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ABSTRACT 

This study presents a combined performance assessment of a two-stage power converter 

connected to a photovoltaic (PV) array with a battery energy storage system (BESS). 

Such a combination provides the controllability of PV storage plants, enhancing energy 

management and grid reliability. The system architecture comprises a DC-DC boost 

converter for stepping up the PV voltage and a 3-phase inverter for synchronized grid 

interfacing. A bidirectional DC-DC converter (BDC) is employed to control the 

charging and discharging of the battery, depending on real-time energy demand and 

generation. The control strategy focuses on maximizing PV output using a maximum 

power point tracking (MPPT) algorithm while maintaining a stable DC-link voltage. 

The battery supports load demands during low solar generation and stores surplus 

energy during peak production, ensuring a balanced power flow. Grid synchronization 

is achieved through a phase-locked loop (PLL). The results of the simulation confirm 

the successful implementation of the suggested system under dynamic environmental 

and load conditions. The integrated functioning of the solar system and battery improves 

energy efficiency, supports grid stability, and extends battery lifespan. This 

configuration proves to be a reliable and efficient solution for modern renewable energy 

applications. 
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CHAPTER 1 

INTRODUCTION 

1.1 INTRODUCTION 

The shift from traditional fossil fuel-based power generation to renewable energy 

technologies has accelerated due to the growing demand for clean, sustainable, and 

ecologically responsible energy sources worldwide. Solar photovoltaic (PV) systems 

have drawn a lot of interest among the several renewable energy sources (RES) because 

of their widespread availability, modular design, little maintenance needs, and steadily 

declining installation costs. One of the most appealing ways to lessen carbon footprints 

and solve the world's energy problems is solar PV technology, which directly transforms 

solar energy into electrical energy without emitting any harmful emissions [1]. The 

efficiency and dependability of PV systems have been significantly enhanced in recent 

years by quick developments in semiconductor technology, power electronic converters, 

and intelligent control methods, which have encouraged their broad use in commercial, 

industrial, and residential settings [2]. In order to accomplish long-term energy security 

and sustainable development objectives, governments and energy organizations around 

the world are also aggressively encouraging the deployment of solar energy through 

supportive policies and incentives. 

Despite these benefits, the output power produced by solar panels is largely reliant on 

environmental factors, including temperature, cloud cover, sun irradiance, and weather 

fluctuations, which present some operational issues for solar PV systems [3]. Solar 

energy is irregular and sporadic nature, causing variations in voltage and power 

production, which can have a detrimental impact on the power system's stability and 

dependability. PV generation drastically drops during cloudy or nighttime hours, which 

results in insufficient power supply for linked loads or the utility grid [4]. Specifically in 



 

 
 

2 

standalone and weak-grid applications, these fluctuations make it challenging to maintain 

steady power delivery, voltage management, and frequency stability. Additionally, 

abrupt variations in solar radiation can cause power-quality problems such as voltage 

swings, harmonics, and instability in converter systems' DC-link voltage. For solar-based 

power systems to operate continuously and dependably, effective energy management 

and sophisticated control techniques are crucial [5]. 

 

In order to get around these restrictions, integrating battery energy storage systems 

(BESS) with solar PV power has proven to be a dependable and efficient way to improve 

system performance, energy management, and grid stability [6]. In order to provide 

continuous power availability and minimize variations in PV output, the BESS retains 

excess energy generated during the hours of maximum solar and supplies electricity 

during times of low solar generation or increasing load demand. Improved power quality, 

better voltage and frequency management, less energy waste, and better use of renewable 

energy resources are only a few benefits of the combined PV-BESS system. Advanced 

power electronic converters, bidirectional DC-DC converters, synchronized inverter 

management approaches, and Maximum Power Point Tracking (MPPT) methods are 

used in contemporary grid-connected applications to achieve stable system operation and 

effective energy transmission [7]. Effective DC-link voltage management, efficient 

battery charging and discharging, and smooth integration with the utility grid are all made 

possible by proper coordination between the PV array, battery storage unit, and inverter 

control system [8]. As a result, the PV–BESS integrated system offers a dependable, 

adaptable, and effective way to satisfy future energy needs while encouraging the 

production of sustainable and green power [9]. 

 

1.2 BACKGROUND AND MOTIVATION  

With growing environmental concerns, increased electricity demand, and the need to 

lessen reliance on fossil fuels, global energy systems are quickly moving toward RES. 

Because of their clean functioning, modular design, and declining installation prices, 

solar PV systems have emerged as one of the most popular renewable technologies [10]. 

To satisfy future energy needs, large-scale PV system implementation is being promoted 

in nations like India. However, PV systems' output power is sporadic and unpredictable 
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due to its strong dependence on temperature and solar irradiance. Weather variations can 

result in voltage and power output fluctuations, which can cause instability and 

inconsistent power supply to the associated load [11]. 

 

Integrating a BESS with the PV system has shown to be a successful way to increase 

system dependability and guarantee a steady power supply [12]. The primary goal of the 

PV-BESS integrated system is to provide steady, continuous power to the load in a 

variety of load and environmental circumstances. By storing extra energy during times 

of strong PV generation and supplying electricity during times of low generation, the 

battery lowers power fluctuations and enhances system performance [13]. Furthermore, 

power electronic converters and sophisticated control algorithms support energy 

management, power quality, and DC-link voltage stability. As a result, the PV-BESS 

system offers a dependable and effective method for steady power distribution based on 

renewable energy [14]. 

 

1.3 NEED FOR GRID-INTEGRATED PV-BESS SYSTEM  

 
As solar energy is intermittent, the increasing utilization of solar PV systems in 

contemporary power networks has created several operational issues. When solar 

irradiation and load demand fluctuate, conventional grid-connected PV systems lacking 

energy storage cannot supply the load with steady, continuous electricity [15]. Due to 

this, it becomes challenging to maintain power balance, voltage stability, and dependable 

performance under dynamic operating situations. Therefore, to enhance system 

performance and guarantee continuous power delivery, a BESS must be integrated with 

PV generation [16]. 

 
1.3.1 Stable power supply to the load 

 
Managing steady and continuous power delivery to the associated load is the essential 

prerequisite for a grid-integrated PV-BESS system. The generated power may not always 

match the load demand because PV output changes with weather and sun irradiance [17]. 

To maintain power balance and ensure reliable operation, the BESS stores excess energy 
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during periods of high PV generation and provides electricity during periods of low 

generation. 

 

1.3.2 Enhanced reliability and energy management 

 

Improved operational reliability during abrupt load fluctuations, grid disruptions, and 

transient faults is provided by a PV system coupled with BESS [18]. By balancing 

generation and demand, the battery storage system serves as an energy buffer and 

facilitates efficient energy management [19]. This makes it possible to use renewable 

energy supplies more effectively and improves the power system's overall flexibility and 

efficiency. 

 

1.4 ROLE OF BATTERY ENERGY STORAGE (BESS) 

The integration of BESS provides multiple technical and operational benefits: 

 

1.4.1 System stability improvement 

The BESS helps to maintain a constant DC-link voltage and reduces power fluctuations 

caused by variations in solar PV production. It improves overall system stability by 

offering quick dynamic reaction to abrupt changes in solar irradiation and load demand 

[20]. Additionally, by regulating the disparity between power generation and load need, 

the battery storage system enables consistent and dependable power delivery. 

 

1.4.2 Load management and peak shaving 

 

In order to ensure a balanced power supply to the load, a surplus of energy produced 

during low-load situations is stored in the battery and used during peak demand periods. 

This procedure increases overall energy use efficiency and lessens the strain on the power 

system. Additionally, it aids in sustaining steady and continuous power supply in the face 

of abrupt spikes in load demand. 

 

1.4.3 Backup support and renewable energy integration 
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The BESS allows for higher integration of renewable energy into the power system and 

ensures that key loads have an uninterrupted power supply during grid disruptions or low 

PV generation [21]. 

 

1.5 SYSTEM OVERVIEW 

A PV producing unit, DC–DC boost converter, DC-link, battery energy storage system, 

Voltage Source Inverter (VSI), and sophisticated control system make up the proposed 

grid-connected PV system backed by the BESS [22]. While the boost converter raises 

the PV output voltage and executes MPPT operation for effective power extraction, the 

PV array transforms solar energy into DC electrical power [23]. To maintain steady DC-

link voltage and guarantee seamless power transmission throughout the system, a DC-

link capacitor is used. Furthermore, regulated charging and discharging operations based 

on solar output and load demand circumstances are supported by the BESS. 

In order to serve the linked load and interface with the utility grid, the grid-connected 

inverter system transforms the DC-link power into synchronized AC power [24]. To 

provide steady and dependable power transmission, the inverter maintains appropriate 

voltage, frequency, and phase synchronization. Additionally, sophisticated control 

methods including MPPT control, DC-link voltage regulation, battery State of Charge 

(SOC) management, PLL synchronization, and dq-axis current control, are used to 

regulate the entire functioning of the proposed PV–BESS integrated system. Under 

various load and environmental situations, these coordinated control solutions enhance 

energy management, system stability, and continuous power delivery [25]. 

 

1.6 CHALLENGES IN PV–BESS INTEGRATION 

 

The stability and dependability of the entire system are influenced by a number of 

operational and technological difficulties that occur when PV systems are integrated with 

BESS. Solar energy is intermittent and unpredictable because the PV array's output 

power is heavily influenced by temperature, weather, and solar irradiation [26]. It is 

challenging to keep up a steady DC-link voltage and continuous power supply to the load 

because of these ongoing variations in PV generation, which cause fluctuations in voltage 
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and power output. Rapid variations in solar power also make converter control more 

complex and require a quick dynamic response to guarantee steady and seamless system 

operation in a range of environmental circumstances [27]. 

 
Coordinating and managing the grid-connected inverter and battery storage system 

effectively is another significant problem. To increase battery life and efficiency, the 

BESS must manage repeated cycles of charging and discharging while operating within 

safe State of Charge (SOC) restrictions [28]. While reducing switching losses, the 

bidirectional converter attached to the battery should react to abrupt changes in load and 

variations in PV output. To achieve good power quality and dependable grid operation, 

it is also crucial to maintain grid synchronization, regulate active and reactive power 

flow, and minimize harmonics and voltage variations. Therefore, reliable and effective 

PV-BESS system integration requires effective control strategies and coordinated energy 

management methodologies [29]. 

 

1.7 OBJECTIVE OF THE DISSERTATION  

 

This dissertation's main objective is to design and evaluate a three-phase grid-connected 

PV system with battery energy storage assistance that can supply a connected load with 

steady, dependable, and effective power under a variety of operating and environmental 

circumstances. The main system components, such as the PV array, DC–DC boost 

converter, BESS, bidirectional converter, DC-link, and grid-connected inverter, are the 

focus of the study [30]. In spite of variations in solar irradiation, temperature, and load 

demand, special attention is paid to sustaining continuous power flow and enhancing 

overall system stability. 

 

Implementing efficient control algorithms for optimal system performance and good 

energy management is another key goal of this effort. This involves using battery 

management control for safe charging and discharging, DC-link voltage regulation for 

steady converter performance, and MPPT techniques to harvest the maximum amount of 

solar power that is available. Using inverter control strategies including Phase-Locked 

Loop (PLL) and dq-axis current management, the dissertation also seeks to improve 

power quality and ensure optimal grid synchronization [31]. Additionally, modeling 
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studies that take into account factors like voltage stability, power quality, harmonic 

performance, inverter response, battery dynamics, and dependability of power supply to 

the load are used to assess the overall performance of the PV–BESS integrated system. 

The final goal of the planned effort is to show how well PV–BESS integration works for 

reliable and effective renewable energy-based power systems [32]. 

 

1.8 SCOPE OF THE WORK 

The modeling, control, and performance analysis of a three-phase grid-connected 

photovoltaic (PV) system backed by a battery energy storage system (BESS) are the main 

topics of this dissertation. Using the MATLAB/Simulink environment, the PV array, 

DC–DC boost converter, battery energy storage system, bidirectional converter, DC-link, 

and grid-connected Voltage Source Inverter (VSI) are all thoroughly modeled. To 

guarantee steady and dependable system functioning, sophisticated control strategies 

such Maximum Power Point Tracking (MPPT), battery charge-discharge management, 

DC-link voltage regulation, dq-axis inverter control, and Phase-Locked Loop (PLL) 

synchronization are used. In order to assess voltage stability, power flow management, 

battery performance, and continuous power supply capabilities, the suggested system is 

tested under various solar irradiance and load situations. 

 

The thesis is organized into five major sections. The introduction, background, 

motivation, goals, scope of work, and difficulties related to the integration of 

photovoltaic (PV) systems and battery energy storage systems (BESS) are presented in 

the first part. The modeling and system design of the main parts of the suggested PV–

BESS integrated system, such as the PV array, converters, battery system, inverter, and 

grid interface, are described in the second section. The control algorithms used for 

MPPT, battery management, DC-link voltage regulation, and grid synchronization are 

covered in the third part. The simulation results and a thorough performance analysis of 

the system under various operating situations are presented in the fourth part. The last 

part provides a summary of the dissertation's general conclusions, major contributions, 

limits, future scope, and closing thoughts. 
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CHAPTER 2  
 

SYSTEM MODELLING 

2.1 INTRODUCTION 

Analyzing the behavior and performance of a three-phase grid-connected PV system 

supplemented by battery energy storage requires system modeling. Understanding 

system dynamics and creating efficient control strategies requires accurate modeling of 

the primary components of the system, including the PV array, DC–DC converters, 

BESS, inverter, filter, and grid interface shows in Fig. 2.1. Evaluating system stability, 

power flow, voltage regulation, and overall operational performance under various 

environmental and load situations is made easier with the correct mathematical 

representation of these components.  

 

The proposed PV–BESS integrated system's comprehensive modeling and overall 

system configuration are presented in this chapter. The created models are used to 

examine how various subsystems interact and to research how the system functions as 

solar irradiance, load demand, and grid circumstances vary. In order to guarantee steady 

and dependable power supply to the load, the modeling approach also facilitates the use 

of control strategies for MPPT, battery energy management, DC-link voltage regulation, 

and grid synchronization. 

 

The coordinated operation of the PV array, utility grid, power converters, inverter, and 

BESS is represented by the overall system model. The MPPT-controlled boost converter 

guarantees maximal power extraction and constant DC-link voltage when the PV system 

produces DC power. By storing extra electricity and providing energy when PV 

generation is low, the BESS promotes energy balancing. In order to serve the load and 
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interface with the grid, synchronized AC power with stable operation is provided via the 

inverter and LC filter. 

 

 

Fig. 2.1. Schematic representation of a dual-stage converter with BESS. 

 

2.2 PHOTOVOLTAIC (PV) ARRAY MODELLING 
 
A PV cell is a semiconductor device that uses the PV effect to directly convert solar 

energy into electrical energy. The mobility of charge carriers within the semiconductor 

material causes the PV cell to produce electrical energy when sunlight strikes it. 

Environmental factors like temperature and sun irradiation have a significant impact on 

a PV cell's performance. While a greater temperature lowers the output voltage and 

overall efficiency of the PV system, an increase in solar irradiation increases the output 

current and generated power. Because PV features are nonlinear, precise modeling of the 

PV array is necessary for evaluating system performance and creating efficient control 

techniques. 

 

PV module or array that can supply the necessary voltage and current levels is created 

by connecting several PV cells in parallel and series. Table 1 represents the PV array 

parameters. The single-diode equivalent circuit model is frequently used to describe the 
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PV array for simulation and analysis purposes. Series resistance (Rs), shunt resistance 

(Rsh), a diode, and a photocurrent source make up this model. The current produced by 

solar radiation is represented by the photocurrent source, and internal recombination 

losses are represented by the diode. Internal conduction and leakage losses in the PV cell 

are taken into consideration by the series and shunt resistances. The created PV model 

facilitates the application of MPPT techniques for effective power extraction and aids in 

the investigation of the system's electrical behavior under various operating situations. 

TABLE 2.1. PV Array parameters 

Parameters Value 
Parallel strings 2 

Series strings 15 

Maximum Power 250.20 W 

Voc 37.30 V 

Isc 8.66 A 

Vmpp 30.70 V 

Impp 8.15 A 
Total power 7500 W 

 

The current-voltage (I-V) and power-voltage (P-V) characteristics of the PV array under 

various sun irradiation circumstances are displayed in Fig. 2.2. The I-V characteristics 

are seen in the upper graph, where the output current first stays almost constant before 

rapidly declining close to the open-circuit voltage region. The P–V characteristics are 

depicted in the lower graph, which demonstrates how the output power rises with voltage 

and approaches the Maximum Power Point (MPP). It is noticeable that while the output 

voltage barely changes, a rise in solar irradiance dramatically raises the output current 

and maximum power produced by the PV array. These features show the PV system 

nonlinear behavior and emphasize the significance of MPPT methods for obtaining the 

most power possible in a range of environmental circumstances. The graphs show that 

the MPP varies with variations in solar irradiation, necessitating ongoing monitoring for 

effective system performance. Under order to maintain optimum PV performance, 

increase energy harvesting efficiency, and guarantee reliable power supply under 

dynamic environmental circumstances, MPPT approaches are crucial. 
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Fig. 2.2  Characteristic curve of PV 

 

2.2.1 Single-diode model derivation 

 

𝐼 = 𝐼!" − 𝐼# − 𝐼$" (2.1) 
 

Where: 

• Iph = photocurrent (proportional to irradiance) 

• ID = diode current 

• Ish = shunt leakage current 

The diode current is governed by the Shockley diode equation: 

𝐼! = 𝐼"(𝑒
#$%&!
'#" − 1) (2.2) 

 

Where: 

• I0 = diode saturation current 



 

 
 

12 

• n = diode ideality factor  

• Vt=kT/q = thermal voltage 

• V= output voltage of PV cell 

• I = output current of PV cell 

• Rs = series resistance 

 

The shunt current is: 

𝐼$" =
𝑉 + 𝐼𝑅$
𝑅$"

 (2.3) 

Where: 

• Rsh = shunt resistance 

 

Thus, the full PV model becomes: 

𝐼 = 𝐼!" − 𝐼%(𝑒
&'()!
*&" − 1) −

𝑉 + 𝐼𝑅$
𝑅$"

 
(2.4) 

 

This equation describes the I–V curve and forms the basis for MPPT operation. 

 

2.2.2 Photocurrent dependence on irradiation 

 

𝐼() = [
𝐺

1000
](𝐼*+,-./ + 𝛼(𝑇 − 25)	) 

(2.5) 

Where: 

• G = irradiance (W/m²) 

• Isc, ref = reference short-circuit current 

• α = temperature coefficient of current 

• T = PV cell temperature (°C) 

 

2.2.3 PV array power characteristics  

 

The PV Power–Voltage (P–V) curve has a single MPP at: 

 

𝑑𝑃
𝑑𝑉

= 0 (2.6) 
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Due to changing irradiance and temperature, MPP shifts continuously and requires 

tracking through MPPT algorithms. 

 

2.2.4 Series and parallel combination  

 

If a single module has: 

• Voltage = Vm 

• Current = Im 

Then for an array, Series connection: 

𝑉0--01 = 𝑁*	. 𝑉2 (2.7) 

Parallel connection: 

𝐼0--01 = 𝑁(	. 𝑉2 (2.8) 

 

Where Ns and Np are the number of modules in series and parallel, respectively. 

 

2.3 DC–DC BOOST CONVERTER MODELLING 

 
The PV system uses a DC–DC boost converter to raise the low PV output voltage to the 

necessary DC-link voltage level for inverter operation. It ensures effective power transfer 

and steady system operation by serving as an interface between the PV array and the DC-

link. Circuit diagram for a DC-to-DC boost converter shown in Fig. 2.3. To extract the 

maximum amount of solar power possible under various climatic conditions, the boost 

converter also features MPPT control.  

 

The boost converter's primary purposes are:  

• Increasing the voltage of the PV array to the necessary DC-link voltage  

• Connecting the PV system to the MPPT controller  

 

An inductor (L), power switch (MOSFET/IGBT), diode, output capacitor (C), and DC-

link/load connection make up the majority of the boost converter architecture. During 

the switching phase, the inductor stores energy and facilitates voltage boosting. While 

the diode creates a channel for energy transmission from the inductor to the output while 
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the switch is in the OFF position, the power semiconductor switch controls converter 

function via controlled switching action. 

 

For seamless system operation, the output capacitor lowers output voltage ripple and 

keeps the DC-link voltage steady. The DC-link and inverter receive the increased DC 

output voltage for further power conversion and load delivery. Effective voltage 

boosting, dependable power transmission, and steady performance of the PV–BESS 

integrated system under various operating circumstances is made possible by the 

coordinated functioning of these components. 

 

The DC–DC boost converter's voltage conversion ratio illustrates the connection 

between the converter's input and output voltages. It assesses the converter's capacity to 

increase voltage under various duty cycle circumstances. The output voltage may be 

raised above the input PV voltage by adjusting the switching device's duty cycle. 

Maintaining the necessary DC-link voltage for steady inverter operation is largely 

dependent on the voltage conversion ratio. The efficiency of the converter and the overall 

performance of the system are enhanced by properly designed conversion ratios. The 

relationship between the DC–DC boost converter's input and output voltages is shown in 

the equation below. It shows that changing the converter duty cycle may raise the output 

voltage. 

𝑉3 =
𝑉4'
1 − 𝐷

 (2.9) 

 

where: 

• D = duty cycle (0–1) 

• 𝑉+ = output voltage of the boost converter 

• 𝑉,*	= input voltage from the PV array 

The MPPT algorithm adjusts D to operate PV at maximum power. 

The inductance value needed to operate the boost converter is determined using the 

formula below. Smooth current flow and steady converter performance with lower ripple 

content are guaranteed by appropriate inductance choices. 

 

𝐿 =
𝑉#$	(𝑉%&' − 𝑉#$	)
𝑓() ∗ 𝑉%&'	 ∗ ∆𝐼+

 (2.10) 

where: 
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• L = inductance of the boost converter 

• ΔIL = inductor current ripple 

• fsw = switching frequency 

The necessary inductance value for sustaining Continuous Conduction Mode (CCM) 

operation and minimizing current ripple in the boost converter is found using this 

formula. 

 

The boost converter's output capacitance is determined using the following formula. 

During converter operation, choosing the right capacitance helps to reduce voltage ripple 

and maintain a steady output voltage. 

 

𝐶 =
𝐼%&'	(𝑉%&' − 𝑉#$	)
𝑓() ∗ 𝑉%&'	 ∗ ∆𝑉%&'

 (2.11) 

 

where: 

• C = capacitance of the boost converter 

• ΔVout = output voltage ripple 

• ΔIout = output current of the converter 

The DC–DC boost converter design used in the proposed system is provided in Appendix 

2. It includes the converter configuration and parameter calculation. 

 

The necessary capacitor value for lowering output voltage ripple and preserving a steady 

DC-link voltage in the boost converter is found using this formula. Fig. 2.3 shows the 

circuit diagram of the DC–DC boost converter used in the proposed PV system. The 

converter boosts the low PV output voltage to the required DC-link voltage level for 

stable system operation. 

 

Fig. 2.3 Circuit diagram for a DC-to-DC boost converter 



 

 
 

16 

2.4 BATTERY ENERGY STORAGE SYSTEM (BESS) 

MODELLING 

 
In order to provide steady and uninterrupted power delivery under fluctuating solar 

generation and load situations, the BESS is a crucial part of the grid-connected PV 

system. A lithium-ion battery is taken into consideration in this work because of its high 

energy density, extended cycle life, low maintenance needs, and excellent charging–

discharging efficiency. When there is high irradiance, the BESS saves extra energy 

produced by the PV system. When there is low PV generation or an increase in load 

demand, the stored energy is released. This promotes stable functioning of the entire PV–

BESS integrated system and increases system dependability and power quality.  

 

State of Charge (SOC), battery voltage characteristics, and efficiency parameters are 

used to analyze the battery system performance. These models facilitate efficient battery 

energy management and aid in comprehending battery behavior during charging and 

discharging activities. 

 

2.4.1 State of charge (SOC) model 

 

The battery's usable energy stored as a proportion of its rated capacity is represented by the State 

of Charge (SOC). It is a key measure for keeping monitoring on battery performance and 

upholding safe operating boundaries. The battery's SOC is computed as follows: 

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(0) −
1

𝐶-./01
1 𝑖2./(𝑡)	𝑑𝑡 

(2.12) 

where: 

• Crated = rated battery capacity (Ah) 

• ibat(t) = battery current 

• 𝑆𝑂𝐶(𝑡) = State of charge at time t 

• 𝑆𝑂𝐶(0) = Initial state of charge 

 

While a positive battery current indicates discharging operation, which results in a fall in 

SOC, a negative battery current shows charging operation, which causes an increase in 

SOC. 
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2.4.2 Battery Voltage Model 

 
The battery voltage characteristics are represented using a nonlinear mathematical 

model given by: 

𝑉2./ = 𝐸% − 𝑅𝑖2./ − 𝐾𝑙𝑛(𝑄 − 𝑞(𝑡)) (2.13) 

where: 

• E0 = open-circuit voltage 

• R = internal resistance 

• q(t)= extracted charge from the battery  

• Q = battery capacity 

• 𝑖2./ = battery current 

• 𝑉2./ = battery terminal voltage  

 

2.4.3 Battery efficiency 

 

The efficiency of energy transfer and storage during charging and discharging procedures 

is represented by battery efficiency. The charging and discharging efficiencies are 

expressed as: 

 

𝜂3 =
Energy	stored
Energy	supplied 

 

(2.14) 

𝜂1 =
Energy	delivered
Energy	extracted 

(2.15) 

 

Round-trip efficiency: 

𝜂 = 𝜂3 ∗ 𝜂1 (2.16) 

 

Lithium-ion batteries are ideal for storage systems that rely on RES since they typically 

offer excellent round-trip efficiency in the region of 92–96%. 

 

2.5 BIDIRECTIONAL DC–DC CONVERTER MODELLING 
 

The bidirectional DC–DC converter is used to interface the BESS with the DC-link of 

the grid-connected PV system. During charging and discharging processes, it permits 
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regulated power flow between the battery and the DC-link. Depending on the needs of 

the system and the state of the power balance, the converter runs in two distinct modes. 

 

2.5.1 Buck mode (Charging mode):  

 

When in buck mode, the converter uses the extra power at the DC-link to charge the 

battery by acting as a step-down converter. Power is transferred from the DC-link to the 

battery storage system in this mode. The battery charging voltage is regulated by 

adjusting the duty cycle of the converter switch.  

The battery charging voltage is given by:  

 

 

Charging current is expressed as: 

 

𝑖2./ =
𝑉13 − 𝑉+4/

𝑅  (2.18) 

Where:  

• Vbat = battery voltage  

• VDC = DC-link voltage  

• R = circuit resistance  

 

2.5.2 Boost mode (Discharging mode) 

 

In boost mode, when PV generation is low or load demand is high, the converter 

functions as a step-up converter to transfer stored battery energy to the DC-link. In order 

to sustain steady system operation and continuous power delivery, electricity is 

transferred from the battery to the DC-link in this mode. 

 

When discharging, the DC-link voltage is determined by: 

 

𝑉13 =
𝑉2./
1 − 𝐷 (2.19) 

 

𝑉2./ = 𝐷 ∗ 𝑉13 (2.17) 
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The battery discharging current is expressed as: 

 

𝑖2./ =
𝑉2./ − (1 − 𝐷)𝑉13

𝑅  
(2.20) 

 

2.6 VOLTAGE SOURCE INVERTER (VSI) MODELLING 

 
A crucial component of the grid-connected PV–BESS is the VSI, which converts DC 

power at the DC-link into synchronized three-phase AC power that supplies the load and 

interfaces with the utility grid. For steady and dependable power transfer, the inverter 

makes sure that the PV-BESS system and the grid are properly synchronized in terms of 

voltage, frequency, and phase angle.The VSI carries out some crucial control tasks in 

addition to DC–AC conversion to enhance system performance and power quality. The 

inverter minimizes harmonic distortion in the output current, maintains the correct power 

factor, and controls active and reactive power flow in accordance with load and grid 

requirements. To achieve stable inverter operation and efficient grid integration, 

advanced control techniques like Phase-Locked Loop (PLL) synchronization, dq-axis 

current regulation, and pulse width modulation (PWM) are frequently employed. As a 

result, the VSI is essential for preserving system stability, enhancing power quality, and 

guaranteeing uninterrupted power delivery to the linked load.  

 

Furthermore, the VSI enables bidirectional power flow between the PV-BESS system 

and the utility grid, enabling efficient utilization of available energy under a variety of 

operating conditions. Through stable inverter operation and suitable grid 

synchronization, the VSI ensures a reliable and continuous power supply to the related 

load while supporting overall system stability and energy management. Additionally, by 

responding dynamically to sudden changes in demand and fluctuations in PV production, 

the inverter keeps the system's power flow balanced. Furthermore, the VSI improves the 

overall operating flexibility of the PV–BESS integrated system and makes it easier to 

employ renewable energy resources, as shown in Fig. 2.4. Six power semiconductor 

switches stacked in a three-phase bridge arrangement make up the Voltage Source 

Inverter (VSI). The DC-link voltage is converted into a three-phase AC output voltage 

by these switches, which are typically implemented using IGBTs or MOSFETs and run 
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in complementary pairs. The controller board generates Pulse Width Modulation (PWM) 

gate pulses that regulate the inverter's switching action. The VSI controls the output 

voltage, current, active power, and reactive power delivered to the AC load and utility 

grid by managing the inverter switches' duty cycle and switching sequence. Stable 

inverter operation, less harmonic distortion, and synchronized power transmission with 

the grid are other benefits of proper switching management. 

 

Fig. 2.4 Grid-connected VSI 
 

2.6.1 Clarke transformation 

 

Three-phase variables in the ABC reference frame are transformed into a two-axis 

stationary orthogonal reference frame using the Clarke (α–β) transformation. Since the 

sum of the three-phase quantities in a balanced three-phase system is zero, the system 

can be represented by just two independent components. While maintaining the 

fundamental electrical properties, this transformation makes mathematical study and 

management of three-phase systems easier. Three-phase currents ( ia, ib, ic) are 

transformed by the Clarke transformation into stationary-frame components (iα, iβ), 

which are simpler to handle in control applications such as vector control systems and 

inverter management. 
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The Clarke transformation is expressed as:  

8
𝑖5
𝑖6: =

2
3
⎣
⎢
⎢
⎡1 −

1
2 −

1
2

0
√3
2

−
√3
2 ⎦
⎥
⎥
⎤
	C
𝑖0
𝑖7
𝑖+
D 

(2.21) 

Where: 

• ia, ib, ic = Three-phase currents in abc reference frame 

• iα, iβ = Stationary frame current components 

 

2.6.2 Park transformation 

 

The Park Transformation creates a revolving dq reference frame that is in sync with the 

grid frequency from the stationary α–β frame variables. Under steady-state conditions, 

this transformation transforms sinusoidal AC data into DC-like quantities, simplifying 

and improving current, voltage, and power regulation. The d-axis component primarily 

regulates active power in the dq frame, whereas the q-axis component regulates reactive 

power. In grid-connected inverter systems, this allows independent and decoupled 

control of both active and reactive power. 

 

The Park transformation is given by: 

 

8
𝑖8
𝑖9
: = E cos 𝜃 sin 𝜃

−sin 𝜃 cos 𝜃L 8
𝑖5
𝑖6: 

(2.22) 

Where:  

• 𝑖1 = Direct-axis current component 

• 𝑖5 = Quadrature-axis current component  

• 𝜃 = Grid or synchronous reference frame angle 

 

In order to increase system stability and dynamic performance, vector control and grid 

synchronization approaches frequently employ the Park transformation.  
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CHAPTER 3  
 

CONTROL STRATEGIES 
 
 

3.1 INTRODUCTION 

 
Control techniques are essential to guaranteeing that the grid-connected PV- BESS 

operates consistently, reliably, and efficiently. The output power of the system constantly 

fluctuates over time because solar PV generation is highly dependent on environmental 

factors like temperature and solar irradiation. Variations in load demand and grid 

circumstances further increase the complexity of system functioning. Therefore, to 

maintain steady power flow, control system voltage, oversee battery operation, and 

guarantee continuous power delivery to the linked load, an efficient and well-coordinated 

control framework is needed. 

 

The main control strategies utilized in the suggested PV–BESS integrated system are 

presented in this chapter, including Grid-Side Inverter Control, DC-Link Voltage 

Control, Battery Charge–Discharge Control, and MPPT. Together, these control 

techniques enable optimal solar power extraction, effective battery energy management, 

reliable DC-link operation, appropriate grid synchronization, and enhanced power 

quality. Under various load and climatic situations, the coordinated application of these 

control techniques improves overall system stability, dependability, and compliance with 

grid operating criteria. 

 

3.2 MAXIMUM POWER POINT TRACKING (MPPT) CONTROL 
 

A PV array's output characteristics are nonlinear and constantly fluctuate in response to 

variations in temperature and solar light. Because of this, the PV system operating point 
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also varies constantly, necessitating the use of an efficient MPPT method to guarantee 

maximum power extraction in all environmental circumstances. Because MPPT 

increases energy harvesting efficiency and boosts overall system performance, it is a 

crucial control approach for PV systems. 

 

Due to its high tracking accuracy, quick dynamic reaction, and less steady-state 

oscillations than traditional Perturb and Observe (P&O) techniques, the Incremental 

Conductance (INC) algorithm is chosen for MPPT control in this work. By calculating 

the slope of the power-voltage (P-V) curve, the INC method establishes the operating 

point's location in relation to the MPP. Appendix 1 contains the MATLAB/Simulink 

code used to develop the MPPT control method. The designed control algorithm for 

maximizing solar power extraction under various environmental situations is included in 

the appendix. The rate at which power changes in relation to voltage reaches zero at the 

maximum power point. In order to maintain operating at the MPP and optimize solar 

power extraction, the controller continuously modifies the DC–DC boost converter's duty 

cycle. The operating conditions of the INC algorithm are given by: 

 
𝑑𝑃
𝑑𝑉 = 0			for	𝑉 = 𝑉6!! (3.1) 

𝑑𝑃
𝑑𝑉 > 0			for	𝑉 < 𝑉6!! (3.2) 

𝑑𝑃
𝑑𝑉 < 0			for	𝑉 > 𝑉6!! (3.3) 

 

The MPPT control system's block design is displayed in Fig. 3.1. The INC algorithm 

continually measures and processes the PV voltage (VPV) and PV current (IPV). The 

controller creates the proper gate pulses for the PWM generator to regulate the boost 

converter's switching activity based on these readings. The MPPT controller maintains 

the PV array's MPP under fluctuating solar irradiation and temperature conditions by 

continually modifying the converter duty cycle. According to the duty cycle supplied by 

the INC algorithm, the PWM generator generates switching pulses for the boost 

converter switch. This switching procedure enables maximum solar power extraction and 

also regulates the boost converter's output voltage. Thus, inside the PV–BESS integrated 
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system, the MPPT control system enhances overall energy conversion efficiency, 

sustains steady converter performance, and facilitates dependable power transmission. 

 

Fig. 3.1 Block diagram for MPPT control  

The duty-cycle-based Incremental Conductance MPPT algorithm flowchart is shown in 

Fig. 3.2. In order to ensure operation at the MPP under changing environmental 

conditions, the controller continuously analyzes the current and past values of PV voltage 

and current, compares the operating conditions, and modifies the converter duty cycle as 

necessary. 

 

Fig. 3.2 Duty cycle control algorithm of IC for MPPT 
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3.3 BATTERY CHARGE–DISCHARGE CONTROL 

 
The BESS plays a crucial role in compensating for PV intermittency and ensuring 

continuous power delivery. Its operation requires an intelligent control strategy that 

manages charging and discharging based on the State of Charge (SOC), power balance, 

and system constraints. The excess electricity is used to charge the battery when PV 

production surpasses load demand, provided the SOC is below its predefined upper limit. 

Conversely, when PV power is insufficient, the battery discharges to assistance the DC-

link voltage and maintain power flow to the grid or load. 

 

The bidirectional DC–DC converter regulates battery current in both charging (buck 

mode) and discharging (boost mode) operations. SOC-based protection mechanisms 

prevent battery overcharging and deep discharge, enhancing battery lifespan and system 

reliability. The coordinated control of PV and BESS ensures smooth energy transitions, 

reduces stress on the power electronics, and maintains overall system stability during 

varying operating conditions. 

 

TABLE 3.1. The battery parameters 

Parameters Value 

Nominal Voltage 400 V 

Rated Capacity 48 Ah 

State of Charge (SOC) 80 % 

 

3.4 DC-LINK VOLTAGE REGULATION 

 
Efficient inverter functioning requires a steady DC-link voltage and high-quality AC 

waveform generation. Variations in PV output or battery power can destabilize the DC 

bus; therefore, a closed-loop control scheme is employed to regulate the DC-link voltage 

at a constant reference value. A Proportional–Integral (PI) controller is used to adjust the 

duty cycle of the boost converter or battery converter depending on system dynamics. 

When the DC-link voltage drops due to sudden load variations or reduced PV generation, 

the controller increases power input from the battery or adjusts the PV boost converter. 

If the voltage rises, the controller reduces power extraction or directs more power into 
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the battery. This control ensures that the inverter receives a stable DC supply, preventing 

overvoltage, undervoltage, and potential system shutdowns. Maintaining a regulated DC-

link is also essential for ensuring low total harmonic distortion (THD) on the AC side. 

 

3.5 GRID-SIDE INVERTER AND SYNCHRONIZATION 

CONTROL 

 
The grid-side inverter is responsible for injecting high-quality AC power into the utility 

grid while maintaining grid code compliance. Using dq-axis current control, the inverter 

independently regulates active and reactive power. By aligning the d-axis with the grid 

voltage vector, active power is controlled through the d-axis current component, whereas 

reactive power is controlled by the q-axis component. This ensures precise control of 

power flow while minimizing harmonics and maintaining power factor requirements. 

Synchronization with the grid is attained using a Phase-Locked Loop (PLL), which 

extracts the instantaneous phase angle and frequency of the grid voltage. The 

synchronous reference frame PLL (SRF-PLL) is applied due to its robustness and fast 

dynamic response. Accurate synchronization ensures smooth power injection, prevents 

circulating currents, and enables seamless operation during grid disturbances. The 

integrated control structure of the inverter, dq current control, and PLL ensures that the 

PV–BESS system operates reliably under normal and fluctuating grid conditions. 

 

In this type of control, signal references are computed based on the power requirement. 

md and mq refer to the predicted voltages stated in the equations. 

 

𝒎𝒅 = 𝑼𝒅 −𝛚𝑳𝒊𝒒 + 𝒗𝒅 

 

(3.4) 

𝒎𝒒 = 𝑼𝒅 −𝛚𝑳𝒊𝒅 (3.5) 

	  Where, Ud and Uq are given as 

𝑈1 = (𝐾!9 +
𝐾,9
𝑠 )𝑒1 

 

(3.6) 
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𝑈5 = (𝐾!: +
𝐾,:
𝑠 )𝑒5 (3.7) 

where, ed and eq are defined as 

𝑒1 = 𝑖1_-0< − 𝑖1  

 

(3.8) 

𝑒5 = 𝑖5_-0< − 𝑖5  (3.9) 

The dq-axis current control arrangement for the grid-connected VSI is shown in Fig. 3.3. 

The PWM generator generates switching pulses for grid synchronization and steady 

inverter operation, while the controller employs PI regulators in the dq reference frame 

to individually regulate active and reactive current components. 

 

Fig. 3.3 Block diagram for inverter control  
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CHAPTER 4  
 

SIMULATION RESULTS AND DISCUSSION 

 

 
4.1 INTRODUCTION 

 
The simulation results and performance analysis of the suggested three-phase grid-

connected PV system supported by the BESS and created in the MATLAB/Simulink 

environment are presented in this chapter. A PV array, DC-DC boost converter with 

MPPT, BESS with bidirectional converter, DC-link capacitor, three-phase VSI, dq-axis 

control system, Phase-Locked Loop (PLL) synchronization, and grid interface via an LC 

filter make up the entire system. Effective energy conversion and reliable system 

performance under various circumstances are ensured by the coordinated action of these 

components. 

 

The main goal of the suggested PV-BESS integrated system is to meet fluctuating power 

demand requirements while supplying a steady and continuous power supply to the 

associated load. As a result, the system's performance is assessed under various operating 

scenarios, including variations in solar irradiation, abrupt load fluctuations, battery 

charging and discharging transitions, and grid synchronization settings. Voltage stability, 

DC-link regulation, inverter response, power flow management, battery performance, 

and overall system dependability are all examined in relation to the simulation results. 

The collected findings show how well the suggested control strategies work to maintain 

steady power delivery and guarantee dependable PV–BESS integrated system 

functioning. 

 

4.2 RESULTS  

Fig. 4.1 shows the irradiation provided to the PV. This curve has a variety of irradiation 
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values up to 1000 W/m2. Furthermore, Fig. 4.2 shows the PV voltage and the PV current 

as 460.5 V and 16.3 A, respectively. Finally, Fig. 4.3 displays the boost converter voltage 

and the boost converter current output results, respectively. It is due to the MPPT 

method’s nature in PV that it provides information about the control behavior. 

 

 
Fig. 4.1 Variable Solar Irradiance Profile 

 

Fig. 4.2 Voltage, current and power of PV 
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Fig. 4.3 Boost converter voltage and current. 

 The BESS’s bidirectional operation is crucial in controlling power flow for varying solar 

irradiance. An examination of Table 3.1 indicates that the nominal battery voltage is 400 

V. The major modes of the system are either charging or discharging. 

 
Charging Mode: The system is charging when solar irradiance is high at 1000 W/m2; 

this is to store excess energy. From Fig. 4.4, the battery also charges similarly with 

terminal voltage and current at 436 V and −7.4 A, respectively; the negative sign 

indicates charging and battery SOC% increase at this point. 

 
Fig. 4.4. Battery Voltage, Battery Current and SOC % 
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The performance study of the suggested PV–BESS integrated system under various solar 

irradiance circumstances is shown in Table 4.1. The findings demonstrate that although 

the DC-link voltage stays constant at the intended level, the PV voltage, current, and 

produced power fluctuate in response to variations in sun irradiation. Additionally, it is 

noted that the BESS maintains a constant power supply to the load by operating in 

charging mode during high irradiance situations and switching to discharging mode 

during low irradiance conditions. The outcomes shown in Table 4.1 attest to the 

efficiency of the control mechanisms put in place in preserving steady and dependable 

system performance in the face of changing external circumstances. 

 

TABLE 4.1 System Response Under Different Solar Irradiance Levels 

Solar 

Irradiance 

(W/m²) 

PV 

Voltage 

(V) 

PV 

Current 

(A) 

PV Power 

(W) 

DC-

Link 

Voltage 

(V) 

DC-Link 

Current 

(A) 

Battery 

Mode 

1000 460.5 16.3 7500 700 10.38 Charging 

500 390–400 8–8.5 3200–3500 700 4.5–5 Mild 

Charging 

10 220–230 0.2–0.5 40–100 700 1.2 Discharging 

500 390–400 8–8.5 3200–3500 700 4.5–5 Reduced 

Discharging 

1000 460.5 16.3 7500 700 10.38 Charging 

 

 

 Discharging Mode: At the same time, with an extremely low level of solar irradiance 

discharge, let us say 10 W/m2, the battery discharges to level the system. As illustrated 

in Fig. 4.4, the battery outputs 9 A to the DC link at a terminal voltage of 436 V. This 

procedure is crucial for the DC link’s synchronization. To achieve this, the battery 

controller employs a 700 V VRef and a 700 V fixed DC link voltage. This discharge reacts 

to the decrease of the PV current IPV accelerated by the low irradiance, which implies 

that since PV out is low, little current is available for the inverter’s needs to lower to 
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maintain a stable current supplied to the inverter and then to the grid. The battery SOC 

(%) deteriorates during this stage. This is followed by PLL, which estimates the phase 

and frequency of the input voltage. The PLL in this system is used to calculate the Vd 

component for an input RMS voltage of 400 V, and the Vq component is assumed to be 

zero hence, the angular frequency ω, which is then determined by the grid frequency f. 

The grid frequency used for the standard is 50 Hz, and the angular frequency is given by 

ω = 2π*f = 314 rad/s. Furthermore, the unit vectors for the phase values are estimated 

using a harmonic oscillator, as illustrated in Fig. 4.5. These are necessary for calculating 

the sinusoidal signals that are to be generated at the right phase for synchronization and 

other usage in the grid.  

 

 
Fig. 4.5 Unit Vector. 

 

Fig. 4.6 shows DC bus current measurements at a high irradiance (1000 W/m2) instant 

point DC bus establishes the efficient power flow and distribution. The boost converter 

reduces the 15 A current from the PV array to 10.38 A. It then accurately distributes the 

current among the elements of the system. The DC load takes 3.5 A, and the battery 

charges take the remaining 4.38 A. The inverter is fed by 2.43 A. The total of these 

currents is perfectly equal to the 10.38 A that flows and proves an efficient power balance 

and effective current management system. Stable power flow under changing irradiance 

circumstances is ensured by the utility grid, PV system, and BESS operating in unison. 

In addition to supporting continuous power supply to the linked load, this power-sharing 

technique increases system dependability. 
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Fig. 4.6 The DC bus current measurements:  Boost converter current, Current drawn by 

battery and DC load, and Inverter current 

 

DC Load: Another power configuration connected to a 196ohm resistive load supplied 

by the DC link and powered by a high voltage boost converter is shown in Fig.4.7. When 

the DC Link maintains the constant voltage of 700 V, the power source remains stable, 

and the load draws a current of 3.5 A, making the power approximately 2500 W. The 

figure above illustrates the DC load, indicating the power delivered from the Boost 

converter to the DC load. The setup is common in various industrial applications where 

the DC voltage cannot be reduced and supports the resistive load at higher steady states. 

The figure further illustrates the converter’s potential to step up the voltage; hence, the 

system’s performance is defined by its high-power transfer efficiency. 
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Fig. 4.7 DC load voltage, current, and power 

 

AC Load:  An AC Load that draws 2000 W of power is linked between the inverter and 

power grid. The AC voltage and current waveforms measurements of the load are shown 

in Fig. 4.8. The peak line value of voltage and current taken was 567 V and 4.1 A, 

respectively. The measurement ensured that the power is being consumed by the AC load 

in the Inverter-Grid-PV system. The performance of the load is extremely essential in 

finding the total efficiency and power flow. The measured data give the specific electrical 

aspects of the load. The proposed system demonstrates effective coordination between 

the photovoltaic source, battery storage system, and utility grid under varying operating 

conditions. This coordinated operation ensures stable power flow and continuous power 

supply to the connected load. 
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Fig. 4.8 AC load voltage, current, and power 

 

 The system operation commences with a PV array that feeds in 7,500 W of power, which 

is then put through a boost converter and converted the power into a regulated output of 

7,000 W. After the power conversion, the output power is then utilized in a strategic 

approach as per the various load and storage requirements. In this case, a DC load of 

2,500 W is embedded by the power output, while a further 3,000 W is used to charge a 

battery, thus allows storage of energy and utilization during a period of low solar 

insolation, and the remaining 1,500 W is linked to an inverter that is connected to the AC 

load source. By adopting the hybrid power supply arrangement, the AC load is fully 

backed up at all times. The system operational stability is guaranteed by ensuring the 
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grid peak voltage is kept at 330 V . In addition, the system dynamic current nature plotted 

in Fig. 4.9 demonstrates the grid supplying current peaking at 1.2 A and the inverter 

supplying a peak of 3 A. These metrics demonstrate the system’s capability in efficient 

power flow and voltage stability while maintaining a balance of power flow from the PV 

source and the grid. 

 

 
Fig. 4.9 Grid voltage and grid current 

 

The AC load source that has a demand capacity of 2,000 W incorporates an available 

1,500 W from the inverter, of the remaining 500 W is sourced from the utility grid. Fig. 

4.10 shows the power-sharing performance of the proposed PV–BESS integrated system 

among the inverter, utility grid, and connected AC load. It can be observed that the 

inverter power increases gradually to satisfy the load demand, while the grid power 
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contribution decreases with time. The results demonstrate effective power management 

and stable coordination between the PV–BESS system and the utility grid for continuous 

power supply to the load. The power allocation between the inverter, utility grid, and AC 

load under various solar irradiation scenarios is shown in Table 4.3. The findings show 

that the PV-BESS system and the utility grid can operate in sync to provide steady power 

management and continuous load supply. 

 

TABLE 4.2 Power Sharing Under Variable Irradiance 

Solar 

Irradiance 

(W/m²) 

Inverter 

Power 

(W) 

Grid 

Power 

(W) 

AC Load 

Power 

(W) 

 

System Observation 

1000 1500 500 2000 High PV generation supports 

major load demand and battery 

charging 

500 1300 700 2000 Moderate PV contribution with 

partial grid support 

10 700 1300 2000 Low PV generation causes 

higher grid power contribution 

500 1300 700 2000 PV output recovers and 

inverter contribution increases 

1000 1500 500 2000 Maximum inverter power 

restored with reduced grid 

dependency 

 

 
Fig. 4.10 Grid power, Inverter power and AC load power 
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4.3 DISCUSSION 

 
The simulation results show that the suggested PV–BESS grid-connected system 

operates efficiently and in unison under a variety of load and environmental 

circumstances. According to the investigation, every main subsystem—including the 

grid-side inverter, DC-link controller, boost converter, PV array, and BESS operates 

steadily and dependably. Under varying solar irradiation circumstances, the implemented 

MPPT controller effectively keeps the PV system operating close to the MPP, 

guaranteeing effective use of the available solar energy with few oscillations and steady 

converter performance. 

 
By working in controlled charging and discharging modes in accordance with system 

power requirements, the BESS efficiently adjusts for variations in PV output. The 

battery's State of Charge (SOC) stays within safe operating limits, demonstrating 

effective battery energy management and dependable system operation. Furthermore, the 

DC-link voltage controller ensures smooth inverter operation and balanced power flow 

throughout the system by maintaining a steady DC bus voltage in spite of fluctuations in 

PV generation and load demand. Stable power transfer and dependable synchronization 

with the utility grid are provided by the grid-side inverter, PLL synchronization, and dq-

axis control. All things considered, the coordinated control techniques successfully meet 

changing power demand requirements while ensuring a steady and continuous power 

supply to the linked load. 
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CHAPTER 5  
 

CONCLUSION AND FUTURE SCOPE 

 

 
5.1 INTRODUCTION 

 
The modeling, control, and performance analysis of a three-phase grid-connected PV 

system supported by a BESS were given in this dissertation. The suggested system was 

created to solve the problems brought on by solar energy's sporadic nature and to provide 

steady and dependable power delivery to the connected load under a range of operating 

circumstances. The MATLAB/Simulink environment was used to model and analyze the 

entire system, including the PV array, DC–DC boost converter, BESS, bidirectional 

converter, DC-link, grid-connected inverter, and control techniques. 

 

Under various irradiance conditions, the MPPT technique was effectively used to harvest 

the maximum power available from the PV array. Through regulated charging and 

discharging operations, the BESS successfully managed energy balance, adjusting for 

variations in PV generation and ensuring a steady power supply to the load. While the 

grid-side inverter with dq-axis control and PLL synchronization guaranteed solid grid 

interfacing and dependable power transfer, the DC-link voltage controller maintained 

steady DC bus voltage. 

 

The outcomes of the simulation showed that the suggested PV-BESS integrated system 

functions well under environmental circumstances. System stability, smooth power flow, 

dependable inverter operation, and overall energy management were all improved by the 

coordinated control measures. The PV system's ability to meet fluctuating load demands 

and sustain uninterrupted power delivery during variations in solar generation was 

greatly enhanced by the integrated battery storage technology. All things considered, the 

suggested PV–BESS grid-connected system offers an effective, dependable, and 
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sustainable option for power applications based on renewable energy. Future real-time 

implementation, sophisticated energy management techniques, and additional research 

in grid-integrated renewable energy systems can all benefit from the developed model 

and control framework. 

 

5.2 KEY CONTRIBUTIONS AND CONCLUSION 

This dissertation uses the MATLAB/Simulink environment to give a thorough modeling 

and control framework for a three-phase grid-connected PV system backed by a BESS. 

To optimize solar power extraction under changing temperature and irradiance 

circumstances, an efficient MPPT management mechanism has been put into place. To 

provide a steady, continuous power supply to the linked load, a bidirectional battery 

energy management system has also been implemented for controlled charging and 

discharging. 

For dependable grid integration and steady power transmission, the task also involves 

implementing sophisticated control techniques including DC-link voltage regulation, dq-

axis inverter control, and PLL synchronization. Additionally, the effectiveness and 

dependability of the suggested PV–BESS integrated system have been demonstrated by 

evaluating the overall system performance under various operating conditions, such 

Developed a comprehensive modeling framework utilizing the MATLAB/Simulink 

environment for a three-phase grid-connected PV system supported by a BESS. 

 

5.3 LIMITATIONS 

 
5.3.1 Limited to Simulation Validation 

 

Only simulation studies in the MATLAB/Simulink environment are used to validate the 

suggested PV–BESS integrated system; real-time hardware implementation is not 

included in this work.  

 

5.3.2 Simplified Battery Modelling 
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Long-term deterioration effects and detailed thermal behavior are not included in the 

battery model utilized in this work, which could affect actual battery performance during 

protracted operation.  

 

5.3.3 Limited Grid Disturbance Analysis 

 

The performance under large-scale grid disruptions or fault circumstances has not been 

thoroughly examined, and the study is restricted to a particular system architecture and 

control method.  

 

5.4 FUTURE SCOPE 

In the event of low solar irradiation, unfavorable weather, or low battery charge levels, 

the suggested PV–BESS integrated system may be further improved to enable intelligent 

grid-support operation. To provide consistent and dependable power supply under such 

operating circumstances, electricity may be sent straight from the utility grid to the linked 

load. This strategy may assist sustain steady functioning in a variety of environmental 

situations and increase overall system dependability. For effective coordination of the 

utility grid, Battery Energy Storage System (BESS), and photovoltaic (PV) system, 

advanced energy management and intelligent control approaches may be created. 

Effective power sharing, better energy use, and a steady power supply under varying load 

demand situations may all be made possible by these management systems. Future 

research may also concentrate on enhancing the overall performance of the grid-

connected system by using sophisticated inverter management strategies and filtering 

techniques to lessen harmonics, voltage fluctuations, and other disturbances. 

Additionally, real-time hardware implementation and experimental validation of the 

suggested PV–BESS integrated system under realistic operating circumstances may be 

included in future study. System dependability, operational effectiveness, controller 

performance, and dynamic responsiveness under real-world environmental and load 

fluctuations may all be assessed with the use of hardware-based testing. This would 

strengthen the basis for the widespread implementation of grid-connected power systems 

powered by renewable energy. 
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APPENDICES 
 

 

Appendix 1 : MATLAB/Simulink Code for MPPT Control 

 
% author : Saad MOTAHHIR 
% f= 10000hz (G) 
function D  = INC(V, I) 
 
Dinit = 0.42;  %Initial value for D output 
Dmax = 0.95;   %Maximum value for D 
Dmin = 0.01;   %Minimum value for D 
deltaD = 0.000005; %Increment value used to increase/decrease the duty cycle 
D 
 
   
persistent Vold Pold Dold M Iold; 
 
dataType = 'double'; 
 
if isempty(Vold) 
    Vold=0; 
    Pold=0; 
    Iold=0; 
    Dold=Dinit; 
    M=1; 
end 
P= V*I; 
dV= V - Vold; 
dP= P - Pold; 
dI= I - Iold; 
M=1; 
 
if M < 0.005 
    D=Dold; 
else 
    if dV == 0 
        if dI == 0 
            D=Dold; 
        elseif dI>0 
            D=Dold - (M*deltaD); 
        else  
            D=Dold + (M*deltaD); 
        end     
    else 
        if dI/dV == -I/V 
            D=Dold; 
        elseif dI/dV>-I/V     
           D=Dold - (M*deltaD); 
        else 
           D=Dold + (M*deltaD);   
        end   
    end     
end 
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if D >= Dmax | D<= Dmin 
    D=Dold; 
end 
 
Dold=D; 
Vold=V; 
Pold=P; 
Iold=I; 
 

Appendix 2 : Design Calculation of Inductance, Capacitance, and Resistance of Boost 

Converter 
 

Vin=460.5; 
fs=10e3; 
Vout=700; 
Ioutmax=(250*15*2)/Vout; 
delIL=0.1*Ioutmax*(Vout/Vin); 
delvout=0.1*Vout; 
L=(Vin*(Vout-Vin))/(delIL*fs*Vout) 
C=(Ioutmax*(1-(Vin/Vout)))/(fs*delvout) 
R=Vout/Ioutmax 
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Abstract— This paper evaluates the effectiveness of a dual-
stage power converter attached to a photovoltaic array with a 
battery energy storage system (BESS). This configuration 
includes the power and state controllability of the PV storage 
plant and increased ability to manage and strengthen the grid 
and the energy. The system construction consists of an inverter 
with 3-phases that is grid-synchronized and a DC-DC Boost 
converter to increase the PV voltage. The battery's charging and
discharging processes are handled by a bidirectional DC-DC
converter (BDC), which takes into account the current 
generation of energy and usage. The proposed control system is 
designed to ensure the maximum use of the PV output with the 
use of the maximum power point tracking (MPPT) algorithm at 
the same time, while maintaining a steady DC-link voltage. The 
battery met the load’s needs when solar generation was low and 
stored excess energy when production was at a peak, 
maintaining a stable power balance. Phase synchronization is 
done via a phase-locked loop (PLL). The outcome of the 
simulation proves the optimal functioning of the suggested 
system under different environmental and load dynamics. The 
combined operation of the solar system and the battery
optimises energy usage, helps ensure the grid’s stability, and 
extends the battery lifecycle.

Keywords—Dual-stage power converter, bidirectional 
converter, modelling, battery energy storage system converter,
dual loop 

I. INTRODUCTION

PV systems are rapidly being used as distributed 
generators around the world because of their environmental 
friendliness and clean energy generation [1]. The cost of the 
PV panels has reduced dramatically, and they often generate 
DC power may not always be trustworthy. [2]. As a result, the 
photovoltaic data may be sent towards the output demand and 
linked to the power grid, they must be converted from DC to 
DC and DC to AC [3]. However, PV generation has limited 
predictability, high unpredictability, and low controllability
[4]. PV systems, especially those connected to the grid, 
frequently benefit from an energy storage component, which 
is typically accomplished by a battery bank [5]. PV supplies 
fluctuate over time due to the changeable nature of the source 
and conditions under load or grid demand [6]. There are two 
primary approaches for integrating solar energy into the 
demand or to the grid: single and dual-stage [7]. The first one 
employs the use of inverters to determine when to convert DC
to AC when demanded by the load. In contrast, the second one 
boosts the DC voltage made available by PV cells before it is
converted into AC after being demanded [8]. Additionally, the 
significance of dual-stage grid converter structures to PV 
integration, minimal work can be found, particularly 
regarding the extent to which such provisions are feasible in 
grid-connected apparatus, particularly concerning advanced 
control strategies [9]. This paper examines the dual-stage 3-
phase inverter and the battery-supported grid integration 

through a voltage source inverter (VSI) controller application 
[10]. Correspondingly, the measure of PV system integration 
into the grid leads to a significant power quality issue in terms 
of imbalanced grid voltage, frequency fluctuation, and 
harmonic distortion from non-linear loads [11]. To overcome 
such challenges and provide a steady and high-quality power 
supply, PLL, strong grid synchronization algorithms, and 
specialized current control techniques like proportional-
integration (PI) controllers are needed [12].

Establishing the amount of renewable energy in the final 
buildings' energy use will be another significant step. In fact, 
according to the net zero emission (NZE) by 2050 scenario, 
the percentage of power generated by solar and wind will
increase from 9% in 2020 to 40% in 2030 [13]. These 
advantages derive from a rise in water and space heating 
powered by electricity, as well as a rise in the need for cooling 
systems and electrical appliances [14]. According to the 
scenario, wind and solar photovoltaics will generate 68% of 
power by 2050 [15]. Lower technology prices, public support, 
and advanced technologies make it necessary to do so in order 
to create PV systems that are more durable, controllable, and 
sustainable. These characteristics are crucial in order to 
achieve the challenging global carbon reduction goals [16].

This paper concentrates on the layout, operation, and 
command of a 3-phase grid-connected PV system built by 
integrating a BESS, ultimately utilizing the strategy in the 
context of building-integrated photovoltaic systems (BIPV)
[17]. Unlike typical rooftop PV panels, BIPV is an 
aesthetically appealing component of the building envelope. 
Since PV panels and the building are entirely joined, this 
strategy will continue to generate electricity and work as a 
component of multi-storey multi-apartment buildings. As a 
further bid to self-consumption, BESS installation with BIPV 
will further improve the building’s autonomy and help the grid 
[18].

The organization of the paper proposes a comprehensive 
analysis of a solar-powered BESS-grid system control 
approach that was validated using MATLAB/Simulink 
simulations. The suggested method ensures stable DC-link 
voltage and better dynamic performance in the face of 
frequently shifting solar irradiation and load conditions. The 
fast MPPT performance allows for quick tracking of the 
maximum power point during rapid irradiance fluctuations. 
Coordinated control of the PV and batteries improves system 
stability while reducing control complexity [19].

II. SYSTEM MODELLING

Fig. 1, shows the blueprint of a dual-stage inverter system. 
It essentially takes power from the solar panels, sends it 
through a DC-DC boost converter, then a DC-AC inverter,
and also has a battery storage unit connected via a BDC to 
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