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Abstract: Photovoltaic (PV) solar energy is a very promising renewable energy technology, as solar
PV systems are less efficient because of climate conditions, temperature, and irradiance change. So,
to resolve this problem, two PV topologies are used, i.e., centralized and distributed PV systems.
The centralized technique is quicker than the distributed technique in terms of convergence speed
and a faster power tracking approach. In the event of uniform irradiance, the centralized system
also has the benefit of supplying superior energy, but in PS scenarios, a huge amount of energy
is lost. However, the distributed approach requires current and voltage measurements at each
panel, resulting in a massive data set. Nevertheless, in the event of shading circumstances, the
distributed technique is highly effective because a modular level power electronics (MLPE) converter
is used. While in a centralized PV system, there is only a single DC-DC converter for the whole PV
system. In this research work, a DFO-based DC-DC converter is designed for modular level, with an
ability to perform a rapid shutdown of the module under fire hazard conditions, troubleshooting,
and monitoring of a module in a very efficient way. The robustness of the proposed MPPT DFO
algorithm is tested with different techniques such as Cuckoo Search (CS), Fruit Fly Optimization (FFO),
Particle swarm optimization (PSO), Incremental conductance (InC), and Perturb and observe(P&O)
techniques. The proposed technique shows better results in terms of MPPT efficiency, dynamic
responsiveness, and harmonics. Furthermore, the result of MLPE and the centralized system is
verified by using the Helioscope with different inverter companies like SMA, Tigo, Enphase, Solar
edge, and Huawei. The results prove that MLPE is a better option in the case of shading region for
attaining the maximum power point.

Keywords: MLPE; photovoltaic; MPPT; dragonfly algorithm; partial shading condition; uniform
irradiance condition

1. Introduction

In the past decades, scarcity of fossil energy and focus on environmental damage
have become two major challenges affecting people’s lifestyles. As a result, most countries
are currently researching and expanding renewable energy sources (RES). The energy
produced from RES like wind, geothermal heat, sunlight, and heat are the natural source
of energy. Unlike diminishing conventional fossil fuels, RES is replenished naturally and
will be considered limitless. RES harvest energy without the harmful effects of pollution. A
major part of RES comes from biomass and wind. In the coming years due to the recent
advancements in the technology of solar, PV energy has resulted in admirable growth of
the PV Solar business, which is expected to outperform other RES. PV power production
has several advantages over other RES, especially in terms of durability, operation, and
integration. Among these, the best alternative is solar power [1,2].
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Several grid-connected solar installations use a centralized control scheme. Fur-
thermore, the mismatches, deterioration, or partially shaded impact of a panel is a very
remarkably power loss issue faced by a PV system [3]. As a result, the power pattern of a
PV system has several maximum power points (MPP), indicating that distributed system is
very efficient [4,5].

MPPT techniques have been developed for the last two decades to force the PV devices
to operate at maximum power point. The researcher employs several MPPT approaches
in the PV system. For detecting the Global Maximum Power Point (GMPP), P-V and I-V
characteristics will be used [6,7].

These techniques’ characteristics are judged based on speed, accuracy, and complexity.
Some MPPT techniques are discussed in the literature such as traditional techniques are
fractional open-circuit voltage (FOCV) [8] and fractional short circuit current (FSCC) [9].
The most commonly used is perturb and observe (P&O) technique [10]. However, this
scheme is not able to find MPPT in partial shading conditions, but the computation tech-
nique incremental conductance (InC) method is accurate but can be expensive [11]. The
conventional DMPP algorithms for the photovoltaic system give the maximum output
for UI conditions. However, for PS conditions, the output is found in the vicinity of local
maxima. Moreover, soft computing techniques are used for both PS and UI conditions.
However, these techniques are complex, and they require a lot of time to track GM. There-
fore, it cannot be implemented in a low-cost controller. So, a novel, fast, efficient, and
appropriate DMPP control algorithm for both the centralized and decentralized as well as
the distributed photovoltaic system is required to be developed [12,13].

The desired algorithm may feature less computational burden and complexity com-
pared to the already available techniques in the literature. Furthermore, the DMPP tech-
niques should give the advantages of both soft computing and conventional DMPP algo-
rithms [14]. The optimization methods for MPPT in PV systems include Artificial Bee
Colony (ABC) [15], Ant Colony Optimization (ACO) [16], Genetic Algorithm (GA) [17],
Differential Evaluation (DE) [18], Grey Wolf Optimization (GFO) [19], and Cuckoo’s Search
(CS) [20]. The PV system’s efficiencies have been rated based on reaction speed, accuracy,
efficiency, partial shading, and performance under quick response. Until recently, no tech-
nique has consistently produced the greatest outcomes. Table 1 shows the comparisons of
several MPPT approaches. SAPVS and GCPVS are the abbreviations for Standalone PV
System and Grid-connected PV System, respectively, in Table 1.

There is no set criteria for determining which method is the best. Each technique has
advantages and disadvantages. It is attempted to rate or score each strategy regarding the
performance metrics listed in Table 1. It will assist the reader in judging and selecting an
approach that is preferable to others. The following are the scoring criteria:

• From 1 to 3 score on a scale, all evaluation parameters are rated.
• Score is given to 3 in case of sensors needed = 1, otherwise the score granted is 1, if the

number of sensors needed to is more than 1.
• Scores for tracking speed, accuracy and level of complexity are given as the following

criteria: high = 1, medium = 2 and low = 3.
• If any technique is efficient for partial shading, then the score is given to 3, otherwise

the score is granted to 1.
• Total score allotted = tracking speed (score) + efficient for partial shading (score) +

settling time (score) + (accuracy) + sensed variables (score).
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Table 1. Performance comparison of MPPT techniques.

Sr
No.

Ref.
No. Year MPPT

Method
Tracking
Accuracy

Efficient for
Partial

Shading

Converter
Type

Variable
Sensed

Type of PV
System Used

Can Be
Implement in

Low-Cost
Controller

Tracking
Speed

Level of
Complexity Total Score = 15

1 [8] 2016 FOCV Medium/2 No/1 Boost V/3 SAPVS Yes Medium/2 Low/3 11
2 [9] 2021 FSCC Medium/2 No/1 Boost I/3 SAPVS Yes Medium/2 Low/3 11
3 [10] 2019 P&O Medium/2 No/1 Boost I,V/1 GCPVS Yes Fast/3 Low/3 10
4 [11] 2019 InC High/3 Yes/3 Boost I,V/1 SAPVS Yes Fast/3 Medium/2 12
5 [21] 2020 PSO Medium/2 Yes/3 Buck-Boost I,V/1 GCPVS No Medium/2 Low/3 11
6 [22] 2018 FP High/3 Yes/3 Buck I,V/1 SAPVS No Fast/3 Low/3 13
7 [23] 2019 ANN High3 Yes/3 Buck I,V/1 SAPVS Yes Medium/2 Low/3 12
8 [24] 2022 SMC High/3 Yes/3 Boost I,V/1 SAPVS No Fast/3 Medium/2 12
9 [15] 2022 ABC High/3 Yes/3 Boost I,V/1 GCPVS No Medium/2 Low/3 12
10 [16] 2021 ACO High/3 Yes/3 Boost I,V/1 SAPVS No Fast/3 Low/3 13
11 [20] 2020 CS High/3 Yes/3 SEPIC I,V/1 SAPVS No Fast/3 High/1 11
12 [17] 2022 GA Medium/2 Yes/3 Buck-Boost I,V/1 GCPVS Yes Medium/2 Low/3 11
13 [18] 2018 DE High/3 Yes/3 Boost I,V/1 GCPVS No Medium/2 Low/3 12
14 [19] 2019 GWO High/3 Yes/3 Buck I,V/1 SAPVS No Fast/3 Medium/2 12
15 [25] 2017 GSO Medium/2 Yes/3 Boost I,V/1 GCPVS Yes Fast/3 Low/3 12
16 [26] 2018 TCA High/3 Yes/3 Boost I,V/1 SAPVS No Fast/3 Medium/2 12
17 [27] 2020 SSO High/3 Yes/3 Boost I,V/1 SAPVS No Fast/3 Low/3 13
18 [28] 2022 OTCA High/3 Yes/3 Boost I,V/1 SAPVS No Fast/3 Low/3 13
19 [29] 2017 JayaDe Low/1 Yes/3 Boost I,V/1 SAPVS No Medium/2 Low/3 10
20 [30] 2018 SA High/3 Yes/3 Boost I,V/1 GCPVS No Low/1 Medium/2 10
21 [31] 2020 FFO High/3 Yes/3 Boost I,V/1 GCPVS No Medium/2 Low/3 12
22 [32] 2017 CSO High/3 Yes/3 Boost I,V/1 SAPVS No Medium/2 Medium/2 11
23 [33] 2019 HHO High/3 Yes/3 Boost I,V/1 SAPVS No Fast/3 Low/3 13
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There are three types of PV systems that are commonly used in the PV market, i.e.,
string inverter, micro-inverter, and inverter with power optimizer. A string inverter is the
most used technology because it is efficient and cost-effective. In string inverter, a string of
several PV-modules is connected to one inverter with a single-phase grid connection [34,35].
There are some technical issues with it. In each string, all the PV panels have similar
orientation and tilt angles. Secondly, if there is PS in the PV module, then that PV module
is bypassed, and the output of the string is reduced. So, to resolve these issues, Modular
Level Power Electronic (MLPE) devices are introduced [36,37].

The commonly used MLPE devices are the Modular Level Inverter (MicroInverter)
and Modular Level Converter (Power Optimizer). MLPE devices resolve both issues of a
string inverter, but these systems are costly [38]. Another additive advantage is that an
MLPE device can provide modular level rapid shutdown (Safety Feature), design flexibility,
and Modular Level energy monitoring, remote management, and troubleshooting.

As a result, to increase the power from the PV system in the event of shade, an MLPE
device could be used to acquire the maximum output from the panel. Micro-inverters and
power optimizers can be used with MLPE to increase the efficiency of the solar PV system
in specific scenarios. By removing the unmatching, the optimizer boosts the PV system’s
generating capacity [39].

The main contribution of our work is that MLPE performs and gives better efficiency
to the Solar distributed PV system.

• A mathematical model is designed to identify the uniform irradiance (UI), and partial
shading (PS) conditions in centralized and MLPE distributed PV systems across
different MPPT techniques.

• We compare the proposed DFO approach with five other methods, including InC,
FFO, CS, PSO, and P&O, in order to determine its robustness and power efficiency.

• MLPE will assist in meeting newer National Electrical Code (NEC) regulations for the
quick shutdown of power PV circuits.

The effects of centralized and distributed PV systems on power under partially shaded
situations are explored in this research. It shows a comparison as well as a thorough study
of the combination of centralized and distributed PV systems. Furthermore, the maximum
PV serving ability may be estimated safely in a cluster-based PV system.

The remainder of the paper is laid out as follows: Section 1 gives an introduction and
literature review. A detailed description of the MLPE distributed PV system is illustrated in
Section 2. Practical verification of MPPT through hardware is given in Section 3. Section 4
discuss proposed MPPT techniques and calculation for the shading technique. Simulink
model designing and implementation are presented in Section 5. Section 6 elaborated on
results and discussion. Section 7 presents the efficiency and analysis of the PV system.
Comparative analysis of MLPE distributed and centralized PV systems are expressed in
Section 8. Section 9 described the Helioscope results. Concluding remarks are illustrated in
Section 10. Future work is given in Section 11.

Boost Converter

In PV power systems, the DC-DC converter is an essential component of the output
power. A buck, boost, or buck–boost converter are some of the most popular converters
used in a PV system to change the power output value. According to the system’s needs,
they reduce or increase the power rating. The boost converter outperforms all other DC
to DC converters in terms of voltage management, power, and efficiency in achieving the
desired results. The output voltages of a PV energy system should be adjusted by altering
the switching frequency of a DC-DC boost converter [35,40–44]. The output voltage and
connected load must be coordinated to achieve this.

Capacitance output, duty-cycle, capacitance input, and inductance of the converter
mathematical equations are given below:
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Capout =
I∗

fswi8∆Vrip,load
(1)

Capin =
∆Irip

fswi8∆Vrip,pv
(2)

Voutput =
Vinput

−dc + 1
(3)

Linduc =
dcIo

∆ILoad2 fswi
(4)

dc =
Ton

Tswi
(5)

where Vinput is the input voltage, fswi represents the switching frequency, Irip denotes the
ripple current and dc elaborates the duty cycle of a DC-DC boost converter. Traditional
PV technologies may be trapped on LM and fail to achieve GM for the total highest energy
collection. As a result, bio-inspired strategies are being applied in this study to find the MPP.

2. Detailed Description of MLPE Distributed PV System

PV modules are often connected in series or parallel formation to make a string, which
is then hooked up to form an array, in order to obtain high layered DC voltage. Because
the entire array of PV is controlled at one site for grid connection, these installations
are classified as centralized PV systems [4,12,45,46]. PV systems require high electrical
performance overall, but are seen to be useless for renewable power collecting in a variety
of non-ideal situations [47]. In the situation of mismatched operating circumstances, PV
systems consisting of strings of PV panels parallel connected and powering a central
DC/AC inverter are inefficient in terms of energy produced. The centralized-based PV
system that is is illustrated in Figure 1.

Figure 1. Centralized PV system.

The tracing of the MPP of the power and the voltage (P-V) profile of the entire PV field may
collapse due to the existence of by-pass diodes, which causes such a P-V characteristic to have
multiple peaks. In this instance, MPPT techniques are unable to track to exact MPP [48–52].

DMPPT systems have been presented at various levels of detail to solve the imbalance
problem. String-level, submodule-level, module-level, and cell-level precision are all
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included in the architecture of DMPPT PV designs. DMPPT [53] helps you to get around
the problems that come with mismatching. One alternative DMPPT approach is to use a DC
to DC converter for each PV module to execute MPPT. DC to DC converter output channels
are linked in series, and the resulting strings drive a centralized inverter as elaborated in
Figure 2.

Figure 2. MLPE Distributed PV system.

The following are some examples of electronic applications created using such an archi-
tecture, etc., Solar Edge Power Box, Enphase, Huawei, and Tigo Energy Module Maximizers.

The PV system can be divided into two types:

1. Standalone: The output power inverter is linked with the local demands in these devices.
2. Grid-tied system: The output power inverter in such setups is combined with the AC

Electrical public grid.

There are several possible circuit topologies for PV systems.

1. Centralized PV: In this output is connected and DC power is delivered to one converter.
2. String topology: When several PV panels are connected in rows and each row has its

inverter.
3. Modular topology: In this topology, each PV module is connected to one inverter.

In DMPPT, PV panels have connected in series with a power optimizer and micro-
inverter on each panel. A power prediction model is required to estimate the baseline
maximum load. PV power to be observed by direct control of power control scheme
which is a DC-DC converter. For this purpose, MLPE can be used to create a DC power
optimization. The optimizer can work in either move step-up or down mode.

2.1. Shading in PV System

Solar panels in the uniform solar irradiance condition have the same irradiance values.
It monitors the several irradiance levels in the partially shaded condition. Because of
the PS, a succession of PV modules connected together may have low current and low
performance. A string is made up of many PV modules combined and connected in series
to boost voltages. A single inverter is used to connect multiple strings.

However, because of varying irradiance conditions, a non-uniform condition may
cause non-matching and hot-spot problems. By attaching a by-pass diode, which provides
an additional channel for the flow of greater current from other PV panels, these impacts
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can be minimized. PV array of 4 × 1 of same and different irradiance levels is shown in
Figure 3A,B, respectively. PS is affected by the MPPT issue, which leads to a PV power sys-
tem with a low-performance efficiency. Traditional techniques such as InC and P&O handle
this issue because their judgments are based on favorable and unfavorable gradients [54].
These methods may not be able to distinguish between alone GM and an LM that only
works in one location. PS, on the other hand, produces multiple peaks on the curve, putting
the efficiency of these traditional algorithms at risk. For PV power systems, bio-inspired
techniques can efficiently find GM [55–57].

Figure 3. (A) Uniform irradiance case. (B) Partial shading case.

Power losses are a big issue under varying irradiance circumstances, and they can
be mitigated with MPPT approaches because PS affects the system process performance
greatly. To address this issue, MPPT approaches are being used. Traditional gradient-based
MPPT approaches like P&O and InC can’t tell the difference between GM and LM. These
strategies can only work on a single point, and the selection is solely based on whether the
gradient is favorable or unfavorable. The effectiveness of such gradient-based approaches
is severely harmed since PS generates several peak locations on the slopes. Bio-inspired
optimization strategies have been effectively used for PV MPPT applications and have the
potential to find the GM.

2.2. Calculation of Shading Losses

To determine the number of shade losses that can be retrieved using MLPE in a
specific use situation, multiply the number of shade losses by the variety of uses. A Shade
Mitigation Factor (SMF) is calculated using the significant variation in total energy. The
proportion of shading losses can be recovered by using MLPE in a specific use situation.
SMF is defined as follows:

SMF =
−EnergyREF + EnergyMLPE
−EnergyREF + Energyunshade

(6)

The amount of the SMF value for a specific MLPE has the advantage of not being
highly dependent on the degree of the shade being analyzed (light vs. heavy). Well over
three-shade graphs utilized in the investigation, an average value can be determined. This
SMF value can be directly compared to the yearly review performance of a traditional
inverter system with one with the MLPE. The modeling software like PV-watts is used to
find the performance efficiency [58].
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Actual Shading Derate = [(−SMF + 1)(shading loss)] (7)

Because there is ambiguity in the computation of the SMF and the Shading Losses
percentage, so a rough approximation can be made. Instead of a percentage for electrical
loss in performance, shade losses are usually expressed as a percentage of solar irradiance
loss [59].

3. Practical Verification of MPPT through Hardware

A hardware setup is implemented to check the response of commercial inverters for
both uniform and partial shading conditions. Figure 4 depicted the complete experimental
implementation setup. The Magna power PV simulator (TSD100-15/380+HS) is used for
PV panel simulation, Infini hybrid inverter 10 kW is used for DC/AC conversion, and the
5 kW lithium-ion batteries and 5 kW RL load are also used. Two different scenarios are
implemented to check the MPP tracking of the PV inverter.

Figure 4. Complete hardware implementation setup.

The tracking of MPPT for Uniform irradiance and partial shading conditions is shown
in Figures 5 and 6, respectively. The MPPT algorithm in the inverter perfectly detects global
maxima in UIC but in PS conditions, it is stuck in any local maxima. So, it indicates that the
algorithm used in the inverter is a conventional algorithm and it is not designed for partial
shading problems. The power loss due to partial shading is up to 70% [60].

Figure 5. P-V curve for UI condition.
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Figure 6. P-V curve for PS condition.

4. Proposed MPPT Techniques

The DF algorithm helps to track the most optimal peak height considerably more
efficiently. The other bio-inspired strategies and other standard techniques have been
presented as an MPPT method suitable for DMPPT purposes. The primitive process of the
DFO technique is illustrated in Figure 7.

Figure 7. DFO technique primitive process.

DF’s Algorithm can be expressed using the mathematical form. The motion in the
swarm can be decided by behavior such as separation, alignment, cohesion, food, and
enemy [61].

1. First step is the separation of the dragon fly, which means that any DF does not
collapse with the other fly. In case of a static swam, it denotes the current position of
the dragonfly where the position is denoted by kth. Separation Sk for individuals kth
can be calculated with Sk = −∑X

(N=1)(Q − QN), where Q and QN indicate the Nth
nearby DF, and X shows the total number of different neighbors.
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2. The alignment that indicates how well the DF’s velocity corresponds to the velocity
of persons in the same region, where Alignments is denoted by Aj, and it can be
calculated as ∑X

(N=1) ∗Vk. Where Vk is the velocity of the kth neighboring DF.
3. The cohesion, which means the ability of the DF to move about the mid-point of the

mass of neighbors. Cohesion can be represented by Ck and it can be written as the

equation Ck =
∑X
(N=1) QN

X − Q, where Q denotes the real position of individual DFs
and QN represents the Nth position of the neighboring DF.

4. The individuals of DF move towards food, which is most important for the sake of
survival. The attraction of food for the DFs can be found as Fk at position y is shown
Fk = Q f ood + Q. The placement of food location is denoted by Q f ood, and Q refers to
the present position of the individual.

5. Every person moves far from the rival, as indicated by the enemy’s label, and their for-
mula can be written as Ek = Qenemy + Q. Where Qenemy denotes the enemy’s loca-
tion and Q denotes the participant’s location. These five sources finalize the current in-
dividual’s position. The final upgraded position can be calculated as Qk = Qi + ∆Qk.
The values of ∆Q can be found out as

∆Qk = (sSk + aAk + cCk + f Fk + eEk) + W∆Qk (8)

where, s denoted the weight of separation, Sk represent the separation of ith DF, a
denoted the weight of alignment step, Ak stands for ith alignment of DF algorithm, c
denotes the cohesion’s weight, Ck elaborates the kth DF’s cohesiveness, f represents
the food weighing factor, kk indicates the kth food of DFs, e denotes the enemy
weighting element, and Eth serves the kth opponent of DF. The flowchart of the DFO
technique is given in Figure 8.

P-V curve tracer can also be drawn for making the extracting energy much more
visible in the case of the centralized and distributed system. In the case of a centralized
PV system, the different peaks in the local and global maxima appear on the tracer. The
local maxima show the MPPT point, which results in the case of decaying values and the
global maxima show the one peak carrying the higher values. The pseudocode of the DF is
shown in Algorithm 1 [61]. The algorithm feature is to track the global maxima from the
peaks. However, the distributed PV system has an advantage over a centralized system
as it makes a single peak for a single panel and can extract power from every single panel
even if it is low.

Algorithm 1 Pseudocode of DF algorithm [61].
Create the ki population of DF’s (k = 1, 2,. . . , n).
Initiate Qk (k = 1, 2,. . . , n) step vectors.
while The final condition is unsatisfactory.

Determine all of the DF’s performance indices.
Upgrade the enemies and food sources.
Values of (w), (s), (a), (c), (f), and (e) could be brought up to date.
Determine values of (S), (A), (C), (F), and (E) employing their formulas.
Change the neighborhood’s radius.
if A DF is neighboring by a minimum one other DF.

Upgraded the velocity.
Based on Qk = Qk + ∆Qk, position of vector are now upgraded.

else
Position of vectors are upgraded.

end if
Look and adjust the new locations depending on the variable limits.

end while
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Figure 8. Flowchart of DFO technique.

For the last two decades, MPPT approaches have been designed to force PV systems
to run at their MPP [62]. The investigator employs a variety of MPPT approaches in the
PV system. P-V and I-V characteristics will be employed to detect the GMPP. The qualities
of these approaches are judged based on their efficiency, accuracy, and complexity [63].
Old methods, such as fractional open-circuit voltage (FOCV) [64] and fractional short
circuit current (FSCC) [11], are classical techniques. The most widely used approach is
P&O [65]. However, this methodology fails to detect MPPT in partial shade situations [43].
The conventional DMPP algorithms for the PV system give the maximum output for
UI conditions. However, for PS conditions, the output is found in the vicinity of local
minima. Moreover, soft computing techniques are used for both PS conditions and UI
conditions. But these techniques are complex, and it requires a lot of time to track GM.
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Therefore, it cannot be implemented in a low-cost controller. So, a novel, fast, efficient, and
appropriate DMPP control algorithm for both the centralized and decentralized as well as
the distributed photovoltaic system is required to be developed.

5. Simulink Model Designing and Implementation

For comparing the performance of the centralized and distributive system, design
the Simulink model through Matlab software. PV curve tracers of Centralized and MLPE
distributed PV systems are also made for the purpose of searching for the maximum value
from the PV array.

5.1. Simulink Model of Curve Tracer and Centralized PV System

In a Centralized PV system, a single converter and single inverter are used for imple-
mentation. The first step of implementation for a centralized PV system is to design the PV
curve tracer, which means finding the maximum value from the PV array. After that, find
the maximum point of local and global maxima in order to design the centralized model.
The MPPT algorithm is used to find the GM from the PV array and extract the output. The
PV curve tracer implemented in the model in Simulink is shown Figure 9.

Figure 9. Simulink model of curve tracer for centralized PV system.

The PV array, which is connected with the bypass diode that allows the module to
bypass in case of shading, and all four panels are connected in series taking temperature
and irradiance as input and computing the output. After designing the Simulink model for
PV curve trace and finding the maximum PV value, design their controller and converter.
The Simulink model of the centralized PV system is shown in Figure 10.

Figure 10. Complete Simulink model of centralized PV system.
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In the Simulink model of the centralized PV system, different cases of irradiance
with respect to their irradiance level are made. PV array is connected to a single DC-DC
converter. The result can be divided into four different cases. The pattern of UI and PS are
described that are taken in Table 2. Case 1 describes the partial shading such as 800, 600,
400 and 100. Case 2 describes the partial shading 800, 600, 400, and 400. Case 3 describes
the shading on two panels as 800, 800, 600, and 600. Case 4 describes the uniform irradiance
on all panels.

Table 2. P-V and I-V characteristic curves at different irradiance values centralized PV system.

Case Irradiance Si (W/m2) Powermax

Case 1 PS1 PV-1:800 PV-2:600 PV-3:400 PV-4:100 375 W
Case 2 PS2 PV-1:800 PV-2:600 PV-3:400 PV-4:400 494 W
Case 3 PS3 PV-1:800 PV-2:800 PV-3:600 PV-4:600 740 W
Case 4 UI PV-1:800 PV-2:800 PV-3:800 PV-4:800 940 W

5.2. Simulink Model of Curve Tracer and MLPE Distributed PV System

In the case of the distributed PV system, it has multiple converters. Each string is
connected in series and every converter has its own MPPT, which helps to utilize the
power from each panel in case of shading regions. For this purpose, the design of the
PV Curve tracer of the MLPE distributed PV system is shown in Figure 11 as the design
in the centralized PV system. The different peak occurs on different panels concerning
their irradiance level and utilized 25 to 35% more power during irradiance condition as
compared to centralized and decentralized system tracers.

Figure 11. Simulink model of curve tracer for MLPE distributed PV system.

Make different cases of shading for the MLPE distributed PV system in order to
compare it with the centralized PV system. The different irradiance patterns of UI and PS
cases are elaborated in Table 3.

In the PV curve tracer of the MLPE distributed PV system, find the peaks on different
irradiance levels. Such a system is designed on 800, 600, 400, and 100 irradiance bases.
Cases can be made on these irradiances, and UI is considered as 800 while low irradiance is
100. The distributed PV system can be tested on different MPPT algorithms on four panels
array-like CS, FFO, PSO, DF, InC, and P&O.
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After designing the Simulink model for PV curve trace and finding the maximum
PV value, we design their controller and converter with the help of the DF algorithm and
some research data. In this, each panel is connected to a separate DC-DC converter and
computation can be done with present research data. The Simulink model of the MLPE
distributed PV system is shown in Figure 12. The monitoring scope is attached with each
source current, voltage and duty cycle.

Figure 12. Complete Simulink model of MLPE distributed PV system.

Table 3. P-V and I-V characteristic curves at different irradiance values of MLPE Distributed PV system.

Case Irradiance Si (W/m2) Powermax

Case 1 PS1 PV-1:800 PV-2:600 PV-3:400 PV-4:100 528 W
Case 2 PS2 PV-1:800 PV-2:600 PV-3:400 PV-4:400 548 W
Case 3 PS3 PV-1:800 PV-2:800 PV-3:600 PV-4:600 826 W
Case 4 UI PV-1:800 PV-2:800 PV-3:800 PV-4:800 940 W

5.3. Electrical Code Requirement

By the National Electrical Code (NEC) the main requirement for the system is the
rapid shut down. So, to fulfill this requirement by using the breakers in the centralized
and distributed Simulink. On the other hand, more safety can be done by using the scope
and display panel. So that system becomes more efficient and more reliable by using these
safety tools.

6. Results and Discussion

The result can be made with the help of the Matlab Simulink software and Helioscope
designing tools. This software helps us to show the efficiency of MLPE and DMPPT systems.
So, for the purpose of efficiency, design the two systems such as centralized and DMPPT
on the Matlab and Helioscope for the sake of better efficiency and optimized result. The
results for these two systems can be made on the uniform and shading conditions.

The first step is to compute Matlab results in order to find the maximum value pro-
duced from the solar PV array. The results of different irradiance conditions for centralized
and distributed are shown below.

The proposed DF is compared to well-known FFO, CS, InC, P&O, and PSO models.
Table 4 compares the findings based on faster tracking, higher tracking performance, ripple
elimination, and faster transient response.
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Table 4. Comparative analysis of DFO with PSO, CS, FFO, P&O AND InC MPPT algorithm for UI
and PS conditions for centralized PV system.

Sr.
No Technique Case Convergence

Time (s)

Settling
Time
(s)

Maximum
Power
(Watt)

Power
Tracked
(Watt)

Efficiency
(%)

GM
Detected Energy

1 DFO

PS1
PS2
PS3
UI

0.1012
0.1020
0.1070
0.1270

0.1135
0.1300
0.1170
0.1166

375
494
740
940

370.87
490.00
730.97
934.00

98.88
99.19
98.77
99.36

Yes
Yes
Yes
Yes

139.40
220.30
249.68
357.00

2 PSO

PS1
PS2
PS3
UI

0.3351
0.3156
0.2931
0.3310

0.3901
0.3940
0.3934
0.3974

375
494
740
940

370.12
479.00
710.00
905.00

98.69
96.96
95.94
96.27

Yes
Yes
Yes
Yes

139.10
200.90
249.10
310.00

3 CS

PS1
PS2
PS3
UI

0.3015
0.3512
0.2510
0.2560

0.3741
0.3792
0.3651
0.3531

375
494
740
940

369.00
487.00
725.00
930.00

98.40
98.50
97.97
98.93

Yes
Yes
Yes
Yes

127.55
218.00
247.00
275.00

4 FFO

PS1
PS2
PS3
UI

0.2995
0.1120
0.2102
0.2013

0.3993
0.1365
0.2902
0.2501

375
494
740
940

370.25
475.00
728.00
910.00

98.73
96.15
98.37
96.80

Yes
Yes
Yes
Yes

138.40
219.10
248.50
347.00

5 P&O

PS1
PS2
PS3
UI

0.3520
0.3651
0.3800
0.3500

0.4000
0.3990
0.4000
0.3996

375
494
740
940

314.00
410.00
650.00
790.00

93.73
82.99
87.83
84.04

No
No
No
No

123.32
196.00
230.00
305.00

6 InC

PS1
PS2
PS3
UI

0.0101
0.0110
0.0019
0.2950

0.0123
0.0125
0.0129
0.3210

375
494
740
940

224.00
390.00
552.00
670.00

59.73
78.94
74.59
71.27

No
No
No
No

089.44
158.00
162.62
290.00

6.1. Case 1 PS1 for Centralized PV System

In the Simulink model of the centralized PV system, examine the different algorithms,
which can be compared on different irradiance levels. The simulation is performed on the
four panels array. The PV array is connected to a single DC-DC converter. Different irradi-
ance cases are shown below. The power, current and voltage are shown in Figures 13–15,
respectively. This will be discussed with respect to the comparison of different algorithms
such as DF, PSO, FFO, CS, InC, and P&O. Case 1 shows that all panels have different
irradiances of 800, 600, 400, and 100.

Figure 13. PS1 power comparison between all algorithms for centralized PV system.
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In CS, the maximum power achieved is 522 W and the total energy of 127.55 J with a
settling time of 0.3741 s, which is higher than the purposed algorithm. In the Dragon fly
algorithm, the maximum power of 525 W is achieved with the energy of 139.4 J having a
settling time of 0.1135 s. In the FFO algorithm, the maximum power of 523 W is achieved
with the energy of 138.48 with a settling time of 0.3993 s, much higher than other algorithms.
PSO tracks the maximum power of 520 W having achieved energy of 139.1 J with the settling
time of 0.3901 s. It is followed by InC 367 W, 89.4 J, with a settling time of 0.0123 s, and
P&O 462 W, 123.32 J with a settling time of 0.4 s.

Figure 14. PS1 current comparison between all algorithms for centralized PV system.

The FFO is responsible for the surge oscillations, as shown in the high magnification
view. P&O’s scaling factor is tuned for quick tracking and minimal vibrations. Dependent
on the ∆P

∆d condition, the step size ∆d is the fractional change in the current operating point
of P&O. Power is lost as a result of the continual disturbances. Overall in the algorithm, the
dragon fly shows better results and settling time as compared to other algorithms. P&O
and InC cannot achieve the global maximum and have low tracking power. However, the
dragon fly has higher power as compare to other algorithms and it has good settling and
transient time. DF out do not contain any oscillation in their output, hence there is no
power loss.

Figure 15. PS1 voltage comparison between all algorithms for centralized PV system.

The average power achieved by Dragon Fly, CS, PSO, FFO, InC, and P&O is 525, 522,
520, 523, 367, and 462 W, respectively. So, from the power, it is concluded that DF > FFO >
CS > PSO > InC > P&O. Under quickly fluctuating irradiance, DF is durable and extremely
efficient at tracking and re-tracking MPP. Two variables, tracking time (TT) and settling
time (ST), are used to assess the durability of alternative methods (ST). The tracking time is
calculated from the moment of initiation until the time when MPP is reached. The settling
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time refers to the amount of time it takes for particles to settle at MPP without oscillating.
Table 4 shows the TT and ST among all involved approaches.

6.2. Case 2 PS2 for Centralized PV System

In the Simulink model of the centralized PV system, different algorithms are consid-
ered, which can be compared on different irradiance levels. As PV array is connected to a
single DC-DC converter. Different irradiance cases are shown below. The power, current
and voltage are given in Figures 16–18 correspondingly. This will be discussed with respect
to the comparison of different algorithms such as DF, PSO, FFO, CS, InC, and P&O.

Figure 16. PS2 power comparison between all algorithms for centralized PV system.

Case 2 shows that all panels have different irradiances, 800, 600, 400, and 400. In CS
search, the maximum power achieved is 540 W and a total energy of 218 J with a settling
time of 0.3792 s, which is higher than a purposed algorithm. In the DF algorithm, the
maximum power of 545 W is achieved with the energy 220.3 joule having a settling time
of 0.1300 s. In the FFO algorithm, the maximum power of 542 W is achieved with the
energy of 219.1 with a settling time of 0.1365 s. PSO tracks the maximum power of 543 W
having energy achieved of 200.9 J with the settling time of 0.394 s pretty high than another
algorithm. It is followed by InC 400 W, 158 J, with a settling time of 0.0125 s, and P&O
490 W, 196 J with a settling time of 0.034 s. The high magnification picture shows that the
PSO causes the surge oscillations, which can be reduced by changing the swarm placement
and position. The continuous oscillations cause power loss. Over the algorithm, Dragon
Fly shows better results and settling time as compared to other algorithms. P&O and InC
cannot achieve the global maximum and have low tracking power. However, the dragon
fly has higher power as compare as compared to other algorithms and it has good settling
and transient time. DF out don’t contain any oscillation in their output hence there is no
power loss.

Figure 17. PS2 current comparison between all algorithms for centralized PV system.
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Dragon Fly, CS, PSO, FFO, InC, and P&O have an average power of 545, 540, 543,
542, 400, and 490 W, respectively, DF > PSO > FFO > CS > InC > P&O. Under quickly
fluctuating irradiance, DF is durable and extremely efficient at tracking and re-tracking
MPP. Two variables, TT and ST, are used to assess the durability of competing techniques.
The tracking time is calculated from the moment of initiation till the time when MPP is
achieved. The ST refers to the amount of time it takes for particles to settle at MPP without
oscillating. Table 4 shows the TT and ST of all related approaches. TT can be neglected in
InC and P&O even though it is trapped at LM and unable to locate GM.

Figure 18. PS2 voltage comparison between all algorithms for centralized PV system.

6.3. Case 3 PS3 for Centralized PV System

This shows that the PV array is connected to two panels that have uniform irradiance
and two have 600 irradiances. Different irradiance cases are shown below. The power,
current, and voltage are given in Figures 19–21, respectively, and discussed with respect
to the comparison of different algorithms such as DF, PSO, FFO, CS, InC, and P&O. Case
3 shows that all panels have different irradiances of 800, 800, 600, and 600, and on this
irradiance level as shown in the figure below.

Figure 19. PS3 power comparison between all algorithms for centralized PV system.

Case 3 is another PS case. In this scenario, the PS is modeled with a distorted MPP
placement. The array is set up in a 4 × 1 layout. The GM is located at 826 W. The MPP
is biased from the center. On P-V curves, the MPPs are at 486.74 W, with the associated
voltage of 105 and 226 V. The study demonstrates that the CS locates GM in 0.3531 s, while
the PSO tries to find GM in 0.3974 s with an extracted power of 820 W and the FFO retrieves
815 W. DF enhances the system’s ability to inhibit fluctuations even more, and thus its
average power is larger than PSO’s.
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Figure 20. PS3 current comparison between all algorithms for centralized PV system.

The instability greatly diminishes the power, according to the results. As a result, DF
is built to reduce steady-state fluctuation at GM. The GM is tracked by CS, DF, FFO, PSO,
InC, and P&O in 0.251, 0.107, 0.2102, 0.2931, 0.0019, and 0.380 s, correspondingly, with ST
of 0.3651, 0.117, 0.2902, 0.3934, 0.0129, and 0.4000 s. DF has the largest power production
at 821.3W, supported by CS 819 W, FFO 815 W, PSO 820 W, InC 660, and P&O 675 W, in
that order. The algorithm shows that dragonflies have better results and settling times as
compared to other algorithms.

Figure 21. PS3 voltage comparison between all algorithms for centralized PV system.

6.4. Case 4 UI for Centralized PV System

This show that all panels have the same irradiance of 800, 800, 800, and 800 on this
irradiance level maximum value of MPPT will be achieved. The power, current and voltage
are given in Figures 22–24, respectively.

The uniform irradiance is Case 4. The Uniform MPP location is modeled in this
example. The array is set up in a 4 × 1 layout. The GM is situated at 940 W. The MPP is
right from the center. On P-V curves, the MPPs are at and 940 W, with matching voltages of
225 V. The results demonstrate that whereas the CS manages to find GM in 0.3531 s, the
PSO detects GM in 0.3974 s with an obtained power of 914 W and the FFO retrieves 915 W.
DF enhances the system’s ability to inhibit oscillations even more, and its average output
powers larger than PSO’s.

The oscillation greatly diminishes the power, according to the results. As a result, DF
is built to reduce steady-state oscillation at GM. CS, DF, FFO, PSO, InC, and P&O follow
the GM in 0.256, 0.127, 0.2013, 0.3331, 0.295, and 0.350 s, respectively, with ST of 0.3531,
0.1366, 0.3974, 0.321, and 0.3996 s. DF has the largest power production (935 W), next by CS
(934 W), FFO (915 W), PSO (914 W), InC 685 W, and P&O 766.5 W (DF > CS > FFO > PSO >
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P&O > InC). Generally, the algorithm reveals that DF produces superior results and has a
shorter ST than other techniques.

Figure 22. UI power comparison between all algorithms for centralized PV system.

Figure 23. UI current comparison between all algorithms for centralized PV system.

Figure 24. UI voltage comparison between all algorithms for centralized PV system.

6.5. Case 1 PS1 MLPE Distributed PV System

Case 1 shows that all panels have different irradiance and on this irradiance level the
MPPT algorithm CS, DF, PSO, FFO InC, and P&O shows different values of current-voltage
and power depending on the algorithm mechanism. The distributed PV system computes
better efficiency as compared to the centralized PV system we can verify it through Table 5.
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Power comparisons of the different algorithms are shown in the Figure 25 and the dragon
fly shows the better performance on all of the algorithms.

Table 5. Comparative analysis of DFO with PSO, CS, FFO, P&O AND InC MPPT Algorithm for UI
and PS Conditions for MLPE distributed PV system.

Sr.
No Technique Case Convergence

Time (s)

Settling
Time
(s)

Maximum
Power
(Watt)

Power
Tracked
(Watt)

Efficiency
(%)

GM
Detected Energy

1 DFO

PS1
PS2
PS3
UI

0.0951
0.0420
0.1280
0.1010

0.1140
0.0670
0.1660
0.1136

528
548
826
940

525.00
545.00
821.30
935.00

99.43
99.45
99.47
99.46

Yes
Yes
Yes
Yes

193.05
250.04
304.50
358.60

2 PSO

PS1
PS2
PS3
UI

0.3129
0.3231
0.3215
0.3870

0.3868
0.3733
0.3919
0.3627

528
548
826
940

520.00
543.00
820.00
914.00

98.48
99.00
99.27
97.23

Yes
Yes
Yes
Yes

164.70
183.00
260.00
317.00

3 CS

PS1
PS2
PS3
UI

0.3527
0.3423
0.3150
0.1143

0.3696
0.3688
0.3747
0.3886

528
548
826
940

522.00
540.00
819.00
934.00

98.86
98.50
99.15
99.36

Yes
Yes
Yes
Yes

148.40
176.80
252.40
276.30

4 FFO

PS1
PS2
PS3
UI

0.1519
0.1057
0.1952
0.2589

0.1926
0.1320
0.2028
0.3370

528
548
826
940

523.00
542.00
815.00
915.00

99.05
98.90
98.66
97.34

Yes
Yes
Yes
Yes

159.70
235.00
265.00
351.00

5 P&O

PS1
PS2
PS3
UI

0.0123
0.0210
0.0120
0.0250

0.0200
0.0300
0.0200
0.0300

528
548
826
940

462.00
490.00
675.00
766.50

87.50
89.41
81.71
81.50

No
No
No
No

183.00
188.00
263.00
290.00

6 InC

PS1
PS2
PS3
UI

0.0123
0.0210
0.0112
0.0120

0.0200
0.0268
0.0145
0.0150

528
548
826
940

367.00
400.00
660.00
685.00

69.50
72.99
79.90
72.87

No
No
No
No

145.00
183.00
250.00
273.00

Figure 25. PS1 power comparison between all algorithms for MLPE Distributed PV system.

The CS algorithm shows the maximum power achieved of 522 W with a settling time
of 0.3696 s and efficiency of 98.84%, and this helps achieve the GM. The FFO algorithm
shows the maximum power of 523 W having a settling time of 0.1926 W. PSO shows the
power of 520 W with an efficiency of 98.48%. PSO has higher settling as compared to other
algorithms. The current comparison of various algorithms is shown in the Figure 26.

DF has achieved a power of 525 W, having a good settling time compared to other
bio-inspired techniques. The other two traditional techniques such as InC and P&O have
low power and did not achieve the global maxima peak, but their settling time is very fast.



Energies 2022, 15, 4797 22 of 39

However, we can’t fulfill our desired power. Voltage comparisons are elaborated in the
Figure 27.

Figure 26. PS1 current comparison between all algorithms for MLPE Distributed PV system.

Figure 27. PS1 voltage comparison between all algorithms for MLPE Distributed PV system.

Oscillation in PSO is high, which causes power losses. Hence, DF achieves the global
maximum with the Fast settling time and transient response, and there is no oscillation in
the output, so there is no power loss.

6.6. Case 2 PS2 MLPE Distributed PV System

In case 2, the irradiance discussed as two panels have the same 800 and two have the same
600 irradiances. The power, current and voltage are described in Figures 28–30, respectively.

Figure 28. PS2 power comparison between all algorithms for MLPE Distributed PV system.
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In CS search, the maximum power achieved is 540 W and the total energy of 176.8 J
with a settling time of 0.3423 s and the global maximum is achieved. In the Dragon fly
algorithm, the maximum power of 545 W is achieved with the energy 250.04 J having a
settling time of 0.042 s. In the FFO algorithm, the maximum power of 542 W is achieved
with the energy of 235 with a settling time of 0.1057 s. PSO track the maximum power of
543 W having energy achieved of 183 J with the settling time of 0.3231 s pretty and GM is
achieved. It is followed by InC 400 W, 183 J, with a settling time of 0.021 s, and P&O 490 W,
188 J with a settling time of 0.021 s.

Figure 29. PS2 current comparison between all algorithms for MLPE Distributed PV system.

The high magnification picture shows that the PSO and CS create surge oscillations,
which can be reduced with better positioning and repetition. The continuous oscillations
cause power loss. Over the algorithm, Dragon Fly shows better results and settling time as
compared to other algorithms.

Figure 30. PS2 voltage comparison between all algorithms for MLPE Distributed PV system.

DFs, PSO, PSO, CS, InC, and P&O have an average output power of 545, 540, 543,
542, 400, and 490 W, accordingly. Under quickly fluctuating irradiance, DF is durable and
extremely efficient at tracking and re-tracking MPP. Two variables, TT and ST, are used
to assess the durability of competing techniques. The tracking time is calculated from the
moment of initiation until the time when MPP is reached. The ST refers to the amount of
time it takes for the particulate to settle at MPP without fluctuating. Table 5 shows the TT
and ST of all related approaches. TT can be ignored in InC and P&O, so it is trapped at LM
and unable to find GM. The voltage, power, and current are depicted in the diagram below.

6.7. Case 3 PS3 MLPE Distributed PV System

Case 3 shows that all panels have different irradiance, and on this irradiance level the
MPPT algorithm, CS, DF, PSO, FFO InC, and P&O show different values of current, voltage,
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and power depending on the algorithm mechanism. The distributed PV system computes
better efficiency, as compared to the centralized PV system, we can verify it through Table 5.
The power comparison of various techniques is presented in the Figure 31. Thus, the
dragon fly shows better performance on all of the algorithms. The CS algorithm shows the
maximum power achieved of 819 W with a settling time of 0.3747 s and efficiency of 99.15%,
and this help achieve the global maximum. The FFO algorithm shows the maximum power
of 815 W having a settling time of 0.2020 s. PSO shows the power of 820W with an efficiency
of 99.27%. Current and voltages comparison are given in Figures 32 and 33.

Figure 31. PS3 power comparison between all algorithms for MLPE Distributed PV system.

Figure 32. PS3 current comparison between all algorithms for MLPE Distributed PV system.

Figure 33. PS3 Voltage comparison between all algorithms for MLPE Distributed PV system.
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6.8. Case 4 UI MLPE Distributed PV System

In case 4, the irradiance is discussed, as all panels have the same 800 irradiances. The
power, current and voltage are described in Figures 34–36, respectively. In CS search, the
maximum power achieved is 934 W and the total energy of 273.6 J with a settling time of
0.3886 s and the global maximum is achieved. In the Dragon fly algorithm, the maximum
power of 935 W is achieved with the energy 358.6 J having a settling time of 0.1136 s. In the
FFO algorithm, the maximum power of 915 W is achieved with the energy of 351 J with a
settling time of 0.337 s. PSO track the maximum power of 914W having achieved an energy
of 317 J with the settling time of 0.3627 s pretty and GM is achieved. It is followed by InC
685 W, 273 J, with a settling time of 0.012 s, and P&O 766.5 W, 290 J with a settling time of
0.025 s.

Figure 34. UI power comparison between all algorithms for MLPE Distributed PV system.

Figure 35. UI current comparison between all algorithms for MLPE Distributed PV system.



Energies 2022, 15, 4797 26 of 39

Figure 36. UI voltage comparison between all algorithms for MLPE Distributed PV system.

The surge oscillations are generated by the PSO and CS, which can be reduced with the
right position and placement, as well as additional repetition. The continuous oscillations
cause power loss. Of all the algorithms, dragon fly shows better results and settling time as
compared to other algorithms.

The average power achieved by Dragon fly, CS, PSO, FFO, InC, and P&O is 935, 934,
914, 915,685, and 766.5 W, respectively, DF > CS > FFO > PSO > P&O > InC.

7. Efficiency of PV System and Analysis

Due to the varying nature of PV systems, MPPT algorithms are required to obtain the
maximum power from PV modules. In a PV system, the PV system input impedance of
the DC to DC converters is dynamically varied by these algorithms to achieve maximum
energy transmission. Power converters, which are subjected to frequent fluctuation in the
operating point, will have the greatest influence on the efficiency of the solar system. The
IEC 61683:2000 standard specifies the fundamental processes for assessing efficiency. This
key parameter illustrates the efficiency of a converter at varying operating points and times.
The equations of the overall weighted efficiency are given below as follows:

ηw =
∑k
(i=1) Pout,i × ti

∑k
(i=1) Pin,i × ti

=
Pout,1 × t1 × η1 + Pout,2 × t2 × η2 + · · ·+ Pout,n × tn × ηn

Pin,1 × ti × η1 + Pin,2 × t2 × η2 + · · ·+ Pin,n × tn × ηn

(9)

ηw =
k

∑
(i=1)

Ki,1 × ηi

= K1 × η1 + K2 × η2 + · · ·+ Kn × ηn

(10)

here, Pout,i, Pin,i, ti, Ki and ηi show the output power, input power, operating time, weighting
constant and efficiency of the PV system correspondingly at ith power range. The value of
Ki is given below:

Ki =
Pout,i × ti

Pin,i × ti
(11)

where ∑k
(i=1) Ki = 1. For weighing constant, Ki is the time span that a converter runs with

granted power. So, it is directly related to the time that sunlight reaches the PV modules in
PV systems.

Under quickly fluctuating irradiance, DF is durable and extremely efficient at track-
ing and re-tracking MPP. Two variables, TT and ST, are used to assess the sturdiness of
competing approaches. The TT is calculated from the moment of initiation until the time
when MPP is reached. The ST refers to the amount of time it takes for particles to settle at
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MPP without oscillating. Table 5 shows the TT and ST of all related approaches. TT can be
ignored in InC and P&O because it is locked at LM and unable to locate GM. DF algorithm
has a faster settling time and has no oscillation in their output, and there is no power loss.
The voltage, and power, are currently shown in the figure below.

PSO has higher settling as compared to other algorithms. DFO has a lesser settling
time compared to other bio-inspired techniques DF > PSO > CS > FFO > P&O > InC. The
other two traditional techniques such as InC and P&O have low power and did not achieve
the global maxima peak, but their settling time is very fast. However, we cannot fulfill our
desired power. And oscillation in PSO is high which causes the power losses. Hence, DF
achieves the global maximum with the Fast settling time and transient response, and there
is no oscillation in the output so there is no power loss.

8. Comparative Analysis of MLPE Distributed and Centralized PV System

In the end, the result is concluded with the help of comparison Tables 4 and 5 on
the PV curve, which are shown below. The result is based on different irradiance and
measurement conditions. The comparative analysis is based on the discussion of the result
of a distributed and centralized PV system. These two topologies can be based on the
comparative results with the different algorithm such as CS, DF, FFO, PSO, InC, and P&O.
The centralized PV system contain a single DC-DC converter, which is a boost converter
for all the four panels and all algorithm can be implemented in the place of the MPPT
controller. However, in the distributed PV system, all the panels have their own DC-DC
converter and all converters computed results on the different algorithms.

Different cases can be made on shading and UI for both centralized and distributed
systems. Case 1 considers the PS on all the panel 800, 600, 400, and 100. Case 2 is the partial
shading condition of 800, 600, 400, and 400. Case 3 was made on the 800, 600, 600, and 800
shading conditions. Case 4 is the uniform irradiance condition. These four cases compare
the efficiency of the centralized and distributed PV system, which depends on the computed
algorithm. The actual and tracking power can also be observed for the sake of efficiency. This
can also be seen when the algorithm achieves the global maximum at very fast ST and TT.

The energy of DMPPT > Centralized for all the cases of energy in CS, DF, FFO, PSO,
INC, and P&O. It is also seen that the oscillation in case of DMPPT < Centralized system,
and also their time of stability is minimum and fast. The convergence time of DMPPT
< Centralized PV system. The comparison is also made on the basis of current (I) and
Voltage (V) in the DMPPT and centralized system. It is also shown that the current for the
case of DMPPT > centralized, the current in DMPPT ST < ST for centralized, and also the
converter for DMPPT current stability is faster than the convergence for the centralized PV
system. The Voltage comparison is also made and found the voltage in the case of DMMPT
> Centralized system. The main aim of the result is to compute the Power and its efficiency.
The efficiency for the DMPPT > then the efficiency of the centralized PV system. CT for
DMPPT > CT for the centralized system.

It is shown from the results that distributed PV systems and centralized show very
satisfactory results. The MLPE distributed system always shows higher efficiency than the
centralized PV system in all four cases. The ST and CT distributed also have better than the
centralized PV system. The global peak finding time of the distributed PV system is better
than the centralized PV system. The energy can also be calculated by the integration of the
power for both centralized and distributed systems. It is shown from the results that the
energy of the distribution is higher than the centralized PV system for all cases.

9. Helioscope Results

For further discussion and verification of results, the system can be tested with the
Helioscope software. In this software, different companies can be compared such as
Enphases, SMA, Solar Edge, Huawei, and Tigo. These companies can be compared with
respect to the centralized and MLPE/power optimizer under-tested with the irradiance
conditions, and a satisfying result can be received from this software. This result can be
made on a 0.25 MW system with simple string inverters and MLPE inverters and converters.
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Different cases are examined with respect to companies’ inverters and converters. For
this purpose, two-field segments depend on the area having tilt 0 and azimuth 180. The
Canadian solar panels are used for testing and computing the results.

9.1. Tigo Solar System

In order to test the Tigo optimizer, a 240 kW system having 431 modules, 431 opti-
mizers, and 12 inverters of Huawei were used for synchronization. The losses graph with
respect to different losses based on the partial shading and uniform is shown in Figure 37.

Case 1 presents uniform irradiance and shows the different losses like shading 0.0%,
reflection 3.9%, Soiling 2.0%, Irradiance 0.5%, AC system 0.5%, and inverter 1.7%, clipping
0.0% wiring 0.6%, optimizers 0.2%, Mismatch 0.4% and Temperature 6.5%.

Figure 37 shows the 25% shading condition as case 2 losses to cover such as shading
0.0%, reflection 3.9%, Soiling 2.0%, Irradiance 0.6%, AC system 0.5%, and inverter 1.7%,
wiring 0.7%, optimizers 0.2%, Mismatch 7.0% and Temperature 6.8%.

In case 3, the losses made on 50% shading and losses are discussed in Figure 37 as
shading 0.0%, reflection 3.9%, Soiling 2.0%, Irradiance 0.6%, AC system 0.5%, and inverter
1.7%, wiring 0.7%, optimizers 0.2%, Mismatch 7.0%, and Temperature 6.8%.

In case 4, the losses made on 65% shading and losses are discussed in Figure 37 as
shading 0.0%, reflection 3.9%, Soiling 2.0%, Irradiance 0.8%, AC system 0.5%, and inverter
1.7%, wiring 0.8%, optimizers 0.2%, Mismatch 14.3%, and Temperature 7.7%.

Figure 37. Results of various losses of Tigo solar system on different shading conditions using
Helioscope.

Energy production on a per monthly bases is described by the level of irradiance.
Figure 38 shows the uniform irradiance level with the annual production of 355.8 MW
having a performance ratio of 84.6% with maximum production in June and minimum
production in December with 12 combining poles and 2 field segments. On the other hand,
Figure 38 shows case 2 of the 25% shading with the annual production of 330.7 MW having
a performance ratio of 78.6 with maximum production in June and minimum production
in December with 12 combining poles and 2 field segments. In Figure 38, case 3 show the
50% irradiance with the annual production of 330.7 MW having a performance ratio of
78.6% with maximum production in June and minimum production in December with
12 combining poles and 2 field segments. In Figure 38, case 4 shows the 65% shading with
the annual production of 302.4 MW having a performance ratio of 71.9% with maximum
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production in June and minimum production in December with 12 combining poles and
2 field segments.

Figure 38. Results of energy production of Tigo solar system on different shading conditions
using Helioscope.

9.2. Huawei Solar System

In order to test the Huawei optimizer, a 239 kW system having 545 modules,
545 optimizers and 12 inverters of Huawei used for synchronization. The losses graph with
respect to different losses is shown in figure below. Figure 39 shows case 1 for uniform
different losses like shading 0.0%, reflection 3.9%, Soiling 2.0%, Irradiance 0.5%, AC system
0.5%, and inverter 1.7%, clipping 0.0% wiring 0.1%, optimizers 1.0%, Mismatch 0.0% and
temperature 6.5%. In Figure 39, case 2 shows the 25% shading condition as losses to cover
such as shading 0.0%, reflection 3.9%, Soiling 2.0%, Irradiance 0.6%, AC system 0.5%, and
inverter 1.7%, wiring 0.2%, optimizers 1.0%, Mismatch 0.0%, and temperature 6.8%. In
case 3, the losses made on 50% shading and the losses have been discussed in Figure 39 as
shading 0.0%, reflection 3.9%, Soiling 2.0%, Irradiance 0.6%, AC system 0.5%, and inverter
1.7%, wiring 0.2%, optimizers 1.0%, Mismatch 0.0% and temperature 6.8%. In case 4, the
losses made on 65% shading and the losses have been discussed in Figure 39 as shading
0.0%, reflection 3.9%, Soiling 2.0%, Irradiance 0.7%, AC system 0.5%, and inverter 1.7%,
wiring 0.2%, optimizers 2.7%, Mismatch 14.3% and temperature 7.8%.

Energy products on per monthly bases describe with the level of irradiance. Figure 40
shows the uniform irradiance level with the annual production of 349.8 MWh having a
performance ratio of 84.7% with maximum production in June and minimum production
in December with 12 combining poles and 2 field segments. In the meantime, Figure 40
elaborates the 25% shading with the annual production of 348 MWh having a performance
ratio of 84.3%, with maximum production in June and minimum production in December
with 12 combining poles and 2 field segments. Case 3 presents the 50% shading with
the annual production of 345 MWh having a performance ratio of 84.1%, with maximum
production in June and minimum production in December with 12 combining poles and
2 field segments. Case 4 shows the 65% irradiance with the annual production of 339.6 MWh
having a performance ratio of 82.3%, with maximum production in June and minimum
production in December with 12 combining poles and 2 field segments.



Energies 2022, 15, 4797 30 of 39

Figure 39. Results of various losses of Huawei Solar system on different shading conditions using
Helioscope.

Figure 40. Results of energy production of Huawei Solar system on different shading conditions
using Helioscope.

9.3. Solar Edge System

In order to test the solar edge optimizer, a 244 kW system having 431 modules,
431 optimizers, and 5 inverters of the solar edge were used for synchronization. The
losses graph with respect to different losses is shown in the figures below different cases
have been made on the level of irradiance 4 cases can be made on partial shading and
uniform irradiance. Case 1 shows the uniform irradiance having losses can be described
as shading losses will be 0.0%, reflection losses are 3.9%, soiling 2.0%, irradiance losses in
case of uniform is 0.5% temperature losses will be 6.5% according to the graph Mismatch
losses can be 0%, clipping losses 0.1%, wiring 0.1%, Optimizer 1.4%, Inverters 2.0%, AC
system 0.5% uniform irradiance losses shown in the Figure 41. In case 2, 25% shading can
be considered for the result, and their losses are as follows: shading losses will be 0.0%,
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reflection losses are 3.9%, soiling 2.0%, irradiance losses in case 2 are 0.6% temperature
losses will be 6.8% according to the graph, Mismatch losses can be 0%, clipping losses
0.0%, wiring 0.2%, Inverters 2.0%, optimizer 1.5%, and AC system 0.5% are expressed in
Figure 41. Additionally, 50% shading can be considered for the result, and the losses are
as follows: shading losses will be 0.0%, reflection losses are 3.9%, soiling 2.0%, irradiance
losses in case 3 are 0.6% temperature losses will be 6.8% according to the graph, Mismatch
losses can be 0%, clipping losses 0.0%, wiring 0.2%, Inverters 2.0%, optimizer 1.5%, and AC
system 0.5% are presented in case 3. While in case 4, 65% shading can be assumed for the
result, and their losses are as follows: shading losses will be 0.0%, reflection losses are 3.9%,
soiling 2.0%, irradiance losses in case 4 are 0.8%, temperature losses will be 6.8% according
to the graph, mismatch losses can be 0%, clipping losses 0.0%, wiring 0.3%, Inverters 2.0%,
optimizer 4.0%, and AC system 0.5% are shown in the Figure 41.

Figure 41. Results of various losses of Solar edge system on different shading conditions using
Helioscope.

Energy production per month and year bases are described with the level of irradiance.
Additionally, the performance ratio on the basis of production can also be discussed with
the help of different irradiance cases. Case 1 shows the uniform irradiance having a
performance ratio of 84% with an annual production of 353.5 MWh with two field segments
with maximum production in June and minimum production in January. The production
graph for the uniform irradiance is shown in the Figure 42 below. Case 2 presents the 25%
shading having a performance ratio of 83.8% with an annual production of 352.6 MWh
with two field segments with maximum production in June and minimum production
in January. Case 3 describes the 50% shading having a performance ratio of 83.6% with
an annual production of 351.6 MWh with two field segments with maximum production
in June and minimum production in January. Case 4 illustrates the 65% shading having
a performance ratio of 80.8% with an annual production of 339.8 MWh with two field
segments with maximum production in June and minimum production in January.
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Figure 42. Results of energy production of Solar edge system on different shading conditions using
Helioscope.

9.4. Huawei Centralized System

Further, after computing the result through a power optimizer, we can verify our result
with a simple inverter of Huawei without an optimizer and implement this on a 239 kW
system and proofs through the result that a power optimizer makes the system more
efficient in the case of partial shading, and the result of losses is shown in figures below.
Case 1 shows the uniform irradiance having losses can be described as shading losses
will be 0.0%, reflection losses are 3.9%, soiling 2.0%, irradiance losses in case of uniform is
0.5% temperature losses will be 6.5% according to the graph, Mismatch losses can be 0.2%,
clipping losses 0.1%, wiring 0.4%, Inverters 1.7%, and AC system 0.5%. Case 2 expresses
the 25% shading result, and the losses are as follows: shading losses will be 0.0%, reflection
losses are 3.9%, soiling 2.0%, and irradiance losses. In case 2, 0.6% temperature losses
will be 6.8% according to the graph, Mismatch losses can be 25.0%, wiring 0.4%, Inverters
1.7%,and AC system 0.5% can be shown in the Figure 43. Additionally, 50% shading can
be considered for the result, and their losses are as follows: shading losses will be 0.0%,
reflection losses are 3.9%, soiling 2.0%, irradiance losses in case 3 are 0.4%, temperature
losses will be 6.8% according to the graph, Mismatch losses can be 25.0%, wiring 0.4%,
Inverters 2.0%, and AC system 0.5%. In case 4, 65% shading has been considered for the
result, and the losses are as follows: shading losses will be 0.0%, reflection losses are 3.9%,
soiling 2.0%. Irradiance losses in case 4 are 0.7%, temperature losses are 7.8% according to
the graph, Mismatch losses can be 36.6%, wiring 0.4%, Inverters 1.7% and optimizer 4.0%.

Energy production per month and year bases are described with the level of irradiance
shown below in the figures. Additionally, the performance ratio on the basis of production
can also be discussed with the help of irradiance different cases. Case 1 shows the uniform
irradiance having a performance ratio of 85.2% with an annual production of 351.6 MWh
with two field segments with maximum production in June and minimum production
in January. The production graph for the uniform irradiance. While Case 2 illustrates
the 25% shading having a performance ratio of 63.8% having an annual production of
263.4 MWh with two field segments with maximum production in June and minimum
production in January. In Figure 44, case 3 shows the 50% shading having a performance
ratio of 63.8% with an annual production of 363.2 MWh with two field segments with
maximum production in June and minimum production in January. Case 4 describes
the 35% irradiance having a performance ratio of 53.5% with an annual production of
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220.7 MWh with two field segments with maximum production in June and minimum
production in January.

Figure 43. Results of various losses of Huawei centralized system on different shading conditions
using Helioscope.

Figure 44. Results of energy production of Huawei centralized system on different shading conditions
using Helioscope.

9.5. MLPE with the Help of Enphase Inverter

In order to test the Enphase optimizer, a 251 kW system has 393 modules, with itself
optimizer used for synchronization. Enphase inverter makes the system more efficient
in the case of partial shading the result of losses. Case 1 shows the uniform irradiance
having losses can be described as shading losses will be 0.0%, reflection losses are 3.9%,
soiling 2.0%, irradiance losses in case of uniform are 0.5%, temperature losses will be
6.3% according to the graph Mismatch losses can be 0.1%, wiring 0.0%, Inverters 2.6%
and AC system 1.6%. In case 2, 25% shading can be considered for the result, and the
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losses are as follows: shading losses will be 0.0%, reflection losses are 3.9%, soiling 2.0%,
irradiance losses in case 2 are 0.6%, temperature losses will be 6.5% according to the graph,
Mismatch losses can be 0.1%, wiring 0.0%, Inverters 2.6%, and AC system 1.6% have been
elaborated in Figure 45. Additionally, 50% shading can be considered for the result and the
losses are as follows: shading losses will be 0.0%, reflection losses are 3.9%, soiling 2.0%,
irradiance losses in case 3 are 0.7%, temperature losses will be 6.9% according to the graph,
Mismatch losses can be 0.1%, wiring 0.0%, Inverters 2.6%, and AC system 1.6% are shown
in Figure 45. In case 4, 65% shading has been assumed for the result and the losses are
as follows: shading losses will be 0.0%, reflection losses are 3.9%, soiling 2.0%, irradiance
losses in case 4 are 0.7%; temperature losses will be 7.5% according to the graph, Mismatch
losses can be 0.1%, wiring 0.0%, Inverters 2.6% and AC system 1.6%.

Figure 45. Results of various losses of Enphase inverter on different shading conditions using
Helioscope.

Energy production per month and year bases are described with the level of irradiance
shown below in the figures. Additionally, the performance ratio on the basis of production
can also be discussed with the help of different irradiance cases. Case 1 shows the uniform
irradiance having a performance ratio of 84.1% having an annual production of 364.0 MWh
with two field segments with maximum production in June and minimum production in
January. While Case 2 illustrates the 25% shading having a performance ratio of 83.7% with
an annual production of 363.13 MWh with two field segments with maximum production
in June and minimum production in January. Case 3 describes the 50% shading having
a performance ratio of 81.8% with an annual production of 360.6 MWh with two field
segments with maximum production in June and minimum production in January. At last,
in Figure 46, case 4 shows the 65% shading having a performance ratio of 82.5% with an
annual production of 357.1 MWh with two field segments with maximum production in
June and minimum production in January.
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Figure 46. Results of energy production of Enphase inverter on different shading conditions using
Helioscope.

9.6. Conclusion of Helioscope Result

From all six configurations, it is concluded that the power optimizer (MLPE) performs
admirably in PS cases and consumes the least amount of power. To demonstrate our find-
ings, we must create a table in which various companies’ inverters and power optimizers
must be displayed both with and without optimizers, and testing can be conducted under
varying irradiance conditions. Table 6 shows a comparison of several firms’ centralized
and distributed PV systems.

Table 6. Comparison table for the Simulink model.

Company
Inverter kW System Power

Optimizer Shading (%) Production Monthly
(kWh)

Huawei 244 Tigo 0 355,777
65 332,747
50 330,739
25 302,378

Huawei 244 Huawei 0 349,762
65 348,986
50 347,986
25 339,611

Solar Edge 244 Solar Edge 0 353,452
65 352,588
50 351,588
25 339,873

Enphase 251 Itself 0 364,057
65 363,138
50 360,567
25 357,125

Huawei 239 No 0 351,611
65 278,477
50 240,246
25 220,719

For all six configurations, it is concluded that the power optimizer/MLPE works
excellently in the shading cases, and minimum power can be used to show our result.
A table where different companies’ inverters and power optimizers have to be shown
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with or without optimizer and testing can be done on various irradiance conditions. The
comparison of different companies for centralized and distributed PV systems is shown
in Table 6 below, where both configurations may be assessed under different irradiance
conditions, and different types of PV systems can be put on the roof in accordance with
their specifications, and monthly generation can be compared. Additionally, in comparison
to a centralized system, we must infer that the distributed PV architecture is effective and
that power could be restored.

10. Conclusions

This study evaluates two PV topologies such as centralized and distributed PV systems
for uniform and partial shading conditions. In this research work, an MLPE-based converter
is designed and implemented by using the DFO technique for MPP tracking. The robustness
of the proposed technique is evaluated by comparing its results with Cuckoo Search (CS),
Fruit Fly Optimization (FFO), Particle swarm optimization (PSO), Incremental conductance
(InC) and perturb and observe (P&O) techniques. The results indicate that the proposed
technique shows superior performance in terms of convergence speed and efficiency. Four
different scenarios are implemented for uniform and partial shading conditions. Finally, a
Helioscope-based model was simulated for MLPE and centralized system by using inverters
of different companies like SMA, Tigo, Enphase, Solar edge, and Huawei. The results prove
that MLPE is a better option in the case of shading region for attaining maximum power
point almost 25% to 35% more power is generated through a MLPE-based system.

11. Future Work

In future work, these two topologies can be implemented on the hardware and tested
in real-time scenarios as the software has its own limitations. DFO works best in the PS,
and it also requires less time and computational power. In the future, we will develop or
modify this technique with more reliable results for both partial shading and complex PS
condition. Moreover, we will try to reduce its convergence time in all scenarios.
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