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three-phase voltage source inverter (VSI). Two algorithms for MPPT are presented: the
Perturb and Observe (P&O) technique and the Incremental Conductance (INC)
algorithm, which employ a DC-DC boost converter. The algorithms are designed to
optimize the capture of power produced by the PV system by measuring the PV output
power and adjust the converter’s duty cycle. The VSI in the system handles the
conversion from DC to AC. It employs both an internal control loop and an external
control loop to maintain the stability of the DC-link voltage and to ensure
synchronization with the grid. The grid synchronization of system involves the use of
Phase-Locked Loops (PLL) to achieve high accuracy in dynamic conditions. The MPPT
algorithms are implemented purely in a simulated environment using the
Matlab/Simulink package to illustrate the advantages of the presented MPPT methods
in comparison to operating without MPPT under different meteorological conditions.
The PV array simulation generally employs monocrystalline modules. The electrical
parameters of the system comprise the maximum power point voltage (Vmpp),
maximum power point current (Impp), open-circuit voltage (Voc), and short-circuit
current (Isc). The system initiates operations under standard test conditions (STC) of
25°C and 1000 W/m? during the simulation, followed by variations in irradiance (G)
and temperature (T) over time. The findings indicate that the P&O technique effectively
tracks the maximum power point (MPP) and facilitates the extraction of further power
throughout fluctuations under various meteorological conditions. Furthermore, the INC
algorithm is determined to be more effective for achieving MPPT in relation to both the
P&O method and the absence of MPPT under dynamic as well as steady-state
conditions. The INC algorithm is shown to increase the PV output power at STC by
5.24% without utilizing MPPT, whereas the P&O algorithm achieves an enhancement
of 3.24%. The results also reveal that the INC technique exhibits the highest
performance, achieving approximately 99.72% efficiency, whereas P&O reaches nearly
97.62% efficiency at STC.
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1. INTRODUCTION

The increasing global demand for electrical energy has positioned photovoltaic (PV) technology as a
cost-effective solution for power generation in various sectors, including residential energy systems, small
off-grid applications, and large infrastructure projects [1]-[4]. The application of solar energy via (PV) panels
plays a significant role in reducing greenhouse gas emissions and presents considerable potential for long-
term economic advantages [5]-[7].

Despite the widespread global adoption of PV technology, its output exhibits nonlinearity and depends
heavily on environmental variables (such as temperature and irradiance) as well as operating conditions.
Therefore, maximum power point tracking (MPPT) becomes essential, though it necessitates a robust,
efficient, and an economical MPPT solution to enhance energy output [8]-[12]. The problem statement of this
paper analyzes the nonlinear voltage-current characteristics and notable power losses of PV arrays in
complex operating conditions, such as fluctuating in environmental conditions. This scenario requires the
adoption of advanced MPPT techniques to enhance the power output of PV systems.

MPPT is employed to optimize the extraction of power from PV modules through the precise
adjustment of the converter's duty cycle, ensuring it aligns with the source voltage and operational points at
the specified power point. A DC-DC boost converter has been selected for the application to attain higher
conversion efficiency while maintaining simplicity in the electrical circuit [13]-[15]. Researchers have
employed a range of MPPT techniques across several studies. Commonly used MPPT algorithms include the
Perturb and Observe (P&O) method and the Incremental Conductance Algorithm (INC) because of their
straightforwardness and efficiency. P&O utilizes periodic voltage changes to monitor energy fluctuations; it
is a straightforward and effective method in various situations, although it may experience oscillations
around the maximum power point. The Incremental Conductance Algorithm (INC) offers greater accuracy
but necessitates more complex computations [16]-[21].

PV systems have a range of applications, including remote area energy services and grid utilities.
These applications encompass illumination, photovoltaic residential systems, street lighting, water pumping
and purification systems, traffic lights, telecommunication stations, battery charging, and medical services in
remote areas. Egypt, recognized for its substantial sunlight, is well-suited for generating electrical energy
from solar sources using PV systems. The Egyptian government encourages investment in renewable energy
projects to meet load demand [22]-[24]. Solar irrigation constitutes an innovative technological advancement
that utilizes clean energy for agricultural irrigation. It serves as a proactive strategy to reduce energy
consumption in irrigation practices, lower greenhouse gas emissions, and address power supply issues in
remote areas. This technology has been widely adopted on a global scale [25]-[27].

PV systems connected to the grid are currently among the greatest prevalent and extensively utilized
options [28][29]. These systems do not require energy storage batteries; they utilize standard inverters and
are integrated with the electrical grid. When PV panels generate more energy than is consumed by the load,
the excess energy is transferred to the grid, and users typically receive credit for the energy exported
[30][31]. It is important to note that PV systems connected to the grid are deactivated in the event of
electrical outages for safety reasons [32][33].

The following section presents a review of relevant literature pertaining to this paper.

P. B. Joshi and B. Bagde (2026) offered a comparative analysis of reference-based P&O and INC
techniques for identifying the MPP in PV systems. It regulates the output power of solar PV systems while
examining the steady-state performance of both the P&O and INC methods, and analyzes the responses of
each method to fluctuations in solar irradiance [34].

M. B. S. Bechekir, M. Brahami, H. Bendaho, and A. Brahimi (2025) focused on two primary MPPT
methods: the P&O method and the INC approach in electrical systems. An analysis of the P&O control
system indicated that it exhibits sluggish behavior and encounters difficulties in accurately tracking the MPP
[35].

A. Lemmassi, A. Derouich, A. Hanafi, A. Byou, M. Benmessaoud, and N. El Ouanjli (2024) examined
solar panels consisting of triple-junction solar cells utilized in CubeSats, specifically emphasizing the
optimization of power output from these panels through the MPPT technique. The investigation employs
both the P&O and INC methods. P&O is favored for its straightforward implementation and minimal
equipment requirements, whereas INC is recognized for its superior tracking accuracy in challenging
environments with rapidly fluctuating solar conditions [18].

S. Bharti, R. Kumar, Monika, and U. Sinha (2023) presented the P&O and INCMPPT algorithms for an
PV system and compares the algorithms under specific temperature, irradiance, and ambient conditions. it
provided implementation details and performance evaluations for the INC and P&O MPPT algorithms. The
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comparison indicates that the INC method exhibits greater efficiency and a faster tracking speed for the
MPPT of a PV array [36].

M. Ahmad, A. Numan, and D. Mahmood (2022) conducted a comparative analysis of the P & O and
INC algorithms across varying climatic conditions. The PV system and the MPPT techniques were examined
through simulations using MATLAB/Simulink. The results indicate that the INC algorithm demonstrates
superior performance compared to P & O concerning the speed of reaching the MPP, accuracy, and
performance consistency under fluctuations in radiation and temperature [19].

D. Routray, P. K. Rout, and B. K. Sahu (2021) provided a concise overview of recently proposed
methods, comparing the two techniques: P&O and INC, which are commonly utilized in real-time
applications. A discussion of potential challenges and issues is included, serving as an important reference
for system engineers aiming to enhance techniques for MPPT control in the future [37].

L. Assiya, D. Aziz, and H. Ahmed (2020) developed programmed algorithms for a photovoltaic
generator aimed at optimizing the energy output from the generator. The algorithms were implemented using
MATLAB Simulink and employed two methodologies: P&O and INC [38].

Rigorous research aimed at improving PV module efficiency, reducing the cost of PV panels, and
maximizing power extraction from PV systems contributes to the rapid expansion of PV power generation.
This study focuses on the challenges associated with integrating solar PV systems into electrical networks
and presents proposed mitigation techniques with the use of MPPT techniques [39].

The PV array in this study is connected to a DC/DC converter, with the output from the boost converter
supplying power to a common DC bus operating at 500 V. MPPT is implemented in the converter, utilizing
this technique to optimize power output by adjusting the voltage at the terminals of the PV array. A three-
phase Voltage Source Inverter (VSI) is used to convert the 500 V DC to 260 V AC while ensuring a unity
power factor. Additionally, a 200-kVA 260V/25kV three-phase coupling transformer is employed to connect
the converter to the grid.

The main contribution of the present paper is the examination of MPPT techniques within PV systems.
The system comprises a PV array, a DC-DC boost converter, a VSI, and a utility grid. The MPPT technique
is implemented to maximize power extraction from the PV array in response to fluctuating weather
conditions. Among the MPPT techniques available, the P&O and the INC techniques are commonly utilized
to achieve maximal power extraction from the PV array.

2. DESCRIPTION OF SYSTEM UNDER STUDY
Figure 1 depicts a standard grid-connected PV system, which consists of the subsequent components:

1. A PV system designed to provide a maximum power output of 100 kW under standard test conditions
(STC), which are defined as a temperature of 25°C and an irradiance level of 1000 W/m?.

2. A boost converter designed for direct current (DC) to direct current (DC) conversion aims to enhance
the output voltage of the PV system from 273.5 V DC to 500 V DC.

3. A three-level, three-phase VSI utilized to convert the DC voltage generated by the PV array into an
alternating current (AC) voltage of 220 V.

4. A three-phase coupling transformer of 100 kVA and 260/25kV and grid.

O . *  Three »  Step-up
PV Array DBC_DC Phase o| Transformer
N oost Inverter and Grid
- Converter - -
F 1
Vv
| B aeer
| Controller

Figure 1. Grid-connected PV array
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2.1. PV Model

The fundamental objective of a PV cell is to directly convert sunlight into electricity without the need
for an intermediary conversion process. During operation, it generates no pollutants, is characterized by a
robust and straightforward design, contributes to the reduction of global warming issues, is modular in
nature, incurs lower operational costs, requires minimal maintenance, and is capable of producing power
ranging from microwatts to megawatts [40]-[43]. The resistances of PV cells constitute a series of solar
panels that can be configured in series or parallel arrangements. In practical applications, these cells are
typically integrated and paired with a photovoltaic diode. Initially, the PV system functions as a current
source; however, its characteristics change as the voltage across its terminals approaches the open circuit
voltage, which complicates the modeling process [44][45]. A streamlined equivalent model for a PV cell is
illustrated in Figure 2.

— |
’/\'\\ I/A\\‘ //A“\ ;
A A % +
Islv Rs
S S <
lph | ‘\ \ P \ —

| / N < R

N / N\ ~ RP

Figure 2. Streamlined model of PV cell

The PV systems discussed in this paper consist of PV system with a combined power output of 100 kW.
This configuration includes Sixty-six modules are connected in series, while five modules are connected in
parallel, resulting in a total output of 100.65 kW (66 x 5 x 305 W).

The fundamental equation that characterizes the I-V relationship of the photovoltaic model is expressed
as follows:

q(V+IRs) 1] V + IRg

I=1ly—1Is [e KT R, ()

The current generated by light, I, is dependent on temperature and solar radiation, and is expressed as
follows:

G
Iyp = <_) [Iph atstc t Ki (T — Tsrc)] )
Gsrc

The saturation current of a single diode as a function of the PV systems' operational temperature is depicted
as follows:

T \3 q.E4 1 1
) T BN/ 1 1 3
= e (72) o[22 27 ’

Where, I is the Cell Current (A), I, is the Photo Current (A), Ig is the Saturation Current of Diode (A), q is
the Electric Charge of an Electron =1.6x1071% (Coul), K is the Boltzmann Constant (J/K), V is the Output
Voltage of the Cell (V), Rs,Rp is the Series & Shunt Resistance(€2), G is the Irradiance (W/m?), Ggrc is the
Irradiance at STC, T is the Operating Temperature of Cell (°C ), Tsr¢ is the Operating Temperature of Cell at
STC (°C), Iphatsrc is the Photo Current at STC, K; is the Coefficient of Short Circuit Current [46]. The
characteristics of the I-V and P-V array are illustrated in Figure 3.
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Figure 3. The I-V and P-V characteristics of photovoltaic system [47]
2.2. Boost Converter Model

The boost DC-DC converter is positioned between the PV panel and the grid system to adjust the output
voltage in relation to the MPP. The corresponding circuit model of the boost converter is illustrated in Figure
4, which includes the components of input source voltage (V;;,), inductor (L), diode (D), switch (S), capacitor
(C), and output voltage V,,,;. Depending on the output requirements, the switch can either be opened or
closed, ensuring that the output voltage exceeds the input voltage. The primary advantage of this converter
design is its ability to elevate voltage levels without the need for a transformer. Additionally, it provides
enhanced efficiency through the use of a single switching component [1],[48],[49]. Table 1 outlines the
specifications of PV module and boost converter.
The equations used for modeling derived from the Kirchhoff's laws, are as indicated [44],[50],[51]:

a Z[Vi = (1 = d)Vouel

Wour _ 1

“4)
dt [(1 - d)IL - Iinv]

CDC

The correlation between the voltages at the input and output is presented by:
Vin Ton + (Vin — Vout)TOff =0

Vout _ Ton + TOff _ 1

Vi To;f  1-D

)

Where, Vj, is the Voltage at the input (V), V,,,; is the Output Voltage (V), I, is the Input Current (A),
Iiny 18 the Inverter Input DC Current (A), L is the Boost Inductance (mH), C is the Capacitor (UF), T,,, is the

Switch's on Time Period (Sec), Ty is the Switch's Off Time Period (Sec), D is the Duty Cycle (Unit less), d
is the State of Switch.

It —» | | Linv —»
_ Y Y Y
+ L | | -
Diode
S c —
Vin — Vout

Figure 4. DC boost converter's Schematic representation
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Table 1. Specifications of PV module and boost converter

PV model SunPower SPR-305-WHT
Cells per module (Ncell) 96
Maximum power 305 W
Short circuit current (Ig.) 596 A
Open circuit voltage (V,.) 642V
Maximum power current (Iy;,;,) 558 A
Maximum power voltage (V;,,,) 547V
Series resistance () 0.37152
Shunt resistance () 269.5934
Diode ideality factor 0.94504
Inductance (H) Se-3
Capacitance (uf) 12000
Switching frequency (kHz) 5
Sampling rate le™®

2.3. Electrical Grid

The systems that are integrated with the electricity grid are referred to as "grid-connected" systems.
This configuration allows for the injection of electrical energy generated by photovoltaic arrays into the
public electricity grid. In grid-connected systems, conventional power consumers are linked to the generator
through an inverter, which functions as a DC-AC converter. The role of the inverter is to convert the DC
produced by the solar panels into AC. The inverter serves as a fundamental component of these systems,
taking the place of batteries typically used in other configurations [52]-[54]. This paper employs the Pulse
Width Modulation (PWM) technique to control inverters in PV systems. The objective is to enhance power
quality, mitigate harmonic distortion, and reduce the switching and conduction power losses of the VSI,
thereby optimizing overall system performance [55].

3. Methods for Obtaining MPPT

To raise the output voltage of a PV panel, which has nonlinear characteristics and whose efficiency is
affected by irradiance levels and ambient temperature, a boost converter is a suitable option [56]. Achieving a
high output voltage with a standard boost converter necessitates a high duty cycle. Nevertheless, using a high
duty cycle can adversely affect the performance of the converter. To preserve a high voltage ratio while
steering clear of excessively high duty cycles, a cascade DC-DC boost converter can be used. As a result, PV
panels operate at their maximum power [57][58]. A large step size enables rapid tracking of changes in
sunlight but increases power oscillations around the MPP. Conversely, a small step size reduces oscillations
for stable power output but slows the tracking response [59]. The primary principle of MPPT is to optimize
the extraction of power from the PV panel by operating it at its most efficient voltage. Under varying solar
radiation and ambient temperature conditions, the PV panel produces different DC power outputs for the
load. Depending on the applied MPPT technique, the output of the PV panel is monitored to determine the
optimal power delivery to the system [56]. The most frequently employed are Perturb and Observe (P&O)
and Incremental Conductance (INC), which will be the focus of the present study [60][61].

3.1. Perturb and Observe (P&O) Method

The P&O Method is a straightforward technique employed for achieving MPPT in PV systems. The
P&O algorithm necessitates the utilization of both voltage and current sensors to compute the output power
and identify the direction of perturbation [62]. The implementation cost is relatively low, making it
straightforward to apply. The time complexity of this method is quite minimal; however, when the algorithm
approaches the maximum power point (MPP), it does not cease operation and continues to perturb in both
directions. This behavior occurs when the algorithm is very close to the MPP, prompting the possibility of
establishing an appropriate error threshold or employing a waiting function, which ultimately leads to
increased time complexity. Furthermore, the P&O method does not account for rapid changes in irradiation
levels-which can affect the MPP-treating these variations instead as perturbations, potentially resulting in
inaccurate MPP calculations. To mitigate this issue, the Incremental Conductance Method can be utilized
[63][64].

This method involves tracking the MPP by assessing power levels across various samples and
intermittently adjusting the voltage or current. The procedure persists until the peak point is achieved, where
the variation in power relative to voltage equals zero. In this approach, both the output voltage and current
(Vpy, Ipy) of the photovoltaic panel are monitored. The power, P (k), is then calculated and contrasted with
the power measured in the preceding sample, P (k-1), to determine the change in power (DP). The P-V curve
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showing the P&O algorithm for obtaining MPPT is illustrated in Figure 5 and the flowchart of P&O method
is presented in Figure 6. Based on the signs of DP and the change in voltage (DV), the converter's duty cycle
is adjusted for attainment of MPP, as detailed in Table 2 [64][65]. The initial value for boost converter duty
cycle (D) used in this paper = 0.5 and the increment value used to increase/decrease (Delta D) = 3e-4.

tp
MPP
dp/dv=0
me"------------
:
1
1
“I.l.ll’! = E d_p_.'d'r -r:']
- -
YVm v
Figure 5. P-V curve showing the P&O algorithm for obtaining MPPT
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Figure 6. Flowchart of the P&O Method

Table 2. PV curve states of P&O technique
S.No. PV Power's Change PV Voltage's Change Duty Cycle

1 Positive Positive Positive
2 Positive Negative Negative
3 Negative Negative Positive
4 Negative Positive Negative
5 No change No change
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3.2. Incremental Conductance (INC) Method

The INC Method utilizes two sensors of voltage and current to measure the photovoltaic's output
voltage and current.

dlpy [/ dVpy = —lpy [/ Vpy (6)

This method allows for the simultaneous sensing of both PV voltage and current, thereby eliminating
errors caused by variations in irradiance. However, the complexity and cost of implementation increase,
making it more suitable for highly complex systems complex systems such as partially shaded or rapidly
changing PV environments. The P&O and INC algorithms are among the greatest commonly used
algorithms. The P&O method is suitable for systems where simplicity of implementation is desired, while the
INC method is more appropriate for highly complex systems [63],[66].

At MPP change in output power of the photovoltaic panel with respect to output voltage is zero,
indicating that the PV curve's slope is flat.

dlpy / dVpy =0

Ppy = Vpylpy (7)
Differentiating Ppy,with respect to Vpy and setting it equal to zero results in
dPpy PV
—— =1y +V <—> =0 8
a7 =l Ve (g ®)
dlpy _ _Iev. ©)
dVpy Vey

Equation (7) and Equation (8) is the foundation of INC method. In this context, (IIIP—V) represents the
PV
conductance and previous values of the solar panel's voltage and current are measured and utilized to

compute the dlpy & dVpy values as demonstrated in Figure 7 and the INC method's flowchart presented in
Figure 8 [67]. Consequently, in INC method, the instantaneous panel conductance (II/P—V) is analyzed in
PV

. . d e . . .
relation to the incremental panel conductance (d‘I/P V) ,which is displayed in equation 9. Voltage at MPP is
PV

UPV — 0 which corresponds to the MPP, as illustrated in Table 3 [65],[68]. The
PV

comparison between P&O and INC techniques for MPPT is illustrated in Table 4. The INC technique

generally exhibits superior tracking behavior compared to P&O; however, it still encounters challenges due
to significant, high-speed fluctuations in irradiance [69][70].

monitored to ensure

E dipv/ dVpv = -Ipv /Vpy
B _
N =
) £
=7 =
3 -
o 3
» 3
=
=
-

\"Tl-w {‘? }
Figure 7. P-V curve showing the INC method for obtaining MPP
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Figure 8. Flowchart of the INC method
Table 3. PV curve states of INC technique
S.No. dPPV/dVPV dIPV/dVPV PV curve
1 0 = —IPV/VPV MPP
2 -ve < —IPV/VPV  Right of MPP
3 +ve > —IPV/VPV _ Left of MPP
Table 4. Comparison between P&O and INC techniques
Feature P&O INC
Complexity Simple Complex
Response Time Faster Slower
Accuracy Low (oscillates around MPP) High (minimal oscillation)
Rapid Irradiance Change Poor performance Better performance
Application Low-cost, steady weather systems  High-performance, fluctuating weather systems

4. SIMULATION RESULTS

To evaluate the effectiveness of the photovoltaic system, a MATLAB/Simulink model of the MPPT
system, as illustrated in Figure 9, has been developed. The system components specifications are detailed in
Table 5. In this analysis, the system operates initially under STC of 25°C and 1000 W/m?. Subsequently, the
solar radiation (G) as well as temperature (T) are varied over time, as illustrated in Figure 10 and Figure 11,
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to highlight the effects of these variations on the PV system during the simulation. It is noted that the
simulation type is discrete, and the sample time is 1e~® sec in Simulink.
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Figure 9. Complete grid-connected photovoltaic system in Simulink

Table S. Specifications of system components

SN. System Component Parameters Value
Maximum Power 100 kW
2
1 PV System Operating Conditions 10(;(:); \jgm
Maximum System Voltage 500 V
2 Boost Converter Voltage Level 500 V
3 Inverter Maximum Voltage 260 V
Nominal Power 100 kW
Apparent Power 100 KVA
4 3-phase Transformer and Step-up Transformer 260 V /25 kV
Utility Grid Distribution System 25kV
Transmission System 120 kV
T T T T
1000
a
E 800t 1
3
S 600 1
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Figure 10. Irradiance change (W/m?)
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4.1. The Waveforms of PV System Without MPPT

Figure 12 to Figure 15 illustrate the PV system's performance linked to the utility during variations in
solar radiation (G) as well as temperature (T) in the absence of MPPT. Figure 12 indicates that the PV's
output voltage (VPV) exhibits slight changes in response to variations in G fromt = 0.75sectot = 1.35
sec. During the interval from t = 1.6 sec to t = 1.85 sec, the output voltage exhibits a slight reduction in
response to change in T. Figure 13 presents the response time of the PV's output current (IPV) under the
same conditions. This figure demonstrates that IPV increases and decreases linearly in association with
changes in irradiance during the interval from t = 0.75 sec to t = 1.35 sec. Conversely, there is a slight
decrease in output current due to temperature variations during the interval from t = 1.6 sec to t = 1.85 sec.
Additionally, Figure 14 depicts the output power response time of the photovoltaic system (PPV), which is
shown to depend on the variations of VPV and IPV. The photovoltaic system generates a maximum output
power of 95.37 kW without MPPT. Lastly, the boost converter's duty cycle remains nearly consistent, as
illustrated in Figure 15, due to the photovoltaic array's operation without MPPT.
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Figure 12. Voltage produced by the photovoltaic array without MPPT
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Figure 13. Current produced by the photovoltaic array without MPPT
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Figure 14. Power generated by PV array Without MPPT
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Figure 15. Duty Cycle of converter using P&O algorithm

4.2. Waveforms of PV System Using P&O Algorithm

Figure 16 to Figure 19 illustrate the PV system's performance linked to the utility during variations in
solar radiation (G) as well as temperature (T) using the P&O method. The PV's output voltage (Vpy)
experiences slight fluctuations in response to changes in irradiance from t = 0.75 sec to t = 1.35 sec. In
contrast, a minor reduction in output voltage is observed in relation to temperature changes between t = 1.6
sec and t = 1.85 sec, as depicted in Figure 16. Figure 17 presents the response time of the PV's output
current (Ip;) throughout the same variations. The output current displays linear increases and decreases
corresponding to changes in irradiance in the interval from t = 0.75 sec to t = 1.35 sec. A minor reduction
is observed as a result of temperature fluctuations occurring between t = 1.6 sec and t = 1.85 sec.
Additionally, Figure 18 shows the time response of the PV array's output power (Ppy), indicating that the
output power is influenced by the fluctuations in Vpy and Ipy. The PV system achieves an output power
capacity of 98.25 kW through the application of the P&O technique. To enhance the power output from the
photovoltaic system, the boost converter's duty cycle is adjusted, as detailed in Figure 19. This approach
demonstrates an improvement in the photovoltaic array's output power utilizing the P&O algorithm. Figure
20 illustrates the Total Harmonic Distortion (THD) measured in the system utilizing the P&O technique,
which is recorded at 2.1%. This value is significantly below the prescribed limit of 5%.
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Figure 16. Voltage generated by the photovoltaic array using P&O technique
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Figure 17. Current generated by photovoltaic array using P&O technique
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Figure 18. Power generated by PV array using P&O algorithm
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Figure 20. THD analysis of grid connected PV system using P&O technique

4.3. Waveforms of PV System Using INC Algorithm
Figure 21 to Figure 24 illustrate the PV system's performance linked to the utility during variations in
solar radiation (G) as well as temperature (T) utilizing the INC method. The PV's output voltage of the PV
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(Vpy) exhibits slight increases and decreases corresponding to variations in G during the interval from t =
0.75 sec to t = 1.35 sec. Conversely, the output voltage decreases in response to changes in T from t = 1.6
sec to t=1.85 sec, as depicted in Figure 21. Figure 22 presents the response time of the PV's output current
(Ipy) throughout variations in G and T. The data presented indicate that the PV's output current exhibits a
linear increase and decrease in response to variations in irradiance between t = 0.75 sec and t = 1.35 sec.
During the interval from t = 1.6 sec to t = 1.85 sec, only minor fluctuations in output current are
observed as a result of temperature variation. Additionally, Figure 23 displays the time response of the PV
array's output power of the PV array (Ppy ), revealing that the variation in output power is influenced by the
fluctuations in Vpy and Ipy. The PV system reaches an output power capacity of 100.37 kW through the
application of the INC technique. The boost converter's duty cycle is adjusted, as detailed in Figure 24, to
optimize MPP extraction from the photovoltaic system. This approach results in improved output power
performance of the PV array using the INC algorithm in contrast to the P&O algorithm. Figure 25
demonstrates the THD recorded in the system employing the INC technique, which is noted at 1.94%. This
value is substantially below the specified limit of 5% and is lower than the THD observed with the P&O
technique.
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Figure 21. Voltage generated by PV array using INC algorithm
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Figure 22. Current generated by PV array using INC algorithm
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Figure 23. Power generated by PV array using INC algorithm
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Figure 25. THD analysis of grid connected PV system using INC technique

Figure 26 illustrates the PV system's output power in the absence of MPPT, alongside the P&O
method, and the INC technique. This comparison is conducted during variations in solar radiation as well as
temperature. The waveforms of the output power indicate that the INC technique is capable of accurately
achieving MPPT under fluctuating irradiance and temperature conditions, in contrast to the P&O technique
and the scenario where MPPT is not utilized. The transient response of a PV system equipped with MPPT
pertains to the speed and precision with which the controller attains a new MPP in response to abrupt changes
in irradiance or temperature. This transient behavior involves a balance between rapidity and stability
(oscillations). The P&O technique exhibits significant variations around the MPP. This limitation is
particularly evident in scenarios that require a stable energy output, as these oscillations impact overall
efficiency. In comparison, the INC method offers a more accurate tracking approach, which reduces these
fluctuations. Additionally, the INC method demonstrates a faster tracking speed for achieving MPPT than the
P&O method. Table 6 Shows comparison between photovoltaic array output power in the absence of MPPT
and with using MPPT including the two algorithms of MPPT.
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Figure 26. Comparison of the PV array's output power without MPPT, with the P&O and with the INC technique

Table 6. Various comparison between PV array output power

PV Array Output Power Percentage PV Array Output Percentage
Case. G TC (KW) Improvemgent Power (KW) Improvemgent
2 .
No  (Wmh) O Withont Al;)osnfi?hm (%) INC Algorithm (%)
1 1000 25 95.37 98.25 3.02 100.37 5.24
2 600 25 58.40 60.51 3.61 62.94 7.77
3 500 25 48.86 50.11 2.56 52.53 7.51
4 200 25 18.83 18.99 0.85 19.22 2.07
5 1000 50 92.89 91.53 -1.46 92.9 0.01
6 1000 35 95.14 95.44 0.32 97.42 2.40

The data presented in the Table 6 indicates that the maximum PV output power is achieved using the
INC algorithm for MPPT across various weather conditions, in comparison to other case studies. The output
power produced by the PV array (Ppy) reaches 100.37 kW when employing the INC algorithm, while it
attains 98.25 kW with the P&O algorithm and 95.37 kW without any MPPT under STC. The output power
without MPPT is 95.37 kW, which is below the rated power under STC. In the absence of MPPT, the voltage
of the solar panel is reduced, leading to a decrease in overall power output. MPPT operates as a DC-DC
converter, optimizing voltage and current, which is critical for achieving maximum efficient output. Under
conditions of rapidly changing temperatures, the P&O algorithm may incorrectly adjust the voltage in an
unintended direction, leading to a divergence from MPP as shown in Case 5 (1000 W/m?, 50°C) which where
it underperforms compared to no MPPT.

The data shown in Table 7 demonstrates a comparison of the efficiency of MPPT techniques under
different weather conditions relative to other case studies. The system achieves an efficiency of 99.72% when
utilizing the INC algorithm, 97.62% with the P&O algorithm, and 94.75% without any MPPT under STC.
The practical implications of the results for real-world PV system design may involve a comparative analysis
of PV technologies, which is essential for aligning with local environmental conditions to ensure improved
system efficiency and long-term performance. The proposed system's evaluation utilizing P&O and INC
techniques is compared with other related research presented in references [71][72] and [73] as shown in
Table 8. It illustrates that the proposed system demonstrates favorable results in comparison to other related
works.

Table 7. Various comparison between the efficiency of MPPT techniques
Efficiency (%)

Case.No G (W/m? T (°C) Without P&O INC
MPPT  Algorithm  Algorithm
1 1000 25 94.75 97.62 99.72
2 600 25 58.02 60.12 62.53
3 500 25 48.54 49.79 52.19
4 200 25 18.71 18.87 19.10
5 1000 50 92.29 90.94 92.30
6 1000 35 94.53 94.82 96.79
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Table 8. An evaluation of a proposed system in comparison with related research

Proposed System

Parameters [71] [72] [73] P&O INC
System Rating 12(5\’(&)/ 10 KW 100 KW 100 KW 100 KW
MPPT INC P&O CS P&O INC
DC-DC Boost DC-DC Boost DC-DC Boost DC-DC Boost
DC-DC Converter NA Converter Converter Converter Converter
EffI‘\;'Ie,'l‘,cTy of 95 % 93% 96 % 97.62 % 99.72 %
THD 2.48 % 4.89 % 2.06 % 2.1 % 1.94 %

5.  CONCLUSION
The simulation results of photovoltaic system integrated into the electrical grid employing the P&O and

INC techniques for MPPT were conducted using the Matlab/Simulink environment. The PV array's

performance connected to the grid was evaluated under various conditions utilizing the MPPT methods, with

a specific focus on different irradiance and temperature levels to optimize MPPT. The analysis leads to the

subsequent conclusions:

1. The generated output voltage of the photovoltaic system is significantly affected by temperature
variations, while changes in irradiance have a minor effect.

2. The output current generated by the photovoltaic system exhibits a linear decrease and increase in
response to variations in irradiance, with minimal changes observed due to temperature fluctuations.

3.  The power output produced by the photovoltaic system is influenced by changes in both the output
voltage and current of the photovoltaic system.

4.  The output power generated from photovoltaic systems utilizing the P&O-MPPT technique effectively
tracks its maximum output value when compared to scenarios without MPPT implementation.

5. The output power generated from photovoltaic systems employing the INC-MPPT algorithm also
demonstrates effective tracking of its maximum output value in comparison to scenarios utilizing the
P&O MPPT implementation or operating without MPPT. The INC outperforms P&O during weather
conditions changes or steady-state operation.

6. The INC algorithm is demonstrated to enhance the PV output power at STC by 5.24% without the
implementation of MPPT, while the P&O algorithm results in an improvement of 3.24%.

7. The INC technique exhibits superior performance, achieving an efficiency of approximately 99.72%, in
contrast to the P&O method, which attains nearly 97.62% efficiency at STC.

8.  The THD measured in the system employing the INC technique is recorded at 1.94%. In contrast, the
THD recorded with the P&O technique is noted at 2.1%. Both values are significantly below the
specified limit of 5%, with the THD in the INC technique being lower than that observed in the P&O
technique.

The study has limitations, including the reliance on ideal simulation conditions, the exclusion of partial
shading scenarios, and the presence of unbalanced grid voltage. For future research, it is crucial to integrate
MPPT with alternative control strategies and to conduct a comparison with modern optimization-based
MPPT approaches, including deep learning. Furthermore, examining the system's performance under
conditions of partial shading and unbalanced grid voltage is vital to demonstrate its applicability in industrial
contexts.
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