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ABSTRACT 

The mismatch in current-voltage (I-V) characteristics of Photovoltaic (PV) modules 

causes significant power loss in a large PV array, which is known as mismatch power loss 

(MML). In a PV array MML depends on several factors, such as partial shading, 

manufacturing tolerance and non-uniform aging. Recent investigations have reported that 

in PV array MML varies from 1% to 10% due to manufacturing tolerance (±3% to ±5%) 

and power degradation is typically 0.8% per year due to aging of PV modules and the 

economic loss is very significant. In this work, different conventional MML reduction 

techniques are investigated and an adaptive genetic algorithm (GA) based module 

rearrangement technique has been proposed for MML reduction both in new and aged PV 

arrays. For new PV arrays, MML due to manufacturing tolerances is investigated using 

400 W, 3400 W, and 9880 W PV arrays with different (1×40, 2×20, 4×10, 5×8 40×1, 20×2, 

10×4, and 8×5) series-parallel (SP) configurations. MML due to non-uniform aging is 

investigated using 400 W, 1.6 kW, 3.2 kW, and 10 kW aged PV arrays with the same SP 

configurations. Simulation and experimental results show that GA based module 

rearrangement technique performed better than conventional techniques both for new and 

aged PV arrays. For new PV array a maximum percentage of recoverable energy %RE of 

4.15 % is recorded for 5×8 SP array by applying GA based MML reduction method. The 

GA based technique yields a maximum %RE of 4.67% for two years aged 8×5 SP array 

configuration. In addition, the performance of conventional array configurations (SP, TCT, 

BL, HC, and LD) and hybrid array configurations (HC-TCT, LD-TCT, TCT-S, S-TCT, 

SP-LD, LD-SP, and SP-TCT) are also investigated for MML reduction using non-

uniformly aged PV array with different dimensions. Experimental results show that most 

of the hybrid array configurations are performed better than conventional interconnection 

topologies with respect to MML% mitigation for non-uniformly aged PV array. A 

maximum %RE of 15.94% is recorded for LD-SP configuration compared with most 

conventional SP configuration for a 400 W PV array. Moreover, a case study is performed 

to investigate the daily, monthly and yearly economic benefit of GA based MML reduction 

of a 28 MW PV plant both at new and aged conditions. The results show that %RE is 1.2% 

at the time of installation and 1.5% after three years and accordingly the annual extra 

revenue will be BDT 6585463.64 and 7935299.22 respectively for the 28 MW plant. 



1 
 

CHAPTER 1 

Introduction and Background 

This chapter provides an overview of the mismatch power losses in 

Photovoltaic array due to current-voltage (I-V) mismatch of array modules. The 

identification of different reasons of I-V mismatch are discussed here. The relevant 

background and literature reviews are also provided in this chapter. The motivation of 

this work with problem statements are given afterward. The objectives and 

methodology of the work are presented sequentially. Finally, the outline of the thesis 

organization is summarized the last section. 

1.1  Mismatch in I-V Characteristics of PV Modules in an Array 

Power loss in photovoltaic arrays due to mismatch in cell current-voltage (I-V) 

characteristics is first time introduced by Louis L. Bucciarelli in 1979 [1]. The 

maximum output power available from a PV array will be less than the sum of the 

maximum output power of the individual modules due to I-V mismatch of the modules, 

given that all operate at common cell-temperature and constant light-intensity levels. 

I-V mismatch refers to the variation in maximum power point (MPP) voltage, and MPP 

current of same power rated PV modules. In a PV array, individual PV modules are 

connected in both series and parallel. Mismatch losses are caused by the 

interconnection of solar modules which do not have identical properties or which 

experience different conditions from one another. For example, if two modules are 

connected in series having non-identical current then they compromise to operate at 

lower current and similarly two parallel-connected modules have different voltage 

work towards the smaller voltage [2]. The explanations are given below. 

1.1.1 Mismatch for Modules Connected in Parallel 

Consider an array with two modules are connected in parallel, and their I-V 

curves are shown in Figure 1.1. Where, Module 1 (Voc1 = 61V and Isc1 = 4A) and 

Module 2 (Voc2 = 65V and Isc2 = 4.5A) are connected in parallel with mismatch 

condition. Therefore, the array open-circuit voltage (Voc = 62V) is compromised to 

operate towards Voc1. But the array short circuit current (Isc = 8.5A) is the sum of the 

currents in the individual modules. The method of calculating the combined Voc is 

shown in Figure 1.2. 
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Figure 1.1: Voltage mismatch for two modules in parallel. The individual cells are in 

red and blue. The black curve is the IV curve of the combination. The VOC of the 

combination lies between the VOC’s for the individual cells [2]. 

 

Figure 1.2: An easy method of calculating the combined open circuit voltage (Voc) of 

mismatched modules in parallel. The curve for one of the cells is reflected in the 

voltage axis so that the intersection point (where I1+I2=0) is the Voc of the parallel 

array [2]. 

1.1.2 Mismatch for Modules Connected in Series 

Consider an array with two modules are connected in series with mismatch 

condition and their I-V curves are shown in Figure 1.3. Where, the array short circuit 

current is compromised to operate towards Isc1. But the array open circuit voltage is 

the sum of the voltage in the individual modules. The method of calculating the 

combined Isc is shown in Figure 1.4. There is a minor change in the open-circuit 
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voltage due to the logarithmic dependence of open-circuit voltage on short-circuit 

current. In a series connected array with current mismatch, severe power reductions 

are experienced if the poor module produces less current than the maximum power 

current of the good modules and also if the combination is operated at short circuit or 

low voltages, the high-power dissipation in the poor module can cause irreversible 

damage to the module [2].  

 

Figure 1.3: Current mismatch for two modules in series can be quite serious and quite 

common. The Isc of the combination is limited to the Isc1 of the lowest module [2]. 

 

Figure 1.4: An easy method of calculating the combined short-circuit current of series 

connected mismatched modules. The current at the point of intersection represents the 

short-circuit current of the series combination (where V1+V2=0) [2]. 
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Figure 1.5: Modularity of PV systems 

1.2  Reasons of Mismatch Losses in Photovoltaic Array 

A PV array consists of a series and parallel combination of PV modules. The 

same way PV modules are composed of PV cells, shown in Figure 1.5. This modular 

nature of PV systems is advantageous when it helps to wire the system up to a desirable 

level of current, voltage, and power. But the fact that PV modules with the same brand 

and same ratings are not precisely identical turns the modularity of PV systems to be 

disadvantageous when it causes sort of power losses known as mismatch losses [3, 4]. 

Hence, investigation and mitigation of mismatch losses among cells inside modules 

are of PV module manufacturers’ interest, whereas such an investigation among 

modules in arrays is of system operators and installers’ interest. This work deals with 

mismatch losses among modules at the array level. 

 

 

Figure 1.6: Classification of factors that cause mismatch losses in PV array 
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A group of modules of the same brand and the corresponding nominal ratings 

is not identical. Their differences are understood by comparing and contrasting their 

characteristic parameters such as fill factor (FF), maximum power (PMPP), current at 

maximum power (IMPP), voltage at maximum power (VMPP), short circuit current (ISC) 

and open circuit voltage (VOC). The difference in modules characteristic parameters is 

called I-V mismatch since it results in different electrical performances. I-V mismatch 

comes from either temporary or permanent sources as classified in Figure 1.6.  

1.2.1 Temporary Factors of I-V Mismatch 

Shading or non-uniform illumination might happen by fallen leaves of trees, 

scattered clouds moving over the PV array, shadow of an object situated around the 

PV array or other reasons [5, 6]. This factor can temporarily result in mismatch losses 

in a PV array. 

1.2.2 Permanent Factors of I-V Mismatch 

A. I-V Mismatch for Manufacturing Tolerance 

Manufacturing processes are not uniform. The nature of growing crystals and 

processing wafers and cells makes it nearly impossible to produce cells with no 

variance between them. Inconsistencies in the semiconductor materials themselves 

(whether silicon or CdTe), impurities in the air, residue buildup in the manufacturing 

tools, and thermal drift all contribute to inconsistencies in manufactured modules. No 

two cells are ever identical [7]. This problem is well-understood, and has a standard 

solution: manufacturers “bin” their modules, selling them in ranges of power (typically 

± 3% to ±5%). Thus, when an integrator buys module of a given power rating, they are 

buying modules with a range of power defined around a reference value (the nameplate 

rating). As shown in Table 1.1, a survey of the top modules shows that typical binning 

ranges are in the ±3% to ±10% range. Since these bins are a cross-section of a normal 

manufacturing distribution, the module power within a binned range is typically evenly 

spread through the promised range. While these binning ranges are an elegant fix to 

the problem of manufacturing inconsistencies, they also represent a significant and 

measurable source of module mismatch. Table 1.2 shows that when the deviation of 

modules power rating is ± 3%, then MML is considered 3% theoretically, but 

practically it is found 4-7% for a commercial PV array at unshaded condition [8].  
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Table 1.1: Typical Module Binning of Top Module Manufacturers 

Bin Power Range Number of Manufacturers Surveyed 

3% total 2 

5% total 3 

6% total 3 

10% total 2 

Mean 5.9% range 

Median 5.5% range 

 

Table 1.2: Performance deviation of I-V parameter and MML in a commercial PV array 

Parameters Value 

Performance deviation of Pm ± 3% 

Performance deviation of VOC and VMPP ± 10% 

Performance deviation of ISC and IMPP ± 10% 

MML (theoretically) 3% 

MML (practically) (4- 7) % 

 

B. I-V Mismatch for Aging Effects 

Aging is one of the primary sources of I-V mismatching [9]. The module 

degradation is not uniform, and recent studies have revealed that the power drop of a 

crystalline module is due to current and FF reductions, but not to significant changes 

in the voltage [10]. The PV module parameters are subjected to a change over time 

that is quantified utilizing the ratio between the standard deviation (𝜎) and the mean 

value (𝜇) of the parameter value itself 𝜎∕𝜇. This value increases from 1% to 10% for 

the module short-circuit current over 25 years of working time [11]. It is greatly 

affected by the working temperature and humidity, which have an effect on 

delamination and discoloration of the materials used as encapsulants. These 

dependencies are analyzed in detail, by means of experimental data, by Jordan in [12]. 

The mismatching among the short-circuit currents of the modules in the PV field, 

which increases with plant aging, determines a power loss, but it also increases the 

probability of hot spots, and thus permanent damage to the affected cells. Figure 1.7 

shows different effects on PV array modules due to aging. 
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Figure 1.7: Different effects on PV array modules due to non-uniform aging 

 

Figure 1.8: Close loop link exists between mismatch loss and aging 

A simplified block diagram illustrating the close-loop links existing among PV 

modules degradation phenomena is shown in Figure 1.8, where the closed-loop link 

connecting aging with mismatching is also clearly indicated [13]. This work focuses 

on finding a solution for mismatch losses occurs due to all permanent factors. Thus, 

from now on term mismatch losses address the mismatch power loss coming from 

permanent factors, and term mismatch refers to permanent I-V mismatch in PV 

modules.  
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1.3  Power Loss due to I-V Mismatch 

In practical PV generators, a central Maximum Power Point Tracker (MPPT) 

system is applied to lead the system to work at its’ possible maximum power. In the 

presence of such a system, all modules are supposed to work at their MPP and MPP 

which are not precisely identical for all modules as previously explained. Simply put, 

under a central MPPT, when two modules with different MPP are connected in series, 

they compromise to work at the lower MPP and similarly two modules with different 

MPP connected in parallel work at the lower MPP. Generalization of these conditions 

to a vast array of PV modules connected in series and parallel results in the following 

equation: 

𝑀𝑖𝑠𝑚𝑎𝑡𝑐ℎ  𝐿𝑜𝑠𝑠 % =  (
∑ 𝑀𝑜𝑑𝑢𝑙𝑒𝑠 𝑃𝑜𝑤𝑒𝑟  − 𝐴𝑟𝑟𝑎𝑦 𝑃𝑜𝑤𝑒𝑟

∑ 𝑀𝑜𝑑𝑢𝑙𝑒𝑠 𝑃𝑜𝑤𝑒𝑟
) × 100 (1.1) 

Since arrangement of PV modules in an array affects the system energy losses 

and system yield, finding the optimal arrangement of the modules that returns the 

lowest possible mismatch losses and highest possible energy yield is worthy of 

investigation. 

1.4 Literature Review on Mismatch Power Loss (MML) 

The utilization of solar energy has received remarkable attention across the 

globe over the last decades [14]. Researchers are continually working to find the means 

and ways for further improving the performance of the existing technologies and 

developing more efficient methods of utilization of solar energy [15, 16]. Currently, 

PV technology is one of the widely used renewable energy technologies that is being 

motivated by the global scenario of increasing energy demand [17]. In many 

applications, such as hybrid solar power plants , building-integrated photovoltaic 

(BIPV) [18]systems, solar-powered vehicle battery charging system, grid-connected 

PV systems, Solar powered water pumping systems, micro-grid PV system, solar PV 

arrays are used in different dimensions and configurations according to the system 

requirements [19, 20] .  

The MML of a PV array modules depends on several factors [21], such as the 

availability of solar radiation and its spectral distribution, PV module operating 

temperature (causes 9% power loss due to a 20-degree temperature differences 
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between hot and cold modules), shading, uneven soiling (causes 1 to 4% power loss)  

PV modules manufacturing tolerance (causes 4 to 7% power loss in new array), and 

PV power degradation (averagely 0.8% per year) by aging [22]. Among them, MML 

due to manufacturing tolerance is one of the significant factors, which is a common 

phenomenon in a new PV array [23, 24]. 

In a new PV array, the output power is undoubtedly less than the summation 

of individual module's ability because new PV modules with same power rating and 

even from the same manufacturer are not precisely identical due to manufacturing 

tolerances [25]. In PV modules manufacturing technology, manufacturing tolerances 

of ±3% to ±5% in their maximum power rating are generally allowed [26].  

To maximize the PV array output power, by minimizing MML due to 

manufacturing tolerances, module sorting techniques had gained popularity among the 

researchers. To obtain minimum MML, photovoltaic maximum power parameters, 

such as max-power current, Im; short circuit current, Isc; max-power point power, Pm; 

max-power voltage, Vm; and open circuit voltage, Voc are typically used as PV module 

sorting parameters for the arrangement of newly installed PV array at uniform radiation 

condition [27].  

In [28], MML due to manufacturing tolerances in PV array modules is first 

introduced, where the parameters Im and Vm are used to analyze both series and 

parallel PV string power losses at uniform radiation condition. In [29], three max-

power parameters Im, Vm and Pm are used as a module sorting variable for a 700 V, 

400 kW PV array, where the result shows that Im based method reduces MML and 

produces more array power than Vm and Pm methods. In [30], MML is compared by 

arranging 40 PV modules between Im based arrangement with most commonly used 

random arrangement technique. Here, the result shows that minimum MML is obtained 

by Im based method. In above literature, it is clear that MML in PV array depends on 

modules sorting (arrangement) technique, hence, further investigation is required to 

find an optimal arrangement technique to achieve minimum MML in new PV array 

output.  

The GA based optimal arrangement technique was first adopted in [31] for 

arranging new PV modules in an array to minimize MML at uniform irradiance 

condition. A simulation-based performance is investigated by using different LSS-SP 
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array (3×6, 4×10, 5×13 and 5×18) configurations of 95 W modules and compared with 

conventional module arrangement techniques (Im, Isc, and Pm).  Where, the simulation 

results show that MML can be minimized less than 1% using GA technique whereas 

MML is always higher than 1.02% for other conventional module arrangement 

techniques by Im, Isc, and Pm. 

The above literature review shows that PV modules arrangement technique 

using maximum power parameters is a prevalent practice to reduce MML in new PV 

array with SP configuration. Besides, GA is also gained popularity as a PV array 

modules rearrangement technique mostly at partial shading condition. To the best of 

the author's knowledge, to minimize the MML in a large PV generation at uniform 

irradiance condition the GA based module arrangement technique has only 

investigated on LSS-SP array configurations, not for LPB-SP array configurations. 

Furthermore, experimental validation has not been performed yet [31]. Therefore, 

applying and experimentally validating GA as a module arrangement technique is one 

of the main objectives of this work. 

 

Figure 1.9: Electrical characteristics of a PV module, which have been tested at new 

and aged condition in 1982 and 2006, respectively. 

On the other hand, I-V mismatch due to aging of PV modules is another 

significant factor in large PV array causes massive power losses [32]. The aging of PV 

panels causes the change of the slope of the I-V curve due to the variation of series and 

shunt resistances close to open circuit voltage and short circuit current respectively, 

[33, 34] as shown in Figure 1.1. Therefore, the fill factor decreases and consequently 

reduces the peak power point of the PV module [35]. Aging of the PV module is a 
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continuous process, but it is not uniform in nature. In an array, the non-uniform aging 

of PV modules increases mismatch in the I-V curves [36]. In [37], it has been shown 

that, in a PV array, the aging speed of modules is non-uniform, and power loss is 

averagely 0.8% per year. The power degradation of PV modules can vary from 0.5% 

to 1% per year due to different aging effects [12]. In [38], it has been shown that a 

closed-loop relation exists among MML and non-uniform aging of PV modules in an 

array. Therefore, it is beneficial to investigate the MML reduction methods for old PV 

array to maximize power. 

In [39], a new rearrangement technique is proposed for aged PV array to obtain 

maximum output power using an extensive searching method based on the Munkres 

algorithm. In [40], three rearrangement methods are investigated for non-uniformly 

aged PV arrays to obtain maximum output power, but MML is not analyzed. In [41], 

GA based module rearrangement method is first time applied on non-uniformly aged 

PV array for energy maximization, except MML investigation; where, an experimental 

study is carried out by using artificially old PV modules, and plastic films are used to 

cover the surface of the modules to make non-uniform aging condition. 

In [42], the SCC based new rearrangement strategy is tested on different size 

of PV arrays (4×4, 10×10, and 100×10), considering non-uniformly aged PV modules. 

In [43], the SCC based module rearrangement method is also investigated for non-

uniformly aged PV array; where SCC is compared with the RA based method, while 

the output power is 13.5% improved by the SCC method. But, the MML minimization 

process is not effectively analyzed here. However, to maximize the array power, MML 

reduction by rearrangement techniques (RA, SCC, and GA) has been investigated in 

[44], using modules at new condition only. 

Though aged modules are used to investigate rearrangement techniques, in [41-

43], those are artificially aged or non-uniformly aged, but experiments are not carried 

out using the real aged PV modules. In the literatures, no comparison is performed 

among the rearrangement techniques (RA, SCC, and GA), and the investigation of 

MML reduction by rearrangement processes utilizing the real aged PV array is still 

very scanty. Therefore, this work aims to fill the gap by investigating the MML 

reduction by the rearrangement techniques (RA, SCC, GA) for real aged PV arrays 

(400 W, 1.6 kW, 3.2 kW, and 10 kW) to maximize the output power. Six different 
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array dimensions, 2×20, 4×10, 5×8, 20×2, 10×4, and 8×5 are used for each PV arrays 

to find the useful comparison and performance of MML reduction techniques on array 

size. 

MML due to partial shading is another significant factor in vast PV system [45-

47]. In order to maximize the PV array output power by minimizing MML due to 

partial shading, module interconnection schemes had gain popularity among the 

researcher  [48-50]. The most popular interconnection schemes are: total-cross-tied 

(TCT), bridge-linked (BL), series-parallel (SP), and honey-combed (HC) [48, 51, 52]. 

In addition, some hybrid array configurations are also available in literature, such as 

SP-TCT, HC-TCT, BL-TCT etc [53-56]. 

In [57], a simulation-based comparison is made to extract the maximum power 

by mitigating MML from Series (S), Parallel (P), S-P, TCT, BL, and HC PV array 

topologies under partial shading conditions. In [58], a mathematical analysis is 

performed among SP, TCT, BL and HC configurations in terms of output power 

maximization and MML reduction under partial shading condition. It has been shown 

that TCT configuration is performed better than others. In [59], a simulation-based 

comparison is made for SP, BL and TCT configurations under shading condition using 

different size of array dimensions (2×6, 6×2, 4×3 and 3×4), where TCT configuration 

is performed higher output power in all respects. In [60], different array configurations 

(TCT, BL, SP, HC and HC-TCT) are experimentally investigated to minimize MML 

due to partial shading. Where, TCT configuration is performed lower MML for 

different type of shading patterns. In [61], various types of 4×4 array configurations 

(TCT, SP-TCT, BL-TCT and BL-HC) are studied for MML minimization due to 

different shading cases using MATLAB/Simulink. In, the performance of four 

conventional array configurations (SP, TCT, BL and HC) and three hybrid array 

configurations (SP-TCT, BL-TCT and HC-TCT) are investigated under different types 

of moving shading patterns for mismatch loss reduction. Where, results show that 

MML depends on shading patterns and hybrid array topologies are comparatively 

performed batter in MML reduction than conventional topologies. In [62], a novel 

structure (NS) PV array topology is proposed and compared with classical hybrid PV 

array topologies (SP-TCT, BL-TCT, BL-HC) under diagonally shading scenario using 

MATLAB/Simulink. Where, simulation results show that NS configuration is found 

superior for some cases of shading effects. From the above works [55-60], it is found 
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that during shadow condition, the hybrid interconnection schemes performed better 

than conventional interconnection schemes with respect to array output power 

maximization and MML minimization.  

To the best of the authors’ knowledge, in literature, hybrid array configurations 

are not investigated yet for nonuniformly aged PV array. This work aims to fill up the 

gap by investigating different conventional and hybrid array configurations on aged 

PV array to extract maximum power. Moreover, the performance of some novel hybrid 

configurations is also investigated here. Furthermore, a comparative analysis has been 

performed among classical and novel array configurations with respect to array output 

power, mismatch loss and recoverable energy.  

1.5 Problem Statements  

▪ For new and aged PV arrays: Experimental validation of GA based module 

rearrangement technique for MML minimization is not investigated for both LSS-

SP and LPB-SP arrays. 

▪ For new and aged PV arrays: Comparative analysis of MML reduction by different 

(Ra, Im, Isc, Pm, Vm, Voc and GA based) techniques of module arrangement is not 

performed yet for various power rating of PV Arrays. 

▪ For aged PV array: Different standard (SP, TCT, BL, HC, LD) and hybrid (SP-

TCT, HC-TCT, BL-TCT) array configurations are not investigated yet for MML 

minimization.  

▪ For partially shaded PV array: LD configuration is not investigated and compared 

with SP, TCT, BL and HC configurations for MML minimization with different 

shading patterns. 

1.6 Motivation 

The utilization of solar energy has received remarkable attention across the 

globe over the last decades. Researchers are continually working to find the means and 

ways for further improving the performance of the existing technologies and 

developing more efficient methods of utilization of solar energy. Currently, PV 

technology is one of the widely used renewable energy technologies that is being 

motivated by the global scenario of increasing energy demand. To maximize the PV 

array output power by minimizing mismatch loss under I-V mismatch condition, 

different rearrangement techniques with different interconnection schemes are 
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investigated by the researchers. Since the rearrangement of PV modules in an array 

affects the system energy losses and system yield, finding the optimal method of the 

modules that returns the lowest possible mismatch losses and highest potential energy 

yield is worthy of investigation. Further development is possible for MML reduction 

both for new and aged condition of PV arrays to maximize the energy production. 

1.7 Thesis Objectives 

The main objectives of this study are specified as follows: 

▪ To develop an adaptive GA based PV modules rearrangement technique for 

both newly installed PV array and aged PV array configurations. And experimental 

validation in the outdoor weather condition. 

▪ To make a comparative analysis among the proposed and convention 

techniques of module rearrangement with respect to array output power, %MML, and 

percentage of recoverable energy (%RE) for both new and aged PV arrays. 

▪ To investigate the performance of some novel PV array configurations to yield 

maximum power by Minimizing MML in aged PV arrays and comparison with 

standard array configurations to justify the novelty of the work. 

▪ To make a comparative investigation of standard PV array configurations for 

MML minimization in PV arrays at partially shaded condition. 

1.8  Outline of Methodology 

As mentioned earlier, the mismatch power loss is a significant problem in PV 

array, has been investigated by many researchers using different techniques. In this 

work GA based module arrangement technique has been proposed for MML 

minimization in large PV arrays. The proposed technology will be applied to new PV 

array and also on the aged PV array configuration. This working process will include 

the following significant steps: 

(i) Selection of PV Modules: To investigate the MML in any PV array due to 

I-V mismatch, same brand and same power ratted photovoltaic modules are required 

both for new and aged condition. Referring to the datasheet of PV modules are 

currently available in the market, it is found that despite all advancements of PV 

modules production technology, there still exists a manufacturing tolerance of ±3% to 

±5% in their power rating.  



15 
 

 (ii) Data Sets of Modules: Each module of the target PV array (new or old) 

needs to have all the required specification to calculate MML. Hence, to get the dataset 

of PV modules at new or aged condition, I–V measurements are suggested to be 

performed under STC (25°C, 1000W/m2, AM 1.5G) according to IEC 60904-1 

standard. 

(iii) Simulation of Different Techniques: Sorting modules based on Isc, Im, Vm, 

Voc, and Pm parameters are the conventional techniques of MML mitigation for SP 

configured PV array. In order to perform the simulation, for traditional methods, 

module rearrangement can be achieved by using Microsoft Excel software, while for 

the proposed GA based technique a programming software is required. To investigate 

the performance of the MML reduction techniques, MML% should be calculated for 

each of the arrangements coming from conventional methods and also by the proposed 

GA based method. Therefore, the well-established mathematical model of MML% 

both for new and aged PV array configurations will be used in this work. 

(iv) Hardware Experimentation: To perform the experimental investigation of 

the MML reduction techniques, a set of PV modules are required with tasted datasets. 

The position of the modules will be determined from the simulation, and then a 

practical array connection will be made according to the simulation result. And the 

output characteristics will be measured using any commercial I-V tracking device. The 

same process will be repeated to validate all the techniques. Finally, a comparative 

analysis will be performed among the proposed and the conventional methods to justify 

the performance of the work. 

1.9  Thesis Organization 

Chapter 2 presents different techniques of module arrangement to minimize the 

MML in PV arrays both at new and aged condition. At new condition of PV modules 

MML is investigated due to manufacturing tolerances using different conventional 

techniques during uniform irradiance condition. An adaptive GA based module 

arrangement technique is proposed here as a new solution of MML reduction both for 

long series string (LSS) and long parallel branch (LPB) in SP array configurations. A 

comparative analysis is made to find the performances of MML reduction techniques 

for new PV arrays with three different power ratings (400 W, 3400W and 9880 W). 

Simulation and Experimental investigation are performed to find out the usefulness of 
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the proposed method with respect to MML% reduction and improve the %RE for 

newly installed PV arrays. At aged condition of PV modules MML minimization is 

investigated to maximize the output power using different rearrangement technique. 

GA based and short circuit current (SCC) based module rearrangement techniques are 

investigated in this chapter to obtain an optimal arrangement that yields maximum 

output power from the aged array. Besides, the performance of these two techniques is 

compared with randomly module arrangement technique (RA) to find the effectiveness 

of the rearrangement techniques on the aged PV arrays considering the four different 

power ratings (400 W, 1.6 kW, 3.2 kW, and 10 kW).  

Chapter 3 shows an experimental investigation of MML minimization of Aged 

PV array using different standard and hybrid array configurations.  Four conventional 

configurations (SP, TCT, BL, and HC) are investigated using on a 4×6 aged PV array 

at indoor test condition. Different standard (SP, TCT, BL, HC, and LD) and hybrid 

(HC-TCT, LD-TCT, TCT-S, S-TCT, SP-LD, LD-SP, and SP-TCT) array 

configurations are investigated at outdoor weather condition using an artificial 

nonuniformly aged 4×10, 400 W PV array. 

Chapter 4 investigates the performances of different PV array configurations 

to obtain maximum output power for six different sizes of shading patterns. The 

experimental investigation is carried out using a 4×6 PV array with series-parallel (SP), 

total-cross-tied (TCT), ladder-diagram (LD), honey-comb (HC) and bridge-linked 

(BL) configurations. A comparative analysis is performed among the five 

configurations under different shading conditions for MML reduction and 

improvement of the percentage of recoverable energy (%RE).  

 Chapter 5 shows a case study on 28 MW grid connected PV plant in Teknaf, 

Cox-Bazar, Bangladesh to investigate the GA based MML minimization in a large PV 

plant. The description of the PV array size, MPPT charge controller, Inverter system 

of the 28 MW PV plant is also presented in this chapter. GA based module arrangement 

technique is compared with RA based technique using a 21×21 PV array of 28 MW 

PV plant. Extra energy obtained by GA based module arrangement technique is also 

calculated on the basis of daily, monthly and yearly.  

Finally, Chapter 6 reviews the conclusions and contributions of the work and 

suggests areas for future related work.  
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CHAPTER 2 

MML Minimization Techniques for 

Photovoltaic Arrays 

The mismatch in current-voltage (I-V) characteristics of Photovoltaic (PV) 

modules causes significant power loss in large PV array both at new and aged condition 

of PV modules. The primary sources of I-V mismatching in the PV array are briefly 

described in chapter 1. In chapter 2, the MML is analyzed due to manufacturing 

tolerances and due to aging of PV modules. The PV array output power generation can 

be improved by minimizing MML using different techniques of module arrangement. 

An adaptive genetic algorithm-based module arrangement technique is proposed here 

as a new solution of MML reduction both for new and aged PV arrays with different 

dimensions. A comparative analysis is made to find the effectiveness of MML 

reduction techniques a 400 W PV array at three different aging conditions. 

2.1  Mismatch Power Loss in New PV Array 

In a PV array, all modules do not have identical I-V characteristics even from 

the same manufacturer and same power ratings. I-V characteristic parameters are 

considered as Voc, Isc, Vm, Isc, and Pm. The I-V mismatch means differences of these 

I-V parameters between individual modules, which cause MML in PV array. There are 

some constant factors such as manufacturer tolerance, light-induced power 

degradation, uneven surface soiling, discoloration, and cracking are responsible for I-

V mismatch in new PV array modules; causes typically 4-7% energy loss [63]. The 

manufacturing process of PV modules are developing competitively day by day to 

minimize the manufacturing variance of I-V parameters in same power rated modules, 

but still, now the available crystalline PV modules in the market contain manufacturing 

tolerances ±3% to ±5% in their power rating. Due to this manufacturing tolerance level 

in case of the high volume of PV modules in an array, the MML increases significantly.  

Figure 2.1 shows that before connecting the modules in the array, the 

summation of individual modules power is higher than the array power, and their 

corresponding power difference is defined as mismatch power. Therefore, to minimize 
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MML due to manufacturing I-V mismatch in PV modules, this is essential to maximize 

the array power, by arranging array modules applying optimal configuration technique. 

 

Figure 2.1: MML in new PV array due to modules I-V mismatch at uniform irradiance 

2.2 Mathematical Model of MML in New PV Array 

In SP array configurations, series connected modules are work at the same 

amount of current in a string, and parallel strings are work at the same amount of 

voltage at a time. As a rule, Kirchhoff voltage law (KVL) is applied for string voltage 

calculation, and Kirchhoff current law (KCL) is used for the array current calculation. 

Therefore, according to KVL, the string voltage equals the summation of modules 

voltage in the string, and according to KCL, the array current equals the summation of 

string current in the array [31]. However, in a practical PV array, a central maximum 

power point tracker (MPPT) [64-67] is used to get its maximum global power (GMPP) 

[68-71]. Therefore, all modules are led to work at their maximum potential, which is 

not exactly same for all modules even from same power rating due to the 

manufacturing tolerances, which causes MML in the PV array. For example, if two 

modules are connected in series having non-identical Im, then they compromise to 

operate at lower Im and similarly two parallel connected modules are having different 

Vm work at smaller Vm [31, 72, 73]. 
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Now, consider a PV string be made up of X series-connected PV modules, with 

string voltage, 𝑉𝑆𝑡𝑟𝑖𝑛𝑔
𝑚𝑝𝑝

and string current, 𝐼𝑆𝑡𝑟𝑖𝑛𝑔
𝑚𝑝𝑝

 The string voltage and current of the 

Pth PV module can be denoted by 𝑉𝑀𝑜𝑑𝑢𝑙𝑒,𝑃
𝑚𝑝𝑝

 and 𝐼𝑀𝑜𝑑𝑢𝑙𝑒,𝑃
𝑚𝑝𝑝

 respectively. With this 

notation, maximum string voltage and current can be expressed as follows. 

𝑉𝑆𝑡𝑟𝑖𝑛𝑔
𝑚𝑝𝑝 = ∑ 𝑉𝑀𝑜𝑑𝑢𝑙𝑒,𝑃

𝑚𝑝𝑝

𝑋

𝑃=1

 (2.1) 

𝐼𝑆𝑡𝑟𝑖𝑛𝑔
𝑚𝑝𝑝 ≤ 𝑚𝑖𝑛{𝐼𝑀𝑜𝑑𝑢𝑙𝑒,𝑃

𝑚𝑝𝑝 : 1 ≤ 𝑃 ≤ 𝑋} (2.2) 

Again, consider a PV array has Y number of parallel connected string; identify 

its terminal voltage, and current for Qth PV string are 𝑉𝑆𝑡𝑟𝑖𝑛𝑔,𝑄
𝑚𝑝𝑝

and 𝐼𝑆𝑡𝑟𝑖𝑛𝑔,𝑄
𝑚𝑝𝑝

 

respectively. With this notation maximum array current and maximum array voltage 

can be expressed as;  

𝐼𝐴𝑟𝑟𝑎𝑦
𝑚𝑝𝑝 = ∑ 𝐼𝑆𝑡𝑟𝑖𝑛𝑔,𝑄

𝑚𝑝𝑝

𝑌

𝑄=1

 (2.3) 

𝑉𝐴𝑟𝑟𝑎𝑦
𝑚𝑝𝑝 ≤ 𝑚𝑖𝑛{𝑉𝑆𝑡𝑟𝑖𝑛𝑔,𝑄

𝑚𝑝𝑝 : 1 ≤ 𝑄 ≤ 𝑌} (2.4) 

Now, consider an X×Y PV array has X number of series connected modules in 

a string and Y number of parallel connected strings; identify its output terminal power, 

and Zth PV module is 𝑃𝐴𝑟𝑟𝑎𝑦
𝑚𝑝𝑝

 and 𝑃𝑀𝑜𝑑𝑢𝑙𝑒,𝑍
𝑚𝑝𝑝

 respectively. With this notation maximum 

array output power, the summation of modules power and percentage of MML in the 

PV array can be expressed as;  

𝑃𝐴𝑟𝑟𝑎𝑦
𝑚𝑝𝑝 = 𝑉𝐴𝑟𝑟𝑎𝑦

𝑚𝑝𝑝 × 𝐼𝐴𝑟𝑟𝑎𝑦
𝑚𝑝𝑝

 (2.5) 

𝑃𝑀𝑜𝑑𝑢𝑙𝑒
𝑆𝑢𝑚 = ∑ 𝑃𝑀𝑜𝑑𝑢𝑙𝑒,𝑍

𝑚𝑝𝑝

𝑋𝑌

𝑍=1

 (2.6) 

𝑀𝑀𝐿% =
𝑃𝑀𝑜𝑑𝑢𝑙𝑒

𝑆𝑢𝑚 − 𝑃𝐴𝑟𝑟𝑎𝑦
𝑚𝑝𝑝

𝑃𝑀𝑜𝑑𝑢𝑙𝑒
𝑆𝑢𝑚 × 100 (2.7) 

The array power decreases because the array voltage is equal to the minimum 

voltage of the string connected in parallel and array string current is similar to the 
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minimum current of the module connected in series. Therefore, the array output power 

is always less than the summation of individual modules power in the array. 

2.3  Simulation Work for New PV Arrays 

In order to make a comparative analysis, among the different module 

arrangement techniques, regarding array output power and MML, three different 

power 400 W, 3400 W, and 9880 W arrays are used in this chapter. Where each array 

contains 40 PV modules of 10 W, 85 W, and 247 W respectively. Therefore, three 

datasets are collected from a PV module manufacturer company. These datasets are 

used in simulation work to calculate array output power and MML using NetBins 

software. Consequently, after obtaining the datasets, the PV modules are arranged with 

different LSS-SP array arrangements (1×40, 2×20, 4×10, 5×8) and LPB-SP array 

arrangements (40×1, 20×2, 10×4, 8×5) according to the unusual arrangement 

techniques. The techniques of PV modules arrangement are described in the following 

section. For each PV array arrangement, array output voltage, current, and power are 

calculated to find out the MML of that array arrangement. The mathematical model of 

MML and corresponding MML calculation process are already described in the above 

section. Finally, the performance of MML reduction techniques are compared by using 

three different case studies on 400 W, 3400 W and 9880 W arrays are described in the 

following sections. 

2.3.1 Datasets of Three Different PV Arrays at New Condition 

In this section, three different flash test datasets of 40 polycrystalline PV 

modules of three separate power rating, 10 W, 85 W, and 247 W are collected from a 

PV manufacturer company, Electro Solar Power Limited (ESPL). PV modules are 

tested using the PV test system in ESPL at standard test condition (STC), 25°C, 1000 

W/m2, AM 1.5G, according to the IEC 60904-1 standard [74, 75].  The tested data of 

three datasets have been tabulated in Table 2.1; which contains the value of electrical 

characteristics of Voc, Isc, Pm, Vm and Im for each PV modules. Also, their average 

value and standard deviation (SD) are calculated and tabulated in the following table. 
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 Table 2.1 Datasets of 10 W, 85 W and 247 W modules for generating 400 W, 3400 

W, and 9880 W PV array respectively 

 

Figure 2.2: Correlation between Vm and Im of 10 W modules in 400 W array 
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PV Array 

Power 

PV Module 

Power 

PV 

Module 

No 

Electrical characteristics of PV modules 

Voc 

(V) 

Isc 

(A) 

Pm 

(W) 

Vm 

(V) 

Im 

(A) 

400 W 10 W 

1 10.464 1.309 10.118 8.569 1.181 

2 10.396 1.295 10.032 8.570 1.171 

3 10.454 1.307 10.150 8.588 1.182 

…
 

…
 

…
 

…
 

…
 

…
 

40 10.453 1.320 10.238 8.630 1.186 

Average 10.425 1.295 10.191 8.617 1.183 

SD 0.116 0.020 0.194 0.123 0.013 

3400 W 85 W 

1 21.241 5.298 85.133 16.925 5.03 

2 21.492 5.314 86.392 17.147 5.038 

3 21.299 5.328 85.198 16.906 5.04 

…
 

…
 

…
 

…
 

…
 

…
 

40 21.339 5.347 86.569 16.988 5.096 

Average 21.382 5.354 86.035 16.995 5.063 

SD 0.064 0.031 0.407 0.075 0.022 

9880 W 247 W 

1 40.556 7.516 249.606 34.62 7.21 

2 40.599 7.512 245.324 33.858 7.246 

3 40.665 7.545 247.991 33.788 7.34 

…
 

…
 

…
 

…
 

…
 

…
 

40 40.763 7.487 250.885 34.628 7.245 

Average 40.538 7.544 247.107 34.094 7.248 

SD 0.173 0.088 2.305 0.385 0.039 
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Figure 2.3: Correlation between Vm and Im of 85 W modules in 3400 W array 

 

Figure 2.4: Correlation between Vm and Im of 247 W modules in 9880 W array 

The correlation between the parameters Vm and Im of the datasets of 10 W, 85 

W, and 247 W PV modules are shown in Figure 2.2, 2.3 and 2.4, respectively. The 

5.02

5.03

5.04

5.05

5.06

5.07

5.08

5.09

5.1

5.11

5.12

16.8 16.85 16.9 16.95 17 17.05 17.1 17.15 17.2

M
a
x
im

u
m

 p
o
w

er
 p

o
in

t 
cu

rr
en

t,
 I

m
 (

A
)

Maximum power point voltage, Vm (Volt)

Corelation between Vm and Im of 85 W modules 

7.14

7.16

7.18

7.2

7.22

7.24

7.26

7.28

7.3

7.32

7.34

7.36

33 33.5 34 34.5 35 35.5

M
a
x
im

u
m

 p
o
w

er
 p

o
in

t 
cu

rr
en

t,
 I

m
 (

A
)

Maximum power point voltage, Vm (Volt)

Corelation between Vm and Im of 247 W modules 



23 
 

dotted line in the figures represents the trend line of the dataset. Figure 2.2 shows the 

positive correlation, and the value of the correlation coefficient is +0.148 and Figures 

2.3, and 2.4 show the negative correlation and the number of correlation coefficients 

are -0.435 and -0.567, respectively. 

2.3.2 Conventional Techniques of Module Arrangement 

The conventional techniques of SP PV array modules arrangement are based 

on I-V parameters such as Im, Isc, Pm, Vm, or Voc [29, 76, 77]. Therefore, the 

arrangement techniques are named according to the selected I-V parameter: i) 

Im_method; ii) Isc_method; iii) Pm_method; iv) Vm_method and v) Voc_method. For 

Im based method, let’s consider an LSS-SP array of dimension, 4×10 with 40 modules 

as shown in Figure 2.5, which are arranged by Im values. The arrangement has been 

made from lower values to higher values of Im; as a result, module number 1 has the 

lowest value of Im while module number 40 has the highest. The similar process is 

also used to arrange the modules by the other methods stated above. The difference of 

𝐼𝑀𝑜𝑑𝑢𝑙𝑒
𝑚𝑝𝑝

 in strings and difference of 𝑉𝑀𝑜𝑑𝑢𝑙𝑒
𝑚𝑝𝑝

 of strings are the factors causing  MML in 

an array [7, 28]. The current-based module arrangement techniques (Im and Isc) 

minimize MML by greedily reducing the difference of 𝐼𝑀𝑜𝑑𝑢𝑙𝑒
𝑚𝑝𝑝

 in strings [29, 77]. 

Consequently, string current (𝐼𝑆𝑡𝑟𝑖𝑛𝑔
𝑚𝑝𝑝

) increases gradually from the first row to the last 

row. This arrangement increases the total array current (𝐼𝐴𝑟𝑟𝑎𝑦
𝑚𝑝𝑝

) as in (2.3) and 

consequently, the output power increases. The voltage-based modules arrangement 

techniques (Vm and Voc) reduce the differences of 𝑉𝑀𝑜𝑑𝑢𝑙𝑒
𝑚𝑝𝑝

 in strings but increases the 

string voltage (𝑉𝑆𝑡𝑟𝑖𝑛𝑔
𝑚𝑝𝑝

) from the first row to the last row. Consequently, the array 

voltage (𝑉𝐴𝑟𝑟𝑎𝑦
𝑚𝑝𝑝

) decreases as in (2.4). Therefore, the array output power in voltage 

based methods (Vm and Voc) are comparatively smaller than current based methods 

(Im and Isc) [28, 29]. On the other hand, in power-based method Pm, both array voltage 

and array current increase averagely, hence the array power increases than voltage-

based method but not more than current based method elaborately described in [31]. 

Another typical technique of module arrangement is the random method (Ra_method), 

which is mostly used in the small size PV array. In this method, modules are arranged 

randomly by considering all modules with identical power in the PV array. 
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Figure 2.5: 4×10 LSS-SP array configuration 

2.3.3 Proposed Adaptive GA Based Technique for Module Arrangement  

To address the problem of minimizing the MML in SP PV array, GA is used 

find an optimum method of modules with the expectation that if the array output power 

can be maximized, the MML will be minimized. Therefore, in this optimization 

problem, the fitness function of GA is defined as the array output power, 𝑃𝐴𝑟𝑟𝑎𝑦
𝑚𝑝𝑝

 that is 

to be maximized. The expression of the fitness function, FF as follows. 

𝐹𝐹 = 𝑃𝐴𝑟𝑟𝑎𝑦
𝑚𝑝𝑝

 (2.8) 

The total procedure is divided into three steps: Selection, Crossover, and 

Mutation. Initially, a random number of setups are generated. For generosity, it is 

considered N numbers of setups are generated. By setup, it is mean a matrix of r×c 

consisting of a fixed number of modules. Where ‘r’ is the number of rows, and ‘c' is 

the number of columns. Each setup is a sample in the solution space of the optimization 

problem. The objective of the problem is to find out the best sample with maximum 

fitness value. The process is illustrated with a flowchart shown in Figure 2.6. 

As in the flowchart in Figure 2.6, it is started with the phase of selection. In the 

selection phase, parent samples are selected through some criterion function. In this 

case, the criterion function is the average of the fitness values of the samples generated 

randomly. If any sample has a fitness greater or equal to the average of the fitness 

values of the samples, it is selected as a parent of the current generation. Initially, the 

average value of the fitness function of the samples is termed as global best, BG. 

Usually; this process reduces the population size to less than N.  
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Figure 2.6: Flowchart of Genetic Algorithm based PV modules arrangement 

technique 
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Now, in the following phase known as a crossover, it crosses the parent samples 

and generated new samples. However, the newly created samples are included in the 

current generation if they excel in fitness value compared to the best fitness value of 

the parent samples. The best fitness value of the current parent samples is termed as 

local best, 'BL.' The process is terminated when the population size is increased to N 

again. While selecting a pair of parents for the crossover, Roulette wheel selection is 

used [78]. If FFi is the fitness of an individual sample, ‘I’ in the population, its 

probability of being selected is as follows: 

𝑃𝑖 =
𝐹𝐹𝑖

∑ 𝐹𝐹𝑗
𝑁
𝑗=1

 (2.9) 

Where 'N' denotes as the number of individuals in the population, while any 

candidate solution with a higher fitness will make less likely to be eliminated, there is 

still a chance that they may be. Again, with this type of selection, there is a chance 

some weaker solutions may survive the selection process, which serves as an 

advantage. These retain some feeble properties of weak solutions that could prove 

useful in the following steps.  

For the crossover phase, the order one crossover technique is used in this work 

because of its simplicity and faster operation. Figure 2.7 and Figure 2.8 show the order 

one (OX) crossover technique and partially matched (PMX) crossover technique 

between two parents. However, in the previous work [31], PMX crossover technique 

was used, which requires more simulation time to execute the optimal arrangement of 

PV modules of a particular array compared to OX crossover technique. To the best of 

the author knows, this is the first-time OX crossover technique has been applied to this 

type of GA based optimal process of module arrangement for series-parallel PV array 

configuration. Therefore, this is called as an adaptive GA based module arrangement 

technique. During the crossover process, after generating every child sample, a small 

mutation at a rate of 'm' is introduced. This threshold is tuned during simulations. 

Finally, the procedure stops whenever the global best, ‘BG’ is stabilized for a 

predefined number of iterations. Otherwise, the current population is again reassessed 

using the selection procedure and passed through the crossover and mutation phases 

until the stopping criterion is met. The GA process takes a data set of PV modules with 

a determined row-column dimension and returns an optimal arrangement of modules 

position in the array as output. 
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Figure 2.7: Order one crossover technique 

 

 

Figure 2.8: Partially matched crossover technique 
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2.3.4 Testing of the Proposed GA based Technique  

In this section, a comparative analysis is performed between the proposed adaptive 

GA based module arrangement technique and previously used GA based technique in 

[31], with respect to MML minimization. As mentioned earlier OX crossover 

technique is first time introduced in this work for GA based module arrangement 

technique. Therefore, this technique is called as an adaptive GA based module 

arrangement technique. In [31], GA was performed using PMX crossover technique 

and simulation-based investigation was made for 3×6, 4×10, 5×13 and 5×18 array 

using 95 W PV modules. In [31], four datasets contain 18, 40, 65, and 90 modules, 

which are arranged by 3×6, 4×10, 5×13, and 5×18 array dimensions respectively. The 

PV modules are chosen in the datasets by maintaining the standard performance 

deviation of the module parameter, Pmpp (± 3%), Vmpp (± 10%), Impp (± 10%). In order 

to test the proposed GA based module arrangement technique and to make a 

comparison with the previous work, the similar datasets are used here by maintain all 

the standard conditions. In the previous work for the dataset of 4×10 array, the 

summation of modules power was 3796 W and in this work the same power is used. 

The four datasets of 3×6, 4×10, 5×13, and 5×18 arrays are shown in Figure 2.9 (a), (b), 

(c) and (d) respectively. Where, each figure is showing the deviation of modules 

parameters Vmpp and Impp for the corresponding datasets.  

 

Figure 2.9 (a): Correlation between Vmpp and Impp of 95 W modules in 3×6 array 
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Figure 2.9 (b): Correlation between Vmpp and Impp of 95 W modules in 4×10 array 

 

Figure 2.9 (c): Correlation between Vmpp and Impp of 95 W modules in 5×13 array 

 

Figure 2.9 (d): Correlation between Vmpp and Impp of 95 W modules in 5×18 array 
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Table 2.2: Comparison of Array Power and %MML obtained by Proposed and 

Previous GA based Module Arrangement Technique 

Array 

size 

Proposed technique Previous technique [31] 

Parray_OX (W) MML_OX(%) Parray_PMX (W) MML_PMX (%) 

3×6 1695.795 0.669 1689.801 1.02 

4×10 3779.044 0.448 3767.968 0.74 

5×13 6138.312 0.477 6122.130 0.74 

5×18 8507.228 0.476 8494.065 0.63 

Avg. 5030.095 0.518 5018.491 0.783 

 

 

Figure 2.10: Comparison of MML obtained by Proposed and Previous GA based 

Module Arrangement Techniques 

The array output power and MML% are tabulated in Table 2.2 for 3×6, 4×10, 

5×13, and 5×18 arrays, where the summation of modules power are 1707.21 W, 

3796.06 W, 6167.77 W and 8547.92W respectively. For the proposed work the array 

output power and mismatch losses are denoted as Parray_OX and MML_OX. Whereas 

for the previous work the array output power and mismatch losses are denoted as 

Parray_PMX and MML_PMX respectively. The Parray_OX of 3×6, 4×10, 5×13, and 

5×18 arrays are 16.95.795 W, 3779.044 W, 6138.312W and 8507.228 W respectively 

and the corresponding MML_OX (%) are 0.669, 0.448, 0.477 and 0.476 respectively. 

However, the Parray_PMX of 3×6, 4×10, 5×13, and 5×18 arrays are 16.89.801 W, 

3767.968 W, 6122.131 W and 8494.065 W respectively. And the corresponding 

MML_PMX (%) are 1.02, 0.74, 0.74 and 0.63 respectively. Figure 2.10 summarizes 

that the proposed GA based technique can minimizes MML 0.265% (average) more 

than the previous work. 
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2.4  Simulation Result Analysis of New PV Arrays 

2.4.1 Case Study on 400 W PV Array  

In this section, seven different methods (Ra_method, Vm_method, 

Voc_method, Pm_method, Isc_method, Im_method, and GA_method) are applied on 

a 400 W PV array with 40 modules of 10 W each for arranging the modules 

accordingly to get maximum array output power. Figure 2.11 shows the optimal 

arrangement of modules is obtained for LSS-SP (2×20) array arrangements using 

conventional techniques (a-f) and proposed GA technique (g). The same methods are 

also performed for 1×40, 2×20, 4×10, 5×8, 40×1, 20×2, 10×4, and 8×5 array 

configurations and simulation results of array output power are calculated using a 

mathematical model described in section 3. The array output power is depicted in Table 

2.3 for four different LSS-SP array arrangments (1×40, 2×20, 4×10, 5×8). The results 

show that power generation by arranging module using GA based method is the 

maximum for all array arrangements, and the maximum array power is 403.785W for 

5×8 array arrangement. An interesting observation is that for 1×40 array arrangement, 

the array power remains the same for all techniques because of the array voltage, and 

the array current remains same arrangement. 4×10 and 5×8 array arrangements are 

generating different output power for different methods, and the result shows that the 

current based methods (Im and Isc) are producing more energy than voltage-based 

methods (Vm and Voc). 

Table 2.4 shows the array output power for four different LPB-SP array 

arrangements (40×1, 20×2, 10×4, and 8×5). Here 8×5 array output power is 402.827 

W, which is the maximum power generated by using GA based method. The array 

power remains the same for 40×1 array arrangement. Though the power generation by 

Pm based technique is higher than voltage-based methods (Vm, Voc) but it is lower 

than the current based methods (Im, Isc) both for LSS-SP and LPB-SP array 

arrangements. By comparing Table 2.2 and Table 2.3, LSS-SP arrays output powers 

are always higher than LPB-SP arrays for the corresponding module arrangement 

techniques. However, the lowest array output power 383.643 W is obtained for the 

40×1 array arrangement. 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
 

(a) Ra_method 

21 9 30 18 36 2 29 6 7 24 10 23 31 12 11 4 25 1 13 3

34 8 20 33 22 32 40 15 19 39 14 26 35 5 17 27 28 37 38 16
 

(b) Im_method 

29 34 11 25 21 9 30 36 15 6 26 33 12 24 2 27 31 35 8 37

28 10 18 7 20 3 14 38 4 1 19 13 22 32 17 16 23 39 40 5
 

(c) Isc_method 

13 28 36 18 21 9 30 2 24 23 7 6 12 4 1 8 10 31 3 32

20 40 15 14 29 11 25 19 22 39 33 5 34 26 27 35 17 16 37 38
 

(d) Pm_method 

13 28 23 8 24 1 2 4 36 18 3 12 9 32 7 6 14 30 20 15

40 5 10 31 19 22 39 21 27 25 33 17 16 11 26 35 38 29 34 37
 

(e) Vm_method 

13 28 25 9 36 12 30 2 23 18 11 24 8 6 20 31 26 32 34 29

14 22 40 3 16 21 27 4 19 1 5 17 15 35 39 7 38 33 10 37
 

(f) Voc_method 

28 27 1 8 39 37 35 26 14 19 3 5 17 20 34 38 13 11 15 40

31 29 16 32 10 23 12 7 36 33 24 4 9 25 22 30 6 21 18 2
 

(g) GA_method 

Figure 2.11: 2×20 array modules are arranged by (a) Ra, (b) Im, (c) Isc, (d) Pm, 

(e)Vm, (f) Voc and (g) GA methods 
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Table 2.3: Array output power for 400 W LSS-SP array configurations 

Array 

Size 

Array output power (W) by using different techniques for 400 W LSS-SP arrays 

Ra_method Vm_method Voc_method Pm_method Isc_method Im_method GA_method 

1×40 398.125 398.125 398.125 398.125 398.125 398.125 398.125 

2×20 396.659 396.499 398.072 397.711 398.341 401.544 402.067 

4×10 395.028 395.132 396.728 397.978 400.086 402.693 403.059 

5×8 394.340 394.476 396.086 397.630 400.228 403.754 403.785 

 

Table 2.4: Array output power for 400 W LPB-SP array configurations 

Array 

Size 

Array output power (W) by using different techniques for 400 W LPB-SP arrays 

Ra_method Vm_method Voc_method Pm_method Isc_method Im_method GA_method 

40×1 383.643 383.643 383.643 383.643 383.643 383.643 383.643 

20×2 392.090 383.978 383.978 385.219 394.482 394.657 398.356 

10×4 391.648 391.166 393.361 393.845 397.598 400.556 402.729 

8×5 392.807 392.503 395.221 395.821 399.553 401.379 402.827 

 

 

Figure 2.12. MML for LSS-SP and LPB-SP array configurations of 400 W array 
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Figure 2.12 shows the %MML in the 400 W array both for LSS-SP (1×40, 

2×20, 4×10, 5×8) and LPB-SP (40×1, 20×2, 10×4, 8×5) array arrangements are 

obtained by using different module arrangement methods. In one hand, minimum 

%MML are achieved by GA based method both for LSS-SP and LPB-SP array 

arrangements and the minimum values are 0.94% and 1.18% for 5×8 and 8×5 arrays, 

respectively. On the other hand, Vm based method gives higher %MML for 20×2, 

10×4, 8×5, and 2×20 array arrangements. For 4×10 and 5×8 array arrangements, the 

random process gives even more %MML than the Vm based approach. However, for 

1×40 and 40×1 array arrangement the %MML are unchanged for all the methods, and 

the maximum MML obtained is 5.89% in 40×1 array arrangement. Though the %MML 

obtained by all techniques are following a similar pattern for LPB-SP (20×2, 10×4, 

and 8×5) array arrangements as shown in Figure 2.10, the values of %MML for LPB-

SP array arrangements are always higher than LSS-SP array arrangements for each 

method. 

2.4.2 Case Study on 3400 W PV Array  

A 3400 W PV array is made by using 40 modules of 85 W rating using the 

datasets from Table 2.1. The array is arranged in 1×40, 2×20, 4×10, 5×8, 40×1, 20×2, 

10×4, and 8×5 array arrangements by using all seven module arrangement methods. 

The corresponding array power is calculated and tabulated in Table 2.5 and Table 2.6. 

The results are similar like 400 W array because GA based process is again performed 

better by generating higher array power than all other purposes. While Vm based 

method shows poor performances by generating lower output power for almost all 

array arrangements. The highest output power, 3427.43 W is obtained by 5×8 array 

arrangement using GA based method and the lowest output power, 3400.94 W is 

received by Vm based technique for the same array. For 8×5 array arrangement by GA 

based technique output power is 3425.13 W, which is the maximum and by Vm based 

technique output is 3401.62 W, which is the minimum. By comparing Table 2.4 and 

Table 2.5 results show that GA based technique is superior for both LSS-SP and LPB-

SP array arrangements. However, LSS-SP arrangements are generating more output 

power than LPB-SP array arrangements. 
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Table 2.5: Array output power for 3400 W LSS-SP array configurations 

Array 

Size 

Array output power (W) by using different techniques for 3400 W LSS-SP arrays 

Ra_method Vm_method Voc_method Pm_method Isc_method Im_method GA_method 

1×40 3415.950 3415.950 3415.950 3415.950 3415.950 3415.950 3415.950 

2×20 3405.038 3405.528 3409.419 3412.540 3418.861 3422.724 3424.072 

4×10 3402.887 3401.572 3405.725 3412.003 3419.048 3425.178 3426.417 

5×8 3403.273 3400.943 3405.158 3408.437 3414.527 3426.038 3427.430 

 

Table 2.6: Array output power for 3400 W LPB-SP array configurations 

Array 

Size 

Array output power (W) by using different techniques for 3400 W LPB-SP arrays 

Ra_method Vm_method Voc_method Pm_method Isc_method Im_method GA_method 

40×1 3407.484 3407.484 3407.484 3407.484 3407.484 3407.484 3407.484 

20×2 3410.415 3405.485 3410.201 3406.900 3409.463 3414.522 3426.913 

10×4 3407.268 3403.179 3406.017 3411.639 3412.906 3424.642 3425.935 

8×5 3405.368 3401.627 3406.7 3408.674 3415.815 3425.138 3426.92 

 

Figure 2.13: MML for LSS-SP and LPB-SP array configurations of 3400 W array 
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The %MML in 3400 W PV array for LSS-SP arrays (1×40, 2×20, 4×10, 5×8) 

and LPB-SP arrays (40×1, 20×2, 10×4, 8×5) are illustrated in Figure 2.13. Where the 

GA based module arrangement method is performed as the best method for both LSS-

SP and LPB-SP array arrangements. The minimum MML is 0.41% and 0.42% 

obtained by the GA method for 5×8 and 8×5 array, respectively. The Vm based process 

shows higher %MML for both LSS-SP and LPB-SP array arrangements. The highest 

values are 1.176% and 1.156% for 5×8 and 8×5 array arrangements respectively 

obtained by Vm based method. 

2.4.3 Case Study on 9880 W PV Array  

In this section, module arrangement methods are investigated on a 9880 W PV 

array. A 9880 W array is developed by using 40 modules of 247 W using datasets from 

Table 2.1. At first, 9880 W array is arranged in LSS-SP arrangements (1×40, 2×20, 

4×10, 5×8) and LPB-SP array arrangements (40×1, 20×2, 10×4, 8×5) by using all 

module arrangement techniques. After that, the array output power is calculated by 

simulation and tabulated in Table 2.7 and Table 2.8. For 1×40 and 40×1 array 

arrangement the output power is 9769.91 W and 9609.63 W, respectively. Table 2.6 

shows that the GA based method has a significant role in generating maximum output 

power for 2×20, 4×10, and 5×8 array arrangements. While Vm based approach 

produces the lowest output power for the same array arrangements. In this case, the 

highest array output power is 9818.371 W obtained by the GA based method for 4×10 

array arrangement. The lowest array output power is 9660.148 W obtained by Vm 

based technique for 5×8 array arrangement. 

Table 2.7: Array output power for 9880 W LSS-SP array configurations 

Array 

Size 

Array output power (W) by using different techniques for the 9880 W LSS-SP array 

Ra_method Vm_method Voc_method Pm_method Isc_method Im_method GA_method 

1×40 9769.912 9769.912 9769.912 9769.912 9769.912 9769.912 9769.912 

2×20 9709.074 9695.554 9742.637 9712.042 9758.631 9786.046 9810.914 

4×10 9685.239 9678.068 9740.016 9691.434 9732.185 9766.97 9818.371 

5×8 9682.299 9660.148 9723.505 9696.234 9709.943 9769.702 9816.904 
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Table 2.8: Array output power for 9880 W LPB-SP array configurations 

Array 

Size 

Array output power (W) by using different techniques for the 9880 W LPB-SP array 

Ra_method Vm_method Voc_method Pm_method Isc_method Im_method GA_method 

40×1 9609.63 9609.63 9609.63 9609.63 9609.63 9609.63 9609.63 

20×2 9717.518 9609.245 9622.994 9608.048 9718.273 9743.883 9814.136 

10×4 9706.703 9629.607 9636.243 9656.269 9712.061 9771.7 9822.291 

8×5 9688.570 9638.369 9692.488 9644.886 9715.177 9773.501 9815.887 

 

Table 2.8 shows that maximum output power is achieved by the GA based 

method for 20×2, 10×4 and 8×5 array arrangements and minimum output powers are 

obtained by Vm based approach for the same array arrangements. The highest potential 

is 9822.291 W in 10×4 arrays while the lowest power is 9609.245 W for the 20×2 

array. By comparing Table 2.7 and Table 2.8, it is found that the GA based method is 

generating higher power than other methods for both LSS-SP and LPB-SP arrays. 

 

Figure 2.14: MML for LSS-SP and LPB-SP array configurations of 9880 W array 

For both LSS-SP and LPB-SP array arrangements of 9880 W array, the %MML 

are illustrated in Figure 2.14. Where %MML is always higher for Vm based method, 

and the higher value is 2.78 % for 20×2 array arrangements. The lowest value is 0.628 

% for 10x4 array obtained by GA based method. The lower values of MML are 0.66 
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% and 0.69 % acquired for 4×10 and 8×5 array arrangements respectively by GA based 

technique. Figure 2.12 shows that the highest MML is 2.8% achieved by the Pm based 

technique for 20×2 arrays. However, the LSS-SP array arrangements are performed 

better than LPB-SP array arrangements for GA based method to lower %MML. The 

current based methods (Im and Isc) are also performed better for both LSS-SP (2×20, 

4×10, 5×8) and LPB-SP (20×2, 10×4, 8×5) array arrangements with lower %MML 

than the random (Ra) and the power-based method (Pm). 

 

Figure 2.15: MML obtained by GA based method for different configurations of  

400 W, 3400 W, and 9880 W array 

2.4.4 Comparative Analysis of MML in New PV Arrays 

Figure 2.15 shows the %MML obtained by GA based method for different array 

configurations (1×40, 2×20, 4×10, 5×8, 40×1, 20×2, 10×4, 8×5) of 400 W, 3400 W, 

and 9880 W arrays. The results show that each array configurations influence the 

%MML, and it follows a similar trend for three different PV power systems. In LSS-

SP configurations (1×40, 2×20, 4×10, 5×8) the highest %MML is found for the most 

extended LSS-SP array (1×40), and the %MML is gradually decreasing with the 

decreasing number of series modules in the array. Hence, the lowest %MML is 

obtained for a 5×8 array. On the other hand, in LPB-SP array configurations (40×1, 

20×2, 10×4, 8×5) the highest %MML is found for the most extended LPB-SP array 

(40×1), and the %MML is decreasing with decreasing the parallel branches in the 
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array. An interesting observation is located between the %MML and the correlation 

coefficient of Vm and Im of the corresponding datasets. The correlation coefficient of 

400 W, 98800 W, and 3400 W arrays are positive (+0.148), negative (-0.567) and 

negative (-0.435), respectively. The maximum %MML found in 400 W arrays at 

positive correlation and the minimum is in 3400 W arrays at negative correlation. 

Finally, the simulation results show that GA based method is performed better 

than Im based process for higher output power and lower %MML, while Im is better 

than Pm and Vm for all three different power ratted arrays (400 W, 3400 W, and 9880 

W). Another important observation is that LSS-SP configurations are generating 

higher power than LPB-SP array configurations. Therefore, these research results will 

help to take the correct decision about the selection of array size (LSS-SP and LPB-

SP) and module rearrangement techniques (GA, Im, Pm, Vm) for future research on 

this field. The PV system configurations (LSS-SP and LPB-SP) are used based on the 

load voltage and current. For high voltage PV system such as water pumping, grid tie 

system, LSS-SP is suitable, and for the low voltage PV system, such as battery 

charging for electric vehicles, LPB-SP is suitable. For both, the cases GA and Im based 

module arrangement techniques can perform better to maximize the array output 

power.  

2.5  Experimental Work at New Condition of 400 W Array 

In order to validate the simulation results, experimental investigations are 

carried out using the 400 W array for LSS-SP (4×10, 5×8) and LPB-SP (10×4, 8×5) 

configurations. The experimental setup and the corresponding results are presented in 

this section. 

2.5.1 Experimental Setup of 400W Array 

A 400 W PV array system is composed of 40 poly-crystalline PV modules of 

10 W each are placed on the structures with a fixed tilt angle of 23.5°. The array 

consists of four parallel PV strings of ten PV modules in series. All the PV modules 

are south facing and are mounted on a rooftop, the geographical location of latitude is 

23°43'N and longitude is 90°25'E, shown in Figure 2.16. Where direct sunlight is 

available during the daytime. The PV modules are collected from ESPL with flash test 

dataset, and their electrical characteristics are already shown in Table 2.1.   



40 
 

 

Figure 2.16: Experimental setup of 400 W array at new condition for comparing maximum array 

output power using different methods of modules arrangement 

The current-voltage and power-voltage characteristics curves for the 400 W 

array modules with LSS-SP and LPB-SP configurations are measured and recorded in 

different atmospheric conditions. To determine the I-V and P-V characteristics, 

irradiance and temperature corrections are performed according to IEC 60904-1 

standard. The I-V and P-V characteristics measurements are performed using the 

photovoltaic system analyzer (PVSA), PROVA 1011 from the TES Electrical 

Electronic Corp. The PVSA device measures the electrical characteristics curves of 

PV module as well as of string or array. It also regulates and calculates Efficiency, 

Temperature, Irradiance, series resistance of the PV system at outdoor operating 

condition (OPC). The PVSA device can convert I-V and P-V curves under OPC to data 

STC based upon IEC standard. The International Electrotechnical Commission (IEC) 

is the world’s leading organization for the preparation and publication of International 

Standards for all electrical and electronic related technologies. For instance, the 

requirements for I-V measurement of photovoltaic devices are laid down in IEC 

60904-1. 

Figure 2.17 shows the PVSA device, PROVA 1011, a remote solar detector 

(RSD) 1012 with a thermometer. The analyzer device and RSD rare connected by 

Bluetooth wireless communication. The RSD device is fully moisture-proof. The 

maximum power rating of the PVSA device is 12000 W, and accuracy for the I-V curve 
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measurement is ±1%. Table 2.9 shows the technical specifications of the analyzer, 

Irradiance sensor, and temperature sensor. The four-wire to two-wire connecting 

cables are used to eliminate the systematic errors in voltage measurement, and the 

measuring interval is 0.02-2 seconds for a single measure. The PVSA device waits and 

tests the PV system automatically until appropriate sunlight irradiance is detected.   

 

Table 2.9: Specifications of the analyzer, irradiance sensor, and temperature sensor. 

Measurement Range Resolution Accuracy 

DC Voltage 1 ~ 1000 V 0.01V / 0.1V  ±1%  

DC Current 0.1 ~ 12 A 1mA / 10mA ±1%  

Irradiance 0 ~ 2000 W/m2 1 W/m2 ± 3 %  

Temperature -22 ~ 85 °C 0.1°C ± 1 %  

 

 

 

(c) 

 

(b) (a) 

Figure 2.17: PV system analyzer: (a) PROVA 1011, (b) Remote Solar Detector and (c) Thermometer 

2.5.2 Experimental Measurement Procedure 

The experimental data measurements of the PV array configurations are carried 

out in real atmospheric weather conditions throughout the middle of a sunny day and 

clear sky. By maintaining standard test conditions at outdoor, are described in [79], a 
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single test for I-V characteristics measurement of the PV array is carried out by less 

than 30 seconds using the PVSA device, PROVA 1011. As stated by IEC 60904-1 

standards, photovoltaic I-V characteristic curve measurement can be performed in 

natural outdoor sunlight during one percent variation of global solar radiation. The 

incident solar radiation should be at least 800 W/m2 [75]. Therefore, in this work, the 

experimental data recorded within the radiation range between 800 W/m2 and 900 

W/m2 considering small temperature variations. However, the irradiance values are 

corrected considering 1000 W/m2 as reference irradiance. Consequently, the second 

procedure of irradiance correction is used in this work, among the three correction 

procedures proposed in IEC 60891. The irradiance correction procedure [79] is as 

follows:  

𝐼𝑟𝑒𝑓 = 𝐼𝑚 (1 + 𝛼𝑟𝑒𝑙 × (𝑇𝑟𝑒𝑓 − 𝑇𝑚)) ×
𝐺𝑟𝑒𝑓

𝐺𝑚
 (2.10) 

𝑉𝑟𝑒𝑓 = 𝑉𝑚 + 𝑉𝑂𝐶𝑚 (𝛽𝑟𝑒𝑙(𝑇𝑟𝑒𝑓 − 𝑇𝑚) + 𝛿 × ln (
𝐺𝑟𝑒𝑓

𝐺𝑚
)) − 𝑅𝑠(𝐼𝑟𝑒𝑓 − 𝐼𝑚)

− 𝑘 × 𝐼𝑟𝑒𝑓(𝑇𝑟𝑒𝑓 − 𝑇𝑚) 

(2.11) 

𝑃𝑟𝑒𝑓 =
𝑃𝑚 × (

𝐺𝑟𝑒𝑓

𝐺𝑚
)

(1 + 𝛾(𝑇𝑟𝑒𝑓 − 𝑇𝑚)) × (1 + 𝛿 × ln (
𝐺𝑟𝑒𝑓

𝐺𝑚
))

 (2.12) 

Where ‘ref’ and ‘m’ subscripts refer the reference and measured values 

respectively. ‘I’ is array current; ‘V’ is array voltage; ‘Voc’ is open circuit voltage; ‘G’ 

is irradiance; ‘αref’ and ‘βref’ are relative temperature coefficient of current and voltage; 

‘δ’ is irradiance correction factor (=0.06); ‘Rs’ is internal series resistance; ‘k’ is curve 

correction factor; ‘γ’ is power temperature coefficient; ‘P’ is array power. The PVSA 

device is intelligent to measure and store the values of array current, array voltage, 

array power, and irradiance under fast-changing weather conditions. Hence, the 

reference power in (2.12) represent the corrected maximum power measured at STC. 

It is the value considered for the performance comparison of array configurations under 

the same irradiance and temperature conditions. 
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Figure 2.18: Reference parameters value used in the PV system analyzer, PROVA 1011 

Figure 2.18 shows different reference parameters value, which have been used 

in the PVSA device (PROVA-1011), in order to make the correction to convert from 

OPC to STC data. In addition, Air Mass (AM) can be calculated with the following 

equations: 

𝐺𝐺 = 1.1 × 𝐺𝐷 (2.13) 

𝐺𝐷 = 1.353 × 0.7𝐴𝑀0.678
 (2.14) 

Where, ‘GD’ is direct beam intensity (kW/m2); ‘GG’ is estimate of global 

irradiance (kW/m2). For example, AM = 1.5 has been calculated when, GD = 0.846 and 

GG = 0.9306.  

Changing the light intensity incident on a solar module changes all PV 

parameters, including the short-circuit current, the open-circuit voltage, the FF, the 

efficiency and the impact of series and shunt resistances. The light intensity on a solar 

module is called the number of suns, where 1 sun corresponds to standard illumination 

at AM1.5, or 1 kW/m2. 

The objective of the experimental investigation is to record and compare the 

array output power obtained under different module arrangement methods applied to 
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the LSS-SP (4×10, 5×8) and LPB-SP (10×4, 8×5) array configurations. The simulation 

result shows that the GA based arrangement method and Im based arrangement 

methods are outperforming than other PV array modules arrangement methods. The 

random arrangement method is usually used as a conventional PV array module 

arrangement method. Therefore, these three PV array module arrangement methods 

are experimentally compared using a 400 W PV array at uniform irradiance condition. 

Hence shading effects are not considered in this work. All experiments are performed 

under real operating conditions, and the measured OPC data is processed before being 

compared using equation (2.12). Before each experimental test, the front side of all the 

PV modules are cleaned, and the module positions are rearranged according to the 

arrangement results obtained by simulation. 

2.5.3 Experimental Results  

In Table 2.10, the experimental array output power is obtained for four different 

array configurations (4×10, 5×8, 10×4, and 8×5) using three techniques.  Maximum 

output power was obtained using GA based arrangement for all these array 

configurations, and the highest power of 392.559 W is obtained in 5×8 configuration. 

Besides, the Im based technique also performed well by generating higher output 

power than Ra_method. However, the output power is lower than that obtained using 

the GA method. Hence, the %RE is calculated with respect to the most conventional 

Ra_method of module arrangement. Therefore, %RE by Im based method, (%RE_Im), 

and %RE by GA based method (%RE_GA) are calculated for both Im and GA based 

techniques, comparing with random based arrangement technique as follows. 

%𝑅𝐸_𝐼𝑚 =
𝑃_𝐼𝑚 − 𝑃_𝑅𝑎

𝑃_𝑅𝑎
× 100

 

(2.15) 

%𝑅𝐸_𝐺𝐴 =
𝑃_𝐺𝐴 − 𝑃_𝑅𝑎

𝑃_𝑅𝑎
× 100

 

(2.16) 

Where P_Ra, P_Im, and P_GA are denoted as PV array output power measured 

by arranging modules using the random method, Im method, and GA method, 

respectively. The calculated values of %RE_Im and %RE_GA are tabulated in Table 

2.11 for both LSS-SP (4×10, 5×8) and LPB-SP (10×4, 8×5) configurations. The 

minimum and maximum value of %RE_Im are 2.62 % and 3.249 %, respectively. On 

the other hand, by the GA method, the minimum and maximum amount of %RE_GA 
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are 3.267 % and 4.159 %, respectively. In both cases, the maximum values are obtained 

by LSS-SP (5×8) configuration. The result shows that average %RE obtained by LSS-

SP configuration is higher than LPB-SP configurations for both Im and GA based 

techniques. The average %RE obtained by Im method is 2.88 %, and by GA method is 

3.60 %. Therefore, the GA based technique is performed better than Im based technique 

for both LSS-SP and LPB-SP configurations.   

Table 2.10: Array output power obtained by experimental work 

Array 

Configuration 

Array 

Size 

400 W Array Output Power Obtained by Experimental Work (W) 

Ra_method Im_method GA_method 

LSS-SP 

4×10 378.201 388.110 390.559 

5×8 377.06 389.312 392.743 

LPB-SP 

10x4 375.421 386.502 388.648 

8x5 376.733 386.919 389.781 

 

Table 2.11: Comparison of recoverable energy between Im based method and GA based method 

Array 

Configuration 

Array Size 

Recoverable Energy Obtained by Experimental Work 

%RE_Im %RE_GA 

LSS-SP 

4 × 10 2.620 3.267 

5 × 8 3.249 4.159 

LPB-SP 

10 × 4 2.951 3.523 

8 × 5 2.703 3.463 

 

The %MML obtained by the experimental work for 400 W array is shown in 

Figure 2.19. The experimental %MML for LSS-SP (4×10, 5×8) and LPB-SP (10×4, 

8×5) configurations are calculated by using (2.7). Where the value of modules power 

is used 407.63 W, as used in the simulation and the array output power is applied from 

Table 2.9 for each array configuration. The experimental results show that the 

minimum %MML are obtained by GA based method both for LSS-SP and LPB-SP 

configurations, which is similar to simulation results.  
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Figure 2.19: MML obtained by an experiment using three different techniques for  

400 array configurations 

 
2.5.4 Summary on MML Minimization of New PV arrays 

In this work, a new technique of module sorting of PV arrays using adaptive 

GA is experimentally validated both for LSS-SP (4×10, 5×8) and LPB-SP (10×4, 8×5) 

configurations in minimizing MML. The performance of the proposed GA technique 

regarding total output power and %MML are compared with other conventional 

module sorting techniques. The traditional current-based methods (Im, Isc) show better 

performance than the voltage-based methods (Vm, Voc); however, the proposed 

technique outperforms the conventional ones in every array configuration. Simulation 

results show that GA and Im based techniques are outperformed for both LSS-SP and 

LPB-SP array configurations in 400 W, 3400 W, and 9880 W arrays at new condition. 

The experimental analysis also shows similar results. Finally, it is observed that the 

percentage of recoverable energy (%RE) obtained by arrangement using the GA based 

method is higher than Im based method for both LSS-SP and LPB-SP array 

configurations. A maximum %RE of 4.159 % is recorded for 5×8 LSS-SP array 

configuration by applying the GA based MML reduction method. 

2.6   MML Investigation in Aged PV Arrays 

Power degradation due to non-uniform aging is a common phenomenon in 

large PV array systems. Aging increases I-V mismatch in the array modules that results 
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in MML in the array. Therefore, it is essential to minimize MML to increase the array 

output power. In order to mitigate the MML due to non-uniform aging, genetic 

algorithm (GA) based and short circuit current (SCC) based module rearrangement 

techniques are investigated in this work to obtain an optimal arrangement that yields 

maximum output power from the aged arrays. Besides, the performance of these two 

techniques is compared with randomly module arrangement technique (RA) to find the 

effectiveness of the rearrangement techniques on the aged PV arrays considering the 

four different power ratings (400 W, 1.6 kW, 3.2 kW, and 10 kW). 

 

Figure 2.20: Electrical characteristics of a PV module, which have been tested at new and aged 

condition in 1985 and 2005, respectively. 

2.6.1 Mismatch Loss in Aged PV Array 

The aging of PV panels causes the change of the slope of the I-V curve due to 

the variation of series and shunt resistances close to open circuit voltage and short 

circuit current respectively,  as shown in Figure 2.20. Therefore, the fill factor 

decreases and consequently reduces the peak power point of the PV module [80]. 

Aging of the PV module is a continuous process, but it is not uniform in nature[81]. In 

an array, the non-uniform aging of PV modules increases mismatch in the I-V curves . 

This I-V mismatch is the critical factor of MML in a vast PV array [82]. The aging 

speed of modules is non-uniform, and power loss is averagely 0.8% per year. The 

power degradation of PV modules can vary from 0.5% to 1% per year due to different 
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aging effects . A closed-loop relation exists among MML and non-uniform aging of 

PV modules in an array. Therefore, it is beneficial to investigate the MML reduction 

methods for old PV array to maximize power [83]. 

2.6.2 Mathematical Model of MML for Aged PV Array  

An aged PV module generates lower power than its rated power. In a one-year-

old PV module, the average degradation rate of open circuit voltage and short circuit 

current are 2% and 10%, respectively [32]. Hence, the power degradation in an aged 

module has a close relationship with the short circuit current. The non-uniformly aged 

modules are compared using maximum short circuit current, considering the same 

open circuit voltage; where the power degradation of an old PV module due to its non-

uniformly aged cells is explained by using the bucket effect. In this paper, it is 

considered that in an array, all the PV modules are non-uniformly aged and are not 

bypassed by diodes.  

In an aged PV module, the cell-units may be aged differently, but, in this 

chapter, it is considered that within a PV module, all cell-units are uniformly aged. 

Therefore, an aged PV module can be represented by a single maximum short circuit 

current of any cell-unit considering the same open circuit voltage of all cell-units. 

In order to derive the expressions for voltage and current of an aged PV string, 

let us consider, ‘α’ numbers of series-connected PV modules with the string terminal 

voltage, 𝑉𝑆𝑡𝑟𝑖𝑛𝑔, and the current, 𝐼𝑆𝑡𝑟𝑖𝑛𝑔; they can be expressed by module terminal 

voltage,  𝑉𝑀𝑜𝑑𝑢𝑙𝑒,𝑃 and current,  𝐼𝑀𝑜𝑑𝑢𝑙𝑒,𝑃 of the P-th PV module as, 

𝐼𝑆𝑡𝑟𝑖𝑛𝑔 =  𝐼𝑀𝑜𝑑𝑢𝑙𝑒,1 = 𝐼𝑀𝑜𝑑𝑢𝑙𝑒,2 = ⋯ = 𝐼𝑀𝑜𝑑𝑢𝑙𝑒,𝛼 (2.17) 

𝑉𝑆𝑡𝑟𝑖𝑛𝑔 =  𝑉𝑀𝑜𝑑𝑢𝑙𝑒,1 + 𝑉𝑀𝑜𝑑𝑢𝑙𝑒,2 + ⋯ + 𝑉𝑀𝑜𝑑𝑢𝑙𝑒,𝛼 (2.18) 

However, the string current is limited at the lower value of the maximum short 

circuit current, 𝐼𝑀𝑜𝑑𝑢𝑙𝑒,𝑃
𝑚𝑎𝑥  of the P-th PV module because of the bucket effect [43] and 

can be expressed as follows, 

𝐼𝑆𝑡𝑟𝑖𝑛𝑔 ≤ min {𝐼𝑀𝑜𝑑𝑢𝑙𝑒,𝑃
𝑚𝑎𝑥 : 1 ≤ 𝑃 ≤ 𝛼, 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑃𝑡ℎ 𝑚𝑜𝑑𝑢𝑙𝑒 is not by passed}. 

Now, to find the expressions of the array terminal voltage, 𝑉𝐴𝑟𝑟𝑎𝑦, and the array 

output current, 𝐼𝐴𝑟𝑟𝑎𝑦 of an aged PV array considering, ‘β’ number of parallel 
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connected strings. Hence, for the Q-th PV string, the terminal voltage and current are 

𝑉𝑆𝑡𝑟𝑖𝑛𝑔,𝑄, and 𝐼𝑆𝑡𝑟𝑖𝑛𝑔,𝑄, respectively. The expressions are as follows.  

𝐼𝐴𝑟𝑟𝑎𝑦 =  𝐼𝑆𝑡𝑟𝑖𝑛𝑔,1 + 𝐼𝑆𝑡𝑟𝑖𝑛𝑔,2 + ⋯ + 𝐼𝑆𝑡𝑟𝑖𝑛𝑔,𝛽 (2.19) 

𝑉𝐴𝑟𝑟𝑎𝑦 =  𝑉𝑆𝑡𝑟𝑖𝑛𝑔,1 = 𝑉𝑆𝑡𝑟𝑖𝑛𝑔,2 = ⋯ = 𝑉𝑆𝑡𝑟𝑖𝑛𝑔,𝛽 (2.20) 

Now, consider an (α×β) array with SP arrangement, where, in a string ‘α’ 

number of PV modules are connected in series, and ‘β’ number of strings are connected 

in parallel. The maximum output power of an aged array, 𝑃𝐴𝑟𝑟𝑎𝑦
𝑚𝑎𝑥   can be written as, 

𝑃𝐴𝑟𝑟𝑎𝑦
𝑚𝑎𝑥 =  ∑ 𝑚𝑖𝑛

𝛽

𝑄=1
 { 𝑃𝑄,𝑃

𝑚𝑎𝑥: 1 ≤ 𝑃 ≤ 𝛼,

𝑎𝑛𝑑 𝑡ℎ𝑒 (𝑄, 𝑃)𝑡ℎ module is non by passed} 

(2.21) 

Where, 𝑃𝑄,𝑃
𝑚𝑎𝑥 is denoted as the maximum output power from the non-bypassed 

module at position (Q, P) (P-th module in the Q-th string) of the PV array. If ‘q’ 

number of modules generate current then (α-q) modules are bypassed by a diode in the 

Q-th PV string, the maximum power 𝑃𝑄,𝑃
𝑚𝑎𝑥 can be expressed as: 

𝑃𝑄,𝑃
𝑚𝑎𝑥 = 𝑞𝑉𝑀𝑜𝑑𝑢𝑙𝑒

𝑚𝑝𝑝  𝐼𝑄
𝑞
 (2.22) 

Where, 𝑉𝑀𝑜𝑑𝑢𝑙𝑒
𝑚𝑝𝑝

 is the maximum voltage generated by a PV module and 𝐼𝑄
𝑞
 is 

the q-th highest short circuit current generated within the following set: 

{𝐼𝑀𝑜𝑑𝑢𝑙𝑒,𝑄,1 , 𝐼𝑀𝑜𝑑𝑢𝑙𝑒,𝑄,2 , … , 𝐼𝑀𝑜𝑑𝑢𝑙𝑒,𝑄,𝛼}. 

Now the summation of all modules power, 𝑃𝑀𝑜𝑑𝑢𝑙𝑒
𝑆𝑢𝑚 , and percentage of MML 

of the (α×β) SP-PV array can be expressed as: 

𝑃𝑀𝑜𝑑𝑢𝑙𝑒
𝑆𝑢𝑚 = ∑ 𝑃𝑀𝑜𝑑𝑢𝑙𝑒,𝐼

𝛼𝛽

𝐼=1

 (2.23) 

𝑀𝑀𝐿% =
𝑃𝑀𝑜𝑑𝑢𝑙𝑒

𝑆𝑢𝑚 − 𝑃𝐴𝑟𝑟𝑎𝑦
𝑚𝑎𝑥

𝑃𝑀𝑜𝑑𝑢𝑙𝑒
𝑆𝑢𝑚 × 100 (2.24) 

In an aged PV array,  𝑃𝐴𝑟𝑟𝑎𝑦
𝑚𝑎𝑥    is always lower than  𝑃𝑀𝑜𝑑𝑢𝑙𝑒

𝑆𝑢𝑚  due to I-V mismatch 

in aged PV modules. Therefore, to minimize MML by maximizing 𝑃𝐴𝑟𝑟𝑎𝑦
𝑚𝑎𝑥 , module 

rearrangement techniques are investigated in this work. 
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2.7 Module Rearrangement Techniques for Aged PV Array 

As mentioned earlier, this paper investigates two techniques for the 

rearrangement of aged PV arrays to minimize the MML by maximizing the array 

output power, which are presented in the subsequent subsections. 

2.7.1 SCC based Rearrangement Technique 

In this technique, the aged modules in an array are rearranged according to the 

short circuit current of the modules. Where all the modules positions are determined 

by the value of the aged module short circuit current (ISC). Let us consider a 4×10 size 

SP-PV array configuration consists of 40 modules, as shown in Figure 2.21.  

1 2 3 4 5 6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

21 22 23 24 25 26 26 28 29 30

31 32 33 34 35 36 37 38 39 40
 

Figure 2.21: 4×10 SP-PV array modules are rearranged by SCC based technique 

The ISC of the aged modules are measured from the pre-collected dataset and 

sorted in ascending order. 

𝐼𝑆𝐶,𝑚𝑖𝑛 ≤ ⋯ ≤ 𝐼𝑆𝐶,𝑚𝑎𝑥 (2.25) 

The sorting has been completed from minimum values to maximum values of 

ISC; as a consequence, module 1 carries the lowest value (ISC,min) and module number 

40 has the highest value (ISC,max). Consequently, current increases gradually from the 

first row to the last row. Hence, array current increases, and that also increases array 

output power. 

2.7.2 GA based Rearrangement Technique 

In the area of computational optimization problems, GA has proven to be 

effective other than any other nature-inspired evolutionary algorithms. The diversity 

and combination created to solve the rearrangement problem utilizing the mechanism 

of crossover and mutation, GA becomes evidentially effective to find the optimal 
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solution [31]. For an (α×β) PV array, the total possible number of combinations, X can 

be calculated as: 

𝑋 = (
𝛼𝛽
𝛽

) (
(𝛼 − 1)𝛽

𝛽
) (

(𝛼 − 2)𝛽
𝛽

) … (
2𝛽
𝛽

) (
𝛽
𝛽

) /𝛼! (2.26) 

With the increase of α and β values in equation (3.10), the number of ‘X’ goes 

significantly high, and the computational capability gets inadequate, as depicted in 

[41]. On the other hand, because of finding the global maxima in each iteration of 

mutation and crossover, GA based optimization outperforms the greater 

dimensionality problem. Therefore, the GA based rearrangement technique is adopted 

in this work to find out an optimal arrangement of PV modules in an array with 

maximum output power. Hence, the array output power is used as the fitness function 

of GA, to be maximized. The fitness function, FF, can be calculated as equation 2.8. 

  

 

Figure 2.22: Flowchart of GA based rearrangement technique for Aged PV array 
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The procedure of the GA based module rearrangement technique is shown in 

the flow chart of Figure 2.22. At the initialization stage, the tested datasets of the aged 

modules are applied as input and set the array dimensions (α×β). After that, the 

modules are rearranged according to the SCC based technique, and the output power 

is calculated using (3.5). This value is saved as local best (BL), to obtain higher output 

power than SCC based technique. In the next step, N number of (α×β) random array 

samples are generated and calculated their fitness function, and the maximum fitness 

value is saved as global best (BG). Then the Roulette wheel selection is used to select 

a pair of parents for crossover. A simple and faster order one crossover technique has 

been used to generate children, and after the mutation process, the FF is calculated for 

each child. If the FF value exceeds the previous BG than the new value replaces it, this 

process is repeated until the obtained BG is higher than the BL and also is continued 

until a constant maximum BG is achieved and the maximum FF with the module setup 

arrangement is stored. Finally, the MML% is calculated for the highest value of FF. 

 

  

  

Figure 2.23: Correlation between Vmpp and Impp of aged PV modules datasets:  

(a)10 W, (b) 40 W, (c) 80 W and (d) 250 W 
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2.8 Simulation Work on Aged PV Array 

Simulation is performed to investigate the module rearrangement techniques to 

reduce MML% for aged PV arrays and the performances of the proposed methods 

(SCC and GA) are determined in respect of the RA method, in terms of array maximum 

power and reduction of MML%. Four datasets of aged PV arrays (400 W, 1.6 kW, 3.2 

kW, and 10 kW) are used here, to make a valid comparison. Each array consists of 40 

PV modules (polycrystalline), aged two years. The panels are tested from a commercial 

manufacturer organization, Electro Solar Power Limited using IEC60904-1 standard 

(1.0 kW/m2, 25 °C, AM 1.5G) [84]. The correlation between the parameters maximum 

power point voltage, (Vmpp) and maximum power point current (Impp) of the tasted 

PV modules datasets (10 W, 40 W, 80 W, and 250 W) are shown in Figure 2.23. 

 The simulation is performed by a high configuration computer (with Intel Core 

i7 processor) using the NetBeans IDE 8.0.2 software. It makes the simulation very 

faster. For GA based PV modules rearrangement technique, a single simulation took a 

maximum of 10 minutes to determine the optimal arrangement with maximum output 

power. Here, the MML% is calculated using the mathematical model, described in 

section 3.2. In this chapter, for each array, six dimensions (2×20, 4×10, 5×8, 20×2, 

10×4, and 8×5) are considered. For each array dimension, three rearrangement 

techniques (RA, SCC, and GA) are applied separately to find out the corresponding 

array output power Po_RA, Po_SCC, and Po_GA, respectively. In order to perform a 

real comparison between the proposed techniques (SCC and GA), the %RE is 

calculated with the corresponding values obtained by RA technique. The %RE both 

for SCC based technique (%RESCC) and GA based technique (%REGA) is calculated as 

follows. 

%𝑅𝐸𝑆𝑆𝐶 =
𝑃𝑜_𝑆𝐶𝐶 − 𝑃𝑜_𝑅𝐴

𝑃𝑜_𝑅𝐴
× 100

 

(2.28) 

%𝑅𝐸𝐺𝐴 =
𝑃𝑜_𝐺𝐴 − 𝑃𝑜_𝑅𝐴

𝑃𝑜_𝑅𝐴
× 100 (2.29) 

2.8.1 Analysis of Simulation Results 

The array output power and %RE are tabulated in Table 2.12, for four arrays 

(400 W, 1.6 kW, 3.2 kW, and 10 kW) with six dimensions (2×20, 4×10, 5×8, 20×2, 

10×4 and 8×5). For 400W PV array with 10×4 size, there are parallel ten strings, each 
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of which has four modules. The corresponding array connection diagram with modules 

position are shown in Figure 2.24 (a), (b), and (c), respectively, for RA, SCC, and GA 

techniques. In this case, Po_RA is 347.31W, Po_SCC, and Po_GA are 382.01 W and 

390.12 W, respectively. The output power is increased by 2.05% using SCC based 

technique and by 4.22% using GA based technique, compared to RA method. For 400 

W array, the highest output power is 390.28 W, obtained by GA for 8×5 array 

dimension. 

Table 2.12: Aged PV Arrays Output Power Obtained by Simulation 

Rated 

array 

power 

(W) 

Array 

size 

Array output power obtained 

by three different techniques 

Recoverable 

energy 

Po_RA 

(W) 

Po_SCC 

(W) 

Po_GA 

(W) 

RESCC 

(%) 

REGA 

(%) 

400 

 

2×20 380.89 383.63 390.21 0.71 2.44 

4×10 377.13 380.88 390.02 0.99 3.41 

5×8 377.79 382.96 389.93 1.36 3.21 

20×2 374.97 378.21 388.19 0.86 3.52 

10×4 374.31 382.01 390.12 2.05 4.22 

8×5 374.16 379.98 390.28 1.55 4.30 

1.6k 

 

2×20 1456.08 1475.5 1516.94 1.33 4.18 

4×10 1451.16 1504.76 1530.97 3.69 5.49 

5×8 1455.89 1500.81 1542.55 3.08 5.95 

20×2 1469.49 1507.00 1526.43 2.55 3.87 

10×4 1454.93 1499.16 1539.17 3.03 5.79 

8×5 1447.29 1517.62 1526.36 4.85 5.46 

3.2k 

 

2×20 2972.48 2987.18 3030.87 0.49 1.96 

4×10 2961.27 2999.53 3048.47 1.29 2.94 

5×8 2959.98 3016.78 3037.84 1.91 2.63 

20×2 2942.98 2964.05 3057.72 0.71 3.89 

10×4 2940.47 3027.42 3047.23 2.95 3.63 

8×5 2943.81 3009.11 3042.42 2.21 3.35 

10k 

 

2×20 9318.31 9368.65 9486.88 0.54 1.81 

4×10 9233.64 9362.38 9490.99 1.39 2.78 

5×8 9208.88 9382.43 9490.28 1.88 3.06 

20×2 9094.49 9148.94 9472.47 0.59 4.16 

10×4 9119.77 9354.79 9497.11 2.57 4.14 

8×5 9155.43 9394.22 9495.16 2.60 3.71 
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For the 1.6 kW PV array, the maximum output power is obtained by the GA 

based technique for all array dimensions. The highest power of 1542.55 W is generated 

by the 5×8 array dimension, while energy increased by 5.95%, the 3.2 kW array, the 

highest power of 3057.72 W is generated by 20×2 array and for the 10 kW array, the 

maximum power is 9497.11 W, obtained by 10×4 array also using the GA based 

method. Undoubtedly, the GA based module rearrangement technique generates 

higher output power for all above-sized PV arrays. 

Table 2.12 also provides the %RESSC and %REGA information for all the 

inspected PV arrays. Here in all the occasions, %REGA is higher than %RESSC. For 

small scale PV array of 400 W, %REGA is 2.44% to 4.3%, and for the 1.6 kW array, it 

is 4.18% to 5.95%. For medium scale PV array of 3.2 kW, %REGA is 1.96% to 3.89%, 

while for large scale PV array of 10 kW, the energy improvement is 1.81% to 4.16%. 

It has been observed that %REGA of the small-scale array (5.95% for 1.6 kW) is 

comparatively higher than large scale array (4.16% for 10 kW). While, the maximum 

value of %RESSC, obtained from a small array (4.85% for 1.6 kW) is also higher than 

the vast array (2.6% for 10 kW). However, the output power improvement by GA 

based technique is consistently higher than the SCC based method for each PV array 

dimension. 
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(a) RA (b) SCC (c) GA 

Figure 2.24: PV modules are rearranged by three different techniques (a) RA (b) SCC (c) GA  

for the 400 W array with 10×4 dimension 
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Table 2.13: MML Obtained by Simulation for Aged PV Arrays 

Rated 

array 

power 

(W) 

Array 

size 

MML in PV arrays for three techniques 

MMLRA 

(%) 

MMLSCC 

(%) 

MMLGA 

(%) 

400 

 

2×20 3.983 3.293 1.63 

4×10 4.931 3.986 1.682 

5×8 4.765 3.462 1.705 

20×2 5.476 4.659 2.143 

10×4 5.642 3.701 1.657 

8×5 5.680 4.213 1.616 

Avg. 5.079 3.885 1.738 

1.6k 

 

2×20 6.986 5.746 3.098 

4×10 7.300 3.876 2.202 

5×8 6.998 4.129 1.462 

20×2 6.130 3.733 2.492 

10×4 7.059 4.234 1.678 

8×5 7.547 3.055 2.497 

Avg. 7.003 4.128 2.238 

3.2k 

 

2×20 4.426 3.953 2.549 

4×10 4.786 3.556 1.983 

5×8 4.828 3.002 2.325 

20×2 5.374 4.697 1.685 

10×4 5.455 2.660 2.023 

8×5 5.348 3.248 2.177 

Avg. 5.036 3.519 2.123 

10k 

 

2×20 3.033 2.509 1.279 

4×10 3.914 2.575 1.236 

5×8 4.172 2.366 1.244 

20×2 5.362 4.796 1.429 

10×4 5.099 2.653 1.173 

8×5 4.728 2.243 1.193 

Avg. 4.385 2.857 1.259 

 

The MML for RA based technique (MMLRA), SCC based technique (MMLSCC) 

and GA based technique (MMLGA), are summarized in Table 2.13 for four arrays (400 

W, 1.6 kW, 3.2 kW, and 10 kW); where the losses obtained by the GA based technique 

are consistently lower than both the RA and SCC based methods for all arrays. 

However, the losses caused by the SCC based rearrangement technique are regularly 

lower than RA technique. The minimum value of MMLGA is 1.173%, obtained by 10×4 

dimension for the 10-kW array, while the amount of MMLSCC and MMLRA are 2.653% 

and 5.099% respectively. The average value of losses for four arrays are also calculated 

and tabulated in Table 3.2.  Where the maximum average value is 7.003% for 1.6 kW 
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array obtained by RA method. While by the SCC and GA methods, the average values 

are 4.128% and 2.238% obtained for the same array. Hence, SCC and GA based 

rearrangement methods can reduce the maximum of 2.9% and 4.8% (average) losses 

respectively compared to RA method for the 1.6 kW aged array. 

2.9      Comparative Analysis of MML in New and Aged PV Arrays 

2.9.1 Case Study on 400 W PV Array 

In this section a comparative analysis is made to investigate MML 

minimization by RA, SSC and GA based module rearrangement techniques using 400 

W at three different aging condition. The aging times are 0-year, 2-years and 7-years 

where, 0-year means at new condition of 10 W PV modules in 400 W array. As 

mentioned earlier 0-year and 2-years aged modules are collected from ESPL. On the 

other hand, 7-years aged datasets are generated by adding the degradation factors of 

aged datasets from the work in [ 82]. The datasets of three different aging conditions 

are illustrate in Figure 2.25. Where it is clearly shown that with increasing the aging 

period the degradation of modules voltage and current are also increased.  

 

Figure 2.25: Dataset of 400 W array modules at three different aging condition:  

a) 0-year, b) 2-years and c) 7-years aged. 

The array output power and % RE are tabulated in Table 3.3, for different 

dimensions of 400 W array at three different aging conditions. The array dimensions 

are (2×20, 4×10, 5×8, 20×2, 10×4 and 8×5) same for each aging conditions. The 
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average values of output power and %RE for each rearrangement methods are also 

tabulated in Table 2.14. At new condition the average output power is 402.137 W. 

While at 2 years and 7 years aged conditions the average output power is 389.791 W 

and 351.328 W respectively. Therefore, the average output power is higher at new 

condition of PV modules than aging conditions (2 and 7 years). The %RESCC is lower 

than %REGA for each array dimensions both at new and aged conditions. At new 

condition the average values of %RESCC and %REGA are 1.173% and 2.128% 

respectively. At 2 years of aged condition the values of %RE by SCC and GA methods 

are 1.259% and 3.522%, but at 7 years of aged condition the values are 10.58% and 

11.701% respectively. Though the output powers are decreasing with aging of PV 

modules but the %RE are increasing. Figure 2.26 illustrate that for each array 

dimensions the %RE are considerably higher at 7 years of aging condition with respect 

to new and 2 years of aging.  

Table 2.14: Output Power of 400 W Array Obtained by Simulation at different aging  

PV 

modules 

aging 

period 

 

Array 

size 

400 W Array output power obtained 

by three different techniques 

Recoverable 

energy 

Po_RA 

(W) 

Po_SCC 

(W) 

Po_GA 

(W) 

RESCC 

(%) 

REGA 

(%) 

0 year 

 

2×20 396.659 398.341 402.067 0.424 1.363 

4×10 395.028 400.086 403.059 1.280 2.033 

5×8 394.340 400.228 403.785 1.493 2.395 

20×2 392.090 394.482 398.356 0.610 1.598 

10×4 391.648 397.598 402.729 1.519 2.829 

8×5 392.807 399.553 402.827 1.717 2.550 

Avg 393.762 398.381 402.137 1.173 2.128 

2 years 

 

2×20 380.89 383.63 390.21 0.719 2.446 

4×10 377.13 380.88 390.02 0.994 3.417 

5×8 377.79 382.96 389.93 1.368 3.213 

20×2 374.97 378.21 388.19 0.864 3.525 

10×4 374.31 382.01 390.12 2.057 4.223 

8×5 374.16 379.98 390.28 1.555 4.308 

Avg 376.541 381.278 389.791 1.259 3.522 

7 years 

 

2×20 314.288 342.738 346.928 8.301 9.408 

4×10 310.933 346.753 350.809 11.520 12.824 

5×8 309.923 348.447 352.687 12.430 13.798 

20×2 327.559 350.909 354.293 7.128 8.161 

10×4 314.372 349.783 355.580 11.264 13.108 

8×5 310.681 351.206 353.671 13.043 13.837 

Avg 314.626 347.806 351.328 10.580 11.701 
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Figure 2.26: Comparison of %RE of 400 W array obtained at three different aging condition 

Table 2.15: MML Obtained by Simulation for 400 W Array at Three Different Aging Conditions 

PV 

modules 

aging 

period 

Array 

size 

MML in 400 W PV array for three techniques 

MMLRA 

(%) 

MMLSCC 

(%) 

MMLGA 

(%) 

0 

year 

 

2×20 2.697 2.284 1.370 

4×10 3.097 1.856 1.127 

5×8 3.266 1.821 0.949 

20×2 3.818 3.231 2.281 

10×4 3.926 2.467 1.208 

8×5 3.642 1.987 1.184 

Avg. 3.408 2.274 1.353 

2 

years 

 

2×20 3.983 3.293 1.630 

4×10 4.931 3.986 1.682 

5×8 4.765 3.462 1.705 

20×2 5.476 4.659 2.143 

10×4 5.642 3.701 1.657 

8×5 5.680 4.213 1.616 

Avg. 5.079 3.885 1.738 

7 

years 

 

2×20 13.534 5.707 4.555 

4×10 14.457 4.603 3.487 

5×8 14.735 4.137 2.970 

20×2 9.883 3.459 2.528 

10×4 13.517 3.769 2.174 

8×5 14.527 3.378 2.700 

Avg. 13.441 4.313 3.344 
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Figure 2.27: Comparison of %MML of 400 W array obtained at three different aging 

condition 

The MML for RA based technique SCC based technique and GA based 

technique, are summarized in Table 3.2 for 400W array with three different aging 

conditions. The average value of losses is also calculated and tabulated in Table 2.15.  

At new condition the average value of MMLGA is 1.353%, while the amount of 

MMLSCC and MMLRA are 2.247% and 3.408% respectively. At 2 years of aged 

condition the average value of MMLGA is 1.738%, while the amount of MMLSCC and 

MMLRA are 3.885% and 5.079% respectively. At 7 years of aged condition the average 

value of MMLGA is 3.344%, while the amount of MMLSCC and MMLRA are 4.313% 

and 13.441% respectively. Where the average losses obtained by the GA based 

technique are consistently lower than both the RA and SCC based methods for each 

aging conditions. However, the average losses caused by the SCC based rearrangement 

technique are regularly lower than RA technique. Figure 2.27 illustrate the %MML 

obtained by GA based method using 400W array at three different aging conditions. 

Though for each array dimensions (2×20, 4×10, 5×8, 20×2, 10×4 and 8×5) %MML is 

increased with aging time period, but the values are depending on the array 

dimensions. At 7 years of aged condition the lowest %MML is (2.174%) obtained by 

10×4 array while the highest %MML is (4.555%) obtained by 2×20 array dimension. 
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2.9.2 Case Study on 10 kW PV Array 

In this subsection a comparative analysis is made to investigate MML 

minimization by RA, SSC and GA based module rearrangement techniques using 10 

kW at three different aging condition. The aging times of 10 kW array modules are 0-

year, 2-years and 7-years where, 0-year means at new condition of PV modules. Figure 

2.28 shows the relation between Vmpp and Impp of the datasets at three different aging 

conditions. At new condition the modules are converged towards it trendline. While at 

2-years aged condition the modules are scattered from it trendline and four modules 

are degraded more as a result they are located far away from the ideal location.  At 7 

years of aging condition the PV modules are scattered more from the trendline. It is 

clearly shown that with increasing the aging period the degradation of modules Vmpp 

and Impp are increased. The degradation rate of Vmpp is lower than the degradation 

rate of Impp.  

Figure 2.28: Dataset of 10 kW array modules at three different aging condition:  

a) 0-year, b) 2-years and c) 7-years aged. 

 

The array output power and % RE are tabulated in Table 2.16, for different 

dimensions of 10 kW array at three different aging conditions. The array dimensions 

are (2×20, 4×10, 5×8, 20×2, 10×4 and 8×5) same for each aging conditions. The 

average values of output power and %RE for each rearrangement methods are also 

tabulated in Table 2.16. At new condition the average output power is 9816.41W 

obtained by GA based rearrangement. While by RA and SCC based methods the 
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average output powers are 9698.23W and 9724.37W respectively. At 2 years and 7 years 

aged conditions the average output power is 9488.81 W and 8353.38 W respectively 

generated by GA based rearrangement. Though the average output power obtained by 

SSC method is higher than RA based method but it is lower than GA based method 

both at 2-years and 7-years aged conditions. Therefore, at each aged condition GA 

performed better than SCC method with respect to array output power. On the other 

hand, at new condition the average values of %RESCC and %REGA are 0.269% and 

1.218% respectively. At 2 years of aged condition the values of %RE by SCC and GA 

methods are 1.600% and 3.275 %, but at 7 years of aged condition the values are 

12.748% and 14.192 % respectively. Though the output powers are decreasing with 

aging of PV modules but the %RE are increasing. Figure 2.29 illustrate that for each 

array dimensions the %RE are considerably higher at 7 years of aging condition with 

respect to new and 2 years of aging.  

Table 2.16: Output Power of 10 kW Array Obtained by Simulation at different aging 

PV 

modules 

aging 

period 

Array 

size 

10kW Array output power obtained 

by three different techniques 

Recoverable 

energy 

Po_RA 

(W) 

Po_SCC 

(W) 

Po_GA 

(W) 

RESCC 

(%) 

REGA 

(%) 

0 

year 

 

2×20 9709.074 9758.63 9810.91 0.510 1.048 

4×10 9685.23 9732.18 9818.37 0.484 1.374 

5×8 9682.29 9709.94 9816.90 0.285 1.390 

20×2 9717.51 9718.27 9814.13 0.007 0.994 

10×4 9706.70 9712.06 9822.29 0.055 1.190 

8×5 9688.57 9715.17 9815.88 0.274 1.314 

Avg 9698.23 9724.37 9816.41 0.269 1.218 

2 

years 

 

2×20 9318.31 9368.65 9486.88 0.540 1.809 

4×10 9233.64 9362.38 9490.99 1.394 2.787 

5×8 9208.88 9382.43 9490.28 1.884 3.055 

20×2 9094.49 9148.94 9472.47 0.598 4.156 

10×4 9119.77 9354.79 9497.11 2.577 4.137 

8×5 9155.43 9394.22 9495.16 2.608 3.710 

Avg 9188.42 9335.23 9488.81 1.600 3.275 

7 

years 

 

2×20 7209.62 8002.13 8220.75 10.992 14.024 

4×10 7179.94 8226.71 8323.04 14.579 15.920 

5×8 7168.42 8269.21 8333.06 15.356 16.246 

20×2 7751.95 8320.89 8417.38 7.339 8.584 

10×4 7343.47 8356.21 8431.36 13.790 14.814 

8×5 7263.96 8312.66 8394.71 14.436 15.566 

Avg. 7319.56 8247.97 8353.38 12.748 14.192 
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Figure 2.29: Comparison of %RE of 10 kW array obtained at three different aging 

condition 

Table 2.17: MML Obtained by Simulation for 10 kW Array at Three Different Aging Conditions 

PV 

modules 

aging 

period 

Array 

size 

MML in 10 kW PV array for three techniques 

MMLRA 

(%) 

MMLSCC 

(%) 

MMLGA 

(%) 

0 

year 

 

2×20 1.772 1.271 0.742 

4×10 2.013 1.538 0.666 

5×8 2.0433 1.763 0.681 

20×2 1.687 1.679 0.709 

10×4 1.796 1.742 0.627 

8×5 1.979 1.710 0.691 

Avg. 1.882 1.617 0.686 

2 

years 

 

2×20 2.994 2.470 1.239 

4×10 3.875 2.535 1.196 

5×8 4.133 2.326 1.204 

20×2 5.324 4.757 1.389 

10×4 5.061 2.614 1.132 

8×5 4.689 2.204 1.153 

Avg. 4.346 2.818 1.219 

7 

years 

 

2×20 16.447 7.262 4.729 

4×10 16.791 4.659 3.543 

5×8 16.924 4.167 3.427 

20×2 10.162 3.568 2.450 

10×4 14.895 3.159 2.288 

8×5 15.817 3.663 2.713 

Avg. 15.173 4.413 3.192 
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Figure 2.30: Comparison of %MML of 10 kW array obtained at three different aging 

condition 

The MML for RA based technique, SCC based technique and GA based 

technique, are summarized in Table 2.17 for 10 kW array with three different aging 

conditions. The average value of losses is also calculated and tabulated in Table 2.16.  

At new condition the average value of MMLGA is 0.686%, while the amount of 

MMLSCC and MMLRA are 1.617% and 1.882% respectively. At 2 years of aged 

condition the average value of MMLGA is 1.219%, while the amount of MMLSCC and 

MMLRA are 2.818% and 4.346% respectively. At 7 years of aged condition the average 

value of MMLGA is 3.192%, while the amount of MMLSCC and MMLRA are 4.413% 

and 15.173% respectively. Where the average losses obtained by the GA based 

technique are consistently lower than both the RA and SCC based methods for each 

aging conditions. However, the average losses caused by the SCC based rearrangement 

technique are regularly lower than RA technique. Figure 2.30 illustrate the %MML 

obtained by GA based method using 10 kW array at three different aging conditions. 

Though for each array dimensions (2×20, 4×10, 5×8, 20×2, 10×4 and 8×5) %MML is 

increased with aging time period, but the values are depending on the array 

dimensions. At 7 years of aged condition the lowest %MML is (2.288%) obtained by 

10×4 array while the highest %MML is (4.729%) obtained by 2×20 array dimension. 
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2.10  Experimental Work on 400 W Aged PV Array 

The experiments are carried to validate the simulation results. The 

implementation of the proposed rearrangement techniques (GA, SCC, and RA) has 

been carried out in the following way. Firstly, the position of the PV modules is 

determined for a specific array dimension for each of the rearrangement techniques by 

simulation. Then, the array has been constructed practically by connecting the modules 

according to the simulation result. The output characteristics of the PV array are 

measured using the PV system analyzer (PVSA). Finally, the numerical data of output 

characteristics of the PV arrays are extracted from the analyzer using the software of 

PVSA.  The same procedure is adopted for GA, SCC, and RA techniques. 

 

Figure 2.31: Experimental Setup of a 400 W PV array of two years aged  

 

2.10.1 Experimental Setup of Aged PV Array 

A 400 W PV array is mounted on a rooftop. The geographical location of 

latitude is 23°43'N and longitude is 90°25'E, where direct sunlight is available during 

the daytime. The PV array consists of 40 modules (polycrystalline) of two years aged. 
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The electrical characteristics of a single PV module and the array used in the 

experimental work are reported in Table 2.18. The experimental setup is shown in 

Figure 2.31. Here, the output characteristics (I-V and P-V curves) of the PV array are 

extracted using a PVSA (PROVA-1011). An irradiance sensor and temperature sensors 

are integrated with the measuring device, PROVA-1011 by Bluetooth communication 

to accomplish the measurement. PROVA-1011 can measure and store the output 

characteristics of the PV array in real meteorological conditions during the middle of 

a sunny day and clear sky. Modules rearrangement process takes 10 minutes while a 

single test by PROVA-1011 takes about a minute, maintaining standard test conditions 

at outdoor. According to IEC 60904-1 standards, during I-V curve measurement at 

outdoor, the irradiance should be at least 800 W/m2. Hence, the experimental data are 

recorded within the irradiance ranges (800 to 950) W/m2.  

 

Figure 2.32: P-V characteristics curves obtained by experimental work using three 

different techniques (a) RA (b) SCC and (c) GA for 4×10 array dimension 

2.10.2 Analysis of Experimental Results 

The comparative analysis is made using a 400 W array with four (4×10, 5×8, 

10×4, and 8×5) different SP-PV array dimensions. In a 4×10 SP-PV array, there are 4 

PV strings and 10 PV modules in each string. The array output characteristic (P-V) 

curves are measured by the PROVA-1011 and illustrated in Figure 2.32 for three 

rearrangement techniques. Here, the array output (peak) power 381.8 W and 372.4 W 

are obtained by GA and SCC based rearrangement techniques, respectively, while 
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368.9 W is achieved by the RA based method. Hence, the output power improvements 

are 3.49% and 0.95% obtained by GA and SCC based methods, respectively. The GA 

based module rearrangement technique significantly improves output power. The 

similar analysis is also repeated for 5×8, 10×4, and 8×5 array dimensions. The output 

power in three methods and corresponding %RE are quantified and summarized in 

Table 2.19. As can be noted, the output power enhancement is achieved by the GA 

based rearrangement is higher in all the cases. The maximum value of %REGA is 4.67% 

for the 8×5 array. For the same array, %RESCC is only 1.69%. Generally speaking, the 

GA based rearrangement technique shows robustness to maximize the output power 

for any array dimensions.  

Table 2.18: Electrical Features of the PV Module and Array for the Experimental Work 

Specifications 
Voc 

(V) 

Isc 

(A) 

Vmpp 

(V) 

Impp 

(A) 

Pmpp 

(W) 

PV Module 10.39 1.31 8.41 1.18 9.92 

PV Array (4×10) 103.83 5.24 84.04 4.72 396.67 

 

Table 2.19: Array Output Power and Recoverable Energy Obtained by Experimental 

Work for 400W Aged PV Array 

Array 

Size 

Array output power obtained by three  

different techniques 

Recoverable 

Energy 

Po_RA 

(W) 

Po_SCC 

(W) 

Po_GA 

(W) 

RESCC 

(%) 

REGA 

(%) 

4×10 368.90 372.40 381.80 0.95 3.49 

5×8 367.06 373.31 378.74 1.70 3.18 

10×4 365.42 374.50 380.64 2.48 4.16 

8×5 364.73 370.91 381.78 1.69 4.67 

 

Table 2.20: Comparison of Average Recoverable Energy between Simulation and 

Experimental Works using 400W Aged PV Array 

Rearrangement 

methods 

Average Recoverable Energy (%) ∆REAVG 

(%) Simulation Experimental 

SCC based 1.487 1.705 0.21 

GA based 3.785 3.875 0.09 
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Figure 2.33: Comparison of MML obtained by experimental work using three 

different methods (a) RA (b) SCC (c) GA for the 400 W array 

Figure 2.33 summarizes the MML% values of the four array dimensions 

obtained by RA, SCC, and GA in the inspected PV array. It shows that GA based 

rearrangement provides lower losses compared with the other two rearrangement 

approaches. Also, it can be noticed that SCC based rearrangement performs batter in 

minimizing MML% than RA. Furthermore, by comparing the array dimensions, the 

minimum value of MMLGA is 3.75% obtained in the 8×5 array, while for the SCC 

technique, the minimum MMLSSC is 5.59% in a 10×4 array. The above experimental 

results show the superiority of GA based method over others, and the similar results 

obtained from the simulation presented earlier.  

The average values of %RESCC and %REGA for 4×10, 5×8, 10×4, and 8×5 

arrays from both simulation and experimental works are summarized in Table 2.20. 

The mismatch of %RE (∆REAVG) between the experimental and simulation works is 

calculated using equation (2.30). 

 

The ∆REAVG for SCC and GA based techniques are 0.21% and 0.09%, 

respectively which validate the effectiveness of the work. 
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2.10.3 Summary on MML Minimization of Aged PV Arrays 

In this chapter, both SSC and GA based rearrangement techniques of aged PV 

modules are compared with a random arrangement technique in terms of array output 

power and mismatch losses. Simulation results show that GA and SCC based 

techniques reduce a maximum of 4.8% and 2.9% (average) losses, respectively 

compared to RA technique using a 1.6 kW two years aged array. The experimental 

investigation shows that the GA and SCC based techniques yield a maximum 

percentage of recoverable energy (%RE) of 4.67% and 1.69%, respectively for two 

years aged 8×5 array. Additionally, the simulation shows that the GA based 

rearrangement technique for MML% reduction shows superiority for both small and 

large-size aged PV arrays with different dimensions. To the best of the authors’ 

knowledge, this is the first time that the influences of rearrangement techniques to 

minimize MML% in real aged SP-PV array configurations are compared 

experimentally. The GA based optimal rearrangement technique presented in this 

chapter can be applied to offline aged PV arrays of any size or dimension. 
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CHAPTER 3  

MML Minimization in Aged PV Arrays Using 

Optimal Configuration 
 

In the previous chapter 2, MML reduction techniques are investigated for both 

new and aged PV array using different size of series-parallel (SP) configuration. 

Where, the results show that MML minimization for differently aged PV arrays is 

beneficial for energy maximization. However, to extract maximum power by 

minimizing MML, different standard and hybrid PV array configurations had gain 

popularity at non-uniform irradiance condition not for aging. Therefore, in chapter 3, 

both indoor and outdoor experimental investigations are carried out for MML 

minimization in aged PV arrays using different array configurations. At first, MML 

minimization is investigated at indoor condition for 4×6 PV array modules of two years 

aged using four standard array configurations. After that, different standard and hybrid 

array configurations are investigated at outdoor weather condition using a 

nonuniformly aged 4×10 PV array. 

 

3.1     Experimental Investigation at Indoor Test Condition 

In order to extract the maximum power from the 4×6 aged PV array, the 

significance of four different standard array configurations is experimentally 

investigated in the laboratory.  In addition, three different module rearrangement 

techniques are also investigated for each array configurations. Therefore, a 14.4 W PV 

array is used in this chapter. Where, the PV array contains 24 PV aged modules of 0.6 

W are connected in a 4×6 array arrangement. These 24 PV modules are two years of 

aged and collected from a solar lantern manufacturing company. After that, these 

modules are tested by a PV System Analyzer to get their datasets with electrical 

characteristics. Hence, these datasets are used to rearrange the PV modules according 

to the rearrangement techniques. Finally, the significance of four standard PV array 

configurations (SP, TCT, BL, and HC) is investigated experimentally applying all 

these three rearrangement techniques for the 4×6 aged PV array and their output 

powers are compared accordingly. The step by step procedures is described in the 

following sub-sections. 
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3.1.1 Dataset of 4×6 Array Modules 

In this chapter, 24 polycrystalline PV modules of two years aged are tested by 

a PV System Analyzer. Where, the PV modules are tested at STC (25°C, 1000 W/m2, 

AM 1.5G) according to the IEC 60904-1 standard [74].  The verified data have been 

tabulated in Table 3.1; which contains the value of electrical characteristics of Voc, 

Isc, Pm, Vm and Im for each PV modules. According to the datasets some modules 

power is highly degraded, where the current is decreased significantly with respect to 

the voltage.    

Table 3.1: A Dataset of Two Years Aged 24 PV Modules 

PV 

No 

Electrical Characteristics of Two Years Aged 

PV Modules 

Voc 

(V) 

Isc 

(A) 

Vm 

(V) 

Im 

(A) 

Pm 

(W) 

1 2.92 0.08 2.394 0.073 0.175 

2 2.80 0.14 2.296 0.128 0.294 

3 2.81 0.23 2.304 0.211 0.486 

4 2.85 0.25 2.337 0.230 0.538 

5 2.89 0.25 2.369 0.230 0.545 

6 2.75 0.27 2.255 0.248 0.559 

7 2.78 0.27 2.279 0.248 0.565 

. 

. 

. 

 

. 

. 

. 

 

. 

. 

. 

 

. 

. 

. 

 

. 

. 

. 

 

. 

. 

. 

 

23 2.97 0.28 2.435 0.257 0.626 

24 3.00 0.28 2.460 0.257 0.632 

 

3.1.2 Conventional PV Array Configurations  

The well-known PV array configurations are SP, TCT, BL, and HC are mostly 

used for the new PV array arrangement purpose. In this chapter, these PV array 

configurations are used to analyze the rearrangement techniques for aged PV array 

with respect to output power. The connection diagram is shown in Figure 3.1 (a), (b), 

(c) and (d) of SP, TCT, BL, and HC array configurations, respectively. 
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(a) (b) (c) (d) 

Figure 3.1: 4x6 Array configurations: (a) SP; (b) TCT; (c) BL; (d) HC 

3.1.3 PV Module Rearrangement Techniques 

 The work in [28, 85], developed the current based and voltage based module 

rearrangement techniques for different PV array configurations. In this chapter, aged 

PV array modules are rearranged by using three different techniques: i) Random 

method; ii) Im based method; iii) Vm based method. In order to explain the methods, 

let consider, 24 PV modules are connected in a 4×6 (column × row) array, and their 

positions are numbered by 1, 2, and 3 up to 24. Figure 3.2(a) shows the modules 

position are determined by a Random method which is a conventional technique of 

module arrangement usually used for the newly installed PV array and remain 

unchanged until any severe damage or fault occurs in the array.  

 

1 2 3 4 

5 10 11 12 

6 13 14 15 

7 16 17 18 

8 19 20 21 

9 22 23 24 
 

 

1 12 13 24 

2 11 14 23 

3 10 15 22 

4 9 16 21 

5 8 17 20 

6 7 18 19 
 

 1 19 7 13 

24 6 18 12 

2 20 8 14 

23 5 17 11 

3 21 9 15 

22 4 16 10 
 

(a)  (b)  (c) 

Figure 3.2: 4×6 PV array rearrangement techniques (a) Random method;  

(b) Im based method; (c) Vm based method 
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 Figure 3.2(b) shows the modules position determined by Im based method. In 

this method, all 24 modules are sorted in ascending order by their MPP current Im. 

Hence, the module in position 1 contains the lowest current and the module in position 

24 contain the highest current. According to this technique, the current will increase 

from the first column to the fourth column, actually here increase the parallel brunch 

currents means array currents increases; thus, output power also increases. Figure 

3.2(c) shows the module positions are determined by Vm based method. In this 

method, the sorting of 24 modules has been done from lower values to higher values 

of Vm; as a result, module position1 contains the lowest value of Vm while module 

position 24 is the highest one. In this technique, the parallel connected modules are 

operated almost in the same average voltages, thus reduces mismatch voltage loss and 

output power increases accordingly. 

 

Figure 3.3 (a): Experimental setup during the measurement of the output power of  

a 4×6 PV array for SP,  TCT,  BL, and HC configurations. 

3.1.4 Experimental Procedure  

In this section, the experimental procedure is described for the measurement of 

I-V and P-V characteristics of 4×6 aged PV array configurations at indoor test 

condition. The experimental setup during the test and after the test are shown in Figure 

3.3 (a) and Figure 3.3 (b) respectively. The PV array modules are placed on an 
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aluminum frame, with electrical isolation using double sided Sellotape and a 1000W 

halogen bulb is mounted parallel to the PV modules using another aluminum frame. 

The measurement of light is done by a light meter LX-1102, and temperature are 

measured by using TA298. The input light intensity for the modules is fixed in 350 

lux, which is almost one third on the full sun irradiance (1000 Wm-2) since the distance 

between the light source and modules remain constant. The laboratory room 

temperature is 25ºC has been maintained using an air conditioner. All practical data 

measurements of the PV array configurations are carried out according to the standard 

test conditions are described in [79].  

 

Figure 3.3(b): Experimental setup after the measurement of the output power of  

a 4×6 PV array for SP,  TCT,  BL, and HC configurations. 

 

A single test for I-V characteristics measurement of the PV array is carried out 

by less than a minute, and real-time electrical data of output current and its 

corresponding voltage are recorded in a memory card of the data logger. During a 

single test, the PV module temperature has been increased maximum 1ºC, and a 

variable speed cooling fan is used to reduce the temperature of the PV modules. After 

completion of each test five minutes interval is required to get the module temperature 

25ºC using the cooling fan. In addition, a single test is repeated five times for each 
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array configuration to get more accurate I-V curves. After a daylong experimental 

investigation, the output array power for all four array configurations has been tested 

and recorded using all three techniques. 

3.1.5 Experimental Results at Indoor 

Table 3.2 shows that the 4x6 array electrical characteristics mean array voltage, 

array current, and, array power is obtained by using the random module arrangement 

technique for four array configurations. The maximum output power, 5.214 W is 

generated by HC configuration, and the minimum power 4.377 W is generated by SP 

configuration. Though the array voltage is higher in SP configuration because of the 

lower array current its output power becomes lower. However, the current is 

dominating the output power. Hence, in TCT, BL, and HC, the array voltages are the 

same, but the currents are different. The highest current is generating by HC. 

Therefore, the highest power is also obtained by HC configuration. 

Table 3.2: Array Output Obtained by Random Based Method 

Array 

Configurations 

Array Outputs Obtained by Random Method 

Voltage (V) Current (A) Power (W) 

SP 11.948 0.366 4.377 

TCT 11.457 0.433 4.960 

BL 11.457 0.448 5.130 

HC 11.457 0.455 5.214 

 

Table 3.3: Array Output Obtained by Im Based Method 

Array 

Configurations 

Array Outputs Obtained by Im Based Method 

Voltage (V) Current (A) Power (W) 

SP 10.911 0.455 4.966 

TCT 10.911 0.525 5.733 

BL 10.911 0.533 5.814 

HC 11.457 0.511 5.850 
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Table 3.4: Array Output Obtained by Vm Based Method 

Array 

Configurations 

Array Outputs Obtained by Vm Based Method 

Voltage (V) Current (A) Power (W) 

SP 10.366 0.437 4.526 

TCT 10.366 0.522 5.408 

BL 10.366 0.537 5.561 

HC 10.911 0.503 5.561 

The Im based module rearrangement technique is also applied in 4x6 arrays for 

SP, TCT, BL and HC configurations. The output results are presented in Table 3.3. 

The maximum output power is 5.85W, and the minimum power is 4.966 W obtained 

by HC and SP configurations respectively. For SP, TCT, and BL the output voltages 

are same, but the currents are not, they are dominating the power outputs. Therefore, 

the higher power 5.814 W is obtained at BL configuration because of the higher output 

current. However, HC configuration is generating the highest output power for its 

higher output voltages. 

 

Figure 3.4: Comparison of power outputs between SP, TCT, BL and HC configurations 
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Table 3.4 shows the output results, which are obtained by using Vm based 

module arrangement technique. It can be seen the lower output is 4.526 W obtained by 

SP array configurations and the higher output power 5.611 W obtained by both BL and 

HC configuration. The comparative analysis is illustrated in figure 3.4. The HC 

configuration is performed better than SP, TCT, and BL with respect to output power. 

Another significance of HC configuration is that its output voltage is higher both in Im 

and Vm based techniques. Finally, the current based technique is performed better than 

the voltage-based technique for all four array configurations. 

3.1.6 Summary on Indoor Test 

In this chapter, a comparative analysis of aged PV module rearrangement 

techniques is analyzed for SP, TCT, BL, and HC configurations to extract the 

maximum array output power. One of the main contributions of the paper illustrates 

that the Im based technique is performed better for all array configurations with respect 

to array output power. Additionally, it is observed that TCT, BL, and HC 

configurations are outperformed than SP configuration. Besides, BL performed better 

than TCT configuration. Finally, HC configuration is recommended as the best 

configuration among the standard array configurations for the aged PV array. 

 

3.2     Experimental Investigation at Outdoor Test Condition 

In order to extract higher output power from a PV array with modules at 

mismatch condition, array configurations can play an important role. In the previous 

section 3.1, the conventional array configurations such as series-parallel (SP), total 

cross tied (TCT), bridge-linked (BL), honey-combed (HC), ladder-diagram (LD) have 

been investigated experimentally in indoor weather condition, for a 4x6 aged PV array. 

Therefore, to validate the indoor test the standard array configurations are tested again 

in the outdoor real weather condition is one of the objectives of this section. According 

to the literature, hybrid array configurations are investigated for PV array at shading 

condition not for aging. Therefore, investigation of different hybrid array 

configurations for an aged PV array and compared them with standard array 

configurations is another objective of this chapter 3. Moreover, some novel PV array 

configurations are proposed and their performance are compared with conventional 

array configurations using an artificial nonuniformly aged 4×10 PV array. 
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3.2.1 Conventional and Proposed Array Configurations 

 

Fig. 3.5. Standard, hybrid and proposed configurations of PV array modules  

Figure 3.5 shows standard, hybrid and proposed array configurations, which 

are investigated in this chapter. The standard (conventional) array configurations are: 

(a) SP (series-parallel), (b) TCT (total-cross-tied), (c) BL (bridge-linked), (d) HC 

(honey-combed) and (e) LD (ladder-diagram). The hybrid array configurations are: (f) 

SP-TCT (series-parallel and total-cross-tied), (g) HC-TCT (honey-combed and total-

cross-tied), (h) S-TCT (series and total-cross-tied) and (i) TCT-S (total-cross-tied and 

series). The proposed array configurations are: (j) SP-LD (series-parallel and ladder-

diagram), (k) LD-SP (ladder-diagram and series-parallel) and (l) LD-TCT (ladder-

diagram and total-cross-tied). The connection diagram of the above-mentioned PV 

array configurations is shown in Figure 3.6 (a)-(l). 
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(a) SP configuration (b) TCT configuration 
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(c) BL configuration (d) HC configuration 
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(e) LD configuration (f) SP-TCT configuration 
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(g) HC-TCT configuration (h) S-TCT configuration 
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(i) TCT-S configuration (j) SP-LD configuration 
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(k) LD-SP configuration (l) LD-TCT configuration 

 

 Fig. 3.6. Different configurations of PV modules in a 4×10 array: (a) SP, (b) TCT, (c) BL, (d) HC, (e) 

LD, (f) SP-TCT, (g) HC-TCT, (h) S-TCT, (i) TCT-S, (j) SP-LD, (k) LD-SP, and (l) LD-TCT. 
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3.2.2 Dataset of 4×10 Array Modules 

In this subsection, 40 polycrystalline PV modules are used to investigate 

MML% in non-uniformly aged PV array using twelve (12) configurations. The non-

uniform aging condition of PV modules is made by covering the surface of the modules 

using different size of plastic films [41]. The PV modules are tested, and corresponding 

electrical characteristics are measured using PV System Analyzer (PROVA-1011) by 

maintaining the IEC 60904-1 standard.  The tested data are converter at STC (25°C, 

1000 W/m2, AM 1.5G) using the PVSA software and tabulated in Table 3.5. The 

electrical characteristics (Vmpp, Impp, and Pmpp) of each PV modules are shown in 

the table. It has been seen from Figure 3.7 that, the (Vmpp, Impp) for the individual 

modules are scattered from the ideal location (average value). Mostly aged modules 

are located far away from the ideal location. 

Table 3.5: Electrical Characteristics of Non-uniformly Aged PV Modules 

SI 

no 

Module 

model no 

Vmpp 

(V) 

Impp 

(A) 

Pmpp 

(W) 

SI 

no 

Module 

model no 

Vmpp 

(V) 

Impp 

(A) 

Pmpp 

(W) 

1 1612E020001 8.364 0.963 8.058 21 1612E020025 8.457 1.064 8.999 

2 1612E020002 8.349 0.956 7.985 22 1612E020026 8.434 1.097 9.260 

3 1612E020003 8.044 0.943 7.589 23 1612E020027 8.010 1.062 8.509 

4 1612E020004 8.442 0.972 8.206 24 1612E020028 8.426 1.091 9.199 

5 1612E020005 8.508 1.038 8.833 25 1612E020029 8.562 1.095 9.376 

6 1612E020006 8.395 0.951 7.986 26 1612E020030 8.502 1.118 9.511 

7 1612E020007 8.388 0.953 8.001 27 1612E020031 8.450 1.128 9.536 

8 1612E020008 8.402 1.024 8.608 28 1612E020032 8.071 1.140 9.208 

9 1612E020009 8.462 1.004 8.503 29 1612E020033 8.615 1.116 9.618 

10 1612E020010 8.478 0.991 8.403 30 1612E020034 8.451 1.108 9.369 

11 1612E020011 8.488 1.045 8.877 31 1612E020035 8.436 1.114 9.403 

12 1612E020012 8.368 1.065 8.918 32 1612E020036 8.381 1.129 9.467 

13 1612E020013 7.988 1.078 8.616 33 1612E020037 8.142 1.104 8.994 

14 1612E020014 8.063 1.035 8.350 34 1612E020038 8.624 1.133 9.774 

15 1612E020017 8.503 1.080 9.192 35 1612E020039 8.596 1.151 9.896 

16 1612E020019 8.481 1.097 9.307 36 1612E020040 8.361 1.156 9.668 

17 1612E020020 8.474 1.107 9.383 37 1612E020041 8.568 1.192 10.220 

18 1612E020021 8.425 1.065 8.976 38 1612E020042 8.594 1.214 10.434 

19 1612E020022 8.510 1.132 9.637 39 1612E020044 8.527 1.196 10.206 

20 1612E020023 8.466 1.118 9.467 40 1612E020046 8.472 1.193 10.108 
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Figure 3.7: Correlation between Vmpp and Impp of non-uniformly aged forty  

Polycrystalline PV modules  

3.2.3 Modules Arrangement Technique for Outdoor Test 

At outdoor test condition, the artificially aged PV modules are arranged 

according to the short circuit current (SCC) of the PV modules. All module positions 

are determined by the value of the module short circuit current (ISC). Let us consider a 

4×10 size total-cross-tied (TCT) array configuration consists of 40 modules, as shown 

in Figure 3.8. The ISC of the modules are measured from the pre-collected dataset and 

are sorted in ascending order as follows, 

𝐼𝑆𝐶,𝑚𝑖𝑛 ≤ ⋯ ≤ 𝐼𝑆𝐶,𝑚𝑎𝑥 (5.1) 

 

The sorting has been done from lower values to higher values of ISC; as a result, module 

1 contains the lowest value (ISC,min) while module number 40 has the highest value 

(ISC,max). Consequently, current increases gradually from the first row to the last row. 

Hence, array current increases, and that also increases array power. 
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Figure 3.8: 4×10 TCT array modules are rearranged by SCC technique 

3.2.4 Experimental Work at Outdoor 

The experiments are carried out to investigate the performance of all 12 array 

configurations using a 4×10 PV array. The PV array consists of 40 polycrystalline PV 

modules. Here, each PV modules are considered as non-uniformly aged. The PV 

modules setup is placed on a rooftop; where the geographical location of latitude is 

23°43'N and longitude is 90°25'E. The experimental setup is shown with front view 

and back view in Figure 3.9, and Figure 3.10 respectively. The PV system analyzer 

PROVA-1011 is used to measure the output characteristics of the PV array. The 

experiment is done on sunny weather with a clear sky. The experimental data are 

obtained by maintaining IEC 60904-1 standard, within (800- 900) W/m2. According 

to IEC 60891 standards [75]. 

 

Figure 3.9: Experimental setup of the non-uniformly aged PV array (front view) 
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Fig. 3.10: Experimental setup of the non-uniformly aged PV array (back view) 

In general, a photovoltaic panel is a current source and its output current as well 

the output power is directly proportional with the input irradiance level. On the other 

hand, its output voltage is inversely proportional to the temperature and remain 

constant during the small variation of irradiance level. However, in an aged PV module 

the average degradation rate of open circuit voltage and short circuit current are 2% 

and 10% respectively. Hence, the power degradation in an aged module has close 

relationship with the short circuit current. In chapter 3 the non-uniform aging of PV 

modules is compared using maximum short circuit current, considering constant open 

circuit voltage. Therefore, nonuniform aging of PV module is equivalent to a module 

with nonuniform shadow condition. In plastic films are used to cover the surface of the 

modules to make nonuniform aging condition. Therefore, in this work different size of 

EVA papers are used to cover the surface of the modules to make different aging 

condition.  

3.2.5 Experimental Results at Outdoor  

Table 5.2 shows the output voltage, current, and power of the 4×10 array 

obtained by using twelve array configurations. Among the standard array 

configurations (SP, TCT, BL, HC, and LD) the maximum output power is 342.18 W 

obtained by HC configurations, and the minimum power is 298.36 W obtained by SP 

configuration. Among the hybrid array configurations (HC-TCT, LD-TCT, TCT-S, S-

TCT, SP-LD, LD-SP, and SP-TCT), the highest output power is 345.91 W generated 

by LD-SP configuration. Figure 3.10 shows that SP-LD and LD-SP configurations are 
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outperforming with respect output power. Figure 3.12 summarizes the MML% values 

of all twelve array configurations. Where SP configuration shows poor performance 

with 17.96% losses while LD-SP configuration shows only 4.88% losses. The 

experimental results show the superiority of LD-SP configuration over others for its 

minimum MML% by generating maximum output power. The percentage of 

recoverable energy (%RE) is calculated for each configuration with respect to the most 

commonly used SP configuration. The values of %RE are also tabulated in Table 3.6. 

The maximum %RE is 15.94% achieved by LD-SP configuration. 

Table 3.6: Array Output Power and MML% Obtained by Experimental Work  

for Different Array Configurations 

SI No 
Array 

Configurations 

Voltage 

(V) 

Current 

(A) 

Parray 

(W) 

MML 

(%) 

RE 

(%) 

1 SP 72.54 4.113 298.36 17.96 0.00 

2 TCT 73.12 4.088 298.91 17.81 0.18 

3 BL 81.36 3.708 301.68 17.05 1.11 

4 S-TCT 75.45 4.205 317.29 12.75 6.34 

5 LD-TCT 74.77 4.366 326.46 10.23 9.41 

6 HC-TCT 75.04 4.388 329.26 9.46 10.35 

7 LD 76.39 4.336 331.24 8.92 11.02 

8 TCT-S 75.73 4.457 337.56 7.18 13.13 

9 SP-TCT 76.32 4.435 338.46 6.93 13.44 

10 HC 78.18 4.377 342.18 5.91 14.68 

11 SP-LD 78.6 4.396 345.53 4.99 15.80 

12 LD-SP 78.74 4.393 345.91 4.88 15.94 

 

 
Figure 3.11: Comparison of power outputs among different array configurations 
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Figure 3.12: Comparison of the value of MML% among different array 

configurations for 4×10 array 

3.2.6 Summary on Outdoor Test 

In this chapter, a comparative analysis of different array configurations is 

analyzed to extract the maximum array output power from nonuniformly aged PV 

array. It has been observed that hybrid array configurations performed better than 

standard array configurations with respect to array output power. The hybrid array 

configuration can also reduce mismatch loss more effectively than conventional 

interconnection topologies for non-uniformly aged PV array. In this work, a 400W PV 

array has been used to investigate twelve different array configurations. Experimental 

result shows that the maximum %RE is 15.94% for LD-SP configuration.  

It should be noticed that modifying array interconnections does not affect 

inverter/charger specifications; one single inverter can be used for all topologies.  In 

larger installations, the LD-SP arrangement will be easier to wire because of the 

simplicity of the pattern compare to HC and TCT configurations. However, TCT 

configuration is mostly used in the PV plant to minimize MML% at the non-uniform 

aging condition. In this work, LD-SP configuration is recommended for the non-

uniform aging condition. The cable losses in LD-SP connection is comparatively lower 

than TCT connection. Therefore, the proposed LD-SP configuration will be cost-

effective compared to TCT configuration. 
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CHAPTER 4 

MML Minimization by Optimal Configuration 

of PV Array at Partial Shading Condition  

Partial shading causes multiple peak points in power-voltage (P-V) curves of 

photovoltaic (PV) arrays, and that results in mismatch power loss (MML). In vast PV 

arrays, output power decreases significantly with increasing the shading size. The 

shading effects can be minimized by changing the array. Chapter 4 investigates the 

performances of different PV array configurations to obtain maximum output power 

for six different sizes of shading patterns. The experimental investigation is carried out 

using a 4×6 PV array with series-parallel (SP), total-cross-tied (TCT), ladder-diagram 

(LD), honey-comb (HC) and bridge-linked (BL) configurations. A comparative 

analysis is performed among the five configurations under different shading conditions 

for MML reduction and improvement of the percentage of recoverable energy (%RE).  

4.1   Introduction 

The extraction of maximum output power from a shaded PV array has 

investigated by many researchers, using different interconnection topologies both for 

online and offline grid-connected PV systems[17, 19]. In the last two decades, a 

remarkable amount of research is carried out to mitigate MML due to partial shading. 

Partial shading causes multiple peak power points in the P-V curve of a PV array and 

results in MML. Figure 4.1 shows that a large amount of power loss is generated in a 

PV array by partial shading compare to without shading condition [20]. In a shaded 

PV array, the output power depends not only on shading size but also on module 

interconnection topologies [86].  

In [87], three interconnection schemes (SP, BL, and TCT) are investigated 

using only three shading patterns for a 3×3 PV array.  The experimental work is 

performed using an analog I-V tracking system. In [88], SP, TCT, HC, and BL 

configurations are investigated using four simple shading patterns, without any 

experimentation. Here, the simulation results show that the TCT configuration 

performed better than other arrangements for output power. In [89], partial shading is 

analyzed using MATLAB based simulation, for different array configurations (SP, 
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TCT, HC, and BL) without experimental validation. In [90], different irradiance levels 

(200 to 800W/m2) are investigated using a 3×3 array with SP, TCT, and BL 

configurations, where TCT performed better than others. However, the experimental 

work is not carried out using any commercial I-V tracer. In [91], a simulation-based 

investigation is conducted to investigate SP, TCT, BL, and HC configurations under 

random partial shading condition using a 4×4 array. Here, the simulation result shows 

that minimum %MML is 15.67% obtained by TCT configuration when four modules 

are in a partially shaded situation. 

 

 

Figure 4.1: Mismatch power between unshaded and shaded PV array. 

 In the works cited above, investigations have been carried out to maximize the 

array output power by minimizing MML, under shadow condition, using the 

conventional array configurations (SP, TCT, BL, and HC). To the best of the author's 

knowledge, LD configuration is not investigated yet for different shadow conditions. 

Moreover, no comparative analysis is performed among the conventional topologies 

(SP, TCT, BL, and HC) and new LD configuration considering MML reduction and 

%RE under partial shading conditions. On the other hand, most of the experimental 

works were done by traditional I-V curve tracking system using a variable resistor. In 
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this work, the four most popular array configurations (SP, TCT, BL, and HC) and a 

new configuration (LD) have been investigated using six different shading patterns. A 

commercial I-V tracer is used to validate the experimental investigations. Moreover, a 

comparative analysis is performed for array output power maximization, %MML 

mitigation, and accretion of %RE. 
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(d) HC (e) LD 

Figure 4.2: Twenty four PV panels are inteconnected in (a) SP; (b) TCT; (c) BL; (d) 

HC and (e) LD configurations. 
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4.2   Methodology of the Work 

In order to evaluate the performance of different array interconnection 

topologies to reduce mismatch loss due to shading effect, a 4×6 array is used in this 

study. Therefore, 24 polycrystalline PV modules are purchased from a PV module 

manufacturing factory. The electrical specifications of a single PV module and the 

array are summarized in Table 4.1. The experimental test is carried out in a renewable 

energy laboratory by maintaining STC (1000W/m2 and 25ºC). Six different shading 

patterns are used to investigate the performance of five interconnection topologies. The 

description of array configurations, shading patterns, and detail experimental 

procedure are presented in the subsequent subsections. 

  

4.2.1 Different Array Configurations 

In this work, five different interconnection topologies SP, TCT, LD, BL, and 

HC are investigated to evaluate their performances under different shading condition. 

Figure 4.2 (a), (b), (c), (d) and (e) show the electrical interconnection of 24 modules 

in SP, TCT, BL, HC and LD configurations respectively. In SP topology modules are 

joined in series to make strings and strings are attached in a parallel manner. In TCT 

configuration, the panels are joined in parallel to construct blocks and blocks are 

connected in series to create an array. Some connections are removed from the TCT 

configuration to make BL and HC configurations [14]. In LD configuration two strings 

are first joined in TCT, and then two TCT connected strings are coupled in parallel.  

 

Table 4.1: Electrical Specifications of Module and Array 

Parameter 

PV module 

(single) 

PV Array 

(4×6) 

Open circuit voltage, Voc (V) 2.69 16.13 

Short circuit current, Isc (A) 0.24 0.95 

Maximum power point current, Im (A) 0.21 0.84 

Maximum power point voltage, Vm (V) 2.42 14.52 

Maximum power at MPP, Pm (W) 0.51 12.19 
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(a) Shading  pattern-I (b) Shading pattern-II (c) Shading pattern-III 

   
(d) shadingpattern-IV (e) shading pattern-V (f) shading pattern-VI 

Figure 4.3: Six different partial shading patterns for SP configurations 

4.2.2 Different Shading Patterns 

The above mentioned five array configurations are investigated using six 

different shading patterns. In this work, ethylene-vinyl acetate (EVA) films are used 

to make the partial shading on the PV modules. Figure 4.3 shows the proposed six 

shading patterns, which are applied to the SP configuration. In shading pattern-I, (S-

P-I) six modules are partially shaded (1/3 of each module). In shading pattern-II, (S-

P-II) two strings are partially shaded as S-P-I. In shading pattern-III, (S-P-III) four 

modules are partially shaded (1/3 of each module) horizontally, and the modules are 

connected in parallel. Similar partial shading is used on eight modules and twelve 

modules to make partial shading-IV, (S-P-IV) and partial shading-V, (S-P-V) 
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respectively. Shading pattern-VI, (S-P-VI) is created by combining S-P-II and S-P-V. 

These six shading patterns are also applied individually on TCT, LD, BL, and HC 

configurations to investigate their performance. The significance of these shading 

patterns is evaluated using array current, array voltage, and power for each array 

configurations. 

 

4.3 Experimental Work at Shading Condition 

The experimental setup and data measurement procedures are described in this section. 

An experimental setup with 4×6 PV array is shown in Figure 4.4. Where halogen lights 

(0.5kW each) are used as artificial sunlight. The lights are placed parallel with the array 

modules. In order to make a more manageable process of interconnection, the output 

terminals of each PV modules are connected using flexible wires with crocodile clips. 

After completion of individual array interconnection, the outputs (I-V and P-V curves) 

of the PV array have been measured using a commercial I-V tracer, PROVA-1011. For 

a particular array configuration, the tests have been done both for without shading and 

partial shading conditions. The data measurement process has been repeated for each 

array configurations. The specifications of the I-V tracer are summarized in Table 4.2. 

Besides, an irradiance sensor device and temperature sensor are integrated with the 

tracer, and the device took a maximum of 15 seconds to measure the I-V and P-V curves 

in a single test. In this work, the experiment is performed in the laboratory at 25ºC, 

according to IEC 60904 [92] standard using a faster cooling system. 

Table 4.2: Specifications of the I-V Tracer 

Parameters of I-V Tracer 

PROVA-1011 

Measurement  

Range 

Measurement 

Accuracy 

Voltage measurement (Volt) 1-1000 ±1% 

Current measurement (Amp) 0.1-12 ±1% 

Irradiance (W/m2) 0-2000 ±3% 

Temperature (°C) -22 to +85 ±1% 
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4x6 Photovoltaic  

Array

PV System Analyzer, 

PROVA 1011

Irradiance Sensor

Temperature Sensor

Under the Module

Halogen Light

Variable Speed 

Cooling Fan

 

            Figure 4.4: Prototype arrangement  to investigate the I-V and P-V 

characteristics of the PV array for different interconnection topologies 

4.4 Results and Discussion 

The experimental results are compared and analyzed in this section. The results 

are analyzed using array output characteristics which are gained by five different 

topologies (SP, TCT, LD, HC, and BL) for without shading and with shading 

conditions. Table 4.3 shows the results for without shading condition, all the array 

configurations have generated almost the same array voltage. However, the 

corresponding current and power varied with array interconnection topologies. The 

highest array power (6.351W) is produced by LD topology due to higher array voltage, 

14.56V and array current, 0.617A. Figure 4.5 shows the measured output characteristic 

curves for LD configuration using the I-V tracer, PROVA-1011. Though the array 

current of TCT configuration is maximum at without shading condition, its output 

power is lower than LD configuration due to lower array voltage. For shading pattern-

I, the array outputs are summarized in Table 4.4. TCT and LD configurations yield 

higher output power; 5.081W and 5.006W, respectively. Where, both the voltage and 

current generations are higher than SP, HC, and BL interconnection schemes. Table 

4.5 shows the results that are obtained for shading pattern-II. Both TCT and LD 
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configurations generated higher output power than SP, HC, and BL because of higher 

array voltage and currents. The output powers are 3.735W and 2.591W for TCT and 

LD configurations, respectively. However, SP configuration is generated 

comparatively lower output power, 3.978W and 2.415W both for shading pattern-I and 

shading pattern-II respectively, due to lower array voltage and current outputs. 

 

 

Figure 4.5: Experimental data measured by PROVA-1011 for LD 

configuration at without shading condition. 

 

Table 4.3: Array Characteristics at Without Shading Condition 

Array  

Configurations 

Array characteristics are measured at  

without shading condition 

Voltage (V) Current (A) Power (W) 

SP 14.45 0.543 5.220 

TCT 14.43 0.623 6.320 

LD 14.56 0.617 6.351 

HC 14.22 0.540 5.417 

BL 14.41 0.530 5.216 
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Table 4.4: Array Outputs Obtained at Shading Pattern-I 

Array  

Configurations 

Array characteristics are measured at  

shading pattern-I 

Voltage (V) Current (A) Power (W) 

SP 14.19 0.418 3.978 

TCT 14.36 0.530 5.081 

LD 14.30 0.504 5.006 

HC 13.74 0.416 3.803 

BL 14.23 0.397 4.012 

 

Table 4.5: Array Outputs Obtained at Shading Pattern-II 

Array  

Configurations 

Array characteristics are measured at  

shading pattern-II 

Voltage (V) Current (A) Power (W) 

SP 14.00 0.261 2.415 

TCT 14.21 0.369 3.735 

LD 13.95 0.309 2.591 

HC 14.05 0.286 2.550 

BL 14.01 0.270 2.496 

 

The array outputs are tabulated in Table 4.6, Table 4.7, Table 4.8, and Table 4.9 for 

shading pattern-III, shading pattern-IV, shading pattern-V, and shading pattern-VI, 

respectively. For these four shading cases, both TCT and BL configurations have 

generated more power compare to SP, LD, and HC configurations. The lower output 

power is 3.939W obtained by SP configuration for shading pattern-III. The LD 

configuration is generated lower output power 3.845W and 1.715W for shading 

pattern-IV and shading pattern-VI respectively. On the other hand, for shading pattern-

V, the lower power, 2.412W is obtained by HC configuration. For all the cases, TCT 

configuration has performed better than different configurations. Therefore, the 

percentage of recoverable energy by TCT configuration (%RE_TCT) is calculated 

with respect to the most common SP configuration using the following expression. 
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%𝑅𝐸_𝑇𝐶𝑇 =
𝑃𝑇𝐶𝑇

𝑎𝑟𝑟𝑎𝑦
− 𝑃𝑆𝑃

𝑎𝑟𝑟𝑎𝑦

𝑃𝑆𝑃
𝑎𝑟𝑟𝑎𝑦 × 100

 

(4.1) 

Where 𝑃𝑇𝐶𝑇
𝑎𝑟𝑟𝑎𝑦

 and 𝑃𝑆𝑃
𝑎𝑟𝑟𝑎𝑦

 are denoted as the maximum output power obtained by TCT 

and SP configurations respectively using a particular shading pattern. Fig.6 illustrates 

that the %RE by TCT configuration for all six shading patterns. Where, the maximum 

%RE (54.65%) is obtained for shading pattern-II, while the minimum %RE (17.67%) 

is obtained for shading pattern-V. The average %RE_TCT is also calculated for six 

shading patterns and found its value is 30.47%. 

Figure 4.6: Recoverable energy obtained by TCT configuration 

Table 4.6: Array Outputs Obtained at Shading Pattern-III 

Array  

Configurations 

Array characteristics are measured at 

 shading pattern-III 

Voltage (V) Current (A) Power (W) 

SP 14.01 0.398 3.939 

TCT 14.28 0.495 4.947 

LD 14.03 0.443 3.991 

HC 14.15 0.406 4.023 

BL 14.16 0.386 4.104 
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Table 4.7: Array Outputs Obtained at Shading Pattern-IV 

Array  

Configurations 

Array characteristics are measured at 

 shading pattern-IV 

Voltage (V) Current (A) Power (W) 

SP 13.93 0.399 3.905 

TCT 14.35 0.492 4.869 

LD 13.85 0.424 3.845 

HC 13.08 0.370 3.964 

BL 14.00 0.378 3.980 

 

Table 4.8: Array Outputs Obtained at Shading Pattern-V 

Array  

Configurations 

Array characteristics are measured at  

shading pattern-V 

Voltage (V) Current (A) Power (W) 

SP 13.82 0.377 3.66 

TCT 14.16 0.454 4.307 

LD 13.61 0.371 3.499 

HC 13.47 0.330 2.412 

BL 13.82 0.369 3.815 

 

Table 4.9: Array Outputs Obtained at Shading Pattern-VI 

Array  

Configurations 

Array characteristics are measured at  

shading pattern-VI 

Voltage (V) Current (A) Power (W) 

SP 13.65 0.208 1.980 

TCT 13.81 0.300 2.624 

LD 13.44 0.243 1.715 

HC 13.67 0.220 1.988 

BL 13.59 0.217 2.130 
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Figure 4.7: Comparison of array output power at different shading patterns using SP, 

TCT, LD, HC and BL configurations 

Table 4.10: Average Array Output Power Calculated for Six Shading Patterns 

Shading 

Patterns 
S-P-I S-P-II S-P-III S-P-IV S-P-V S-P-VI 

Average  

Array Power (W) 
4.38 2.76 4.20 4.11 3.54 2.09 

 

Figure 4.7 illustrates a comparative analysis among the array configurations 

(SP, TCT, LD, HC, and BL) using the array output power from the six different shading 

patterns (S-P-I, S-P-II, S-P-III, S-P-IV, S-P-V, and S-P-VI). The shading size is 

maximum at S-P-VI, and the corresponding array output powers are minimum for all 

configurations. Similarly, due to large shading size at S-P-II, the output powers are 

also lower for all array configurations. On the other hand, at S-P-I, the shading size is 

minimum, and consequently, the array output powers are higher for different array 

configurations. The shading areas are increased from S-P-II to S-P-V, and accordingly, 

the generated powers are decreased. However, in each shading size, the TCT 

configuration has yielded higher output power compared to others. The average output 

power for six shading patterns is summarized in Table 4.10. For little shading at S-P-
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I, the average power is 4.38 W while for significant shading at S-P-VI, the average 

power is 2.09. Also, for S-P-III to S-P-V the shading size is increased, and 

corresponding average array output power decreased from 4.20 W to 3.54W, 

respectively.   

Figure 4.8: Comparison of %MML at different shading patterns using SP, TCT, LD, 

HC and BL configurations 

 

Table 4.11: Average MML% of  Different Array Configurations for Six Shading 

Conditions 

Array Configurations SP TCT LD HC BL 

Average MML (%) 47.83 32.91 45.81 50.82 46.10 

 

Figure 4.8 shows another comparison by MML% among the inspected array 

configurations with the six shading patterns. MML% is calculated as follows. 

 

𝑀𝑀𝐿% =
𝑃𝑤𝑖𝑡ℎ𝑜𝑢𝑡𝑠ℎ𝑎𝑑𝑖𝑛𝑔

𝑎𝑟𝑟𝑎𝑦
− 𝑃𝑤𝑖𝑡ℎ𝑠ℎ𝑎𝑑𝑖𝑛𝑔

𝑎𝑟𝑟𝑎𝑦

𝑃𝑤𝑖𝑡ℎ𝑜𝑢𝑡𝑠ℎ𝑎𝑑𝑖𝑛𝑔
𝑎𝑟𝑟𝑎𝑦 × 100 (4.2) 

𝑃𝑤𝑖𝑡ℎ𝑠ℎ𝑎𝑑𝑖𝑛𝑔
𝑎𝑟𝑟𝑎𝑦

= 𝑉𝑚𝑝𝑝
𝑎𝑟𝑟𝑎𝑦

× 𝐼𝑚𝑝𝑝
𝑎𝑟𝑟𝑎𝑦

 (4.3) 
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Where the array maximum output power at without shading condition, 𝑃𝑤𝑖𝑡ℎ𝑜𝑢𝑡𝑠ℎ𝑎𝑑𝑖𝑛𝑔
𝑎𝑟𝑟𝑎𝑦

 

is 6.351W, and at different shading condition the array output power, 𝑃𝑤𝑖𝑡ℎ𝑠ℎ𝑎𝑑𝑖𝑛𝑔
𝑎𝑟𝑟𝑎𝑦

is 

calculated using the corresponding array output voltage, 𝑉𝑚𝑝𝑝
𝑎𝑟𝑟𝑎𝑦

 and array output 

current, 𝐼𝑚𝑝𝑝
𝑎𝑟𝑟𝑎𝑦

form the experimental results. In general, the MML% depends on array 

configuration   and also on shading size. The TCT configuration has yielded lower 

MML% compare to SP, LD, BL, and HC configurations for all the inspected shading 

patterns. The minimum and maximum values of MML% are (19.99% and 58.68%) 

obtained by TCT configuration for S-P-I and S-P-VI, respectively. Table 4.11 

summarized the amount of average MML% for SP, TCT, LD, BL, and HC topologies. 

The higher value of average MML% is 50.82% for HC configuration, while the lowest 

value of 32.91% is obtained for TCT configuration. 

 

4.5 Summary 

In this paper, the most common array configurations (SP, TCT, HC, and BL) 

and a new configuration (LD) are investigated on a 4×6 PV array using different 

shading patterns. The experimental result shows that TCT configuration is performed 

better than all other configurations for array output power. The influence of shading 

size on array output power is also analyzed in this paper. It has been observed that the 

array power decreases significantly when shading increases in the parallel branches of 

the array modules. At shading pattern-I, the average output power is 4.38W, but at S-

P-II, the average output power is 2.76W. Similarly, the output power gradually 

decreased for increasing shading size from S-P-III to S-P-VI. However, for all six cases 

of shading patterns, the TCT configuration outperformed by generating higher power 

and also a reduction in %MML. The average MML% of 32.91% is achieved by TCT 

configuration, while the average MML% of 50.82% is obtained by HC configuration.  

The TCT configuration yields a maximum %RE of 30.48% for a 4×6 PV array. 

Therefore, the TCT array configuration is suggested as the most convenient 

interconnection scheme for different size of partial shading. 
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CHAPTER 5 

MML Minimization in a 28 MW PV Power 

Plant: A Case Study 

In chapter 5 a case study is made on 28 MW grid connected PV plant to 

investigate the extra revenue by MML minimization in the PV plant arrays. The 

description of the PV arrays, MPPT charge controller, substation inverter of the 28 

MW PV plant is also presented in this chapter. MML in the PV array is investigated 

and daily, monthly and yearly harvested energy is calculated for both at new and aged 

conditions of the PV array. Finally, the economic benefit is analyzed for extra energy 

generation by the PV plant at new and three (03) years of aged condition. 

5.1   28 MW Grid Connected PV Plant in Bangladesh 

A solar power plant having a power generation capacity of 28 MW has recently 

started its operation in Teknaf of Cox’s Bazar in 2018. Accounting this, the power 

generation capacity from renewable energy sources exceeds five percent of the 

country’s total demand. Technaf Solartech Energy Ltd (TSEL) has installed this power 

plant in Teknaf utilizing a total of 116 acres of land. Currently, the power plant is 

feeding 20 MW to the national grid. Figure 5.1 shows the first larger PV power plant 

in Teknaf, Chittagong, Bangladesh. 

This power plant is situated at Aukhali area in Hinla union of Teknaf upazila. 

It’s located at the east side of the Cox’s Bazar-Teknaf highway. A total of 87,000 solar 

panels were used to construct the plant and the plant has 5 sub-stations, surrounded by 

panels. The power generated by the panels is primarily stored at the facility which is 

later transmitted to the substation of Palli Bidyut located at Leda area of Hinla union. 

The solar PV plant will cover up to 80% of the present electricity demand of the entire 

Teknaf region and result in a reduction in CO2 emissions of 20,000 tonnes each year, 

with estimated 400,000 tonnes of carbon dioxide emissions to be prevented over the 

next 20 years, the solar firm noted.  

Prior to the installation of this power plant, the highest capacity of a solar power 

plant was only 3 MW in Bangladesh. Currently, the country generates around 530 MW 
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of power from renewable sources, where almost half of the power comes from hydro-

power. The power generation capacity from renewable sources is likely to raise up to 

600 MW within next year. According to the master plan of Bangladesh Power 

Development Board or BPDB, there is a target to generate 2,235 MW of power from 

renewable sources within the year of 2021. 

 

Figure 5.1: Bangladesh’s first larger PV power plant in Teknaf, Chittagong is started in 2018. 

5.1.1 Project Description 

The schematic diagram of 28MW grid connected PV plant at Cox-Bazar, 

Bangladesh is shown in Figure 5.2. In a single DC connection box total 441 PV 

modules are connected in (21×21) SP configuration has shown in Figure 5.3. Where a 

single PV module power is 325 W(peak). Eight (08) DC connection boxes are 

connected with a single MPPT charge controller and two (02) similar MPPT charge 

controllers are connected with a single 2244 KW power station inverter. Figure 5.4 

shows the schematic diagram of 2244 KW Power Station Inverter. Table 5.1 

summarizes about the 2244 KW power station inverter. Total twelve (12) inverters are 

connected with a 11 KV grid line via step-up transformers to feed 20 MW (peak) power 

during the day time at full-sun. 
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Table 5.1: 2244 KW Power Station Specifications 

SI No Item Quantity Status 

01 Inverter 01 Inverter is connected with a step-up transformer 

02 MPPT 02 Two MPPT charge controllers are connected  

inside a single inverter 

03 DC combiner box 16 Eight DC combiner boxes are connected with  

a single MPPT charge controller 

04 PV module 7056 (21×21) = 441 modules are connected in SP  

configuration with a single DC combiner box. 

 

 
 

Figure 5.2: Schematic Diagram of 28 MW grid tied PV Plant 
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Figure 5.3: Schematic Diagram of a DC Combiner Box in 2244 KW Power Station Inverter  

 

 

 
 

Figure 5.4: Schematic Diagram of 2244 KW Power Station Inverter in 28 MW grid tied PV Plant 
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5.1.2 PV Module Characteristics 

In the 28 MW PV plant total 87000 PV modules of 325 W are installed. Among 

them 84672 modules are used to feed the power in the national grid and 2328 modules 

are used to charge batteries as a back-up power supply for the PV power plant. The PV 

modules are manufactured by Solarland. The electrical characteristics of 325 W Multi-

crystalline PV module is shown in Table 5.2. Figure 755 shows the 325 W Multi-

crystalline PV module made by Solarland.  

Table 5.2: Electrical Characteristics of 325 W Multi-crystalline PV module 

made by Solarland 

 

Items Specification 

Power Output (W) 325W 

Max Power Tolerance (W) 0~+5W 

Voltage MPP Vmpp (V) 37.31V 

Current MPP Impp (A) 8.71A 

Voltage Open Circuit Voc (V) 45.67V 

Short Circuit Current Isc (A) 9.27A 

No of PV cell 72 

Fill Factor 0.7675 

 

 

 

Figure 5.5: 325 W Multi-crystalline PV module made by Solarland 
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5.2   Mismatch Loss Analysis in the 28 MW PV Plant 

In order to investigate the MML in a particular PV array, it is essential to get 

the electrical characteristics of all modules of that array.  In the 28 MW PV plant the 

number of PV modules are 87000, which is quite large. However, in this PV plant a 

single array unit contains only 441 PV modules and the corresponding array dimension 

is (21×21). Where, all the PV modules are manufactured by a single manufacturer 

company, named Solarland. Which is a China based multinational company. In this 

case study the MML% of the single unit (21×21) PV array has been calculated and 

considered the similar MML% for the other array units of the PV plant. In this chapter 

the datasets of new PV array modules (441) of 325W are first collected from the 

manufacturer company. After that the same PV modules, their aged (03 years) datasets 

are generated using statistical calculation by subtracting the degradation factors from 

the corresponding new modules dataset. The degradation factors which have been used 

to calculated the 3 years aged PV modules data sets are summarized in Table 5.3. 

Finally, the MML% is calculated for the (21×21) PV array both at new and three (03) 

years of aged condition.  

Table 5.3: Degradation factors of three years aged PV modules. 

SI No Pmpp (%) Isc (%) Voc (%) Vmpp (%) Impp (%) FF (%) 

1 3.019831 -0.41667 0.325598 2.440998 0.565157 3.119983 

2 2.964414 -0.3981 0.290182 2.637902 0.315338 3.077738 

3 1.258575 -0.27257 0.339997 1.521279 -0.26135 1.188156 

4 1.532768 -0.65524 0.225316 1.485186 0.046638 1.96968 

5 3.381951 -0.37156 0.468352 2.51547 0.842621 3.277351 

6 3.216762 -0.71475 0.358512 2.595147 0.607249 3.578298 

7 1.371646 -1.60691 0.417725 1.798395 -0.42086 2.59782 

8 0.812326 -1.4404 0.243981 1.561183 -0.73583 2.038866 

9 2.874658 -0.31583 0.398099 2.13815 0.716228 2.785748 

10 2.734248 -0.60754 0.304735 2.205875 0.516162 3.041554 

. . . . . . . 

. . . . . . . 

. . . . . . . 

440 2.667973 -0.35829 0.261164 2.374112 0.283804 2.769964 

441 4.652341 -0.43888 0.134087 3.379027 1.191746 4.983263 
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5.2.1 Dataset of Multi-Crystalline PV Modules 

The relation between the Vmpp and Impp of the 441 PV modules are shown in 

Figure 5.6 at new condition. The corresponding histogram of Vmpp and Impp are 

illustrated in Figure 5.7. Where the average value of Vmpp and Impp are 37.56 V and 

8.71 A respectively. On the other hand, the aged PV modules datasets are shown in 

Figure 5.8 and corresponding histogram of Vmpp and Impp are illustrated in Figure 

5.9. Where the ideal location represents as the average value of Vmpp and Impp. And 

the values are 36.72 V and 8.68 A respectively. 

 

Figure 5.6: Datasets of 441 pieces multi-crystalline PV modules at new condition. 

 

 

 

 

(A) Impp (B) Vmpp 

 

Figure 5.7: Histogram of Vmpp and Impp of PV modules datasets at new Condition 
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Figure 5.8: Estimated datasets of multi-crystalline PV modules after 3 years aged 

 

 

 
 

(C) Impp (D) Vmpp 

 

Figure 5.9: Histogram of Vmpp and Impp of PV modules datasets after 3 years of aged 

 

5.2.2 Analysis of Simulation Results 

In order to minimize the MML% of the 28 MW PV plant GA based module 

rearrangement technique is applied and economic benefits are analyzed by comparing 

with randomly module rearrangement method. Simulation results are summarized at 

Table 5.4 for both GA and Ra based techniques. In both cases for (21×21) PV array 

the summation of modules power is 144213.664 W. For GA based technique the array 

voltage, current and power are 783.624 V, 182.233 A and 142802.475 W respectively. 

The corresponding MML% is 0.978 for GA based technique. On the other hand, for 

8

8.2

8.4

8.6

8.8

9

9.2

31 32 33 34 35 36 37 38 39

Im
p

p
 (

A
m

p
)

Vmpp (Volt)

Ideal Location
Mostly Aged Modules



110 
 

Ra based method the output voltage, current and power are 782.850 V, 180.234 A and 

141096.968 W respectively. The MML% is obtained 2.161% for random arrangement. 

However, GA based technique is performed better than RA based technique with 

respect to MML%. Hence, the energy is increased by 1.2%, by applying GA based 

rearrangement technique. The simulation results are summarized in table 7.5 for three 

years of aged (21×21) PV array. Where the array output power is 135281.049 W and 

133275.926 W for GA and Ra based techniques respectively. The MML% is obtained 

3.857% and 5.282% by GA and Ra based techniques respectively. Though at aged 

condition the GA based technique is performed better than Ra based technique by 

increasing the %RE by 1.5%, but the array output power is decreased significantly 

compare to new condition due to non-uniform aging.  

Table 5.4: Simulation Results of a single unit (21×21) PV array at new condition 

Parameters New (21×21) PV array parameters for different technique 

GA based  RA based 

Varray (V) 783.624 782.850 

Iarray (A) 182.233 180.234 

Parray (W) 142802.475 141096.968 

Pmodule (W) 144213.664 144213.664 

MML (%) 0.978 2.161 

%RE 1.2 ---- 

 

Table 5.5: Simulation Results of a single unit (21×21) PV array at Aged condition 

Parameters Aged (21×21) PV array parameters for different technique 

GA based  RA based 

Varray (V) 743.604 743.604 

Iarray (A) 181.926 179.229 

Parray (W) 135281.049 133275.926 

Pmodule (W) 140708.711 140708.711 

MML (%) 3.857 5.282 

%RE 1.5 ---- 

 

5.3   Estimation of Generated Energy and Extra Energy 

In this section the energy generation is calculated for both GA and RA based 

techniques. The corresponding energy harvesting by GA based technique is also 
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calculated for daily, monthly and yearly basis. Table 5.6 and Table 5.7 summarize the 

energy harvesting by GA based method at new and aged condition respectively. 

For both condition the effective day time is considered as 4 hours and per unit 

energy cost is 13.86 BDT. At new condition the annual energy increases 475141.676 

kWhr and corresponding extra revenue is 6585463.641 BDT. After three years of aged 

for the same PV plant the annual energy harvesting is 572527.36 kWhr and the 

corresponding extra income is 7935229.22 BDT. Though the energy generation is 

lower at aged condition but the %RE is higher and consequently increases the extra 

income also.  Therefore, the GA based rearrangement technique is more effective and 

very much necessary for the PV array at aged condition. 

 
Table 5.6: Extra energy and income of 28MW plant at new condition 

Period of Time Energy  

Generated by  

GA Technique 

(kWhr) 

Energy  

Generated by  

RA Technique 

 (kWhr) 

Extra 

Energy  

(kWhr) 

Extra  

Revenue 

(BDT) 

Daily 108996.485 107694.727 1301.758 18042.366 

Monthly 3269894.573 3230841.832 39052.740 541270.984 

Annual 39783717.3 39308575.62 475141.676 6585463.641 

 

Table 5.7: Extra energy and income of 28MW plant after three years of aged condition 

Period of Time Energy  

Generated by  

GA Technique 

(kWhr) 

Energy  

Generated by  

RA Technique 

 (kWhr) 

Extra 

Energy  

(kWhr) 

Extra  

Revenue 

(BDT) 

Daily 105827.6 104259.08 1568.56 21740.35 

Monthly 3174829 3127772.44 47057.04 652210.62 

Annual 38627092 38054564.70 572527.36 7935229.22 

 

5.4    Summary 

This case study shows that GA based module rearrangement technique is 

economically beneficial for the PV arrays of 28 MW PV plant both at new and aged 

condition. Therefore, the GA based optimal rearrangement technique presented in the 

work can be applied to any online grid connected PV plant of any array dimension. 
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CHAPTER 6 

Conclusion and Future Works 

6.1   Summary and Conclusions 

In this work, a new technique of module arrangement in PV arrays using 

adaptive GA is experimentally validated both for LSS-SP (4×10, 5×8) and LPB-SP 

(10×4, 8×5) configurations by minimizing MML. The performance of the proposed 

GA based technique is tested and also compared with the previous work, regarding the 

array output power and %MML. The tested simulation results are compared in Table 

6.1. Where the proposed GA based technique minimizes MML by 0.265% (average) 

more than the previous work. Besides the proposed technique is also compared with 

other five conventional module sorting techniques. The traditional current-based 

methods (Im, Isc) show better performance than the voltage-based methods (Vm, 

Voc); however, the proposed GA based technique outperforms the conventional ones 

in every array configuration. The GA technique minimizes the MML by maximizing 

the array output power, thus increases %RE, both for LSS-SP and LPB-SP array 

configurations. Additionally, it is observed that the LSS-SP configurations are 

providing significantly lower %MML than the LPB-SP configurations. 

Table 6.1: Tested Results of Previous and Proposed Technique 

Array 

size 

Proposed technique Previous technique [31] 

Parray_OX (W) MML_OX(%) Parray_PMX (W) MML_PMX (%) 

3×6 1695.795 0.669 1689.801 1.02 

4×10 3779.044 0.448 3767.968 0.74 

5×13 6138.312 0.477 6122.130 0.74 

5×18 8507.228 0.476 8494.065 0.63 

Avg. 5030.095 0.518 5018.491 0.783 

 

In addition, for aged PV array modules the performance of the proposed GA 

based module rearrangement technique is compared with SCC and Ra based technique 

in terms of array output power and MML. The performance comparison is made by 

simulation and validated by experimental investigation. The proposed GA shows better 

performance in both cases. Additionally, the proposed GA based rearrangement 

technique also shows superiority for MML reduction in both small and large-size of 
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aged PV arrays with different dimensions. To the best of the authors’ knowledge, this 

is the first time that the influences of rearrangement techniques to minimize MML% 

in real aged SP-PV array configurations are compared experimentally. The proposed 

GA based optimal rearrangement technique presented in this work can be applied to 

offline aged PV arrays of any size or dimension. 

Moreover, a comparative analysis of aged PV module rearrangement 

techniques is analyzed using SP, TCT, BL, and HC configurations to extract the 

maximum array output power by minimizing the MML. One of the main contributions 

of this work illustrates that the Im based technique is performed better for all array 

configurations with respect to array output power. Additionally, it is observed that 

TCT, B, and HC configurations are outperformed than SP configuration. Besides, BL 

performed better than TCT configuration. According to the indoor experimental 

results, HC configuration is recommended as the best conventional configuration for 

the aged PV array.  

Furthermore, a comparative analysis of different hybrid array configurations is 

performed to minimize the MML by generating more array power. Experimental 

investigation illustrates that hybrid array configurations are performed better than 

conventional array configurations with respect to array output power. The hybrid array 

configuration can also reduce MML more effectively than traditional interconnection 

topologies for non-uniformly aged PV array. Experimental analysis of twelve different 

array configurations is carried out using a 400W non-uniformly aged PV array. The 

experimental result shows that the maximum %RE is 15.94% for the hybrid, LD-SP 

configuration. 

Additionally, a case study is performed to investigate the GA based MML 

reduction technique on the PV arrays of a 28MW grid connected PV plant. The 

simulation results show that the %RE of the PV arrays is 1.2% and 1.5% at new and 

aged condition respectively. Finally, it is recommended that the GA based module 

rearrangement technique is economically beneficial both at new and aged condition of 

the PV arrays. 
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6.2   Future Work 

In this work, module rearrangement techniques SCC and GA have proven for 

MML reduction in aged PV arrays. But long term (10 years) investigation is needed to 

establish the closed-loop link between nonuniform aging and mismatching. Therefore, 

future work is needed to clarify that mismatching is also responsible for the premature 

aging of PV modules. 

On the other hand, in this work, GA based rearrangement technique has proven 

as an optimal module arrangement technique both for new and aged PV array with SP 

configuration. However, GA is not investigated for TCT, BL, HC, LD, and another 

hybrid array configuration. Therefore, applying and validating this new technique with 

other array configurations can contribute the future work regarding this study. 
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Appendix A 

A.1 Simulation Platform for PV Array Rearrangement  

 

Figure A.1: Simulation window in NetBeans IDE 8.1 software 

 

 

 

 

 



116 
 

A.2 Simulation Platform for PV Array Rearrangement  

 

Figure A.2: Simulation window in NetBeans IDE 8.1 software with results 
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