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Abstract: The present work proposes an enhanced method of investigation and optimization photo-
voltaic (PV) modules by approaching and using MPPT (Maximum Power Point Tracking) technique
to improve their output power. The performance of the PV panels is strongly influenced by the
operating conditions, especially regarding the solar irradiance, temperature, configuration, and the
shading (due to a passing cloud or neighboring buildings); all these cause, both on energy conversion
loss, and further on non-linearity of the I-V characteristics. From this reason, the present study could
have a high relevance based on the improvement of the performances (including the efficiency) of
the shaded photovoltaic panels and would quantify the impact of a complex approach represented
by numerical modeling and experimental validation. For a better understanding of these issues
determined by partial shading, and improvement of MPP tracking, it is required to study the behavior
of individual panels. For the best accuracy of the implemented models a comparative analysis and
optimized method of the PV modules was considered based on: (1) the influence of temperature and
solar irradiance and behavior of the PV modules in partial shading conditions; (2) a comparison be-
tween the optimized output power of four algorithms (FLC—Fuzzy Logic Controller, P&O—Perturb
and Observe, IncCond—Incremental Conductance and RC Ripple Correlation) and the selection of
the best one (FLC); (3) discussion of customized/improved fuzzy logic controller (FLC) algorithm
on five operation points introduced in order to increase PV module efficiency under fluctuating
weather conditions and rapidly changing uncertainties. Furthermore, the FLC provides a set of
rules useful for predicting the current-voltage behavior and the maximum power points of shaded
photovoltaic modules. This FLC algorithm was implemented in a specialized software, namely
MATLAB/Simulink. The authors highlighted the development and implementation of a numerical
simulation model for an advanced PV module to determine its behavior under different operating
conditions and improve its performance. The essence of the authors’ research and the motivation
of this work is described. The authors were able to stabilize and improve the output performance
of the PV module. The results concerning the shading effect as well as the shading patterns were
developed, demonstrated, and experimentally validated. These results could be applied for the actual
photovoltaic installations, respectively complex stand-alone or grid-connected photovoltaic systems.

Keywords: photovoltaic; partial shading; maximum power point tracking; fuzzy logic; efficiency;
performance; MATLAB/Simulink

1. Introduction

Due to various incentive programs and local market conditions in several Euro-
pean countries, as well as around the world, the photovoltaic (PV) systems represent
a widespread solution for residential houses and other autonomous applications [1–3]. This

Energies 2023, 16, 1169. https://doi.org/10.3390/en16031169 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16031169
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-9137-837X
https://orcid.org/0000-0002-0462-0341
https://doi.org/10.3390/en16031169
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16031169?type=check_update&version=2


Energies 2023, 16, 1169 2 of 28

approach raises new and important issues related to the efficiency, reliability, and safety of
the PV systems, either autonomous or connected to the electrical grid [4].

The photovoltaic systems have increasing roles in modern electric power energy mix
due to the continuing decline in the world’s conventional energy sources. The major
advantages associated with photovoltaic systems are: (1) no moving parts; (2) noise is
not produced; (3) little or no maintenance requirement and non-polluting; (4) they are
renewable; (5) they are highly modular and highly reliable; (6) they can be installed almost
anywhere [5].

The quality aspects of the electricity production, namely its reliability and stability
influence high demand for electricity supply in terms of an increasing consumer safety [6].
However, the electricity production based on renewables raises the problems of compatibil-
ity with the electricity grid. A significant issue of the photovoltaic (PV) system is the power
storage and represents an important aspect for performance improvement in solar power
building communities [7–10]. The existing studies have developed various design methods
for distributed batteries and shared batteries; however, the existing design methods are
based on community aggregated energy mismatch, which may avoid battery oversizing,
but would determine another severe problem, respectively, an excessive electricity loss in
the sharing process due to the long-distance power transmission [11–14].

Storage is the key for a future-proofing energy; this issue could be solved using
solar energy generation that is intermittent [15–18]. An important perspective and chal-
lenge in future research could be considered the energy storage in terms of security and
high efficiency.

One of the literature gaps in the analyze of different algorithms applications connected
with the operational optimization of PV systems regarding their performances, stability
and durability based on partial shading conditions was discussed in the present study
dedicated to the MPPT-FLC [19–24]. The obtained results could be considered for other
algorithms utilization regarding the optimization of autonomous or grid connected various
PV systems [25].

In order to achieve high performance and competitiveness of PV systems, it is neces-
sary to achieve individual analyses on each type of PV system or application, respectively,
on each type of application in which they can be integrated. The operational optimization of
PV systems is possible by optimization of MPPT-FLC algorithm that led to the improvement
of the electrical performance of PV systems in fluctuating operating conditions (random
meteorological parameters) [26–29].

The authors aimed to Increase the performance of PV generator by adopting an
advanced FLC algorithm that was implemented in the MATLAB/Simulink environment.
On this basis, it is possible to increase the output power of PV systems, as well as its
optimization from the point of view of the electricity consumer.

The valuable contribution of this paper was related with the implemented optimization
of a PV generator by: (1) development and implementation of a upper approach based
on series-parallel investigation in order to study the shading effects for the analyzed PV
generator; (2) optimized operation of a PV generator by numerical modelling for the study
of the influence of temperature and solar irradiance on PV device performances, as well as
its behavior for partial shading condition; (3) comparative analysis of four types of MPPT
algorithms in order to choose and implement the most efficient one in the operational
optimization of the PV generator; and (4) significant increasing of the output power of PV
generator based on a novel and advanced FLC algorithm to be developed for investigation
of the PV generator with five operating points.

The organization of this study was based on an improved numerical simulation
model; it was implemented in MATLAB Simulink, with direct implication in increasing
the performance of PV generator. In this way, it is possible to respond efficiently to the
varying character of the output parameters of the PV generator; interesting results would be
obtained regarding the behavior and evolution of electrical parameters of the PV generator
in different conditions.
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The major objective of the present article was to develop a unifying approach of the
methods and models used for investigation of PV generator; in this way, it would be
possible to determine the influence of temperature and shading effects on performance of
PV generator.

Another objective—the covered—gap is the accuracy and complexity of the research
work that covers a wide spectrum in terms of the flow of information and obtained results,
taking into account the existence of the insufficient practice in the specialized literature.

2. Knowledge and State of the Art

According to experts, the owners of these PV systems could lose up to 30% of the
potential production of their photovoltaic installation due to shading, and this situation
does not occur because the entire panel is shaded. It is enough for 20% of the surface of the
solar panel to be shaded, a fact for which its output power leads to a decrease in electrical
efficiency by up to 50%, according to some reports and research studies in the field. Mainly,
this is due to the way the solar cells in an array are connected in the system [30–34].

The shading effect occurs when a photovoltaic system does not receive the same level
of incident solar irradiance throughout the system due to some obstructions. Under these
conditions, cells that receive a lower level of solar irradiance can absorb power instead of
producing it. For this reason, bypass diodes are used to reduce the impact of the shading
effect and to protect the solar panels [35–38]. Photovoltaic array models are configured
with two or one diode. Bypass diodes are generally used every 10 cells in the panel
(depending on the number of cells that make up the panel). Based on the configuration
of the photovoltaic array, the shading effect on the specific PV system can be studied.
An efficient and unifying approach to investigating and determining the behavior of PV
modules, a maximum power point tracking system can be used together with a specific
algorithm such as fuzzy logic, disturbance and observation, buck converter, incremental
inductance, i.e., [39–44].

Conventional arrays of solar cells are connected in PV panels in a series of parallel
“strings”. If an array is affected by shadowing, then the losses are passed on to the rest
of the cell chain. To prevent complete failure of all cells, the installation usually includes
bypass diodes [45]. These then redirect the current, bypassing the damaged/inefficient
cells. However, even though the array does not fail together—in the same way that an
electrical device for lighting that continues a series of lighting mixtures goes out when one
fails—still, in the photovoltaic panel, the energy is restricted from the cells and thus lowers
the voltage of the entire string, which implicitly causes a decrease in the energy efficiency
of the photovoltaic device [46–48].

A shaded module in a string can significantly reduce its output power, however, a
shaded module in a string does not reduce the output power of a parallel string. Therefore,
a feasible and efficient solution is given by the grouping of shaded modules in separate
strings (parallel series), thus, the total output power of the photovoltaic array can be
maximized [49–51]. For example, in a real PV system, it can be beneficial to group modules
that receive shade from parapets in strings and keep modules that do not receive shade
from parapets in separate, parallel strings. In this way, the unshaded strings can maintain a
higher current and power. However, to determine the effect in which shading affects the PV
module, a theoretically complex approach based on modelling and numerical simulation
of the electrical characteristics of the PV array is required [52].

Another method to improve the efficiency of a PV module in the case of partial shade is
the implementation of a DC optimizer whose role is to adjust the output voltage and current
and implicitly to maintain the maximum power without compromising the performance
of other modules. This is achievable and possible by studying algorithms for optimizing
the maximum power point, such as the FLC (Fuzzy Logic Controller) technique [53].
Such an approach allows for modelling and simulation the behavior of PV modules in an
efficient manner that also allows the adjustment of the way the panels work, respectively,
their operational optimization. At the same time, an optimization method based on MPP
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tracking algorithms ensures accuracy in terms of output power optimization, which is why
numerous studies and researchers have continued to develop these models in order to
increase the degree of usefulness and performance in terms of efficiency PV systems [54].

A concrete example, when a shaded module produces electricity but with a lower
current, the DC optimizer (based on one of the established MPP tracking algorithms) will
increase the output current to match the current flowing through the unshaded modules; to
compensate, the optimizer reduces its output voltage by the same amount as it increases the
current. This allows the shaded module to produce the same amount of electricity without
blocking the output of other modules [55]. In order to understand the shading influence,
in Figure 1 is schematically represented the effect in the case of photovoltaic cells and the
implications regarding the output power, and also where we can apply the optimization.
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In the specialized literature, the subjects regarding the partial shading and optimiza-
tion of PV systems based on MPPT techniques are of great interest and were discussed by
several researchers in the field, among which we could mention: (1) Chayut Tubniyom
et. al., studied the effect of partial shading patterns and degrees of shading on Total
Cross-Tied (TCT) photovoltaic array configuration; they proved the shading effect on
PV modules through numerical simulation. Three standard configurations of PV array
consist of series-parallel (SP) [56]; (2) Guoqian Lin and al. studied in their work entitled
“Photovoltaic Modules Selection from Shading Effects on Different Materials”, a series
of efficiency improvement methods for production and reduction of investment costs in
the photovoltaic system using the symmetry concept, combining both mathematical and
engineering principles for solar energy. The study builds a symmetrical photovoltaic model
and uses series-parallel circuit theory, piecewise function, and MATLAB simulation [57];
(3) Alonso Gutiérrez Galeano et al, studied a simplified approach for modelling and ana-
lyzing the performance of partially shaded photovoltaic modules performance using the
shading ratio. This approach integrates features of shadow area and shadow opacity into
the PV cell model. The studied methodology aims to improve the description of shaded
photovoltaic systems by specifying an experimental procedure for quantifying the shade
impact. In addition, with the help of image processing, shading ratio analysis provides a
set of useful rules for predicting the current-voltage behavior and peak power points of
shaded PV modules. This correlation of shading ratio and shading patterns can contribute
to the supervision of real photovoltaic installations [58]; (4) Carlos Robles Algarín et al.,
in their work entitled “Fuzzy Logic Based MPPT Controller for a PV System” discussed
the need to implement maximum power point tracking (MPPT) controllers in order to
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obtain a maximized power for photovoltaic systems, regardless of variations in climatic
conditions. It proposes a fuzzy controller and demonstrates that the results of simulation
and numerical modelling show the scientific superiority and accuracy regarding the de-
veloped model [59]; (5) Qiang Zhao et al., in their paper entitled “A New PV Array Fault
Diagnosis Method Using Fuzzy C-Mean Clustering and Fuzzy Membership Algorithm”,
studied the PV array’s electrical characteristics’ behavior under fault conditions, and a
novel PV array fault diagnosis method was proposed based on Fuzzy C-Mean (FCM) and
fuzzy membership algorithms [60]; and (6) Simoes Marcelo Godoy et al. described in their
paper the analysis, modelling, and implementation of a fuzzy based photovoltaic peak
power tracking system. An analytical model was built for the PV system on the basis of the
manufacturer characteristics. The solar panel was integrated with the converter model and
a fuzzy algorithm was developed in order to perform an on-line search procedure to track
the maximum power continuously [61].

3. Advanced Models of the PV Generator
3.1. PV Solar Cell Advanced Model

The mathematical model for two diodes model can be used for description of the
electrical behavior of a solar cell. Different advanced models would be considered in
the case of a PV cell operating under partial shading conditions [62,63]. One of these
models is the Bishop Model [63], which requires and imposes a negative voltage on its
terminals (negative cell voltage and positive cell current, thus consuming power). Another
model is the Direct Reverse Model [64] that would reproduce the operation of a solar
cell in either direct or reverse biasing modes for the influence of temperature and solar
irradiance variations. Analyzed are the following: (1) positive cell voltage and current
and (2) negative cell voltage and positive cell current, needed for power analysis and
losses estimation during partial shading conditions. Future work could apply optimization
techniques to solve the parameter estimation problem, which may reduce both estimation
errors and computation time.

Therefore, a standard solar cell model is used. The current Icell provided by the cell is
given by Figure 2:

Icell = Iph − Ir − Ish (1)

where Iph, Ir and Ish are the photo-generated current, the reverse current, and the shunt
current, respectively.
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It is denoted the voltage across the cell by Vcell. Then, the voltage V over the shunt
resistance Rsh is given by V = Vcell + RsIcell. Here, Rs is the solar cell series resistance. The
shunt current is given by Ish = V/Rsh. The reverse current is given by:

Ir = I0

[
exp

(
qV

BcellKTcell

)
− 1
]

(2)

where I0, Bcell, K and Tcell are the reverse saturation current, solar cell thermal voltage
constant, Boltzmann’s constant, and the cell temperature, respectively. Additionally, q is
the electron’s electric charge. The above relationships allow the writing of Equation (2) as:

Icell = Iph − I0

{
exp

[
exp

q(Vcell + Rs Icell)

BcellKTcell

]
− 1
}
− Vcell + Rs Icell

Rsh
(3)

The following relations can be used for silicon solar cells:

Iph = GT ·(τα)·sAcell (4)

I0 = Kcell AcellT3
cell exp

(
−

Eg

KTcell

)
(5)

where GT, (τα), s and Acell are: the solar global irradiance at the level of the solar cell, the
effective transmittance–absorbance product of the cell, a constant and the surface area of
a solar cell, respectively [65]. Additionally, Kcell and Eg are the cell constant and the cell
material’s band gap, respectively [66].

3.2. PV Solar Module Advanced Model

Several solar cell interconnection schemes were studied in [67] from the viewpoint of
the cell reliability (the ability to continue operation without failure throughout a certain
time). These schemes were: (a) a simple series-parallel module consisting of M parallel
strings with each string having N solar cells connected in series; (b) a total cross tied system
obtained from the simple series-parallel module by connecting ties across each row of
junctions; and (c) a bridge linked system, consisting of solar cells interconnected in a bridge
rectifier fashion.

The method proposed in this article is developed for a simple series-parallel scheme.
It can also be implemented for other interconnection schemes. A PV module of M parallel
strings, each of them consisting of N identical solar cells, is shown in Figure 3. The relation
between the voltage across the PV module, Vmodule, and that across the solar cell, Vcell, is
given by:

Icell =
Vmodule + ImoduleRs,module

N
(6)

where Rs,module is the PV module series resistance. The current I’ through the PV module
shunt resistance Rs,shunt is given by:

I′ =
Vmodule + ImoduleRs,module

Rs,module
(7)

and the current I” is given by:

I ′′ = Icell M = Imodule + I′ (8)
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Using the solar cell Equation (3) and Equations (6)–(8) yields, after some algebra, the
PV module Imodule–Vmodule characteristics (see also [68,69]):

Rsh, module (NRsh+NRs+MRs,module)+NRs,module(Rsh+Rs)
NRsh NRsh,module

Imodule = MIph−
NRsh+NRs+MRs,module

NRsh NRsh,module
Vmodule−

MI0

exp
q
[(

M+N Rs
Rsh,module

)
+Vmodule+

(
NRs+MRs,module+N

Rs Rs,module
Rsh,module

)
Imodule

]
NMBcellkTcell

− 1


(9)

The electric power Pmodule provided by the PV module is given by

Pmodule = Imodule Vmodule (10)

The energy balance at the level of the whole PV module is given by:

MNAcellsGT(τα)−MNAcellUcell (Tcell − Ta)− ImoduleVmodule = 0 (11)

where Ucell and Tcell are average PV module values of the convection heat loss coefficient
and cell temperature, respectively, while Ta is the environment temperature. The first
term in Equation (11) gives the rate of solar energy absorbed by the PV module, while the
second term is the heat flux transferred by convection from the solar cells to the ambient
environment. The third term represents the electric energy leaving the PV module. The
PV module efficiency, η is defined as the ratio between the electrical output power and the
incident solar radiation power, i.e.,

η =
Pmodule

GT Amodule
(12)

where the PV module area is given by Amodule = MNAcell.
Specific interesting points linked with the I-V curve, respectively: the short-circuit

point, the open-circuit point and the maximum power point are obtained and discussed in
the following chapters based on numerical modelling in MATLAB/Simulink software.

4. Numerical Modelling of the Electrical Characteristics of the PV Module: Influence
of Temperature and Solar Irradiance
4.1. Basics

PV modules are given a power rating at standard test conditions of 1000 W/m2 with an
AM (air mass) of 1.5 at a module temperature of 25 ◦C, but these conditions do not represent
what is typically experienced under outdoor operation. The results have confirmed that
the output of PV modules changes seasonally in proportion to changes in solar radiation.
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This provided strong evidence that the variation in solar radiation should be taken into
account for an optimum design. The method proposed in this paper is used to study the
influence of various climates on the optimal PV cells interconnections.

The drawing of a PV module was entirely developed in MATLAB/Simulink to char-
acterize the electrical characteristics (see Figure 4). It presents the methodology of the
simulation technique used for electrical characteristics of the PV module, namely, the I-V
and P-V characteristics of the PV module. A notable advantage of this approach in the
MATLAB environment is the fact that once created, the photovoltaic generator model it
can be later interfaced with current system models that make possible to simulate complex
photovoltaic systems and their interaction with other systems. A major advantage of using
MATLAB software is its availability in most academic research and industrial organizations,
being useful for a wide range of engineering disciplines.
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4.2. The Study of the Temperature Influence on the PV Module Electrical Characteristics

In this chapter, the modeling and simulation of the solar cell and PV panel(module)
allowed to obtain its behavior for different values of temperature and solar irradiance,
respectively. The current-voltage (I-V) characteristics of the PV generator were determined
for 1000 W/m2 at different values of temperature and solar irradiance in relation to the
reference size (STC). In the case of the power-voltage characteristics of the PV generator,
both the values of solar irradiance and temperature were varied. The characteristics of the
PV generator are presented in Table 1.

Table 1. Electrical characteristics and performances of the PV module.

WATTROM H—M10-560
Description Symbol U.M. Values

Max. Power Pmax [W] 560
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It is worth highlighting the way in which these main electrical parameters behave
at temperature variations, namely: (a) short-circuit current Isc (Figure 5; (b) open-circuit
voltage Voc (Figure 6); (c) maximum power Pmax (Figure 7); and (d) the fill factor FF
(Figure 8). This was made possible by activating a function in the model that allows
the random generation of temperature to simulate the real operating conditions of the
PV generator. The graphical representation of the main parameters of the PV generator
considered the real operating conditions, where the temperature was observed in the range
of 20–60 ◦C (this temperature was recorded in Romania, in Constantza city, in August 2022).
PV modules are given a power rating at 1000 W/m2 with an AM (airmass) of 1.5.
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In the same way, the output characteristics of the PV module were determined in
relation to the variation of the solar irradiance, within the limits indicated in the obtained
figures; we can extract from the diagram the values of the maximum power points associ-
ated with the maximum values of current and voltage (Imp and Vmp), as seen in Figure 5c).
For the tested module (by simulation) a maximum power was obtained of approximately
500 W, a value comparable to that of existing PV modules on the market (real). The final
analysis of the PV generator is presented from the point of view of the main electrical
parameters (indicators): Isc, Voc, Pmax, FF.

The results show that all electrical parameters of the PV module, such as maximum
output power, open circuit voltage, short circuit current, and fill factor, have changed with
temperature variation. PV module performance decreases with increasing temperature,
fundamentally owing to increased internal carrier recombination rates caused by increased
carrier concentrations. The operating temperature plays a key role in the photovoltaic
conversion process. Both the electrical efficiency and the power output of a photovoltaic
(PV) module depend linearly upon the operating temperature.

4.3. The Study of Behaviour and Response of the PV Module to STC Irradiance & Partial
Shading Conditions

To analyze the dynamic behavior of the studied PV module, an algorithm based on
the series-parallel method was introduced; the considered model described in Section 3
was implemented and evaluated in MATLAB/Simulink environment, considering the
changes of solar irradiance and temperature registered by the photovoltaic system, in
conditions of its partial shading. Three situations of partial shading of the PV module were
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investigated: 20%, 30% and 40%. Under conditions of complete (standard) solar irradiance,
characteristics I-V have a single maximum power point; on the other hand, when the PV
module is partially shaded, there are several maximum power points.

The I-V and P-V characteristics curves of the PV module, for different shading con-
ditions and types of shading (series and parallel), are represented in Figures 9–12; they
indicate that the PV module depends very much on the applied solar irradiance, and the
fluctuating character, as well as the environmental factors do not allow the equal distri-
bution of the partial shading on the photovoltaic module, as a result, the application of
optimization algorithms (in our case MPPT-FLC) makes it possible to gain power, even if it
is not uniform.
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Figure 10. Power-Voltage (power characteristics) under different partial shading conditions for
series approach.

The simulation results for the three shading situations suggest that the partially shaded
mode does not cause a significant reduction in output power, even if the shadow value
reaches 40%, with a gap due to the MPPT-FLC optimization algorithm.
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5. The Performance Evaluation of the PV Generator Based on MPPT—FLC: Case Study
5.1. The Theoretical Aspects of Fuzzy Logic Algorithm
5.1.1. Fuzzy Block Diagram

The mathematical model underlying fuzzy logic is presented below, considering
the most accurate definition of the terminology that characterizes this method, namely:
variables, values and rules in fuzzy language [70–73]. After choosing the FLC inputs
and outputs, there must be a language description for each of the respective input and
output sizes.

Taking into account the complexity of Fuzzy Logic Algorithm given by: (1) member-
ship function; (2) input and output variables; (3) fuzzification mechanism, interference
mechanism (rules) and defuzzification mechanism, a list of abbreviations was created in
order to define the terminology of the FLC.

For a fuzzy system, we will describe: (1) the fuzzy input as ui and its variable as ûi,
(2) for the fuzzy output, we will have yi and the output size variable will be described as ŷi.
After establishing the input and output of the FLC, a description of each variable must be
made, namely, ûi and ŷi. In Figure 13 is presented the fuzzy block diagram that converts
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the input values to fuzzy values, and then through the interference mechanism, the FLC
outputs could be obtained.
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The mathematical characterization of the triangular member entry function, where µ,
the membership function, is shown below:

µsmall(u) =
{

1 i f u ≤ 0
max

{
0.1− u

0.5
}

otherwise
(13)

µsmall ′(u) =
{

1 i f u ≤ 0.25
max

{
0.1− u

0.25
}

otherwise
(14)

µmedium(u) =
{

max
{

0.1 + u−0.5
0.5

}
i f u ≤ 0.5

max
{

0.1 + 0.5−u
0.5

}
otherwise

(15)

µhigh ′(u) =
{

max
{

0.1 + u−0.75
0.75

}
i f u ≤ 0.75

1 otherwise
(16)

µhigh(u) =
{

max
{

0.1 + u−0.5
0.5

}
i f u ≤ 1

1 otherwise
(17)

The output variable is represented by a normalized fuzzy set of five triangular MFs:
Large Negative (NB), Medium Negative (NM), Low Negative (NS), Zero (ZO), Small Posi-
tive (PS), Medium Positive (PM) and Large Positive (PB) (see Figure 14). The mathematical
characterization of the membership for the triangular function is presented below in the
relations (18–24).

µNB(∆C) =

{
1 i f ∆C ≤ −1

max
{

0.1 + −1−∆C
0.5

}
otherwise

(18)

µNM(∆C) =

{
1 i f ∆C ≤ −0.75

max
{

0.1 + −1−∆C
0.75

}
otherwise

(19)

µNS(∆C) =

max
{

0.1 + ∆C+0.5
0.5

}
i f ∆C ≤ −0.5

max
{

0.1 + −0.5+∆C
0.5

}
otherwise

(20)

µZO(∆C) =

max
{

0.1 + ∆C
0.5

}
i f ∆C ≤ 0

max
{

0.1 + −∆C
0.5

}
otherwise

(21)

µPS(∆C) =

max
{

0.1 + ∆C−0.5
0.5

}
i f ∆C ≤ 0.5

max
{

0.1 + 0.5−∆C
0.5

}
otherwise

(22)

µPM(∆C) =

max
{

0.1 + ∆C−0.75
0.5

}
i f ∆C ≤ 0.75

max
{

0.1 + 0.75−∆C
0.5

}
otherwise

(23)
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µPB(∆C) =

{
max

{
0.1 + ∆C−1

0.5

}
i f ∆C ≤ 1

1 otherwise
(24)
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The P-V characteristics of the PV panel could be divided in five regions (with 5 points
power operations), depending on the value of the absolute power slope—Sa (see Figure 15).
The FLC controller will cause the change to a new step; ∆C—exit membership is based on
the old disturbance—Cold to reach the MPP.
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5.1.2. Interference Mechanisms

The two interference mechanisms are fuzzification and defuzzification. They will be
discussed in the following:

(A) Fuzzification:

Assuming that the operating point is at P1, and the absolute value of the slope Sa is
high, it is remarked that the operating point is far from MPP. The old disturbance (Cold) can
have three different values: (a) if Cold is small, then the change in the step size ∆C must be
large positive (PB) to reach MPP quickly; (b) if Cold is medium, the change in the step size
∆C must be small’ positive (PM) to reach the MPP without oscillating around it; (c) if Cold is
large, the change in step size ∆C must be small positive (PS) to avoid overtaking the MPP
in the opposite direction, leading to oscillations.

• Operating point: P1

- If Sa is high and Cold is small, then ∆C is positively high

µpremise (1) = min
(

µhigh(Sa), µsmall (Cold)
)

(25)

µ(1)(∆C) = min
{

µPB(∆C), µpremisa (1)

}
(26)
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- If Sa is high and Cold is medium, then ∆C is positive small

µpremise (2) = min
(

µhigh(Sa), µmedium (Cold)
)

(27)

µ(2)(∆C) = min
{

µPM(∆C), µpremise (2)

}
(28)

- If Sa is high and Cold is high, then ∆C is zero

µpremise (3) = min
(

µhigh(Sa), µhigh (Cold)
)

(29)

µ(3)(∆C) = min
{

µPS(∆C), µpremise (3)

}
(30)

Assuming that the operating point is at P2, where the absolute value of the slope Sa is
average, it means that the operating point is closer to the MPP than in the previous case,
but still does not give it up. The Cold can also have three different values in this case. (a) If
Cold is small, then the change in step size ∆C must be small’ positive (PM) to reach the MPP
without oscillating around it; (b) if Cold is medium, the change in step size ∆C must be small
positive (PS) to avoid overtaking the MPP in the opposite direction leading to oscillations;
(c) if Cold is large, the change in step size ∆C must be zero (ZO), so as to not exceed MPP.

• Operating point: P2

- If Sa is high and Cold is small, then ∆C is positively high

µpremise (4) = min
(

µhigh(Sa), µsmall (Cold)
)

(31)

µ(4)(∆C) = min
{

µPM(∆C), µpremisa (1)

}
(32)

- If Sa is high and Cold is medium, then ∆C is positive small

µpremise (5) = min
(

µhigh(Sa), µmedium (Cold)
)

(33)

µ(5)(∆C) = min
{

µPS(∆C), µpremise (2)

}
(34)

- If Sa is high and Cold is high, then ∆C is zero

µpremise (6) = min
(

µhigh(Sa), µhigh (Cold)
)

(35)

µ(6)(∆C) = min
{

µZO(∆C), µpremise (3)

}
(36)

Assuming that the operating point is at P3, where the absolute value of the slope Sa is
average, it means that the operating point is closer to the MPP than in the previous case,
but still does not give it up. The Cold can also have three different values in this case. (a) If
Cold is small, then the change in step size ∆C must be small positive (PS) to reach the MPP
without oscillating around it; (b) if Cold is medium, the change in step size ∆C must be zero
(ZO) to avoid overtaking the MPP in the opposite direction leading to oscillations; (c) if Cold
is large, the change in step size ∆C must be negatively small (NS), so as to not exceed MPP.

• Operating point: P3

- If Sa is medium and Cold is small, then ∆C is positive small

µpremise (7) = min(µmedium(Sa), µsmall (Cold)) (37)

µ(7)(∆C) = min
{

µPS(∆C), µpremise (4)

}
(38)
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- If Sa is medium and Cold is medium, then ∆C is zero

µpremise (8) = min(µmedium(Sa), µmedium (Cold)) (39)

µ(8)(∆C) = min
{

µZO(∆C), µpremise (5)

}
(40)

- If Sa is medium and Cold is high, then ∆C is negative small

µpremise (9) = min
(

µmedium(Sa), µhigh (Cold)
)

(41)

µ(9)(∆C) = min
{

µNS(∆C), µpremise (6)

}
(42)

Assuming that the operating point is at P4, where the absolute value of the slope Sa is
average, it means that the operating point is closer to the MPP than in the previous case,
but still does not give it up. The Cold can also have three different values in this case. (a) If
Cold is small, then the change in step size ∆C must be zero (ZO) to reach the MPP without
oscillating around it; (b) if Cold is medium, the change in step size ∆C must be negative
small (NS) to avoid overtaking the MPP in the opposite direction leading to oscillations;
(c) if Cold is large, the change in step size ∆C must be negatively small’ (NM), so as to not
exceed MPP.

• Operating point: P4.

- If Sa is medium and Cold is small, then ∆C is positive small

µpremise (10) = min(µmedium(Sa), µsmall (Cold)) (43)

µ(10)(∆C) = min
{

µZO(∆C), µpremise (7)

}
(44)

- If Sa is medium and Cold is medium, then ∆C is zero

µpremise (11) = min(µmedium(Sa), µmedium (Cold)) (45)

µ(11)(∆C) = min
{

µNS(∆C), µpremise (8)

}
(46)

- If Sa is medium and Cold is high, then ∆C is negative small

µpremise (12) = min
(

µmedium(Sa), µhigh (Cold)
)

(47)

µ(12)(∆C) = min
{

µNM(∆C), µpremise (9)

}
(48)

Assuming that the operating point is at P5, where the absolute value of the slope Sa
is small, then it means that the operating point is close to the MPP. The old step can have
three different values in this case. (a) If Cold is small, then the change in step size ∆C must
be negative small (NS) to avoid overtaking the MPP in the opposite direction leading to
oscillations. (b) If Cold is medium, the change in step size ∆C must be negative small’ (NM),
so as to not exceed MPP; (c) if Cold is large, the change in step size ∆C must be large negative
(NB) so as to not exceed MPP.

• Operating point: P5

- If Sa is small and Cold is small, then ∆C is zero

µpremise (13) = min(µsmall(Sa), µsmall (Cold)) (49)

µ(13)(∆C) = min
{

µNS(∆C), µpremise (10)

}
(50)
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- If Sa is small and Cold is medium, then ∆C is negative small

µpremise (14) = min(µsmallc(Sa), µmedium (Cold)) (51)

µ(14)(∆C) = min
{

µNM(∆C), µpremise (11)

}
(52)

- If Sa is small and Cold is high, then ∆C is negative high

µpremise (15) = min
(

µmic(Sa), µhigh (Cold)
)

(53)

µ(15)(∆C) = min
{

µNB(∆C), µpremise (12)

}
(54)

Based on these results, Sa determines three rules for the operating points P1, P2, P3,
P4 and P5 (see Figure 15). The FLC rules are presented in Table 2. The interference operator
compares the rules for each of the MF inputs and chooses the minimum rule.

Table 2. FLC rules.

Sa = dP/dV
Cold Small Medium High

Small NS NM NB

Small’ ZO NS NM

Medium PS ZO NS

High’ PM PS ZO

High PB PM PS

(B) Defuzzification:

The second stage in the FLC process is defuzzification, which takes the input fuzzy
values and generates real numbers.

∆Creal =
(−1)

∫
u(15) (∆C)+(−0.75)

∫
u(14) (∆C)+(0.5)

∫
u(13) (∆C)

∑15
i=1
∫

ui (∆C)

+
(−0.75)

∫
u(12) (∆C)+(−0.5)

∫
u(11) (∆C)+(0)

∫
u(10) (∆C)

∑15
i=1
∫

ui (∆C)

+
(−0.5)

∫
u(9) (∆C)+(0)

∫
u(8) (∆C)+(0.5)

∫
u(7) (∆C)

∑15
i=1
∫

ui (∆C)

+
(−0.75)

∫
u(6) (∆C)+(0)

∫
u(5) (∆C)+(0.5)

∫
u(4) (∆C)

∑15
i=1
∫

ui (∆C)

+
(0)
∫

u(3) (∆C)+(0.5)
∫

u(2) (∆C)+(1)
∫

u(1) (∆C)

∑15
i=1
∫

ui (∆C)

(55)

Substituting the premises in the above equation, we could obtain:

∆Creal =

(−1)

µpremise (15)−
(µpremise (15))

2

2

+(−0.5)

µpremisa (14)−
(µpremise (14))

2

2


∑15

i=1
∫

ui (∆C)

+

(−0.5)

µpremise (12)−
(µpremise (12))

2

2

+(0.5)

µpremisa (10)−
(µpremise (10))

2

2


∑15

i=1
∫

ui (∆C)

+

(−1)

µpremise (4)−
(µpremise (15))

2

2

+(−0.5)

µpremisa (15)−
(µpremise (4))

2

2


∑15

i=1
∫

ui (∆C)

+

(−1)

µpremise (4)−
(µpremise (15))

2

2

+(−0.5)

µpremisa (15)−
(µpremise (4))

2

2


∑15

i=1
∫

ui (∆C)

(56)
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where:

15
∑

i=1

∫
ui (∆C) =

(
µpremisa (15) −

(µpremise (15))
2

2

)
+

(
µpremise (14) −

(µpremise (14))
2

2

)
+

(
µpremisa (13) −

(µpremise (13))
2

2

)
+

(
µpremise (12) −

(µpremise (12))
2

2

)
+

(
µpremise (11) −

(µpremise (11))
2

2

)
+

(
µpremise (10) −

(µpremise (10))
2

2

)
+

(
µpremise (9) −

(µpremise (9))
2

2

)
+

(
µpremise (8) −

(µpremise (8))
2

2

)
+

(
µpremise (7) −

(µpremise (7))
2

2

)
+

(
µpremise (6) −

(µpremise (6))
2

2

)
+

(
µpremise (5) −

(µpremise (5))
2

2

)
+

(
µpremise (4) −

(µpremise (4))
2

2

)
+

(
µpremise (3) −

(µpremise (3))
2

2

)
+

(
µpremise (2) −

(µpremise (2))
2

2

)
+

(
µpremise (1) −

(µpremise (1))
2

2

)

(57)

To obtain the final equation in the Relations (54) and (55), two functions are introduced,
respectively, f 1 and f 2:

∆Creal = −0.5 f1 (Sa, Cold) + 0.5 f2 (Sa, Cold) (58)

where:

f1 (Sa, Cold) =

2
(

µpremise (15) −
(µpremise (15))

2

2

)
+

(
µpremise (14) −

(µpremise (14))
2

2

)
∑15

i=1
∫

ui (∆C)
+

(
µpremise (12) −

(µpremise (12))
2

2

)
∑15

i=1
∫

ui (∆C)
(59)

f2 (Sa, Cold) =

2
(

µpremise (10) −
(µpremise (10))

2

2

)
+

(
µpremise (4) −

(µpremise (4))
2

2

)
∑15

i=1
∫

ui (∆C)
+

(
µpremise (1) −

(µpremise (1))
2

2

)
∑15

i=1
∫

ui (∆C)
(60)

5.2. Optimization Procedure

The inputs for the optimization procedure are as follows. There are known: the
climate where the PV application is implemented and the utilization period (here, a yearly
operation is assumed). Therefore, information about the average available solar irradiation
during the period is known. The average electrical power to be provided during the period
by the PV module is a choice.

The MPPT could be implemented based on the FLC controller. The FLC algorithm
compares the actual power of the PV system (PPV) with the reference power (maximum one)
(Pr)—estimated value, via the FLC controller, at equal time intervals. The output of the FLC
controller can direct the reference power to a new value, which is added to the previous
value of each interval. The power highest value can be considered as the maximum one.
The output from the FLC controller is routed to a PWM signal (Pulse Width Modulation) to
control the operating cycle of the DC-DC voltage converter. This device raises the voltage to
a value at which the PV system can operate at full power. The FLC-based MPPT technique
was implemented based on the Fuzzy tool from MATLAB/Simulink. The first step is to
define the FLC parameters (inputs, outputs) and methods (fuzzification and defuzzification)
in the FIS (Fuzzy Inference System) editor.

After creating of the FLC controller in the MATLAB/Simulink, based on the FLC
algorithm, we made the controller configuration for each component of the PV system. In
Figure 16 is shown the diagram of the MPPT—FLC controller, where we have: PPV—actual
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power of the PV system, IPV—the current in the system, VPV—the system voltage, Pr—the
maximum estimated reference power, and S—the FLC signal. In Figure 17 is presented the
logic diagram for implementing the control algorithm MATLAB/Simulink; the input to the
FLC controller is determined by the estimated reference power (Pr) and PV system actual
power (PPV), while the output from the FLC is determined by the command signal (S).
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5.3. Comparatives Analyze of Four Types of MPPT Algorithms

The authors proposed a comparative analysis based on MATLAB/Simulink work
environment regarding four algorithms (FLC, P&O, IncCond and RC) for optimizing
the maximum power point in order to choose the best algorithm. As expected, the FLC
algorithm returned the best performances and gave evidence of increased accuracy, updated
algorithm by adding two more operating points (since the FLC algorithm was the winner,
in Section 5.1.1, only its model is presented). For modeling and numerical simulation,
the use of an industrial photovoltaic module was considered (electrical characteristics are
presented in Section 4). In order to determine the maximum power point for different
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solar irradiance values, the average irradiance values with a 20-minute acquisition step
over a three-hour period were considered, namely: 843, 625, 756, 412, 530, 600, 821, 867,
917 W/m2. The temperature considered for modeling and numerical simulation of the
electrical characteristics of the PV module was constant and had the value of 43 ◦C according
to the manufacturer’s specifications. In Figures 18 and 19, the I-V and P-V characteristics
were obtained, respectively, with the corresponding maximum power points. It is notable
that the FLC algorithm obtained the highest value for the maximum power point, which
makes it feasible for the study of the partial shading of the respective PV panel for the
optimization of its output power.
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controller based on MPPT, the power value of the PV generator rises to a maximum val-
ue (peak) of about of 590 W for clear sky day and 360 W for a partially cloudy sky, un-
fortunately, an excessive shading cannot be controlled. 
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5.4. Response of the MPPT-FLC Technique to Partial Shading Conditions vs. Real Conditions

The results obtained from the modelling and simulation in the MATLAB/Simulink
of the FLC controller based on MPPT show an increase in the power of the PV device.
These findings are plotted with respect to the power of the PV generator. To highlight the
contribution of FLC—MPPT for a clear sky day compared with the version of MPPT FLC
for partially cloud sky day, the authors of the study analyzed the performance of the PV
device. In order to plot the experimental data of the power curves (blue and yellows ones
from Figure 20) comparison with the simulated data was performed; the field experiments
was performed in August 2022 in Constanza City located in the South-East of Romania for
two different types of days (clear sky day and partially cloudy sky day) were considered.
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Figure 20. Comparison between MPPT-FLC optimization output power and experimental data in
terms of power gain for the whole PV generator.

Figure 20 shows the power behavior of the photovoltaic generator. The results based
on this optimized FLC algorithm for five operating points are presented in this Figure. We
can see that the maximum value of the power is around 560 W using the experimental data
obtained for two cases, namely: (1) a clear sky and (2) a partial cloudy sky. If we would
analyze the results, we could see that the shading was considered. The results indicate
a poor efficiency when the PV generator is affected by shading. Moreover, for a shading
over 60%, the PV generator recorded a low power, correspondingly, a drastically negative
influence on the efficiency and performances. After using the FLC controller based on
MPPT, the power value of the PV generator rises to a maximum value (peak) of about of
590 W for clear sky day and 360 W for a partially cloudy sky, unfortunately, an excessive
shading cannot be controlled.

For an adequate analysis, the comparison between real output power (experimental)
and optimized output power based on MPPT-FLC is highlighted in Figure 20 with emphasis
on the power gain in the case of the PV generator.

It can be remarked that, in the case of both characteristics, the curve obtained by
numerical modeling is very close to the experimental curve, which indicates the accuracy
of the model (FLC algorithm based on five-point operation), correspondingly, the accuracy
of the MATLAB/Simulink working environment.

It could be remarked (see the dotted markers) that with sudden variations in solar
irradiance due to the shading, the optimization based on the FLC algorithm keeps the
output power constant, thus ensuring an excellent performance.
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6. Validation of the Authors Study with Literature Results. Comparison with
Other Approaches

A comparison of the authors study based on different approaches, methods, algo-
rithms, and techniques technique with literature results regarding the extracted maximum
power from PV systems is given in Table 3. It is stressed the novel results of the present
article with the significant results obtained by the specialized literature.

Table 3. Comparison of the results based on different investigation MPPT techniques/
models/methods from literature with the results obtained by the authors of the present article.

Technique/Methods/Models Ref Numerical Results and Efficiency of the
Model/Method

Novelties of the Present Article and Other Articles
From Literature

Temperature effect/Shading/MPPT/
FLC/Method/Model/
Investigation/Optimization

0

Module power output decreases by 20–30%—for about
50–60 ◦C. The power is optimized and stabilized to
590 W. The output power is increased with ~6%. Solar
cells are used in the temperature range 5–50 ◦C. It was
found that a temperature reduction of 3–9 ◦C could
improve electrical performance with 7.2%.

The present article was developed in order to unify the
approach of the methods and models used for
investigation of PV generator; in this way it was
determined the influence of temperature and shading
effects on performance of PV generator, also an
optimization was implemented.

Temperature effect Method/Model/
Investigation/Optimization

3

It was proved that PV module output power decreased
by 0.8–0.9% for 1 ◦C temperature increase above the
standard operating temperature. Keeping temperature
at 20 ◦C, an increase of 9–12% in electrical yield
is obtained.

Solar cell performance decreases with increasing
temperature, fundamentally owing to increased
internal carrier recombination rates, caused by
increased carrier concentrations. The operating
temperature plays a key role in the photovoltaic
conversion process.

This paper discussed the effect of light intensity and
temperature on the performance parameters of
monocrystalline and polycrystalline silicon solar
devices. The performance and overview use of solar
cells was expressed. The role of temperature on the
electric parameters of solar cells has been studied. The
experimental results showed that all electrical
parameters of the solar cells, such as maximum output
power, open circuit voltage, short circuit current, and
fill factor have changed with temperature variation.

Shading effect Method/Model/
Investigation/Optimization

Shading effect on PV modules was simulated. Three
standard configurations of PV array consisting of
series-parallel (SP), bridge-linked (BL), and total
cross-tied (TCT) were studied. 9 PV panels are
arranged in 3 × 3 array.

45

The shadow seriously affects the PV performance and
the harvested power that can be obtained. Moreover,
the authors proved that the partial shading contributes
approximately with 20–25% to the efficiency reduction
and also a hot spot in the corresponding PV module
could cause severe damage to it.

This study aimed to provide photovoltaic module
selection with better performance in the shading
conditions for improving production efficiency and
reducing photovoltaic system investment cost through
the symmetry concept, combining both mathematical
and engineering principles of solar energy.

49

Hence, the authors proposed the Differential Power
Processing Technique (DPP) based on interconnection
as a promising solution to enhance the energy yield for
PV modules with minimal mismatch power losses
during partial shading conditions. Thus, for this
method, they obtain the minimum losses ~1.5%, taking
into account interconnections.

This paper presented the study of a simplified
approach to model and analyze the performance of
partially shaded photovoltaic modules using the
shading ratio. This approach integrated the
characteristics of shaded area and shadow opacity into
the PV model.

56

The authors found from simulations the following
result: when shading is greater than or equal to 50% of
the total area of solar PV module, the reconfiguration
of solar PV arrays cannot increase the power output
higher than 5%. Therefore, it is unnecessary to
reconfigure the solar PV array. As for the cases of
shaded area less than 50% of the total area, it is more
suitable to reconfigure the solar PV array.

This paper was dedicated on five-parameter modeling
for photovoltaic systems. Additionally, a simulation
for partial shading on the photovoltaic system was
presented to illustrate a feasible assessment during the
design of a PV system for loss of energy conversion
due to shading.
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Table 3. Cont.

Technique/Methods/Models Ref Numerical Results and Efficiency of the
Model/Method

Novelties of the Present Article and Other Articles
From Literature

MPPT techniques
Comparison/Literature
Review/Evaluation

46

The authors showed that for Particle Swarm
Optimization (PSO) an efficiency enhancement of
12.19% compared with the P&O method, instead the
Fuzzy Logic Control (FLC) presents an efficiency of
about 15%. At the same time, FLC is very fast and
very stable.

In this paper, the concept of power tracking for PV
systems was highlighted and an overview on 40 old
and recent Maximum Power Point Tracking (MPPT)
methods, available in the literature, was presented and
classified. These methods were mathematically
modeled and described in such a way the reader can
select the most appropriate method for his own
application. A comparative table was presented at the
end of the paper to simplify the classification of
different methods.

43

The authors concluded that most of the conventional
MPPT algorithms are useful to track the Global
Maximum Power Point—GMPP under normal solar
irradiance conditions but fails to obtain accurate
GMPP under rapidly changing and partial shading
conditions. However, hybrid optimization algorithms
are fast and accurate in tracking the GMPP under
partial shading and rapidly changing solar irradiance
conditions. The tracking speed for one of hybrid
optimization algorithm the Modified Hill-Climbing
with Fuzzy Logic-Control (MHCL-FLC) is very fast,
with an efficiency of up to 98~99% but this is based on
a complex algorithm and it is quite difficult to
implement this algorithm using
embedded technologies.

This article focused on classifications of online, offline,
and hybrid optimization MPPT algorithms, under the
uniform and non-uniform irradiance conditions. It
summarized various MPPT methods along with their
mathematical expression, operating principle, and
block diagram/flow charts. This research will provide
a valuable pathway to researchers, energy engineers
and strategists for future research and implementation
in the field of maximum power point
tracking optimization.

54

The analyzed methods were adjusted to provide its
best performance with the same set of irradiation and
temperature steps. In this context, the Ripple
Correlation Beta-method stands with 98% of energy
extracted, the P&O method reach 94% and Incremental
Conductance (IC) stands at 92%. The author of this
paper does not consider the FLC method of analysis.

This paper presented a careful evaluation among the
most usual MPPT techniques, doing meaningful
comparisons with respect to the amount of energy
extracted from the photovoltaic (PV) panel, PV voltage
ripple, dynamic response and use of sensors;
considered were the models first implemented via
MATLAB/Simulink.

FLC algorithm
Fuzzy-logic-control
(FLC)

44

The results showed that a significant amount of
additional energy (approximately 7–9%) can be
extracted from a photovoltaic generator by applying a
“tracker” to “track” the maximum power point based
on fuzzy logic. At the same time, these results
indicated an improved efficiency of the PV generator,
as the batteries could then be charged and used during
periods of low solar radiation.

This paper presented a new stable Fuzzy Logic Control
(FLC) algorithm based on maximum power point
tracking (MPPT) for stand-alone photovoltaic (PV)
system. The proposed method used P-V variation as
the input, which significantly simplified
the computation.

33 The proposed approach provides an energy efficiency
of about 10–15% on the PV curve.

The authors stated that in high solar insolation,
FLC-MPPT algorithm suffered from drift because of
the wrong decision taken by the algorithm. The paper
presented a modified FLC-MPPT algorithm that
avoids the drift in suddenly changing irradiance and
accurately tracks the MPPT.

57

The authors proved that the fuzzy controller has
excellent performance when there are sudden changes
in the operating temperature of the PV module, in
contrast with P&O control, which is considerably
affected, presenting power losses up to 46.18 W.

The paper proposed a robust FLC-MPPT technique
that used a second-order sliding mode control strategy.
The results proved that the algorithm provided fast
response and less chattering under
varying atmosphere.

58

Simulation analysis indicated that the diagnostic
accuracy of the proposed method was 96%. Field
experiments further verified the correctness and
effectiveness of the proposed method, and the method
can complete the PV array diagnosis.

The paper presented a modified version of FLC-MPPT
optimization. The results revealed that the proposed
algorithm could track the global maximum, especially
under the partial shading conditions.

38

The authors determined that the lower energy losses
obtained by the dual-FLC MPPT with only 2.5 µJ is
compared to the single-FLC MPPT with 4.2 µJ.
Interestingly, a large difference between both MPPTs
can be seen during boost operation.

The paper presented a fractional order control based
FLC-MPPT algorithm. The results showed high
tracking accuracy for remarkable climate changes.

71

A rapid increase in irradiance from 1000 W/m2 to
1200 W/m2 within a time period of 2 s was simulated
by the authors. The cell temperature was kept at a
constant value of 25 ◦C. Under these operating
conditions, the FLC-based MPPT method is more
significant and shows how the power output of the
FLC based MPPT increases linearly, whereas the
conventional P&O MPPT technique determines a vast
deviation from the MPPT.

The proposed FLC-MPPT technique ensured the fast
error tracking capability for PV pumping systems.

At the same time, Table 3 presents a qualitative and quantitative comparison between
literature and the results obtained in this paper (there were assigned as “Ref 0”); there were
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distinguished from other references that contain notable results presented by the authors
of the published articles.

The most significant results obtained by the authors of specialized literature are
numerically presented in Table 3. This comparison allows to the reader to identify much
more easily and efficiently the effects of the results of the authors article as well as the
notable published results obtained by various researchers. For an effective identification
and correlation of the comparative results presented in Table 3, the following approach was
developed: (1) Presentation of the method, (2) Degree of novelty from a qualitative point of
view, and (3) Efficiency of the models/methods from a quantitative point of view.

7. Conclusions

We have proposed a complete method of optimizing photovoltaic modules, which uses
a series parallel approach to determine the influence of temperature and shading effect to
PV device. However, this study led to improving the output electrical parameters, making it
possible to respond appropriately to sudden variations in solar radiation. We have analyzed
the influence of the FLC controller on the output power of a photovoltaic generator in terms
of power operational optimization. The obtained results can be developed and widely
applied, both for complex stand-alone photovoltaic generators and on-grid ones. This
research was dedicated to defining a special concept for extraction of the maximum power
from a PV generator based on optimized FLC algorithm and the five-point operation, which
determines a better accuracy. The authors modeled and simulated the PV generator for
determining and tracking the maximum power point, along with operational optimization
based on the MPPT-FLC controller.

The results show that a significant amount of additional energy can be extracted from
a photovoltaic generator by applying a “tracker” to “track” the maximum power point
based on FLC algorithm. At the same time, these results indicate an improved efficiency of
the PV generator, during periods of low solar radiation or partially shading.

The simulations show that the derived model is correct. When the irradiance level is
changed, the percentage increase in the maximum power point (MPP) is almost equal to
the percentage increase in the incident irradiance level on the panel. In addition, the bypass
diodes considered in the simulation approach achieve higher MPP values during partial
shading. However, the maximum power point tracking (MPPT) based on FLC algorithm
remains “stuck” to a local maximum instead of the global maximum.

The proposed FLC controller would show more robustness in terms of its dynamic be-
havior under different operating conditions and could successfully overcome the difficulties
presented in non-uniform conditions, under partially shading.

The MPPT-based FLC could be applied to different types of solar cells (such as per-
ovskite, tandem heterojunction with metal oxides, organic, dye sensitive, etc.) MAT-
LAB/Simulink would allow the utilization of different types of solar cells and PV module
configurations for the PV generator developed within the MPPT-FLC approach.
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Abbreviations

PV Photovoltaic ∆C Exit membership
MPPT Maximum Power Point Tracking Cold old disturbance
P&O Perturb and observe Pr reference power
RC Ripple correlation IncCond Incremental Conductance
AC Alternative Current PPV actual power
DC Direct Current PL consumer power
I-V Current-Voltage characteristics Wp watt peak
P-V Power-Voltage characteristics Sa slope
FLC Fuzzy Logic Controller PWM Pulse Width Modulation
FIS Fuzzy Inference System FF filling factor
FL Fuzzy Logic IB battery current
MF Member Function VLd actual load voltage
NB Large Negative IL load current
NS Low Negative S command signal
PS Small Positive Isc short circuit current
PB Large Positive Voc open circuit voltage
ZO Zero Pmax maximum power
NM Medium Negative I” reference current
PM Medium Positive
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