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Photovoltaic (PV) systems have converted solar irradiance into electrical energy through PV cells that exhibit nonlinear
voltage-current (V-I) characteristics. A key feature of these characteristics has been the maximum power point (MPP),
where the product of voltage (V) and current (I) has reached its maximum, enabling optimal power extraction. The efficient
operation of a PV system has required rapid and accurate Maximum Power Point Tracking (MPPT), especially in
dynamically changing environmental conditions. This paper has presented a hybrid MPPT approach that has combined a
Fuzzy Logic Controller (FLC) with the conventional Perturb and Observe (P&O) algorithm. The proposed two-stage control
scheme has continuously identified and adjusted the MPP in response to variations in irradiance and temperature, including
partial shading (PS) scenarios. In the first stage, the FLC has provided an intelligent initial estimate of the MPP region to
improve the convergence speed of the P&O algorithm. In the second stage, another FLC has dynamically adjusted the step
size of the P&O algorithm to improve response and reduce oscillations. The hybrid FLC-P&O algorithm has been validated
through simulations under various conditions, including steady irradiance, sudden changes in sunlight, and partial shading of
varying severity. The results have demonstrated that the proposed controller has achieved high tracking efficiency and has
effectively overcome the limitations of the conventional P&O algorithm, particularly under non-uniform and rapidly

changing environmental conditions.
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1 Introduction

Solar energy is widely recognized as one of the
most promising renewable energy sources because it
is abundant, sustainable, and environmentally
friendly. Over the past decades, much research has
been conducted on both increasing the efficiency of
photovoltaic (PV) systems and developing novel
applications of clean energy technologies'. However,
PV systems, having relatively recently come into
existence in the energy landscape, convert directly to
electrical energy from solar irradiance as a potential
alternative to the traditional methods of fossil fuel-
based power generation’. The systems described here
can be used to provide power to an extensive number
of applications, from hydrogen generation units to
grid-connected networks to standalone systems,
including pumps for water’. However, environmental
factors such as irradiance (QG), temperature, and partial
shading (PS) significantly affect the output power of
PV systems®. Maximum power point tracking (MPPT)
algorithms are essential for extracting the highest
possible energy from a PV system, since the
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maximum power point (MPP) shifts continuously
with changing environmental conditions’. In general,
MPPT algorithms are paired with power electronic
converters to continuously adjust the operating point
of PV systems, ensuring maximum power transfer
under changing conditions’. The most practical and
cost-effective can be from different enhancement
strategies, which can be improving MPPT
algorithms rather than PV module materials or
converter, as in general, technological and economic
limitations can constrain such technology direction
changes’. Therefore, MPPT methodologies have been
developed considerably so far, and one of them, the
direct method, is the most attempted one, and the
widely implemented one is the Perturb & Observe
(P&O) algorithm®. These algorithms are crucial
in enabling continuous real-time MPPT of PV
systems by modifying operating parameters to follow
the MPP.

Even though it's commonly used, the MPP found
using a standard MPPT method like the P&O
algorithm has significant problems, including constant
fluctuations at the MPP, a slow response to changes,
being easily affected by local peaks during PS, and
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low accuracy during quick changes in environmental
conditions’. However, the outcome of these flaws
could be energy losses and decreased system
performance. In response, endless quantities of
research have been spent to perfect these algorithms
or to formulate hybrid approaches mixing traditional
methods with advanced control strategies. Although
the P&O technique is widely used for its simplicity
and low implementation cost, its fixed step size
introduces inherent limitations near the MPP, leading
to noticeable oscillatory behaviour'’. Pushing a
smaller step size towards convergence leads to
steady-state accuracy with a simultaneous decrease in
convergence speed, while a larger step size increases
steady-state tracking speed at the cost of steady-state
accuracy''. In order to overcome these trade-offs,
many modifications of the P&O algorithm have been
suggested. Consequently, one effective method is to
combine fuzzy logic controllers (FLCs) that are well
suited to problems with nonlinearity and
uncertainty'?. The adaptability of FLCs, which can be
seamlessly joined with conventional MPPT methods,
makes them attractive for cross-boundary applications
between converters. Thorough tests, both in the
laboratory and in complex control environments like
industrial automation, robots, and solar cells, have
proven their strong performance. The MPPT
performance is improved using a hybrid FLC-P&O
algorithm based on variable step size (VSS)".
In contrast to most of the methods previously used,
this method dynamically adjusts the step size in
response to the system conditions, thus eliminating
oscillations and improving both transient and steady-
state performance'. In other words, studies show that
this method can lead to up to a 0.38% increase in the
tracking efficiency over the P&O methods".
In addition, this paper develops an efficient two-stage
MPPT strategy to help further limit the limitations of
conventional techniques. In this method, the FLC
estimates the MPP but gives a rough estimate so that
convergence would be accelerated, and refined
tracking is applied by the P&O algorithm. This hybrid
approach offers an effective compromise between
rapid tracking and high accuracy, supporting real-time
performance even under changing environmental
conditions.

This paper aims to develop and evaluate a novel
hybrid MPPT strategy that integrates an FLC and
P&O algorithm in a two-stage architecture to achieve
rapid tracking, reduced steady-state oscillations, and

high efficiency under dynamically changing and non-
uniform irradiance conditions, outperforming the
traditional P&O algorithm.

This study is unique because it created a two-stage
hybrid MPPT algorithm that integrates a modified
FLC with the conventional P&O algorithm. In the
first stage, a variant of the FLC generates an
intelligent initial estimate of the MPP, which
significantly accelerates the convergence of the P&O
algorithm. In the second stage, secondary FLC
dynamically adjusts the VSS of the P&O algorithm in
real time to minimize steady state oscillations and
enhance responsiveness under rapid environmental
changes. This adaptive combination of intelligent
estimation and perturbation-based refinement enables
superior tracking performance in dynamic conditions.

The proposed hybrid FLC-P&O control strategy is
implemented and simulated in MATLAB/Simulink
under various operating scenarios, including uniform
irradiance, sudden irradiance transitions, and partial
shading conditions (PSC) of different severities. A
comparative analysis with the conventional P&O and
standalone VSS-P&O techniques confirms that the
proposed method offers enhanced tracking efficiency,
quicker convergence to the MPP, and greater overall
system stability. These improvements make the
approach both practically viable and economically
efficient for real-time PV system optimization.

2 Materials and Methods
2.1 Model of PV cell

Semiconductor-based cells are employed in PV
systems to convert solar energy into electricity. These
cells are then combined into sealed modules that can
be connected in parallel, series, or combination to
form a PV array '°. Performance of PV cells is
affected by environmental factors such as temperature
and G; voltage (V) and current (I) output are affected.
When sunlight photons excite electrons in the
semiconductor, electricity is produced; this reaction is
known as the PV effect'’. Figure 1 shows a system
model that uses equations to simulate and optimize
PV module behavior, enhancing energy output
predictions and system efficiency.

Using the following formula, the module’s
saturation current (Isc) depends strongly on the cell
temperature. This equation allows us to model in
terms of temperature the influence it has on the
saturation current and hence on the entire
performance of the PV module.
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Fig. 1 — PV cell's equivalent circuit.
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Other factors being held constant, the output power
from the system is inversely proportional to
temperature and directly proportional to irradiance.
The MPP is tracked by a topology and converter in
the presence of temperature and irradiance variation.
Because PV systems have nonlinear characteristics,

these factors have a major impact on their
performance and efficiency.
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2.2 DC to DC boost converter

In this study, a boost converter is used to control
the energy transfer from the PV modules to the load
resistance (RL) in the MPPT system. The DC to DC
converter adjusts the power transfer by modifying the
duty cycle (a), which can vary depending on the
characteristics of the electronic components, allowing
the voltage to shift from one level to another desired
output voltage (Vout)'®. To ensure the best efficiency
value under the requirement, the condition of the DC—
DC converter is of great importance. For low- to
moderate-electric-power applications, MOSFETs and
standard diodes are selected as the elements of
interest, as they are typically used. After the inductor's
size and the switching losses have been balanced, the
switching device's frequency is set to 25 kHz. It
covers the optimal boost converter topology for
various MPPT techniques and the process of MPP. It
also discusses the use of a converter in PV systems to
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Fig. 3 — When circuit S is ON.

maintain the output of the PV source. The V-I
converter transforms the DC input voltage into the
DC Vout with low converter loss'. The converter's
control signal d(t) stays low for Topr and high for Toy.
The generated energy varies based on atmospheric
conditions, and turning the switch on reduces voltage
and watt loss. Switching off decreases power and
current. o is determined to control the average output
(Vout) and maintain a constant switching time .
Figure 2 shows a circuit of a boost converter voltage
from input to output, ensuring the inductor’s current
never reaches 0.

a="Ton/, .(6)

2.2.1 Case 1: When S is on & D is off : Figure 3 shows the
switch (S) in open states with the diode as a barrier to
prevent a reverse current flow. The switch allows
current to pass in the closed state and in the open
state, the diode blocks reverse current to guarantee
correct current direction and circuit stability.

Inductor polarity is based on the direction of
current flow. When the switch is fully on, reverse
biasing "turns off" the current, resulting in a Vout and
a voltage spike. The total time represents the
combination of the on and off durations of the switch
within one complete operating cycle.

diy,
VL =L'E=Vin (7)
dl Vi dl Al Al Vi
2L =in also L = -L = L =1 (8)
dt L dt At aT L

Since the switch remains closed for a duration Toy
= a T, thus At = a T, then, the inductor current
increases linearly according to
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Al = (Vi/L)aT ...09)

2.2.2 Case 2: When S is off & the D is on: Figure 4 shows the
operation of the S when closed. When the switch is
open, it prevents current circulation, and diode passes
the current, which is necessary for current direction
and proper circuit operation.

Vin =V = Vour = 0,V = Vip = Vour -.-(10)
Vp =Lk = Vi — Vo (1)
% = % ...(12)
Al =(1- a)(@ﬂ" .(14)

From the equation, it states that the sum of the |
change rates is 0 since there is no current change in
mode 2 when the S is open, thus it implies the current
is constant during this time period.

Ai;(mode 1) + Aij(mode 2) =0 ...(15)
Vin Vin—"Vou
(“2) ar + (F2=euty (1 - ) ...(16)
Simplifying, we get:
Vout _ L
Vo~ 1oa ...(17)

The PV array output acts as the input voltage (V)
to the boost converter, with its duty cycle (o) adjusted
according to the MPPT algorithm. The boost
converter depends on the action of the MOSFET; for
example, by switching the current from the charge to
the discharge cycle of the inductor. Continuous
conduction mode implies that the a, defined as the
ratio of on-time to total time and determining the
relationship between Vv and Voyur voltage, is
controlled using a PWM signal and constrained within
0 < a < 1. The RL should be equal to or higher than
the internal resistance at MPP of the PV array
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Fig. 4 — When S is OFF.

(RMPP) to get best MPP tracking. The RMPP was
determined by simulating under different irradiance
levels (2001000 W/m?). The MPP decreased as light
reduced from 1000 W/m? to 200 W/m?, from 249 W
to 49.15 W, while RMPP increased from 3.61 Q to
17.75 Q. RL > RMPP was guaranteed under all
conditions by choosing the RL = 53 Q.

In this study, the allowed variation in input current
(Aipy) at the MPP during the peak sunlight level (1000
W/m?) is used to choose the inductor value for the
boost converter. From Equation (11), we can see that
a larger inductance will lead to less current variation.
That a higher inductance will lead to a lower current
ripple. A switching frequency (fs) of 25 KHz, to
reduce oscillation around the MPP, and L = 1.1 m, to
preserve a 1% input current ripple. Furthermore, input
and output capacitor values are calculated so that the
output voltage ripples (AVo) are below 2% to have
stable voltage regulation at the converter output.
Figures 5(a) and 5(b) illustrate the -V and P-V
characteristics of the PV system, demonstrating that
factors such as irradiance, temperature, and humidity
significantly influence the systems output power and
overall efficiency.

2.3 MPPT controllers

MPPT is an important characteristic of PV solar
systems. It is an approach to control strategy based
upon a set of programmed algorithms embedded in
charge controllers that continuously extract the
highest possible output P from a PV array’'. MPPT
algorithms are also needed since drastic variations in
environmental conditions, such as G, shading levels,
temperature, or module electrical characteristics, need
the ability to adapt to them as they change quickly
(e.g., solar irradiance). In other words, the aim of the
MPPT technique is to always reach and track the
optimum point of PV (MPP in a module: the point on
the I-V curve for which the product of V and I is
maximized). Due to the change of irradiance and
temperature from day to day, MPP shifts
dynamically®. As a result, it is critical that the MPPT
algorithm continuously react to these variations in
order to continuously harvest optimal amounts of
energy. Usually, an MPPT controller is realized via a
DC-to-DC converter in series with the PV array or in
series with the energy storage system (or the inverter).
The power transfer to the load is maximized via this
converter through adjustment of the modules
operating V and I to the MPP under the environmental
conditions®. In the literature, a lot of MPPT
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Fig. 5— PV Module for different levels of insolation (a) I-V curve and (b) P-V curve.

algorithms have been developed, analyzed, or
optimized to improve performance under different
scenarios of operation. The objective of these
techniques is to adapt to changes in irradiance as well
as temperature and to optimize energy yield. At the
peak power V-1, the PV module has a specific output
V-1 that characterizes the MPP. For example, a
standard PV module running at a cell temperature of
25°C provides about 17 V maximum Vout. Yet,
temperature  varies the voltage: under high
temperature it decreases to about 15V, and at low
variations of these stresses highlight the need of
having high performance and adaptable MPPT
algorithms to efficiently operate across various
environmental conditions in PV systems.

2.4 P&O method

The P&O technique controls the PV system by
changing the operating voltage and monitoring the
relationship between voltage and power output™®. This
method causes oscillation, especially in unstable
conditions, and can slow down the MPPT's response
to weather changes. Current is controlled by the
controller in proportion to power changes, increasing
when power increases and decreasing when it
decreases. PV voltage and current are measured using
the technique, as there is a MATLAB embedded
function, operating at a kHz frequency”. The current

adjustment is decided by the controller comparing
P(k) and P(k-1). Figure 6 displays the P&O flowchart.
The technique introduces voltage perturbations in
each MPPT cycle, which fluctuates the output power
about the MPP and potentially causes output power
loss. A dynamic constant that is a function of time is
used to adjust the duty ratio such that the duty ratio
matches prior power variations.

2,5 FLC

The FLC was developed by Lotfi A. Zadeh in
1965, and it is a viable way to control system
nonlinearity, imprecise system inputs, and the need
for an exact mathematical model. The four main
components of FLC are fuzzification, base rule,
engine inference, and defuzzification. This study
proposes a two-stage hybrid MPPT algorithm that
integrates FLC with the traditional P&0O method™.
FLC also speeds up the convergence speed of P&O in
the 1st stage to provide an initial estimate near the
MPP. In the 2nd stage, another FLC also dynamically
tunes the P&O-VSS to achieve steady-state stability
and fast transient response. Fast tracking but high-
power oscillations near MPP are used with
conventional P&O, in which a large fixed VSS is
utilized, while small VSSs are used for low-power
oscillations and slow response to irradiance changes”’.
The limitations of the use of conventional MPPT with
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Fig. 6 — Functioning of P&O MPPT (a) Flow diagram of P&O method and (b) P&O MPPT based tracking under constant irradiation.

a fixed VSS are overcome by the variable VSS
approach proposed, which is tuned using FLC and
gives better performance under dynamic conditions™.
A first FLC with two inputs based on Voc and Isc and
one output as the initial estimate (Din) is used.
A modeled model is illustrated in Fig. 7 and
Table 1 with five steps, namely very small (VS),
small (S), medium (M), large (L), and very large
(VL), characterizing each input and output variable.

In this stage, the second FLC determines the
appropriate VSS (A) for the P&O algorithm. It has
two inputs: Error (E), representing the slope of the
PV curves indicating MPP proximity, and change in
Error (AE), which assesses the direction of movement
toward MPP. The output, AD, is provided to the DC-
to-DC converter to regulate the load power
accordingly. Each input consists of five fuzzy sets:
NL, NS, ZE, PS, and PL, while the output consists of

VS, S, M, L, and VL, as defined in Table 2. A total of
25 fuzzy rules are applied using the MIN-MAX
implication method. Figure 8 displays the input and
output membership functions.

Figure 9 illustrates the flowchart of the proposed
controller, which employs a dual-stage MPPT scheme
combining FLC and the P&O algorithm. In the
first stage, the FLC predicts an initial o based
on real-time V and I measurements. The power and
voltage changes are calculated to drive the P&O
algorithm into fine-tuning the D for accurate
tracking to MPP. The second FLC dynamically
adjusts the P&O VSS to minimize steady-state
oscillations and improve transient response®. The
membership function ranges of Figures 6 and 8 were
defined by using expert knowledge and experimental
data in order to guarantee a correct input-output
representation in typical PV operating conditions.
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Fig. 7 — Membership functions of first-stage FLC for (a) Voc,
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Table 1 — Fuzzy inference.

Voc/lIsc VS S M L VL
VS M M S L VL
S M M M L VL
M VS S M L VL
L VS S M L M
VL VS S L M M
Table 2 — Inference of FLC
E/E NL NS ZE PS PL
NL VL NL S S VS
NS VS VS S VL S
ZE VS VS S VL S
PS S S VL VL VL
PL S S VL VL VL

3 Results and Discussion
3.1 Model connection of system

The power output of the PV module is calculated
by its power curves, which relate V and I to incident
irradiance and ambient temperatures. The calculation
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Fig. 8 — Membership functions of second-stage FLC for (a) Error
(E), (b) Change in error (AE), and (c) Duty cycle adjustment (AD).

procedure follows the steps illustrated in Figures 10
to 17.

3.2 Results of the proposed system

MATLAB/Simulink simulations on the suggested
FLC-P&O-FLC hybrid VSS-MPPT controller's
performance are carried out under varying weather
conditions. The system comprises a PV module and
the proposed algorithm-controlled boost converter to
obtain the optimal duty adjustment and to achieve the
global maximum power point (GMPP) across
different irradiance levels (as given in Table 3). This
is used to assess the controller’s tracking efficiency
over these scenarios, and the PV model parameters
are detailed in Table 4.

Figures 18, 19, and 20 show how the proposed
system is analyzed under various PSC, i.e., weak,
moderate, and strong sudden changes in irradiance
and uniform irradiations. In its performance, the
proposed control performed more effectively than the
traditional P&O in uniform irradiance, sudden
changes in irradiance, and PS. The P&Os sped up the
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convergence and improved the tracking accuracy and
GMPP identification compared to the conventional
P&Os, which were sometimes stuck at the local
maximum power point (LMPP).

Shunt current

[Rs]
Fig. 12 — Shunt current equation modelling.

3.2.1 Uniform irradiation

Figure 21 evaluates the conventional P&O against
the suggested controller under conditions of
consistent solar exposure, where each PV panel is
subjected to 1000 W/m?. The results indicate that the
new controller more rapidly achieves the MPPT,
taking only = 0.14s.

3.2.2 Sudden irradiation change

To assess the system's performance under rapidly
changing irradiance, the solar irradiance was abruptly
decreased from 1000 w/m?> to 500 w/m?> and
subsequently back to 1000 w/m?. In comparison to the
conventional P&O, Figures 22 & 23 illustrate an
enhanced dynamic irradiance variation response and a
higher tracking efficiency.
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Table 3 — Specification of the boost converter.

Switching Frequency 10kHz
Input Capacitor (Cin) 100 pF
Output Capacitor (Cout) 200puF
Inductor (L) 13mH
Resistive Load (R) 30Q
Table 4— Specification of the PV module.
MPP 250.2W
Voltage in open circuit (Voc) 37.3V
Voltage at MPP (Vypp) 30.7V
Short Circuit Current (Isc) 8.66A
Current at MPP (Iyipp) 8.15A
Temp. Coefficient of Voc -0.36901
Temp. Coefficient of Igc 0.086998
Number in Cells of series (Ns) 60
Temp. of the operating Cells 25°C

3.2.3 Partial irradiation shading

To validate that method effectively, several PSC
scenarios have been simulated, each being weak,
moderate, or strong. An example of how the FLC-
P&O-FLC would perform under these conditions is
given by the results. The proposed approach is also
compared to the conventional P&O methods,
highlighting its superior tracking capability and
robustness in accurately locating and stabilizing at the
GMPP in complex shading conditions. For the first
two PV panels, they received uniform irradiance of
1000 W/m?, and the third received irradiance of 750
W/m?, as depicted in Table 5. The P—V characteristics
of the PV array in PS are shown in Figure 24, in
which the two GMPPs and an LMPP are indicated by
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two distinct peaks. During the simulation period, the
proposed controller is capable of distinguishing
between GMPP and LMPP. It is shown in
Figures 25-27 to track the GMPP in a fast, dynamic
way under shading conditions. On the other hand,
unlike the conventional P&O methods, the LMPP is
not reached by the traditional P&O technique and gets
trapped instead. The P&O component follows the
fuzzy controller component to effectively estimate an

initial D close to the GMPP and refine it to achieve
the best power extraction from the PV system.

Table 6 provides a performance comparison between
the proposed hybrid controller and the traditional P&O
algorithms in different operating conditions. The results
demonstrate that the proposed controller consistently
achieves higher tracking efficiency, faster response, and
superior GMPP tracking accuracy across all irradiance
levels, including rapidly changing irradiance and PSC.
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Fig. 22 — PV system in sudden change in irradiance from 1000 W/m? to 500 W/m? (a) Conventional P&O and (b) Proposed FLC-P&O-

FLC controller.
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Fig. 23 — PV system in sudden change in irradiance from 500 W/m? to 1000 W/m? (a) Conventional P&O and (b) Proposed FLC-P&O-
FLC controller.
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Fig. 25 — PV system in weak PSC (a) Conventional P&O and (b) Proposed FLC-P&O-FLC controller.
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Table 5 — PV array incident irradiance at the GMPP and
corresponding output power.
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Table 6 — Comparison of the suggested FLC-P&O-FLC
controller's performance with that of conventional P&O
under various conditions.

Case PV Array Irradiation Power
(W/m®) W) Parameter Convention P&O FLC-P&O-FLC
Strong PS [1000;1000;250] 577.7 Tracking speed Excellent Outstanding
Moderate PS [1000;1000;500] 577.9 Steady-state error Higher Moderate
Weak PS [1000;1000;750] 657.1 Obtaining actual MPP No Yes
Oscillation Lower Moderate
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Fig. 26 — PV system in moderate PSC (a) Conventional P&O and (b) Proposed FLC-P&O-FLC controller.
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Fig. 27 — PV system in strong PSC (a) Conventional P&O and (b) Proposed FLC-P&O-FLC controller.
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4 Conclusion

The proposed hybrid MPPT technique unites the
benefits of the FLC and P&O algorithms in two stages
of structure. In the first stage, an initial FLC is used
for fast and intelligent estimation of the MPP to
substitute traditional FLC slow convergence by
leveraging the faster response features of the P&O.
The second stage is then the dynamic tuning of the
VSS of the P&O algorithm by a secondary FLC to
compensate for the inherent trade-off of the
conventional, fixed-step P&O methods between rapid
tracking and steady-state oscillation. In particular, the
VSS that accelerates the tracking process comes at the
expense of large oscillations around the MPP, and one
that limits the oscillations progresses rapidly but has a
slow response to irradiance fluctuations. As a result of
the adaptive real-time system condition-based VSS
adjustment as implemented by the second FLC, the
proposed hybrid MPPT overcomes this limitation and
provides enhanced transient response as well as better
steady-state precision. The proposed approach is
validated through simulation results, which indicate it
improves the tracking efficiency of P&O higher than
conventional P&O in dynamic and nonuniform
irradiance conditions.
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