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The current-voltage (IV) curve of a solar photovoltaic (PV) array provides valuable insights into its behavior under

varying conditions, including partial shading. Under normal, unshaded conditions, the IV curve depicts a

characteristic shape where the current increases linearly with voltage until it reaches a peak known as the

maximum power point (MPP). 

solar PV  IV curve  PV power

1. Solar PV Array

A solar photovoltaic (PV) array is a collection of interconnected solar panels, each comprising multiple photovoltaic

cells, designed to capture sunlight and convert it directly into electricity through the photovoltaic effect. These

arrays are strategically configured to optimize solar exposure and energy capture, forming a functional unit capable

of generating electrical power from the sun’s radiant energy. The power output is insignificant from a single PV cell.

Ten multiple cells are connected in series to form a solar panel with a much higher voltage and power rating. The

panels are further connected in a series or parallel fashion, which is shown in Figure 1, to obtain a higher voltage

and current, thereby increasing the power rating required for the application. The number of panels can go up to

thousands for large PV plants that can feed power to the grid. Solar PV arrays are used for various applications,

ranging from small-scale residential installations to large-scale commercial and utility-level solar farms, contributing

to the generation of clean and renewable energy .[1]
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Figure 1. Formation of Solar PV module from the series connection of solar PV cells.

2. Non Linear IV Characteristics

The major issue associated with solar PV output utilization is the nonlinear IV and PV characteristics of the solar

PV panel . Figure 2 and Figure 3 show, respectively, the current-versus-voltage and power-versus-voltage curve

graph of a PV module during PSC. The reverse bias effect caused by PS on a two-module system is shown in

Figure 2.

[2]
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Figure 2. IV characteristic curve with PSC.

Figure 3. PV characteristics curve with PSC.

Figure 2 shows the two IV characteristic curves of a solar panel with partial shading of 1000 m/s  and 500 m/s .

The IV characteristic shows how the current flows through the solar panel as the voltage increases. The blue line

represents the IV curve at an irradiance value of 1000 m/s , whereas the red line presents the IV curve at an

irradiance value of 500 m/s . The current is proportional to the voltage, up to a point. Beyond that point, the current
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starts to saturate and does not increase as much with increasing voltage. The saturation point is the point at which

the solar panel produces the maximum amount of power, and the maximum power point is the point on the IV

curve where the power is the greatest. The current output of the panel decreases as the level of shading increases,

whereas the voltage output of the panel remains constant as the level of shading increases. Furthermore, the IV

curve shifts to the right as the level of shading increases. This means that the panel requires a higher voltage to

reach the same current output.

The breakdown voltage, also referred to as the reverse breakdown voltage, signifies the point at which a

semiconductor device, such as a PV cell/module, experiences a sudden surge in current when reverse-biased.

This phenomenon, often associated with ‘avalanche breakdown’ or ‘Zener breakdown’, emerges due to the intense

electric field in the semiconductor depletion region, which results in the release of charge carriers through collision

processes, leading to a rapid increase in current. Furthermore, bias voltage, encompassing both forward and

reverse bias conditions, plays a pivotal role in the operation of PV cells/modules. When reverse bias is applied—by

introducing a negative voltage to the cell’s terminals—it can unintentionally occur due to factors such as shading or

night-time operation. It is paramount to recognize that this reverse-bias operation can trigger unintended adverse

effects, including potential damage to the cell/module due to excessive current during the breakdown phase.

Figure 3 shows the IV characteristic curve of a solar panel with partial shading. The current-voltage (IV) curve of a

solar PV array provides valuable insights into its behavior under varying conditions, including partial shading.

Under normal, unshaded conditions, the IV curve depicts a characteristic shape where the current increases

linearly with voltage until it reaches a peak known as the maximum power point (MPP). However, under partial

shading, this curve can exhibit unique characteristics due to non-uniform illumination across the array, which can

be seen in Figure 3.

When partial shading occurs on a PV array, the IV curve can exhibit multiple local MPPs. These are points where a

shaded portion of the array operates at its peak power output considering its specific current-voltage relationship.

Each shaded section of the array will have its own local MPP, and the overall power generation can be limited to

the lowest of these local MPPs. This limitation arises because the shaded sections act as resistors, causing

voltage drops and reducing the current flow. As a result, the local MPPs represent the optimal operating points for

each shaded area, whereas the global MPP represents the point on the IV curve where the entire array operates at

its maximum power output. It considers the collective effect of all shaded and unshaded sections of the array.

Achieving the global MPP is a challenge under partial shading, as the voltage and current variations due to shading

can push the system away from this optimal point. Strategies such as bypass diodes, shading analysis, and

advanced MPPT algorithms aim to guide the system towards the global MPP by dynamically adjusting the current-

voltage characteristics of the array. The PV module power output also decreases directly with shading. However,

shading has no impact on the PV module efficiency or fill factor . The maximum power available at a unique knee

point needs to be tracked under insulated conditions. Solar panels connected in a series receive different

irradiance due to shading from the passing clouds. This leads to a hotspot formation problem, which may lead to

failure of the PV panel because of the rise in temperature of the shaded panel. The bypass diodes can mitigate the

[3]
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problem . Bypass diodes are connected in parallel to each panel. The shaded panel is bypassed during shading,

avoiding hotspot formation.

As a result, the MPPT becomes more difficult since conventional algorithms, including those focused on hill

climbing, involve iteratively increasing or decreasing the input voltage or current until the MPP is reached.

However, with nonlinear IV and PV characteristics, the MPP can be a local peak, and hill climbing algorithms can

get stuck at this peak and not reach the global MPP. This can result in power losses.

Modifications to the panel array may be built to employ bypass diodes, module level power electronics, or

microinverters to prevent these losses. Furthermore, there are a number of MPPT algorithms that have been

developed to address the challenges of nonlinear IV and PV characteristics. These algorithms typically use more

sophisticated techniques than hill climbing, such as genetic algorithms (GA), particle swarm optimization (PSO),

and artificial neural networks (ANN). These algorithms are able to track the MPP more accurately and efficiently,

which can lead to improved power output and reduced power losses.

There are several methods proposed for MPPT, which can be broadly classified into two categories: open-loop and

closed-loop methods. Open-loop methods do not require any measurement of the PV module or array current or

voltage, while closed-loop methods require the measurement of the PV module or array current and voltage. Open-

loop methods are simple and easy to implement, but they are also affected by environmental conditions and the PV

module or array characteristics. Closed-loop methods are more accurate and efficient, but they also require more

complex hardware and control algorithms.

A comparison table contrasting open-loop and closed-loop methods for MPPT is shown in Table 1. This table

highlights key differences between open-loop and closed-loop methods for MPPT, emphasizing aspects such as

measurement requirements, implementation complexity, accuracy, efficiency, hardware, and adaptability. It

provides a quick overview to help understand the pros and cons of each approach in the context of MPPT

techniques.

Table 1. Comparison between open-loop and closed-loop methods for MPPT.

[4]

Aspect Open-Loop Methods Closed-Loop Methods

Measurement
Requirement

No measurement of PV module/array
current or voltage is needed.

Requires measurement of PV
module/array current and voltage.

Simplicity of
Implementation

Simple and easy to implement, suitable
for basic setups.

More complex in implementation due to
measurement and control requirements.

Environmental
Impact

Susceptible to environmental conditions,
leading to potentially reduced accuracy.

Less influenced by environmental factors,
offering higher accuracy.

PV Module/Array
Impact

Affected by PV module/array
characteristics, which can lead to

suboptimal performance.

More accurate adaptation to PV
module/array characteristics, leading to

better performance.
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Recently, several metaheuristic algorithms have been proposed for MPPT. Metaheuristic algorithms are

optimization techniques inspired by natural processes, such as genetic algorithms (GA), particle swarm

optimization (PSO), and ant colony optimization (ACO). These algorithms have demonstrated their effectiveness in

solving complex and nonlinear optimization problems, including MPPT, as compared to the conventional algorithm

such as “Perturb and Observe” (P&O). This method involves perturbing the operating point of the photovoltaic

system and observing the resulting change in power output to determine the direction to adjust the operating point

for the MPP. In one case, the conventional algorithm tracked the MPP, while for the other case it failed . The

conventional algorithm, though simple and efficient in tracking the optimal value, failed when employed for tracking

power under PSC. After their failure, artificial intelligence (AI)-based algorithms, such as fuzzy logic control (FLC)

, artificial neural network (ANN) , etc., were employed. The algorithms were proven successful in tracking the

maximum power under partially shaded conditions, but the training that they required posed a huge burden on the

computer’s memory. Hence, finally, the nature-inspired algorithms that were employed.

The work presented in  provides a thorough comparative analysis between classical and metaheuristic MPPT

algorithms, specifically focusing on PV systems operating under uniform conditions. By examining the merits and

limitations of various optimization strategies, the study offers valuable insights into the performance and

adaptability of MPPT algorithms in scenarios where shading effects are uniform and, similarly, the significance of

incorporating a comprehensive range of metaheuristic optimization algorithms. One notable contribution in this

domain is in , which introduces a classification of evolutionary optimization methods into nine distinct categories.

The genetic algorithm (GA) is a search algorithm that is inspired by the processes of natural selection and

evolution. GA can be used to find the global optimum of a function by simulating the processes of reproduction,

mutation, and selection . GA has been shown to be effective for MPPT, especially for PV systems with non-linear

and complex characteristics . Another popular metaheuristic algorithm for MPPT is particle swarm optimization

(PSO). PSO is a search algorithm that is inspired by the behavior of a group of birds or fish searching for food.

PSO can be used to find the global optimum of a function by simulating the processes of cooperation, competition,
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Aspect Open-Loop Methods Closed-Loop Methods

Efficiency
Typically less efficient due to limited

adjustment accuracy.
Generally more efficient, as they can fine-

tune adjustments.

Hardware
Complexity

Requires simpler hardware compared to
closed-loop methods.

Requires more complex hardware due to
measurement and feedback components.

Control Algorithms
Simpler control algorithms are used for

basic voltage or power adjustments.
More sophisticated control algorithms are

needed for precise adjustments.

Adaptability
May struggle with dynamic changes or

partial shading scenarios.
Better adaptability to changing conditions

and shading scenarios.

Applications
Suited for smaller, cost-sensitive setups

with minimal hardware requirements.

Ideal for larger installations or scenarios
requiring higher accuracy and

performance.
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and adaptation . PSO has been shown to be effective for MPPT, especially for PV systems with changing

environmental conditions .

The work presented in  offers an examination of the validation process for the recently developed jellyfish search

optimization (JSO) algorithm. It focuses on its application to the challenge of maximum power point tracking in

solar photovoltaic (PV) systems under conditions of partial shading. The JSO algorithm, inspired by the foraging

behavior of jellyfish in the ocean, operates as a swarm-insight-driven method . The study in  presents a

comprehensive exploration of the operational principles underlying the JSO strategy, visually illustrating its key

operational steps. Furthermore, a simulation was conducted to assess the performance of the JSO algorithm

across diverse scenarios, including static and dynamic irradiance conditions within the PV system. Moreover, the

study in  offers a significant contribution to this discourse. This study conducted an insightful economic analysis

focused on the influence of shading effects from transmission lines on investment decisions concerning

photovoltaic power plants. The case study approach employed provides valuable insights into the financial

considerations and implications of shading phenomena in solar energy systems. Ant colony optimization (ACO) is

another metaheuristic algorithm that has been proposed for MPPT. ACO is a search algorithm that is inspired by

the behavior of ants searching for food. ACO can be used to find the global optimum of a function by simulating the

processes of communication, cooperation, and adaptation . ACO has been shown to be effective for MPPT,

especially for PV systems with changing environmental conditions and non-linear characteristics . Similarly,

other various nature-inspired algorithms have been used in the literature to obtain the maximum power out of a

solar PV array, such as the Jaya algorithm , gravitational search algorithm (GSA) , teaching learning-based

optimization (TLBO) algorithm , coyote optimization algorithm (COA) , a very commonly used PSO algorithm

with various modifications , adaptive radial movement optimization (ARMO) algorithm , etc. These

algorithms, due to their search space exploration capability that is exploited to find the optimal solution, were found

very useful for MPPT applications. Their exploration property does not let them get stuck on local maxima.

Moreover, they require no huge data feeds in their learning process, unlike AI-based algorithms. These algorithms

differ in their performances on the basis of various parameters, such as tracking time, tracking efficiency, output

fluctuations, etc.

In recent years, several hybrid metaheuristic algorithms have been proposed for MPPT that combine the

advantages of different metaheuristic algorithms. For instance, a hybrid of PSO and GA, called PSOGA, has been

proposed for MPPT , which takes the advantages of both methods by combining the exploration capability of GA

with the exploitation capability of PSO. Another hybrid metaheuristic algorithm called Cuckoo Search-Particle

Swarm Optimization (CS-PSO) was proposed for MPPT , which combines the global search capability of

Cuckoo Search with the local search capability of PSO. Likewise, there are several other recently proposed hybrid

metaheuristic algorithms that have been used for MPPT under PSC, such as Cat Swarm Optimization (CSO) with

Firefly Algorithm (FF) , tunicate swarm algorithm (TSA) with the particle swarm optimization (PSO) , Spotted

Hyena and Quadratic Approximation , Harris Hawk Optimization (HHO) and P&O , P&O using a simulated

annealing (SA) algorithm , Particle-Swarm-Optimization-Trained Machine Learning and Flying Squirrel Search

Optimization (FSSO) , etc. Furthermore, these hybrid metaheuristic algorithms have shown better performance

in terms of convergence speed, accuracy, and robustness compared to their individual counterparts.
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