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Regular paper

Energy Management of Integrated
Batteries in Grid-connected

Photovoltaic System

Addressing the global challenges of rising energy demands and the pursuit of
sustainable solutions, the integration of batteries within grid-connected photovoltaic
(PV) systems emerges as a highly effective strategy for improving energy efficiency.
This study proposes an innovative framework that combines advanced energy storage
technologies with PV systems to ensure a steady and reliable flow of electric power.
The system is designed to intelligently distribute electricity between the PV array, the
energy storage unit, the load, and the single-phase grid. By leveraging solar energy
harnessed by PV panels, surplus energy is stored in batteries for later use,
particularly during periods of reduced sunlight or heightened energy demand. The
inclusion of a battery energy storage system (BESS) not only enhances grid stability
but also maximizes overall system performance, leading to reduced operational costs
and a smaller environmental footprint. Through mathematical modeling and real-time
performance analysis, the study evaluates the system's behavior under diverse
conditions, such as variations in solar irradiance, ambient temperature, and energy
consumption patterns. The results highlight a notable improvement in the reliability
and efficiency of energy distribution, particularly in rural and underserved regions.
This research contributes to the advancement of sustainable energy management by
offering a scalable and flexible solution that fosters environmental conservation and
energy autonomy.

Keywords:Photovoltaic, Electrical grid, Energy storage, MPPT optimization, Phase Locked Loop,
Power quality.

1. Introduction

The rapid depletion of conventional energy resources, coupled with increasing energy
demands and escalating environmental concerns, underscores the urgency of developing
innovative, efficient, and sustainable technologies. Among various renewable energy
alternatives, solar energy emerges as a clean, sustainable, and highly versatile solution.
Photovoltaic (PV) systems, which convert solar energy into electricity, provide a cost-
effective option for diverse applications, including street lighting, water heating, and
agricultural systems [1–3]. Expanding the adoption of renewable energy technologies is
essential to combat the effects of climate change and global warming, particularly in areas
with limited access to traditional power grids [4, 5].

A significant application of PV technology lies in grid-connected systems equipped
with energy storage, which are especially valuable in remote and off-grid regions. In such
areas, PV systems with integrated battery storage offer a reliable and eco-friendly
alternative to conventional energy solutions. These systems are known for their low
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maintenance requirements, energy efficiency, and substantial long-term cost benefits.
Incorporating energy storage units, such as batteries, ensures uninterrupted power
availability, even during periods of reduced solar irradiance or night time [6, 7].

Research has highlighted the transformative potential of PV systems combined with
energy storage, particularly for improving energy access in rural regions, including
developing countries. For instance, in sub-Saharan Africa, these systems are increasingly
supported by governments, non-governmental organizations (NGOs), and development
agencies to enhance energy accessibility. However, achieving sustainable operation of these
systems necessitates meticulous monitoring and optimization [8].Numerous studies have
explored the optimal design and sizing of PV systems with energy storage to enhance their
efficiency and cost-effectiveness. Key factors considered include solar radiation availability,
energy consumption patterns, and costs related to component purchase, maintenance, and
replacement [9–12]. Additionally, intelligent optimization methods have significantly
boosted the performance of such systems, ensuring they meet user energy needs while
minimizing environmental impacts and operational expenses [13–15].

This paper focuses on the analysis of various battery charging and discharging scenarios
in a grid-connected PV system with integrated energy storage. The inclusion of batteries as
storage components is crucial for maintaining a stable energy supply during periods of
reduced solar input or at night. By studying multiple charging and discharging scenarios,
the research aims to enhance system performance and efficiency, ensuring it meets user
energy demands while minimizing costs and environmental footprint. The study also
emphasizes the benefits of PV systems with energy storage, such as reduced environmental
impact, economic savings, and their capacity to improve energy access in underserved and
remote areas. Furthermore, the challenges related to the implementation of these systems,
including the need for regular monitoring and maintenance, are addressed to ensure their
durability and sustainability.

The remainder of this paper is structured as follows: Section 2 details the overall system
design, converter topologies, and control methodologies. Section 3 presents the system
management algorithm, while Section 4 discusses the results. Finally, Section 5 concludes
the paper.

2. Overall system modelling and design

The block diagram presented in Fig. 1 illustrates the grid-connected solar PV system
developed in this study. This system consists of key components, including solar PV
modules, a DC-DC boost converter, and a DC-AC inverter that facilitates grid connection
and enables power delivery to the grid. The synchronization circuit is responsible for
generating control signals for the gate drive circuit, ensuring seamless integration with the
grid. For single-phase grid synchronization, a Phase Locked Loop (PLL)-based technique
was utilized, enabling precise alignment of the system with grid parameters.

To maximize the energy harvested from the solar PV modules, incremental Maximum
Power Point Tracking (MPPT) algorithms were employed. These algorithms dynamically
adjust the operating point of the PV modules to extract maximum power under varying
solar irradiance and temperature conditions.
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Fig. 1. Block diagram of grid-connected solar PV System
In the subsequent subsections, we provide a detailed model of the main components of the
photovoltaic system under consideration. Each component's role in the energy conversion
process and its contribution to the overall system performance are thoroughly analysed.

2.1 PV Unit Model

The equivalent electrical circuit of a photovoltaic (PV) cell, depicted in Fig. 2, adopts the
single-diode model [16–18], which accurately represents the real behavior of the cell.

Fig. 2. Equivalent Electrical Circuit for a Photovoltaic Cell

This model comprises a photocurrent source ��ℎ , a diode � , a series resistor �� , and a
shunt resistor ��ℎ . The series resistance �� accounts for losses due to the Joule effect,
while the shunt resistance ��ℎ represents leakage currents between the upper grid and the
rear contact, typically much greater than �� [18].

To incorporate the dynamic response of the PV cell under varying irradiance conditions, a
capacitance is added in parallel with the diode. This capacitance simulates the charge
storage effects of the cell, considering the significant influence of temperature and solar
irradiation on the PV array's output characteristics [19].

The power output generated by the PV module can be expressed mathematically as follows
[20, 21]:

���(��, ��) = ���� . ��� . �� 1 + � �� − 25 (1)

Where;

���� �� : Rated output power of the PV module under Standard Test Conditions (STC).

��� : Adjustment factor accounting for real-world energy losses, such as soiling, shading,
mismatches, wiring, and other practical inefficiencies.

�� � �2 and�� °� : Operating solar irradiance and temperature, respectively.
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� % °� : Temperature coefficient describing the impact of temperature on PV power
output.

The output current ��� and voltage ��� of the PV cell can be formulated as follows:

��� = ��ℎ − �� − ��ℎ (2)

��� = �� − ����� (3)

The currents through the diode �� and the shunt resistance ��ℎ are derived using the
Shockley diode equation and Ohm's law, respectively:

�� = �0[ �
���
��� – 1] (4)

��ℎ = ��
��ℎ

(5)

By substituting these equations, the expression for the photocurrent can be refined as:

��� = ��ℎ − �0 �
�( ���+ ��� ��)

��� − 1 − ���+ �����

��ℎ
(6)

Finally, considering both series and parallel PV cells, the generalized form becomes:

��� = ��ℎ − ���� �
�(���+��.��� )

�.�.��� − 1 − � ��
���+��.���

��ℎ ��
(7)

This formulation captures the key parameters influencing PV module behavior, providing a
comprehensive foundation for further analysis and optimization.

2.2 Boost Converter Model

The electrical schematic of the boost converter, illustrated in Fig. 3, highlights its core
components and functional design.

Fig. 3. Electrical Circuit of the Boost Converter

The boost converter acts as an interface between the energy source and the load. It
primarily comprises an inductor � , a static switch � controlled by the duty cycle(�), a
diode � , and a capacitor �2 . The duty cycle (�) is governed by the Maximum Power
Point Tracking (MPPT) control algorithm to maximize energy extraction from the source.
The insulated-gate bipolar transistor (IGBT) switch operates under the influence of (�) ,
enabling regulation of the output voltage [22].
At steady-state conditions, the relationship between the input voltage ��� and the output
voltage ���� is expressed as follows [23, 24]:

���� = ��� 1−� (8)
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Here, the duty cycle (�) ranges from 0 to 1, calculated as:

� = 1 − ��� ���� (9)

The output voltage ���� and output load current ���� can be determined using these
equations [25]-[26]:

���� = ���−�.�� 1−���
∗ (10)

���� = �� 1 − ���
∗ − � . ���� (11)

Where,

VDC : Boost converter input voltage; VDC
∗ : Input reference voltage and �� : Inductor current.

The values of the boost inductor � and capacitance � are determined by the following
expressions [27]:

� = ��� ����−��� ( �� . ∆���� . ����) (12)

� = ���� .� �� .∆���� (13)

Here, ∆Iout and ∆Vout : represent the ripple in output current and voltage, respectively,
fs :switching frequency; d:duty ratio.
The design of the boost converter of this study is based on the parameters listed in Table 1.

Table 1. Boost system parameters
Symbol Quantity Value

� Input inductor 0.1164 [H]
���� Output capacitor 0.5 [��]
�� Switching frequency 10 [KHz]

2.3 Maximum Power Point Tracker

The Perturb and Observe (P&O) algorithm is employed to adjust the PV output voltage,
ensuring it reaches the Maximum Power Point (MPP) [28]. This method involves
periodically perturbing the module voltage [29]. As shown in Fig. 4 below, an increase (or
decrease) in voltage results in a corresponding increase (or decrease) in power. To achieve
the MPP, power should be increased by maintaining a constant perturbation. Conversely,
when power decreases, the perturbation direction is reversed proportionally [30].

Fig. 4. P-V Curve for the Perturb and Observe (P&O) Algorithm
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This method examines the change in power �� of the PV system in response to a
change in PV cell voltage �� . When �� �� is positive, the operating point is on the left
side of the MPP. This process continues until �� �� reaches zero, as illustrated below:

�� �� = 0 at MPP (14)

�� �� > 0 on the left side of MPP (15)

�� �� < 0 on the right side of MPP (16)

The Incremental Conductance (INC) method operates by adjusting the photovoltaic power
in relation to its voltage. The MPP is attained when the derivative of the power with respect
to voltage equals zero [31, 32]:

�� �� = � �.� �� = � + �. �� �� (17)

� � = �� �� = 0 (18)

Fig. 5. Flowchart of the Incremental Conductance (INC) Algorithm

2.4 Battery Management System

In this study, a single lithium-ion phosphate battery is utilized, with parameters listed in
figure 7. Key characteristics, such as open-circuit voltage and internal resistance, are
modeled as functions of the State of Charge (SOC) using the internal resistance method
[33].

�������� = �� + �� + �� + ��. ��
2 (19)

Where,
Pbattery : Internal rated power of the battery; PB : Terminal battery power; PL : Load power;
�� : Total battery current; RB : Equivalent internal resistance of the battery.
The rate at which the battery's capacity decreases during the charge-discharge cycle is
influenced by temperature and current. The point at which the battery's capacity drops to
80% of its initial value is termed the end of lifespan (EOF) [34]. The decline in battery life
can be expressed as:
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����� = β . �
− ��

�.�������� . �ℎ
� (20)

Where,

����� : Capacity loss; β : Exponential factor.
�� , β , �������� , �ℎ and z : Represent activation energy, gas constant, battery temperature,
ampere-hour throughput, and power law factor, respectively.
Under certain assumptions, the theoretical lifespan of the battery can be defined by [35]:

���� = 0
��� ����� � . ��� (21)

In this equation, ���� represents the battery’s lifespan, and ����� � is the minimum current
at time "�". This formulation accounts for a 20% allowable capacity loss.

The service factor, related to the battery's rating, is defined by equation (23):

���� = 20

�.�
�+�����
� .����

1
�

(22)

The battery operates at 25°C, as it is well-established that temperature control systems
facilitate more gradual cell aging. The thermal management system heats and cools the
battery, regulating current flow during operation. Then, the battery SOC is given by:

���% =
−���− ���2 −4 . �� . ��

2 . �� . ��
(23)

Where,

Voc and qB represent the opencircuit voltage and capacity of the battery, respectively.

The system operates in two modes: charge and discharge. The battery controller circuit
used in MatLab/Simulink, along with its characteristics, is illustrated in Fig. 6 and detailed
in parameters MatLab window by Fig. 7;

Fig. 6. Battery SOC controller in MatLab/Simulink
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Additionally, the nominal discharge current, which represents the maximum current a
battery can safely discharge, is significantly influenced by the State of Charge (SOC) and
Depth of Discharge (DOD) of the battery. Understanding the nominal discharge current
enables better management of battery performance, as illustrated in Fig. 7. This
understanding helps optimize the battery's operating conditions under specific
circumstances.

Fig. 7. Battery Nominal Current Discharge Characteristics

Fig. 8. Essential battery parameters

3. Simulation Results and Analysis

To evaluate the performance of the overall power chain, essential parameters, as listed
in MatLab/Simulink parameters window (figure 9), were considered. The power and
current characteristics as functions of the photovoltaic generator voltage are illustrated in
Figures 10(a) and 10(b). For this evaluation, MatLab/Simulink software was employed.
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Fig. 9. PV system's essential parameters

Fig. 10. Power and Current Characteristics of the Photovoltaic Generator Voltage
IPV = f VPV and PPV = f VP V

For each irradiation level, it can be observed that the MPPT achieves maximum power, as
detailed in Table 2. Since changes in irradiation are inevitable in real-world scenarios, the
objective is to ensure that the MPPT consistently extracts the global maximum power under
varying conditions.

Table 2. Coordinates of the Maximum Power Points (MPP)

� � �2 400 600 700 800 1000

MPP
���_��� 243,2 244,95 245,21 245 245

���_��� 792,2 1197,72 1399,38 1600 2001,64
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We will begin by examining the values of the GPV under varying irradiation effects at a
fixed temperature of� = 25°�, as shown in Figure 11. Our initial focus will be on assessing
the performance and effectiveness of the Incremental Conductance (INC) optimization
technique used to regulate the overall maximum power point (MPP) achievable by a PV
array in the presence of sudden changes in irradiance, which significantly influence the
power produced by the photovoltaic array.

Fig. 11. Profile of Irradiation Variation
To evaluate the system's performance under varying irradiation profiles, simulations

were conducted. The results, particularly the photovoltaic voltage, current, and power, are
illustrated in Figure 12. Additionally, the same magnitudes at the DC bus level and the
battery's State of Charging (SOC) are presented in Figures 13 and 14, respectively. Finally,
Figure 15 depicts the various currents, including those of the boost converter, the reversible
converter for battery charging and discharging, the inverter input current, and the sum of
the DC bus currents at the bottom of the figure. Analysing Figure 13 reveals that the MPPT
control effectively achieves its objective, as the GPV generates power closely
corresponding to the irradiation levels indicated in Table 2 and confirmed by the results in
Table 3. Furthermore, the values at the DC bus level (Figure 15) are justified by
considering the load power and the power produced by the GPV. Figure 14 demonstrates
the different battery operation modes deduced at each time interval (refer to the last column
of Table 3), which aligns well with the current behavior analysis shown in Figure 15.

Table 3. Power under each irradiation level
Time laps (s) � � �2 ��� � ��� � Battery state
0 to 0.5 1000 245,6 2000 Charging
0.5 to 1 700 245 1400 Maintaining
1 to 1.5 400 243.6 779 Discharging
1.5 to 2 800 244.8 1580 charging
2 to 2.5 600 245.1 1200 Discharging
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Fig. 12. GPV voltage, current and power

Fig. 13. DC bus voltage, current and power

Fig. 14. DC bus voltage, current and power
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Fig. 15. Boost, reversible AC converter, battery and the sum of DC bus currents

4. Conclusion

This study presents a comprehensive framework for integrating batteries into grid-
connected photovoltaic (PV) systems, highlighting the substantial benefits of combining
advanced energy storage technologies with solar power generation. By meticulously
analyzing various charging and discharging scenarios, the research demonstrates the
potential of battery energy storage systems (BESS) to stabilize the grid and enhance the
overall efficiency and reliability of energy distribution, especially in rural and underserved
areas.

The proposed system optimizes energy management through the implementation of
incremental Maximum Power Point Tracking (MPPT) algorithms, which effectively
regulate the power output of the PV array under fluctuating irradiance conditions. The
utilization of a boost converter and a well-designed battery management system further
ensures the seamless conversion and storage of solar energy, thus enabling continuous
power supply during periods of low sunlight or high demand.

Simulation results validate the system’s performance, showcasing its ability to maintain
stable voltage and current levels while meeting the energy demands of the load. The
analysis confirms that the GPV, coupled with the BESS, consistently achieves the
maximum power point (MPP) under varying irradiation profiles, thereby maximizing
energy harvest and minimizing environmental impact.

Overall, this research contributes to the advancement of sustainable energy management
practices by providing a scalable and adaptable solution that promotes energy self-
sufficiency and environmental stewardship. The findings underscore the importance of
integrating intelligent optimization methods and robust energy storage mechanisms in
renewable energy systems to address the global challenges of rising energy demands and
environmental sustainability.
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