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This thesis specifically targets the obstacles faced by bifacial grid-connected photovoltaic (PV) systems in terms of power quality and stability. The incorporation of these PV systems into the electrical grid gives rise to concerns regarding voltage and frequency variations, harmonics, and power factor. Furthermore, it is crucial to optimize the dimensions of these systems in order to achieve optimal power generation and resource utilization efficiency.
In order to tackle these challenges, optimization algorithms are utilized to discover the ideal sizing and positioning of bifacial PV systems. The aim is to reduce power losses, enhance power quality, and improve system stability. The suggested method considers multiple factors, including solar irradiance, shading impacts, and characteristics of bifacial modules, to optimize the PV system's performance.
Different optimization algorithms, including Imperialist Competitive Algorithm (ICA), Grey Wolf Optimization (GWO), and Whale Optimization Algorithm (WOA), are utilized and their performance is evaluated in terms of converging speed and solution quality. A comprehensive mathematical model is developed to incorporate the optimization algorithms, PV system components, and power quality improvement techniques.
The results demonstrate that the proposed approach effectively improves power quality, enhances system stability, and optimizes the sizing of bifacial grid-connected PV systems. The optimization algorithms successfully determine the optimal number and positioning of bifacial modules, as well as the sizing of other components, such as inverters and transformers, to maximize power generation and minimize losses.
This research contributes to the field of renewable energy systems by providing valuable insights into the design and operation of bifacial grid-connected PV systems. The proposed approach can assist in the planning and implementation of such systems, ensuring their efficient integration into the electrical grid while maintaining high power quality and stability.
Keywords: Power Quality, PV system, Bifacial PV system, Bode Plot, Optimal Sizing, Grid-connected PV systems.
[bookmark: _Toc160099112][bookmark: _Toc177490983]INTRODUCTION
Photovoltaic (PV) systems have revolutionized the way we harness solar energy by converting sunlight directly into electricity. As the quest for sustainable and renewable energy sources intensifies, PV systems have gained increasing prominence in the renewable energy landscape. Grid-connected bifacial PV systems, a sophisticated advancement in PV technology, have emerged as an innovative solution to maximize energy generation. These systems incorporate bifacial photovoltaic modules, which generate electricity from both sides of the module, allowing for increased energy production and improved system efficiency. In this chapter, we will explore the foundational concepts and key components of grid-connected bifacial PV systems, enabling a comprehensive understanding of the technology's potential and benefits [1].
To comprehend the intricacies of grid-connected bifacial PV systems, it is crucial to grasp the underlying principles of traditional mono-facial PV systems first. Mono-facial PV modules, used extensively in conventional PV installations, generate electricity solely from the front surface that is exposed to sunlight. However, bifacial photovoltaic modules, the hallmark of bifacial PV systems, feature a front surface that interacts with the direct sunlight and a rear surface that captures the reflected and diffuse sunlight. This distinctive design allows bifacial modules to absorb sunlight from both sides, enabling higher energy yield potential compared to mono-facial modules. Consequently, the total power output of grid-connected bifacial PV systems is superior, making them an attractive option for grid integration [2], [3].
The key components of grid-connected bifacial PV systems include bifacial PV modules, inverters, mounting structures, and shading analysis tools. Bifacial PV modules are at the heart of these systems, constituting a fundamental departure from traditional modules. These modules employ transparent encapsulation materials, such as glass, to maximize the transmission of light to the rear surface, while maintaining electrical insulation properties. Inverters, essential for converting direct current (DC) generated by the PV modules to alternating current (AC) suitable for grid connection, play a critical role. Moreover, mounting structures are necessary to securely install the bifacial modules and optimize their exposure to sunlight. Shading analysis tools aid in assessing the potential impact of shadows and obstructions on the module's performance, ensuring efficient placement and minimizing light losses [3], [4].
One of the advantages of grid-connected bifacial PV systems lies in their enhanced energy yield and improved efficiency. By capturing sunlight from both sides, these systems leverage the reflected and diffuse light, thereby increasing overall energy generation. The rear surface of the bifacial PV modules can also harness albedo, the amount of reflected sunlight from the ground, further boosting power output. Increased energy yield and improved system efficiency make grid-connected bifacial PV systems an appealing option for energy-intensive applications, such as commercial and industrial installations. Additionally, these systems exhibit better performance in certain environmental conditions, such as snowy or cloudy regions, where the reflected light from snow or surrounding surfaces can be significant [5].
Grid-connected bifacial PV systems represent an innovative advancement in solar energy utilization. By incorporating bifacial PV modules, these systems capture sunlight from both the front and rear surfaces, resulting in superior energy generation and improved system efficiency. Fundamental understanding of mono-facial and bifacial PV systems, along with the key components involved, enables experts to design, install, and optimize these systems effectively. The benefits of grid-connected bifacial PV systems, including higher energy yield and improved performance under specific conditions, make them a promising solution for meeting our growing energy demands while minimizing environmental impact [5], [6].
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[bookmark: _Toc177487952][bookmark: _Toc177490985]1. Literature Review
In recent years, there has been a significant interest in the development of grid-connected bifacial photovoltaic (PV) systems. Bifacial PV systems are designed to generate electricity not only from the front side of the solar panels but also from the backside, utilizing the reflected and diffuse light. This review aims to explore the existing literature on grid-connected bifacial PV systems, focusing on their advantages, performance optimization techniques, and challenges [6], [7].
One of the key advantages of bifacial PV systems lies in their potential to increase overall energy generation. Studies have shown that these systems can generate up to 27% more electricity compared to traditional one-sided PV systems. This increased generation can be attributed to the ability of the rear side of the solar panels to capture and convert the reflected and diffuse light, which is typically wasted in one-sided systems. Moreover, the additional energy yield obtained from the rear side can improve energy production during low-light conditions, extend peak performance hours, and decrease the dependence on direct sunlight [7].
To optimize the performance of grid-connected bifacial PV systems, several techniques have been proposed by researchers. One such technique is the optimization of the tilt angle and height of the solar panels to maximize rear-side irradiance. Studies have suggested that an optimal tilt angle range exists, which varies based on factors such as geographic location and weather conditions. Other techniques include increasing the solar panel's albedo or using reflective surfaces to enhance rear-side radiation, as well as using advanced tracking systems to track the movement of the sun, thereby improving energy yield [8].
However, despite the potential advantages and optimization techniques, there are still challenges to be addressed in grid-connected bifacial PV systems. One major challenge is the accurate modeling and prediction of their performance. Due to the complexity of bifacial PV systems, accurate models that consider various parameters such as shading, albedo, and spectral reflectance are required for reliable performance predictions. Furthermore, the integration of bifacial PV systems into the existing grid infrastructure poses technical and economic challenges that need to be addressed [8], [9].
The literature on grid-connected bifacial PV systems highlights their potential advantages in terms of increased energy generation and performance optimization techniques. The ability to capture and convert rear-side irradiance makes these systems attractive for various applications, including increasing energy production in low-light conditions. However, challenges such as accurate performance modeling and grid integration need to be overcome for widespread adoption. Further research is needed to explore and address these challenges to fully leverage the benefits of grid-connected bifacial PV systems in the renewable energy landscape.
[bookmark: _Toc177487953][bookmark: _Toc177490986]1.1. Power Quality and Stability Improvement
The increasing focus on power electronic devices in current trends is driven by their application in real-time scenarios. Different types of controllers are commonly employed to tackle various power quality issues. The significant expansion of PV systems relies heavily on advancements in global radiation and power quality. Inverters, which convert DC to AC power, are frequently linked to distribution systems. Voltage and current distortion can have a detrimental impact on system performance when connected to the grid. The performance of the system and power network, in relation to power quality, is also influenced by volatile devices, non-linear loads, and renewable energy sources (RES). The distinct functions of power quality impact both consumers and utility equipment. The incorporation of renewable energy sources into the grid can help enhance power quality.
The PQ is enhanced by integrating the improved Dynamic Voltage Restorer (DVR) and RLC link filter into the injection transformers with voltage source inverter. The performance of the DVR is further boosted by using the 7-level H-bridge connected inverter. The RLC filter effectively eliminates switching harmonics. In a three-phase medium-voltage network, the hybrid PV-Wind system benefits from enhanced PQ and Low Voltage Ride Through (LVRT) capability with DVR control [11]. Figure 1 depicts the block diagram of the integrated photovoltaic–thermoelectric generator (PV-TEG) system.
[image: ]
[bookmark: _Toc160791131][bookmark: _Toc177488144][bookmark: _Toc178073855]Figure 1. The block diagram of the hybrid photovoltaic–thermoelectric generator (PV-TEG) integrated photovoltaic–thermoelectric generator (DVR) system.
Zheng Zeng and team [12] proposed a new control method for multi-functional grid-connected inverters (MFGCI) that improves power quality (PQ) to a certain extent. This method provides various advantages in terms of PQ features by adjusting capacity margins and meeting consumer needs. However, evaluating the complexity of PQ pre and post compensation poses a challenge. A visual representation in Figure 2 illustrates the standard setup of a single-phase full-bridge MFGCI. Figure 2 shows the typical configuration of a single-phase full-bridge MFGCI.
In their study, Mishra and colleagues [13] demonstrated that a single-phase grid-connected system employs the incremental conductance (INC) based MPPT algorithm. Voltage balancing at the neutral point is achieved using the Carrier Based Pulse Width Modulation (CBPWM) technique. Integration of PV power into the grid aids in minimizing grid current harmonics. The CBPWM technique is selected for its benefits of low harmonic outputs and decreased switching losses in this grid system. Fluctuations in insolation result in a reduction of the PV array current.
[image: ]
[bookmark: _Toc160791132][bookmark: _Toc177488145][bookmark: _Toc178073856]Figure 2. The block diagram of the hybrid photovoltaic–thermoelectric generator (PV-TEG) integrated photovoltaic–thermoelectric generator (DVR) system.
Deepak C. Bhonsle, Ramesh B. Kelkar and colleagues [14] proposed an innovative method for improving Power Quality (PQ) at the Point of Common Coupling (PCC) by implementing a composite filter. This technique successfully eliminates the erratic flickering often associated with traditional filter designs. Evaluation of different parameters is conducted to measure the severity of flickering. Nevertheless, when flickering levels are elevated, it can result in further PQ complications.
Sudheer Kasa and team [15] presented a new method known as the Adaptive Neuro Fuzzy Inference System (ANFIS) to tackle power quality (PQ) concerns and enhance total harmonic distortion (THD) in the power grid. This innovative approach guarantees a steady power supply and a notable decrease in THD. Nevertheless, its effectiveness is constrained when dealing with high power levels due to its operation within limited frequency ranges.
Madishetti, S et al. [16] showcased how system PQ can be enhanced by employing a Scott-transformer-based Power Factor Correction (PFC) rectifier in a 3-level neutral point-clamped (NPC) inverter-driven induction motor drive (IMD). The Scott-transformer-based PFC rectifier is regulated using current feed forward control. Introducing a three-level NPC Voltage Source Inverter (VSI) leads to decreased stator current ripple and stator voltage. Moreover, incorporating the dc bus reference current into the torque component of the stator current reference improves dynamic performance. The DC link voltage is influenced by abrupt changes in the load variation of the motor drives.
In their innovative study, Sujatha, B. G., and G. S. Anitha [17] proposed a new method that integrates RBFNN and PI controller to improve the efficiency of grid connected PV systems. The main goal of this approach is to forecast the gain parameters for various situations in micro grids. Despite the obstacles encountered by PV systems, they continue to be a vital renewable technology with significant implications for the system.
Prabaharan and team proposed an innovative method to improve grid-connected PV systems by utilizing a compact switch MLI setup along with DC supply. This setup reduces the number of power electronic devices needed compared to current MLI configurations, leading to a smoother output voltage with lower total harmonic distortion (THD). Nevertheless, a common issue with these setups is the presence of multiple independent fluctuating DC sources, which may present challenges in real-world scenarios [18].
The stability of renewable energy is compromised by unauthorized fluctuations, prompting the use of storage systems to counteract them. However, the high cost and limited lifespan of batteries hinder their investment, leading to the use of super capacitors in conjunction with batteries to enhance system performance and stability. Nevertheless, research on large-scale photovoltaic systems and domestic applications remains scarce [19].
The use of super capacitors in grid-connected PV systems has been shown to improve stability in abnormal network fault conditions, according to Ref. [20]. These capacitors store energy and are controlled to maintain a constant DC voltage and improve power management between the super capacitor and the network during faults. Various control techniques were used and the behavior of photovoltaic systems with and without the capacitors was compared, demonstrating a clear improvement in system stability with their use.
The micro grid is a high-capacity photovoltaic system with energy management and grid connectivity. It can regulate power injection, smooth farm output power, and share power. However, voltage fluctuations caused by mixed renewable energy sources lead to power quality issues. To maintain stability, it is crucial to study the performance of micro grids in transient and steady states [21]. 
In a Ref. [22], a dynamic control method was employed for the voltage source converter (VSC) in a hybrid (solar-wind) power system. The authors proposed a d-q unit to ensure network balance. The VSC is responsible for connecting the system's output to the DC-link bus bar, while a voltage source inverter (VSI) is used to convert DC power to AC power. To enhance the performance of hybrid power generation systems, super capacitors (SCs) are utilized to reduce ripples on the distribution side of the power grid, dampen vibrations, and maintain stability during sudden operating conditions.
A PI controller was proposed to effectively control the super capacitor (SC) in the presence of weak network conditions and variable disturbance conditions. The use of an LCL filter helped to reduce harmonics and improve the dynamic performance of the system. The stability requirements and quality specifications were also met. Despite the intermittent nature of sunlight and wind speed, they did not adversely affect the loads.
[bookmark: _Toc177487954][bookmark: _Toc177490987]1.2. Bifacial PV Sizing
This review analyzes the existing literature to provide a comprehensive understanding of sizing methods and factors influencing the performance of bifacial PV systems.
The optimal sizing of bifacial PV systems depends on several factors, including geographical location, module type, system configuration, and energy output requirements. Researchers have proposed different sizing models and approaches to maximize the energy yield of these systems. In Ref. [23], a novel sizing methodology based on the coupling of optimization algorithms and machine learning techniques was presented. The authors integrated a design of experiment method with artificial neural networks to achieve accurate predictions of system output, taking into account the physical parameters and environmental variables.
Furthermore, the impact of various design parameters on the performance of bifacial PV systems has been investigated. In Ref [24], the authors examined the effects of inclination angle and tilt angle on energy generation. Their findings indicated that optimal tilt and inclination angles significantly increased energy output, suggesting the necessity of considering these parameters during the sizing process.
[bookmark: _Hlk144774794]Additionally, researchers have explored the benefits of incorporating reflective surfaces, such as white back-sheet and ground albedo, in bifacial PV systems. Ref. [25] conducted an experimental study to investigate the effect of back-sheet reflectivity on the performance of bifacial modules. Their results highlighted the potential for enhanced energy yield when utilizing high-reflectivity back-sheet materials, emphasizing the importance of proper sizing to make the most of this feature.
A comprehensive review of literature on bifacial PV sizing has revealed various methodologies and factors that influence the performance of these photovoltaic systems. It is evident that optimal sizing requires consideration of multiple parameters, including geographical location, module type, system configuration, and design parameters. Incorporating reflective surfaces has also been identified as a potential means to enhance energy generation. As technology advances and new innovations emerge, further research should focus on developing sophisticated sizing models that effectively account for these factors to optimize the performance of bifacial PV systems.
[bookmark: _Toc160099115][bookmark: _Toc177487955][bookmark: _Toc177490988]2. Research Problem
Power quality and stability problems in grid-connect Photovoltaic (PV) systems have become a significant concern in recent years. As solar energy adoption has increased, so has the number of PV systems integrated into the grid. While this renewable energy source offers many benefits, such as reducing carbon emissions and promoting sustainability, it also presents unique challenges in terms of power quality and stability.
One of the primary issues with grid-connect bifacial PV systems is the intermittent nature of solar energy production. As solar panels depend on sunlight to generate electricity, power output can fluctuate rapidly due to factors such as cloud cover or shading. These fluctuations not only affect the amount of power injected into the grid but can also lead to voltage variations and frequency instability. This instability can disrupt the normal operation of various grid-connected devices and even cause power outages. Therefore, ensuring a stable and reliable power supply is crucial for the successful integration of bifacial PV systems.
Another challenge associated with grid-connect bifacial PV systems is the potential for harmonic distortion. Harmonics are unwanted frequencies that can result from the nonlinear behaviour of some bifacial PV inverters. These harmonics can introduce voltage and current distortions in the grid, leading to equipment malfunction and reduced power quality. It becomes critical to address these issues by implementing appropriate filtering techniques and grid codes that regulate bifacial PV system standards. By mitigating harmonic distortions, the overall power quality can be improved, ensuring that the electricity supplied from bifacial PV systems is clean and stable.
Power quality and stability problems pose a significant challenge in grid-connect PV systems. The intermittent nature of solar energy production and the potential for harmonic distortions can result in voltage variations, frequency instability, and reduced power quality. As PV systems continue to be integrated into the grid, it is crucial to address these issues through advanced technologies, such as enhanced inverters, filtering techniques, and grid codes. By doing so, we can ensure the successful integration of PV systems into the grid while maintaining a reliable and stable power supply.
Designers and engineers encounter a unique obstacle when determining the appropriate size for grid-connected bifacial PV systems. This is because of several factors, including the fluctuating performance of bifacial PV modules, the uncertainty surrounding ground surface reflection coefficients, and the intricacies of grid interconnection. To accurately ascertain the system size, a profound comprehension of engineering principles, statistical analysis, and energy management algorithms is imperative. By fulfilling these prerequisites, one can effectively tackle sizing challenges and make significant contributions to the advancement of eco-friendly and enduring energy solutions.
[bookmark: _Toc160099116][bookmark: _Toc177487956][bookmark: _Toc177490989]3. Research Hypotheses
Using a filter on the DC side of a grid-connected PV system can enhance the power quality and stability of the system, through the optimal adjustment of controller parameters. Optimal selection of the number of components in photovoltaic systems connected to the grid can result in cost reduction for generating capacity, as well as improved energy management and decreased losses.
[bookmark: _Toc160099117][bookmark: _Toc177487957][bookmark: _Toc177490990]4. Research Objectives
Power quality and stability are paramount objectives in grid-connected photovoltaic (PV) systems. As the demand for renewable energy increases, it is crucial to maintain the reliability and efficiency of the electrical grid. Power quality refers to the conformity of electrical supply to the desired voltage and frequency levels, ensuring the smooth operation of electrical devices. In a grid-connected PV system, power quality objectives involve minimizing voltage fluctuations and harmonics, while maintaining a constant frequency, to avoid disturbances and damage to both the PV system and the electrical grid.
Stability, on the other hand, refers to the ability of the grid-connected PV system to maintain a steady and balanced power supply. Stability objectives aim to preserve the equilibrium between the electricity supply and the electrical load, ensuring a secure and uninterrupted energy flow. Achieving stability is essential to prevent risk and potential issues such as voltage instabilities, system collapse, and outages. By pursuing these power quality and stability objectives, grid-connected PV systems can operate optimally, contributing to a reliable and sustainable energy infrastructure.
The objectives of optimal sizing a grid-connected photovoltaic (PV) system encompass maximizing energy generation and minimizing overall costs while ensuring system reliability. To achieve efficiency, it is crucial to accurately determine the appropriate system size suitable for the given location and energy demand. The optimal sizing process involves considering various factors such as solar resource availability, load profiles, equipment reliability, and grid requirements. By striking the right balance between these factors, the PV system can efficiently meet the required energy demand, optimize power output, minimize excess generation, and effectively contribute to grid stability. Ultimately, the objectives of optimal sizing grid-connected PV systems aim to enhance renewable energy integration, reduce dependency on fossil fuels, and promote sustainable development in the pursuit of a greener future.
[bookmark: _Toc160099118][bookmark: _Toc177487958][bookmark: _Toc177490991]5. Research Importance
Power quality and stability are fundamental aspects that greatly impact the functionality and efficacy of photovoltaic (PV) systems. Ensuring high power quality and stability in PV systems is of paramount importance for graduate-level research, as it directly influences the reliability and performance of these systems. By improving power quality, issues such as voltage sags, harmonics, and frequency fluctuations can be mitigated, reducing the risk of equipment failure and enhancing the overall efficiency of PV systems. Moreover, stable power supply fosters optimal energy production, ultimately bolstering the economic viability and long-term sustainability of renewable energy sources. Therefore, as a graduate school student delving into the realm of PV systems, the understanding and pursuit of power quality and stability improvements become pivotal in securing a reliable and resilient energy infrastructure for a sustainable future.
The significance of optimal sizing for a grid-connected photovoltaic (PV) system cannot be overstated, especially in the present context of increasing energy demand and urgent need to transition towards sustainable and clean energy sources. An optimally sized PV system ensures efficient utilization of resources, maximized power generation, and cost-effectiveness. By accurately determining the system capacity, the energy needs of the premises can be efficiently met, mitigating the risk of excessive or insufficient power generation. This, in turn, enhances the overall system performance and maximizes the economic benefits, making it an indispensable component for the successful integration of renewable energy sources into the existing grid infrastructure. Thus, a comprehensive understanding and implementation of optimal sizing strategies are crucial for aspiring engineers and researchers to contribute to the development of an energy-efficient and sustainable future.
[bookmark: _Toc160099119][bookmark: _Toc177487959][bookmark: _Toc177490992]6. Research Methodology
This research presents a novel method for utilizing active filters and controlling their electronic components using modern optimization algorithms. It also aims to improve stability and power quality by optimizing the parameters of the controllers. Furthermore, it determines the optimal number and dimensions of elements by following these steps:
1- Complete the literature review.
2- Conduct an investigation on solar radiation and the integration of photovoltaic panels into the grid, focusing on key attributes and exploring the functionality of photovoltaic systems.
3- Conduct a comprehensive analysis of bifacial solar power systems, and conduct a detailed assessment of energy storage solutions for the implementation of solar power systems (for both residential and large-scale purposes).
4- Proposing the utilization of an active filter and artificial intelligence algorithms to effectively fine-tune the controller's parameters, enhancing system stability and minimizing total harmonic distortion on the AC side. Furthermore, determining the equivalent transfer function of the system pre and post filter integration, and evaluating this function using standard test signals to demonstrate the impact of the filter on the system under study.
5- Utilization of optimization algorithms is employed to ascertain the ideal quantity of components for a grid-connected bifacial photovoltaic system. In order to enhance energy management and minimize losses.
6- [bookmark: _Toc160099120]Discussing the results and proposing several recommendations.

[bookmark: _Toc160099121][bookmark: _Toc177487960][bookmark: _Toc177490993][bookmark: _Toc146531519]7. BIFACIAL SOLAR PANELS
Solar energy is an alternative to using fuels which run out over time and pollute the environment. A solar cell is a tool for converting "solar energy" into electricity for use in homes and factories.
In order to collect the largest amount of solar radiation, the location of the earth from the sun must be known and the four seasons of the year should be determined. Figure 3 shows the relation between the sun and the earth. The location of the countries that lie on the equator must be known. These countries have approximately one season throughout the year, which is the summer. It is also known that the regions that lie south and north of the equator have four seasons [26], [27].
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[bookmark: _Toc160791133][bookmark: _Toc177488146][bookmark: _Toc178073857]Figure 3. The relation between the sun and the earth
[bookmark: _Toc160099122][bookmark: _Toc177487961][bookmark: _Toc177490994][bookmark: _Toc146531521]8. Solar Radiation
In order to investigate the solar energy, we must have accurate information about solar radiation, the amount of radiation received by the earth, the components of the earth’s atmosphere (water vapor - absorbent gases - suspended particles), and other geographic, cosmic and climatic factors [28]. 
[bookmark: _Toc146531522][bookmark: _Toc160099123][bookmark: _Toc177487962][bookmark: _Toc177490995]8.1. Availability of solar energy on the Earth's surface
The Earth revolves around itself every 24 hours, and around the sun every 365.25 days in an elliptical orbit. the average distance between the sun and the earth is [28]:
	
	(1-1)


Where: 
152.1 million km: is the farthest distance between the sun and the earth (at 4 June).
147.1 million km: is the nearest distance between the sun and the earth (at 3 December).
The Earth revolves around an axis tilted 23.45° from its orbit around the Sun, and this tilt is very important for the distribution of solar radiation on the Earth's surface [29].
The earth receives a quantity of energy in the form of solar radiation at a rate of (8×10) ^16 watts, which is more than 10,000 times the world's current energy needs. Therefore, solar radiation is an important and main source of renewable energy. The systems for converting solar energy into thermal or electrical energy differ from the rest of the other systems because of the difficult control of the amount of available energy. The solar energy is constantly changing and determined by several factors, the most important of which are the following [30], [31]:
· The distance between the earth and the sun: it is variable due to the revolving of the earth around the sun according to an elliptical path.
· The tilt of the Earth's rotation axis: The Earth's axis tilts 23.45° from its orbit around the Sun, which in turn works to distribute solar radiation on the Earth's surface. The length changes of the day and night, and the four seasons’ changes are results of the Earth's axis tilts.
· Purity of the atmosphere: The earth is surrounding by gases, dust particles and vapors.  The vapors related to the atmosphere scatter the solar energy as it passes through the atmosphere, and the amount of scattering depends on the conditions of the atmosphere.
· Geographical location: In general, it can be said that areas located at latitudes close to the equator have more solar radiation than others.
· The location of the receiver: The presence of the solar receiver in a place crowded with buildings and trees may prevent direct radiation from reaching it.
· Orientation of the receiver: panels attached to the sun receive more solar radiation than others, and panels installed with a tilt towards the south receive more solar radiation than panels installed horizontally in the northern hemisphere regions.
· Time of day: In general, the receiver at noon receives a greater amount of solar radiation than the rest of the times.
· Time of the year: There is more solar radiation in the summer than in other seasons because of the length of the day and the shortness of the night.
· Weather conditions: The most important weather factors affecting solar radiation are clouds, which may block more than 50% of the total radiation (direct + scattered). There are other atmospheric factors that affect radiation such as dust particles, water vapor and airborne pollutants.
[bookmark: _Toc146531523][bookmark: _Toc160099124][bookmark: _Toc177487963][bookmark: _Toc177490996]8.2. Solar Radiation Types
The group of radiation that hits the surface of the photovoltaic cell or a specific area on the surface of the Earth consists of three basic parts (Figure 4) [32]:
1. Direct Beam Radiation.
2. Diffuse Radiation.
3. Albedo Radiation.
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[bookmark: _Toc160791134][bookmark: _Toc177488147][bookmark: _Toc178073858]Figure 4. The basic parts of solar radiation falling on the surface of a photovoltaic cell.
The solar radiation intensity changes between summer and winter is due to the Earth’s tilt and its rotation around the sun (Figure 5). In June, the North Pole faces the sun, and for this reason, solar rays go almost vertically to the northern part of the globe. As for the month of December, the North Pole deviates away from the sun. The sun emits less energy dense. Energy density is defined as the amount of energy falling, measured in kilowatt-hours, on a square meter of the Earth's surface in a given time [33], [34].
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[bookmark: _Toc160791135][bookmark: _Toc177488148][bookmark: _Toc178073859]Figure 5. The change in the intensity of solar radiation between summer and winter.
[bookmark: _Toc146531524][bookmark: _Toc160099125][bookmark: _Toc177487964][bookmark: _Toc177490997]8.3. Sun Angles
Since the solar radiation intensity fallen on the Earth’s surface is dependent on the location of the Earth’s surface according to the Sun, it is necessary to define some geometric angles that explain the relationship between the Earth’s surface and the Sun [35], [36].
· Latitude of a point (Ф): the angular location of the studied point with respect to the equator, the line of latitude is positive at the north of the equator, and according to Figure 6, it is the angle between the line op - and its projection on the plane of the equator [13].

· Declination angle (): The angle made by the solar radiation falling on the Earth's surface with the circle of the equator. The value of this angle ranges between 23.45° and -23.45°. This angle can be calculated by the following equation [35]:
	

	(1-2)


Where:
n: day number of the year.
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[bookmark: _Toc160791136][bookmark: _Toc177488149][bookmark: _Toc178073860]Figure 6. The Declination angle () and the hour angle
In Figure 6, Hour angle   is the unit of time in terms of angle, 1 hour = 15 degrees or 24 hours equals 360 degrees. This angle is measured from the time of solar noon, and is negative before noon and positive in the afternoon. The location of a point on Earth in relation to solar radiation at any moment can be determined if the latitude (L), the hour angle , and the solar inclination   are known. The hour angle can be calculated with acceptable accuracy if the solar noon is set daily (ts = 12) with the following equation [35]:
	 = (ts –12) 360/24
	(1-3)


ts is defined as the true local solar time (in hours). The hour angle for both sunrise and sunset can be calculated as:
	cos  = - tan ø tan      
	(1-4)


The sunset angle is given by the relationship:
	set = - rise
	(1-5)


The length of the day (in hours) on any day of the year can be calculated by the following equation:
	

	(1-6)


· Solar Time and Equation of Time: The Earth revolves around the Sun in an elliptical orbit, which means that the Earth's rotation speed around the Sun is not constant. The mean sun time is the local solar time, assuming that the Earth's rotation speed around the sun is constant. A solar day is defined as the period of time taken for the sun to complete a whole revolution around an observer on the Earth's surface. The length of the solar day varies during the year and is not necessarily 24 hours, so at different times of the year the sun appears earlier or later than the mean solar time. The difference between the real time of the sun and the mean solar time is known by the equation of time, this value ranges between +16.3 minutes in November and -14.4 minutes in February. Also, it is necessary to take into account the difference in the longitude of the beholder in a region between the meridian of its true location and the meridian on which the local time of that region worked (the standard meridian), as the sun takes 4 minutes to cut one longitude [36].
	
	(1-7)

	
	(1-8)

	

	(1-9)


Where:
n: day of the year; 1 <n < 365
St: solar time
Lt: local time
Lst: the time equation (In minutes)
D: summer time and solar time
summer time begins on March 27 and winter time begins on December 25.
Lloc: longitude of the studied site. Figure 7 shows the change in the length of the day in minutes. In addition, Figure 8 shows Latitude Ф, Hour declination ω, Solar declination δ, and Figure  9  shows altitude, Zenith and Azimuth Angle.
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[bookmark: _Toc177488150][bookmark: _Toc178073861][bookmark: _Toc160791137]Figure 7. The change in the length of the day in minutes. 
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[bookmark: _Toc160791138][bookmark: _Toc177488151][bookmark: _Toc178073862]Figure 8. Latitude Ф, Hour declination ω, Solar declination δ.
· Altitude angle : It is the angle between the solar radiation and the projection of this radiation on a horizontal surface. This angle is calculated as follows:
	 = 90 - z
	(1-10)


Where: 
z: is the Zenith angle.
	sin  = cos ø cos  cos  + sin ø sin 
	(1-11)


[image: fig 6]Ψ

[bookmark: _Toc160791139][bookmark: _Toc177488152][bookmark: _Toc178073863]Figure 9. Altitude, Zenith and Azimuth Angle.
· Zenith angle (z): It is the angle made by a pillar on the surface of an object with the solar radiation falling on it. The angle of elevation could determine as the following equation:
	cos z = cos  cos ø cos  + sin  sin ø
	(1-12)


Where: 
z: Zenith angle.    
ø: Latitude of a point.
: Hour angle. 	
 azimuth angle.
: Declination angle
It is the angle of deviation of the geometric projection on a horizontal plane of a falling column from the sun at a specific time so that the measure of the angle starting from the south (zero) is positive towards the west and negative towards the east.
It is the angle of deviation of the geometric projection on a horizontal plane of a falling column from the sun at a specific time so that the measure of the angle starting from the south (zero) is positive towards west and negative towards east.
The azimuth angle can be calculated as:
	
	(1-13)

	
	(1-14)


Figure 10 shows the different angles of the sun.
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[bookmark: _Toc160791140][bookmark: _Toc177488153][bookmark: _Toc178073864]Figure 10. Different locations of the sun.
· Gsc (solar constant): The sun emits huge amounts of solar energy, but only a small part of it reaches the Earth's atmosphere.The sun emits huge amounts of solar energy, but only a small part of it reaches the Earth's outer atmosphere.تبعث الشمس كميات هائلة من الطاقة الشمسية ، لكن جزءًا صغيرًا منها فقط يصل إلى الغلاف الجوي الخارجي للأرض.The sun radiates huge amounts of solar energy, but only a small part of it reaches the Earth's outer atmosphere.تشع الشمس كميات هائلة من الطاقة الشمسية ، لكن جزءًا صغيرًا منها فقط يصل إلى الغلاف الجوي الخارجي للأرض.يتعذّر تحميل النتائج بالكامل. This part resembles its spectral distribution to a large extent what is radiated by a black body at a temperature of 5777 Kelvin (Figure 11).
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[bookmark: _Toc160791141][bookmark: _Toc177488154][bookmark: _Toc178073865]Figure 11. the distribution of solar energy on the different spectra outside the earth's atmosphere and on the ground, as well as the spectral distribution of radiant energy emitted by a hot black body at 5777 Kelvin.
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This part resembles its spectral distribution to a large extent what is radiated by a black body at a temperature of 5777 degrees Kelvin.
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Although the Earth's orbit around the Sun is close to circular, the difference in the distance between the Earth and the Sun affects the intensity of solar radiation during one year by 7%. This effect can be calculated at any time of the year by the following mathematical relationship [35], [36]:
	

	(1-15)


Where: 
على الرغم من أن مدار الأرض حول الشمس قريب من دائري ، فإن الاختلاف في المسافة بين الأرض والشمس يؤثر على شدة الإشعاع الشمسي خلال عام واحد بنسبة 7٪.
Although the Earth's orbit around the Sun is close to circular, the difference in the distance between the Earth and the Sun affects the intensity of solar radiation during a single year by 7%.
على الرغم من أن مدار الأرض حول الشمس قريب من دائري ، فإن الاختلاف في المسافة بين الأرض والشمس يؤثر على شدة الإشعاع الشمسي خلال عام واحد بنسبة 7٪.
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n: is the day order of the year.
Gon: extraterrestrial radiation.
Gsc: solar constant.
[bookmark: _Toc146531525][bookmark: _Toc160099126][bookmark: _Toc177487965][bookmark: _Toc177490998]8.4. Solar Radiation Calculations 
Calculating the sun's radiation reaching the Earth's surface is not a simple process because it depends on many variables and factors. These variables are the amount of solar energy outside the atmosphere, the solar energy that spreads due to the collision of solar radiation with atmospheric air atoms, and the solar angles and their changes with time and location [16], [17]. 
· Vertical direct solar radiation: Solar radiation outside the atmosphere (solar constant) will be affected as it enters the atmosphere [37].
	HBN =A EXP ()
	(1-16)


Where:
IDN: is the direct vertical solar radiation in watts/m2.
PL/P0: is the atmospheric pressure in the location or area to the standard atmospheric pressure, and it can be calculated from the following equation [17]:
	PL/P0=EXP (-0. 0001184.Halt)
	(1-17)


Halt: is the height of the site at which the solar radiation is to be calculated above sea level (m) [36].
A: is the intensity of solar radiation.
B:  is the decay coefficient of radiation in the atmosphere.
(A) and (B) can be calculated from the following equations:
	A= 1158. [1+0.066.cos (360N/370)].
	(1-18)

	B= 0.175. [1-0.2.cos (0.93.N)]-0.045[1-cos (1.95N)]
	(1-19)


 where N: is the day order of the year.
· Diffuse solar radiation: It is the fallen radiation on a surface after being scattered through the atmosphere layers, or it is the radiation that is reflected and falls on that surface. As for the dissipated radiation from the sky falling on an inclined surface, is given by the following equation:
	Hdt=Hd[(1+CosS)/2]
	(1-20)

	Hd=C* HBN
	(1-21)


whereas the radiation reflected from the ground to the inclined surface is given by the following equation:
	Hgt=H**[(1+CosS)/2]
	(1-22)

	H=Hd+ HBN*
	(1-23)



· Global solar radiation: It is the sum of both direct radiation and scattered radiation [37].
[bookmark: _Toc177487966][bookmark: _Toc177490999][bookmark: _Toc146531526][bookmark: _Toc160099127]8.5. Reflectance and Reflectivity of the Ground 
When radiation reaches the earth, it is affected by it as well. The earth surface is a poor reflector, and the earth reflectivity depends on the type of soil. The amount of radiation reflected from the ground depends on the coefficient of reflection of the ground, which is known as the “albedo” "ground". The value of ground ranges from 0.2 for normal condition to 0.7 when snow is present. Table 1 shows some materials that are found on Earth and their ability to reflect radiation [36], [37].
[bookmark: _Toc160791107][bookmark: _Toc177488236][bookmark: _Toc178073947]Table 1. Reflectivity for some types of surfaces.
	Surface
	Reflective

	Average of all types of clouds
	50% to 55%

	Concrete
	17% to 27%

	Green plants
	5% to 15%

	Forests
	5% to 10%

	Green pastures
	10% to 20%

	Wet plowed field
	14% to 17%

	Black asphalt road
	5% to 10%

	White sand
	34% to 40%

	Fresh snow
	75% to 90%

	Old snow
	45% to 70%

	Dark soil
	5% to 15%

	Soil like desert
	25% to 30%

	Water
	8%


[bookmark: _Toc146531527][bookmark: _Toc160099128][bookmark: _Toc177487967][bookmark: _Toc177491000]9. Introduction to Nonofficial and Bifacial PV Cells
[bookmark: _Toc146531528][bookmark: _Toc160099129][bookmark: _Toc177487968][bookmark: _Toc177491001]9.1. The Working Principle of the Nonofficial Solar Cell
The cell is a p-n junction where the surface of this junction is perpendicular to the direction of the sun's rays. When sunlight falls on the cell, a certain part of the cell, which is inside the semiconductor material, absorbs photons whose energy is equal to the energy of the gap or greater. As the valence belt electrons are excited. To cross the gap until it reaches the conveyor belt, and this is a condition for imbalance in the link (p-n) [37]. 
(PV) cells also possess electric fields that force the electrons released by the absorbed photons to flow in a specific direction. The electrons flow is the current which can be pulled for external use by installing metal connections at the top and bottom of the cell (Figure 12) [36].
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[bookmark: _Toc160791142][bookmark: _Toc177488155][bookmark: _Toc178073866]Figure 12 The working principle of the solar cell
[bookmark: _Toc146531529][bookmark: _Toc160099130][bookmark: _Toc177487969][bookmark: _Toc177491002]9.2. PV Cell Modeling and Characteristics
The PV cell utilizes semiconductor materials to convert sunlight into electrical energy, following the principles of semiconductor p-n junction theory in electronics. It can be depicted as a current source in a circuit model [38], as illustrated in Figure 13.
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[bookmark: _Toc160791143][bookmark: _Toc177488156][bookmark: _Toc178073867]Figure 13. Equivalent circuit model of PV cell.
I is the PV generated current which is relative to the solar radiation and temperature. The stronger the irradiance is. The output is described as:
	
	(1-24)


Where, Iph is the Insolation current I is the Cell current Io is the Reverse saturation current V is the Cell voltage RS is the Series resistance Rp is the Parallel resistance
K is the Boltzmann constant T is the cell temperature in Kelvin q is the Charge of an electron The PV mathematical model used to simplify our PV array is represented by the equation:
VT is the Thermal voltage 
	
	(1-25)


The PV array output current (I) is determined by the PV array output voltage (V), the number of cells connected in series (ns), the number of cells connected in parallel (np), the p-n junction ideality factor (A), and the cell reverse saturation current (Io). The factor "A" represents the deviation of the cell from ideal p-n junction characteristics, with a range of 1 to 5. The cell reverse saturation current Io changes with temperature according to the equation provided.

	
	(1-26)


Where, Tr: is the cell reference temperature. Irr: is the cell reverse saturation temperature at Tr. EG is the band gap of the semiconductor used in the cell. The temperature dependence of the energy gap of the semiconductor is given by [37]:
	
	(1-27)


The photo current Iph depends on the solar radiation and cell temperature as follows:
	
	(1-28)


The PV power can be determined by the following equation, where Iscr represents the cell short-circuit current at reference temperature and radiation, Ki is the short circuit current temperature coefficient, and S is the solar radiation in mw/cm2 [37]:
	
	(1-29)


There are several methods used to characterize the solar cells performance, one of these methods is a fill factor (FF). The fill factor (FF) gives an idea of the general behaviour of solar cells. The fill factor (FF) is defined as the ratio of the maximum available power to the product of short circuit current and open circuit voltage as equation (29-2) shows:
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[bookmark: _Toc146531530][bookmark: _Toc160099131]


[bookmark: _Toc177487970][bookmark: _Toc177491003]10. The Working Principle of Bifacial Cells
[bookmark: _Toc146531531][bookmark: _Toc160099132][bookmark: _Toc177487971][bookmark: _Toc177491004]10.1. How Do Bifacial Solar Panels Work
Bifacial solar panels are able to harness energy from both direct sunlight and reflected light, making them two-sided panels. This sets them apart from traditional single-sided solar panels that only capture energy from the side directly exposed to the sun [38].
Bifacial solar panels are designed to capture sunlight from both the front and back of the panel by replacing the back protection layer with a material that allows radiation to pass through. These panels feature a glass front side and a transparent polymer backing to encapsulate the cells, enabling them to absorb reflected radiation from the back side [38].
By harnessing both ambient light and direct sunlight, bifacial panels can generate more electricity, reducing the number of panels needed compared to traditional mono facial panels. These panels are constructed with transparent glass, allowing light to pass through and reflect off the surface below. To optimize light absorption, glass is used instead of metal frames or grid lines for support. Tempered glass is used to prevent scratching. Bifacial panels operate similarly to other photovoltaic panels, utilizing crystalline silicon to convert sunlight into electricity. The back side of a bifacial panel shares its circuit with the front side, increasing efficiency without adding extra circuits.
Bifacial cells are distinguished from traditional ones by the presence of an emitter layer on both the front and back faces. Figure 14 shows both the front and back emitters. These cells are also characterized by the presence of connecting rods on both sides [33], [34].
Some bifacial panels use glass in the back facade because the glass is stable, non-reactive, longer lasting and unaffected by UV rays, some manufacturers offer a 30-year performance guarantee. The production of bifacial panels is 10-20% higher than that of conventional panels, and in good conditions and if a uniaxial sun tracking system is used, the production can reach 30-40% higher.
The upper and lower solar cells in a bifacial solar array function in distinct ways. The top solar cells operate similarly to a traditional solar panel array, capturing direct sunlight and absorbing specific wavelengths. In contrast, the lower solar cells absorb light reflected from the Earth. To optimize this reflection, it is advised to paint the area beneath the panels with a white or silver surface, as these colors reflect light more effectively than darker colors. Research by Burns & McDonnell shows that white roofs reflect over 80% of light, while grass reflects only 23%..
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[bookmark: _Toc160791144][bookmark: _Toc177488157][bookmark: _Toc178073868]Figure 14. Bifacial solar panels.
[bookmark: _Toc146531532][bookmark: _Toc160099133][bookmark: _Toc177487972][bookmark: _Toc177491005]10.2. Bifacial Total Irradiance
Ultimately the goal of measuring or modelling both the front and rear-side irradiance of a bifacial PV system is to arrive at a time-dependent value of the solar resource which can be used to predict PV system power output and/or ensure that the system is functioning as intended. Irradiance reaching the front-side and rear-side plane-of array (POA) of bifacial PV modules includes many components, as illustrated in Figures 15-18. These include direct radiation from the sun, diffuse radiation from the sky, and ground-reflected radiation. These components have different relative contributions on the front and rear sides of bifacial modules [24], [36].
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[bookmark: _Toc160791145][bookmark: _Toc177488158][bookmark: _Toc178073869]Figure 15.  front radiation and rear radiation.
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[bookmark: _Toc160791146][bookmark: _Toc177488159][bookmark: _Toc178073870]Figure 16. the equivalent circuit in bifacial solar cell.
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[bookmark: _Toc160791147][bookmark: _Toc177488160][bookmark: _Toc178073871]Figure 17.   the bifacial solar panels work on a cloudy day.
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[bookmark: _Toc160791148][bookmark: _Toc177488161][bookmark: _Toc178073872]Figure 18. the bifacial solar panels work on a sunny day.
[bookmark: _Toc146531533][bookmark: _Toc160099134][bookmark: _Toc177487973][bookmark: _Toc177491006]11. Bifacial Solar Panels Terminology 
[bookmark: _Toc146531534][bookmark: _Toc160099135][bookmark: _Toc177487974][bookmark: _Toc177491007]11.1. Bifaciality Factor
It represents the power of the back face of the board compared to the power of the front face at standard conditions. It is given by the ratio of the front face power to the back face power. Bifacial solar panels are sold based on front-facing capacity only. Backside panel yield is an added benefit and depends on many factors [37].
[bookmark: _Toc146531535][bookmark: _Toc177487975][bookmark: _Toc177491008]11.2. Bifacial Gain 
It means the ratio of the additional electrical energy kwh produced from the back face in relation to the electrical energy produced from the front face kwh. 
[bookmark: _Toc146531536][bookmark: _Toc160099136][bookmark: _Toc177487976][bookmark: _Toc177491009]12. Bi-Facial Solar Panels versus Mono-Facial Solar Panels
[bookmark: _Toc146531537][bookmark: _Toc160099137][bookmark: _Toc177487977][bookmark: _Toc177491010]12.1. The Difference between Monofacial and Bifacial Solar Panels
Recent research conducted by the National Renewable Energy Laboratory (NREL), a branch of the US Department of Energy, has shown that bifacial solar panels have the potential to produce up to 9% more electricity compared to monofacial panels. This increased efficiency means that fewer panels are required to be installed, resulting in cost savings on associated hardware and labor [39].
Bifacial panels have an advantage over monofacial panels due to their lower working temperatures, as they are made of glass without heat-absorbing aluminum. This makes them more efficient in solar PV technology, especially at higher temperatures [39].
Bifacial panels do not require grounding due to their absence of metal frames that can conduct electricity. Their durable construction also typically results in longer warranties, with 30 years compared to the 25 years offered for monofacial panels. Because of the more relying of bifacial panels on diffuse solar radiation, they are more efficient than monofacial panels in cloudy climates. For the same reason, bifacial panels are more efficient for longer periods of the day, when there is still diffused sunlight but nothing shining directly on the panels.
Bifacial panels, when paired with solar trackers, can optimize sun exposure throughout the day. Research has demonstrated that utilizing tracking technology can boost electricity generation by 27% compared to monofacial panels, and by 45% compared to fixed-tilt bifacial panels. Additionally, a separate study revealed that incorporating solar trackers with bifacial panels can lead to a 16% reduction in electricity costs [38], [39].
[bookmark: _Toc146531538][bookmark: _Toc160099138][bookmark: _Toc177487978][bookmark: _Toc177491011]12.2. How are Bifacial Solar Panels Installed for Efficiency Increasing
There is a significant amount of inversion in these systems, as sunlight reflects off objects at various angles, allowing bifacial solar panels to capture more sunlight. Bifacial cells are more effective on cloudy days compared to monoclinic solar cells, which struggle without direct sunlight. Additionally, bilateral brackets are more resilient to weather damage, making them more durable. Solar Magazine reports that warranties for bifacial solar panels are typically 5 years longer than traditional panels, lasting over 30 years compared to 20-25 years.
[bookmark: _Toc146531539][bookmark: _Toc160099139][bookmark: _Toc177487979][bookmark: _Toc177491012]13. Characterization of Bifacial Solar Panels
[bookmark: _Toc146531540][bookmark: _Toc160099140][bookmark: _Toc177487980][bookmark: _Toc177491013]13.1. Bifacial Design
· The back protection layer of bifacial solar panels is modified by replacing it with a material that permits light to penetrate through to the back side of the cells. This results in the panel being either bifacial glass if glass is utilized, or incorporating a transparent outer protective layer [38].
· Junction box: Most panels currently used are monofacial, especially when panels are full cells and not panels that use half-cells, the junction box is relatively large and is located in the upper part of the back face of the panel. But when manufacturing bifacial panels, the junction box is divided into three small parts (Figure 19) and placed between the aluminum frame and the cells so as not to prevent solar radiation from reaching the back face of the cells [38], [39].
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[bookmark: _Toc160791149][bookmark: _Toc177488162][bookmark: _Toc178073873]Figure 19. Dividing the junction box into three small parts.
[bookmark: _Toc146531541][bookmark: _Toc160099141][bookmark: _Toc177487981][bookmark: _Toc177491014]14. Efficiency
[bookmark: _Toc146531542][bookmark: _Toc160099142][bookmark: _Toc177487982][bookmark: _Toc177491015]14.1. How efficient is a bifacial solar array?
Efficiency in solar cells refers to how effectively they convert received solar energy into electrical energy. While bifacial solar panels generate more electricity than monofacial panels, they do not double the efficiency. Manufacturers are striving to achieve this in the future. A study by a solar panel manufacturer found that bifacial panels can increase energy efficiency by 11% compared to traditional panels. When paired with a solar tracking system that continuously adjusts the angle of the cells towards the sun, the efficiency of bifacial solar cells can reach up to 27%[38].
[bookmark: _Toc105624762]Table 2 shows how bifacial solar arrays compare to their competitors. The efficiency ratios of solar cells came in order to learn more about the amount of energy that traditional solar panels produce [39].
[bookmark: _Toc160791108][bookmark: _Toc177488237][bookmark: _Toc178073948]Table 2. How bifacial solar arrays compare to their competitors.
	Types of Solar Panels
	Total Efficiency of Solar Cells

	Monocrystalline
	18٪

	Mono facial polycrystalline
	15-17٪

	Mono facial thin film
	11-15٪


[bookmark: _Toc146531543][bookmark: _Toc160099143][bookmark: _Toc177487983][bookmark: _Toc177491016]14.2. The Most Important Factors Affecting the Productivity of Bifacial Cells
Bifacial factor: This factor is calculated by calculating the ratio between the energy produced from the back side of the solar panel when subjected to the STC test and the energy produced from the front side of the solar panel when subjected to the STC test. The greater the value of this factor, the greater the panel production. The bifacial factor is calculated as [40]:
Bifacial factor = Energy produced from the back side of the solar panel when subjected to the STC test/ Energy produced from the front face of the solar panel when subjected to the STC test.
The implemented project location: the direct and reflected solar radiation relates to the project site at the latitudes of the globe, where solar radiation affects the amount of energy (the useful energy field). As a result, the value of the generated energy increases with the increase in the amount of beam reaching the panels [40].
The inclination angle of the panels: Increasing the value of the angle of inclination of the panels leads to an increase in the exposure of the back side to solar rays, and thus to an increase in the energy produced.
The horizontal distance between the rows of panels: As the distance between the rows of panels increases, the amount of reflected rays will increase, and thus the produced electric energy will increase.
ALBEDO luminous coefficient: It is the ability of a body to reflect the light reaching it from a source such as the sun, for example. It varies from one material to another, and from one surface to another (Figure 20). Since the back face of the solar panel depends on the light reflected from the surface below the panel, increasing the value of the luminous coefficient of the surface leads to an increase in the amount of reflected radiation and thus to an increase in the amount of electrical energy generated. Table 3 shows a list of the illumination factor for some surfaces [38], [39], [40].
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[bookmark: _Toc160791150][bookmark: _Toc177488163][bookmark: _Toc178073874]Figure 20. Dividing the junction box into three small parts.
[bookmark: _Toc160791109][bookmark: _Toc177488238][bookmark: _Toc178073949]Table 3. List of the light factor for some surfaces.
	Surface Type
	Albedo Lighting Coefficient

	green grass
	23%

	Cement
	16%

	White Coated Cement
	60-80%

	white pebbles
	27%

	White Metal Surface Cover
	56%

	light gray surface cover
	62%

	white surface cover
	less than 80%


[bookmark: _Toc146531544][bookmark: _Toc160099144]
[bookmark: _Toc177487984][bookmark: _Toc177491017]15. Typical Installation of Panels
Bifacial solar panels are most effective when installed above surfaces that are highly reflective, like sand or snow. Deserts, with their minimal tree coverage and abundant sunlight, are ideal locations for these panels, as are areas where the grass turns brown during the summer. Similarly, regions with high latitudes and long periods of snow cover are also well-suited for bifacial solar panels [35], [38]. 
In the winter months, solar panels generally generate 40-60% less electricity due to reduced sunlight. However, solar panels are actually more effective in colder temperatures and experience less atmospheric interference at higher latitudes. In regions with snowy winters, the reflection of sunlight off the snow can enhance the efficiency of solar panels, making them more productive during this time of year.
Bifacial panels are generally not ideal for residential rooftops due to several factors. To minimize shading, these panels typically need to be positioned higher than the surface below, preventing them from being installed close to the roof. Additionally, dark-colored surfaces would absorb light instead of reflecting it. The increased weight of bifacial panels makes installation more challenging and restricts their applications. Furthermore, older roofs may not be able to handle the extra weight or support the necessary structures for bifacial panels.
Ideal locations for bifacial panels include buildings with flat roofs painted in lighter colors, parking awnings, pool patios, decks, pergolas, porches, awnings, and other shade structures. Additionally, underground systems covering lighter materials like concrete, sand, gravel, or tile are also suitable options..
[bookmark: _Toc177487985][bookmark: _Toc177491018]15.1. Installation Methods of the Bifacial Solar Panels
A small percentage of the solar radiation falls directly onto the solar panels with enough energy to stimulate the electrons. Therefore, solar cell scientists sought to take advantage of the diffuse and reflected solar radiation from the Earth surface, which usually reaches the back of the solar panel. Therefore, the technology of double-sided cells was developed, which is characterized by the possibility of receiving light radiation from the front and back sides and converting the energy carried by these rays into electrical energy [39].
The installation process for bifacial solar panels varies depending on the type of panels being used. Framed panels are typically easier to install compared to frameless panels. Framed panels can be mounted on the same brackets as traditional solar panels. On the other hand, frameless panels require special clamps with a rubber coating to protect the glass from damage. Despite using clamps for frameless panels, there is still a risk of cracking, so it is crucial to follow the manufacturer's instructions on the proper tension of the clamps to avoid breakage. The expensive and delicate nature of installing frameless panels is a key factor in the widespread preference for framed panels.
By increasing the height of the panels above the earth's surface, the back face of bifacial cells receives more solar radiation as they are exposed to sunlight from both sides. These panels can be installed on flat roofs of commercial buildings or on the ground.
The junction box on the back face of the panels was relocated to the end of the solar panel and reduced in size to prevent shading.
[bookmark: _Toc146531546][bookmark: _Toc160099145][bookmark: _Toc177487986][bookmark: _Toc177491019][bookmark: _Hlk159447131]15.2. Double-glazed Glass and Clear-film Panels 
The panels manufactured for the bifacial solar panels used a front glass layer and a back glass layer on the panel. But some companies have begun to dispense with the background glass layer and replace it with a transparent background layer. A comparison between these two panels shows that the use of panels with a transparent back plate leads to a decrease in the price of the solar panel and thus the price of the electricity generated, because these panels have a frame, which makes their installation less expensive and easy for the holders previously prepared to carry the regular panels. While double-glazed panels require special treatment to ensure that the glass does not break during installation, which increases the price of the installed solar PV system.
[bookmark: _Toc146531547][bookmark: _Toc177487987][bookmark: _Toc177491020]15.3. Benefits of bifacial solar panels
1. Increased sunlight absorption: Due to the high level of reflection in these fixtures, bifacial solar panels can capture more sunlight by bouncing off objects at various angles [38].
2. Bifacial cells are efficient on overcast days, unlike monofacial solar cells which struggle without direct sunlight. Additionally, double brackets are more resilient to weather damage, making them a longer-lasting option compared to traditional solar panels. This durability is reflected in the warranties, with bifacial solar panels typically offering coverage for more than 30 years, compared to 20-25 years for traditional systems.
3. The Addressed Fixation has the ability to generate two Energy Peaks daily, based on its orientation. One option is to tilt half of the pairs eastward to catch the morning sunlight, while the other half can be tilted westward to capture the intensity of the midday and evening sun. Vertical installation is another method that can achieve this dual peak energy production. Additionally, during each peak, the reflection of sunlight on the opposite side of the solar panels will further enhance energy generation.
[bookmark: _Toc146531548][bookmark: _Toc177487988][bookmark: _Toc177491021]15.4. Some Recommendations to Improve the Performance of Bifacial Panels
· Site selection: at higher latitudes, the yield will be greater than at lower latitudes.
· High albedo: Sand or white concrete is a good option, and snow and ice are also considered to have a very high reflectivity.
· Height of solar panels: This varies from one location to another, but in general it is good that the height is not less than one meter. Note that as the height of the panels increases there are other variables that are also measured, such as wind speed and the strength of the load-bearing structures.
· The angle of inclination: the angle of inclination varies from one location to another, but the angle of inclination of the bifacial panels should be 2-15 degrees higher than the angle of inclination of the conventional panels.
· The distance between the rows of solar panels: It also varies according to the location, but it is better that the distance between the rows of the bifacial solar panels be large, taking into account the available space and the cost of the land.





[bookmark: _Toc160099146][bookmark: _Toc177491022][bookmark: _Toc146531550]CHAPTER II: BIFACIAL PV SYSTEMS
[bookmark: _Toc160099147][bookmark: _Toc177491023]1. Introduction 
Energy constitutes an economic and strategic problem for all oil-importing countries of the world, but this problem constitutes a more serious dimension in the case of developing countries because of their total dependence on imported energy, and the population explosion in developing countries and the endeavor of all countries, whether developed or developing, to raise the standard of life for their people and develop The process of progress and industrialization contributed to the aggravation of the energy problem [41].
As fossil fuel prices continue to rise and emissions standards continue to become more stringent around the world, demand for renewable energies such as solar power, wind generation, and energy storage solutions will continue to rise [42], [43].
The world began looking for alternative sources of traditional energy with limited reserves to meet its energy needs or part of it. Many countries have tended to exploit renewable energy sources (solar and wind energy), and numerous research and studies have been conducted in this field, and some of these countries have moved from the research and study stage to the stage of manufacturing components and systems for the exploitation of renewable energy [44].
The use of solar and wind energy systems began to spread gradually until it reached the commercial stage and many countries became dependent on these systems to provide a significant part of their energy needs (electrical, thermal and mechanical) [45].
[bookmark: _Toc160099148][bookmark: _Toc177491024]2. The principle of the PV System Formation and its Applications
The natural model of the photovoltaic generator means that a comprehensive power system can be created for many different uses, ranging from mw power capable of running small loads, to the kilowatt field used to pump water to megawatt power plants that supply electricity to the public grid [46], [47].
Although PV plants are by far one of the most expensive methods used to generate electricity directly from the sun, they can be economical for some types of applications.
In this chapter, we will review the different types of these PV systems, methods of installation, and their various uses. Moreover, we will explain the work of each component of these systems.
[bookmark: _Toc177491025][bookmark: _Toc160099149]3. PV System Types
Independent photovoltaic systems, off-grid systems, are systems that provide the consumer with electric energy directly, whether the consumer is near or far from the public electric grid.
As for off-grid systems, this means that electric power is not available from the public network. Therefore, it is necessary that these generators be sufficient to feed the consumer at any time. This requires that electrical storage units be secured until they are required, thereby increasing the cost of the systems [48].
The PV systems connected with the public network are high in capacity, and need a suitable adapter to be connected with the public network. These systems do not need storage units, but the area of solar panels is large to secure the required capacity, and we will study these systems in detail in the following paragraphs [49].
Photovoltaic generators for small loads with capacities ranging from microwatts to tens of watts are not connected to the network, i.e. independent, whether close or far off the grid [50].
Photovoltaic power generation systems generate electricity for electrical equipment directly or by feeding the public grid, and these systems range from kilo to megawatts.
Photovoltaic systems are divided into three different types [51]:
· Systems independent of the public network.
· Systems away from the public network. 
· systems connected to the public network.
[bookmark: _Toc160099150][bookmark: _Toc177491026]3.1. Independent PV Systems (Off – Grid)
Independent feeding systems, that do not contain batteries as shown in Figure 21, are the simplest form of PV systems. the panel matrix is connected to certain loads by using an electronic controller [50], [51].
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[bookmark: _Toc160791151][bookmark: _Toc178073875]Figure 21. Independent PV Systems with no battery.
An independent photovoltaic system can also contain batteries to store energy in the day, shown in Figure 22, and use it at night to feed the loads [51].
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[bookmark: _Toc160791152][bookmark: _Toc178073876]Figure 22. Independent PV Systems with battery.
The ideal benefits of off-grid systems can be summarized as follows [52]:
· Supplying clean electricity at any time.
· Complete independence from subscription with the electricity company's network.
· The possibility of increasing the capacity of the system from panels and batteries if the need arises.
The designing steps of PV Off-Grid System are as follow [52], [53]:
1. Calculate the number of solar panels required.
2. Select the appropriate inverter.
3. Select the appropriate charging regulator.
4. Determine the appropriate number and capacity of batteries.
5. Connect the batteries.
6. Determine the appropriate cable sizes.
[bookmark: _Toc160099151][bookmark: _Toc177491027]3.2. Photovoltaic Systems Connected with the Electrical Grid (on - Grid PV Systems)
This type of photovoltaic system is one of the most important types of researches focus today, as shown in Figure 23, and it has begun to be put into practice in developed countries. This type of system is used in two forms [54], [55]:
The first is a large-capacity photovoltaic system placed in a particular location. This system is supported the electrical network to feeding the loads in that location at maximum load demand. The system also supplies power to the network in the event of a surplus as a result of the site's lack of need, as excess PV is used to feed the public network [54].
The second is a small-capacity photovoltaic system placed on rooftops, playing the same role as the system in the first case, but for a home, or specific location [55].
[image: ]
[bookmark: _Toc160791153][bookmark: _Toc178073877][bookmark: _Toc160099152]Figure 23. On – Grid PV Systems.
[bookmark: _Toc177491028]3.3 Hybrid PV Systems
Photovoltaic feeding systems connected with other generation systems such as diesel generators, or others. The independent hybrid feeding systems have the following advantages [56]:
1. Reducing the electrical storage requirements (may not contain batteries, or batteries with low storage capacities); thus reducing the base cost.
2. Raising the level of safety in feeding by securing a spare generating source (diesel generator).
3. Take advantage of the different sources of renewable energies (photovoltaic / wind - photovoltaic / bio).
In most cases, these systems include an electric power plant consisting of a diesel group, an electric generator, and wind turbines (if there is sufficient wind) connected to electric generators and an independent photovoltaic system. these systems are programmed, and when these systems work together by developed control circuits for this purpose. This is in addition to the necessity of having devices for protection, monitoring, and measurement [57], [58].
This type of system is commonly used to feed remote villages and in areas where more than one source of renewable energy is available, and to feed special loads such as strengthening stations [18]. Figure 24 shows hybrid PV systems.
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[bookmark: _Toc160791154][bookmark: _Toc178073878]Figure 24. Hybrid PV Systems
[bookmark: _Toc177491029][bookmark: _Toc160099153]4. Off – Grid Photovoltaic System Components
Some points must be taken into account in the design of solar energy systems [54]:
1- The size of the solar panel, regulator, battery and transformer are all interrelated and related to the quantity of electrical devices and the number of hours they operate.
2- The operational life of the solar panel exceeds 20 years.
3- Batteries usually last about 5 to 8 years. Where the life of the batteries depends on the cycles of charging and discharging.
4- For the price, the two most expensive components are often the board and the battery (depending on the size of the system and the number of electrical devices).
5- The amount of solar radiation must be estimated in order to determine the appropriate solar panel size. As for sizes, solar panels come in many sizes (20W, 50W, 100W, 200W…etc). Therefore, the design of solar energy systems requires an understanding of the relationship between its components.
[bookmark: _Toc160099154][bookmark: _Toc177491030]4.1. Photovoltaic Array
It is the main element of the photovoltaic system, which converts the fallen solar radiation into electric power, it is consists of a set of solar panels. There is more than one type of solar panels depending on the amount of capacity to be generated, so that the size of the solar panel and the number of panels used in the system increases as the capacity to be obtained increases [54], [55].
As for the second part, it is the installation frame that is used to install the solar panel. This framework is very important, considering that through it the solar panel is determined, as well as the angle of inclination and direction of the panel.
[bookmark: _Toc160099155][bookmark: _Toc177491031]4.2. DC/DC Converter
DC-DC converter is converts the dc voltage-generated from the PV matrix into a higher dc value. The tracking of the maximum power point is controlled in this converter [59].
[bookmark: _Toc146531560][bookmark: _Toc160099156][bookmark: _Toc177491032]4.3. Inverter
Its function is to convert high dc voltage into a single or three-phase AC voltage. The inverter is necessary for the work of household appliances that depend on alternating current, as it converts the DC current stored in the batteries to AC current [60].
There are two types of it that can be used in off-grid solar systems, which are [59], [60]:
A. Discrete inverters: This inverter is the mastermind of the process of energy conversion, as it converts the energy entering it from the storage batteries from DC to AC, in order to operate the electrical devices available in the house. It should be noted here that this inverter does not contain a charging regulator, but the charging regulator is separate from it, and these inverters often have different capacities 1,2,3,4 up to 5 kW.
B. Hybrid inverters: This type of inverter can work separately from the network or connected with it, or in both cases together, and this type of inverters is equipped with an internal charging regulator, and this is one of the reasons for its high price. This type of inverters is available in different capacities of 3,5 and 10 kW, and some of these inverters can be connected together to increase the required power.
To install the inverter, the appropriate place must be chosen. It is preferable to install it on a solid place on the wall with ventilation. It should not be installed near flammable materials or in bedrooms and sitting places due to the annoying noise it makes at times [60].
[bookmark: _Toc146531561][bookmark: _Toc160099157][bookmark: _Toc177491033]4.4. Charging Regulator
To control the energy conversion process with the ability to track the maximum power point accurately. The function of this device is to control the charging of the batteries. It protects the batteries from overcharging by controlling the amount of current flowing towards them from the solar panels, which extends their life and protects them from damage, and is one of the most important components of the solar system [61].
The charging regulator contains an internal circuit breaker (Fuse) that protects the solar cell from damage when short circuit occurs.
The charge regulator works to purify and stabilize the voltage coming out of the solar cell to the device that operates on DC voltage. The strength of the sun's rays increases and decreases throughout the day, either because of clouds or because of the change in the angle of the sun until it disappears at sunset [62].
The charging regulator regulates the battery charging process, as the charging process differs in its mechanism from simply providing a source of continuous power connected to the battery, where the value of the charging voltage is equal to the value of the battery voltage and the value of the charging current is approximately equal to 15% of the current that the battery can carry [61], [62].
If this percentage increases too much, a rapid charging process of the battery will occur, which leads to the weakening and consumption of the battery quickly over time.
The charge regulator ensures that no current flows back from the battery to the cell. When the load is separated and in the absence of a charging regulator, the solar cells can be considered a load that draws current from the battery in reverse to the cells again, which works to damage them.
There are two types of these regulators [63]:
· Pulse Width Modulation (PWM).
· Maximum Point Power Tracking (MPPT).
As a simple comparison between these two types of organizations:
The first type, PWM, loses a lot of energy when using, and its price is very suitable when used in small systems, and the last note is that the voltage is drawn to the battery voltage [61], [62].
· Convert the input voltage(s) to battery voltage.
· The current increases when the voltage drops.
[bookmark: _Toc146531562][bookmark: _Toc160099158][bookmark: _Toc177491034]4.5. Digital Controller and AC Current Filter
To control the energy conversion process while accurately tracking the maximum power point. Whereas, AC current filter is used in order to filter the harmonics generated from the inverter [62] .
[bookmark: _Toc146531563][bookmark: _Toc160099159][bookmark: _Toc177491035]4.6. Electrical Cables
The process of selecting cables and their appropriate size is very important, and the area of ​​​​the cable section is determined based on several factors, the most important of which are [61], [63]:
· The distance between the solar panels and the charging regulator, the closer the distance, the better.
· the voltage coming out of the panels.
· current (amperes) out of the panels.
· In addition to electrical circuit breakers, chassis, dc and ac cables, grounding.
[bookmark: _Toc177491036][bookmark: _Toc146531564][bookmark: _Toc160099160]5. High Storage Capacitance Application Systems
A photovoltaic power plant or sun farm is a large size photovoltaic system designed to supply commercial electricity to the electrical grid. These stations are different from panels connected to buildings and other decentralized solar applications because they supply energy in the form of utility, and for a local user or users [64]. Figure 25 shows solar PV farms.
[image: C:\Users\FPCC\Downloads\download (3).jpg]
[bookmark: _Toc160791155][bookmark: _Toc178073879]Figure 25. solar PV farms.
[bookmark: _Toc160099161][bookmark: _Toc177491037]5.1. Determine the Location and Land 
The area of ​​the land to produce a certain amount of energy depends on the location of the land, its slope, the efficiency of the solar panels [64], and the type of connections. moved arrays use typical solar panels with an efficiency of about 15% in horizontal locations [65]. 
Because the shadow length of the matrix is ​​distributed so that it tilts at an acute angle, this area is usually 10% higher for a mutable tilt matrix or one-axis appendices, and 20% higher for two-axis appendices, these numbers depend largely on the region and the topography of the land [64].
The best locations for PV plants for land use are brownfields or not commercially valuable land. 
[bookmark: _Toc146531566][bookmark: _Toc160099162][bookmark: _Toc177491038]5.2. Technology
Most solar plants have photovoltaic interconnection systems, known as open field solar plants. It can be moved or use a single or dual axis to track the movement of the sun [66]. The tracking improves overall performance and increases the cost of system establishing and maintaining [65], [66]. The inverter converts the energy of the solar array from direct current to alternating current, and the connection is to a high-voltage network [66].
[bookmark: _Toc146531567][bookmark: _Toc160099163][bookmark: _Toc177491039]5.3. Arrangement of Solar Arrays
Solar arrays are subsystems that convert the shining light on them into electrical energy [38]. The array consists of several solar panels connected to a reinforced structure that are interconnected and transmit power to the subsystems [67].
Solar plants are rarely installed on buildings, and integrated solar arrays are used with buildings [66], [67]. The majority are in the form of open field systems and use the ground connection structure and have several types like fixed arrays, two-axis trackers, and single axis trackers…etc.
· Fixed Arrays:
Most of the projects use a bonding structure in which the solar panels are connected to a rounded fixed slope to give the best output on all days of the year [66]. The solar panels are placed eastward towards the equator, with an angular inclination lower than the site elevation. In some cases, the degree of inclination used or the balance of the arrays varies from the normal east-west axis according to the preference of the morning or evening output depending on the local climate, the shape of the land or the government electric pricing system [67].
 The shape of this design varies according to the work of the arrays, where the angle of inclination is adjusted two or four times annually to obtain an optimal output for each season. It also requires additional ground space to reduce interior shading in steep winter tilt angles. It is rare to modify the additional cost or complexity of this design, because the increase in output is only a few hundredths [68].
· Two-Axis Trackers: 
The solar panels are placed towards the eastern rays of the sun to increase the strength of the incoming radiation [69]. To achieve this, the arrays use biaxial trackers to track the sun's constant daily movement in the sky, and its changing altitude during the year [70]. 
These arrays are separated from each other to reduce internal shading as the sun moves and changes orientation of the array, for this additional land space is needed. It requires additional complex machinery to maintain the matrix surface at a certain angle. The system output increases by 30%. In locations with high levels of direct solar radiation, but decreases in temperate climates or in climates with high diffuse radiation due to the presence of clouds. This is why biaxial trackers are commonly used in subtropical regions [69]. 
· Single axis trackers: 
This third type achieves some of the benefits of tracking while reducing the size of the land used, the cost of operation and the size of the capital. This tracker works by tracking the sun in a single dimension during the sun's daily journey, but is not adapted to its movement through the seasons. The angle of the axis is usually horizontal, but some, such as the solar farm at Nellis Air Force Base, are tilted at an angle of 20°, inclined toward the equator with north-south orientation and effectively combine tracking and fixed inclination [70].
[bookmark: _Toc146531568][bookmark: _Toc160099164][bookmark: _Toc177491040]6. Making a Comprehensive Comparison for PV Systems Batteries in Both Home and High Storage Capacitance Applications
The choice of the right battery for storing solar energy in bifacial solar panel systems depends on various factors, with the primary consideration being the usable storage capacity (Kwh), along with charge and discharge losses, initial cost, lifetime, density, efficiency, and more [71].
[bookmark: _Toc146531569][bookmark: _Toc160099165][bookmark: _Toc177491041]6.1. Comparison at Home Application
In home applications, two important things must be taken into account, which are the type of battery and what we want to get from it.  There are four battery technologies, each technology has a set of unique characteristics. The most important of these technologies are lead-acid batteries, which are characterized by their deep cycle energy storage for a long period, in addition to their reliability and low economic cost. These batteries require ventilation and periodic maintenance, which increases the chances of energy leakage, that’s lead to decrease their life [71], [72].
Nickel-cadmium batteries are frequently used, the most important features of which are that they are durable, not able to work in extreme temperatures, and don’t need maintenance, but they have a big problem, which is very toxic. It is preferable to use it in commercial projects because it doesn’t require complex systems to manage it [71]. 
Flow batteries are emerging technology in the energy storage sector and contains an electrolytic fluid that flows in tanks inside the battery. The large size and high price make it difficult to use residentially. Its most important features are that depth of discharge up to 100%, which means that it is possible to use all the energy stored in the battery without damaging it. These batteries are much more expensive than others, and have relatively low storage capacity, in order to be effective, it must have a large size [72].
Lithium-ion batteries are the latest, best for residential solar installations because they can store more energy in specific space. It has a higher depth of discharge comparing with other batteries, and don’t require any maintenance, but it is expensive and can catch fire [73]. Figures 26-28 show comparison between the most common types of house application batteries in term of life time, density, and efficiency. Lithium - ion batteries have the highest lifetime about 10 years. Whereas, the nickel-cadmium has the smallest one, as shown in Table 4 and Figure 26. 
[bookmark: _Toc160791110][bookmark: _Toc178073950]Table 4. Batteries Life Time at Houses Applications.
	Battery type
	Lead-acid
	lithium-ion
	nickel-cadmium
	flow batteries

	life time (years)
	4
	10
	2
	8



[image: ]
[bookmark: _Toc160791156][bookmark: _Toc178073880]Figure 26. Batteries Life Time at Houses Applications.
On other hand, as Table 5 shows, the efficiency of the batteries is ringing between 75% and 95%. The lithium – ion battery has the best efficiency with 95%, then lead-acid with 85%, flow battery with 80%, and finally nickel- cadmium with 75%. Figure 27 shows batteries efficiency in house applications [71].
[bookmark: _Toc160791111][bookmark: _Toc178073951]Table 5. Batteries Efficiency at Houses Applications.
	Battery type
	Lead-acid
	lithium-ion
	nickel-cadmium
	flow batteries

	efficiency%
	85
	95
	75
	80



[bookmark: _Toc160791157][bookmark: _Toc178073881]Figure 27. Batteries Efficiency at Houses Applications.
Although the nickel- cadmium battery has the lowest characteristics in terms of efficiency and life time, the nickel – cadmium has the second highest density with 115 Wh /kg. the lithium-ion battery has density value of 260 Wh/Kg [72]. Table 6 & Figure 28  shows the batteries density at houses application.
[bookmark: _Toc160791112][bookmark: _Toc178073952]Table 6 Batteries density at Houses Applications.
	Battery type
	Lead-acid
	lithium-ion
	nickel-cadmium
	flow batteries

	density (wh/kg)
	85
	260
	115
	40




[bookmark: _Toc160791158][bookmark: _Toc178073882]Figure 28. Batteries density at Houses Applications.
[bookmark: _Toc146531570][bookmark: _Toc160099166][bookmark: _Toc177491042]6.2. comparison at high capacities application
When it comes to storing energy at high capacities, there are numerous methods available, each with its own advantages and disadvantages. The following passage delves into technologies that offer substantial storage capacities (at least 20 MW). Lead-acid batteries were one of the initial battery options for energy storage, but their limited power density and short lifespan have hindered their popularity [74].
Lithium-ion batteries are a top choice for energy storage due to their ability to store large amounts of power in a compact space. They are known for their long lifespan and low maintenance requirements. Flow batteries, while less common, are used in projects that need extended energy storage capabilities. They have a lower power density but a longer life cycle, making them ideal for continuous power supply. Solid-state batteries offer several advantages over lithium-ion batteries, particularly in network storage. They feature solid electrolytes with higher energy density and lower fire risk compared to the liquid electrolytes in lithium-ion batteries. However, solid-state batteries are more costly than lithium-ion batteries. The rapid expansion of lithium-ion production resulted in cost efficiencies that outpaced solid-state batteries, leading to their exclusion in favor of lithium-ion batteries.
A comparison of the most common batteries used for high power applications is illustrated in Figures (29), (30), (31), and (32), showcasing differences in max cycle, energy density, maximum power rating, and efficiency.
Flow batteries boast an impressive 12,000 charge cycles, surpassing the 10,000 charge cycles of lithium-ion batteries and the 9000 charge cycles of LED-acid batteries. Figure 29 & Table 8 provide a comparison of the maximum cycles of different types of batteries.
[bookmark: _Toc160791113][bookmark: _Toc178073953]Table 7 Max Cycle of Batteries at large storage capacitance.
	Battery type
	lithium-ion
	lead acid
	flow battery

	max cycle
	10000
	9000
	12000



[bookmark: _Toc160791159][bookmark: _Toc178073883]Figure 29. Max Cycle of Batteries at large storage capacitance.
[bookmark: _Toc160791114][bookmark: _Toc178073954]Table 8 Energy Density of Batteries at large storage capacitance.
	Battery type
	lithium-ion
	lead acid
	flow battery

	energy density (wh/liter)
	300
	70
	50




[bookmark: _Toc160791160][bookmark: _Toc178073884]Figure 30. Energy Density of Batteries at large storage capacitance.
Figure 30 shows that lithium-ion batteries have the largest value for energy density, and have a yield of 0.9 as shown in Figure32. Whereas all batteries have the same power rating.
[bookmark: _Toc160791115][bookmark: _Toc178073955]Table 9. Maximum Power Rating of Storage Batteries at large storage capacitance.
	Battery type
	lithium-ion
	lead acid
	flow battery

	maximum power rating (MW)
	100
	100
	100



[bookmark: _Toc160791161][bookmark: _Toc178073885]Figure 31. Maximum Power Rating of Storage Batteries at large storage capacitance.
[bookmark: _Toc160791116][bookmark: _Toc178073956]Table 10. Efficiency of Storage Batteries at large storage capacitance
	Battery type
	lithium-ion
	lead acid
	flow battery

	efficiency %
	90
	85
	70



[bookmark: _Toc160791162][bookmark: _Toc178073886]Figure 32. Efficiency of Storage Batteries at large storage capacitance.
The charge and discharge temperatures of studied types of batteries at large storage capacitance are listed in Table 8.
[bookmark: _Toc160791117][bookmark: _Toc178073957]Table 11. batteries charge and discharge times.
	Battery Type
	Charge Temperature
	Discharge Temperature

	Lead acid
	–20°C to 50°C 
	–20°C to 50°C 

	Nichel-Cadmium
	0°C to 45°C 
	–20°C to 65°C 

	Lithium-ion
	0°C to 45°C 
	–20°C to 60°C






[bookmark: _Toc146531572][bookmark: _Toc160099167]
CHAPTER III: IMPROVEMENT POWER QUALITY AND STABILITY OF GRID-CONNECTED PV SYSTEMS
[bookmark: _Toc177491043]1. Introduction to Artificial Intelligence Algorithm
AI algorithms enable machines to reason, learn, and behave like humans by following a set of instructions and rules. They are designed to extract insights from data and predict outcomes using mathematical, statistical, and probabilistic models. These algorithms are used in various fields such as image and speech recognition, natural language processing, decision-making, and robotics, transforming the way we interact with machines and shaping our world [75], [76].
The foundation of AI algorithms lies in machine learning, where computers are taught to learn from data and enhance their performance gradually [77], [78]. The process involves feeding the algorithms with vast amounts of data and computer programs that enable the machine to identify patterns, learn from them, and make predictions or decisions based on the information. The algorithms are continuously improved by exposing them to new data, which enhances their accuracy and efficiency in performing tasks [79].
AI's ability to process vast amounts of data with speed and accuracy is a key advantage. Engineers can use it to diagnose and predict potential equipment failures, preventing or minimizing machinery downtimes. AI-powered systems can optimize power grid performance and reduce energy consumption, leading to cost savings and reduced carbon emissions. However, AI's reliance on big data requires extensive computing resources, putting a strain on power systems and potentially increasing carbon emissions [80], [81].
[bookmark: _Toc177491044]2. The Application of AI Algorithms in Electrical Engineering
The application of AI algorithms in electrical engineering has transformed the approach to designing and optimizing electronic systems. These algorithms exhibit promising capabilities in forecasting faults, amplifying power efficiency, and enhancing the overall performance of electronic devices. Additionally, they have played a significant role in the creation of intelligent control systems that can acquire knowledge from collected data and make informed decisions [82], [83]. Consequently, AI algorithms have become a crucial instrument for electrical engineers, empowering them to develop superior and more effective systems [84].
The potential for Artificial Intelligence (AI) to revolutionize various industries, including Energy, is emerging. One area gaining significant attention is the application of AI algorithms in Photovoltaic (PV) systems [85], [86].
By predicting energy output and reducing losses due to environmental factors such as cloud cover, AI can help PV systems operate more efficiently. Additionally, AI can optimize the placement of PV modules and predict system performance based on weather patterns. These applications of AI in PV systems can enable more efficient energy generation, reduce costs, and increase the uptake of renewable energy sources. Therefore, integrating AI in PV systems is a promising prospect that can contribute to a cleaner environment and enable more cost-effective energy generation [87].
[bookmark: _Toc177491045]3. The Imperialist Competitive Algorithm ICA
The Imperialist Competitive Algorithm (ICA) draws inspiration from the social hierarchy of the imperialist system, employing a hierarchical rule in which stronger countries exert their influence on weaker ones. Each country is represented by a solution vector, and the imperialist power is determined by a fitness function. The algorithm consists of two phases: colonization and imperialistic competition [88].
The ICA procedure commences with the creation of a collection of solutions (countries) through random generation, with each country being represented by a solution vector. The fitness function of each country is then assessed by the algorithm, which is utilized to determine the imperialist power of each country. The countries with the greatest fitness values are identified as imperialists, while the remaining ones are designated as colonies. During the colonization phase, the more powerful imperialist countries conquer and colonize weaker colony countries based on specific selection criteria. This process is reiterated until all colonies are conquered and divided among the imperialists [89], [90].
After colonizing the colonies, the algorithm moves to the second phase, which is the imperialistic competition phase. In this phase, the colonies try to overthrow their respective imperialist powers by competing with each other. The colonies that have the highest fitness values are then considered as potential candidates for becoming the new imperialists. The algorithm then selects the best colony and replaces the weakest imperialist with the colony to balance the social hierarchy. This process repeats until the algorithm terminates [91], [92]. The flow chart of ICA algorithm is shown in Figure (33).
The ICA algorithm has been shown to have superior performance in a wide range of optimization problems, making it a popular choice for researchers and practitioners alike.
[bookmark: _Toc177491046]Algorithm Steps
The ICA is a four-step process that includes initialization, assimilation, competition, and convergence. During the initialization phase, the ICA generates a set of countries randomly as equation (3-1).
	Country = [p1, p2, …, pN]
	(3-1)


Where: p1, p2, …, pN are the countries.
The power of each country as found in equation (3-2) is described using a cost function, which in turn impacts the division between imperialist and colonial countries.
	Cost=f(country)=f(p1, p2, …, pN).
	(3-2)


To determine a country's power using the cost function, the smaller the cost function value, the greater the country's power. The division of empires involves generating Npop countries, dividing them into Nimp imperialist countries and Ncol colonial countries based on their power, and distributing colonies based on the power of the imperialist countries. The number of colonies in each empire is distributed accordingly as equation (3-3), and the flow chart of ICA algoritm is shown in Figure 33.
	
	(3-3)


The cost of the nth imperialist country is represented by cn and its normalized cost is represented by Cn. The standardized size of that empire is represented by pn and NTCn represents the number of colonies of empire n.
	NT Cn = T Cn − max i {T Ci}, i = 1, 2, · · , Nimp.
	(3-4)


A vector P is defined to distribute the colonies among empires according to their likelihood of possession.
	P = [ Pp1, Pp2, · · · , Ppimp ] 
	(3-5)


A vector R is generated, having an identical size as vector P.	
	R = [ r1, r2, · · · , rNimp ] , ri ∼ U(0, 1)
	(3-6)


 We defined vector D as follows:
	D = P – R
	(3-7)


The weakest empire's weakest colony will be occupied by the empire with the highest index in D. When an empire loses all of its colonies, it will collapse. This process of assimilation and competition will continue until only one empire remains. At this point, the ICA will reach a state where all colonies and imperialists have equal costs. Figure 34 shows ICA algorithm steps.
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[bookmark: _Toc178073887]Figure 33. Imperialist competitive algorithm flowchart.
[image: C:\Users\A-PC\Desktop\Overview-of-the-imperialist-competitive-algorithm.png]
[bookmark: _Toc178073888]Figure 34. ICA algorithm steps.
4. [bookmark: _Toc177491047]Grid-Connected PV Systems
Grid-connected photovoltaic (PV) systems are becoming increasingly popular as a cost-effective and eco-friendly alternative for generating electricity. These systems allow users to harness the power of sunlight to produce electricity to offset their energy consumption from the grid [93], [94]. 
A grid-connected PV system is composed of several components, including solar panels, an inverter, and switching gear. Solar panels are installed on rooftops and outdoor areas to convert sunlight into direct current (DC) electricity. The inverter converts the DC to alternating current (AC) electricity, which can be used to power the appliances or be sent back to the grid. The switching gear ensures that the electricity is efficiently distributed into the grid and prevents any excess energy from being wasted [95].
Getting a grid-connected PV system up and running requires the following five stages: system design, installation, testing, commissioning, and maintenance [96].
The benefits of grid-connected PV systems are numerous, and they include a reduction in energy bills, environmental preservation, and potential revenue generation. Since users can offset their energy consumption with power generated by the system, they can significantly reduce their utility bills. Also, grid-connected PV systems help reduce the amount of carbon emissions released into the atmosphere, making them an eco-friendly choice. Additionally, excess electricity generated by the system can be sold back to the utility company, providing a source of revenue [95], [96].
[bookmark: _Toc177491048]Adding Filters to Grid-Connected PV Systems 
Grid-connected solar photovoltaic (PV) systems with filters are becoming increasingly popular due to their ability to reduce the amount of power quality disturbances that can occur with renewable energy sources. With grid-connected PV systems, solar power is used to generate electricity while the grid is used as a backup power source or to provide excess energy to the grid. However, when using solar power, inverters can cause a voltage distortion and current harmonics, which can negatively affect other connected equipment, and the grid [97], [98]. 
Filters are used to mitigate power quality disturbances often caused by inverters in grid-connected PV systems. By implementing a filter, the current and voltage waveforms can be smoothed out, reducing the amount of distortion and harmonics in the system. This is especially important when connecting multiple solar panels or inverters to the grid, which can amplify the disturbance caused. Filters can also help reduce the amount of radio frequency interference (RFI) in the system, which can affect other wireless equipment nearby [98], [99].
The use of filters in grid-connected PV systems can provide several benefits, including increased efficiency, optimized performance, and increased reliability. Improved efficiency is achieved by reduced power losses due to the elimination of power quality disturbances, as well as a more optimized power transfer between the solar power source and the grid. An optimized performance is achieved by preventing equipment damage due to voltage distortions and preventing power interruptions due to grid failures. Increased system reliability is achieved as filters contain circuit breakers, which prevents the system from overloading and damaging equipment [100].
In conclusion, grid-connected PV systems with filters have become a necessary component in renewable energy systems in order to mitigate power quality disturbances that can cause system downtime, equipment damage and increase power losses. Considering the current global ecological crisis, solar power is increasing in popularity and is expected to be the world's leading source of energy by 2050. Therefore, the use of filters in grid-connected PV systems will become increasingly important. Furthermore, more research needs to be done on developing new filtering technologies and improving the current ones in order to maximize the efficiency and reliability of these systems, ultimately making renewable energy a more accessible and practical option for a sustainable future.
5. [bookmark: _Toc177491049]Mathematical Modelling of Grid-Connected PV Systems
Mathematical modelling of grid-connected PV systems is an important aspect of their design and implementation. The modelling process makes it possible to simulate the behavior of the system under different operating conditions, which helps to optimize its performance and enhance its reliability [101].
One of the critical aspects of mathematical modelling of grid-connected PV systems is the description of the electrical behavior of the system [102]. The mathematical model must include the electrical characteristics of the solar panels, converters, and the electrical interface between the PV system and the grid. The system's electrical behavior is usually represented by a set of equations that describe the current and voltage characteristics of the various components of the system. These equations are then solved using numerical methods to obtain the system's electrical behavior [103].
A well-designed mathematical model of a grid-connected PV system can be used to optimize the system's performance, ensure its reliability, and reduce its cost. The model can be used to simulate the behavior of the system under different operating conditions, such as varying load, and make predictions of its performance. This can help in the identification of bottlenecks in the system, which can then be optimized to increase the overall efficiency of the system. Additionally, the model can be used to determine the optimal size of the system in relation to the available area, load demand, and budget [104].
As a result of the development in electronic power exchangers, a tendency was made to create and develop mathematical models with special controls in them [105], [106]. The inferred models are of small sign, as they are valid for slow changes, but not valid for fast changes [107].
In this chapter, the transfer functions in the LaPlace domain were deduced, according to the non-linear specifications resulting from the presence of semiconductor switches in electronic converters. The transfer function for the dc/dc switch, the ac/dc template and for the PV system is derived to obtain the transfer function for the system as a whole [108]. Figure 35 shows the equivalent circuit of a grid-connected photovoltaic system consisting of:
· The current source.
· Reverse parallel diode.
· Conversion Resistance.
· Diode current.
· The current is from the PV series.
[image: ]
[bookmark: _Toc178073889]Figure 35. General diagram of the grid-connected PV system.
The photovoltaic array is formed by connecting several PV chains in series, each chain shown as in Figure 36.
[image: ]
[bookmark: _Toc178073890]Figure 36. The equivalent circuit of series of PV cells

The PV current is given in equation (3-8): 
	(3-8)
	


Where:
K: Poltizman Constant.
T: Temperature
RS: The Series Equivalent Resistor.
Rsh: The Parallel Equivalent Resistor of Pv Array.
Io: The reverse saturation current
In general, the output of cell PV is connected to the dc-dc converter. There is a necessary to increase the value of the output voltage of the photovoltaic panels to suit the load, since the voltage generated by the photovoltaic systems is of low value [109].
It is possible to convert solar radiation into electricity, and the relationship between solar radiation falling on the panel and the resulting electricity is a direct relationship, the more solar radiation falling on the panel, the greater the amount of energy generated as equations (3-9), (3-10), (4-11), (4-12), (4-13), and (4-14):
	(3-9)
	

	(3-10)
	


Where:
I: PV output current.
Iph: Photon current.
	(3-11)
	


Id: diode current 
ISL: parallel current 
IS: Saturation current during dark
RS: series resistance 
K: poltizman constant 
TC: Working temperature
A: Ideal coefficient
Ish: Parallel current
	(3-12)
	


V: PV array voltage.
RSh: Parallel resistance. 
	(3-13)
	

	(3-14)
	


[bookmark: _Toc177491050]5.1. Derivation of transfer functions
The transfer function of the PV array with respect to the instantaneous power is given by equations (3-15), (3-16), and(3-17)[110]:
	(3-15)
	


	(3-16)
	


	(3-17)
	



The transfer function of the power/ current is given by equation (3-18):
	(3-18)
	



The simple transfer function of the PV cell is given by equation (3-19):
	(3-19)
	


Figure 37 shows boost converter, Figure 38  shows boost converter when the switch is closed, and Figure 39 shows boost converter when the switch is open.
[image: ]
[bookmark: _Toc178073891]Figure 37. Boost converter.
[image: ]
[bookmark: _Toc178073892]Figure 38. Boost converter when the switch is closed
[image: ]
[bookmark: _Toc178073893]Figure 39. boost converter when the switch is open
When the switch function is set to the value of V=1, we get the following equations (3-20), (3-21):
	(3-20)
	

	(3-21)
	


When V adjusted at value of 0:
	(3-22)
	

	(3-23)
	


The dynamic behavior of boost converter can be described by the bilinear mode as equations (3-24), (3-25):
	(3-24)
	

	(3-25)
	


However, the transfer function in real time applications may be written as equation (3-26):
	(3-26)
	


Where R is the resistance showed by dc-dc converter, can be written as equations (3-27), (3-28):
	(3-27)
	

	(3-28)
	


Figure 40 shows the block diagram of a single-phase inverter and the input-to-output transfer function of the converter, and its transfer function is listed in equations (3-29), and (3-30)
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[bookmark: _Toc178073894]Figure 40. Block diagram of a single-phase inverter.
	(3-29)
	

	(3-30)
	


[bookmark: _Toc177491051]5.2. Determine the Transfer Function
As equations (3-31), (3-32), (3-33), (3-34), (3-35), and(3-36):
	(3-31)
	

	(3-32)
	

	(3-33)
	

	(3-34)
	

	(3-35)
	

	(3-36)
	



The total transfer function of the system is obtained by integrating the individual transfer functions of its components (the photovoltaic system, the stiffening section, and the template) as the following relationships appear:
	(3-37)
	

	(3-38)
	


L=1.7 mh
C=1.8*10-4 F
R=305 Ω
F= 100 kHz
The boost converter with PV inverter interface and the load can be determined by the following equations.
Where voltage ratio for boost chopper is given as equation (3-39):
	(3-39)
	


And the Duty cycle for the boost converter is given as equation (4-40):
	(3-40)
	


Vg: Input voltage. 
Vo: Output voltage. 
D: Duty cycle.
Inductor and capacitor were designed in boost chopper at continuous mode working for inverter according to the equations (3-41), (3-42): 
	(3-41)
	

	(3-42)
	


The value of parameters can be set as:
L=1.7 Mh, C=1.8*10-4 F
R=305 Ω, F= 100 kHz
6. [bookmark: _Toc177491052]Systems Response Toward Common Test Signals
In control systems, test signals are essential to evaluate and verify system performance. Common test signals are used to provide information on how the system behaves under different conditions, which helps to identify possible weaknesses and limitations. Some of the most commonly used test signals include the step signal, the ramp signal, and the sinusoidal signal [105].
The step signal is a simple test signal that is used to evaluate the transient response of a control system. The signal is characterized by a sudden change in the input and is typically represented by a unit step function. The response of the system can be analyzed by measuring the rise time, settling time, and overshoot. The step signal is useful in evaluating the system's ability to follow sudden changes in the input and how quickly it reaches its steady-state value [107], [108].
Another commonly used test signal is the ramp signal, which is characterized by a linear change in the input over time. This signal is used to evaluate the steady-state response of a control system and its ability to track a linearly increasing input. The ramp signal can be used to calculate the steady-state error and the velocity error of the system. It is also useful in identifying integrator windup and saturation effects in the system [108].
Lastly, the sinusoidal signal is a test signal that is commonly used to evaluate the frequency response of a control system. This signal is characterized by a sinusoidal waveform and is used to determine the system's gain and phase shift at different frequencies. By analyzing the response of the system to different frequencies, it is possible to identify resonance and instability issues that may arise at certain frequencies. The sinusoidal signal is also useful in determining the bandwidth of the system and its ability to track sinusoidal inputs accurately [109].
Overall, common test signals are essential tools in evaluating and verifying the performance of control systems. These signals can reveal vital information about the system's behaviors and characteristics under different conditions. Understanding the advantages and disadvantages of these signals is essential to accurately analyze system performance and identify areas for improvement.
Figure 41 shows the studied system after adding series filter to DC bus bar. The studied system consists of PV array with boost converter, energy storage system, series filter, inverter, load, and electrical grid.
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[bookmark: _Toc178073895]Figure 41. Studied system before adding series filter.
The study analyzed the performance of system components under potential disturbances, including voltage flicker from the network. Figure 42 displays the PV array's unit-pulse response, with a maximum overshoot of 0.0120 and settling time of 0.2 seconds. Figure 43 depicts the unit-step response after integrating the boost chopper, resulting in improved time response specifications, as outlined in Table 12.
[bookmark: _Toc178073958]Table 12. Peak time, maximum bypass, and settling time the unit-pulse response of the PV module.
	PV module with boost converter and series filter
	PV module
	

	0.0120
	0.0120
	Peak Time

	4.2013
	9.2718
	Max Overshoot

	0.2
	0.2
	settling time



[image: ]
[bookmark: _Toc178073896]Figure 42. Response of PV array for unit-pulse represents suddenly vary in its input.
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[bookmark: _Toc178073897]Figure 43. Unit-step response of PV array with boost chopper and series filter that represents suddenly vary in its input.
The comparison between PV module and PV with boost chopper are performed as Figure 44 shows.
[image: ]
[bookmark: _Toc178073898]Figure 44. Comparison between the response of PV array before and after adding both of boost converter and series filter.
The inverter in the PV system exhibits a swift and well-damped response to the unit pulse, achieving stability within 0.005 seconds. This is demonstrated in Figure 45, while Table 13 provides details on peak time, maximum overshoot, and settling time.
[bookmark: _Toc178073959]Table 13. Peak time, maximum bypass, and settling time the unit-pulse response of the PV inverter.
	PV inverter
	

	1.0000e-03
	Peak Time

	339.0851
	Max Overshoot

	0.006
	Stelling Time


[image: ]
[bookmark: _Toc178073899]Figure 45. Unit-pulse response for PV inverter.
The alteration in solar radiation levels over time is represented by the unit step function. The response of individual components in the system was analyzed and presented in separate figures. Figure 46 displays the PV array's response to a unit step input, while Figure 47 shows the response of the PV array with the inverter. The inverter's response to the perturbation is illustrated in Figure 48. Table 14 provides a comparison of parameter values.
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[bookmark: _Toc178073900]Figure 46. Unit-step response for PV module.
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[bookmark: _Toc178073901]Figure 47. Unit step response for PV array with boost chopper.
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[bookmark: _Toc178073902]Figure 48. Unit-step response for PV inverter.

[bookmark: _Toc178073960]Table 14. Peak time, maximum bypass, and settling time the unit-step response of the PV module.
	PV inverter
	PV module with boost converter And series filter
	PV module
	

	0.0260
	0.007
	0.0125
	Peak Time

	0.9877
	0.0042
	0.9877
	Max Overshoot

	0.0990
	0.4
	0.02
	Settling Time


7. [bookmark: _Toc177491053]Systems stability
The stability of grid-connected PV systems is crucial to ensure safe and reliable energy delivery to the consumers. The key challenge in maintaining the stability of these systems is the intermittent nature of solar power generation. As the solar energy source is highly dependent on environmental conditions such as weather and time of the day, the output power of PV systems varies significantly, which can create instability in the grid-connected systems. To ensure the stability of grid-connected PV systems, advanced control and monitoring systems are employed to regulate the variable energy input from the PV systems and maintain the balance between supply and demand [110].
The stability of grid-connected PV systems can be improved by implementing smart grid technologies. Smart grids utilize advanced communication and power management systems that enable real-time monitoring, analysis, and control of the energy flow within the grid. In this way, smart grids can regulate the variable power output of grid-connected PV systems, maintain the grid stability, and ensure the reliable power supply to the end-users. Additionally, the implementation of energy storage systems such as batteries can also contribute to achieving grid stability by storing the excess energy generated during peak hours and compensating for the low energy output during low peak hours [35], [111]. 
Stabilization of the PV array with boost chopper was achieved, but at a value different from the reference value.
It is clear from the Bode plot for the PV array with the boost chopper with series filter, and for the PV inverter, that the system is stable with a positive gain and phase margin as shown in FigureS 49-50.
The Bode plot is a graph that displays the frequency response of a system. It helps to analyze stability and oscillations in voltage and current output, providing important information to optimize performance [112].
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[bookmark: _Toc178073903]Figure 49. Bode plot diagram for PV inverter.
[image: ]
[bookmark: _Toc178073904]Figure 50. Bode plot diagram for PV system with boost chopper and series filter.
8. [bookmark: _Toc177491054]The system modelling and ICA Application
In this chapter, a traditional controller-operated series filter has been added to the DC bus bar to improve the quality of electric power coming from the PV array. The setup includes a PV array connected to an inverter, with a series filter to reduce voltage and current ripple factor, along with a transmission line, voltage transformers, and the load, as shown in Figure 51.
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[bookmark: _Toc178073905]Figure 51. Proposed system.
A filter with four transistors, an inductor, and a capacitor is used to achieve a sinusoidal current at the inverter output, as depicted in Figure 52. Its purpose is to eliminate high-frequency elements from the current generated by the PV array and deliver a steady current to the inverter input, resulting in reduced harmonics in the inverter output signals.
[image: ]
[bookmark: _Toc178073906]Figure 52. Structure of the series filter used.
The diagram in Figure 53 illustrates a control approach consisting of two low-pass filters, a high-pass filter, and two controllers - a proportional P controller and a proportional-integral PI controller. By comparing the trigonometric signal with the control signal, this approach enables precise control of the DC side voltage while effectively reducing resonance and current ripples.
The filter input current is controlled to reach a soft input current on the inverter input. The reference current is generated according to the following steps:
· Continuously monitoring the load current and extract the distorted content.
· Compare it with the actual current located on the inverter input.
· Giving the resulting signal to a proportional regulator.
· Adding it to the capacitor voltage control loop to give the control signal, and then select the gate signals (T1, T4) and (T2, T3) by interrupting both the control waves and the sine waves.
The low-pass filter LPF1: is used to reduce high-frequency components presented in the pulse load currents. Several low-pass filters are connected in series to achieve sufficient reduction of load current ripples as well as reduce the detection time of dynamic load change.
The proportional controller P is used to compensate for losses and is called current gain. It is controlled in order to adjust the current ripples IL as mentioned earlier, high P values produce current ripples in the DC loop that are 6 times less than the current ripples in the feeder. The proportional gain value P is set to the value 30 in order to keep the ripples few in the linear control signal and to find a sufficiently controllable current.
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[bookmark: _Toc178073907]Figure 53. Filter control circuit.
To decrease the equivalent frequency switching ripples, the main control loop implemented a low-pass filter called LPF2. The filter's frequency was set to 360 Hz, which is six times greater than the power frequency, to effectively reduce the ripples.
The DC link voltage is controlled using a PI controller, which is linked in parallel to the main control loop. This enables the control signal to be modified in the absence of losses in the DC link capacitor. Nevertheless, the modulation must boost the charging current to the capacitor as the losses in the capacitor are not precisely zero. There are several methods to adjust this controller, such as manual tuning, optimization algorithms, and more.
When connecting diode bridge diodes, a High-pass filter (HPF) is utilized to identify resonance currents that occur naturally. These currents are prevented by returning them to the main control loop. Additionally, a high-pass filter is employed to eliminate the fundamental component and obtain only the distorted component. The filter's switching frequency is established at 72 Hz. The signals of the gates (T1, T4) and (T2, T3) are determined by interrupting both control and sine waves.
By utilizing four IGBT transistors, the current IL of the inductor is regulated to a steady value. The gate signals of transistors T3 and T4, as well as T1 and T2, are opposite and determined by comparing the control signal with the sinusoidal signal. The duty cycle of the transistors is influenced by both the current iL and the voltage of the DC link.
The ICA algorithm was employed to determine the controller constants' values, which were configured as follows:
· No. of Countries: 200.
· No. of Imperialists: 10.
· Revolution Rate: 0.2.
· β: 1.4.
· ξ: 0.02.
· Dimensions: 30.
· Simulations: 30.
· Decades: 1000.
[bookmark: _Toc178073961]Table 15. ICA parameter values.
	The parameter
	Value

	Population size (n)
	20

	Probability of switching (p)
	0.8

	Number of iterations
	150

	Number of variables
	3

	Maximum limits [kp1, kp2, ki]
	[40 30 10]

	Minimum limits [kp1, kp2, ki]
	[0 0 0]



In this study, the objective function is expressed as the integration of absolute error ITAE multiplied by time as equation (3-43).
	
	(3-43)


Where "t" is the integration time and "e(t)" is the error of the studied system.
	)
	(3-44)


The equation for the objective function's error e(t) is a combination of the errors in DC-link current and DC-link voltage, expressed as a sum.
[bookmark: _Toc178073962]Table 16. Optimal values of P and PI controllers’ parameters.
	Imperialist Competitive Algorithms (ICA)

	P controller
	PI controller

	Kp
	Kp
	Ki

	30
	4
	6


Inverter output current is depicted in Figure 54, both before and after serial compensation. The filter noticeably reduced grid current distortions, as seen in the figure. The current's total harmonic distortion factor (Thd%) dropped from 58% to 9.58% after implementing the filter.
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[bookmark: _Toc178073908]Figure 54. Inverter output current before and after using of serial compensation.
The series filter resulted in a significant reduction in the total harmonic distortion factor value for the inverter output voltage, as demonstrated in Figure 55 where it decreased from 32% to 2.8%.
Figure 55 provides strong evidence of the effectiveness of the implemented series filter. The graph clearly shows the output current of the inverters before and after the filter was added. It is clear that there is a significant reduction in the distortion of the current waveform once the series compensation is applied. This results in a significant improvement in the quality of the current being sent to the grid. To further demonstrate this improvement, Figure 56 shows the Thd% of the inverter's output current. The results are truly impressive, with the Thd% dropping from 58% to just 9.84% after the filter was integrated. This significant reduction is a strong indication of the ability of the series filters to effectively reduce current harmonics and ensure a cleaner power flow to the grid.
[image: ]
[bookmark: _Toc178073909]Figure 55. Inverter output voltage.
[image: ]
[bookmark: _Toc178073910]Figure 56. FFT Analysis for Inverter output current before and after using of serial compensation.
The effect of the series filter on the quality of the inverter output voltage is clearly shown in Figure 57 and Figure 58. Figure 57 shows a significant reduction in Thd% after the filter was implemented, from 32% to 0.43%. This drastic reduction of over 98% proves the effectiveness of the series filter in reducing the harmonic distortion in the inverter output voltage. By achieving near-ideal harmonic performance, the filter ensures cleaner power injection into the grid, helping to improve overall system stability and power quality.
[image: ]
[bookmark: _Toc178073911]Figure 57. Inverter output voltage
[image: ]
[bookmark: _Toc178073912]Figure 58. FFT analysis of Inverter output voltage
The implemented filter demonstrably improves the quality of the PV array output voltage waveform. Figure 59 provides compelling evidence, showing a significant reduction in both ripple and crest factor after filter integration. The newly implemented filter significantly improves the quality of the PV array output voltage waveform. The evidence presented in Figure 59 clearly shows a significant decrease in both ripple factor and crest factor after integration of the filter. Before the filter was added, the ripple factor was alarmingly high at 0.64, indicating significant voltage fluctuations that could affect power conversion efficiency. However, with the filter in place, the ripple factor dropped dramatically to just 0.03, an impressive improvement of over 95%. In addition, the crest factor, which provides a more comprehensive view of waveform smoothness, also experienced a significant decrease. Prior to filtration, the crest factor was 0.71, indicating an imperfect waveform shape that could potentially damage downstream equipment. After the filter is applied, the crest factor drops to an impressively low 0.02. This dramatic improvement ensures a more consistent and predictable output voltage waveform, resulting in improved system efficiency and component life. Essentially, the filter serves as a powerful tool for reducing both high frequency (ripple) and peak voltage (crest factor) fluctuations in the PV array output. This results in a cleaner and more consistent power output, setting the stage for optimal system operation.
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[bookmark: _Toc178073913]Figure 59. Current on the DC bus bar.
before the filter installation, the voltage showed significant fluctuations, as evidenced by its irregular pattern. This indicates the presence of significant ripple, which can lead to inefficiencies and stress on the system's equipment. However, the introduction of the series filter changes the scenario completely. The smoothness of the filtered voltage waveform in Figure 60 is greatly improved, with fluctuations nearly eliminated to provide consistent power output. Upon analysis, the ripple factor dropped from 0.71 to 0.02, a reduction of over 97%, while the crest factor dropped from 3 to 1.3, showing significant improvements in waveform quality. The results clearly show how well the series filter works to reduce both ripple and peak voltage fluctuations in the voltage waveform. With its ability to produce a near-perfect waveform, the filter promotes better power flow in the system, resulting in increased efficiency and overall system well-being.
[image: ]
[bookmark: _Toc178073914]Figure 60. DC bus bar voltage.
The innovative approach of incorporating a series active filter on the DC side of grid-connected PV systems improves power quality and system stability by targeting and resolving problems at the connection points. The use of a SPWM system to control the filter components enables precise tuning and responsive operation. The proposed method introduces several important improvements over traditional techniques: 
1. Innovative component design: The filter configuration includes four pairs of transistor diodes, providing a unique design and enhanced operational capabilities. 
2. Improved dynamic performance: By prioritizing transient response and utilizing SPWM, the method goes beyond basic harmonic reduction to address the dynamic performance of the system. 
3. Improved stability metrics: The method demonstrates improved gain margin and phase margin, which means tangible advances in system stability.
Table 17 shows a comparison of the proposed filter with the prevailing filter types in terms of location, control strategy, harmonic mitigation, dynamic response, stability improvement, complexity, cost, maximum overshoot reduction, advantages, and disadvantages.
[bookmark: _Toc178073963]Table 17. Comparison of the proposed filter with the prevailing filter types
	Feature
	Passive Filters
	Tuned Passive Harmonic Filters
	Traditional Active Filters
	Proposed Series Active Filter

	Filter Type
	Passive
	Passive
	Active
	Active

	Location
	AC Side
	AC Side
	DC or AC Side
	DC Side

	Control Scheme
	Fixed
	Tuned to Specific Freq.
	Adaptable Control
	SPWM Controlled

	Harmonic Reduction
	Moderate
	High for specific freq.
	High
	Very High

	Dynamic Performance
	Limited
	Limited
	Good
	Excellent

	Stability Improvement
	Limited
	Limited
	Good
	Excellent

	Complexity
	Low
	Medium
	High
	Moderately High

	Cost
	Low
	Medium-High
	High
	Moderate

	Overshoot Reduction
	Not Applicable
	Not Applicable
	Varies
	Significant

	Advantages
	- Low cost - Simple design
	Improved harmonic compensation
	Effective harmonic compensation, dynamic response
	Effective harmonic compensation, improved transient response and stability, comprehensive modeling

	Disadvantages
	-Can cause resonance issues
Limited harmonic compensation.
fixed parameters
	Narrow frequency range, fixed parameters
	Complex control, stability issues
	Increased complexity, potential cost implications


[bookmark: _Toc177491055]8.1. The Simulation Description  with Variation in Temperature and Irradiance
The simulation begins with standard test conditions: an ambient temperature of 25 ℃ and a solar intensity of 1000W/m2. The boost converter's ON/OFF time ratio is set at 0.5, with a period ranging from 0 sec to 0.3 sec. This results in a calculated PV voltage of (3-45).

	
	
	(3-45)


The PV array has an output power of 96 kW, but can reach a maximum power of 100.7 kW at 1000 W/m2 irradiance. At t= 0.3 sec, the MPPT is activated to optimize the PV voltage and achieve the maximum power using a duty ratio. With a calculated duty cycle of D = 0.453, the maximum power of 100.7 kW is achieved. Operating under standard test conditions of 25 ℃ and 1000W/m^2 from t= 0.3 sec to t= 0.5 sec, the duty cycle D falls between 0.450 and 0.459. The PV voltage is determined to be 273.5 V according to (3-46), with a mean power output of 100.7 kW meeting the PV module specifications.
	
	
	(3-46)


During the time period between t=0.5 s and t=1 s, the intensity of sunlight decreases from 1000W/m2 to 250W/m^2 in a stepwise manner. This particular MPPT controller is designed to optimize power output only under constant irradiance conditions. In Fig. 6, it can be observed that when the irradiance is 250W/m2 between t=1.0 sec and t=1.5 sec, the duty cycle D fluctuates between 0.466 and 0.474. This variation in duty cycle corresponds to a PV voltage of V_PV = 265 V and an average power of Pmean = 24.4 kW. In the range of 1.5 to 6.0 seconds the increase of irradiance up to 1000W/m2 is characteristic for sun. Subsequently, the temperature is set between 50 ℃ and 0 ℃ to investigate the impact of the said parameter. At the same time, it should be pointed out that the highest PV output power of 107.5 kW corresponds to the lowest temperature of 0 ℃.
Variation of the solar radiation and the temperature over the period of this study is presented in the Figures 61 & Figures 62  below.
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[bookmark: _Toc178073915]Figure 61. Solar irradiance.
[image: ]
[bookmark: _Toc178073916]Figure 62. Temperature.
The constant DC side voltage of the proposed system, as shown in Figure 63, remains unaffected by variations in solar radiation. This indicates the effectiveness of the active filter and control strategy, achieved by counteracting the harmonic content present in the DC side voltages and currents with an opposite and equal current.
[image: ]
[bookmark: _Toc178073917]Figure 63. Dc-link voltage.
The plots in Figure 64 & Figure 65 show the phase current of the grid side and the impact of nonlinearity due to changes in solar radiation. It was observed that the current is influenced by the intensity of solar radiation, increasing gradually as the radiation levels change. These gradual changes in current indicate that the inverter output accurately reflects the amount of solar radiation received. The integration of an additional filter circuit has significantly improved power quality in these systems. Figure 66 demonstrates that the voltage waveform at the inverter output is only slightly unbalanced after the filter integration, addressing common power quality issues in PV systems.
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[bookmark: _Toc178073918]Figure 64. Grid side current.
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[bookmark: _Toc178073919]Figure 65. Grid side current zoom view.
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[bookmark: _Toc178073920]Figure 66. Phase voltage at grid side.
Figure 67 demonstrates the consistent relationship between the electrical energy injected into the grid and solar radiation, showcasing the effective dynamic behavior of the system following the implementation of the suggested filter.
[image: ]
[bookmark: _Toc178073921]Figure 67. Power delivered to the utility.

Figure 68 demonstrates how duty cycle values fluctuate slightly in response to variations in solar irradiation, yet remain consistent, thereby preventing potential frequency issues that could impact power quality in these systems.
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[bookmark: _Toc178073922]Figure 68. Duty cycle.
The voltage produced by the PV arrays in Figure 69 is uniquely dependent on the level of irradiation and temperature, resulting in minimal fluctuations in array voltage despite changes in solar radiation and temperature.
[image: ]
[bookmark: _Toc178073923]Figure 69. PV voltage.
Figure 70 illustrates the relationship between the average power input to the grid and the percentage fluctuations in solar radiation and temperature, based on the data collected from the experiment.
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[bookmark: _Toc178073924]Figure 70.   Pmean.
Figure 71 displays the FFT of the grid current in the analyzed system over 6 cycles. The figure reveals a THD of 0.15% for the current, while Figure 72 shows a THD of 0.22% for the voltage grid. This suggests that incorporating the filter improves the overall quality of the power system under investigation.
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[bookmark: _Toc178073925]Figure 71.  THD% of grid current.
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[bookmark: _Toc178073926]Figure 72.  THD% of grid-voltage
The proposed control scheme is compared to previous works in power quality enhancement in a bar chart shown in Figure 73. Experimental results demonstrate that the proposed method surpasses both the current state of the art and the latest filters in the field.

[bookmark: _Toc178073927]Figure 73.  THD values comparison with previous studies.
9. [bookmark: _Toc177491056]Conclusion
The utilization of the series filter in PV systems connected to the grid has been demonstrated as a successful method for minimizing the impact of harmonics and enhancing the general power quality. The series filter has been proven to considerably decrease the level of total harmonic distortion (THD) in grid-connected systems, while simultaneously maintaining high power efficiency. The voltage waveform's harmonic distortion factor on the output has been reduced to 2.8%, and for the current, it has been reduced to 9.58%. Additionally, there is a big reduction in both voltage and current waves ripple in the dc side.
The time response and stability of the system were significantly improved by the added filter, resulting in a 50% reduction in maximum overshoot when exposed to common test input signals. However, the filter design must be tailored to the specific needs of the system for optimal performance. The application of the series filter in grid-connected photovoltaic systems is a significant contribution to the sustainable development of the energy sector, given its advantages and the increasing demand for renewable energy sources. Nevertheless, further research is necessary to enhance the complexity of filtering systems to meet the growing demand for grid-tied PV systems in various applications.







[bookmark: _Toc160099181][bookmark: _Toc177491057][bookmark: _Toc146531589][bookmark: _Toc146531590][bookmark: _Toc160099182]Chapter IV: OPTIMAL SIZING OF GRID-CONNECTED BIFACIAL PV SYSTEMS COMPONENTS
[bookmark: _Toc160099183][bookmark: _Toc177491058]1. Introduction 
Grid-connected photovoltaic (PV) systems have gained significant popularity in recent years as a reliable renewable energy source. However, the optimal sizing of components in grid-connected photovoltaic (PV) systems is crucial for maximizing efficiency and potential benefits. Properly sizing PV panels, inverters, battery storage, and other components ensures that the system meets energy demands, minimizes costs, and promotes a sustainable energy future. This chapter examines the importance of optimal sizing, key factors to consider, and its impact on system performance and financial viability. Figure 74 shows the grid- connected PV system [113], [114].
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[bookmark: _Toc160791188][bookmark: _Toc178073928]Figure 74. grid-connected PV system.
Determining the ideal size of components in grid-connected PV systems requires careful consideration of various factors. The primary focus should be on the electricity demand of the building or facility where the system will be installed. Accurately estimating the load profile is crucial for appropriately sizing the PV panels to ensure sufficient energy generation to meet consumption requirements. The geographical location also plays a significant role in determining the optimal size, as solar radiation levels vary across regions. The amount of available sunlight directly affects the number and orientation of PV panels required to maximize solar energy harvesting. Other factors influencing sizing include desired energy autonomy, system losses, cost considerations, and roof space availability for panel installation [114], [115].
[bookmark: _Toc146531592][bookmark: _Toc160099184][bookmark: _Toc177491059]2. Optimal Sizing of Grid-Connected Bifacial PV Systems
[bookmark: _Toc146531593][bookmark: _Toc160099185][bookmark: _Toc177491060]2.1. PV Array Sizing
Achieving the perfect size for PV panels requires finding the right balance between meeting electricity needs and cost efficiency. Oversizing the array can lead to unnecessary expenses, while under sizing may result in insufficient energy output. Therefore, accurately estimating the electricity load profile and evaluating historical solar radiation data for the specific location are vital. Computer simulations and mathematical models can help determine the ideal panel capacity for maximum energy production [115].
The size of the PV array directly influences the amount of electricity generated, which is determined by its capacity and energy efficiency. Proper sizing involves considering various factors such as available roof space, solar irradiation levels, and the energy demand. To optimize its size, it is important to conduct a detailed analysis to determine the optimal tilt angle and azimuth orientation, and to ensure that the array is not oversized or undersized for the given area.
To determine the size of a PV array in grid-connected PV systems, a series of steps must be taken. Initially, it is necessary to calculate the amount of energy needed for the system. This involves studying the energy usage patterns of the end-users, taking into account seasonal fluctuations, and considering any plans for future growth. Subsequently, the solar irradiation data for the specific location is examined to estimate the potential daily energy production. This information aids in the selection of suitable PV panels based on their respective efficiencies. Additionally, the available installation area is taken into consideration to determine the maximum number of PV panels that can be accommodated [115].
Accurate sizing of the PV array is crucial for optimal system performance and longevity. Oversizing the array can lead to wasted energy and financial loss, as well as strain on the electrical grid during peak hours. On the other hand, under sizing the array can result in insufficient energy production, leading to higher utility bills and a larger carbon footprint. Therefore, precise PV array sizing is essential for achieving desired energy production, economic viability, and environmental benefits in grid-connected PV systems [115], [116].
The sizing of PV arrays is crucial for grid-connected PV systems, as it directly impacts system performance and economics. Considering factors like energy consumption patterns, solar irradiation, and available area is essential in determining the optimal number of PV panels required for desired energy output. Accurate sizing guarantees efficient energy generation, maximizes economic viability, and contributes to a sustainable and clean energy future [117].
[bookmark: _Toc146531594][bookmark: _Toc160099186][bookmark: _Toc177491061]2.2. Inverter Sizing
The inverter plays a vital role in grid-connected PV systems by transforming the DC power produced by the PV panels into AC power that can be used locally or supplied to the grid. It is essential to choose the right size of the inverter to ensure effective energy conversion, considering the capacity of the PV array. When selecting the suitable inverter capacity, factors like MPPT capability, voltage and current ranges, and system losses should be taken into consideration [118]. 
The inverters' MPPT capability is crucial for optimizing the energy output of the PV system. Through the use of MPPT technology, the inverter can continuously adjust the operating point of the PV panels to extract the highest possible power, even when the weather conditions change. This ensures peak efficiency of the system and maximizes electricity generation [117], [118].
It is important to consider the voltage and current ranges of the inverter to ensure compatibility with the PV array and prevent damage or inefficiencies. Accounting for system losses, like wiring and conversion losses, is crucial to accurately determine the appropriate inverter capacity for the grid-connected PV system. Regularly monitoring and maintaining the inverter is essential for optimal performance, including inspecting and cleaning components, checking for wear or damage, and addressing any issues promptly. This extends the inverter's longevity and maintains system efficiency. Proper safety measures, such as surge protectors and grounding systems, are essential to protect the inverter and the entire PV system from electrical hazards [118], [119].
[bookmark: _Toc146531595][bookmark: _Toc160099187][bookmark: _Toc177491062]2.3. Energy Storage Sizing
Energy storage systems are increasingly being integrated into grid-connected PV systems to address the intermittent nature of solar energy generation. The sizing of these storage systems involves assessing the necessary capacity to mitigate fluctuations in solar energy availability. Factors such as energy demand profile, storage duration, charging and discharging efficiencies, and cost-effectiveness must be considered. Additionally, battery storage improves self-consumption and reduces reliance on the grid during periods of low sunlight. When determining battery size, load requirements during peak demand, battery lifespan, and desired energy independence should be taken into account [120].
In order to properly size the energy storage in grid-connected PV systems, it is crucial to have a comprehensive understanding of the solar resource availability. The solar irradiation levels vary across different regions throughout the year, which directly impacts the amount of energy that can be generated by PV panels. By thoroughly examining historical solar data, including the intensity and duration of solar radiation, it becomes possible to accurately estimate the power output of PV systems. This valuable information then helps in determining the necessary storage capacity to effectively store surplus energy during periods of high solar irradiance and release it when the availability of sunlight is limited [120], [121].
Understanding the load demand profile is crucial when determining the appropriate energy storage size for grid-connected PV systems. By examining the patterns of load demand, such as peak periods and fluctuations in energy usage, one can determine the necessary storage capacity. In cases where the load demand remains relatively stable, a smaller storage system might be enough. However, if there are substantial variations in load demand, such as peak demand periods that do not align with peak solar generation, a larger storage system is required to maintain a balance between supply and demand.
When determining the size of energy storage in grid-connected PV systems, it is crucial to take into account the grid requirements. The grid operator typically has specific regulations and technical criteria in place to maintain grid stability and reliability. These criteria often involve measures such as peak shaving, voltage stabilization, and grid frequency control. By sizing the energy storage system in compliance with these regulations, the integration of the PV system into the current grid infrastructure can be seamless, reducing the risk of grid disruptions and optimizing system efficiency [121].
In conclusion, sizing energy storage in grid-connected PV systems is a complex task that requires extensive expertise. It is crucial to take into account factors like solar resource availability, load demand profile, and grid requirements when determining the system size. Properly sizing the energy storage enables efficient management of the intermittent nature of solar power generation, ensuring maximum utilization of solar energy while maintaining grid stability and reliability.
[bookmark: _Toc146531596][bookmark: _Toc160099188][bookmark: _Toc177491063]2.4. Load Demand Assessment
Accurately evaluating the load demand profile is essential for determining the ideal size of PV system components. Through the examination of past data and comprehension of fluctuations in electricity usage patterns, it becomes feasible to approximate the highest load demand and energy consumption profile. This knowledge enables the appropriate selection of PV array capacity, inverter rating, and energy storage capacity, guaranteeing that the system aligns with the consumer's specific requirements [122]. 
By accurately evaluating the load demand profile, businesses and homeowners can optimize their PV system to meet their specific energy needs. Understanding fluctuations in electricity usage patterns allows for the identification of peak demand periods, enabling the selection of PV array capacity and inverter rating that can handle the highest load requirements. Additionally, determining the energy storage capacity ensures that excess energy can be stored for later use, maximizing the system's efficiency and reducing reliance on the grid. Furthermore, by monitoring the load demand profile over time, businesses and homeowners can make informed decisions about when to use their stored energy. This allows them to strategically utilize their PV system during times of high electricity prices or grid outages, saving money and ensuring uninterrupted power supply. Additionally, understanding the load demand profile can help identify opportunities for energy conservation and efficiency improvements, leading to further cost savings and environmental benefits [123], [124].
[bookmark: _Toc146531597][bookmark: _Toc160099189][bookmark: _Toc177491064]2.5. Techno-economic Analysis of sizing grid-connected PV systems
The analysis of sizing grid-connected photovoltaic (PV) systems is crucial for sustainable energy development. It is necessary to assess the cost-efficiency and performance of PV systems as renewable energy sources become more prominent. This essay explores the factors involved in this analysis and its significance in the broader context of energy transition. By examining the technical and economic aspects of sizing, this essay aims to provide a comprehensive understanding of the topic. PV system sizing is vital in determining its performance and electricity generation capacity for meeting energy demands. The size of a grid-connected PV system directly influences the amount of electricity generated and its potential for meeting the energy demands of a particular location [125],[126].
To begin with, PV system sizing plays a pivotal role in determining its overall performance. The size of a grid-connected PV system directly influences the amount of electricity generated and its potential for meeting the energy demands of a particular location.
Accurate sizing is crucial to ensure optimal utilization of available resources and maximize the system's output. Various factors, such as solar irradiation, location, and system efficiency, need to be considered while determining the appropriate system size. Moreover, sizing also involves selecting the optimal number and arrangement of PV modules, which must align with the requirements of the end-user [126].
In addition to technical considerations, an economic analysis must be conducted to determine the feasibility of grid-connected PV systems. The cost of PV modules, inverters, balance of systems, installation, and maintenance all factor into the techno-economic analysis. By evaluating the upfront costs, operating expenses, and potential revenues generated by the system, an accurate financial assessment can be made. This analysis also includes estimating the system's return on investment (ROI), payback period, and net present value (NPV). These financial indicators provide valuable insights into the long-term viability and profitability of the PV system [127].
The examination of the techno-economic factors also takes into account the various incentives and regulations associated with grid-connected PV systems. Many nations have introduced feed-in tariffs, tax credits, and other forms of support to encourage the use of renewable energy. These incentives can greatly impact investment choices and the overall economic viability of the system. Hence, it is crucial to possess a thorough comprehension of the present policies and regulations in order to conduct a precise techno-economic analysis. This analysis can aid policymakers in evaluating the effectiveness of current incentives and identifying possibilities for improvement or alteration [17].
Moreover, properly analysing the technology and economics of grid-connected PV systems is essential for driving the global energy transition. PV systems are crucial in reducing reliance on fossil fuels and decarbonizing the electricity industry. By accurately sizing these systems, policymakers can seamlessly integrate them into the current grid infrastructure while maintaining stability and avoiding excessive expenses. Furthermore, the economic analysis offers valuable insights into the competitiveness of PV systems compared to traditional energy sources. This analysis assists governments and businesses in making well-informed choices regarding future investments in renewable energy [127].
[bookmark: _Toc146531598][bookmark: _Toc160099190][bookmark: _Toc177491065]3. The studied system
[bookmark: _Toc146531599][bookmark: _Toc160099191][bookmark: _Toc177491066]3.1. The Main Goal of Studied System
The main goal of this system is to propose an optimization method that not only identifies the ideal number and components of a grid connected PV system, but also determines the optimal power flow management. This is done to enhance the profitability, reliability, and feasibility of the system over a 20-year study period. The sizing decisions include determining the number of PV panels, batteries, and inverters, as well as the amount of energy purchased from the electrical network, energy injected into the grid, and electricity tariffs for a 24-hour period. The main objectives of this research are to minimize each of the net present value of the cost PW and the loss of power supply probability LPSP. The development of a power flow management optimization is aimed at improving the feasibility and reliability of the system to meet the demand of loads at any given time. Previous studies on sizing optimization have not extensively addressed the enhancement of system feasibility, and this aspect will not be considered in most of these studies [128].
In the city of Hilla - Babil in Iraq, a study was conducted on a residential area consisting of 96 houses. These houses have an average capacity of 141 kwh/day. The area is powered by a photovoltaic farm connected to the network. Figure 75 supplies this residential area has a capacity of 2.5 MW. 
[image: ]
[bookmark: _Toc160791189][bookmark: _Toc178073929]Figure 75.  farm PV system connected to the power grid.
The load curve of the residential area powered by the photovoltaic farm is displayed in Figure 76.

[bookmark: _Toc160791190][bookmark: _Toc178073930]Figure 76. the load curve of the residential area.
The study also included an examination of a single residential load, specifically one house, to meet the daily requirements of the house based on the desired elements. These findings will be presented in sequence. The daily load curve for one day is show in Figure 77.

[bookmark: _Toc160791191][bookmark: _Toc178073931]Figure 77. the load curve for one house.

[bookmark: _Toc146531600][bookmark: _Toc160099192][bookmark: _Toc177491067]3.2. The Selection of the Studied System Components 
The average house demand:
	
	(4-1)


The average demand of studied residential area:
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	(4-3)

	
	(4-4)


The minimum and maximum limits for the number of bifacial photovoltaic panels used in the photovoltaic farm were determined based on the values in the equations (4-1), (4-2), (4-3), & (4-4).
3.2.1. Bifacial PV Modules Characteristics
[bookmark: _Hlk144438781]ELAN SHINE Series Bifacial PV Modules MBB P-Type PERC Half-cut. These modules utilize MBB cell technology to provide improved resistance to microcracking and more evenly distributed internal stress. The current path grid pattern reduces costs while achieving an impressive 600 Wp with a 15% increase in bifocality and a bifocality factor of up to 70 ± 5%. With a minimal degradation rate of only 0.45 year over year, these modules come with a 30-year power warranty, ensuring extended product lifespan and performance. They also exhibit minimal degradation for LID e, LeTID modules. Manufactured using Ga doped wafer, Smart soldering, and 10BB technology, these modules also offer exceptional PID resistance. Figure 78 shows that the higher generation form bifacial solar panel due to bifacial technology [129], [130].
[image: ]
[bookmark: _Toc160791192][bookmark: _Toc178073932]Figure 78. the comparison between bifacial and monoracial modules.
The voltage and current values ​​of the cell at various levels of solar radiation intensity are depicted in the Figure 79.
[image: ]
[bookmark: _Toc160791193][bookmark: _Toc178073933]Figure 79. Values of voltages and currents at different values of solar radiation intensity.
3.2.2. PV Inverter Characteristics
The capacity of the system is 25 MW, and it is subsequently multiplied by the factor of loss and reliability. Hence, it is necessary to utilize SMA-MPPT 100 KW inverters. Consequently, the range of inverters required falls between 4 and 6, as indicated below.
3.2.3. PV Battery Characteristics
The total energy consumption per day amounts to 21312 kilowatt-hours. With a discharge level of 40%, a battery life of 5 years, and a voltage of 96 volts, the battery capacity is determined using the following formula:
	

	(4-5)

	

	(4-6)


3.3. [bookmark: _Toc146531601][bookmark: _Toc160099193][bookmark: _Toc177491068]The Objective Function of Studied System:
The main goal of this research is to introduce a novel method for identifying the best parameters of a grid-connected solar power system that includes storage elements. This approach integrates economic and technical evaluations spanning two decades to improve the profitability, reliability, and viability of the systems. The main objective of this study is to optimize the present cost element, PW, in order to enhance profitability, while simultaneously reducing LPSP to minimize load power losses and ensure a consistent power supply for the loads.
3.3.1. The First Objective Function
The  parameter assesses the investment status of the entire system over a specific time frame. It represents the disparity between the present value of cash inflows and the present value of cash outflows during the investment analysis period.
	.
	(4-7)


The cost function is to minimize the  Where: 
	
	(4-8)


Where:
	:
	Present cost element.

	:
	Construction cost.

	:
	PV module cost.

	:
	PV module number.

	:
	PV inverter cost.

	:
	PV inverter number.

	:
	PV battery cost.

	:
	PV battery number.



	
	(4-9)


Where:
	:
	Annual maintenance cost of the system components

	:
	PV maintenance cost.

	:
	inverter maintenance cost.

	:
	Battery maintenance cost.


The total cost of inverters replacing, and the total cost of batteries replacing is giving as equations (4-10) & (4-11):
	
	(4-10)

	
	(4-11)


Where:
	:
	The cost of one inverter replacing.

	:
	The cost of one battery replacing.

	:
	The total cost of inverters replacing.

	:
	The total cost of batteries replacing.


The annual cost of power withdrawn from the network, the annual revenue, and the rescue package are given in the equations (4-12), (4-13) and (4-14) respectively.
	
	(4-12)

	
	(4-13)

	
	(4-14)


Where:
	:
	The annual cost of power withdrawn from the network.

	:
	The price of 1 Kw taken from the grid.

	:
	Power taken from the grid.

	:
	Annual revenue

	:
	The price of 1 Kw selling to the grid.

	:
	Power injected to the grid.

	:
	Rescue package.


The working status of the system has been clarified by documenting these relationships, which help determine whether the system is selling the network or renting from it.
	
	
	then
	

	
	
	

	
	
	then
	

	
	
	


Where:
	:
	Power taken from the batteries.

	
	Power taken from the batteries.

	
	Load power demand.


3.3.2. The Second Objective Function
During the study period, LPSP, given in equation (4-15), represents the ratio of the load that cannot be fulfilled by the system to the total load.
	

	(4-15)


Where i is the hour, and N is the number of hours working.
If LPSP equals zero, it indicates complete satisfaction of the load. Conversely, if LPSP equals one, it indicates dissatisfaction of the load.
[bookmark: _Toc146531602]3.3.3. The Optimization constraint
The economic sizing optimization process of the system under study must adhere to the following constraints.
PV module number:
	
	(4-16)


Battery number:
	
	(4-17)


Inverter number:
	
	(4-18)


LPSP:
	
	(4-19)


[bookmark: _Toc146531603][bookmark: _Toc160099194][bookmark: _Toc177491069]4. The Optimization Algorithms
[bookmark: _Toc160099195][bookmark: _Toc177491070]4.1. Grey Wolf Optimization GWO
The Grey Wolf Optimization (GWO) algorithm, developed by Mirjalili et al. (2014), is a promising and novel optimization technique that draws inspiration from the social hierarchy and hunting behavior of grey wolves. This algorithm has garnered considerable interest in the optimization community for its ability to efficiently and accurately solve intricate optimization problems [131]. The Figure 80 shows the GWO steps.
[image: ]
[bookmark: _Toc160791194][bookmark: _Toc178073934]Figure 80. The hunting behaviour of grey wolves involves (A) chasing, approaching, and tracking prey, as well as (B-D) pursuiting, harassing, and encircling, and finally, (E) a stationary situation and attack.
GWO is based on the hierarchical organization of a wolf pack, comprising of alpha, beta, delta, and omega wolves. These exceptional individuals are entrusted with exploring and exploiting the problem space. The algorithm commences by randomly assigning positions to the wolves within the search space. Subsequently, the fitness of each wolf is assessed, reflecting the excellence of the solution it embodies [132].
In each iteration, the algorithm updates the positions of the wolves based on three main operations: encircling prey, search ing for prey, and attacking prey. The alpha wolf (the one with the best fitness) helps in driving the pack towards a better solution, while the other wolves adjust their positions according to the alpha's search direction. This imitation process is guided by a decreasing linear function representing the progression of the algorithm [133].
The GWO search process involves the simultaneous execution of exploration and exploitation, effectively maintaining a balance between the two. Exploration entails searching distant areas from the current position, whereas exploitation concentrates on refining positions near the currently best solution. The algorithm dynamically adjusts the weight assigned to exploration and exploitation, enabling the identification of more optimal solutions while avoiding being stuck in local optima [134], [133].
The GWO algorithm has displayed remarkable promise and has been utilized in a wide range of optimization problems, spanning from engineering design issues to machine learning tasks such as feature selection and parameter estimation. Its capability to tackle intricate, high-dimensional, and non-linear problems showcases its adaptability and effectiveness. Additionally, GWO surpasses various cutting-edge optimization algorithms, such as particle swarm optimization (PSO) and genetic algorithms (GA), in terms of both solution quality and convergence speed. The flow chart of GWO is shown in Figure 81 [134].
[image: ]
[bookmark: _Toc160791195][bookmark: _Toc178073935]Figure 81. the flow chart of GWO.
The GWO& WOA used in both systems, for one house and for residential area, is adjusted as listed in Table 18, and Table 19:
[bookmark: _Toc160791123][bookmark: _Toc178073964]Table 18 Optimization Parameters.
	GWO & WOA
	Values

	Number of hunting agents (population)
	1000

	Number of unknown variables
	3

	Maximum number of iterations
	200



[bookmark: _Toc160791124][bookmark: _Toc178073965]Table 19 the weights used in the objectives of the algorithms.
	The objectives weight in both cases

	Case study 1
	The Residential area weights
	
	

	Case study 2
	The one house weights
	
	


[bookmark: _Toc160099196]
[bookmark: _Toc177491071]4.2. The Whale Optimization Algorithm WOA
The Whale Optimization Algorithm (WOA) is a novel and powerful optimization technique inspired by the hunting behavior of humpback whales. It was developed by Seyedali Mirjalili, a prominent researcher in the field of nature-inspired algorithms. WOA demonstrates exceptional intelligence and comprehension, making it a valuable tool for solving complex optimization problems. The working principles of WOA show in Figure 82 [135]. 
[image: ]
[bookmark: _Toc160791196][bookmark: _Toc178073936]Figure 82. The Whale Optimization Algorithm WOA.
WOA stands out for its remarkable capability to imitate the intelligent and synchronized actions of a pod of humpback whales. Similar to these magnificent beings, WOA utilizes a cooperative search mechanism to discover the most advantageous solutions. By harnessing diversity and exploration in its search domain, this algorithm adeptly traverses intricate and multidimensional terrains [135], [136].
The intelligence of WOA lies in its three main operators: search, encircling, and bubble-net attacking. These operators simulate various hunting tactics employed by humpback whales. The search operator allows the algorithm to explore the search space, randomly moving towards potential solutions. The encircling operator imitates the way whales surround their prey, gradually converging towards promising solutions. Finally, the bubble-net attacking operator mimics the whales' strategic bubble-net feeding behavior, facilitating an intensive search around the best solution [136].
WOA demonstrates its understanding by dynamically adapting and adjusting its exploration and exploitation rates. Throughout the optimization process, the algorithm maintains a harmonious equilibrium between exploration and exploitation, enabling it to efficiently converge towards the global optimum without falling into premature convergence. This adaptable nature of WOA allows it to effectively tackle problems of varying characteristics and complexities, making it a versatile technique suitable for a broad spectrum of optimization scenarios [136], [137].
Furthermore, WOA demonstrates an exceptional level of comprehension by incorporating solution updating mechanisms inspired by the social behavior of humpback whales. The algorithm encourages communication and information sharing among individuals, allowing them to learn from each other's experiences and collectively improve the overall search performance. This social communication mechanism enhances the convergence speed and overall effectiveness of the algorithm, making it a reliable tool for solving real-world optimization problems. Figure 83 shows the flow chart of WOA [138].
[image: ]
[bookmark: _Toc160791197][bookmark: _Toc178073937]Figure 83. The flow chart of whale optimization algorithm.
[bookmark: _Toc146531604]4.2.1. The System Parameters
The different elements used in this work are presented in the Table 20, and Table 21 shows the cost value for each component in the system.
[bookmark: _Toc160791125][bookmark: _Toc178073966]Table 20. system parameters.
	System parameters

	Parameter
	N(years)
	Cg
	Ce-sell
	

	Value
	20
	0.14
	0.16
	14%



[bookmark: _Toc178073967]Table 21. System cost parameters.
	System cost parameters

	Component
	Cost
	Maintenance cost
	Replacement cost
	Lifetime (year)

	Bifacial PV module
	
	
	------
	20

	
	217.63
	2.66
	------
	

	Battery
	
	
	
	5

	
	250
	3
	250
	

	Inverter
	
	
	
	15

	
	1942
	17
	1942
	



The constraints limits for both residential area and one house case are listed in the Table 22 & Table 23 respectively.

[bookmark: _Toc160791127][bookmark: _Toc178073968]Table 22. the constraints limits in case of residential area.
	
	
	

	
	
	

	750
	
	900

	
	
	

	100
	
	400

	
	
	

	4
	
	6


[bookmark: _Toc160791128]



[bookmark: _Toc178073969]Table 23. the constraints limits in case of one house.
	
	
	

	
	
	

	10
	
	15

	
	
	

	1
	
	4

	
	
	

	3
	
	7


[bookmark: _Toc146531605]





4.2.2. The System Results
Residential Area Results
The Figure 84  illustrates the variations in the objective function during iterations while employing the GWO technique for the residential zone. The desired (minimum) value for the initial objective function was 735,000, and for the second objective function, it was 0.32. It is worth mentioning that the desired value reached stability after 100 iterations, with a slight deviation, but it attained its ultimate form starting from the fifth iteration.
[image: ]
[bookmark: _Toc160791198][bookmark: _Toc178073938]Figure 84. Local objective chart for residential area using GWO algorithm.
As Figure 85 shows, the GWO achieved a fitness of 0.450 for the residential area after the fifth iteration.
[image: ]
[bookmark: _Toc160791199][bookmark: _Toc178073939]Figure 85. global objective fitness for residential area using GWO algorithm.
The whale algorithm demonstrated its superiority over the GWO in the residential area by assigning a marginally lower value to the initial target, as Figure 86 show. It maintained stability without requiring any adjustments, thus emphasizing the exceptional performance of the whale optimization algorithm.
[image: ]
[bookmark: _Toc160791200][bookmark: _Toc178073940]Figure 86. global objective chart for Whale Optimization Algorithm for Residential Area.
From Figure 87 conclude that no significant changes in the fitness dimension for the residential area were observed from the implementation of the whale algorithm.
[image: ]
[bookmark: _Toc160791201][bookmark: _Toc178073941]Figure 87. global best fitness for Whale Optimization Algorithm for Residential Area.
[bookmark: _Toc160791129][bookmark: _Toc178073970]Table 24. the best solution from GWO algorithm for Residential Area.
	The best solution

	for Residential Area
	
	
	
	
	

	
	800
	212
	4
	733762.95
	0.3279



The load curve, PV curve, and battery curve within 24 hours for a residential area are depicted in Figure 88. The figure highlights the enhancement in energy and load management achieved by efficiently controlling the system components.

[bookmark: _Toc160791202][bookmark: _Toc178073942]Figure 88. load, PV, battery curves for residential area.
One House Results
The GWO algorithm assigned a value of 56400 to the first objective function for a one house, while the second objective function received a value of -0.710. The negative sign signifies that the generation exceeds consumption, which is advantageous as homeowners can sell excess energy to the public network by connecting their system with it. Figure 89 shows the global objective chart for one area using GWO algorithm.
[image: ]
[bookmark: _Toc160791203][bookmark: _Toc178073943]Figure 89. global objective chart for one area using GWO algorithm.
[image: ]
[bookmark: _Toc160791204][bookmark: _Toc178073944]Figure 90.  global objective chart for one area using GWO algorithm.
The WOA and GWO were compared for a residential area, as Figure 91 show, and 20 iterations. It was observed that the WOA had a quicker response, while the GWO yielded a lower objective function value.
[image: ]
[bookmark: _Toc160791205][bookmark: _Toc178073945]Figure 91. global objective chart comparison for residential area using
The best solution obtained from the algorithms for one house case is given in Table 25.
[bookmark: _Toc160791130][bookmark: _Toc178073971]Table 25. the best solution from algorithms for both case studies.
	The best solution

	for One House
	
	
	
	
	

	
	10
	4
	4
	5642.694
	-0.7096



Figure 92 shows the improvement achieved in energy management and load management through optimal adjustment of the number of components of a single house feeding system.

[bookmark: _Toc160791206][bookmark: _Toc178073946]Figure 92. load, PV, battery curves for residential area.
[bookmark: _Toc160099197][bookmark: _Toc177491072][bookmark: _Toc146531606]5. Grid Integration and Power Quality
The optimal sizing of grid-connected PV systems must also account for grid integration and power quality requirements. To ensure seamless integration, the system should comply with local grid codes and standards. Additionally, power quality issues such as voltage fluctuation, harmonics, and power factor need to be considered when selecting the appropriate PV array size, inverter rating, and energy storage capacity. Grid integration and power quality are crucial factors to consider when designing grid-connected PV systems [139]. Compliance with local grid codes and standards is essential to ensure smooth integration with the existing power infrastructure. Furthermore, addressing power quality issues such as voltage fluctuations, harmonics, and power factor is vital for maintaining stable and reliable electricity supply. Therefore, careful consideration should be given to selecting the appropriate PV array size, inverter rating, and energy storage capacity to optimize grid integration and power quality [140], [141].
[bookmark: _Toc146531607][bookmark: _Toc160099198][bookmark: _Toc177491073]5.1. Impact on system performance and financial viability
Proper sizing of grid-connected PV system components significantly impacts system performance and financial viability [142]. Oversizing the components may lead to unnecessary expenses, increased system complexity, and reduced efficiency due to losses related to mismatching capacities. On the other hand, undersized components can limit the generation and utilization of solar energy, resulting in increased reliance on grid-based electricity [143]. Achieving optimal sizing maximizes the system's performance, minimizing dependence on the grid, and reducing electricity bills. Furthermore, appropriately sized systems offer substantial environmental benefits, including reduced carbon emissions, promoting a sustainable energy future [144].
[bookmark: _Toc146531608][bookmark: _Toc160099199][bookmark: _Toc177491074]5.2. Climate Conditions, Solar Resource Assessment, and Environmental Impact of PV Sizing
[bookmark: _Toc177491075]5.2.1. Climate Conditions and Solar Resource Assessment
The climate conditions at the installation site play a significant role in determining the optimal sizing of PV system components. Solar resource assessment involves evaluating solar radiation data using tools like system performance model (SPM) or solar energy prediction algorithm (SEPA). This data assists in accurately sizing the PV array, inverter, and energy storage system according to the local solar conditions [145], [146].
The optimal sizing of grid-connected PV systems should also consider the environmental impact associated with the production, operation, and disposal of system components. This includes evaluating the environmental footprint of the PV modules, inverters, and energy storage systems. By selecting components with lower emissions and responsibly managing the end-of-life disposal, the environmental impact can be minimized [147].
To achieve optimal sizing, regular maintenance and monitoring of PV system components are critical. This ensures that the system is operating efficiently, with maximum power generation throughout its lifespan. Regular inspections, performance measurements, and preventative maintenance activities allow for timely identification of any issues and facilitate corrective actions for continued system optimization [148].
[bookmark: _Toc146531609][bookmark: _Toc177491076]5.2.2. Future Trends and Conclusions
The optimal sizing of Future trends in system optimization include the integration of advanced technologies such as artificial intelligence and machine learning. These technologies can analyze vast amounts of data in real-time, enabling predictive maintenance and further enhancing system efficiency. Additionally, the use of renewable energy sources, such as solar and wind, is expected to increase in the coming years, leading to even greater power generation and sustainability. In conclusion, continuous monitoring, regular maintenance, and the adoption of emerging technologies will play a crucial role in ensuring optimal system sizing and performance for years to come. Furthermore, the integration of artificial intelligence and machine learning algorithms into power systems will revolutionize the way energy is managed. These advanced technologies will not only optimize energy generation and consumption but also enable the grid to adapt to changing demands and fluctuations in supply. With the ability to analyze historical data and predict future patterns, power systems will become more resilient and efficient, reducing costs and minimizing environmental impact.
[bookmark: _Toc160099200]In conclusion, the optimal sizing of grid-connected PV system components is crucial for maximizing the efficiency, reliability, and cost-effectiveness of these renewable energy systems. Accurate estimation of the electricity demand, solar radiation levels, and consideration of factors like inverter and battery capacity are key in achieving optimal sizing. By striking the right balance between load requirements and component capacities, these systems can generate sufficient energy, minimize costs, and promote a sustainable energy future.


[bookmark: _Toc177491077]CONCLUSIONS AND RECOMMENDATIONS 
[bookmark: _Toc146531613][bookmark: _Toc160099201][bookmark: _Toc177491078]1. Introduction
To enhance the performance and reliability of renewable energy generation, it is crucial to focus on improving power quality in grid-connected PV systems. By incorporating power quality controllers, energy storage systems, and PV inverters, the grid can effectively address voltage variations, harmonics, and other disturbances caused by the intermittent nature of solar power. Additionally, the integration of smart grid concepts, advanced communication systems, and innovative control algorithms enables better monitoring, diagnostic, and autonomous decision-making capabilities, resulting in a more stable and resilient power grid. As the use of PV systems continues to grow, it is essential to prioritize research and development efforts that aim to enhance power quality, ensuring a seamless integration of solar energy and the grid for a sustainable and reliable energy future.
The successful implementation of grid-connected PV systems heavily relies on the stability of the system, as any significant fluctuation can cause severe consequences. To improve the stability of such systems, several measures can be adopted. Firstly, advanced control algorithms and techniques should be employed to ensure optimal power flow and voltage regulation. These algorithms could include droop control and adaptive impedance settings to maintain stability during grid disturbances. Secondly, the integration of energy storage systems, such as batteries, can provide a steady power supply and enable effective load balancing. Finally, continuous monitoring and diagnostic systems are essential to detect any abnormalities or faults promptly, enabling quick response and system correction. By undertaking these measures, the stability of grid-connected PV systems can be significantly enhanced, ensuring their reliable and efficient operation.
The optimal sizing for a grid-connected photovoltaic (PV) system is a critical consideration when aiming to maximize the system's efficiency and cost-effectiveness. Various factors such as geographic location, available solar resources, grid infrastructure, load demand, and financial considerations need to be carefully evaluated to determine the appropriate sizing. By considering these factors and employing advanced modelling techniques, it is possible to achieve an optimal balance between PV system size, generation capacity, and grid integration. The aim is to strike a balance where the system produces enough power to fulfil the load requirements while avoiding excessive costs and minimizing environmental impacts. Therefore, a well-optimized grid-connected PV system should be designed with meticulous attention to detail, taking into account various key aspects to ensure optimal sizing and performance.
[bookmark: _Toc146531614][bookmark: _Toc160099202][bookmark: _Toc177491079]2. Conclusions
Upon comparing the identified sources of energy storage it is clear that the lithium ion batteries are most appropriate for storing energy generated by the bifacial solar panels. This is including but not limited to the domestic usage and the storage of large quantity of energy. By modifying the constants of the charge controller, the power output of the bifacial solar cells met the load requirement, charged the battery and also calculated the excess power to be fed back to the utility company. A highly efficient bifacial solar panel utilized within the examination of the particular system was noted to have been attained.
The live application of series filters in grid-connected PV systems has proved viable to eliminate harmonics further enhancing PQ. L.merge these filters have been found to reduce total harmonic distortion (THD) in grid-connected systems while giving improved power efficiency. The output voltage has improved from previous waveform voltage forms by reducing the distortion factor of voltage waveforms as well as the distortion factor of current waveforms. In addition, there is a large improvement in ripple amplitude in voltage and currents on the dc side.
The filter's addition significantly enhanced the system's time response and stability, resulting in a 50% reduction in maximum overshoot during typical test input signals. However, it is crucial to tailor the filter design to meet the system's specific requirements for optimal performance [150]. The implementation of the series filter in grid-connected photovoltaic systems is a remarkable advancement in the sustainable development of the energy industry, given its advantages and the growing need for renewable energy sources. Nevertheless, further research is necessary to enhance the complexity of filtering systems to meet the rising demand for grid-tied PV systems in diverse applications.
A novel approach is suggested for determining the ideal size of a grid-connected photovoltaic system with storage. Two objective functions were employed to achieve this objective: minimizing NPV costs PW to enhance system profitability and minimizing LPSP to fulfill all load requirements. Additionally, two optimization algorithms, namely GWO algorithm and WOA technique, were utilized. Interestingly, both algorithms yielded similar results; however, the WOA algorithm demonstrated faster execution time and lower values for the objective function. Moreover, the proposed algorithms successfully attained optimal energy management for both scenarios examined (a single house and a residential area) [151],[152].
Finally, the most important conclusions can be addressed as follows;
· Reduced harmonics and improved power quality: The series filter effectively minimizes harmonic distortion and improves the overall power quality in grid-connected systems. This is evidenced by the significant reduction in THD for both voltage (2.8%) and current (9.58%) [153].
· Smoother DC waveforms: The filter reduces ripple in both voltage and current waveforms on the DC side, contributing to smoother and more stable power output.
· Improved System Response and Stability: The addition of the filter improves system transient response and stability. This is demonstrated by a 50% reduction in maximum overshoot when subjected to test input signals.
· Active filters effectively mitigate harmonics and improve power quality.
· Achieved significant reduction in Total Harmonic Distortion (THD) for grid-connected systems.
· Achieved high power efficiency.
· Reduced voltage distortion factor to 0.22% and current distortion factor to 0.15%.
· Significantly reduced voltage and current ripple on the DC side. 
· Effectiveness of GWO and WOA: The study demonstrated the effectiveness of both GWO and WOA algorithms in finding optimal solutions for grid-connected bifacial PV system sizing considering various factors such as available space, energy output requirements, irradiance, bifaciality factor, budget constraints, and grid connection requirements.
· Multi-Objective Optimization: The objective functions used, minimizing NPV and maximizing LPSP, ensured an optimized system design that maximizes energy production, minimizes cost, and meets system constraints.
· Cost Effectiveness and Energy Management: The results showed the cost-effectiveness of both algorithms. WOA outperformed in economic aspects, while GWO excelled in energy management.
· Sustainable development: The application of these optimization techniques can support the renewable energy sector, promote sustainable development, and address global energy challenges.
[bookmark: _Toc177491080][bookmark: _Toc146531615][bookmark: _Toc160099203]3. Recommendations
This work therefore suggests Improving controllers have been applied in active power filters, inverters, and other power electronics devices to enhance the power quality in on-grid inverter connected systems. Also besides proposing a control strategy of the PV inverters to mitigate the PQ problems at PO C. Also, it adopts a range of high-tech metering, sensing, and controlling tools to guarantee the customer’s acceptable level of power quality. In addition, proper and effective maintenance and monitoring of the grid-connected PV systems should also be often performed to have their efficiency maximised. This involves physically assessing the health of the solar panels,the cleanliness of the panels and the status of cables and connectors and the operation of the inverter. With the help of mentioned parameters, the system’s power quality and stability may be kept at a high level if analyzed and maintained periodically. Further, involvement in the research of different technologies may improve the PQ in on-grid inverter connected systems and integrate renewable energy systems more efficiently than now.
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[bookmark: _Toc177491082]Appendix 1. The data base form studied system (residential area)
	Hour
	Pload (total) KW
	Ppv(for one pv) kw
	PbaT for one battery

	1
	480
	0
	1.63

	2
	480
	0
	1.58

	3
	480
	0
	1.56

	4
	480
	0.098
	1.68

	5
	288
	0.103
	1.8

	6
	384
	0.103
	1.92

	7
	288
	0.212
	2.11

	8
	480
	0.212
	2.22

	9
	480
	0.322
	2.35

	10
	768
	0.322
	2.4

	11
	864
	0.432
	2.4

	12
	1440
	0.432
	2.4

	13
	1440
	0.54
	2.4

	14
	1344
	0.54
	2.4

	15
	1440
	0.432
	2.4

	16
	1248
	0.432
	2.35

	17
	1344
	0.212
	2.3

	18
	1440
	0
	2.2

	19
	1248
	0
	2.11

	20
	960
	0
	2.01

	21
	1056
	0
	1.92

	22
	864
	0
	1.87

	23
	768
	0
	1.8

	24
	864
	0
	1.72
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[bookmark: _Toc177491083]Appendix 2. The data base form studied system (one house).
	Hour
	Pload (total) KW
	Ppv(for one PV) kw
	PbaT for one battry

	0
	4
	0
	1.63

	1
	4
	0
	1.58

	2
	3
	0
	1.56

	3
	4
	0.098
	1.68

	4
	5
	0.103
	1.8

	5
	5
	0.103
	1.92

	6
	4
	0.212
	2.11

	7
	2
	0.212
	2.22

	8
	3
	0.322
	2.35

	9
	2
	0.322
	2.4

	10
	3
	0.432
	2.4

	11
	8
	0.432
	2.4

	12
	10
	0.54
	2.4

	13
	9
	0.54
	2.4

	14
	10
	0.432
	2.4

	15
	7
	0.432
	2.35

	16
	6
	0.212
	2.3

	17
	9
	0
	2.2

	18
	10
	0
	2.11

	19
	8
	0
	2.01

	20
	7
	0
	1.92

	21
	10
	0
	1.87

	22
	5
	0
	1.8

	23
	3
	0
	1.72
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Figure 1. Simplified block of grid-connected PV system.





image72.png
M Adani vifaciai moduie [l Monofacial module:

205





image73.png
Current (A)

20

15

10

Incidence lrradiance = 1000 W/m*

Incidence Irradiance = 800 W/m*

Incidence Irradiance = 600 W/m®

541.1Wp

Incidence Irradiance = 400 W/m*





image74.png




image75.png
Initialization of the population @, 4 and C ac-
cording to the combined objective function

!

Evaluate the fitness function of search agents (o, £, 4, and w)

Updating search agent location

Updating the value of a, A and C

Again evaluate the fitness function of search agents (o, S, 4, and w)
Again updating the value of a, A and C

| Storage for best solution value of combined objective function I

P





image76.png




image77.png
Intilaization network
population

While t<= Max_iter

Yes
Update Positions
Evaluate Fitness
No Function f(x)

Sink node location
with best K-Nearest
Neighbors

Best Solution





