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1. Introduction

The grid-connected PV system comprises a PV module, a boost converter, and a maximum power point tracking (MPPT) system,
which together enable integration with the main power grid. In this method, the electrical energy generated by the PV system is
integrated into the main grid through grid-connected inverters, which modify the waveform and adjust key parameters such as
voltage level, phase angle, and frequency to ensure compatibility [1-4].

1.1. Research Necessity and Novelty

The growing global energy demand and environmental concerns have led to the increased integration of PV systems into modern
power grids. However, variations in solar radiation and temperature cause continuous fluctuations in PV output, reducing system
reliability and energy utilization. An intelligent and adaptive MPPT method is essential to maintain optimal operation and guarantee
efficient grid interaction. The necessity of this study arises from the need for an improved control strategy capable of minimizing
power ripple, improving transient response, and ensuring seamless grid synchronization. The key novelty of this work lies in
proposing a modified fuzzy logic controller optimized using the PSO algorithm. Unlike conventional two-input fuzzy controllers, the
proposed method introduces a third input (PV voltage) to enhance decision precision. PSO is used to optimally adjust the membership
function parameters—centers and spreads—thereby reducing power fluctuations and improving MPPT accuracy. Moreover, the
proposed controller is integrated into a grid-connected PV configuration, where hysteresis current control and a PID-based
synchronization system ensure efficient power injection into the grid [5-9].
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1.2, Contributions

The main contributions of this study are summarized as follows:

1. Development of an enhanced fuzzy MPPT controller with three inputs (E, CE, and V) for improved tracking performance.

2. Optimization of fuzzy membership functions using PSO, leading to reduced oscillations and enhanced steady-state accuracy.

3. Implementation of the proposed control method in a grid-connected PV system with effective hysteresis-based current
synchronization.

4. Comparative analysis demonstrating superior efficiency and stability compared to the conventional P&O algorithm under
dynamic conditions.

1.3. Paper Organization

The remainder of this paper is organized as follows. Section 2 provides a general overview of solar energy and power systems,
discussing the role of PV technologies in sustainable energy generation and the challenges of their integration into modern grids.
Section 3 describes the modeling of MPPT in PV systems, including equivalent electrical circuit representation, operational
characteristics, and the governing current-voltage relationships under variable irradiance and temperature conditions. Section 4
presents the proposed optimal fuzzy controller design for MPPT, explaining its structural framework, control mechanism, and
advantages over conventional methods. Section 5 outlines the Particle Swarm Optimization (PSO) algorithm used to fine-tune the
fuzzy controller’s parameters, detailing its mathematical formulation, optimization strategy, and convergence process. Section 6
elaborates on the fuzzy logic controller design and optimization procedure, covering the fuzzification, rule inference, and
defuzzification stages, as well as the incorporation of PSO-based parameter adjustment. Section 7 reports the MATLAB-based
simulation results, providing a comparative performance analysis between the proposed optimized fuzzy control method and the
conventional Perturb and Observe (P&0) algorithm for both standalone and grid-connected PV systems. Finally, Section 8 concludes
the paper by summarizing the key findings, verifying the effectiveness of the proposed control strategy, and suggesting possible
directions for future research.

2. Solar Energy and Power Systems

Currently, large-scale PV systems, configured as renewable power substations, are integrated into the power grid through power
electronic converters, as illustrated in Figure 1.

Figure 2 illustrates that the equivalent circuit of a PV cell incorporates both series and parallel resistances. The series resistance
represents the cumulative resistive effects of the semiconductor material and electrical interconnections, and its value increases with
the number of cells connected in series. The parallel, or shunt, resistance models power losses due to small leakage currents through
alternate conduction paths. While series resistance can significantly influence performance, the impact of parallel resistance is
generally minimal. Additionally, the behavior of non-ohmic currents in the depletion region can be represented by introducing a
second diode into the equivalent circuit model.

Considering all parameters, the current equation of the PV cell will be as described in Equation (1):

I = [plz _[o * (eq"(VJrI*Rs)/[n*k*T) _ 1)_ (V + 7 ;&RS/RSI;)

(€8]
To calculate the value of Rg, we will have Equation (2):
dI nslors
Ro=-% 4 )
T (e

The value (:_‘1,) will be determined using the voltage-current characteristic of the PV module.
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Figure 1. Overview of the PV system connected to the power grid.
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3. MPPT in PV systems

Over the past decade, significant attention has been directed toward enhancing the efficiency of PV systems, with MPPT emerging
as a key area of focus. MPPT techniques are designed to optimize the extraction of electrical power from PV modules by continuously
adjusting the operating point to correspond with the maximum power output. Typically implemented through electronic power
converters, these systems actively respond to variations in environmental factors such as solar irradiance and temperature, as well
as changes in electrical load, to maintain optimal energy conversion performance.

MPPT is a key factor in improving the energy conversion efficiency of PV systems, thereby enhancing their economic viability.
The current-voltage (I-V) curve of PV modules exhibit strong nonlinearity and are affected by several dynamic parameters, such as
cell temperature, incident solar radiation, charge carrier lifetime, and the electrical load profile. For any given set of environmental
conditions—specifically, irradiance and temperature—there exists a unique operating point on the I-V curve where the module
achieves its peak power output. A plethora of methods have been introduced for MPP detection, and they can be classified into four
main methodological categories based on their underlying principles [10-12].

The first category includes techniques based on basic algorithmic approaches, with P&O and Incremental Conductance (INC)
being the most widely used. The P&O technique functions by slightly adjusting the terminal voltage and observing the corresponding
change in output power. If power output rises, the adjustment continues in the same direction; if it falls, the direction of perturbation
is reversed. One of the main strengths of this method is its independence from the specific parameters of the PV module [13,14].

However, its primary drawback is the tendency to oscillate around the MPP, especially under rapidly fluctuating environmental
conditions, which may result in diminished tracking accuracy.

The second category comprises methods grounded in solar cell modeling. These techniques entail the development of a
mathematical or electrical model of the solar cell and the subsequent derivation of its characteristic relationships. The model is then
used to predict the behavior of the PV module, thereby serving as the basis for system design and implementation. While such
approaches can offer high precision under controlled conditions, their primary limitation lies in their lack of adaptability.
Specifically, these methods are customized to the characteristics of a particular solar cell, making it difficult to substitute or upgrade
components without requiring a complete redesign of the system [15-18].

The third category comprises techniques that utilize the empirical relationship between the operating point and specific
parameters of the PV cell. Notable examples include the short-circuit current method and the open-circuit voltage method. These
approaches estimate the MPP based on proportionality assumptions, such as a fixed ratio between the MPP current and the short-
circuit current, or between the MPP voltage and the open-circuit voltage. However, their accuracy is limited due to the inherent
nonlinearity of the current-voltage characteristics, which undermines the validity of the linear approximations on which these
methods rely. The fourth category is intelligent control designs, in which fuzzy logic control or artificial neural networks are used.
The fuzzy logic control method can work with imprecise and non-linear inputs and does not require a precise mathematical model.
Fuzzy control has three stages: fuzzification, determining rules based on lookup tables, and defuzzification [19,20].

In the fuzzification process, numerical input variables are turned into linguistic variables using predefined membership functions.
For fuzzy controllers applied in MPPT, the typical inputs are the error (E) and the change in error (AE or CE). The calculation of E
and CE can be defined by the system designer, offering flexibility in controller design as in Equations (3) to (4).
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Figure 2. The exact equivalent circuit of the PV cell.
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Figure 3. The point of maximum power in the nonlinear PV characteristic.
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One common approach involves using the condition where the derivative of power with respect to voltage (dP/dV) approaches
zero, which indicates the operating point corresponding to the maximum power.

_ p(n)-p(n-1)
E@m) = yove 3)

CE(m) = E (m)-E @1) “4)

CE and E are calculated and converted into linguistic variables. The output of the controller is usually the change in duty cycle
of the converter (AD) and is searched in the rules table. In the defuzzification step, the output of the fuzzy controller is converted
from linguistic variables to numerical variables that are still used in the membership function.

These controllers demonstrate effective performance under varying weather conditions. Experimental results indicate that they
achieve rapid convergence to the MPP while exhibiting minimal oscillations around it. The accuracy and stability of the tracking
process are significantly influenced by the selection of the membership function, which plays a critical role in shaping the controller’s
responsiveness and precision.

Each method of finding MPPT has its advantages and disadvantages. In this article, since the goal of optimization is achieved,
the maximum efficiency of the PV system, the fuzzy method is used with corrections to reach the maximum efficiency, and the
simulation results It is compared with the common P&O method.

4. Optimal Fuzzy Controller Design for MPPT

The MPP of a PV module varies in response to changing environmental conditions, such as irradiance and temperature.
Consequently, achieving maximum power transfer would ideally require continuous adjustment of the load, which is not feasible in
practical applications. To address this limitation, an intermediate stage is introduced to ensure optimal power extraction from the
PV module under constant load conditions and varying environmental inputs. This stage typically involves a DC-DC converter, which
may be configured as a step-up, step-down, or bidirectional (buck-boost) converter, depending on the system design requirements.
When interfacing with an AC load or the utility grid, a DC-AC inverter must be added following the DC-DC converter [21-24]. This
inverter may employ pulse-width modulation (PWM) to boost efficiency and lead to low harmonic distortion, or a simpler square-
wave design that offers easier control at the expense of increased harmonic content.

4.1. Boost converter

The converter's placement between the PV module and the consumer is pivotal for effective power extraction. When utilized in
conjunction with appropriate control mechanisms, this configuration enables the PV module to operate at its optimal power output
level. The boost converter is a device that functions to amplify the direct current (DC) voltage. It is a component of various peak
power tracking methods. Given that the maximum voltage produced by the array is negligible, this converter can be utilized to
augment the voltage. The ideal model of a boost converter is as follows:

The circuit’s operation can be described in two distinct modes. In the first mode, initiated at time t=t,=0, the switch is closed,
causing the input voltage to be applied across the inductor. As a result, an increasing current flow through the inductor LL and the
closed switch. The second mode begins at t=D-T, where DD is the duty cycle and TT represents the switching period. At this point,
the switch opens, redirecting the inductor current through the diode, capacitor, and load. During this interval, the inductor releases
its stored energy to the load, causing the current to gradually decrease. In the subsequent cycle, when the switch closes again, the
inductor begins a new energy storage phase. This cyclical operation enables controlled energy transfer to the load (Figure 5).

As illustrated in Figure 6, the status when the switch is closed is as follows in Equations (5) to (7):

avi(t)

L) = G2 = i) - i) (5)

L) = G52 = — iy ©)
_ yauw@) _

Vi = L— = = vi(t) @

[ Rule Base J [ Output ]
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J

Figure 4. Fuzzy system overview.
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As illustrated in Figure 7, the status when the switch is closed is as follows in Equations (8) to (10):

L) = G752 = i) - i(t) @)
L) = G2 = i) - iy(®) ©
[/l(t) =1L % = Vz(t) - Vo(t) (10)

Therefore, it can be concluded that the inductor voltage waveform is illustrated in Figure 8. Voltage and current waveforms for
the case where the load current is continuous are as mentioned in Figures 9 to 11.
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Figure 6. Boost converter in switch closed mode.
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The following relations can be obtained for the DC-DC step-up converter (Equation (11) and Equation (12)):

1-D an

Boost factor:

Vo Iin 1
Vin _ In 1-n a2)
4.2. Boost converter design
To have a continuous current flow, the minimum inductance value would be calculated as follows in Equation (13):
_ (1-D)*DR
Linin = 2F a3s)

In Equation (13), D is the working parameter, R is the consumer resistance in ohms, and F is the switching frequency in Hz.
The output capacitor in the boost converter supplies the output current to the consumer when the diode is off. The minimum capacity
of the capacitor in this converter is obtained by considering the voltage fluctuation from the Equation (14):

DXVo
Cmi =

~ 2rF a4)

In Equation (14), V,, is the output voltage of the converter.

4.3. Inverter

Solar panels inherently produce direct current, which must be converted to alternating current (AC) for grid connection or AC
load applications. This conversion is accomplished using an inverter. A typical single-phase bridge inverter consists of four power
electronic switches arranged to alternate the direction of current flow, thereby generating an AC output from a DC input. The type
of switching devices, commonly insulated gate bipolar transistors (IGBTs) or metal-oxide-semiconductor field-effect transistors
(MOSFETs), is selected based on design requirements. IGBTs are generally preferred for high-frequency switching, while MOSFETs
are suitable for applications involving lower frequencies and higher power levels. Various switching control strategies are employed
to regulate inverter operation, including conventional pulse width modulation (PWM), sinusoidal PWM (SPWM), and square-wave
control with adjustable pulse widths. Each method presents trade-offs in terms of harmonic content, efficiency, and implementation
complexity, and the choice depends on the specific performance goals of the inverter system.

The circuit model of a single-phase inverter is illustrated in Figure 12. As shown, the inverter comprises four power switches
arranged in a bridge configuration, which facilitate the conversion of DC input to AC output by appropriately controlling the
conduction of each switch. To protect the switches during load commutation, especially in the presence of inductive (self-reactive)
loads, a freewheeling diode is connected in parallel with each switch. These diodes provide an alternative current path during switch-
off intervals, preventing voltage spikes and minimizing the risk of damage to the switching devices.

The inverter has two modes of operation. In the first case, the work cycle interval D, when the switches S1 and S2 are closed,
and in the second case, the complementary time 1-D, when the switches S3 and S4 are closed (Figure 13).

5. Particle Swarm Optimization

To enhance the performance of the fuzzy logic controller, the particle swam optimization (PSO) algorithm is employed to optimize
the membership functions. PSO is a population-based metaheuristic inspired by the principles of collective intelligence and social
behavior, particularly as observed in flocking birds or schooling fish. In this approach, each potential solution—referred to as a
'particle'—navigates the search space with an associated fitness value, which is determined based on its position relative to the
objective function. Each particle retains knowledge of its personal best position (Pbest), the best position found by its neighbors
(Nbest), and the best position discovered globally by the swarm (Gbest). When the neighborhood includes the entire swarm, Nbest
and Gbest are identical. Particles adjust their velocities and positions by considering both their individual experiences and those of
their peers. This iterative process allows the swarm to converge toward an optimal or near-optimal solution. By leveraging this
algorithm, the fuzzy system can dynamically refine its rule base or membership functions, thereby improving overall tracking
accuracy and controller performance. The particle mass optimization algorithm is as follows:

e N particles are created randomly.

e  For all particles, speed and position are generated randomly.

e  Aslong as the completion conditions are not met:
o  One unit is added to t.
o  Calculates the value of the objective function for each particle.
o  Fori from one to n:
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[0}
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= Calculates X' >*[t]
Next value i is entered.
Calculates X® >[t].
For i from one to n:
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= for j from one to d:
Vilt+1] = WVi[t] + cyXP " [t] - X/ [t]) + cora(XF "' [t] - X}[t])
Xi[t+1] = Xji[t] + Vi[t+1]

= Next value j is entered.
L] The next value i is entered.

6. Fuzzy Logic controller design and optimization

Given the inherently variable nature of solar irradiance, the MPP of a PV module shifts dynamically along different current—
voltage (I-V) curves. Therefore, the MPPT controller must respond rapidly and accurately to these changes to minimize power
fluctuations and reduce energy losses. Among the various MPPT strategies, intelligent control techniques—particularly fuzzy logic-
based methods—have gained prominence in recent years, often outperforming conventional approaches such as P&O and INC. Due
to their heuristic nature, robustness, and effectiveness in both linear and nonlinear systems, fuzzy controllers are well-suited for real-
time MPP tracking under variable environmental conditions. In a typical fuzzy MPPT system, the input variables are the PV module's
voltage and current, which are processed to evaluate the control output. Based on a predefined reference model, the fuzzy controller
adjusts the duty cycle of the DC-DC converter to modulate the array's output impedance. This ensures that the operating point
remains aligned with the MPP despite fluctuations in irradiance and temperature.

6.1. Fuzzification

The initial step in designing a fuzzy logic controller involves defining fuzzy sets for both input and output variables. This process
requires a foundational understanding of the range and behavior of each variable involved in the system. Fuzzification serves as the
interface between real-world input signals and the fuzzy inference engine, translating crisp numerical values into linguistic variables
represented by fuzzy sets. These sets are characterized by membership functions, which describe the degree to which an input belongs
to a particular fuzzy category. Membership functions are inherently system-dependent, with their shapes varying according to the
nature and range of the variables they represent. In large-scale systems, configuring appropriate membership functions becomes a
challenging and complex task, as it requires balancing precision, interpretability, and computational efficiency.

i

Sy
+_1 + Ve _
V., — —D—
S>
S3
+_1 Ve _
V., — —D—

Sq

Figure 13. A: Connection state of switches S1, S2 B: Connection state of switches S3, S4.
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6.2. Rules and deductions

During the inference stage of a fuzzy logic controller, a set of fuzzy rules is formulated to determine the control signal based
on the input variables—typically the error and its derivative. Each fuzzy rule comprises two components: an antecedent (the 'if part)
and a consequent (the 'then' part). These rules represent expert knowledge or heuristic strategies and serve as the decision-making
logic within the fuzzy inference system. By evaluating the degree to which input conditions satisfy each rule, the fuzzy controller
generates an output that represents the required change in the control signal. This incremental output is then added to the previous
control value at each sampling interval, effectively adjusting the system's behavior dynamically and adaptively.

6.3. Defuzzification

The output of the fuzzy controller is a fuzzy set, but a real quantity is required at the output. Therefore, the output of the fuzzy
controller must be defuzzified.

The novel approach to fuzzy control involves the utilization of three inputs in lieu of two inputs, in conjunction with intelligent
methods. In the phase controller, the inputs (E) are typically the power changes to the voltage changes and their changes (CE) in
time t, which are expressed by the Equations (15) to (17). The output voltage of the module has also been utilized as the third input
to enhance the output power of the PV module. It has been determined that the output of the phase controller is also a AD duty
cycle.

Ppv(t)-Ppv(t-1)

E(t) = Vpv(t)-Vpv(t-1) (15)
CE(t) = E(t) - E(t-1) 16)
Vo) a7z

The structure of the fuzzy controller used to track the MPP is shown in Figure 14.

In this system, the Mamdani multiplication inference engine is used with a single fuzzifier as well as defuzzification of average
centers and Gaussian membership functions, whose input and output relationship is as follows in Equation (18).

i— Xile
L o ) as)

ML, exp X0y

YX) =

Y(X): Fuzzy system output

M: The number of fuzzy system rules

n: The number of input groups of the fuzzy system

v Centers of fuzzy system output groups

X' The centers of the input groups of the fuzzy system

o;: The degree of dispersion of the input groups of the fuzzy system.

In Equation (18), y%, X!, and o; are factors that play a very important role in the accuracy of the fuzzy system. The more precisely
these three parameters are adjusted in the fuzzy system, the better the fuzzy system performs. For this reason, we use particle swarm
optimization (PSO) algorithms to adjust these three parameters.

The work process is such that the optimization algorithm determines the centers and sigmas of the fuzzy groups so that the
cost function reaches its minimum value. The optimization process is done OFFLINE, and when the optimization algorithm
determines the best centers and sigmas for the lowest cost function, it applies them to the fuzzy system, and after that, the fuzzy
system consists of the centers and sigmas that the optimization algorithm has determined.

As illustrated in Figures 15 to 18, the fuzzy controller employs membership functions for its three input variables. The first
input, typically representing the error (E), defined as the rate of change of power with respect to voltage, and the second input, its
temporal derivative (CE), are each categorized into three linguistic labels: Negative (N), Zero (Z), and Positive (P). The third input,
which corresponds to the module's output voltage, is also partitioned into the same three fuzzy sets (N, Z, P) to reflect its influence
on the control process. The output variable of the fuzzy controller, which dictates the change in duty cycle (AD), is described by a
broader range of linguistic terms, extending from Negative Very Large (NVL) to Positive Very Large (PVL), to capture fine variations
in control action.The fuzzy rule base, as summarized in Table 1, is constructed based on the three input variables, each defined by
three membership functions: N, Z, and P. Given that the fuzzy controller operates with three inputs and each input has three fuzzy
sets, the total number of possible rule combinations is 33=2733=27.

Fuzzy Logic
Controller

Saturation)—b[ AD ]

Figure 14. The adopted Fuzzy system.
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Figure 18. Membership functions of output fuzzy groups (AD).

Table 1. Fuzzy logic rules.

1. Input 1 2. Input 2 3. Input 3 4. Output
5. N 6. N 7. N 8. z

9. N 10. N 11. z 12. NS
13. N 14. N 15. P 16. NVL
17. N 18. Z 19. N 20. Z
2. N 22, 7 23. Z 24, NM
25. N 26. VA 27. P 28. NVL
29. N 30. P 3. N 32. PS
33. N 34. P 35. Z 36. Z
37. N 38. P 39. P 40. NS
41. Z 42. N 43. N 44. PS
45. Z 46. N 47. Z 48. NS
49. Z 50. N 51. P 52. NL
53. Z 54. Z 55. N 56. PM
57. Z 58. Z 59. Z 60. Z
61. Z 62. Z 63. P 64. NM
65. Z 66. P 67. N 68. PL
69. Z 70. P 71. Z 72. PS
73. Z 74. P 75. P 76. NS
77. P 78. N 79. N 80. PM
8l. P 82. N 83. Z 84. Z
85. P 8. N 87. P 88. NM
89. P 9. Z 91. N 92. PM
93. P %. Z 95. Z 9. PS
97. P 98. Z 9. P 100. Z
101. P 102. P 103. N 104. PVL
105. P 106. P 107. Z 108. PM
109. P 110. P 111. P 112. Z

These 27 fuzzy rules form the core of the decision-making mechanism, enabling the controller to generate appropriate adjustments
to the duty cycle (AD) in response to changes in system behavior and environmental conditions.

Fuzzy controller parameters have been optimized to reduce power fluctuations around the MPP using the particle swarm
algorithm. For optimization, it is necessary to choose the criterion or cost function as in Equation (19).

— 1yN _ P2 —
J = N2k=1(Pref P) 0 (19)

npop: Number of particles
MAXit: Number of iterations
¢;, Cy: PSO parameters

W: Coefficient of inertia

The graph of the cost function will be shown in Figure 19. After optimization by PSO algorithm, membership functions of fuzzy
controller are optimized as follows in Figure 20:
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Figure 19. Cost function.
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Figure 20. Membership functions of the first input fuzzy groups (E) after optimization.
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Figure 21. Membership functions of the second input fuzzy groups (CE) after optimization.
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Figure 22. Membership functions of the third input fuzzy groups (Vpv) after optimization.
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Figure 23. Membership functions of output fuzzy groups (AD) after optimization.

7. Simulation Results Utilizing MATLAB

"For simulation purposes in this study, the BP SX 150S PV module is selected. The simulation is implemented using MATLAB,
where the PV module is modeled through a MATLAB Function Block. This block accepts two input parameters: solar irradiance (in
kW/m?) and cell operating temperature (in Celsius degrees), which is internally converted to Kelvin for accurate computation. These
inputs are essential for dynamically replicating the behavior of the PV module under varying environmental conditions.

To evaluate the performance and efficiency of the proposed fuzzy logic control system, the simulation is first conducted on a
standalone (grid-independent) PV system.

The MPPT algorithm is responsible for continuously tracking the optimal operating point to extract the maximum available power
from the PV module. The actual regulation of PV operation at this point is achieved through a DC-DC converter, which adjusts its
duty cycle based on the MPPT controller’s output to ensure the module operates at or near the MPP.
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According to the results of the simulations, it is clear that the current and voltage ripple of the optimal phase control method is
less than the P&O method, and also the power ripple will be less, and its better performance is proven. In the tracked power part,
the optimal fuzzy control method has a higher value than the P&O method, which proves the proper performance of the proposed
method.

In the following paragraphs, we simulate the designed PV system connected to the grid. First, the output power of the PV array
is adjusted by the DC-DC converter, and then it is converted to alternating power by the direct power inverter. The single-phase
voltage source inverter is used to connect to the low-voltage distribution network. The goal is to inject the maximum production
power of the PV system into the grid. As a result, the injection current must be in phase with the network current. The network used
includes a phase-locked loop (PLL) for synchronizing the power injected into the network, as well as an L-filter to reduce unwanted
harmonics. A PLL is used to track the grid voltage even under severe harmonic conditions.

7.1. Network synchronization

One of the most important aspects of distributed production systems is synchronization with the network. The PV module and
inverter must be able to adapt to the grid frequency and phase. The hysteresis current control method is used in this article.

7.2. Hpysteresis current control method

In circumstances where the inverter is connected to the distribution network, the current control method is employed for
synchronization.

At first, the network voltage is sent to the PLL to determine the frequency and phase of the network, and then, using the
determined frequency and phase, we create the reference current. Then, the reference current is compared with the network current
and determined by the hysteresis method and band determination. The inverter gates are switched. A PID controller is also used to
control the range of the reference current. Multiply the coefficient obtained from the PID controller by the reference current so that
the input voltage of the inverter does not exceed a desired value and is controlled.

7.3.  PID controller

The Proportional-Integral-Derivative (PID) controller is a widely used feedback control mechanism that aims to minimize the
error between a desired reference input and the system output. The effectiveness of a PID controller relies on the appropriate tuning
of its three parameters: the proportional gain (Kp), the integral gain (Ki), and the derivative gain (Kd). These coefficients determine
the controller's responsiveness, steady-state accuracy, and ability to predict system behavior, respectively.
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Figure 31. The output voltage of the PV module. Figure 32. The output current of the PV module.
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Figure 33. Boost converter output voltage.
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8. Conclusions

This study presented an intelligent, modified optimal fuzzy control strategy for MPPT in standalone PV systems. The objective

was to minimize power fluctuations and enhance overall system efficiency. The proposed method was benchmarked against the
conventional P&O technique, demonstrating superior performance in terms of tracking accuracy and stability. To further refine the
controller's effectiveness, the PSO algorithm was employed to optimize the fuzzy controller's parameters, ensuring appropriate

swi

tching behavior. The optimized fuzzy controller significantly reduced ripple at the MPP and maintained stable operation under

varying irradiance and temperature conditions. Additionally, the fuzzy-optimal control strategy was extended to a grid-connected

PV

system, successfully enabling maximum power transfer to the utility grid.

Abbreviations

K: Boltzmann's constant

Iy: current generated from received photons
Io. Diode reverse saturation current

V: Voltage across the diode

Q: electrical charge

T: Junction temperature in Kelvin

N: Ideal diode coefficient (between 1 and 2)
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