essentially based on the exploitation of the features of a customized genetic algorithm, and
(2) Step B, where the calculation of potential scheduling for all batteries installed is suggested through

a greedy algorithm.

On the basis of the outputs of Step B, the objective function related to that particular set of BESSs
is evaluated.

First of all, all the input data are introduced: in particular, the code requires information about
the network data, number of nodes KBESS where the BESS can be installed, time horizon (through the
number of days Nd) analysed, time discretization (i.e., number of time steps per day Nt), and number of
chromosomes Nc for the genetic algorithm. Thanks to the above information, the procedure continues
with Step A (planning) and Step B (dispatching). After the calculation of the objective function at the
iteration nG for all the chromosomes, the convergence criterion is checked.

2.5.1. Step A

The initial population  is created and the initial objective function values are collected in the
vector f

(0)
obj . The population is composed of chromosomes with the coding shown in Table 2.

Table 2. Codification used in the proposed genetic algorithm.

Gene 1 Gene 2 Gene 3

Number of BESSs installed Nodes where BESSs are installed BESS energy capacities (kWh)
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Figure 1. Scheme of the proposed procedure.

It is worth noting that according to the number of BESSs installed (indicated by gene 1), the number
of elements composing gene 2 and gene 3 will vary. This implies that a number of pre-defined rules are
needed to handle the genetic operators applied to the chromosomes, to make the creation of successive
generations possible.

1. Selection and Crossover
The selection process is based on the application of the biased roulette wheel.
Once the parents’ selection is made, the crossover may be applied according to the probability of

crossover pc.
The crossover follows some general rules:

• The number of batteries is inherited from the parent#1, and
• The crossover is only applied to the values contained in gene 2 and gene 3.
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Due to the particular codification used, some fixed rules have been used to apply crossover in the
presence of chromosomes with different characteristics. These rules are clarified with reference to the
chromosomes shown in Figure 2.

gene 1 gene 2 gene 3 

chr#1 2 {10,18} {20,40} 

chr#2 4 {5,10,12,14} {10,20,25,30} 

Figure 2. Example of chromosomes.

Different cases do exist:

• If parent#1 = chr#1, the offspring will be that shown in Figure 3a (offspring#1), and
• If parent#1 = chr#2, the offspring will be that shown in Figure 3b (offspring#2). In this particular case,

the number of batteries imposed by parent#1 is higher than that available in parent#2. Therefore,
information regarding the remaining nodes and capacities is randomly picked up from a repository
containing all the nodes (and related capacities) referring to the current population (e.g., nodes
{15, 24} and capacities {5, 10} in offspring#2).

offspring#1 2 {5,10} {10,20} 

(a) Codification of offspring#1 

offspring#2 4 {10,18,15,24} {20,40,5,10} 

(b) Codification of offspring#2 

Figure 3. Example of offpring when the parents have different lengths.

2. Mutation
As the crossover operator, the mutation is only applied to the contents of gene 2 and gene 3. This

operator is only applied when the value of a random number extracted from a uniform distribution is
lower than the probability of mutation pm. If the mutation is allowed, the values to be substituted are
picked up from the repository containing all the nodes and relative capacities of the current population.

2.5.2. Step B

During Step B, the procedure calculates the operation setpoints of all the installed batteries.
These setpoints are required to calculate the objective function related to the configuration (number
of batteries, their positions, and their capacities) specified in every chromosome comprising the
population in the generation nG. The flow chart related to Step B is shown in Figure 4.
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Figure 4. Flowchart related to Step B.

For every node k = 1, . . . ,K where the batteries are installed, the net load n
(nG)

d,k ∈ R(Nt,1) is
calculated as the difference between the load and local generation. With this information, it is possible
to calculate the mean value of the nodal net load n(nG)

d,k ∈ R(1,1) and thus an indicative value of unbalance

of the net load with respect to its mean value, i.e., u
(nG)

d,k ∈ R(Nt,1), calculated as

u
(nG)

d,k =
∣∣∣∣n(nG)

d,k − n(nG)

d,k

∣∣∣∣, k = 1, . . . , K. (5)

The vector u
(nG)

d,k , k = 1, . . . ,K, provides information regarding the time steps during which the use
of the battery system can be useful to level the net load.

On the basis of the value of u
(nG)

d,k , the daily time steps are reordered in a descending way, by

obtaining the unbalance ranked vector r
(nG)

d,k ∈ R(Nt,1) and the corresponding ranked index vector

ν
(nG)

d,k ∈ R(Nt,1): by knowing the time steps when the unbalance is higher, it is possible to apply the
scheduling algorithm by starting from the “most critical” time steps.

The pseudo-code of the scheduling algorithm is shown in Figure 5. Algorithm 1 tries to set the best
option for the current time instant, which is according to the order of solving, more critical with respect
to the next time instants, and pushes the battery constraint violations towards the lowest priority time
steps. First of all, the set-points for a single battery (collected in the vector called p

(nG)
BESS) are instructed,

starting from the value of unbalance u
(nG)

d,k . The feasibility of that desired pattern depends on the

maximum exploitable storage level of the battery and its maximum charging power, called P(−)
max, as

well as its maximum discharging power P(+)
max. According to the indices value collected in r

(nG)

d,k , the

63



Energies 2020, 13, 52

algorithm starts from the most critical time step that is the first element of ν(nG)

d,k and sets the set-point
at that step by respecting the battery’s power constraint, as shown at line 5.

Algorithm 1: Battery Scheduling 
 
 1) ,( ) = [NaN, NaN, NaN, …, NaN]  
 2) for i=1 to T do 
 3)    j = , ,( ) 
 4)    if , ,( )> 0 then  //Disharge 
 5)       , ,( )  = min( , ,( ), (−) )  
 6) = 0 
 7) for t = 1 to T do  
 8)            -(  , ,( ) +( [min (  – , (+) )]) 
 9)       = max ( - , 0) 
10)      if  > 0 then 
11)             , ,( )   , ,( ) - , ,( )  
12) exit t 
13)       end t 
 
14)    if , ,( ) < 0 then  //Charge 
15)       , ,( )   = max( , ,( ) , (+) )  
16) = 0 
17) for t = 1 to T do  
18)            -(  , ,( ) +(1- [min (  - , (−) )]) 
19)       = min (  – , 0) 
20)      if  > 0 then 
21)            , ,( )   , ,( ) + , ,( )  
22) exit t 
23)        end t 
24) end i 
 

Figure 5. Pseudo-code of the battery scheduling.

Then, an auxiliary variable called I (that stands for integrator) is initialized at line 6 with the last
value of energy stored in the battery. Following this, the integration operation is executed to check
whether the energy constraint is respected or not. The parameter ω is defined as follows:

ω =

⎧⎪⎪⎨⎪⎪⎩ 0, p(nG)
BESS,t = NaN

1, else
.

Line 8 indicates that a temporary value for an integral operation equal to the maximum availability
state is considered at the time step t. The maximum availability state changes if either a charging or
discharging mode is considered: in the discharging mode, the state is the fully charged state, whereas, in
charging mode, the maximum availability state is the empty one.

Once the integration operator goes beyond the maximum and minimum state of charge (SoCmax

and SoCmin), a correction factor called C f resets p(nG)
BESS, j and breaks integration execution. This operation

is similarly carried out for the charging mode with corresponding signs.

2.6. Selection of the Planning Alternatives

For each scenario, the ranking of the solutions is made on the basis of the objective function (from
the best solutions to the worst ones), and the Z top-ranked solutions are selected. The rationale for
this selection is that there is no guarantee that the global optimum will be reached from the execution
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of the metaheuristic, so, taking more than one solution from the ranking, enhances the possibility of
having good candidates to compare with the MCDM approach.

The number of planning alternatives is then defined as A =M × Z, that is, with the Z top-ranked
solutions for each one of the M scenarios analysed.

Since each planning alternative a = 1, . . . ,A exhibits a different performance according to the
scenario, fP(a, m) is the value of the objective function fP defined in (2), evaluated for the alternative a
when the scenario m occurs. The objective function values are then arranged into a matrix with A rows
(planning alternatives) and M columns (scenarios).

The MCDM approach is based on the application of decision theory criteria to the A planning
alternatives by considering the M scenarios. In the framework of the decision theory concepts, several
criteria can be applied to select the optimal planning alternative, taking into account that each scenario
m has a probability of occurrence pm.

2.6.1. Criterion of Minimum Expected Cost

The criterion of the minimum expected cost attempts to minimize the costs [33]. The optimal
planning alternative a∗ec is the one that minimizes the expected cost EC:

a∗ec = arg min
a=1,...,A

{
EC(a)

}
, (6)

where the expected cost EC(a) for each alternative a = 1, . . . ,A is determined as

EC(a) =
M∑

m=1

pm fp(a, m). (7)

The assignment of the probabilities of occurrence is crucial; when the equal likelihood criterion is
adopted [34], each scenario has the same probability of occurrence.

2.6.2. Criterion of Minimax Weighted Regret

The criterion of minimax weighted regret attempts to minimize the regret corresponding to the
worst case [34]. For a given scenario m, it is possible to identify the best planning alternative as the one
corresponding to the lowest cost; if a planning alternative different from the optimal one is chosen,
a greater cost will be experienced and, therefore, the regret can be calculated. Let us consider the
scenario m, where the best planning alternative a∗m is

a∗m = arg min
a=1,...,A

{
fp(a, m)

}
(8)

and, when scenario m occurs and the alternative a different from a∗m is chosen, the regret can be
quantified as

R(a, m) = fp(a, m) − fp(a∗m, m). (9)

Considering the probability of occurrence of each scenario, the weighted regret Rw(a, m) is
determined as

Rw(a, m) = pm R(a, m). (10)

According to the criterion of minimax weighted regret, the optimal planning alternative a∗wr is the
one that minimizes the maximum weighted regret, that is,

a∗wr = arg min
a=1,...,A

{
max

m=1,...M
(Rw(a, m))

}
. (11)

As in the case of the criterion of Section 2.6.1, the equal likelihood criterion can be adopted [33].
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2.6.3. “Optimist” and “Pessimist”Criterion

When the “optimist” criterion is applied [28,31], for each planning alternative, the best value
of the costs (i.e., the minimum value) over the possible scenarios is selected and, then, the selected
planning alternative a∗opt is the one that minimizes the cost corresponding to the best possible outcome
for each scenario, that is,

a∗opt = arg min
a=1,...,A

{
min

m=1,...M
fp(a, m)

}
. (12)

Conversely, the “pessimist” criterion [28,31] attempts to minimize the worst outcome of the
planning alternatives. Therefore, the worst value of the costs (i.e., the maximum value) of each
alternative over the possible scenarios is selected and, then, the selected planning alternative a∗pes is the
one that minimizes the worst outcome, that is,

a∗pes = arg min
a=1,...,A

{
max

m=1,...M
fp(a, m)

}
. (13)

In addition, an “optimist”-“pessimist” criterion can be considered as a mixed approach. In this
case, both the worst and best outcome of each alternative are considered and these values are weighted
by a proper factor α ∈ [0, 1]:

a∗opt−pes = arg min
a=1,...,A

{
α min

m=1,...M
fp(a, m) + (1− α) max

m=1,...M
fp(a, m)

}
. (14)

When applying the “optimist”, the “pessimist”, and the “optimist”-“pessimist” criteria, the
decision does not depend on the probabilities of the scenarios.

3. Case Study Application and Results

3.1. Network Data

The application presented in this paper is based on a rural LV network with 22 nodes, including
the slack node (Figure 6). The network is radial and is supplied by the MV system through an MV/LV
transformer (not represented in the figure). The network contains mainly residential and agricultural
customers. The number of nodes considered for BESS installation is KBESS = 5. The BESS data are
shown in Table 3. For discretization of the BESS energy capacity, the number of levels used is Λ = 47,
with BESS energy capacities considered to lie in the range 3 ÷ 49 kWh, and the energy to power ratio is
equal to 2, as indicated in Section 2.3 [29]. The total number of alternative combinations of BESS sizes
is S = ΛKBESS = 475 = 2.29 × 108. Such a number is practically intractable with an exhaustive search
process. In this situation, the use of a metaheuristic algorithm to identify the solution of the planning
problem is justified.

Table 3. Battery Energy Storage System (BESS) capacity data.

Minimum Energy
Capacity (kWh)

Maximum Energy
Capacity (kWh)

Discretization Steps Energy to Power Ratio

3 49 47 2
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Figure 6. Rural LV network.

3.2. Input Data

Without loss of generality, the reference period Tref is assumed to be one year, and the planning
time horizon is assumed to be 15 years (i.e., NH = 15).

The batteries chosen are Lithium Ion (type Nickel Manganese Cobalt): the cost used in this paper
is the one expected in 2020 and equal to 167 $/kWh, whereas the inverter cost is equal to 50 $/kW. The
operation and maintenance cost is equal to 1% of the investment cost per year. The BESS lifetime has
been considered to be equal to 13.4 years [29]. The BESS degradation has been modeled as a reduction
of the energy capacity of the battery, equal to 2.4% per year [35].

For execution of the genetic algorithm, the probability of crossover is imposed as pc = 0.75, and
the probability of mutation is set to pm = 0.05.

3.2.1. Loads

Regarding the calculation of the load profiles, it takes into account the real contractual delivery
powers of each load. Two nodes are considered as commercial consumers, while the other ones
refer to residential customers. For the profiles, due to a lack of complete information from the actual
profiles, relevant (residential and commercial) profiles have been taken from an open-source dataset
(OpenEI) [36], normalized and multiplied by the nominal powers.

3.2.2. PV Generation

The considered PV production, in the simulation, is calculated based on yearly solar irradiance
and the nominal installed power [37]. Yearly solar irradiance data was obtained through collected data
from a third party weather service provider [38] for the specific location of the case study with the
coordinates of 46.4746◦ N, 11.2479◦ E.

3.2.3. EV Relevant Information

EVs are considered in some scenarios, through the load profile caused by their charging. Within
this analysis, the number of EVs that determines the EV charging profile is set to 10 at the beginning of
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the scenarios with EV and that number gradually increases by the rate of one EV per year. The nominal
power of the EV chargers is considered to be 3.6 kW, i.e., a standard power level of charging stations,
and charging events mainly occur during the night.

3.2.4. Energy Price Evolution

Energy price evolutions increase and decrease linearly, with the granularity of one year along
entire scenario horizons.

3.3. Definition of the Scenarios

The scenarios are defined by assuming the following entries:

(a) Electricity prices: MP = 2 trends of variation are considered, namely, with a 50% increase and 20%
reduction of the prices in the planning time horizon of 20 years. Linear variations of the prices
are assumed during the years;

(b) Diffusion of the local generation: MDG = 2 trends of variation of the local generation are considered,
with a 20% and 50% increase of the energy production from local generation in the planning
time horizon of 20 years. Linear variations of the local generation diffusion are assumed during
the years;

(c) Diffusion of charging points for electric vehicles: MEV = 2 trends are assumed, in which (i) no parking
lot and no battery charging stations will be built, and (ii) one parking lot considering 10 active
(i.e., with an EV connected for charging purposes) charging points at node 13 is assumed, with
the increase rate of the number of active charging points of 1 per year.

3.4. Calculation of the Objective Function

The objective function has been evaluated for each planning alternative and scenario. The best
three solutions for each one of the eight scenarios have been calculated for all the scenarios to provide
the starting matrix to carry out the calculations based on decision theory. The number of alternatives is
then 24. Table 4 shows the objective function values: it is worth noting that, with respect to scenario
2, the values of the objective function for alternatives 3, 8, and 12 are 0.5135, 0.5136, and 0.5140,
respectively. Scenarios 5–8 (associated with a large deployment of EVs) exhibit higher values of the
objective function. Table 5 reports the technical data of the alternatives, including the number of BESSs
installed, the nodes where each BESS is located, and the BESS energy capacity at each node. The
solutions include one to three BESSs. Looking at the BESS locations, it can be seen that, in three cases,
the slack node is chosen to install a BESS. In this way, the BESS acts to limit the reverse power flows. In
the alternative number 23, node 8 is selected two times, because the energy capacity of the BESS in one
installation reaches the limits, and the procedure did not find a better alternative to place the BESS in
another node.
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Table 4. Values of the objective function for each planning alternative and for each scenario (×1012).
Values in bold indicate the best solution for each scenario.

Scenarios

Alternative 1 2 3 4 5 6 7 8

1 0.373 0.600 2.44 3.39 5.98 8.31 16.7 23.2
2 0.371 0.515 1.78 2.47 5.84 8.10 16.3 22.6
3 0.371 0.514 1.78 2.47 5.83 8.10 16.3 22.6
4 0.381 0.529 2.07 2.88 5.15 7.15 16.5 22.9
5 0.351 0.543 1.78 2.47 5.46 7.58 16.2 22.5
6 0.393 0.545 2.09 2.90 5.55 7.71 16.9 23.5
7 0.412 0.572 1.38 1.92 5.65 7.84 14.2 19.8
8 0.370 0.514 1.39 1.93 5.82 8.08 14.6 20.3
9 0.431 0.598 1.39 1.92 6.00 8.33 13.5 18.7

10 0.366 0.601 1.49 2.07 5.97 8.29 14.8 20.6
11 0.366 0.628 1.45 2.01 5.97 8.28 14.3 19.9
12 0.350 0.514 1.78 2.10 5.97 8.29 15.0 20.8
13 0.406 0.564 2.20 3.06 5.22 7.24 17.0 23.6
14 0.433 0.601 1.73 2.41 5.18 8.31 15.7 21.8
15 0.432 0.600 1.74 2.42 5.35 8.31 15.8 22.0
16 0.402 0.559 2.19 3.04 5.17 7.17 16.9 23.4
17 0.404 0.561 2.12 2.94 5.19 7.21 16.1 22.3
18 0.402 0.559 2.20 3.06 5.49 7.62 17.0 23.6
19 0.378 0.525 1.75 2.43 5.13 7.12 16.5 23.0
20 0.404 0.561 1.28 1.78 5.24 7.28 14.7 20.4
21 0.431 0.598 1.91 2.65 5.96 8.28 16.5 22.9
22 0.348 0.567 1.46 2.03 5.84 8.11 14.9 20.6
23 0.351 0.600 1.80 2.50 5.96 8.28 15.8 21.9
24 0.366 0.602 2.20 3.05 5.99 8.31 17.0 23.6

Table 5. Technical data of the planning alternatives.

Alternative Number of BESSs Nodes Energy Capacity (kWh)

1 1 14 21
2 2 0, 18 23, 49
3 2 15, 18 39, 49
4 2 10, 11 47, 12
5 2 18, 20 36, 40
6 2 20, 13 28, 11
7 3 14, 17, 10 21, 42, 9
8 2 11, 18 3, 47
9 3 7, 11, 17 34, 36, 19
10 2 9, 17 28, 40
11 2 17, 16 38, 21
12 2 8, 18 24, 34
13 1 10 29
14 1 19 38
15 1 19 21
16 3 10, 1, 8 36, 6, 18
17 2 10, 7 32, 28
18 2 10, 12 15, 43
19 2 13, 10 42, 16
20 2 10, 17 28, 45
21 3 17, 8, 0 12, 49, 16
22 3 13, 17, 8 13, 41, 20
23 3 8, 17, 8 16, 23, 49
24 3 9, 8, 0 15, 49, 28

3.5. Decision Theory-Based Assessment of the Planning Alternatives and Scenarios

Several cases have been considered, with different values of probability of occurrence assigned
to each scenario (Table 6). In Case 1, all scenarios have the same probability of occurrence and, then,
the equal likelihood criterion is considered. Cases 2 and 3 consider that it is more probable that the
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scenarios with higher and lower price increases will occur, respectively. Cases 4 and 5 are focused on
the deployment of EVs. In particular, in Case 4, the scenarios with the large deployment of EVs are
weighted more, while in Case 5, the scenarios with no deployment of EVs are weighted more. In Case
6, the probabilities are higher for scenarios with a higher price increase and higher PV installation.
Finally, Case 7 weights the scenarios with a lower price increase and large deployment of EVs more.

Table 6. Values of scenario probabilities.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Scenario 1 0.125 0.05 0.20 0.05 0.20 0.05 0.15
Scenario 2 0.125 0.20 0.05 0.05 0.20 0.15 0.05
Scenario 3 0.125 0.05 0.20 0.05 0.20 0.05 0.15
Scenario 4 0.125 0.20 0.05 0.05 0.20 0.25 0.05
Scenario 5 0.125 0.05 0.20 0.20 0.05 0.05 0.25
Scenario 6 0.125 0.20 0.05 0.20 0.05 0.15 0.05
Scenario 7 0.125 0.05 0.20 0.20 0.05 0.05 0.25
Scenario 8 0.125 0.20 0.05 0.20 0.05 0.25 0.05

3.5.1. Application of the Criterion of the Minimum Expected Cost

Table 7 reports the expected costs for each alternative in all cases considered. From the values of
the expected costs, the selected planning alternative is Alternative 9 for cases 1–4 and 6–7. Alternative
9 is characterized by lower costs in scenarios 7 and 8 (generally associated with high values of costs);
as such, it is often the selected alternative. The criterion of the minimum expected cost provides
Alternative 20 as the preferred one in Case 5, when scenarios 1–4 are more weighted.

Table 7. Expected costs (×1012). Values in bold indicate the best solution for each case.

Alternative Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

1 7.61 8.36 6.87 11.2 4.07 9.24 7.86
2 7.24 7.94 6.53 10.8 3.67 8.76 7.53
3 7.24 7.94 6.53 10.8 3.66 8.76 7.53
4 7.20 7.91 6.50 10.6 3.76 8.81 7.46
5 7.12 7.82 6.42 10.6 3.62 8.66 7.40
6 7.45 8.18 6.73 11.0 3.87 9.09 7.73
7 6.47 7.10 5.84 9.71 3.23 7.77 6.75
8 6.63 7.28 5.99 10.0 3.28 7.96 6.92
9 6.35 6.97 5.73 9.51 3.19 7.55 6.61

10 6.78 7.45 6.11 10.2 3.39 8.13 7.06
11 6.62 7.27 5.97 9.92 3.32 7.92 6.89
12 6.86 7.50 6.21 10.3 3.45 8.21 7.15
13 7.41 8.14 6.69 10.9 3.90 9.08 7.67
14 7.02 7.78 6.27 10.5 3.58 8.54 7.20
15 7.08 7.83 6.34 10.6 3.61 8.60 7.29
16 7.36 8.07 6.64 10.8 3.87 9.01 7.61
17 7.11 7.80 6.41 10.5 3.75 8.67 7.35
18 7.48 8.21 6.75 11.0 3.93 9.14 7.75
19 7.11 7.80 6.41 10.6 3.61 8.69 7.39
20 6.45 7.08 5.82 9.71 3.18 7.79 6.73
21 7.40 8.12 6.68 11.0 3.80 8.96 7.68
22 6.73 7.39 6.07 10.1 3.35 8.09 7.01
23 7.15 7.86 6.45 10.7 3.65 8.63 7.43
24 7.64 8.39 6.89 11.3 3.99 9.28 7.91

3.5.2. Application of the Minimax Weighted Regret Criterion

Table 8 reports the maximum weighted regrets for each alternative in all cases considered.
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Table 8. Maximum weighted regrets (×1012). Values in bold indicate the best solution for each case.

Alternative Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

1 0.560 0.896 0.644 0.896 0.322 1.120 0.805
2 0.486 0.778 0.560 0.778 0.195 0.973 0.700
3 0.486 0.778 0.560 0.778 0.194 0.972 0.700
4 0.534 0.854 0.615 0.854 0.219 1.068 0.768
5 0.483 0.773 0.556 0.773 0.193 0.966 0.696
6 0.605 0.967 0.696 0.967 0.242 1.209 0.870
7 0.136 0.218 0.157 0.218 0.055 0.273 0.196

8 0.206 0.330 0.238 0.330 0.083 0.413 0.297
9 0.151 0.241 0.174 0.241 0.060 0.181 0.217
10 0.242 0.386 0.278 0.386 0.097 0.483 0.347
11 0.154 0.247 0.177 0.247 0.062 0.308 0.221
12 0.270 0.431 0.310 0.431 0.108 0.539 0.388
13 0.617 0.988 0.710 0.988 0.255 1.235 0.888
14 0.391 0.626 0.450 0.626 0.156 0.782 0.562
15 0.413 0.661 0.475 0.661 0.165 0.826 0.593
16 0.596 0.953 0.686 0.953 0.253 1.191 0.857
17 0.457 0.732 0.527 0.732 0.233 0.915 0.658
18 0.612 0.979 0.705 0.979 0.255 1.224 0.881
19 0.537 0.859 0.618 0.859 0.215 1.074 0.772
20 0.212 0.339 0.244 0.339 0.085 0.424 0.305
21 0.527 0.843 0.607 0.843 0.211 1.054 0.759
22 0.243 0.388 0.279 0.388 0.097 0.486 0.349
23 0.406 0.650 0.468 0.650 0.162 0.812 0.585
24 0.616 0.985 0.710 0.985 0.254 1.232 0.887

From the values of the maximum weighted regrets, the selected planning alternative is Alternative
7, for cases 1–5 and 7. The values of the objective function in scenarios with a large deployment of EVs
influence the results also for this criterion, as in 3.5.1.

3.5.3. Application of the “Optimist-Pessimist”Criterion

The “optimist-pessimist” criterion was applied, considering different values of the weighting
factor α ranging from 0 to 1. The case with α = 0 corresponds to the application of the “pessimist”
criterion, while the case with α = 1 is equal to the application of the “optimistic” criterion. The results
are reported in Table 9.

Table 9. Selected planning alternatives obtained by applying the “optimist-pessimist” criterion.

α Selected Planning Alternative

0.0 9
0.1 9
0.2 9
0.3 9
0.4 9
0.5 9
0.6 9
0.7 9
0.8 9
0.9 9
1.0 22

From these results, Alternative 9 is the selected alternative for all the values of the weighting
factor, with the exception of the case with α = 1. The “optimistic” criterion (α = 1) selects Alternative
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22, which is associated with the lowest value of the objective function; for the other values of the
weighting factor α, higher values of the objective function in scenarios 7–8 influence the results.

4. Conclusions

This paper has presented a novel procedure that combines planning and scheduling of the BESSs
installed in an LV grid. In this way, BESS siting and sizing is carried out with the support of a
specific assessment of the system operation. The proposed approach combines the properties of the
metaheuristics used to search for solutions in a wide space (for the creation of planning alternatives)
and the fast calculation of the greedy procedure that allows a viable solution to be found for BESS
scheduling. This approach makes it possible to overcome the limitation due to the intractable total
number of combinations of BESS sizes, simultaneously handling the non-trivial operational aspects
linked to variations in time of the power flows in the network and the BESS scheduling. Furthermore,
the uncertainty regarding future scenarios has been handled with a decision theory-based method.

Alternatives 7 and 9 have emerged as the most promising ones when using the decision theory
criteria. In particular, Alternative 9 has been preferred by the expected costs and the “optimist-pessimist”
criteria, in quite a robust way, over most of the cases with weighted scenarios. Alternative 7 has been
preferred by the minimax weighted regrets criterion, again over most of the cases with weighted
scenarios. In these two alternatives, three nodes are chosen for BESS installation (with node 17 in
common) and the BESS sizes in these nodes are intermediate with respect to the minimum and
maximum energy capacity limits used. For a problem of this kind, there can be no guarantee that
a globally optimal solution has been reached. For this reason, the creation of meaningful scenarios
taking into account the local conditions of loads and generation becomes a fundamental aspect that
can be successfully addressed in the case of relatively small electricity communities, where the energy
community manager may have an easier view on the decision variables involved in the system
operation and planning with respect to what occurs in larger systems. To further develop scenarios
of local loads and generation, future research will consider the deployment of other electrification
technologies, like heat pumps, that can significantly impact the demand; it will also consider the
inclusion of three-phase or single-phase PV systems with storage to take into account the trend of the
prosumers to install storage systems in their local plants with the aim of increasing self-sufficiency.
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Abstract: This paper deals with the optimal planning of the electrical energy storage systems in the
microgrids aimed at cost minimization. The optimization accounts for the compensation of the voltage
dips performed by the energy storage systems. A multi-step procedure, at the first step, identifies a
set of candidate buses where the installation of a storage device produces the maximum benefit in
terms of dip compensation; then, the life cycle costs in correspondence of different alternatives in
terms of size and location of the storage systems are evaluated by considering an optimized use of
the energy storage systems. The simulations on a medium voltage microgrid allowed validating the
effectiveness of the proposed procedure.

Keywords: electrical energy storage systems; voltage dips; power quality; microgrid planning

1. Introduction

The role of the systems for storing the electrical energy is gaining more and more importance in
the frame of modern power systems. This is thanks to the electrical energy storage systems’ (EESSs)
ability to provide a number of benefits across multiple levels [1–3]. Focusing on the distribution level
of electrical energy systems, the EESSs’ benefits are mainly related to the compensation action of the
intermittent effects of renewable power sources and to the support to the operation of the network by
providing services aimed at regulating voltage levels, at reducing losses, and deferring the investment
on the distribution system [4–6]. End-users can also benefit from EESSs through reduction of the cost
for the energy purchased as well as for the improvement of power quality (PQ) and reliability [7].

The convenience of the installation of the EESSs is still a critical issue and is strictly related to the
number of benefits that can be achieved contemporaneously from their installation [8]. In the case of
the microgrids (μGs), cost reduction and PQ improvement are matters of particular interest for both
grid operators and end-users.

Cost reduction refers to the ability of the μG owner to increase the share of power produced
from renewables inside the μG thus reducing the cost sustained for the imported power, as well as to
increase the system efficiency and reduce the network losses. PQ improvement refers to possibility of
reducing the level of the PQ disturbances at least up to the ranges admissible for the loads fed by the
μG. The typical characteristics of a μG make the objective of the PQ improvement more difficult to
attain than in the traditional distribution systems. The network structure, the lengths of the lines, the
installed powers and the levels of short circuit power jointly contribute to limiting the PQ robustness
of a μG, defined as its intrinsic capacity to maintain assigned disturbance levels when the external
conditions change [9,10]. The improvement of the performance of a μG in terms of voltage dips, one
of the most critical PQ disturbances, represents an attractive challenge for different reasons. First of
all, the voltage dips are the disturbances with serious consequences on processes and activities that
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could evolve in higher sustained costs. Secondly, these costs are important not only for the industrial
users, for which are certainly the most critical [11], but also for commercial and service activities. Loss
of production, damages to equipment, halt of processes and data losses are some of the effects of
voltage dips, which unavoidably evolve into significant financial losses [12]. Further, the detrimental
effects of voltage dips can regard also residential customers, which can suffer for uncomfortable supply
service. Also, in the frame of smart grids, most of the new smart technologies are based on electronic
devices and control systems, which are particularly sensitive. Finally, it is worth emphasizing that the
importance of the improvement of the voltage dip performance is also proved by the fact that most of
the regulations on the quality of voltage by the national authorities in Europe started with actions on
voltage dips, even if only with wide measurement campaigns like in Italy [13].

In this context, where assuring high voltage dips performance is a primary issue, a possible
solution could be given by installing a number of EESSs in the μG, able to fast respond to the occurrence
of voltage dips. Clearly, the installation of EESSs is not without drawbacks, particularly those related to
the cost of this technology. Thus, EESSs need to be optimally sized by maximizing their benefits while
minimizing costs and need to be installed in those nodes considered strategical for the maximization
of their value in terms of dip compensation.

In the relevant literature, great effort has been paid to the optimal planning of EESSs in μGs with
the objective of the cost reduction. Optimal planning of EESSs in the distribution grids is proposed
in [6], based on the minimization of the investment and operation costs. In [14], a planning procedure
is proposed, which takes into account the minimization of the cost of energy imported from the
external grid while considering voltage support and minimization of network losses. The problem
of the optimal siting and sizing of EESSs in μGs is faced in [15] through the minimization of both
installation and operation costs, as well as power losses. Minimization of investment and operation
costs in distribution networks is considered in the planning tool proposed in [16], which accounts
for constraints on bus voltages. Costs of both power losses and EESS’ operation are included in the
analytical planning tool presented in [17]. In [18], the optimal allocation of EESSs in distribution
networks is performed on the basis of a tradeoff among investment and operation costs, technical
constraints and network losses. A planning tool is proposed in [19] aimed at the minimization of
installation and operation costs while accounting for the network technical constraints in the presence
of uncertainties. The mitigation of voltage dips thanks to the installation of the storage devices is
analyzed in [20], where a cost-benefit analysis is proposed. To the best of our knowledge, approaches
that include the benefits related to voltage dip compensation within the EESS planning has never been
proposed in the current technical literature.

In this paper, a minimum cost strategy for the planning of EESSs in a μG is proposed where
the cost is avoided thanks to the voltage dip compensation being taken into account. At this aim,
the optimal siting and sizing of EESSs in the μG is formulated in terms of a multi-period, non-linear,
constrained optimization problem. A multi-step approach is proposed based on the identification
of a limited set of candidate buses among the most exposed to the voltage dips. An optimization
tool is used to identify the total cost related to the possible design alternatives (size and location of
EESSs). The selection of the candidate buses allows optimizing EESSs’ installation while reducing
computational complexity. The reduced computational burden allows analyzing all the possible design
alternatives and choosing the optimal solution as the one corresponding to the maximum benefit.
Compared to the existing technical literature, the main contribution of this paper in terms of novelty
refers to the inclusion of the voltage dips’ cost in the planning of EESSs in μGs.

The paper is organized as follows. The problem formulation of the proposed planning method is
reported in Section 2. In Section 3, the method used to identify the set of candidate buses is described.
Section 4 reports the optimization tool used to derive the total cost of the planning solutions. Some
results related to the application of the proposed method to a case study based on an MV test system
are summarized and discussed in Section 5. Our conclusions are drawn in Section 5 together with
some comments on future research work.
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2. Problem Formulation

The planning problem refers to a three-phase, MV, balanced, μG including residential, industrial
and commercial loads. The μG is connected to an upstream grid through the Point of Common
Coupling (PCC). The distributed resources including Distributed Generation (DG) units and EESSs are
connected to the μG through power converters, and are supposed to be owned by the μG operator.

The contribution of both the DG units and EESSs is the provision of active power to supply
part of the loads and, reactive power to support the μG operation. The active power profile of the
EESSs (that is, their charging/discharging profile), and the reactive power of both DG units and EESSs
are determined on the basis of a minimum cost strategy. More specifically, the strategy is aimed at
minimizing the cost sustained by the μG operator for the energy imported from the upstream grid. The
size and location of the DG units are assigned whereas, the size and location of the EESSs are identified
according to the proposed planning problem based on the minimization, a total cost function. The
total cost function includes the installation cost of the EESSs, the operation cost of the μG, and the
benefit derived from the voltage dip compensation over the whole planning period.

The planning problem is developed in four steps, as shown in the flow chart in Figure 1. The
first step refers to the selection of the candidate nodes, chosen as those resulting among the most
vulnerable in terms of exposure to the voltage dips. For this reason, these nodes correspond to the sites
of the installation of the EES units with the preferred performance in terms of dip compensation. The
procedure for the selection is presented in Section 4.

Identification of candidate nodes (selected as those 
most exposed to the voltage dips) 

For each planning alternative, the total cost is 
evaluated (including the cost avoided trough dip 
compensation).  

Definition of all the possible configurations in terms 
of size and locations of the batteries (planning 
alternatives) 

Planning solution: alternative corresponding to the 
maximum benefit. 

Figure 1. Flow chart of the proposed planning procedure.

The second step refers to the identification of all the possible configurations in terms of size and
location for the EESS installation (limiting the installation only to the set of nodes derived from the
Step 1). For each of the possible configurations (planning alternatives), the total cost sustained by the
μG owner is evaluated according to the procedure detailed in the Section 5 (third step).

Finally, in the fourth step, the best planning alternative is selected as that corresponding to the
maximum benefit (BF) derived by the installation of the EESSs. This BF can be evaluated for each
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alternative by comparing the total cost sustained by the μG’s owner in absence of the EESSs (Cno EESS
T )

and that resulting when the EESSs are installed (CEESS
T ):

BF(Ai) = Cno EESS
T (Ai) −CEESS

T (Ai) i = 1 . . . NA (1)

where NA is the number of the design alternatives. The total cost evaluated when the EESSs are
installed includes the reduction of the cost item related to the voltage dips and of that related to the
grid operation thanks to the price arbitrage.

3. Identification of the Set of Buses Most Exposed to the Voltage Dips

A fault in a node can cause a voltage dip in one or more nodes of the electrical network in function
of several parameters that determine the electrical power system response to a short circuit. These
parameters are linked to the structural characteristics of the network and to the features of the installed
components. Examples of such “hardware characteristics” of the electrical system are the network
configuration, the installed generator powers, and the size, length and type of the lines.

The numbers of the voltage dips or their frequency in a time horizon, usually one year, is instead
linked to the frequency of the causes, the short circuits, which originated them.

The choice of the candidate nodes where the μG operator can place a compensating unit of the
voltage dips has been made according to the hardware characteristics of the network that constitutes
the μG. In particular, the set of candidate nodes are those nodes that mostly experience the voltage
dips whose residual voltage is below a critical value, Vcr, regardless the frequency of the faults which
originated these voltage dips.

This choice allows ascertaining the sensitiveness of the nodes directly to the effects of the short
circuits in any node of the network in terms of voltage dips linked to the characteristics of the network
and of the installed components. Consequently, for any possible configuration of the network (radial,
meshed, ring) the set of the candidate nodes is different for the same Vcr.

Inside a μG, the figure Vcr represents the limit value of vulnerability of the loads supplied by the
system, that is the minimum value below which the equipment experiences a trip, the most critical
effect of a voltage dip.

Theoretically, the value of Vcr should vary in function of the specific load fed at every node of
the μG. However, a more realistic scenario in a planning stage allows accounting for the vulnerability
limits of classes of equipment, as indicated by the International Standards IEC [21]. In the case of
equipment supplied by the μG are of Class II or Class III, Vcr corresponds to the limit value of 70% or
40% of the declared voltage, respectively, for the voltage dips lasting up to 200 ms.

Summarizing, for every possible configuration of the μG network, the set of candidate busses for
the installation of a compensating units is the set of busses which experience the largest number of
voltage dips whose residual voltage is below Vcr, regardless the frequency of the faults which caused
these voltage dips.

The Fault Position Method (FPM) is the most effective tool for the selection of the candidate bus
set in the given assumptions.

In fact, for a system with N nodes the FPM allows obtaining the (NxN) matrix of the during fault
voltages in any node for short circuit in every node,

[
Vd f

]
, by means of the following equation for a

three-phase fault in every node of the system:

[
Vd f

]
=

[
Ep f

]
−

[ .
ZSC

] (
diag

[ .
ZSC

] )−1
diag

[
Ep f

]
(2)
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where
[ .
ZSC

]
is the nodal short circuit impedance matrix,

[
Ep f

]
is the pre-fault voltage matrix and(

diag
[ .
ZSC

] )−1
is the matrix formed by the inverse of the diagonal elements of the short circuit impedance

matrix. If the pre-fault voltages are assumed to be 1 p.u., relation (2) can be written as:

[
Vd f

]
= [ones] −

[ .
ZSC

] (
diag

[ .
ZSC

] )−1
diag[ones] (3)

where [ones] is a matrix full of ones and such that dimension is equal to the dimension of
[ .
ZSC

]
.

Any element Vik of
[
Vd f

]
with magnitude less than 0.9 p.u. represents a voltage dip in the node

i caused by a three-phase short circuit in the node k. For different types of short circuits, similar
equations can be drawn [22].

For every network configuration of the μG with N nodes, starting from the matrix
[
Vd f

]
obtained

by the FPM, the set of candidate busses is chosen as constituted by the m nodes such that:∣∣∣Vi,k
∣∣∣ ≤ Vcr, i = 1, . . . , m and k = 1, . . . , N. (4)

As mentioned above, the value of Vcr in the equation (4) is chosen from the Standard (e.g., [23]).

4. Total Cost Evaluation

For each alternative, the total costs, CT, related to the inclusion of the EESSs in the μG is given by
the sum of the cost of installation, Cinst, and replacement, Crep, of the EESSs, the operation costs of the
μG, Cop, and the cost due to voltage dips.

CT(Ai) = Cinst(Ai) + Crep(Ai) + Cop(Ai)+ Cvd(Ai) (5)

All the cost items refer to the whole planning period and are detailed in the following sub-sections.
In (5), maintenance cost can be also added as a percentage of the installation cost. For ease of notation,
in the following equations, the reference to alternative Ai is omitted.

4.1. Installation Cost

The installation cost includes both the cost of the battery and the cost of the power converter
interfacing the storage device to the grid. The cost of the battery depends on the energy capacity,
whereas the cost of the power converter is related to the rated power. In case of EESSs, the rated energy
and power are linked through the nominal C-rate. Then, a unitary installation cost can be provided
once the nominal C-rate has been specified. In this case, the installation cost of the EESSs is given by
the product of the capacity unitary installation cost, ICEESS, and the battery size. Obviously, the former
depends on the considered battery technology and the latter refers to the specific design alternative.
The installation cost is then given by:

Cinst =
nb∑

i=1

ICEESS Esize
EESSi

(6)

where nb is the number of installed EESSs and Esize
EESSi

is the size of the ith EESS.

4.2. Replacement Cost

Based on the expected battery lifetime, which is given in terms of number of charging/discharging
cycles—and that depends on the battery’s stress factors, the replacement of the device could be
necessary during the considered planning period. The replacement cost is given by:
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Crep =
nb∑

i=1

riRCEESS Esize
EESSi

(7)

where RCEESS is the unitary cost for the battery replacement, and ri indicates the number of times the
ith battery needs to be replaced. To evaluate ri, the battery’s lifetime duration must be evaluated and
compared to the planning period. The battery’s lifetime, in years, (Lb) can be evaluated based on the
lifecycle (i.e., life expressed in terms of number of charging/discharging cycles), Ncycles, and on the
number of cycles per day, ncycles,d:

Lb =
Ncycles

365 ncycles,d
(8)

Ncycles represents the total number of cycles the battery can be used before the replacement; it strictly
depends on the battery technology and on the way stress factors act [24,25]. Its value is provided by the
battery manufacturer, and it is related to specified operation conditions, such as ambient temperature
and depth of discharge (DoD). The value of ncycles,d depends on the way the battery is operated, which
depends on the operation strategy.

4.3. Operation Cost

The operation cost of the μG refers to the cost of the energy imported from the upstream grid. It is
supposed that the μG is not able to sell energy to the upstream grid. The cost of the energy imported
implies the evaluation of the overall costs

- sustained by the μG’s owner to (i) supply the loads, (ii) charge the EESSs, (iii) compensate for the
power losses;

- avoided thanks to the EESS discharged energy.

The planning time horizon includes ny years, each represented by ndy typical days. Forecasted
daily profiles of the power requested by the loads, of the power delivered by the distributed generation,
and those of the energy price are known for each typical day of the first year. These profiles are
known with reference to all the nt time intervals—of duration Δt—in which each day is divided. The
corresponding profiles for the subsequent years are evaluated based on a specified yearly growth. The
operation cost for the whole planning period is then provided by the net present value of the sum of
the costs sustained at each typical day:

Cop =

ny∑
y=1

1

(1 + a)y−1

ndy∑
d=1

Ny,d

⎡⎢⎢⎢⎢⎢⎣
nt∑

k=1

(
P1,k(y,d)

Δt
)
Prk(y,d)

⎤⎥⎥⎥⎥⎥⎦ (9)

where a is the discount rate, Ny,d is the number of days represented by the dth typical day in the
year y, P1,k(y,d)

and Prk(y,d)
are the power imported from the upstream network and the energy price,

respectively, at the kth time interval of the dth typical day of the year y.
In order to evaluate the power imported from the upstream grid, P1,k(y,d)

, a minimum cost strategy
is formulated for the μG, on the basis of a two-stage procedure which allows decoupling the hourly
optimization algorithm so reducing the computational burden.

In the first stage, the hourly active power of the EESSs is evaluated. According to the cost
minimization approach, the value of the power of each EESS is derived by charging the battery during
low-price hours and discharging it during the high price hours, while constraints are imposed on the
rated power and energy capacity of the EESSs.

In the second stage an OPF is solved, at each time interval, with respect to the known variables
(i.e., specified values of loads’ active and reactive powers and active powers of DG units and EESSs)
and unknown variables (i.e., active and reactive power at the PCC, reactive powers of both DG units
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and EESSs.) Coherently with the cost minimization strategy, the OPF minimizes the power imported
at the PCC while satisfying the constraints on both the μG and the interfacing converters.

a. 1th Stage: EESS Profile Optimization

The power that can be charged or discharged by the EESSs at each time interval depends on the
stored energy available in the battery, on the rated power and on the price of energy corresponding to
that interval. A this aim, two sets of time intervals are identified in a day: the first set is related to the
highest price—where the EESSs can be discharged to reduce the costs of the imported power—Ωdch(y,d)

,
the second set is related to the lowest price—where the EESSs can be charged—Ωch(y,d)

. Two different
iterative procedures are applied in Ωdch(y,d)

and Ωch(y,d)
(Figure 2).

Define set  of time 

intervals for discharging 

Sort the set  according to 

decreasing price of energy 

 

Evaluation of the maximum power that 
can be discharged according to the SoC: 

Evaluation of the battery power: 

Update the maximum power that can 

be discharged  

 

 

Power profile for the discharging: 

    

Energy discharged: 

not 
not 

 

yes yes 

(a) 

Define set  of time 

intervals for charging 

Sort the set  according to 

decreasing price of energy 

 

Evaluation of the maximum power that 
can be charged according to the SoC: 

Evaluation of the battery power: 

 

Update the maximum power that can 

be charged  

 

 

Power profile for the charging stage: 

    

Energy charged: 

not 
not 

yes yes 

(b) 

 

Figure 2. Flow chart of the iterative procedure for the determination of the EESS profile during
(a) Ωdch(y,d)

and (b) Ωch(y,d)
.
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The iterative procedure that applies to Ωdch(y,d)
allows obtaining the EESS’s profile during the

discharging stage (Figure 2a). The procedure is based on the identification of the time intervals
included in Ωdch(y,d)

and on the identification of the set Ω′dch(y,d)
which includes the time intervals of

Ωdch(y,d)
sorted by decreasing price of energy. Then, at each time interval tk included in Ω′dch(y,d)

, with

k = 1, . . . , K, the power discharged by the battery is identified as the minimum between the EESS rated
power (Prtd

b ) and the power corresponding to the battery SoC (Paux,dch
b,tk

):

Pb,tk(y,d)
= min

{
Prtd

b , Paux,dch
b,tk

}
(10)

tk ∈ Ω′dch(y,d)
y = 1, . . . , ny, d = 1, . . . , ndy

With reference to the first interval in which the battery can be discharged, k = 1, it is assumed that
the battery is fully charged, thus

Paux,dch
b,t1

=
1

Δt
δErtd

b (11)

where Ertd
b is the rated energy capacity of the battery, and δ is the admissible DoD. Once the battery

power is known through (10), the power corresponding to the SoC is updated:

Paux,dch
b,tk+1

=
1

Δt
δErtd

b −
1
ηdch

tk∑
j=t1

Pb, j(y,d)
(12)

where ηdch is the discharging efficiency of the EESS. The procedure ends when all of the time intervals
in Ω′dch(y,d)

are explored (i.e., k = K) or Paux,dch
b,tk+1

≤ 0. Outputs of the procedure are the EESSs’ power

profiles during the discharging stage (i.e., Pb,k(y,d)
∀ k ∈ Ωdch(y,d)

) and the total energy which can be
discharged by the battery:

eb(y,d)
=

1
ηdch

∑
k∈Ωdch(y,d)

Pb,k(y,d)
Δt (13)

The iterative procedure, which applies in Ωch(y,d)
allows obtaining the EESS’s profile during the

charging stage (Figure 2b). The procedure is based on the identification of the time intervals included
in Ωch(y,d)

and on the identification of the set Ω′ch(y,d)
which includes the time intervals of Ωch(y,d)

sorted

by increasing price of energy. Then, at each time interval th included in Ω′ch(y,d)
, with h = 1, . . . , H, the

discharged power of the battery is identified as the minimum between the EESS rated power (Prtd
b ) and

the power corresponding to the battery SoC (Paux,dch
b,th

):

Pb,th(y,d)
= −min{Prtd

b , Paux,ch
b,th

}
th ∈ Ω′ch(y,d)

y = 1, . . . , ny, d = 1, . . . , ndy
(14)

With reference to the first interval in which the battery can be charged, h = 1, it is assumed that
the battery is empty, thus

Paux,ch
b,t1

= − 1
Δt

eb(y,d)
(15)

where eb(y,d)
is given by (13). Once the battery power is known through (10), the power corresponding

to the SoC is updated:

Paux,dch
b,th+1

=
1

Δt
eb(y,d)

− ηch

thh∑
j=th1

Pb, j(y,d)
(16)
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Where ηch is the charging efficiency of the EESS. The procedure ends when all of the time intervals
in Ω′ch(y,d)

are explored (i.e., h = H) or Paux,ch
b,th+1

≤ 0. Outputs of the procedure are the EESS’s power

profile during the charging stage (i.e., Pb,h(y,d)
∀ h ∈ Ωch) and the total energy, which can be charged by

the battery:
e′b(y,d)

= −ηch

∑
h∈Ωch(y,d)

Pb,h(y,d)
Δt (17)

In order to make the strategy feasible, it is required that during each day, the energy charged and
discharged must be the same:

eb(y,d)
= e′b(y,d)

(18)

In the case that (18) is not satisfied, the procedure for the discharging stage (Figure 2) must be
repeated by replacing δErtd

b = e′b(y,d)
.

b. 2nd Stage: Optimal Power Flow

The Optimal Power Flow (OPF) in its general form is formulated as:

min fobj(x) (19)

ψυ(x) = 0 υ = 1, . . . , neq (20)

φγ(x) ≤ 0 γ = 1, . . . , nineq (21)

where the minimization of the objective function fobj is subject to equality and inequality constraints,
ψ and φ applied to the vector x of the optimization variables. Inputs of the OPF are the forecasted
values of the power load demand, the DG power production, the energy price and the EESS power.
Outputs are the reactive power of the DG units and of the EESSs, and the active and reactive power at
the PCC. All these quantities are required to be known at all the k time intervals of each typical day d
of year y. In order to minimize the operation costs defined in (9), the objective function is:

fobj(x) =
(

P1,k(y,d)
Δt

)
Prk(y,d)

k = 1, . . . , nt, y = 1, . . . , ny, d = 1, . . . , ndy (22)

The constraints to be satisfied in the OPF include the classical power flow equations:

Pi,k(y,d)
= Vi,k(y,d)

n∑
j=1

Vj,k(y,d)

[
Gi, j cos

(
δi, j,k(y,d)

)
+ Bi, jsin

(
δi, j,k(y,d)

)]
(23)

Qi,k(y,d)
= Vi,k(y,d)

n∑
j=1

Vj,k(y,d)

[
Gi, j sin

(
δi, j,k(y,d)

)
− Bi, jcos

(
δi, j,k(y,d)

)]
(24)

V1,k(y,d)
= Vspec (25)

δ1,k(y,d)
= 0 (26)

k = 1, . . . , nt, y = 1, . . . , ny, d = 1, . . . , ndy

where n is the number of network buses and, with reference to the time interval k of the day d in
the year y, δi, j,k(y,d)

is the difference between the phase angles at nodes i and j, Pi,k(y,d)
and Qi,k(y,d)

are
the active and reactive powers at bus i, Vi,k(y,d)

is the ith bus voltage amplitude, Gi, j and Bi, j are the
(i, j)-terms of the matrices of the conductance and susceptance, respectively. Constraints (25) and (26)
refer to slack bus (i = 1), that is the PCC.

The active and reactive powers in (19) and (20) include the powers absorbed by the loads, the
power charged/discharged by the EESSs and the power produced by the DG units.
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The active and reactive power exchanged at the PCC must comply with the transformer rate, Srtd
tr ,

that is: [(
P1,k(y,d)

)2
+

(
Q1,k(y,d)

)2
]1/2
≤ Srtd

tr (27)

k = 1, . . . , nt, y = 1, . . . , ny, d = 1, . . . , ndy

The same applies to the power flowing through the converters interfacing the EESSs and the DG
units, which cannot exceed the converter rated power, Srtd

DESS,i, Srtd
DG,i:

[(
Pb,i,k(y,d)

)2
+

(
Qb,i,k(y,d)

)2
]1/2
≤ Srtd

DESS,i (28)

i ∈ ΩDESS[(
Pdgi,k(y,d)

)2
+

(
Qdg,i,k(y,d)

)2
]1/2
≤ Srtd

DG,i (29)

i ∈ ΩDG

k = 1, . . . , nt, y = 1, . . . , ny, d = 1, . . . , ndy

where Pb,i,k(y,d)
has been previously derived in Step 1, Qb,i,k(y,d)

is the EESS reactive power, and Pdgi,k(y,d)

and Qdg,i,k(y,d)
are the DG active and reactive powers, ΩDESS and ΩDG are the sets of buses, where the

EESSs DG units are connected, respectively.
Further constrains refer to the limits imposed to the bus voltage and line current magnitudes:

Vmin ≤ Vi,k(y,d)
≤ Vmax (30)

k = 1, . . . , nt, y = 1, . . . , ny, d = 1, . . . , ndy

Il,k(y,d)
≤ Il,max (31)

l ∈ Ωl, k = 1, . . . , nt, y = 1, . . . , ny, d = 1, . . . , ndy

being Vmin and Vmax the minimum and maximum voltage magnitude values, Il,k(y,d)
the current flowing

through the lth line of the set Ωl of network lines, which cannot exceed the maximum value, Il,max (i.e.,
line ampacity).

In this case, the 2nd stage does not converge due to constraint violation, it will be iteratively
applied by reducing the EESS contribution (i.e., by reducing Pb,i,k(y,d)

, k = 1, . . . , nt), till convergence
is reached.

4.4. Cost of Voltage Dips

The cost of the voltage dips is strictly connected to the economic value the effects of the voltage
dips have on the equipment’s and the operating processes or the activities. The most critical effect of the
voltage dips is the trip of the device that is subject to the dip. The economic value of this detrimental
effect represents, in turn, the cost of the voltage dip, and depends on the function of the device into the
process or activity, the type of the process or activity, the linkage of the process in case stopped with
other processes of the same production line, in case of industrial manufacturing loads, or with other
operative functions, in case of loads different from manufacturing industries.

Generally, the cost of the voltage dips is the sum of three main components: direct, indirect and
hidden costs [23]. The direct costs relate to the interruptions of the specific device or equipment. They
include, for example, lost work, lost production, damaged equipment; the indirect costs include the
investment costs sustained by the end user to prevent or to solve the damages due the interruptions
caused by voltage dips. Finally, the hidden costs account for any second level effects that reflect on the
performance of the business, such as retaining customers, satisfying customers, and protecting the
company’s reputation. The hidden costs in some studies are included inside the indirect costs [26].
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The cost of the voltage dips can be estimated by means of direct methods or indirect methods.
The direct methods are analytical methods that require at least the availability of the voltage dips

measured at the load site, the deep knowledge of several characteristics of the devices or equipment
(dip susceptibility curve, operating mode, functional linkage of each device with other devices of the
same equipment, and of the same process, structure and topology of the electric lines feeding each
device and equipment), and the detection of the areas of the process exposed to the stoppage. They
are usually conducted as after-the-fact-case studies of the events of voltage dips occurred at a specific
site [26–28]. A direct method can also use the voltage dips expected at the site feeding the sensitive
loads obtained by means of the simulation of the electric system in short circuit conditions. The two
main methods available and widely used are the fault position method (FPM) and the critical distance
method (CDM). The most adequate method to use depends on several parameters, as reported in
the comparative study of [8]. Whichever of these methods obviously requires the knowledge of the
electrical system feeds the load sites.

The indirect methods estimate the cost of a disturbance without passing through the analytical
quantification of the effects of that disturbance on specific devices or equipment’s. They can use
macroeconomic analysis [11] or surveys of the customers asked to directly estimate their suffered
costs due to the supply disturbances or to provide qualitative economic figures of the electric supply
linked to that disturbance. In the case of the supply interruptions, for example, the National economic
regulation of continuity in Italy started with an extensive survey aimed to estimate two indices: the
willingness to pay (WTP) and the willingness to accept (WTA) [29]. WTP measures the additional
price of the electric service the users would pay for avoiding the interruptions; WTA instead measures
the amount of money they would accept for having to experience the outage. These indices allowed
fixing the incentive rate for the penalties and the rewards in the first regulatory scheme of the National
Authority of electricity ARERA, formerly AEEG [30].

The existence of the economic regulation of a disturbance could solve the problem of establishing
the costs for the loads, especially in the planning activities with long-term horizons, as in the case of
this study. In such cases, in fact, the specific details of the loads are not obtainable and would not be
reliable to assign them.

Unfortunately, no economic regulation of the voltage dips is still active [31]. However, some
preliminary studies [32,33] offer valuable figures resulting from measurements, survey and simulations,
which can guide in deriving the economic value to assign to the voltage dips.

In this paper, we referred to [32] where the authors analyzed the economic and technical data
collected for a number of medium-voltage (MV) industrial users that participated in the cost assessment
project and the monitoring campaign. In particular, the authors used an indirect method based on
a monitoring-and-survey approach to estimate the direct costs faced by a large variety of industrial
customers. As detailed in the paper, the costs were presented both as annual value per kW and as
event value for kW, with the latter independent from frequency. In this paper, we used the event value
per kW of the installed power of the load.

For the evaluation of the total costs of the voltage dips over a long-time horizon, the frequency of
occurrence of the voltage dips must be evaluated. The annual frequency can be estimated in average
from data measured on real systems. In this paper, we referred to the measured data on the MV Italian
National Grid (with reference to year 2016) at the MV busbars of the HV/MV substations (Table 1) [34].

Finally, the cost related to voltage dips over the planning period, Cvd, can be evaluated as:

Cvd =

nvd∑
i=1

ny∑
y=1

1

(1 + a)y−1

∑
rvεΩrv

nvdrv,y cvdrv,y Pi,y (32)

where nvd is the number of busses sensitive to the voltage dips, ny is the planning time horizon (years),
a is the discount rate and, with reference to the voltage dip belonging to the residual voltage class, rv,
cvdrv,y is the cost suffered by the customer due to the single event of voltage dip at the year y, nvdrv,y is
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the number of the voltage dip events at year y, and Ωrv is the set of residual voltage classes which the
voltage dip event refers to (i.e., first column of Table 1). Pi,y is the power value to be considered for the
dip cost identification, with reference to the user connected to the ith bus of the μG at year y. In this
paper, we referred to the load nominal value.

Table 1. Annual Average Voltage Dip Number for MV substations connected to the Italian National
Grid (data taken from [34]).

Residual Voltage [%]

Annual Average Voltage Dip Number

Duration of the Voltage Dips [ms]

20–200 200–500 0.5–1 × 103 1–5 × 103 5–60 × 103

80 ≤ u ≤ 90 33.93 4.35 0.93 0.34 0.05

70 ≤ u ≤ 80 12.91 3.01 0.38 0.21 0.07

40 ≤ u ≤ 70 17.07 3.95 0.31 0.11 0.03

5 ≤ u ≤ 40 5.22 1.39 0.12 0.02 0.00

1 ≤ u ≤ 5 0.27 0.05 0.07 0.03 0.10

Total 69.4 12.74 1.82 0.72 0.25

We assumed that the EEC units compensate only to voltage dips at the node where the EES is
installed. This assumption is very cautious, since the beneficial effects of the compensating action
can be wider, involving also further nodes electrically close to the installation node of the EES. With
structures of the network other from radial, the detection of the area, in which the voltage dips are
compensated by the EES installed in one node, requires the simulation of the system in short circuit
conditions with EES acting as voltage dip compensating unit. A FPM, applied in the presence of the
EES, giving as result the propagation of the voltage dips for short circuits in every node of the system,
could allow obtaining this result.

5. Numerical Applications

The planning procedure has been applied to an MV μG, which refers to the MV Cigrè benchmark
system [35]. The system under study is a 12.47 kV, three-phase, balanced, distribution network
(Figure 3). This network is constituted by 15 buses and it is connected to an upstream HV network by
means of two 115/12.47 kV transformers of 25 and 20 MVA, which connect the PCC (bus #1) to two
feeders: the first feeder is connected at the secondary side of the 25 MVA transformer (bus #2); the
second feeder is connected at the secondary side of the 20 MVA transformer (bus #13). The network
includes three switches: S1 (between buses #9 and #15), S2 (between buses #7 and #8) and S3 (between
buses #5 and #12).

The loads connected to the network are grouped in residential and commercial/industrial and are
listed in Table 2. The loads are assumed to have a yearly growth of 1%. The per unit power profiles
assumed for residential and industrial/commercial customers are reported in Figure 4. Two PV units
are connected to the buses #9 and #15 with rated powers of 5 MW and 2 MW, respectively. Figure 5
shows the per unit power profile of the PV generation at bus #9.

The assumed energy pricing tariff refers to the hourly values of the Italian market price. With
reference to the first year, the price values refer to a day of November 2019 [36] (Figure 6). A yearly
growth of 1% has also been assumed for the energy prices. Regarding the cost, which the customers
have to sustain due to the single voltage dip event, the value 2.9 €/kW [32] has been assumed with a
yearly growth of 1% for the industrial/commercial loads; for the residential loads, instead, the value
of zero was assumed. The number of events is evaluated according to the data reported in Table 1.
Particularly, the events related to the threshold voltage dip value, Vcr, of 70% has been assumed.
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Figure 3. The microgrid under study.

Table 2. Load Input data.

Bus #
Rated Power

(MVA)
Load Type cosϕ Bus #

Rated Power
(MVA)

Load Type cosϕ

2
13.8 Residential 0.93 8 0.30 Comm./industrial 0.95

9.16 Comm./industrial 0.87
9

0.25 Residential 0.90

3
0.35 Residential 0.95 0.20 Comm./industrial 0.90

0.80 Comm./industrial 0.85 10 0.35 Residential 0.95

4
0.25 Residential 0.90 11 0.50 Residential 0.90

0.24 Comm./industrial 0.80
12

0.10 Residential 0.95

5 0.40 Residential 0.90 0.45 Comm./industrial 0.85

6
0.20 Residential 0.95

13
3.20 Residential 0.90

0.30 Comm./industrial 0.85 3.78 Comm./industrial 0.87

7 0.15 Residential 0.95 14 0.68 Comm./industrial 0.85

8 0.10 Residential 0.95 15 0.27 Comm./industrial 0.90
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Figure 4. Load profile at bus #6.
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Figure 5. PV power profile at bus #15.
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Figure 6. Market energy price (data taken from [36]).

Regarding the EESSs to install, nickel manganese cobalt Li-ion battery technology has been
considered suitable for this application. The data of the various EESS’ features are reported in
Table 3 [37], which refer to values expected for 2020. Regarding the battery replacement cost, the value
of the cost expected for the 2025 has been considered. Note that the costs in Table 3 have been converted
in Euro (conversion rate of November 2019) before applying them in the proposed procedure.
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Table 3. EESS Data (data taken from [37]).

Parameter Value Parameter Value

Battery round trip efficiency 99 % Battery Cycle life 4800 cycles

Maximum Depth of Discharge 100 % Converter round trip efficiency 98 %

Battery installation cost 153 $/kWh Converter installation cost 59.6 $/kW

Battery replacement cost 110 $/kWh Maintenance cost 1.5%

The planning design alternatives refer to the installation of two EESSs whose size must be selected
among the rated power values 0, 5, 10 and 15 MW with a discharging nominal time of five hours.

In order to show the ability of the method to satisfy the technical constraints imposed on the
EESSs and on the μG, Figures 7 and 8 report the daily profiles of the active power of an EESS and of
the voltage values at the buses where an EESS and a PV unit are connected. The figures refer to the
first year of the planning period of the case study 1 and detail the profiles of the EESS connected at the
bus #6 and of the PV unit connected at the bus #15.
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Figure 7. Active power of the EESS connected at the bus #6 (case study 1).
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Figure 8. Voltage values along a day of the first year of the planning period at the bus where EESS (bus
#6) and PV unit (bus #16) are connected (case study 1).

During the μG operation, the breakers can be operated open or closed depending on the operator
decisions aimed at avoiding undesired conditions or based on economic strategies. The states of the
breakers strongly affect the values that line currents and bus voltages can assume. In order to consider
the influence of the states of the breakers in terms of exposure of the buses to the voltage dips, the
proposed planning procedure has been applied with reference to the following case studies:
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- Case 1: S1, S2, S3: open
- Case 2: S1, S2, and S3: closed
- Case 3: S1: closed, S2, S3: open
- Case 4: S1, S3: open, S2: closed
- Case 5: S1, S2: open, S3: closed
- Case 6: Case 1 (0.45), Case 2 (0.10), Case 3 (0.15), Case 4 (0.15), Case 5 (0.15)

Case 6 refers to the probability of occurrence of different network configurations (the probability
of occurrence of each configuration is indicated within the brackets).

The application of the procedure of Section 3 for the identification of candidate buses based
on voltage dip sensitiveness leads to the candidate buses reported in Table 4 that correspond to the
threshold voltage dip value of 70%. The results of the planning procedure corresponding to each
case study are reported in Table 5. In the table, the BF of each planning solution is reported together
with the reduction of the cost of voltage dips obtained thanks to the installation of the EESSs. For
comparative purposes, the planning results are reported for both the cases in which the reduction of
voltage dip cost is taken into account and those in which this cost reduction is neglected. Negative
values of BF are obtained in the cases where installation of EESSs is not convenient.

Table 4. Candidate buses (70% threshold values).

Case Study

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

3 6 8 3 3 8

4 7 9 4 4 9

5 8 10 5 5 10

6 9 11 6 6 11

Table 5. Siting and sizing of EESSs.

Case
Study

Accounting
for Voltage
Dip Costs

BF (M$)
Voltage Dip

Cost Reduction
(M$)

EESSs’ Nodes EESSs’ Sizes (MW)

EESS n. 1 EESS n. 2 EESS n. 1 EESS n. 2

1
Yes 4.81 1.63 3 6 10 10

No 3.19 - 3 6 10 10

2
Yes −0.16 0.44 6 - 5 -

No −0.59 - 9 - 5 -

3
Yes −0.34 0.31 9 - 5 -

No −0.65 - 9 - 5 -

4
Yes 4.75 1.63 3 6 10 10

No 3.16 - 3 4 15 5

5
Yes 4.70 1.63 3 6 10 10

No 3.21 - 3 5 5 15

6
Yes 4.46 0.50 8 10 15 10

No 3.96 - 8 10 15 10

The results reported in Table 5 show that the convenience of installing EESSs in the μG basically
depends on the cost reduction obtained thanks to the price arbitrage. In fact, in the cases where
the price arbitrage does not allow installing EESSs (cases 2 and 3), the added benefits derived from
the voltage dip compensation is not sufficient to justify the adoption of the storage devices. This is
probably due to the fact that, being the candidate buses mainly characterized by residential loads, the
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benefit derived by dip compensation in terms of cost reduction is not significant (we remind that the
cost of voltage dip for the residential load was neglected). Moreover, in the cases where it is convenient
to install the EESSs (cases 1, 4, 5, and 6) the beneficial effect of dip compensation clearly appears only
when they are used in buses with large industrial loads. In fact, in cases 4 and 5, the installation of the
EESS n. 2 in bus #6 instead of bus #4 and in bus #6 instead of bus #5, respectively, allows obtaining
higher benefits.

In order to better prove the effect of the dip compensation on the total cost reduction, in Table 6, the
percentage values of the benefit related to the voltage dip cost reduction are reported, with reference
to the cases in which the planning procedure provides a solution. It is interesting to note that the
percentage benefit due to the voltage dip cost reduction falls within the range [33–35] % in cases 1, 4,
and 5. In case 6, the percentage value is lower (about 11%). This is mainly due to the fact that in case 6,
the solution associated to the largest total benefit corresponds to allocation buses (buses #8 and #10)
with voltage dip costs lower than those corresponding to the nodes selected in cases 1, 4, and 5.

Table 6. Benefit corresponding to the voltage dip cost reductions.

Case Study
Percentage Value of the Voltage Dip Cost

Reduction on the Total Benefit (%)

Percentage of Value of the Voltage Dip
Cost Reduction on the Installation and

Replacement Cost (%)

1 33.89 6.55

4 34.32 6.55

5 34.68 6.55

6 11.21 1.61

In Table 6, the percentage values of the benefit corresponding to the voltage dip reduction
compared to the EESS’s installation and replacement costs are also reported. The value of about 6%
is obtained in the cases 1, 4 and 5. A lower value (about 2%), instead, is obtained in case 6. This is
due to two aspects: the first refers again to the reduced benefit in terms of voltage dip cost reduction
(compared to the other cases), the second refers to the increased size of storage, which is allocated in
this case study.

Figure 7 clearly shows that the maximum power that is charged/discharged by the EESS is always
lower than the rated power. Moreover, the comparison of Figures 6 and 7, reveals that the battery
absorbs power during the lowest price hours, and injects power to the grid during the highest price
hours. This is coherent with the considered minimum cost strategy. The SoC profile—here not reported
for the sake of conciseness—also satisfies the constraints on the rated battery capacity.

Figure 8 shows that the voltage at the critical buses, i.e., the buses where an EESS or a DG are
connected, falls within admissible ranges (0.9–1.1) p.u. The increased variation of the voltage in the
nodes where an EESS is connected which appears in the figure is due to the charge/discharge of the
EESS. In the node where a DG is connected, instead, a smooth profile appears; this is due to the power
rating of the generation system lower than that of the EESS and to the presence of the high load power
in the buses close to this node.

Still referring to the case study 1—first year of the planning period—Figure 9 shows the active
power imported at the PCC. Coherently with the minimum cost strategy, thanks to the use of the EESSs,
most of the requested power is shifted from the highest price hours to the lowest price hours.
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Figure 9. Active power imported from the whole μG along a day of the first year of the planning period.

6. Conclusions

In this paper, the planning of the electrical energy storage systems in the microgrids was considered.
A cost minimization approach was proposed including the benefits obtained through the voltage dip
compensation. Particularly, the cost reduction is obtained by shifting the load from the hours of high
energy price to those of low energy prices and by considering the voltage dip cost avoided thanks to
the compensation action. The motivation of this study is twofold. The first relies on the importance of
power quality aspects in the modern power systems characterized by widespread use of electronic
devices and control systems which are highly vulnerable to the voltage dips. The latter refers to
the benefits derived from the ability the storage systems have in providing multiple services, which
concur to sustain their high installation cost. The proposed method is based on a multi-step planning
tool which allows identifying the optimal location and size of the storage systems. The results of the
numerical simulations clearly showed that voltage dip compensation allowed obtaining non-negligible
economic benefits. Clearly, these benefits strictly depend on the cost assumed for the voltage dip
events, which can be specified only through a deep knowledge of the end-users. Future works will be
aimed at improving the procedure in order to better identify the areas of the network that achieve a
beneficial effect in terms of dip compensation from the installation of EESSs.
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Abstract: Energy storage systems can improve the uncertainty and variability related to renewable
energy sources such as wind and solar create in power systems. Aside from applications such as
frequency regulation, time-based arbitrage, or the provision of the reserve, where the placement
of storage devices is not particularly significant, distributed storage could also be used to improve
congestions in the distribution networks. In such cases, the optimal placement of this distributed
storage is vital for making a cost-effective investment. Furthermore, the now reached massive
spread of distributed renewable energy resources in distribution systems, intrinsically uncertain
and non-programmable, together with the new trends in the electric demand, often unpredictable,
require a paradigm change in grid planning for properly lead with the uncertainty sources and the
distribution system operators (DSO) should learn to support such change. This paper considers
the DSO perspective by proposing a methodology for energy storage placement in the distribution
networks in which robust optimization accommodates system uncertainty. The proposed method
calls for the use of a multi-period convex AC-optimal power flow (AC-OPF), ensuring a reliable
planning solution. Wind, photovoltaic (PV), and load uncertainties are modeled as symmetric and
bounded variables with the flexibility to modulate the robustness of the model. A case study based
on real distribution network information allows the illustration and discussion of the properties of the
model. An important observation is that the method enables the system operator to integrate energy
storage devices by fine-tuning the level of robustness it willing to consider, and that is incremental
with the level of protection. However, the algorithm grows more complex as the system robustness
increases and, thus, it requires higher computational effort.

Keywords: decision-making; distribution network planning; uncertainty; robust optimization; energy
storage system

1. Introduction

The share of renewable power generation in the global electricity generation is anticipated to
expand from today’s 23% to levels between 30%–45% by 2030 [1]. This technological alteration requires
a rethinking in the way power systems are planned, maximize the benefits from renewables affordably
and securely. Since renewable energy integration brings new challenges into the distribution network
planning an accurate planning model, which incorporates system uncertainty introduced by renewable
resources and loads, is necessary for making planning decision.

The technological development of large-scale electrochemical energy storage system (ESS) has
resulted in capital cost reductions and increased roundtrip efficiency enables them to become a feasible
option to deploy in the distribution network [2,3]. Storage applications such as energy arbitrage [4],
peak shaving [5], frequency regulation [6], voltage support [7], and congestion management [8]
have made it vital to integrate more ESS in the distribution network. Thus, optimal planning and
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management of ESS are essential to identify ideal configurations. However, many of the optimization
algorithms proposed in recent literature do not adequately deal with uncertainties. For instance, the
real amount and position of distributed generation (DG) that is going to be connected to the system,
the mix of renewable energy sources (RES), the cost of ESS or the level of participation and the cost for
active demand [9].

Sizing of ESSs in distribution networks from DSO has been discussed in [10]. The number and
locations of the ESSs are assumed to be given. An AC-optimal power flow (AC-OPF) with semidefinite
programming (SDP) convex relaxation is adopted for network simulation. To consider uncertainties
in the model, a stochastic optimization approach has been considered. Two different problems have
been formulated respectively for the siting and sizing of ESS in distribution networks coupled with a
wind farm in [11]. However, the authors considered a linearized DC-optimal power flow (DC-OPF),
and the wind power forecast is assumed perfect. Apart from siting and operation, the authors of [12]
suggest the life cycle payment of storage. They present two models for a transmission-constrained
power network with storage. Both models use a DC-OPF framework. The first model selects optimal
siting and operation of the storage assuming a fixed group of different storage technologies. The
second model expands the DC-OPF framework to optimize the storage technology mix, new storage
capacity investments, and the network allocation of these resources. The authors of [13] provide a
mathematical model that simultaneously optimizes transmission switching operations, ESS siting
and sizing decisions and taking into account the limits on maximum allowable load shedding and
renewable energy curtailment amounts in the power system. The methodology proposed in [4], based
on a linearized DC-OPF, captured both the monetary and technical advantages of investment in storage
and adopted a sensitivity analysis to assess the impact of uncertain parameters. As opposed to an
analytical approach, the authors of [14] detail a heuristic approach for finding the optimal location(s)
and size of a multi-purpose ESS including transmission and distribution parts without considering the
uncertainty in the model. In the transmission storage part, a sensitivity analysis is performed using
complex-valued neural networks (CVNN) and time domain power flow (TDPF) to obtain the optimal
ESS location(s). In [15] a multi-criteria approach where a genetic algorithm (NSGA-II) has been used to
identify the optimal place, size, and scheduling of energy storage in the distribution network. The
authors created a full multi-objective (MO) optimization procedure able to identify the Pareto set of
design options with fixed network topology for a given medium voltage (MV) network. In addition
to that, the same authors of [15] have proposed a multi-criteria analysis approach selecting the best
planning alternative for energy storage integration in the distribution system [16]. However, heuristic
techniques often required a high computational burden and are not guaranteed to converge in global
optima [17].

Convex relaxation techniques have been developed to obtain an acceptable solution while
ensuring algorithmic efficiency. The two most commonly used relaxations for distribution network are
semi-definite program (SDP) and second-order cone programming (SOCP). Though both SOCP and
SDP have been proven exact under certain conditions [18,19]. In this paper, SOCP has been adopted
due to its higher algorithmic performances that imply fast convergence to global optima and to reduce
the heavy computation cost.

The current literature on energy storage study is divided into three classifications: (i) storage
sizing, (ii) storage operation, and (iii) storage siting. Less publications exist about the optimal location(s)
of the ESS than publications on optimal sizing likely due to the difficulty of finding optimal sites [20,21].
Storage siting is the least researched and most complicated of these three classifications. The optimal
operation studies of ESS consider that energy and power ratings of a storage unit are given, the purpose
of these studies is to identify operation strategies to optimize the exploitation of resources able of
contributing to network support at minimum cost. These studies typically do not address network
constraints. The optimal ESS size (i.e., energy and power ratings) depends on the state at which the
storage is optimally operated [22]. In turn, optimal storage siting depends on the amount of the storage
being considered and how it will be controlled. This problem becomes even more complicated when
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it considers distributed storage rather than a single storage unit. If this is the case, the amount of
storage located is typically undefined at first. ESSs are considered one of the solutions to manage the
DG downsides and to help incorporate RES in the distribution networks, which rely largely on the
flexibility of resources [23,24].

Capital intensity is the main barrier to the deployment of ESS [25]. Investment in the ESS, therefore,
requires a trade-off between long-term investment costs, short-term operating conditions, and the
benefits that these services will offer. It includes optimizing their network position (i.e., location)
and operating parameters (e.g., size and operating profile) simultaneously [26]. The objective of the
optimization is generally multiple since it spans from the reduction of CAPEX (Capital Expenditures)
for network upgrade to the reduction of energy loss costs as well as power quality costs [27]. RES
and electric vehicles (EVs) integration as well as the engagement of customers in flexibility programs
are opening new opportunities for ESS and making clear the need for optimal siting and sizing
methodologies [28].

ESS technologies can operate on different timescales, ranging from seconds to hours. The
services offered by ESS can be divided into power- and energy-related services, based on the timescale
of interest [29]. Transient stability and ancillary services, such as frequency regulation, spinning
reserve, and voltage control are power-related services. Back-up power provision, black-start,
uninterruptible power supply (UPS), standing reserve, and seasonal energy storage are typical
examples of energy-related services [28,30]. Both ESS owners and other system stakeholders can
benefit from the provision or the usage of these services.

The ESS optimal positioning and sizing problem aims at the maximization of the benefit-cost ratio
subject to the non-linear/non-convex network constraints that make the solution more cumbersome
and requires specific mathematical tool [31]. The research on the topic has been dramatically increasing
in the last two years since ESS are crucial for the energy transition towards the carbon free world, but
there is still room for new contributions, particularly on dealing with the uncertainties modeling.

For these reasons, the paper proposes an application of the Robust Optimization (RO) to solve
the ESS optimal location problem in distribution networks operated by a DSO. The objective of the
optimization problem is to use ESS for delivering power without any violation of technical limits
(e.g., maximum and minimum nodal voltage), minimizing the resort to RES or combined heat and
power (CHP) generation curtailment and load shaving. Indeed, the DSO can evaluate the ESS
installation as a non-network option to avoid the expensive and time consuming building or revamping
of networks, particularly in the current situation of limited markets of services offered by customers
or other producers. However, the convenience to do this strictly depends on the site, size, and
operation of the ESS, that in turn, depend on the state of the network, that is intrinsically uncertain.
The approach proposed in the paper deals with the uncertainties with an original implementation of
the Robust Optimization. The algorithm has been validated with an exemplary distribution network
representative of one class of the Italian distribution classes of networks produced by the project
ATLANTIDE (Archivio TeLemAtico per il riferimento Nazionale di reTI di Distribuzione Elettrica”
that means “Digital archive for the national electrical distribution reference networks”) [32].

The paper is organized as follows: Section 2 describes the detailed formulation of energy storage
placement problem. Section 3 discusses the uncertainty modeling approach. Section 4 describes the
solution methodology of a robust optimization problem. Sections 5 and 6 present the case study
with real data and conclusion, respectively. Finally, in the nomenclature of the symbols used in the
mathematical formulation has been reported.

2. Deterministic Formulation of Energy Storage Planning

The objective function (OF) of the deterministic model consists of minimizing the operational
extra-cost that should be sustained for complying with the technical constraints. Such cost includes
the penalty terms for RES (CRESc

n ) and biomass CHP generation curtailment (CCHPc
n ), and the cost of

shaving the peak loads (CPLS
n ). Furthermore, since the goal of the paper is to evaluate the contribution
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of energy storages to the management of the network, even in uncertain conditions, the investment
cost CCAPEX_ESS

n to be sustained for the storage allocated in the network is added to the operational
cost, as in (1).

minCtot = min

⎧⎪⎪⎨⎪⎪⎩
N∑

n=1

[
CRESc

n + CCHPc
n + CPLS

n + CCAPEX_ESS
n

]⎫⎪⎪⎬⎪⎪⎭ (1)

This minimization is subject to voltage and current limits, power flow equations, and storage
technical constraints. In the following, each cost term and constraints are detailed.

2.1. Penalty for RES Curtailment CRESc
n

To strongly penalize the generation curtailment of RES, the cost of curtailed energy due to network
constraint violations has been monetized as twice the price of energy paid in the wholesale market cEN
(here, 58 €/MWh, according to the average Italian energy selling price) [33], as in (2).

CRESc
n =

T∑
t=1

2·cEN·PRESc
n (t) n = 1 · · ·N (2)

where PRESc
n (t) is the energy curtailed at the time interval t by the RES generator connected to the n-th

bus of the network.
Since the increment of the network hosting capacity may be quantified via the possibly avoided

curtailment of RES production, the smaller this term, the better the storage allocation solution.

2.2. Penalty for Biomass CHP Curtailment CCHPc
n

This cost for biomass CHP curtailment is assumed proportional to the avoided cost for fuel
saving F [€/MWh], increased by 20%. The fuel cost F has been considered here equal to 80 €/MWh, by
assuming the average gas price ≈ 35 c€/m3 ≈ 36 €/MWht and by hypothesizing an efficiency for the
electric conversion about 45%. This assumption allows penalizing also the CHP curtailments, with
high cost, as in (3).

CCHPc
n =

T∑
t=1

1.2·F·PCHPc
n (t) n = 1 · · ·N (3)

where PCHPc
n (t) is the energy curtailed at the time interval t by the biomass CHP connected to the n-th

bus of the network.

2.3. Peak Load Shaving Cost CPLS
n

Regarding the term referred to the active customers, in this paper only the cost of shaving the peak
loads has been considered, by assuming that it is not possible to fully control the customer demand but
only cut a quote of their consumption in some critical conditions. It is assumed, as the RES curtailment,
that this curtailed energy is paid at twice the energy price cEN to penalize load curtailment with the
higher cost, as renewable generation curtailment, according to (4).

CPLS
n =

T∑
t=1

2·cEN·PPLS
n (t) n = 1 · · ·N (4)

where PPLS
n (t) is the energy curtailed at the time interval t to the customer connected to the n-th bus of

the network.
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2.4. Storage Investment Cost CCAPEX_ESS
n

The storage investment cost (SCn) is a function of the size of the storage in terms of rated power
and energy as in (5).

SCn = cP·Prated
n + cE·Erated

n n = 1 · · ·N (5)

where cP and cE are the specific costs of the ESS adopted technology, reliant respectively on the power
rating Prated

n and the nominal capacity Erated
n of the n-th ESS located in the network (here cP = 200 €/kW

and cE = 400 €/kWh, according to the market cost of lithium-ion technology [15]).
To consider this cost in the objective function (1), only a daily quote of SCn is added to the

operational terms of (1), calculated as in (6).

CCAPEX_ESS
n =

KS
365
·SCn n = 1 · · ·N (6)

where Ks is a capital recovery factor (here Ks = 0.1, for considering 10 years as ESS lifetime).
In this paper, it is assumed that the storages are DSO owned and managed for relieving

contingencies. Thus, the ESS OPEX (operational expenditures) is not considered in the optimization.
According to this point of view, it is supposed that the minimization of the network operational
cost, in terms of reduction of the curtailed power from RES and to loads, that would be necessary
to relieve contingencies, represents the only incomes that allow DSO to pay back EES CAPEX
(capital expenditures) and ESS OPEX. The depreciation of the ESSs is assumed negligible and not
added to the ESS cost term.

2.5. Load Balancing Constraints

The SOCP convex relaxation has been used in the proposed multi-temporal AC-OPF model.
Equations (7) and (8) are the nodal active and reactive power balance.

Pg
n(t) + PRES

n (t) − PRESc
n (t) + PCHP

n (t) − PCHPc
n (t) − PDn(t) + PPLS

n (t) − Pc
n(t) + Pd

n(t)
− ∑

mεθn

Rmn·I2
mn =

∑
mεθn

Pmn(t) (7)

Qg
n(t) + QRES

n (t) −QRESc
n (t) + QCHP

n (t) −QCHPc
n (t) −QDn(t) −

∑
mεθn

Xmn·I2
mn =

∑
mεθn

Qmn (8)

where (PRES
n (t); QRES

n (t)) and
(
PCHP

n (t); QCHP
n (t)

)
define the expected RES and CHP production in

terms of active and reactive powers, PDn(t) and QDn(t) are the active and reactive power delivered to
the load connected to the n-th node, Imn(t), Pmn(t), and Qmn(t) are respectively the current, the active
and the reactive power flowing in the branch from the m-th bus to the n-th one, Rmn and Xmn are the
resistance and reactance of the mn-th branch. Pc

n(t) and Pd
n(t) are the charging and discharging power

of the storage at time t. Pg
n(t) and Qg

n(t) are the active and reactive power provided by the upstream
connections (slack bus of the network). The values of Pg

n(t) and Qg
n(t) are zero except for the first node.

2.6. Network Constraints

The current magnitude quadratic term can be defined as the function of the corresponding active
and reactive power quadratic terms (Equations (9)–(11)).

I2
mn ≥

P2
mn + Q2

mn

V2
m

(9)

P2
mn(t) + Q2

mn(t) = S2
l (t) (10)

imn(t)·vm (t) = S2
l (t) (11)
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Equation (9) is relaxed ultimately by relaxing the magnitude of currents within each branch and
using a conic formation on the limitation of exchanged active power. For linearization purposes, the
quadratic terms of voltage and current magnitude have been replaced with the linear ones as in (12).

I2
mn = imn; V2

m = vm (12)

The new variables (imn, vm) successfully formulate the SOCP problem according to the
following constraint,

V2
min ≤ υm(t) ≤ V2

max (13)

The Equation (13) provides the voltage limits of each bus.
Bus 1 is modelled as a swing bus with fixed complex voltage Vm(t).

2.7. Constraints for RES and Controllable Generator

Equations (14) and (15) impose the limits to the active and reactive power curtailment associated
with RES and CHP generators. In Equation (14), Pmin RESc/CHPc

n represents the lower bound of the active
power curtailment of RES and CHP generators. In this study, the lower bound value of curtailment
has been chosen as 0, which means the generators curtail all of their capacity. The upper bound,
PmaxRESc/CHPc

n , has been considered the capacity of the generators based on the expected values of each
time step.

Pmin RESc/CHPc
n ≤ PRESc/CHPc

n (t) ≤ PmaxRESc/CHPc
n (14)

Qmin RESc/CHPc
n ≤ QRESc/CHPc

n (t) ≤ QmaxRESc/CHPc
n (15)

Furthermore, the constraints about storages may be formulated as in (16)–(20).

SOCn(t) = SOCn(t− 1) +
(
Pc

n(t)·ηc −
Pd

n(t)
ηd

)
·Δt (16)

0 ≤ Pc
n(t) ≤ αc

n·Pc,max
n (t) (17)

0 ≤ Pd
n(t) ≤ αd

n·Pd,max
n (t) (18)

SOCn,min ≤ SOCn(t) ≤ SOCn,max (19)

αc
n(t) + α

d
n(t) ≤ 1 (20)

where αc
n(t) ε [0 or 1] and αd

n(t) ε [0 or 1].
The state of charge (SoC) of ESSs is calculated by considering the initial SoC and the charging and

discharging efficiencies ηc and ηd (Equation (16)). To restrict the maximum charging and the depth of
discharging and for avoiding the simultaneous charging and discharging, the binary variables αc

n and
αd

n, of which only one can be different from zero, have been considered in Equations (17)–(20). Finally,
Equation (21) is added to force the SoC to be equal at the beginning and the end of the considered time
horizon T.

SOCn,0 = SOCn,T (21)

The multiplication of binary and integer variables during the estimation of the charging and
discharging power of the storage unit generates a quadratic term. A decomposition technique has
been used to linearize the relevant constraints by rewriting constraints in the form of (22) as in (23) and
(24) to avoid the bilinear terms.

x <= y · z · c (22)

x <= y · zmax · cmax (23)

x <= z · c (24)
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x and c are continuous, y binary, z integer. The continuous and integer variables are respectively
variable in [0, xmax], [0, cmax] and [0, zmax].

3. Uncertainty Management

Uncertainties are mostly involved in decision-making problems. The uncertainty from electric
loads, wind, and solar power generation typically influence distribution planning in general and
storage allocation in particular. Several factors determine the evolution of each uncertainty. For
example, the consumers’ activities, energy savings and electricity providers’ rate policies influence the
electric load; the radiation of the sun and the velocity of air impact on the power output of PV and
wind [34].

A static robust optimization is used to consider the uncertainty in the optimal planning model.
To define the uncertainty set, an interval uncertainty model has been adopted with the flexibility to
regulate the robustness, called budget of uncertainty (Γi). Static robust optimization devising seeks
for optimal solutions that optimize the objective function and encounter the problem requirements
for every possible revealing of the uncertainty in constraint coefficients. Hence, the variables are
independent of the uncertain parameters.

For a worst-case analysis, when considering the uncertainty, the following problem (25)–(27) is
dealt with:

min c·x (25)

Subject to
n∑

j=1

aijxj + max
∑
j∈Ji

ãi jξi jxj ≤ bj (26)

l ≤ x ≤ u (27)

In the above optimization problem, Equations (25) and (26) represent the objective function and
inequality constraint, respectively. The uncertainty bound of the uncertain parameter x, that must
assume values between lower l and upper u bounds, as formulated by the Equation (27). bj is the value
of the right-hand side of i-th constraint.

For the i-th constraint, the auxiliary problem can be formulated as follows:

max
∑
jεJi

ãi jξi j
∣∣∣xj

∣∣∣ (28)

Subject to ∑
jεJi

ξi j ≤ Γi (29)

0 ≤ ξi j ≤ 1 (30)

To make the model tractable, that means to convert the inner maximization problem to a
minimization problem, the dual of the above problem (28)–(30) needs to be formulated as follows:

min ziΓi +
∑
jεJi

pi j (31)

Subject to
zi + pij ≥ ãi jyiVi, jεJi (32)∣∣∣xj

∣∣∣ ≤ yj (33)

zi, pij, yj ≥ 0 (34)

where zi, pij are the dual decision variables for constraints of the auxiliary problem.
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Incorporating model (31)–(34) into the original problem (25)–(27), the robust linear counterpart is
formulated as:

minc·x (35)

Subject to
n∑

j=1

aijxj + ziΓi +
∑
jεJi

pi j ≤ bi (36)

l j ≤ xj ≤ uj (37)

zi + pij ≥ ãi jyj, Vi, jεJi (38)

− yj ≤ xj ≤ yj (39)

zi, pij, yj ≥ 0 (40)

4. Robust Counterpart

Assume that all the decision variables should be considered before the revealing of the uncertainty
from solar power, wind generation, and electric loads. In the active power balance (7), uncertainties

PRES
n (t) and PDn(t) are modeled as symmetric and bounded variables P̃pv

n (t), P̃w
n (t) and P̃Dn(t). It

should be mentioned here that PRES
n (t) consists of the solar and wind generations. The uncertainty

takes values as in the following Equations (41)–(43).

˜
P̃pv

n (t) = Ppv
n (t) + ΔPpv

n (t) ˆPlb
pv ≤ ΔPpv(t) ≤ ˆPub

pv (41)

˜
P̃wind

n (t) = Pwind
n (t) + ΔPwind

n (t) ˆPlb
wind ≤ ΔPwind(t) ≤ ˆPub

wind (42)

P̃Dn(t) = PDn(t) + ΔP̃Dn(t) P̂lb
D ≤ ΔPD(t) ≤ ˆPub

D (43)

In the robust model, the objective function (1) is identical to the deterministic model. The only
constraint that is affected by uncertainty is the electric power balance equation. The electric power
in the network should be met when the worst case of uncertainties occurs. For the power balance
equation, the worst case would occur at the maximum increase of the electric loads and the maximum
decrease in solar (PV) and wind power generation. Therefore, the robust formulation becomes as
in (44)–(47).

min Ctot = min

⎧⎪⎪⎨⎪⎪⎩
N∑

n=1

[
CRESc

n + CCHPc
n + CPLS

n + CCAPEX_ESS
n

]⎫⎪⎪⎬⎪⎪⎭ (44)

Subject to

Pg
n(t) + PRES

n (t) −PRESc
n (t) + PCHP

n (t) − PCHPc
n (t) − PDn(t) + PPLS

n (t)
−Pc

n(t) + Pd
n(t) + max{Pub

D (t) ∗ ξub
D (t) + Plb

D(t) ∗ ξlb
D(t)

−Pub
pv(t) ∗ ξub

pv(t) − Plb
pv(t) ∗ ξlb

pv(t) − Pub
wind(t) ∗ ξub

wind(t)
−Plb

wind(t) ∗ ξlb
wind(t)} −

∑
mεθn

Rmn·I2
mn =

∑
mεθn

Pmn

(45)

ξub
D (t) + ξlb

D(t) + ξ
ub
pv(t) + ξ

lb
pv(t) + ξ

ub
wind(t) + ξ

lb
wind(t) ≤ Γ1(t) (46)

ξub
D (t), ξlb

D(t), ξ
ub
pv(t), ξ

lb
pv(t), ξ

ub
wind(t), ξ

lb
wind(t) ≤ 1 (47)

where ξub
D (t), ξlb

D(t), ξ
ub
pv(t), ξlb

pv(t), ξub
wind(t), ξ

lb
wind(t) are the scaled deviations from the random electric

loads, solar, and wind power generation, respectively. Γ1(t) is the budget of the uncertainty of uncertain
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parameters at time t that lies between 0 to 1, where 0 being the deterministic case and 1 defined the
most robust case.

To make tractable the above problem, the following subproblem in Equations (48)–(50) need
to be formulated into the corresponding dual problem by introducing dual variables λ1(t), Π+

D(t),
Π−D(t), Π+

pv(t), Π−pv(t), Π+
wind(t), Π−wind(t) for constraints (49) and (50).

The subproblem can be formulated as in (48).

max{Pub
D (t) ∗ ξub

D (t) + Plb
D(t) ∗ ξlb

D(t) − Pub
pv(t) ∗ ξub

pv(t) − Plb
pv(t) ∗ ξlb

pv(t)
−Pub

wind(t) ∗ ξub
wind(t) − Plb

wind(t) ∗ ξlb
wind(t)}

(48)

Subject to
ξub

D (t) + ξlb
D(t) + ξ

ub
pv(t) + ξ

lb
pv(t) + ξ

ub
wind(t) + ξ

lb
wind(t) ≤ Γ1(t) (49)

ξub
D (t), ξlb

D(t), ξ
ub
pv(t), ξ

lb
pv(t), ξ

ub
wind(t), ξ

lb
wind(t) ≤ 1 (50)

The robust counterpart after applying the duality theory is formulated as in (51)–(55).

min λ1(t)Γ1(t) + Π+
D(t)+ Π−D(t) + Π+

pv(t) + Π−pv(t) + Π+
wind(t) + Π−wind(t) (51)

Subject to
λ1(t) + Π+

D(t) ≥ ˆPub
D (t), λ1(t) + Π−D(t) ≥ P̂lb

D(t) (52)

λ1(t) + Π+
pv(t) ≥ − ˆPub

pv(t), λ1(t) + Π−pv(t) ≥ − ˆPlb
pv(t) (53)

λ1(t) + Π+
wind(t) ≥ − ˆPub

wind(t), λ1(t) + Π−wind(t) ≥ − ˆPlb
wind(t) (54)

λ1(t), Π±D(t), Π±pv(t), Π±wind(t) ≥ 0 (55)

Finally, the tractable robust model can be formulated as the following (56) and (57).

minCtot = min

⎧⎪⎪⎨⎪⎪⎩
N∑

n=1

[
CRESc

n + CCHPc
n + CDR

n + CCAPEXESS
n

]⎫⎪⎪⎬⎪⎪⎭ (56)

Subject to

Pg
n(t) + PRES

n (t) − PRESc
n (t) + PCHP

n (t) − PCHPc
n (t) − PDn(t) + PPLS

n (t)−
Pc

n(t) + Pd
n(t) + λ1(t)Γ1(t) + Π+

D(t) + Π−D(t) + Π+
pv(t) + Π−pv(t) + Π+

wind(t)+
Π−wind(t) −

∑
mεθn Rmn·I2

mn =
∑

mεθn Pmn(t)
(57)

Moreover, the constraints (8)–(21) and (52)–(55) form the tractable problem.
The new model does not contain any uncertainty and is formulated as a mixed-integer second-order

conic programming (MISOCP) problem that can be solved efficiently using CPLEX that uses a branch
and cut algorithm to find the integer feasible solution.

5. Case Study

The procedure was applied to a test distribution network derived from the ATLANTIDE project [32].
The MV network, shown in Figure 1, representative of the industrial ambit, was constituted by 100
nodes, subdivided in seven feeders supplied by a primary substation equipped with a 25 MVA high
voltage/medium voltage (HV/MV) transformer. The total demand was about 30 MVA (372 GWh/year)
and the total installed DG capacity was 34 MW (27.2 GWh/year), as a mix of wind, PV and biomass
CHP generators.

103



Energies 2020, 13, 512

Figure 1. Test network (representative network derived from ATLANTIDE project [32]).

The mathematical formulation of the RO for an AC-OPF based energy storage planning tool
was programmed in General Algebraic Modeling System (GAMS) (GAMS Software GmbH, Frechen,
Germany) and solved using CPLEX 25.1.1 on a 2.30 GHz personal computer with 4 GB RAM. In this
experimental study, the worst case was considered when the load was high (ξD,t = 1) and wind and PV
generation was low (ξpv,t, ξw,t = −1).

For the sake of a comprehensive view, in the following, the results obtained by the application
of the described optimization to the network of Figure 1 in 12 typical days, differentiated between
working days, Saturdays, and holidays (Sundays included), and between seasons, have been reported.
The time horizon of 24 h of each typical day has been considered with a time step of 1 h. Three
scenarios have been considered: the certain one (solved by the deterministic OPF) and two uncertain
scenarios with different values of risk (Γ = 0.5 and Γ = 1), both solved with RO. Furthermore, for
highlighting the advantages provided by the storage systems the case of deterministic optimization
(certain) without storage has been added to the previously described cases.

All the buses of the test network were assumed candidates for storage placement. The available
ESS were considered of 1.0 MW/2 h storage capacity. The efficiencies for charging and discharging
were considered 90% each, which gives an overall roundtrip efficiency of 0.81. The initial state of
charge (SoC) has been considered 25% of its capacity.

In these typical days, some under-voltage conditions occur in the most distant nodes from the
HV/MV transformer and, thus, for solving these issues, it is necessary to resort to the load peak shaving.
Furthermore, some lines suffer for overloading depending on the non-coincidence of load demand and
DG production. ESSs prove to be useful for reducing the curtailment of the demand and production as
detailed in the next subsections.

5.1. Generation and Load Profiles

The generation and load profiles were simulated according to the ATLANTIDE load and generation
daily curves, that provide for different kinds of customers (i.e., industrial, residential, commercial,
and agricultural) and for several technologies of DG (i.e., wind turbine, PV, and CHP biomass-based)
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the hourly consumption/production for each typical day. An amount of 22 PV systems was assigned
to 20 nodes. The size of these systems is between 49–1048 kW. Node 8 had the biggest PV system,
whereas the lowest one was connected to node 78. Node 83 comprised two wind generators and two
CHP plants. Figure 1 depicts the nominal power of the PV, wind, and CHP of each node.

The load profiles indicated a peak load of 18.69 MW during the spring working day and 18.14 MW
during the summer working day with an average load of 13.79 MW and 13.38 MW, respectively. As an
example, the demand and production profiles and their balance at the HV/MV interface, during the
spring working day, are shown in Figure 2.

Figure 2. Load-production profiles of the whole network for the Spring working typical day.

5.2. Storage Placement

The optimization results of storage position for each typical day for the three considered cases
have been enumerated in Table 1. The ESS optimal positions may change from one typical day to
another even for the same case, but the results can be summarized by considering a given solution
valid for all the twelve typical days. In the following, it has been assumed that the placement in one
bus or a close one on two different typical days can be considered the same placement. For instance,
the bus 83 and the bus 84 in the deterministic case, that are the solutions for the TD8, and the TD5
respectively, can be considered as a unique optimal position around the bus 83.

Table 1. Storage placement for each typical day for the three considered cases.

Typical Days Deterministic Case Intermediate Case Robust Case

TD1 (Winter working day) 10, 32 10, 32, 77 10, 32, 48, 77
TD2 (Winter Saturday) - - -
TD3 (Winter holiday) - - -

TD4 (Spring working day) 10 10, 34 10, 34
TD5 (Spring Saturday) 84 83, 84 83, 84
TD6 (Spring holiday) 84 84 84

TD7 (Summer working day) - - -
TD8 (Summer Saturday) 83 12, 83 10, 32, 83
TD9 (Summer holiday) - - -

TD10 (Autumn working day) 12 12, 27 12, 27, 69
TD11 (Autumn Saturday) 84 84 69, 84
TD12 (Autumn holiday) 83, 85 83, 85 83, 85

Total number of ESS 4 5 6
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On the contrary, if two busses, even close, appeared in the solution of the same day they were
both considered necessary and two ESSs had to be placed on that nodes (e.g., the busses 83 and 85 in
the results of all the cases for the TD12 or the busses 83 and 84 in the results of the intermediate and
robust cases for the TD5). By applying these rules, the total number of ESSs that had to be placed in
the three cases are reported in the last row of Table 1. It is worthy of mentioning that the results were
substantially incremental: the intermediate case included the location of the deterministic case, and
the robust case (no risk) included, in turn, the intermediate one.

To analyze the impact of renewables and load uncertainty on the investment of the energy storage
in the distribution network, one of the worst-cases of RES (PV, wind or biomass based) and combination
of loads were considered. The worst-case scenario considered in this work was when the loads had
upper bound values, and the renewables had lower bound values. Three cases were considered by
varying the loads and renewables uncertainty bounds. In the first case, the budget of uncertainty
was zero (Γ = 0), i.e., the profiles of load and renewable generations were assumed following the
forecasted values. In the second case, the value of budget of uncertainty for both load and renewables
considered 0.5 (Γ = 0.5) that is between the zero (deterministic) and 1 (robust or worst case). In the
third case (Γ = 1), the considered worst-case scenario was evaluated. In this case, the uncertainty sets
of loads and renewables were considered broader to consider the possible extreme coordinates of the
uncertainty set.

The following figures compare the results of the studied cases (i.e., no control, deterministic OPF
no storage, deterministic OPF with storage, intermediate and robust). These results are related to the
most critical typical day, the winter working day (TD1). For the sake of clarity, the figures refer only to
the feeder F1 that is the longest feeder of the test network depicted in Figure 1 (i.e., the last bus is about
14.2 km far from the primary substation). Figure 3 shows the voltage profiles occurring at 9:00 am of the
winter working typical day, because, among other time intervals, this one was proved that experiments
the greatest load curtailment; Figure 4 shows the load curtailed during this typical day, in Figure 5 the
balances of DG production and curtailed demand, and, finally, Figure 6 the ESS charging/discharging
optimal profiles of one of the ESS optimal positioned in the feeder F1 (bus 10 of Figure 1). As it is
evident by the results, all the optimizations allow to solve the undervoltage conditions occurring in
the long feeder F1 (Figure 3); the more conservative the optimization (i.e., by moving from certain to
uncertain, intermediate and robust, optimization) the smaller the demand curtailed (Figure 4); in the
feeder F1 no generation curtailment results from the optimizations, thus the balance of production and
demand (curtailed) is closer to the original one (no control) in the robust case (Figure 5). It is worth
noticing that the voltage value at the sending end (the MV busbar of the primary substation) was lower
in the no control case than the other cases because the implemented model of the HV/MV transformer
is very simple and strongly suffers for the high demand, not curtailed in the control case. In future
works, the transformer model will be improved. These results, together with the ESS operation, are
discussed more in detail in the next subsections for each optimization case.
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Figure 3. Voltage profiles of feeder F1 for no control, no storage (certain deterministic optimal power
flow (OPF) without storage) and deterministic (certain deterministic OPF with storage), intermediate
and robust cases at 9:00 am of the winter working day.

Figure 4. Load curtailments experimented by the feeder F1 for the no storage (certain deterministic
OPF without storage), deterministic (certain deterministic OPF with storage), intermediate and robust
cases on the winter working day.
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Figure 5. Balance of distributed generation (DG) production and curtailed demand of the
feeder F1 for the no control, no storage (certain deterministic OPF without storage), deterministic
(certain deterministic OPF with storage), intermediate and robust cases on the winter working day.

Figure 6. Charging/discharging profiles of the energy storage system (ESS) optimally positioned in
bus 10 of the feeder F1 for the deterministic, intermediate and robust cases on the winter working day
and balances of powers (DG, loads, and ESS) in the same cases. The no control case has been added
for comparison.
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5.3. Deterministic Case (with and without Storage)

Due to the absence of uncertainty, in this case, the load and renewables profiles will remain the
same as the predicted values. It was witnessed that during the deterministic case with storage, at least
four storages need to cover their requirements. The ESS optimal positions can change from one typical
day to another, but, by summarizing the results in the 12 typical days (Table 1), they were located two
in the two lateral branches that start from the node 10 (feeder F1, positions are 10 or 12 and 32). The
third and fourth ESS had to be located around the node 83 (feeder F5, positions are two among 83, 84
and 85). It is essential to observe that node 83 is the node that had the highest number of renewables
and CHP connected; thus, it is noticeable to consider that as a privileged position for storages.

The highest load curtailment was experienced during the typical day of winter working day (TD1)
with the amount of 51.77 MWh/day for the case without storage and 30.46 MWh/day for the case
with storage.

By focusing on the feeder F1, as it is evident from Figure 3, the nodes of this feeder had
under-voltage issues in the no control case, and any optimization forces to resort load shedding
(Figure 4). By comparing these two certain cases, is it worth noticing that if the ESSs are not
available for the optimization (deterministic OPF no storage) much more demand had to be curtailed
(i.e., 41.62 MWh/day of the no storage case vs. 20.97 MWh/day in the case with storage).

The daily operation of the ESS was optimized as well as the optimal position. For instance, during
the winter working day, the daily operation profile of the ESS located around bus 10 is shown in
Figure 6, together with the balances of demand and production curves, with and without ESS. At the
beginning of the day, the ESS started to charge, keeping the final balance of demand, DG production
(minimal in the first hours of the day), and charging power for ESS so low to do not negatively impact
the network operation. At around 7:00 am, when the morning peak starts, the storage discharges for
reducing the power demand and keeping the voltage profile within the limit (Figure 3).

5.4. Intermediate Case

In this case, a narrow uncertainty bound is considered. The budget of uncertainty for the uncertain
parameters has been considered as Γ = 0.5. The optimization algorithm will look for a solution inside
the specified uncertainty bound. From Table 1, by considering the simulation results of the twelve
typical days, and assuming the most conservative hypotheses (i.e., the final result is the union of the
results obtained for each typical day), the intermediate case suggests at least five storage systems to be
installed: two in the feeder F1 and two in the feeder F5, as in the deterministic case, plus one ESS in the
feeder F4. The positions of the two storages in the feeder F1 and the two in the feeder F5 are more or
less the same of the deterministic case (F1 possible locations are the busses 10 or 12 for one lateral and
the busses 27, 32, or 34 for the other lateral, and two positions among the bus 83, 84 or 85 for the feeder
F5). In the feeder F4, the added storage system has to be installed around the node 77.

The load shedding, in this case, is more reduced and for the critical TD1 is equal to 15.89 MWh/day
(about 25% less than the deterministic case), as shown in Figure 4.

Furthermore, it can be observed in Figure 6 that the ESS located around bus 10 in the feeder F1 has
a similar trend of the same ESS in the deterministic case: it charges and discharges mostly in the same
hours for solving local contingencies. In particular, it charges when the load demand is low (at the first
hours of the day), and finally, at the end of the day for recovering their initial SoC; on the contrary, it
discharges in correspondence of the peaks of demand (7:00–21:00).

5.5. Robust Case

The third case can be considered the worst-case analysis. In this case, the budget of uncertainty for
uncertain parameters is equal to 1 (Γ = 1). This budget of uncertainty allows the algorithm to consider
the extreme points of the uncertainty set. Compared to the previous cases, the robust case provides
six storage systems to be installed in the network. The locations of storage for feeder F1, F4 and F5

109



Energies 2020, 13, 512

are like the deterministic and intermediate cases. However, the robust case suggests one more ESS in
the feeder F2 (bus 48). In Figure 6, the operation profile of the ESS located around bus 10, resulting
from the optimization for the feeder F1 is shown with the demand and production daily curves. The
behavior of the ESS is as the one in the other cases: the contribution to reducing the peaks at the cost of
a slight increase in demand when they charge. This increase does not alter the network operation and
does not produce any technical constraint violation, but it allows a further reduction of load shedding
(Figure 4). For the feeder 1 in the critical TD1, the demand is curtailed of 11.10 MWh/day (−30% than
the intermediate case).

5.6. Economic Analysis

In order to analyze the economic feasibility of the investments in storage systems, the comparison
between all the cases mentioned above, included the no storage one, has been considered. Table 2
summarizes the yearly operational costs (operational expenditures—OPEX) for the four considered
cases, the amount of load shedding and generation curtailment used for solving the contingencies, the
CAPEX for the ESS installation referred to one year only (among the ten years of the ESS life duration),
and in the last column, the total yearly cost is calculated as the summation of CAPEX and the OPEX.
In the no storage case, the yearly operational cost, of about 1480 k€, consists of penalty cost for load
shedding that accounts for 762.90 k€/year, and penalty cost of CHP curtailment worth 717.46 k€/year.
The peak shaving drastically decreases by using the ESS even in the deterministic case (the quantity
is about halved), and then it is significantly further reduced in the uncertain scenarios. The same
behavior can be observed for the generation curtailment of CHP. In the uncertain cases, compared
with the base case without storages, the resort to load shedding is much reduced (−44.8% in the
deterministic case becomes −60.5% in the intermediate case and −73.9% in the robust one) as well as
the generation curtailment (−22.8%, −43.9% and −66.3% in the deterministic, intermediate and robust
case respectively). The quantities related to the generation curtailment in Table 2 for these four cases
are referred only to the curtailment of CHPs.

Table 2. Daily operational cost of the test network and ESS CAPEX.

Cases
OPEX

[k€/Year]

Load
Shedding

[MWh/Year]

Generation
Curtailment
[MWh/Year]

CAPEX
[k€/Year]

Total Cost
CAPEX+OPEX

[k€/Year]

No storage 1480.36 6602.12 7502.38 0 1480.36
Deterministic (Γ = 0) 974.47 3644.95 5791.67 400 1374.47
Intermediate (Γ = 0.5) 704.64 2605.34 4208.2 500 1204.64

Robust (Γ = 1) 437.80 1721.07 2525.22 600 1037.80

Consequently, a substantial reduction of the annual operational costs can be observed with the
ESS inclusion in the deterministic case and much more in the uncertain cases (−34.2%, −52.4%, and
−70.4%, in the deterministic, intermediate and robust case respectively). It is worth noticing that, in the
deterministic and uncertain cases, apart from the operational costs, an additional cost factor has to be
considered: the CAPEX for the ESS installation, split in ten years (the CAPEX of one 1.0 MW/2 h ESS is
assumed the same for each year). This negatively impacts on the final cost, much stronger with the
increment of budget or uncertainty, due to the growth of the investment costs for the increasing number
of storages. However, the reduction of OPEX not only covers such increase but, the final costs of all the
cases that use the storage systems for relieving the contingencies are smaller than the case without them
(no storage case). In particular, the percentage of total cost reduction is smaller than the one calculated
by considering the OPEX only (i.e., −7.2%, −18.6% and −29.9% for deterministic, intermediate and
robust cases, respectively), but the results prove the effectiveness of the optimization. In fact, these
results demonstrate that not only the ESS helps to reduce the operational cost, for relieving even the
worst-case and reducing even more the resort to load shedding and to the generation curtailment, but
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also that, with the assumed hypotheses, the ESS CAPEX can be amortized during the ten years of their
life duration.

6. Conclusions

This paper establishes the use of a SOCP convex relaxation of the power flow equations for
optimal placement of energy systems in an MV distribution network. The algorithm proposed in this
paper can be used to analyze the economic viability in comparison to investment and operational costs.
The application of robust optimization and having the flexibility to modulate the budget of uncertainty
helps to find a balance among the factors of economic efficiency and conservatism. The use of this kind
of flexibility also assisted in considering additional scenarios other than the worst-case scenarios that
most robust optimization problems account for. By considering the worst-case scenario only, such
problems do not provide an optimal solution. Rather, they offer only conservative solutions that could
be impractical. However, the analytical reformulation technique helped to find the robust equivalent
of the original problem that was solved with less computational encumbrance using CPLEX solver.

As planning includes a limited financial budget and resources, this study affords a comprehensive
approach, which is a consideration of different situations (budget of uncertainty). Furthermore, the use
of this innovative algorithm leads to understanding of the benefits of grid-connected storage devices
in distribution systems and the consideration of uncertainties into the planning phase.

In future works, the implementation of the HV/MV transformer model will be improved. Moreover,
the reactive power provision from storage will be considered in the future model. A term that takes
into account the depreciation of the ESSs due to their use will be included.
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Nomenclature

cE, cP
Specific costs of energy storage in terms of energy
and rated power, respectively

cEN Energy price in the wholesale market

CCAPEX_ESS
n

Storage investment cost (CAPEX, capital
expenditures) at node n

CCHPc
n

Cost of curtailing combined heat and power (CHP)
power generation at node n

CPLS
n Cost of peak load shaving at node n

CRESc
n Cost of renewable energy curtailment at node n
F Fuel cost for biomass CHP plant

Imn(t)
Current flows in the branch from m-th to the n-th bus
at the time interval t

KS Capital recovery factor

PDn(t), QDn(t)
Active and reactive power demand of the loads at
node n during the time interval t, respectively

Pmn(t), Qmn(t)
Active and reactive power flows in the branch from
m-th to the n-th bus at the time interval t, respectively

Pc
n(t), Pd

n(t)
Charging and discharging power of storage at node n
during the time interval t, respectively
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Pc,max
n (t), Pd,max

n (t)
Maximum and minimum limits of charging and
discharging power of storage at node n during the
time interval t, respectively

PCHP
n (t), QCHP

n (t)
Expected active and reactive power production of
CHP at node n during the time interval t, respectively

Pg
n(t), Qg

n(t)
Active and reactive power provided by the upstream
connections at node n during the time interval t,
respectively

PPLS
n (t)

Power related to the peak load shaving at node n
during the time interval t

PRESc
n (t)

Amount of renewable power curtailment at node n
during the time interval t

PRES
n (t), QRES

n (t)
Expected active and reactive power production of
renewables at node n during the time interval t,
respectively

PmaxRESc/CHPc
n

Upper bound of active power curtailment of
renewables and CHP at node n

Pmin RESc/CHPc
n

Lower bound of active power curtailment of
renewables and CHP at node n

P̃pv
n (t), P̃wind

n (t), PDn(t)
Bounded variables of PV, wind and power demand of
loads at node n during time interval t, respectively

ΔP̃pv
n (t), ΔP̃wind

n (t), ΔP̃Dn(t)

Deviation from expected power value of PV, wind
and power demand of loads at node n during time
interval t, respectively

Qmin RESc/CHPc
n

Lower bound of reactive power curtailment of
renewables and CHP at node n

Qmax RESc/CHPc
n

Upper bound of reactive power curtailment of
renewables and CHP at node n

Rmn Resistance of the mn-th branch
Sl(t) Thermal capacity of the line at time interval t

SOCn(t)
State of the charge of storage unit at node n during
the time interval t

SCn The storage investment cost
Vmax, Vmin Maximum and minimum voltage limits, respectively

Xmn Reactance of the mn-th branch

αc
n(t), αd

n(t)
Binary variables for charging and discharging of
storage at node n during the time interval t,
respectively

Π+
D(t)Π−D(t), Π+

pv(t), Π−pv(t) Dual variables of load and PV at the time interval t
Π+

wind(t), Π−wind(t) Dual variables of wind at the time interval t

ηc,ηd
Charging and discharging efficiency of storage,
respectively

ξub
D (t), ξlb

D(t), ξ
ub
pv(t), ξlb

pv(t)
Scaled deviations from the random electric loads and
PV at the time interval t

ξub
wind(t), ξ

lb
wind(t)

Scaled deviations from the random wind power
generation at the time interval t

Γi
The budget of uncertainty of the uncertain parameter
i
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Abstract: Energy storage systems (ESSs) bring various opportunities for a more reliable and flexible
operation of microgrids (MGs). Among them, energy arbitrage and ancillary services are the most
investigated application of ESSs. Furthermore, it has been shown that some other services could
also be provided by ESSs such as power quality (PQ) improvements. This issue could be more
challenging in MGs with widespread nonlinear loads injecting harmonic currents to the MG. In this
paper, the feasibility of ESSs to act as coordinated active harmonic filters (AHF) for distributed
compensation was investigated. An optimization model was proposed for the coordination of the
harmonic compensation activities of ESSs. The model takes into account the various technical and
systematic constraints to economically determine the required reference currents of various AHFs.
Simulation cases showed the performance of the proposed model for enhancing the harmonic filtering
capability of the MG, reduction in the compensation cost, and more flexibility of the distributed
harmonic compensation schemes. It was also shown that ESS activities in harmonic compensation do
not have much of an effect on the ESSs revenue from energy arbitrage. Hence, it could make ESSs
more justifiable for use in MGs.

Keywords: energy storage system; active harmonic filter; harmonics; power quality; optimization

1. Introduction

Energy storage systems (ESSs) have received special attention due to their great flexibility and
applicability in power systems. The smart charging and discharging behavior of ESSs could produce
many advantages for various power system applications. The energy arbitrage for the operation of
ESSs as consumers of low-price energy at off-peak periods and suppliers of high-price energy at peak
hours is the most favorable application of ESSs. Furthermore, they could provide some advantages
such as providing ancillary services and deferring investment costs in various sections of the power
and distribution systems (DSs) [1–4]. All of these applications are related to the supply and security
aspects of the energy. However, utilization of ESSs for the quality aspect of the energy for power
quality (PQ) improvements has not gained much attention until now. With respect to the major costs
that could be imposed by PQ related problems [5,6], it seems that investigations should be carried out
regarding possible the PQ advantages of ESSs. Since the penetration of nonlinear power electronic
(PE) based loads is increasing, it seems that ESSs could play an important role in enhancing PQ levels
affected by these new loads in future DSs.

An ESS converts electrical energy via a power interface that is usually based on a PE converter.
The general characteristics of ESSs are typically determined by their PE interface. Aside from the PE
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interface, various management and control components are included in ESSs, which give them various
functionalities in the network. Flexibility and controllability of PE interfaces could be employed for
PQ improvement in DSs. In this paper, PQ improvement using ESSs is discussed.

Any deviation that occurs from a pure sinusoidal voltage or current can be seen as a PQ problem.
These can be listed as various issues such as harmonics, interruptions with different durations, and
voltage related problems [7]. Problems related to the poor PQ levels impose remarkable costs on
power systems [5,6]. Among these, harmonics are becoming more important due to an increase in
the number of nonlinear harmonic loads and PE converters connected to the network, especially in
DSs and microgrids (MGs). These loads could be employed in various applications from residential
and commercial loads to industrial ones. Hence, harmonics could be imposed on the MG in any
location at each voltage level. It has been reported that about 27% of all PQ problems are related to the
harmonic distortions in voltage and current [8,9]. Harmonics could increase losses in DSs up to 20%.
The losses are directly dependent on the number of nonlinear loads connected to the grid. A smart
MG with a voltage THD ranging from 1% to 8%, could lose its generation capacity by 4.7% to 42.2%,
respectively [5].

ESSs could play an important role in the mitigation of PQ related problems, especially regarding
harmonics [2,4,7,10]. The ability to control PE converters could enable ESSs to act as active harmonic
filters (AHFs). The change in the control algorithms of PE converters for taking additional services
is discussed in the literature. The battery storage system is the most promising ESS in this scope.
A smart battery controller was proposed in [11] for enhancing PQ and adjusting the steady-state
voltage and frequency of MG. In [12], the optimal planning of ESSs for the mitigation of PQ problems
was investigated to make ESSs more reasonable to be used in power systems. An investigation was
made in [13] on the PQ of wind turbines with and without ESSs. The result shows the positive
effects of ESSs as a solution for the mitigation of the harmonics of wind turbines. Battery energy
storage could simultaneously compensate active, reactive, and harmonic power in four quadrants.
A control approach for the compensation of voltage drop and harmonics was presented in [14]. In [15],
the possible utilization of battery inverters for mitigation of harmonics and unbalances was reported.
A harmonic and unbalance current controller was introduced based on the proportional-resonant
controller in [15].

It should be noted that conventional control methods do not consider all other AHFs to calculate the
compensation sharing of each AHF. In local controls such as current or voltage modes for eliminating
current or voltage harmonics, AHFs work independently to other filters. Some control methods
such as droop control provide some level of compensation sharing for a limited number of AHFs.
However, the droop control is affected by the harmonic impedance of the network and is disabled
to provide proper harmonic compensation sharing when AHFs become distributed. In this paper,
an optimization-based model was proposed for achieving a coordinated operation of AHFs. In this
approach, the MG operator tries to minimize the harmonic compensation cost with respect to the
network constraints, working limits of AHFs, ESS activities in energy and ancillary markets, and
harmonic standards. Hence, all constraints of AHF as well as the required harmonic compensation
actions could be considered in the proposed method as a coordinated operation of AHFs.

It has been shown that optimal harmonic compensation can be achieved by the coordinated
control of PE-based inverters [5,16]. This approach could avoid possible instabilities and ensure an
optimal compensation scheme. Hence, the coordinated control of ESSs was implemented in this paper
in order to show the capability of ESSs for distributed harmonic compensation. To this end, a new
optimization model named as ESS-AHF was proposed for the calculation of the harmonic compensation
sharing of each ESS. In this model, the MG operator tries to minimize harmonic compensation costs
limited to various operational and technical constraints. The results of energy and ancillary service are
used as setpoints for the ESSs to determine harmonic power truncations in each harmonic frequency.
It should be noted that the distributed compensation scheme has better applicability to cope with
the harmonics of the dispersed nonlinear loads of the MG. Furthermore, for reliable operation and
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unwanted stability problems, the coordinated operation of the AHFs should be ensured. Therefore,
the proposed ESS-AHF model could successfully meet the requirements for distributed compensation
and stability considerations.

The rest of this paper is organized as follows. In Section 2, active harmonic filters are introduced.
Various ESS applications and characteristics are investigated in Section 3. A harmonic model of ESSs
in harmonic compensation activities is also represented in this section. The proposed ESS-AHF model
is introduced in Section 4. In Section 5, the results of the implementation of the introduced models are
provided and analyzed. The paper then presents our concluding remarks in Section 6.

2. Active Harmonic Filters

Conventional mitigation methods of harmonics can be categorized as passive filters, static
compensators, and active power line conditioners (APLCs). Currently, passive filters are the most
prevalent technology for harmonic compensation. They consist of a single tune, second tune, and multi
tune topologies. The passive filters are economic solutions and there is a great body of literature
regarding their sizing and application for DSs [17]. Static compensators follow a principle similar to
that of passive filters. However, these solutions have some limitations. Insufficient flexibility is the
biggest disadvantage of passive solutions. Passive filters are usually designed for a specific harmonic
condition, and hence change in the harmonic distortion or working conditions could degrade the
applicability of the passive filters. Furthermore, resonance problems could affect the performance of
passive filters and could increase harmonic distortion in some points of the network. Due to higher
flexibility, there is an increasing approach in PE-based active harmonic filters (AHFs) such as APLCs.
They could be optimal choices to cope with PQ related problems. In addition to the conventional
APLCs, almost all energy resources with PE interfaces may be controlled to act, also, as harmonic
active filters. Among them, ESSs equipped with PE converters could also be accounted for a possible
AHF resource [18–21].

APLCs are considered as one of the most promising solutions for harmonic compensation activities.
These devices do not suffer from conventional limitations of passive filters such as limited tuning, and
especially resonance problems. They have the flexibility to work at a broad range of harmonics at any
working point. Hence, APLCs are going to be more employed in electric networks [22–24]. An APLC
is, in fact, a voltage or current source inverter that is controlled to produce harmonic compensation
currents or voltages at the output. The APLC injects a harmonic compensation voltage or current to
the network and eliminates harmonics in the source side. Unlike passive filters, APLC produces no
resonance in the network. Hence, they are more prevalent, despite their higher investment costs and
more complex control methods [22–24].

The schematics of two common types of APLCs called shunt and series topologies are represented
in Figure 1. In both types, the voltage and current measurements of the network are processed by the
APLC controller. The controller determines the required reference harmonic currents that should be
injected by the filter. In [25,26], common control strategies for producing the desired reference current
have been investigated. The calculated reference currents are then injected into the grid by a proper
switching method. The required power for producing compensation currents can be supplied by an
external source or taken by the grid using the same power converter.
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Figure 1. Schematics of the shunt and series active harmonic filters.

It has been shown that distributed compensation schemes could bring more flexibility and filtering
capability for harmonic compensation [5,16]. Since the harmonic compensation is provided all over
the grid, it is preferable to compensate current harmonics as close as possible to the disturbing source.
In this way, harmonic losses can be reduced in the network. Harmonic loads are usually positioned
at various locations with different nonlinear characteristics. Therefore, the distributed compensation
scheme could have better applicability to cope with the harmonics of the dispersed nonlinear loads.
Furthermore, for reliable operation of the MG, the coordinated operation of the AHFs should be
ensured. It has been highlighted that instability problems can arise in the case of uncoordinated
operation [5,16].

It should be noted that the penetration of nonlinear loads is increasing in MGs and compensation
methods solely based on APLCs could be expensive and insufficient. Investment and operation costs
are usually high for APLC devices [5]. Hence, other possible AHFs based on other PE converters
should be utilized for more economic and flexible solutions. There is a great body of literature about
the possible utilization of ESSs for PQ improvement [2,4,6,7,11,13,27]. However, to the best of the
author’s knowledge, the coordinated operation of ESSs for PQ problems has not been paid attention
thus far. In this paper, the possibility of storage systems for the coordinated mitigation of harmonics is
addressed. The coordinated operation of ESSs was achieved by an optimization problem including
various constraints that could guarantee the economic and reliable operation of PQ improvement
activities. In the next section, the possible utilization of ESSs for PQ improvement was investigated.

3. Energy Storage Systems for Power Quality Improvement

Energy storage systems have received special attention due to their great flexibility and applicability
to the various power system sections. In MGs, an ESS converts electrical energy via a power interface,
which is usually based on a PE converter. The general characteristics of ESSs are typically determined
by their PE interfaces. Aside from PE interfaces, various management and control components are
included in ESSs that enable them to have various functionalities in the network.

The main purpose of incorporating ESSs is to participate in energy markets. The term energy
arbitrage refers to the charging of ESSs in the off-peak periods and discharging in the peak periods.
The ESS revenues come from the difference between the off-peak and peak energy prices. Transmission
and distribution services could also benefit from ESSs. The extension of network lines could be
deferred using the flexibility of ESSs. This may avoid congestion problems in both the transmission
and distribution grids, which result in more reliable operations of the system as well as reduced prices
of energy [2]. Much work has been done on the integration of DERs in MGs. In MGs, the fluctuating
output power of DERs in both grid-connected and islanded modes can cause voltage instability.
This can also result in intermittent energy resources such as wind and solar farms. The ESSs could play
a role for energy buffering and could smooth fluctuations of intermittent DER by a smart charging and
discharging procedure. ESSs could then participate in voltage regulation and compensate reactive
power to enhance the stability of the system [2].
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One of the main applications of ESSs is in the area of ancillary services. Among various services,
frequency regulation is the main service that could be supplied due to the fast response speed of PE
interfaces. ESSs with high energy capacity could provide fast-spinning reserves. Furthermore, ESSs
could act as AHFs and compensate for various PQ problems. Integrating ESSs in various DERs and
flexible alternating current transmission system (FACTS) devices could enable this equipment for the
compensation of extra reactive and harmonic currents. They could also avoid the PQ problems related
to the application of DER in the MG.

ESSs vary in a broad range of technologies and categories. A common classification method is
based on the form of stored energy. Mechanical (such as pumped hydro energy storage, compressed
air energy storage (CAES) and flywheel), electrochemical (such as secondary batteries as the most
useful technology), chemical (such as fuel cell), thermal (such as cryogenic energy storage and
high-temperature thermal energy storage), and electrical (such as ultra-capacitors and superconducting
energy storage systems (SMES)) are the main categories. Review papers about various ESSs technologies
are available in [7,10]. In [10], the current practical implementations of ESSs all around the world
were investigated.

Typical applications of ESSs are usually specified based on their properties in terms of power
and energy capabilities. In [4], a comprehensive comparison was made among various ESSs in which
output powers could be represented based on output duration, which is shown in Figure 2. Various
battery types and mechanical energy storage systems such as pumped hydro and CAES with high
energy density could be used in applications such a load-leveling and emergency power. Some other
ESS types such as SMES and flywheels with conventional bearings have high power capacity. Hence,
they are suitable for some PQ problems such as instantaneous voltage drop, voltage flicker, and short
duration interruptions. Other ESSs such as flywheels with levitation bearing and super-capacitors
can be employed for high power requests for a short time [4]. However, the duration depends on the
requested power from the ESS.

Figure 2. Output power and duration of various ESSs (plot obtained with data taken from [4]).

The general connection of some ESSs suitable for PQ mitigation activities is represented in Figure 3.
The energy train may consist of a back-to-back converter for power conditioning between the MG
and the main energy source. For example, flywheels work with AC power with their permanent
magnet motors. Hence, they need an AC/DC converter for charging the DC link. Sometimes, a DC/DC
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converter can be employed before the DC link, as shown in Figure 1. After the DC link, a grid side
converter (GSC) is used to deliver the energy from the DC link to the PCC. In order to enable the ESSs
to participate in PQ mitigation activities, the control methods of the GSC should be modified.

Figure 3. General connection of the ESSs by a voltage source inverter to the PCC.

Application of ESSs for Harmonic Compensation

Aside from AHFs and passive filters, ESSs could play an important role in the mitigation of PQ
and harmonic problems [2,4,7,10]. The ability to control the PE converters of ESSs could enable them
to act as harmonic active filters. In the literature, there are some examples of the modification of the
control algorithms of PE converters for harmonic compensation. The battery storage system is currently
the most promising ESS due to economic considerations and mature technology [27]. A smart battery
controller was proposed in [11] for enhancing the PQ and adjusting steady-state voltage and frequency
of MG. An investigation was made in [13] into the PQ of wind turbines with and without ESSs and the
results showed the positive effects of ESSs as a solution for the mitigation of wind turbine harmonics.

Optimal harmonic compensation and the economic employment of ESSs could be achieved by
the coordinated control of PE-based inverters [5]. It seems that the optimal operation of ESSs could
efficiently consider various technical and systematic constraints in the calculation harmonic sharing of
each ESS. Hence, the coordinated control of ESSs was proposed in this paper for harmonic filtering
activities as an extension for various applications of ESSs. Therefore, the utilization of various ESSs
for harmonic compensation and the coordinated control of ESSs for a global distributed harmonic
compensation scheme were proposed and formulated. To this end, a harmonic model of ESSs is
required in the coordination algorithm. Based on Figure 3, the equivalent circuit model of ESSs in
harmonic mitigation can be represented as in Figure 4. The internal current source of the ESS is
controlled based on the internal parameters of the ESS such as the voltage of the DC link, control,
and switching method of the inverter. The GSC is controlled in the current control mode for harmonic
compensation [27].

Figure 4. Harmonic model of ESSs in harmonic compensation.

Internal impedance Zf shows the Thevenin impedance of the ESS seen in the output of the GSC.
The internal impedance depends on the internal parameters, the control blocks, and the topology of
the GSC. Some calculation methodologies of the GSC internal impedance as a VSI was investigated
in [28–30]. A simple model for the Zf can be represented as Equation (1), which includes two resistive
(Rfh) and inductive parts (Xfh). Both parts are considered as functions of various internal parameters
such as the voltage of the DC bus (VDC), internal inductance (L), and also as gain factors of the
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internal control blocks (Gfh) of the GSC. The current gain, the voltage gain, the gain of current control
compensator, the feedforward gain, and the modulator gain are internal control parameters affecting
Gfh, which should be considered in the calculation of Zfh [28].

ZGSC
f h = RGSC

f h

(
GGSC

f h , VDC
f , L f

)
+ jXGSC

f h

(
GGSC

f h , VDC
f , L f

)
(1)

Finally, it should be noted that the reactance of Xfh was employed for the output filter of the ESSs,
as shown in Figure 3. The proposed model in Figure 4 could be employed for the coordination of the
distributed ESSs for harmonic compensation. In the next section, the proposed model for harmonic
compensation with ESSs is introduced.

4. Coordination Model of ESSs for Harmonic Filtering

In this section, the proposed model for the coordination of ESSs for harmonic mitigation is
introduced. The model was developed based on the concept of the harmonic power flow [5,31] and
active power filter sizing and placement [32]. Since the main power transactions of ESSs are in the
fundamental frequency, the side operation for harmonic compensation could be implemented as a
sequential operation model. Hence, the harmonic spectrum approach could be employed to calculate
the harmonic filtering sharing of each ESS after running the day-ahead energy market [33]. In the
following, the optimization model for incorporating ESSs in the operation of the MG at the fundamental
frequency is first presented. After that, the proposed model for the coordination of ESSs working as
AHFs (named the ESS-AHF model) and related working constraints are introduced.

4.1. Operation in Fundamental Frequency

In the fundamental frequency, ESSs can be used in the daily operation of the MG for energy
arbitrage. This problem can be formulated as an operation problem including ESSs [34,35]. The goal
of the MG operator is to economically supply the load demand using energy purchased from the
main grid (costgrid), the energy of the available DGs (costDG), and eventually, the energy arbitrage of
ESSs (costESS). Hence, the operation cost (OC) can be mathematically formulated as the minimization
problem shown in Equation (2).

min
{
OC =

∑
t

(
costgrid

t + costDG
t + costESS

t

)}
(2)

The objective function in Equation (2) consists of three main costs. The energy purchased from
the main grid can be calculated with respect to the price of energy and power imported from the main
grid to the MG as shown in Equation (3). Furthermore, DGs could also inject power to the MG whose
related costs can be calculated as per Equation (4) in each operation period. For ESSs, the costs should
be calculated with respect to the injected power in discharging mode and consumed power in charging
mode. This can be mathematically formulated as in Equation (5). In Equations (3)–(5), the terms of π
stand for prices of energy in the main grid for the injected power of DGs and prices for the charging
and discharging of ESSs, respectively.

costgrid
t = π

grid
t pMG

t (3)

costDG
t =

∑
i

(
πDG

it pDG
it

)
, ∀i ∈ ΩDG (4)

costESS
t =

∑
i

(
πdch

it pdch
it −πcha

it pcha
it

)
, ∀i ∈ ΩESS (5)

There are some technical and systematic constraints for the minimization of the OC, which
should be taken into account. For ESSs, the working constraints are shown in Equations (6)–(10).
Three possible working modes of ESSs can be considered: charging, discharging, and idleness modes.
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These modes can be modeled as Equation (6) by using the binary variables of ycha (stands for charging
mode) and ydch (stands for discharging mode). If these two variables are simultaneously adjusted
to zero, then the ESS is idle in that period. The state of charge (SOC) of ESS (cet) was calculated in
Equation (7) in each operation period. It was determined based on the SOC at the beginning of the
period in addition to power transactions in charging (pcha) or discharging (pdch) modes. In Equation (7),
charging and discharging efficiencies are also considered as ηcha and ηdch, respectively. Constraint (8)
is proposed for the calculation of the injection current (i) of the ESS to the connection bus in each mode
using the conjugate of bus voltage, vit, and the active power of ESS. Since the operation modes are
separated using binary variables in Equation (6), pcha and pdch do no occur simultaneously. Hence,
in Equation (8), either charging or discharging of the ESS could take place. Consequently, the injection
current could be positive or negative, with the injection current considered to be positive in charging
mode. In Equation (9), the working limits of the SOC are considered using Cmin and Cmax, respectively,
for the minimum and maximum limits. The maximum and minimum limits of active power are also
considered in Equation (10).

ycha
et + ydch

et ≤ 1 (6)

ce,(t+1) = cet + η
cha
e pcha

et −
1
ηdch

e
pdch

et (7)

iit =
pcha

et
v∗it
− pdch

et
v∗it

, ∀i ∈ ΩESS (8)

Cmin
e ≤ cet ≤ Cmax

e (9)

Pmin
e ≤ pcha

et , pdch
et ≤ Pmax

e (10)

Power flow constraints are the main system constraints in the optimization model. Current
injections of loads, DGs, and nonlinear loads could be calculated in Equation (11) using the apparent
power (S) and the voltage of the connecting bus (vi) at each operation period. The injection shown
in Equation (11) is valid for the set of load buses (ΩPQ), the set of DG buses (ΩDG), and finally the
set of nonlinear buses (ΩNL). Without losing generality, it is assumed that the DGs work in constant
power mode. Anyway, other operation modes could simply be applied in the model [31]. Furthermore,
the efficient linear power flow constraints of [31] were employed for modeling the network. In this
power flow model, the MG was modeled with some incidence matrices using graph theory. Power
flow constraints are modeled in Equations (12) and (13) using A and B incidence matrices employed
for modeling the MG. In these equations, the matrices of the line currents, bus injections, and voltage
drops of buses are shown with [U], [I], and [ΔV], respectively. It has been shown in [31] that this
power flow model has no convergence problem in MGs and can easily handle meshed topologies and
unbalanced networks.

iit =
(

S
vit

)∗
, ∀i ∈

{
ΩPQ, ΩDG, ΩNL

}
(11)

[U] = [A][I] (12)

[ΔV] = [B]T[Z][U] (13)

Nevertheless, modeling the energy arbitrage mechanism of ESSs was not the main concern of this
paper. The output of the fundamental frequency optimization model is the SOC of each ESS and the
working points in the operation horizon were used for calculations in harmonic frequencies.

4.2. Coordinated Operation of ESSs as AHF

In this subsection, the proposed model for employing ESSs as AHFs (named the ESS-AHF model)
is introduced. The goal of the MG operator is to minimize the cost of procurement of PQ improvement
actions. Since the harmonics were only investigated in this paper, this goal could be reached using

122



Energies 2020, 13, 771

AHF resources, APLCs, and ESSs. Hence, the objective function can be mathematically shown as
Equation (14).

min
{
PQ cost =

∑
th

(
costAPLC

th + costESS
th

)
=

∑
f th

(
πAPLC

f h dAPLC
f th + πESS

f h dESS
f th

)}
(14)

The cost of PQ improvement actions includes two main costs: costs related to APLCs denoted by
the costAPLC and costs related to the ESSs working as AHFs, shown with costESS. The calculation of these
two cost terms is also represented in Equation (14) using the amount of the provided compensation
distortion power (d) and the offered compensation price (π) for each AHF (f ) at each period. In harmonic
frequencies, due to the increase in power losses of the AHF, some amount of distortion power is
imposed on the AHF. The payments are required for covering such costs for the owners of AHFs.
Hence, offered prices of harmonic compensation, currents should be capable to refund extra costs
imposed on the filter. On the other hand, since the required compensation actions are supplied in a
competitive mechanism, the offered prices should ensure sufficient participation of the ESS owner in
PQ improvement activities. Moreover, the offered prices of ESSs are generally lower than the prices
of APLCs, since the harmonic compensation action is taken as a side function from ESSs [5]. Hence,
some operation costs related to the investment cost can be decreased for ESSs. Anyway, the cost of all
AHFs can be calculated using the offered price of each AHF and the related provided compensation
distortion power as shown in Equation (14).

The distortion power generally includes the current distortion power [Marini, 2019 #445]. Hence,
the provided compensation distortion power could be shown as Equation (15) using the provided
harmonic compensation currents in each harmonic order, ifth. In this equation, the distortion power is
assumed to be limited by the maximum available power of the AHF, Dmax. For APLCs that do not
contribute at the fundamental frequency, this limitation is simply considered as the rating volt-ampere
of the filter. However, for AHFs based on ESSs, considerations should be made for power transactions
in the fundamental frequency. This limitation is set as the maximum value of available power of the
ESS (Pmax–Pet,1) for idle periods and allowable 10% variation in output power (Pet,1) for charging or
discharging periods. This constraint is mathematically shown as the maximum value of these two
values in Equation (16). Furthermore, with respect to the general model of AHF as shown in Figure 4,
working constraints could be formulated as Equations (17) and (18). In harmonic studies, harmonic
voltages and currents are superimposed to the fundamental voltage and current. Hence, voltage and
currents should be replaced with harmonic root mean square equivalents, as shown in Equations
(17) and (18). The maximum current of AHF is limited to the maximum value, Imax in Equation (17).
In Equation (18), the maximum allowable limit of AHF is considered as Vmax.

d2
f t = V2

f t,1

∑
h>1

i2f ht ≤
(
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f t

)2
(15)

Dmax
f t = max

{
Pmax

e − Pet,1, 10%(Pet,1)
}
, ∀ f ∈ ESS (16)

I2
f t,1 +

∑
h>1

i2f ht ≤
(
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f

)2
, ∀ f (17)

V2
f t,1 +

∑
h>1

v2
f ht ≤

(
Vmax

f

)2
, ∀ f (18)

The SOC of the ESS should also be taken into account in harmonic conditions. Although harmonic
power transactions have low values, their effects on the SOC of the ESS should be considered. Harmonic
active power (pfth) can be calculated using the real value of the product of harmonic voltage and current
as shown in Equation (19). The SOC of the ESS should be modified with respect to the provided active
harmonic power. Since the PE converter of the ESS is generally a four-quadrant converter, harmonic
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active powers could be positive and negative. This could lead the ESS to be charged or discharged to
provide the harmonic compensation current. Variations in the SOC in harmonic condition (cfth) with
respect to the provided active harming powers is mathematically shown in Equation (20). In Equation
(20), the SOC in the harmonic condition is supposed to be equal to the SOC for fundamental frequency
(Cft) plus harmonic active powers, pfth. Harmonic reactive power is usually achieved by changing the
phase angle and modulation method of the converter. It can be considered as extra losses of active
power and is usually considered as a percentage of active harmonic power [36]. This modification could
be applied in Equation (20), which could be a subject for future research. Finally, the minimum and
maximum limitations of the SOC should also be met in harmonic activities, which is mathematically
shown in Equation (21).

p f th = Re
{
vithi∗ith

}
, ∀i ∈ ΩESS (19)

c f th = C f t +
∑

h>1
p f th, ∀ f ∈ ESS (20)

Cmin
f ≤ c f th ≤ Cmax

f , ∀ f ∈ ESS (21)

Harmonic standards are usually reported as total harmonic distortion (THD) and individual
harmonic distortion (IHD). Typical levels of harmonic standards for grid voltage are 5% and 3% for
THD and IHD, respectively [37]. The important goal of the MG operator is the economic satisfaction of
the desired harmonic levels across the entirety of the MG at each period. These constraints are shown
in Equations (22)–(23), respectively, for THD and IHD. In each operation period, the THD could be met
for each bus and the IHD should be met for each bus in each harmonic order.∑

h>1
v2

ith ≤
∣∣∣Vih,1

∣∣∣2(THDmax
i

)2
, ∀i, t (22)

v2
ith ≤

∣∣∣Vit,1
∣∣∣2(IHDmax

i

)2
, ∀i,∀t,∀h (23)

The harmonic power flow constraints should also be considered in the model. Since the provided
harmonic current compensation is injected to the MG in different nodes, these constraints are essential
for calculations of the flow of harmonic powers. The constraints of Equations (24) and (25) are
the harmonic counterparts of fundamental power flow previously shown in Equations (12) and (13).
Furthermore, the harmonic spectrum approach is used for the harmonic modeling of nonlinear
loads [33]. It is required to determine the magnitude and phase angle of harmonic injections of
nonlinear loads in this approach. In Equation (26), the magnitude of harmonic injection (iiht) is
determined based on the harmonic spectrum of nonlinear load (Ispec) and current injection of the load
in the fundamental frequency (Iit,1) for all buses of the network with nonlinear load (ΩNL). The phase
angle of harmonic injection (θith) was also determined in Equation (27) using the phase spectrum of the
nonlinear load (θspec) and the phase angle of its current injection in the fundamental frequency (θit,1).

[Uh] = [Ah][Ih] (24)

[ΔVh] = [Bh]
T[Zh][Uh] (25)

iiht = Ispec
iht × Iit,1, i ∈ ΩNL (26)

θith = θ
spec
ith + hθit,1 + π, i ∈ ΩNL (27)

The developed model in Equations (14)–(27) is the complete model proposed for the coordinated
operation of ESSs working as AHFs. It should be noted that the operation model of Equations (2)–(13)
and the ESS-AHF model of Equations (14)–(27) are related and the ESS-AHF model will be implemented
after the operation model. Hence, the ESS-AHF model could be accounted for as a sequential model,
as shown in Figure 5. The output nonlinear load current of the operation model is the setpoints for
the calculation of harmonic injections. These dependencies are mathematically shown in Equations
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(26) and (27). Harmonic injections are calculated in Equations (26) and (27) based on the harmonic
spectrum of the nonlinear load. Hence, these dependencies could affect the ESS-AHF model since
the harmonics will be related to harmonic injections of nonlinear loads. Furthermore, since ESSs are
employed as AHFs in addition to APLCs, the working conditions of ESSs could be affected by the
output of the operation model. The maximum available capacity of the distortion power for ESSs is set
as the maximum value of available power of the ESS and allowable 10% variation in output power for
charging or discharging periods, as shown in Equation (16). Hence, these setpoints could change the
ESS activities as AHFs.

Figure 5. The ESS-AHF model as a sequential model after the operation model.

The output of the ESS-AHF model is the calculated harmonic reference currents of the ESSs,
which should be injected into the MG. These reference currents are then transmitted to the ESSs by
the available infrastructures of the MG, and the AHF works in the current control mode. Various
technical constraints, harmonic conditions of the network, and the status of AHFs should be sent to
the MG control center for consideration in the optimization problem. All of these require a proper
communication infrastructure that could be available in future MGs. The availability of communication
links in AHF buses, its bandwidth, and time delay are important challenges of the communication
system that could affect the applicability of the proposed optimization method, which should be taken
into account in future studies. In the next section, the results of the implementation of the proposed
model will be represented.

5. Simulations

A modified version of the IEEE 33-bus test network was used to demonstrate the performance of
the ESS-AHF model. The test grid consists of 32 branches and five tie-switches, as shown in Figure 6.
Line and bus data were taken from [38] and are provided in Appendix A. In order to increase the effects
of harmonics, line impedances were increased by a factor of three. Data for the daily load demand
were taken from [39].

Four nonlinear loads were connected to the test network. The locations and active and reactive
powers of nonlinear loads are shown in Table 1. A general non-linear load model as a six-pulse diode
bridge rectifier was adopted for all nonlinear loads [33]. The represented harmonic loads are the main
sources of harmonic distortions in the MG. The harmonic spectrum of nonlinear loads is reported in
Table 2, where the data were taken from [33]. In the harmonic spectrum approach, the magnitude and
phase of the harmonic injections of nonlinear loads are used to calculate the flow of harmonic power in
the network individually at each harmonic frequency.

Five DERs were added to the test network in selected buses, as shown in Figure 6. A parking lot
of electric vehicles was considered at bus #12, a wind turbine was installed at bus #21, a photovoltaic
(PV) generator was installed at bus #24, a battery energy storage was connected at bus #28, and finally,
a PV array was connected at bus #31 equipped with a battery energy storage. The parking lot at bus
#12 included a battery ESS. Hence, three ESSs have been placed in the test network which could be
used as possible AHFs. Furthermore, two APLCs were connected to the network in buses #2 and #9,
as shown in Figure 6. Hence, the total number of AHFs was equal to five filters. Data of the DER and
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APLCs are presented in Table 3. The maximum and minimum of the SOC and maximum power of
each ESS are also reported in this table. In the last column, the offered price of distortion power is
shown based on $/kVARh. The offered prices for ESSs were lower than the APLCs since harmonic
filtering is considered as a side function from ESSs, which leads to a reduced distortion power cost.

Figure 6. Modified IEEE 33-bus test network.

Table 1. Nonlinear loads of the network.

Nonlinear Load Bus P (pu) Q (pu)

1 14 0.150 0.120
2 20 0.125 0.105
3 23 0.110 0.100
4 30 0.145 0.125

Table 2. Harmonic spectrum of nonlinear loads.

Harmonic Magnitude Phase (◦)
5 0.35 180
7 0.43 180

11 0.05 0
13 0.08 0
17 0.04 180
19 0.04 180

The lower and upper bounds of voltage were taken as 0.95 pu and 1.05 pu, respectively.
The operation horizon for unit commitment problem is considered the next day, which is divided
into hourly periods. The proposed optimization models (in the form of a mixed-integer nonlinear
programming model) were implemented in GAMS software (GAMS Development Corporation,
Washington, D.C., USA) [40] in a personal computer equipped with a 2.93 GHz Intel processor and 8
GB memory. Without loss of generality, it was assumed that the MG works in grid-connected mode.
Hence, the voltage at the PCC is assumed to be sinusoidal.
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Table 3. Data of APLCs and DER of the network (values are in pu).

No ID Type Bus Smax Imax Cmin Cmax Pmax π ($/kVARh)

1 APLC #1 APLC 2 0.22 0.43 — — 0.32 860
2 APLC #2 APLC 9 0.18 0.35 — — 0.26 900
3 ESS #1 Electric vehicle + ESS 12 0.1 0.1 0.1 0.25 0.1 395
4 DG #1 Wind turbine 21 0.15 0.15 — — 0.15 —
5 DG #2 Photovoltaic 24 0.08 0.1 — — 0.08 —
6 ESS #2 Battery storage 28 0.15 0.25 0.15 0.50 0.15 380
7 ESS #3 Photovoltaic + ESS 31 0.1 0.35 0.1 0.22 0.1 380

Three different cases were considered to show the performance of the ESS-AHF model.

• Case I: ESSs are only used for energy arbitrage to reduce the cost of supplying energy to
the customers.

• Case II: Employing APLCs for harmonic compensation imposed by nonlinear loads.
• Case III: Employing ESSs as AHFs to satisfy harmonic standards.

The simulation results are reported in the following three subsections.

5.1. Case I: The Base Case

In the base case, the unit commitment model of 4.1 was implemented on the test network.
The various cost terms after running the model are summarized in Table 4. The total OC was equal to
2410 k$, 87% of which was due to the energy supplied by the main grid. The other 13% of the OC was
due to the energy produced or exchanged by DGs and ESSs. The cost of the energy supplied by DGs
was equal to 248 k$ and represented the revenue of DG owners for participating in the energy market.
In the revenue of DG #2, the PV at bus #24 was higher compared to other DERs for its proper location.
Moreover, smart charging and discharging of ESSs implied a revenue of 58 k$ from energy arbitrage.
This revenue is, of course, a cost for the MG operator. In particular, ESS #2, the battery storage at bus
#28, earnt about 50% of the total ESSs revenues.

Table 4. Operation cost for the test network in Case I.

Total OC (k$) Grid Cost (k$) DG Cost (k$) ESS Cost (k$)

2410 2104

248 58

DG #1 DG #2 ESS #1 ESS #2 ESS #3

86.4 161.6 17 28 13

The charging profile as well as the SOC of ESSs in the operation horizon is shown in Figure 7.
All ESSs were charged from 3 am to 6 am, which are the off-peak periods of the operation horizon.
Similarly, ESSs are discharged in peak periods from 5 pm to 7 pm. In Figure 7b, the SOCs of ESSs are
represented. Allowable limits in Table 4 for the SOC and maximum power are met by the optimization
model. Variation of the SOC for ESS #2 with more energy capacity at off-peak and peak periods can be
seen in this figure.

However, the harmonic conditions should also be considered for PQ monitoring of the MG.
In Figure 8, the voltage THD of the MG was analyzed. The voltage THD of all buses at 5 am (as the
lowest) and 6 pm (as the highest load demand), are shown in Figure 8a. Obviously, either for off-peak
periods or peak periods, the THD was above the standard level for nearly all system buses. All other
periods may have a THD trend between these two selected periods. Bus #17 had the maximum THD
compared to other buses. In Figure 8b, the voltage THD of this bus was represented in the operation
horizon. The standard THD level is never met and hence, compensation actions are necessary.
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Figure 7. Case I. (a) Charging profile and (b) the SOC of each ESS.

Figure 8. Case I. (a) Voltage THD for all buses at t = 5 and t = 18 and (b) maximum voltage THD of all
buses at each hour.

In order to mitigate the harmonics effects from the grid, two simulation cases are provided to
show the performance of the ESS-AHF model.

5.2. Case II: Harmonic Compensation Using APLCs

In Case II, only APLCs were employed for harmonic mitigation. APLCs were placed in the
network based on filtering requirements and economic conditions by optimization models. The voltage
THD of the system buses and the maximum THD after compensation of the APLCs are shown in
Figure 9 for this case. Although the harmonic pollution was improved when compared to Case I,
it was still above the standard level of 5%. This situation is worthwhile in peak periods, as shown in
Figure 9a, since harmonic injections of nonlinear loads are increased in these periods. The maximum
THD was for bus #32, which was about 11%. In Figure 9b, the maximum THD is shown for this bus.
For off-peak periods, APLCs could adjust the voltage THD at the standard level. However, most of the
time, the voltage THD is high, which could be the result of insufficient harmonic filtering capacity in
the MG.
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Figure 9. Case II. (a) Voltage THD for all buses at t = 5 and t = 18 and (b) maximum voltage THD of all
buses at each hour.

In Figure 10 the loading of each APLC is shown for Case II. In almost all periods (except off-peak
ones), the APLCs were loaded at their maximum rating. However, they could not satisfy the harmonic
standard in the MG. Hence, more harmonic filters are required to be employed for more filtering
capacity in the MG. This could be achieved using more APLCs. However, it seems that this is not
an economic solution. With respect to the high investment costs of the APLCs, it could significantly
increase the cost of PQ compensation actions.

Figure 10. The loaded capacity of the APLCs for harmonic filtering in Case II.

In the next case, the performance of ESSs for improving the harmonic situation of the MG as an
economical alternative to APLCs is presented.

5.3. Case III: Harmonic Compensation Using ESSs

In order to increase the harmonic filtering capability of the MG as well as reduce the costs of PQ
improvement actions, ESSs are also employed in this case for harmonic compensation. To this end, the
unloaded power capacity of ESSs is used for harmonic filtering activities. Even if the ESS does not
contribute to energy arbitrage, it can provide harmonic filtering capacity for the network. The results
of the implementation of the ESS-AHF model are represented in this subsection.

The voltage THD and the maximum THD at each hour are represented in Figure 11. As it could
be seen, the maximum THD in all periods of the operation horizon was adjusted at the standard level.
For either the off-peak periods or peak periods, the voltage THD was in the acceptable range. Hence,
using ESSs as AHFs has provided more harmonic filtering capacity for the MG. Furthermore, since the
ESSs are dispersed in the MG, the provided compensation currents could be considered as distributed
harmonic compensation actions. In this scheme, harmonic compensation currents are injected in the
grid, and hence harmonic propagation and the resulting losses are strongly reduced. In Figure 13b,
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the maximum THD of voltage buses is shown, which was adjusted to the 5% standard level. This
shows the effects of ESSs for the adjustment of harmonic standards for MGs.

Figure 11. Case III. (a) Voltage THD for all buses at t = 5 and t = 18 and (b) maximum voltage THD of
all buses at each hour.

The loadings of various AHFs are shown in Figure 12 for Case III. AHFs based on ESSs are almost
loaded at their maximum capacity. This is the result of their lower prices for compensation distortion
power as well as their location. Since the APLCs have expensive distortion power, their compensation
loadings are performed after ESSs and generally have lower values compared to ESSs. APLC #2 had
more compensation loading despite its higher cost. This shows the effects of filter location on its
provided harmonic compensation to the MG.

Figure 12. The loaded capacity of AHFs for harmonic filtering in Case III.

The harmonic active power and the SOC of ESSs after harmonic compensation activities are
reported in Figure 13. The provided harmonic active power was negative for all ESSs, which shows
that it worked in discharging mode for harmonic compensation. However, the harmonic injection
powers had low values compared to the fundamental active power previously shown in Figure 7.
This means that participating in harmonic compensation activities does not have a significant effect on
the SOC of ESSs, which can be seen Figure 13b. The trend of the SOC was close to the trend of that in
Figure 7 and all allowable limits were met in the harmonic conditions. Hence, the harmonic utilization
of ESSs could bring various advantages for the MG, and meanwhile, does not affect the ESS parameters
for energy arbitrage. The ESSs earn from both energy arbitrage and harmonic compensation.
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Figure 13. Case III. (a) Discharging profile and (b) the SOC of each ESS for harmonic compensation.

The required reference currents of the ESSs at each period are determined in the ESS-AHF model.
Fundamental harmonic and reference currents for ESS #2 at the peak period (i.e., 6 pm) are shown in
Figure 14. The bold curve is the required reference current calculated by the ESS-AHF model, which
should be injected by the ESS. The reference current should then be sent to the ESS by the available
infrastructures of the MG. The ESS is responsible to inject the required current by the MG operator
with a suitable control and switching method.

Figure 14. Fundamental harmonic and reference currents of ESS #2 in the peak period, (6 pm) in
Case III.

For economic comparisons, the total injections and compensation costs for Case III are presented
in Table 5. The total required distortion power was 8.95 pu and 6.29 for Case II and Case III, respectively.
Although the compensation distortion power in Case III was about 70% of that in Case II, it could
successfully meet the desired level of harmonics in the MG, as shown in Table 5. Furthermore,
the loading of compensation currents was more achieved by the ESSs in Case III as they were more
economic AHFs compared to the APLCs. This reduces the total compensation cost from 7868 k$ in
Case II to 3424 k$ in Case II. It showed a 44% decrease in the compensation cost. Hence, the MG
operator could keep the desired harmonic level with only 44% of the cost of the APLCs. This could
save remarkable costs for the MG operator, either in the operation of the APLCs or as requirements for
the installation of new APLCs.
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Table 5. Total harmonic compensation injection of AHF in Case II and Case III.

ID APLC #1 APLC #2 ESS #1 ESS #2 ESS #3 Total

Case II
Injection (pu) 4.63 4.32 0 0 0 8.95

Cost ($) 3980 3888 0 0 0 7868

Case III
Injection (pu) 0.16 1.79 1.74 1.29 1.31 6.29

Cost ($) 140 1607 689 491 497 3424

The simulations showed the performance of the ESS-AHF model in the coordination of distributed
ESSs for harmonic compensation in the MG. More filtering capacity and reduced compensation costs
are the main advantages of ESSs in harmonic compensation. Since harmonic compensation is utilized
as a side function, the provided distortion power has a lower price than APLCs. This implies that
compensation loading is first demanded by the ESSs. Furthermore, ESSs are dispersed in the MG,
and hence harmonic compensation will be distributed in the MG. The provided compensation scheme
will be accounted for by distributed harmonic compensation with more flexibility and applicability
for PQ improvements. The ESS owners could also benefit from both energy arbitrage and harmonic
compensation. This could decrease the investment costs of the ESSs and make them more justified for
use in the MG. The simulations showed that ESS compensation activities do not have much of an effect
on the SOC and ESS revenues from energy arbitrage. Finally, it should be noted that, unlike energy
and ancillary markets, PQ improvement actions are not security obligations of the network. Therefore,
any time that the working of ESSs in PQ improvement actions affects their application in ancillary
services and the security of the network, it could be temporarily ignored.

6. Conclusions

In this paper, the applicability of ESSs for harmonic filtering activities was investigated.
The common procedure for this was to modify the control methods of the PE converters of ESSs
to enable them for the injection of compensation currents. However, in this paper, the coordinated
operation of ESSs for a distributed harmonic compensation scheme was addressed. The proposed
coordination model employed conventional control algorithms for the injection of a reference current
that was determined in the proposed ESS-AHF optimization model. Hence, the provided compensation
scheme could be considered as a distribution compensation scheme. The simulation cases showed
the performance of the proposed model in enhancing the filtering capability of the MG, the reduction
in compensation cost, and the greater flexibility of the distributed compensation schemes. Hence,
requirements for new filters could be deferred and both the MG operator and the ESS owner could
benefit from reduced compensation costs.

ESSs can be used to perform several ancillary services where most of them need the energy stored
to be accomplished. What is demonstrated in this paper is that the ancillary service for harmonic power
filtering can be performed without significantly affecting the battery SOC. For this reason, this service
can be achieved for free, without compromising the others, and therefore the revenues from energy
arbitrage and other ancillary services can be maintained. This could make ESSs more economical for
use in future power systems. Investigations should be carried out for various technical and systematic
challenges of the proposed ESS-AHF model in future research.
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Nomenclature

Note that single parameters, single variables, and matrices are shown with capital letters, small letters, and capital
letters in brackets, respectively, in the paper. When each notation comes with a specific index and superscript,
it stands for the corresponding variable or parameter of related indices. Repetitive definitions can be ignored
using this method. For example, the letter ‘v’ always stands for voltage. When it comes in brackets, it stands
for the matrix of all voltage variables; when it comes individually with index i, it stands for a single variable of
voltage for bus i, and Vit,1 stands for the voltage parameter of bus i at period t for the fundamental frequency,
h = 1. The notations are as follows:

Abbreviations ΩPQ Set of all load buses
AHF Active harmonic filter ΩNL Set of all nonlinear buses
DER Distributed energy resource ΩNL Set of all nonlinear buses
DG Distributed generation ΩPQ Set of all load buses
DS Distribution system Superscripts

GSC Grid side converter cha Charge (for ESSs)
MG Microgrid dch Discharge (for ESSs)
OC Operation cost spec Harmonic spectrum
PCC Point of common coupling Notations

PE Power electronics A Branch current to bus injection incidence matrix
PQ Power quality B Branch current to bus injection incidence matrix
SOC State of charge (for ESSs) c SOC of ESS
THD Total harmonic distortion d Distortion power
VSI Voltage source inverter G Gain factor of GSC
Indices i Bus injection currents.
e ESSs of the network p Active power.
f Set of available AHF resources. q Reactive power.
h Harmonic order. S Apparent power
i Network buses. u Line currents
l Network branches v Bus voltages
t Operation horizon y Binary variable of ESS mode
ΩDG Set of all DG buses Z = R + jXImpedance = Resistance + Reactance
ΩESS Set of all ESS buses π Price of energy

Appendix A

Data of the 33-bus IEEE test network are listed in Tables A1 and A2, respectively.

Table A1. Bus data of 33-bus test network (pu).

No Pi Qi

1 0 0
2 0.022 0.013
3 0.02 0.009
4 0.027 0.018
5 0.013 0.007
6 0.013 0.004
7 0.044 0.022
8 0.044 0.022
9 0.013 0.004
10 0.013 0.004
11 0.01 0.007
12 0.013 0.008
13 0.013 0.008
14 0.027 0.018
15 0.013 0.002
16 0.013 0.004
17 0.013 0.004
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Table A1. Cont.

No Pi Qi

18 0.02 0.009
19 0.02 0.009
20 0.02 0.009
21 0.02 0.009
22 0.05 0.0225
23 0.02 0.011
24 0.013 0.004
25 0.093 0.044
26 0.013 0.006
27 0.093 0.044
28 0.013 0.004
29 0.027 0.016
30 0.044 0.133
31 0.033 0.016
32 0.047 0.022
33 0.013 0.009

Table A2. Line data of 33-bus network (pu).

No From To R X

1 1 2 0.0004 0.0002
2 2 3 0.002 0.001
3 3 4 0.0015 0.0008
4 4 5 0.0016 0.0008
5 5 6 0.0034 0.0029
6 6 7 0.0008 0.0026
7 7 8 0.0029 0.001
8 8 9 0.0042 0.003
9 9 10 0.0043 0.003

10 10 11 0.0008 0.0003
11 11 12 0.0015 0.0005
12 12 13 0.0061 0.0048
13 13 14 0.0022 0.0029
14 14 15 0.0024 0.0022
15 15 16 0.0031 0.0022
16 16 17 0.0053 0.0071
17 17 18 0.003 0.0024
18 2 19 0.0007 0.0006
19 19 20 0.0062 0.0056
20 20 21 0.0017 0.002
21 21 22 0.0029 0.0039
22 3 23 0.0019 0.0013
23 23 24 0.0037 0.0029
24 24 25 0.0037 0.0029
25 6 26 0.0008 0.0004
26 26 27 0.0012 0.0006
27 27 28 0.0044 0.0038
28 28 29 0.0033 0.0029
29 29 30 0.0021 0.0011
30 30 31 0.004 0.004
31 31 32 0.0013 0.0015
32 32 33 0.0014 0.0022
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