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Abstract: One of the most important causes of a reduction in power generation in PV panels is the
non-uniform aging of photovoltaic (PV) modules. The increase in the current-voltage (I-V) mismatch
among the array modules is the primary cause of this kind of degradation. There have been several
array configurations investigated over the years to reduce mismatch power loss (MPL) caused by
shadowing, but there have not been any experimental studies that have specifically examined the impact
of various hybrid array topologies taking PV module aging into consideration. This research examines
the influence of the non-uniform aging scenario on the performance of solar PV modules with various
interconnection strategies. Experiments have been carried out on a 4 x 10, 400 W array with 12 possible
configurations, including three proposed configurations (LD-TCT, SP-LD, and LD-SP), to detect the
electrical characteristics of a PV system. Finally, the performances of different module configurations are
analyzed where the newly proposed configurations (SP-LD and LD-SP) show 15.80% and 15.94% higher
recoverable energy (RE), respectively, than the most-adopted configuration (SP). Moreover, among the
twelve configurations, the SP configuration shows the highest percentage of MPL, which is about 17.96%,
whereas LD-SP shows the lowest MPL at about 4.88%.

Keywords: solar photovoltaic system; non-uniform aging; PV array configurations; power loss;
module rearrangement techniques

1. Introduction

In urbanized and densely populated countries, wide lands to be deployed for large-
scale PV plant installations are scarce [1]. Such installations often have negative impacts
by reducing the availability of agricultural lands for food security [2]. It is of utmost
importance that we maximize the output power from the installed PV plants [3,4], which
can be ensured through smart [5] and effective initial design and regular health monitoring,
together with appropriate maintenance [6]. The power generation of PV panels is often
limited by mismatch power losses (MPL) due to various sources of aging factors [7]. Aging
(non-uniform by its nature) [8] caused by internal and external factors can also, in turn,
generate mismatching through thermal effects among the cells [9]. This cyclic effect causes a
lower lifespan [10] of the PV modules, reducing the return on investments [11]. PV modules
could be rearranged efficiently using hybrid interconnection schemes, maintaining health
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conditions [12], and enhancing PV modules” average lifespan, and their corresponding
power outputs [13].

The idea of maximizing the power output of photovoltaic arrays by reducing the
amount of module power loss (MPL) [14], and module interconnection schemes, has be-
come more prominent among many academics [15-18]. The most popular interconnection
schemes are total-cross-tied (TCT) [19], bridge-linked (BL) [18], series—parallel (SP) [18], and
honey-combed (HC) [20]. In addition, different hybrid array configurations [21] are also
popular in the literature, such as SP-TCT, HC-TCT [22], and BL-TCT for the minimization
of power losses due to non-uniform shading effects [23-26]. In [27], a simulation-based
comparison was made to extract the maximum power by mitigating MPL from series (S),
parallel (P), S-P, TCT, BL, and HC PV array topologies under partial shading conditions.
In [17], mathematical analysis was performed among SP, TCT, BL, and HC configurations in
terms of output power maximization and MPL reduction under partial shading conditions;
here, the performance of the TCT configuration was superior to that of others. In [18], a
simulation-based comparison was performed for SP, BL, and TCT configurations under
shadow conditions using different sizes of array dimensions (2 x 6, 6 x 2,4 x 3, and
3 x 4), where TCT configuration was performed with higher output power in all respects.
In [28], different array configurations (TCT, BL, SP, HC, and HC-TCT) were experimentally
investigated for partial shading conditions, where TCT configuration was performed to
lower MPL.

In the work [29], four types of 44 array topologies (TCT, SP-TCT, BL-TCT, and BL-
HC) were investigated for MPL minimization due to various shading scenarios using
simulation software. In [30], the effectiveness of three hybrid array configurations (SP-TCT,
BL-TCT, and HC-TCT), as well as four conventional array configurations (SP, TCT, BL, and
HC), was examined for a reduction in mismatch loss while using various moving shading
patterns. Here, the results showed that MPL depends on shading patterns and that hybrid
array topologies are comparatively better in terms of MPL reduction than conventional
topologies. In [31], a novel structural (NS) PV array topology was presented and compared
using Simulink based software to traditional hybrid PV array topologies (SP-TCT, BL-TCT,
BL-HC) in a diagonally shaded environment. NS arrangement was preferred in some
circumstances of shading effects, according to simulation results in those cases. According
to the literature reviewed above, which is summarized in Table 1, hybrid interconnection
methods outperform traditional interconnection schemes in terms of array output power
maximization and MPL minimization when operating in shadow conditions.

Table 1. A summary of the literature review on different conventional and hybrid configurations.

Refs.

Array Configurations Key Findings Application

[27] SP, TCT, HC, BL, and a novel hybrid

A 6 x 6 array is used to perform the
simulation. The novel hybrid
configuration performed better
considering output power.

partial shading

Mathematical model-based simulation

[17] SP, TCT, BL, and HC is performed and TCT shows the partial shading

highest output power.

[18] SP, BL, and TCT

Different array dimensions 2 x 6,6 X 2,
4 x 3,and 3 x 4 is investigated via
simulation. TCT performed maximum
output in all cases.

partial shading
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Table 1. Cont.

Refs. Array Configurations Key Findings Application
Experimental comparisons are

[28] TCT, BL, SP, HC, and HC-TCT) conducted and TCT performed the partial shading
lowest mismatch loss.
A 4 X 4 array is used to perform the

[29] TCT, SP-TCT, BL-TCT, and BL-HC simulation in the MATLAB partial shading

Simulink platform.

[30]

Conventional (SP, TCT, BL, HC) and configurations performed better than
hybrid (SP-TCT, BL-TCT, HC-TCT) the conventional interconnection in

Simulation is carried out, where hybrid
moving shading

terms of MPL reduction.

[31]

SP-TCT, BL-TCT, BL-HC, and and hybrid NS configuration yielded

Simulink-based work is carried out,

the highest output power for this diagonal shading

shading scenario.

In general, a photovoltaic panel is a current source [32,33] where its output current,
as well as output power, is directly proportional to the input irradiance level [34]. On the
other hand, its output voltage is inversely proportional to the temperature [35] and remains
constant during the small variation in irradiance level [36]. However, the typical rates
of short-circuit current (ISC) and open circuit voltage (VOC) deterioration in an aged PV
panel are 10% and 2%, respectively [37]. Consequently, there is a close connection between
the ISC and the power depreciation in an old module [38]. The non-uniform aging of PV
modules is compared in [39], using the highest short-circuit current while taking constant
open-circuit voltage into account. A short circuit current-based module rearrangement
method is proposed in [40] to maximize output power from a non-uniformly-aged PV array
and is practical to use in experiments. Figure 1 shows that a PV array can generate more
output power by rearranging the non-uniformly-aged modules considering short-circuit
current. Thereby, the circuit current-based module rearrangement process is applied in this
work to arrange the aged modules in a4 x 10 array. Furthermore, different interconnections
are applied to extract more output power from the aged PV array.

800

700
600

Array Power (W)
.
S

~ ----with rearrangement

0 20 40 60 80 100 120 140
Array voltage (V)

Figure 1. Power increment of PV array modules under non-uniform aging conditions [39].
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The conventional array configurations, SP, TCT, BL, and HC, are introduced in [41] to
maximize the output power from a 4 x 6 aged PV array, and the results of the experiments
demonstrate that this configuration delivers the maximum power. However, module
rearrangement techniques are not investigated here. To the best of the authors’ knowledge,
short-circuit current-based module arrangements for aged PV array modules have not
yet been addressed in the literature for hybrid array topologies for unevenly aged PV
arrays. By examining several hybrid array designs on aging PV arrays to extract the most
power, this article tries to close the gap. Moreover, the performance of some novel hybrid
configurations is also investigated in this work. Furthermore, a comparative analysis has
been performed among classical and novel array configurations concerning array power
generation, MPL reduction, and recoverable energy.

2. Methodology

In this work, a total of twelve array configurations were tested and compared using
non-uniformly-aged 400 W PV array modules experimentally. Forty modules are arranged
in a4 x 10 array size. The rated power of each module is 10 W. A block diagram of
the project is shown in Figure 2, where each configuration is used on an old PV array
to interconnect the modules. A method known as short-circuit current (SCC), which is
based on the reorganization of modules, is used to rearrange the array modules before
the interconnection techniques are applied. To find out the short-circuit current of each
array module, the experimentation is performed with the support of a commercial PV
manufacturer company. After that, the aged PV modules are reinstalled on a rooftop, and
outdoor test measurements are performed by a professional PV test meter, PROVA 1011.
The test data are stored in the meter automatically and the data extraction process is carried
out using software from the meter to a computer. Finally, the result comparisons are made
considering the PV array output power, mismatch power loss, and recoverable energy.

PV Array q Measurement Data Storage

Co@.@o

Result

COEC

Figure 2. The conventional and proposed configurations are tested using an aged PV array. The array
modules are rearranged via the SCC method. The output characteristics of the PV array are measured
using PROVA 1011 for each configuration to make the result comparison.
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2.1. Conventional and Proposed Configurations of PV Array Module

Module interconnection in a PV array can play an important role to reduce the mis-
match power loss due to the non-uniform degradation of aged PV modules. The perfor-
mances of different conventional and hybrid array configurations are compared in this work
experimentally. The comparisons are performed considering the output power increment
and mismatch power loss reduction in the aged PV array, which is the prime objective of
this work. Therefore, to implement the work, the connection diagram of the configuration
is very important, which is discussed in this section. In Figure 2, the array configurations
are classified into three types, standard, hybrid, and proposed hybrid array configurations,
which are investigated in this work. 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 (a) SP-TCT
(series—parallel and total-cross-tied), (b) HC-TCT (honey-combed and total-cross-tied),
(c) S-TCT (series and total-cross-tied), and (d) TCT-S (total-cross-tied and series). The
proposed hybrid array configurations are (a) SP-LD (series—parallel and ladder-diagram),
(b) LD-SP (ladder-diagram and series—parallel), and (c) LD-TCT (ladder-diagram and
total-cross-tied).

The connection diagram of the above-mentioned PV array configurations is classified
into three categories. Figure 3 shows the standard configurations for the interconnection
of the 4 x 10 PV array: (a) SP, (b) TCT, (c) BL, (d) HC, and (e) LD. Figure 4 presents the
hybrid configurations for the aged PV array such as (a) SP-TCT, (b) HC-TCT, (c) S-TCT, and
(d) TCT-S. Figure 5 illustrates the proposed hybrid interconnections of the non-uniformly-
aged 4 x 10 array: (a) SP-LD, (b) LD-SP, (c) LD-TCT.

(a) SP configuration

(b) TCT configuration  (c) BL configuration (d) HC configuration (e) LD configuration

Figure 3. Standard configurations of 4 x 10 PV Array.

Twelve array configurations are investigated in this work. All the interconnection
schemes are tested experimentally. The module positions are pre-determined using the
module rearrangement technique (SSC). The module numbering shown in the above
12 configurations is the same. However, the numbering is made lower to higher based on
the short circuit current (Isc) of the modules. The tests are done in the commercial laboratory
of a solar panel manufacturer company, Electro Solar Limited, in Dhaka, Bangladesh.
Module position 1 specifies the PV module with the lowest value of Isc, and position
40 indicates the module with the highest value of Isc.
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(a) SP-TCT configuration (b) HC-TCT configuration (c) S-TCT configuration (d) TCT-S configuration

Figure 4. Hybrid Configurations of 4 x 10 Array.

B & B

(a) SP-LD configuration (b) LD-SP configuration (c) LD-TCT configuration

Figure 5. Proposed Hybrid Configurations of 4 x 10 Array.
2.2. Dataset of the Tested PV Modules under Non-Uniform Aging Conditions

The percentage of MPL in PV arrays with non-uniform aging is examined in this
study, employing 40 polycrystalline PV modules in twelve (12) different configurations.
The non-uniform aging state of photovoltaic panels was caused by exposing the PV panel
to outdoor weather conditions for four years. The aged PV modules are tested in a PV
manufacturer company. The corresponding electrical characteristics are measured using a
commercial PV testing simulator system by maintaining the IEC 60904-1 standard [42,43].
The testing process is shown in Figure 6. The tested data are converted at STC (25 °C,
1000 W/m?, AM 1.5 G) using the simulator’s built-in software system. According to the



Sustainability 2023, 15, 13153 7of 17

solar manufacturer, the conversion of the tested data from normal operating condition
(OPC) to standard test condition (STC) has been made by the simulator using the IEC
Standard 60904-1. The tested datasets are tabulated in Table 2. The electrical characteristics
(Vmpp, Impp, Pmpp, Voc, Isc, and FF) [44] of each PV module are shown here. Figure 7
illustrates the correlation between the Vmpp and Impp of the non-uniformly-aged PV
modules dataset, where the most degraded PV modules are characterized by blue color.
The voltage and current ratings are decreased from their rated values due to different non-
uniform aging factors such as discoloration, delamination, cell crack, hotspot, permanent
soiling, corrosion, back sheet damage, junction box damage, and glass crack.

X

I
I
I
I
L :
PV Array Modules Commercial Sun Simulator !
- Vmp, Imp :
; I
% Pmp 1
g I
I RR— €-mmme- |
o
" Iﬂflﬂlﬂ\\\\
Voltage
Data Output Data Extraction

Figure 6. Aged PV module testing system in the solar module manufacturer company.

Table 2. Tested data of 10 W PV modules after four years of outdoor exposure.

Si Panel Data Parameters of Photovoltaic Module

No Model No Pmpp (watt) Isc (amp) Voc (volt) Vmpp (volt)  Impp (amp) FF
1 1612E020001 9.821 1.314 10.430 8.364 1.174 0.716
2 1612E020002 9.743 1.300 10.365 8.349 1.167 0.723
3 1612E020003 9.285 1.318 10.426 8.044 1.154 0.675
4 1612E020004 9.983 1.311 10.426 8.442 1.183 0.730
5 1612E020005 10.177 1.331 10.456 8.508 1.196 0.731
6 1612E020006 9.756 1.294 10.385 8.395 1.162 0.725
7 1612E020007 9.769 1.311 10.451 8.388 1.164 0.713
8 1612E020008 9.988 1.318 10.389 8.402 1.189 0.729
9 1612E020009 9.936 1.289 10.332 8.462 1.173 0.745
10 1612E020010 10.015 1.314 10.485 8.478 1.181 0.726
40 1612E020046 10.111 1.335 10.417 8.472 1.193 0.726

Average 9.917 1.305 10.390 8.407 1.179 0.731
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Figure 7. The relationship between Vmpp and Impp of non-uniformly-aged forty polycrystalline PV
modules dataset. The module number with light blue colors represents the mostly aged module and
dark blue color modules are slowly degraded.

2.3. Calculation of Degradation Rate and Identification of Aging Factors

The degradation rate of the four-years-aged photovoltaic modules is calculated using
the following Equation (1).

Xmodule o qudule 100
Degradation rate per year (%) = e v lagmg X 1)
Xmoaute year

where X is the PV module electrical parameter, such as Voc, Isc, Vm, Im, Pm, or FE. X,’ﬁg‘;‘f”lf

represents the parameter value at the new condition, and X’a’g}zy“ represents the parameter
after four years of the aging condition. Figure 8 illustrates the degradation rate of the
maximum power (Pm), short circuit current (Isc), open circuit voltage (Voc), maximum
power point voltage (Vm), maximum power point current (Im), and fill factor (FF). The
maximum deviation of the degradation rate is obtained for Pm, while the minimum is
obtained for Voc. The degradation rate of FF is higher than for others because it depends
on the degradation of both voltage and current parameters [45]. The formula of the fill
factor [46] is shown in Equation (2). The power output of the PV module is directly
proportional to the short-circuit current [18]. Therefore, the degradation rate of Pm is
higher because the degradation of Isc is significantly higher than Voc.

Vi X Iy

FF= ———
Vioe X Is¢

@)

The non-uniform aging factors of the four-year-old PV modules were determined
using image-based diagnosis. All forty PV modules were tested, and different types of
aging factors were found such as delamination, discoloration, hotspot, cell crack, corro-
sion, junction box damage, permanent dust or soiling, discoloration of glass, back sheet
discoloration, and corrosion in the cooper connector inside the junction box. The most
common aging factors were discoloration, delamination, soiling, cell crack, and a minor
hotspot. Figure 9 shows the very common aging factors. However, discoloration is the most
significant in all 40 modules. The size of the delamination is not that significant because
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the aging period was only 4 years. On the other hand, the soiling and discoloration of glass
represent another common factor for all modules. However, regular cleaning can reduce
these types of aging degradation. Moreover, small cell cracks and minor sizes of hotspots
are commonly found in the aged modules.

3.5
BLPm Wlsc M Voc I Vm B Im BFE °

3
2.5
2 e
1.5 e
X
o] e
= '

Module parameter

o o000

[a—

Degradation per year (% )

Figure 8. The degradation rate of different electrical parameters of aged photovoltaic modules.

Crack

Figure 9. The five common non-uniform aging factors delamination, discoloration soiling, hotspot,
and cell crack are shown here from the 4 years of the aged 40 PV modules. Most of the PV modules
are degraded by these types of aging factors.

In summary, it is very important to mention that the degradation rate of each parameter
is calculated using the dataset of all tested PV modules under new and aging conditions.
After four years of aging, it was found that the power degradation range is 1.1% to 1.9%.
Therefore, the mismatch power loss occurs significantly in the aged PV array after a certain
period of installation. The reasons behind this non-uniform aging and mismatching in
the power outputs of the array modules are also identified in this subsection. The most
common aging factors are identified in Figure 9, which are the key sources of non-uniform
aging and mismatch power losses in aged PV arrays.
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2.4. PV Module Arrangement Process Based on SCC Technique

In this method, the older PV modules have been organized following their short circuit
current (SCC) [13]. As a result of the non-uniform aging condition, the ISC degraded in the
aged PV panels. The SCC-based module arrangement approach has gained popularity in
recent years due to its ability to decrease mismatch power loss while also improving branch
current and output power. This is an easy process considering the array connection and
experimental implementation [38]. Consider that a 4 by 10 size array with a total-cross-tied
(TCT) array construction is made up of 40 modules, as shown in Figure 10. The following
approach is used to apply the technique. The pre-collected dataset’s ISC for the modules is
calculated, and the resulting values are organized ascendingly.

Iéc < Iéc < Igc ............ < [gl% (3)

32

3334135136 37

1

]
>
oo

]

3940

22 1 23 124 125 1126 [ 27 (11 28

29130

12

B4 1S 1617 i 18 1119 120

H3lalstHeH 789 H 1ok

Figure 10. TCT configuration is used to connect 4 x 10 array modules. The SCC approach chooses
and arranges the PV modules’ positions.

The ISC values have been sorted from lower to higher values, with module 1 having
the lowest value (I ;C) and module 40 having the greatest value (Iéoc). As a result, from the
first row to the last row, the current progressively increases. As a result, the array current
increases, which also raises the array power.

3. Experimental Work

The position of the solar panel experimental setup needed to be carefully considered
to ensure the constant gathering of experimental data. The solar PV array was installed
on a rooftop that received sufficient sunlight. Using traditional PV panel installation
techniques, the optimal orientation for the installation area was identified. The south-facing
orientation with a tilt angle of 23° was the ideal orientation for the site. A total of 40 solar
PV modules with 10 W rated capacities were used to create the 400 W installed PV array
for the experimental work. They were all polycrystalline photovoltaic modules. The panel
manufacturers verified each module at the source, and reliability testing was performed
using a manufacturer data set. The datasets are mentioned in the above sections and
have already been published in Data in Brief. To test PV array performance from multiple
array configurations without changing the position of the modules, the interconnection
mechanisms between the PV modules needed to be versatile. To meet this demand, the
terminals of each PV module were equipped with red and black crocodile clips. This
enabled the reconfiguration of connections between modules, without having to modify
the location of the modules while maintaining the proper polarity of the connections.
Figure 11 shows the experimental setup, where 40 PV modules are placed in a 4 x 10 array
size. A solar panel test meter PROVA 1011 is connected to the array output terminals.
Irradiance sensors and temperature sensors are connected to the meter. A solar panel test
meter PROVA 1011 is connected to the array output terminals. Irradiance sensors and
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temperature sensors are connected to the meter. The pertinent features of PROVA 1011 are
presented in Table 3.

Temperature Photovoltaic Array [ "V System Analyzer
Measurement Sensor Arrangement | PROVA 1011

Figure 11. Experimental data collection of the non-uniformly-aged PV array. Each configuration is
applied to make the module interconnection, and output electrical characteristics are measured using
the PROVA 1011.

Table 3. Features of the PV analyzer, temperature, and irradiance sensor.

Parameter Limit (Max) Precision (%)
Voltage 1000 V +1
Current 12 A +1

Light intensity 2000 W/m? +3
Temperature 85°C +1

3.1. Experimental Procedure of PV Array Power Measurement in Outdoor Conditions

For the validation and comparability of the research, it was essential to make sure that
the standard testing conditions (STC) were maintained during the data collection, according
to the IEC standard [42], which requires that solar irradiation is over 800 W/ m? at 25 degrees
Celsius. In the test environment of this study, each dataset was collected above the required
irradiation level just mentioned. This was ensured by collecting the data at the time of the
day when sunlight availability was very high. Moreover, the PV analyzer used in this study
automatically and instantaneously converted the collected data to values corresponding
to 1000 W/m? irradiation at a 25-degree Celsius temperature. Since all the collected data
are converted to this level, the data of different configurations are comparable under the
same testing conditions. It must also be mentioned that the IEC standard requires that the
parameters must be measured within a 1 min duration, while the variation in temperature
cannot exceed 2 degrees Celsius. The PV analyzer used for this study completes the
collection of one set of data within 15 s; so, the temperature remains nearly constant within
the measurement period, thus meeting the IEC standard requirement.

3.2. Analysis of Experimental Results

This section analyzes the outcomes of the experiment. Table 4 shows the output volt-
age, current, and power of the 4 x 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 via HC configurations, and the minimum power is 298.36 W
obtained via SP configuration. Among the hybrid array configurations (HC-TCT, LD-TCT,
TCT-S, S-TCT, SP-LD, LD-SP, and SP-TCT), the maximum power output is 345.91 W gener-
ated by the LD-SP configuration. Figure 12 shows that SP-LD and LD-SP configurations are
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outperforming in regard to output power. Figure 13 summarizes the MPL% 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 findings
demonstrate the superiority of the LD-SP configuration over other ones for its lowest
MPL% while producing the highest output power. The percentage of recoverable energy
(%RE) is calculated for each configuration concerning the most used SP configuration. The
values of %RE are also tabulated in Table 4. The maximum %RE is 15.94% achieved using
LD-SP configuration. The percentage of mismatch power loss (MPL %) is calculated using
the following equations.

Y. Produte — Purray

MPL% = x 100 4)
Z Produte
1 2 40
mel?d”l@ = Puodute T Produte T+ Produte ©)
Parmy = Varmy X Iarmy (6)

where the summation of all module power, Y Pyo4,1, is calculated using Equation (5). The
module power of each module is found from the tested dataset of four years of aged PV
modules. The array output powet, Pyray, is calculated using Equation (6), where the array
voltage and current are obtained from the measured value using a PROVA 1011 analyzer.

Table 4. Experimental work on array output power and MPL% for various array configurations.

Output Variable for the Array

SI Configuration MPL (%) RE (%)
Voltage (V) Current (A) Power (W)
1 SP 72.54 4113 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 34591 4.88 15.94
310 33756 33846 318 % %
- = B || ||
?: 330 326.46 39'26 34 % % Z % Z
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Figure 12. Comparison of power outputs among different array configurations for 4 x 10 array.
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Figure 13. Comparison of MPL% among different array configurations for 4 x 10 array.

The recoverable energy is calculated using the following Equation (7).

Po_CON — Po_SP
O/ORECON = Po SP x 100 (7)

where the percentage of recoverable energy for any configuration is presented by %REcon. All
configurations are denoted by CON and the output power obtained by using any configuration
is Po_CON. The output power of the most conventional SP configuration is Po_SP.

3.3. Validation of Experimental Results

The following actions have been conducted to validate the proposed novel hybrid array
configurations to mitigate the mismatch power loss for a non-uniformly-aged photovoltaic array:

e A professional PV system analyzer (PROVA 1011) built on IEC standards was used
to convert data from the I-V curve under normal operating conditions (OPC) to data
under standard test conditions (STC).

o IEC 60904-1 specifies that for outdoor I-V curve measurements, the irradiance must
be at least 800 W/m?. As a result, the experimental data were collected between
irradiance ranges from 800 to 950 W/m?.

e  The practical array module rearrangement was accomplished using the SCC-based
technique, wherein Electro Solar Limited Bangladesh, a commercial PV module pro-
ducer, tested the module datasheet.

e  The performance comparison was carried out for the novel hybrid array configura-
tions with series—parallel configurations in terms of mismatch power losses. This
comparison demonstrates the effectiveness of the proposed hybrid configurations and
their practical relevance.

4. Discussion
After conducting an experimental investigation into the effects of non-uniformly-

aged photovoltaic (PV) arrays on the mismatch power loss reduction, several key findings

were made:

e  The non-uniform aging of PV modules can lead to significant mismatch power losses
in PV arrays, which can reduce the overall system efficiency.

e  When compared to standard PV array configurations, hybrid PV array topologies
that integrate PV modules with various interconnections can dramatically reduce
mismatch power losses.
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e In hybrid array topologies, the positioning of PV modules with varying degrees of
degradation can have an impact on the performance of the entire system, with some
configurations resulting in higher output power increases than others.

e  Utilizing a module rearrangement technique based on SSC, which can lessen the effects
of mismatch power losses, these output power improvements are further boosted.

e  Thenovelty of the work is some new hybrid PV is introduced, and two of them (SP-LD,
LD-SP) performed with higher output power by reducing the %MPL considering all
other configurations.

e  One of the main differences of this research work compared to others is that here
the different standard and hybrid array configurations are compared experimentally
considering non-uniform aging conditions, while in other research the application
was for a different scenario of partial shading conditions. To the best of the author’s
knowledge, 12 different array configurations were not tested before in the literature.

e It is important to note that the trends observed in Figures 12 and 13 may not be
universally applicable to all aged photovoltaic arrays due to variations in aging
characteristics and conditions. The generalizability of the trends depends on several
factors, including the specific aging mechanisms, the degree of non-uniformity, and
the operating conditions. These figures reflect the performance of the proposed
hybrid array configurations in mitigating mismatch power losses in the context of
non-uniformly-aged arrays. While they provide valuable insights and guidance for
similar scenarios, their applicability to different aging results needs to be assessed on
a case-by-case basis.

Overall, these findings suggest that the use of novel hybrid PV array configurations
that incorporate modules with different non-uniformly-aging conditions can be an effective
strategy for reducing mismatch power losses and increasing overall system energy (%RE).
The use of the module rearrangement method (SCC) has added a power increment and
reduced the MPL, hence improving the performance of these systems. Further research
can explore optimal configurations and other techniques of module rearrangement like
a genetic algorithm or any other Al-based rearrangement for hybrid PV arrays, and the
potential economic benefits of this approach.

5. Conclusions

In this paper, the maximum PV array output power was determined through a com-
parative examination of several array topologies. It has been shown that the hybrid array
arrangements perform better than regular array configurations in terms of array output
power, which is the key contribution of this work. For non-uniformly-aged PV arrays,
the hybrid array topology can also more effectively reduce mismatch loss than traditional
interconnection topologies. In this paper, twelve distinct array configurations have been
investigated using a 400 W PV array. Experimental results show that the maximum %RE
is 15.94% for LD-SP configuration. It should be noted that modifying array interconnec-
tions do not affect inverter/charger specifications; one single inverter can be used for all
topologies. The LD-SP arrangement will be simpler to wire in bigger installations than
the HC and TCT arrangements due to the pattern’s simplicity. Based on the findings of
this work, LD-SP configuration is recommended for the non-uniform aging condition.
The cable losses in the LD-SP connection are comparatively lower than those in the TCT
connection. Therefore, the proposed LD-SP configuration will be cost-effective compared
to the TCT configuration.
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