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Abstract--This paper provides a review of the most common 

energy storage technologies and analysis of the impact of battery 
energy storage (BES) in a distribution network with penetration 
of photovoltaic. In order to reduce the intermittence impacts 
caused by solar panels (PV), is proposed the use an energy storage 
elements to stabilize the energy produced, dependent of the 
irradiation and temperature. Different storage technologies were 
considered as a function of the costs. A 100 kW PV system with 
integration of an energy storage was used for the simulated and 
analysis. 
 

Index Terms— Photovoltaic power plants, energy storage, 
photovoltaic generation, battery. 

I.  INTRODUCTION 

ITH the continuous growth of consumption of electric 
energy in the world and the use of exhaustible resources, 

new forms of generation have been developed for the reduction 
of the environmental impact. 

Worldwide, photovoltaic energy systems have been growing 
exponentially since the end of the last decade. By 2015 the total 
installed capacity was 227 GWp. China has now led a solar 
photovoltaic capacity of 43.5 GWp, followed by Germany with 
39.7 GWp, Japan with 34.4 GWp, the United States with 25.6 
GWp. According to data from the Ministry of Mines and 
Energy (MME), at the end of 2016, Brazil has 81 MW of 
installed PV, with 24 MWp of centralized generation and 57 
MWp of distributed generation [1]. 

However, the availability of variable resources often does 
not positively correlate with the power demand. Therefore, the 
use of energy storage systems (ESS) together as renewable 
sources become indispensable for generation control. 

The ESS allows for a movement of the energy use over time, 
since ESS enables to generate and to consume at different times 
[2]. Therefore, this process allows electricity to be used in 
periods of high demand, low generation cost and that is used in 
periods of high consumption or acting as a backup in cases 
where the main generation becomes inaccessible [3]. The use 
of ESS makes possible to manage the reliability and resilience 
of variable generation systems and improve the functionality of 
smart grids. 
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Therefore, they disseminate effectively the renewable 
energy sources, which consequently to improve the 
effectiveness of existing resources. 

In addition, the renewables and storage helps to reduce the 
use of fossil fuels, reducing CO2, greenhouse gases, and global 
warming. As a result, ESS has recently attracted the attention 
of governments, stakeholders, researchers, and investors, 
aiming at improving the performance of the energy systems. 
This paper is organized as follows. In section II, energy storage 
is discussed. In section III, the methodology and study of the 
case are presented. In section IV, the results and discussions are 
presented. Concluding remarks are presented in section V. 

II.  ENERGY STORAGE TECHNOLOGIES 
Energy storage is not a new development; more than two 

centuries ago Galvani discovered bioelectricity, around 1800 
Alessandro Volta invented the modern battery, but only in 1836 
they were used in telegraph networks. In 1880 lead-acid 
batteries were used to feed private night loads in New York in 
areas with direct current (DC) system. The first large-scale 
storage system was built in 1929 as a 31 MW pumped storage 
at Rocky River Power Plant, Connecticut Light & Power [4]. 

Some ESS technologies store energy in the DC form being 
necessary the use of DC/AC converter, such as batteries, and 
supercapacitors. Two major factors characterize the use of  
energy storage technology system. One is the amount of energy 
that can be stored, that is a characteristic of the storage device 
itself [4]. The other is the rate at which the energy can be 
transferred into or out of the storage device. The selected 
technology depends mainly on the peak power rating of the 
power conversion unit but is also impacted by the response rate 
of the storage device itself.  

The possible benefits include transmission enhancement, 
power oscillation damping, dynamic voltage stability, spinning 
reserve, under-frequency load shedding reduction, and power 
quality improvement [4-5]. On the other hand, batteries can be 
relatively expensive and there are environmental concerns due 
to toxic gas generation during charge/discharge time, risk of 
explosion due a higher temperature and some batteries 
technologies must be replaced every 10 to 15 years due the end 
of their cycle of life [5-6]. 

Work has been conducted to investigate ESS technologies, 
i.e., their functions, response times, and suitable storage 
durations. In general, it is based on the form that energy is 
stored in the system, which can be mechanical (pumped 
hydroelectric storage, compressed air energy storage and 
flywheels), electrochemical (conventional rechargeable 
batteries and flow batteries), electrical (capacitors, super-
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capacitors and superconducting magnetic energy storage), 
thermochemical (solar fuels), chemical (hydrogen storage with 
fuel cells) or thermal energy storage (sensible heat storage and 
latent heat storage) [7-9]. Figure 1 summarizes technologies of 
energy storage applications [7].  
 

 
 
Fig. 1.  Position of Energy Storage Technologies. 
 

Analysts expect advancements in ESS to occur with the 
maturation of new technologies, such as metal-air batteries, and 
the application of new materials and designs to proven 
technologies, like lead-acid. As an example, Tesla Inc. installed 
in South Australia in 2017 the largest Lithium-ion battery 
energy storage system (BESS) in the world with 100 MW of 
capacity, this system works as a backup to the power system 
[10]. In general, energy storage technologies are divided into 
electrochemical, electromechanical, thermal, hydrogen and 
electrical. Each technology has its strengths, limitations, and 
appropriateness for the large and diverse set of applications for 
ESS [11-14]. 

Nowadays, batteries are the most widespread electrical 
energy storage technology. In this context, this paper proposes 
the sizing of the photovoltaic plant and the system BESS bank. 
A functional analysis of the operation of a photovoltaic system 
with and without energy storage is conducted via modeling and 
simulation. 

Therefore, Brazilian national electricity agency (ANEEL) is 
looking forward to safe incorporate and the increasing of the 
participation of renewable energy generation and storage in the 
Brazilian power system. 

III.  METHODOLOGY 
In order to compare the operation of BES and to show the 

benefits of the use of these in photovoltaic systems, a detailed 
model of a 100 kW Grid-Connected PV Array was developed 
and adapted using Matlab/Simulink [15-16]. This PV 
generation system is connected to the grid with respective 
simulation parameters connected to the ESS is shown in Fig. 2. 
The scenarios of the simulations are PV System without Energy 
Storage (Case 1) and PV System with Energy Storage (Case 2). 

The design of the PV system depends on the meteorological 
characteristics of the region and on the connected loads. The 
city of Itabira, Brazil, is taken as an example. Solar radiation 
data were used, more specifically, the average irradiation rates 
[17]. In addition, it was considered illumination and household 

appliances of a small residential village to calculate the daily 
consumption of the loads. Table I presents the input parameters 
and the losses for the proposed system, the losses values are 
standard values [18]. PV sizing considers the voltage levels, the 
estimated overall losses, and the irradiation conditions of the 
region. Standard values were used to estimate the losses in the 
wiring, battery bank, converter DC/DC, and in the inverter [18].  

 
TABLE I 

SYSTEM CHARACTERISTICS 
Parameters Value 

Total Energy consumed per day ( ) 146,2 Wh 
Power consumed per day ( ) 19,850 W 
DC nominal voltage ( ) 120 V 
Cable Efficiency ( ) 98% 
Battery Bank Efficiency ( ) 90% 
Inverter Efficiency ( ) 95% 
Converter Efficiency ( ) 90% 
 

 

 
 
Fig. 2.  System configuration with energy storage. 
 

The calculation of the minimum capacity of PV modules is 
based on the solar energy accumulated during the day. The 
number of hours of full sun – FS (h/day) – reflects the number 
of hours that solar irradiation remains constant and equal to 1 
kWh/m², i.e., the resulting energy is equivalent to the energy 
accumulated during the day. 

A daily irradiation rate of 4.35 kWh/m² (lowest irradiance 
value) was used and is produced along 4 hours and 21 minutes 
of a constant incident power equal to 1 kW/m². Therefore, the 
minimum power of the generator (Pm), as shown in (1), is 
calculated.  

 
FS
E

P c
m                (1) 

Considering the efficiency of the system components, the 
power (PCR) is: 

  
ConvInvBC

m
CR

PP


              (2) 

 
The proper sizing of the number of photovoltaic panels 

depends on the battery autonomy, in the case of an isolated / 
off-grid system. Therefore, the need for energy storage for night 
time use and at intervals with solar radiation below the average 
is considered. A 2-day autonomy (A) was defined according to 
ANEEL's rule 83. In addition, the need for complete recharge 
in 3 normal days (B) of the sun in maximum discharge 
condition must be considered [19]. The autonomy power (Paut) 
for a 2-day run plus one day with the extra power for charging, 
result in (3). 
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Numerous commercial photovoltaic panels are currently 
commercially available. The proper choice of panel power 
directly influences the cost of the system, since the number of 
panels for the generation required by the load varies with their 
individual power. The panels chosen were SunPower SPR-305-
WHT-D, with polycrystalline solar cells, each 305 W (PPn) and 
15% efficiency, as presented in Table 2 [15]. 
 

TABLE II 
 PV CHARACTERISTICS 

Parameters Value 
Minimum Power of the Generator ( ) 33,609.19 W 
Corrected Power ( ) 44,568.02 W 
Autonomy Power ( ) 74,280.04 W 
Project Power ( ) 81,708.05 W 
Number of panels (N) 330 

 
In addition, ANEEL’s rule 482 recommends a 10% 

safeguard [19]. Therefore, the project power (PP) is: 
 
  %10 outP PP             (4) 

The minimum required a number of panels (N) to meet the 
average daily load and energy storage is: 

 

  
Pn

P
P
PN      (5) 

 
The complete photovoltaic arrangement considering future 

load additions was sized as 5 modules in series and 66 parallels, 
adding a voltage of 273.5 V and with a total generation capacity 
of 100.6 kW at 25 °C at the solar irradiation of 1 kW/m². The 
irradiation and temperature input data for the PV is shown in 
Fig. 3. Results are also presented in Table II. 

 

 
Fig. 1. Curve of irradiation and temperature variation. 
 

IV.  SIZING THE BATTERY BANK 
As the solar incidence is variable and dependent on climatic 

conditions, the use of a storage system that guarantees the 
energy supply to the load at night or in periods with sun deficit 
is essential. The battery bank considers two important 
parameters: the system autonomy and the accepted discharge 
depth. The autonomy of the storage system corresponds to the 
number of days in which the energy stored in the battery bank 
is enough to supply the demand without any energy 
replacement by the photovoltaic panels [20]. 

The voltage and current delivered to the grid are shown in 
Fig. 10. The voltage and current are constant when compared to 
the system without the battery. The basis are 25 kV and 3.01 A. 

This parameter represents the autonomy of the PV system. 
However, the increase in the number of days of autonomy of 
the system increases the costs of the battery bank and, 
consequently, of the system [21]. 

The depth of discharge (DoD) of a battery is directly linked 
to its life. A DoD of 15% was considered for the energy storage 
system, for a minimum operation of two years. A battery model 
unity with 155 Ah (Ib) was chosen for the battery bank.  The 
daily load current (Il) is calculated in (6): 
 

  
dc

l V
PI                (6) 

The corrected consumption current (ICC) is 
 

  
ConvInvBC

l
CC

I
I


     (7) 

Therefore, the total current (It) of the battery bank is (8): 
 

  
DoD
I

I CC
t       (8) 

 
It was defined that the battery banks will be composed of 10 

parallel strings with 10 series of batteries of 155 Ah, totalizing 
120V on the DC bus and a current of 1550 Ah. The parameters 
used in the battery models can also be extracted from 
manufacturer’s data [18] and are shown in Table III. 
 

V.  BIDIRECTIONAL BOOST CONVERTER AND DC-DC 
CONVERTER 

A bidirectional boost converter was used to control the 
power flow. These converters have diodes between the IGBT 
terminals, which allow current flow in the 2 directions.  

It is desired constant power flow to the network of 80 kW, 
regardless of the generation variations in the panel, complement 
by the battery [15-16]. The gains of the controller are calculated 
in [21]. This signal is compared to a triangle wave, where the 
PWM signal is generated, in complementation, for both IGBTs 
[22-23]. 

 
 



70                                          IJSGSET TRANSACTIONS ON SMART GRID AND SUSTAINABLE ENERGY TECHNOLOGIES, VOL. 2, NO. 1, MAY  2018 
 

TABLE III  
BATTERY CHARACTERISTICS 

Parameter Value 
Load Current ( ) 165.41 Ah 
Corrected Consumption Current ( ) 219.35 Ah 
Total Current ( ) 1462.35 Ah 

 
The DC-DC converter has the purpose of increasing the 

voltage generated by the photovoltaic panels in order to 
generate a maximum of 500 V. The control on the PV is done 
through a Maximum Power Point Tracker (MPPT) algorithm 
that maintains the panel at the maximum point at all levels of 
solar radiation and temperature changes. The algorithm used in 
the model is incremental conductance, which has quicker 
response compared to other known algorithms [15]. 

VI.  RESULTS AND DISCUSSIONS 

Figure 4 shows the behavior of DC voltage and current for 
the case 1. The current is zero in the absence of PV generation, 
as the current is proportional to the irradiation, therefore, its 
behavior is similar to the irradiation curve. On the other hand, 
the voltage is almost constant, due to the control of the MPPT. 
The MPPT is more sensitive to temperature variations. 
Therefore, the MPPT is fast for irradiation variations and is 
slower for temperature variations. 

 

 
Fig. 4. Voltage and current on PV panel w/o storage system. 
 
 

Figure 5 presents the power of the PV panel. A decrease in 
the power output for the increase of the temperature is observed. 
Voltage and current delivered to the electric grid are shown in 
Fig. 5, where it can be seen that the voltage remains practically 
constant, with variation occurring only in the current. The base 
is 25kV and 3.01A.  

The power generated by the PV panel and the power 
supplied by the battery are shown in Fig. 7. It can be seen when 
the battery power is negative, indicating charging phase, 
absorbing power from the panels. When the power is positive 
the battery is providing power to the system, i.e., its discharge 
over time is also evident. 

 
Fig. 5. Generated Power from PV 
 
For the case 2, when connecting the Lithium-Ion battery to 

the PV system, the voltage and current profile are those 
depicted in Fig. 6, since the irradiance and temperature are the 
same. 

 
Fig. 6. Voltage and current delivered to the grid. 
 

 
Fig. 7. Power generated from PV and power in the battery. 
 

Figure 8 shows the voltage and current in the battery bank. 
The voltage remains almost constant, despite small variations 
throughout its discharge cycle. The current is controlled as a 
function of the power demand, varying in this way according to 
the PV generation. The battery allows the complementation of 
the generation to sweep the power injected into the network. 
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When the generation of the PV panels is greater than 80 kW, 
the surplus is stored in the batteries, and the current is negative. 
For generation lower than 80 kW, the battery discharges the 
stored energy and the current is positive. 
 

 
Fig. 8. Voltage and current with BESS. 
 

 
Fig. 9. Power delivered to the grid. 
 

 
Fig. 10. Voltage and current delivered to the grid. 
 

Figure 9 shows that the power generated by the panel along 
with the battery is constantly 80 kW, thanks to the performance 
of the control of this system that connects the battery in the 
periods of little or no PV generation. In Figure 10 it is shown 
the voltage and current (p.u.) delivered to the grid. It is observed 
that the voltage and current remain constant when compared to 

the system without the battery. The base voltage is 25 kV and 
the base current is 3.01 A. 

VII.  CONCLUSIONS 
The generation of electricity from a photovoltaic system 

depends on the climatic conditions of the region in which it is 
installed. By decreasing solar irradiance, which may occur by 
the presence of clouds between the sun and solar panels, for 
example, the power generated also decreases. The current 
absorbed by the load and consequently the power curve 
generated by the PV have smoothed variations due to the use of 
energy storage, which delivers energy into the system, until the 
PV restores its output. The use of an effective control in the 
generation system is essential to keep the supplied power as 
constant as possible. With the modeling and simulation carried 
out it was possible to keep the generation of PV 80 kW 
continuously as proposed by minimizing the impacts of 
intermittency of solar generation and increase the reliability of 
the system. 
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