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Abstract

Enhancing the reliability and efficiency of hybrid renewable systems (HES) under dynamic environmental conditions 
requires  efficient and effective control for power extraction. Conventional methods of maximum power point tracking 
(MPPT) often suffer from limited accuracy and slow response when dealing with rapid variations in temperature 
and irradiance and nonlinear characteristics. For this issue, this paper proposes a distinct and improved MPPT 
approach based on the artificial neural network (ANN) technique. The suggested MPPT – based ANN is trained and 
built based on collected data used from the traditional IC technique. The proposed approaches are implemented on 
a grid-connected 150-kW hybrid PV/wind energy system. The objective of the control is to ensure optimal power 
extraction despite temperature, solar irradiation, and wind speed variations. In addition, fractional order proportional-
integral-derivative (FOPID) controllers are designed for inverter control to enhance voltage regulation and, hence, 
power quality. Additionally, the performance of incremental conductance (IC) and ANN techniques is compared using 
detailed MATLAB/Simulink simulations. The experimental real-time validation is performed through an investigation 
based on the OPAL-RT 4512 hardware-in-the-loop platform. The results demonstrate that the MPPT – based ANN 
significantly outperforms in terms of tracking speed, dynamic stability, and steady-state accuracy in a simulation 
study and experiment validation. Hence, the originality of this work is to integrate the MPPT – based ANN technique 
for a hybrid PV/wind framework and inverter control based on FOPID through simulation and real-time hardware-in-
the-loop (HIL) validation, which offers a robust and high-efficiency solution for rapidly time-varying environmental 
conditions.

Index-words: PV System, Wind System, MPPT, ANN, Hardware-in-the-loop, OPAL-RT 4512, 
FOPID.

Received: 06  January  2026                                   Accepted: 08  May  2026                                   Published: 07  June  2026 

I.	 Introduction

Renewable energy sources, particularly solar and 
wind, are increasingly vital due to their ability 
to reduce greenhouse gas emissions, improve air 
quality, and promote energy security. Both solar 
and wind power had a significant economic impact 
and decreased health risks by reducing pollutants 
like sulfur dioxide and nitrogen oxides [1]. New and 
renewable energy sources not only reduce reliance 
on fossil fuels but also add diversity to the electrical 
power mix. Thus, such technology also enhances 

energy security because it reduces reliance on finite 
resources, which are very susceptible to geopolitical 
instability [2]. Likewise, new and renewable 
energy technologies will be able to contribute to 
frugal growth and jobs,  as well as citizens’ health 
by reducing air pollution and environmental 
degradation. Along with increasing global demand 
for energy, there is an urgent need to make our 
energy future more sustainable, emphasizing 
developing and deploying new and renewable 
sources of energy in our endeavors [3].
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Hybrid Energy Systems (HES) integrate traditional 
and  renewable  sources  and  are  often  grid-
connected to reduce reliance on storage. Their key 
advantages include lowering costs, meeting AC 
load demands, and alleviating grid congestion. To 
ensure efficiency, specialized  controllers  maximize  
power output  based on variations in load and 
climate while maintaining synchronization with 
the grid [4]. As a technical solution, using trackers 
to connect the hybrid system to the common AC 
bus is recommended. The AC bus will be used to 
connect these two energy sources to the electrical 
grid, as illustrated in Fig. 1. To ensure a balanced 
output power, the hybrid system utilizes wind 
turbines to supplement  the  power   when the 
weather  conditions are either very windy or at low 
light intensities, while photovoltaic panels generate 
electrical energy in sunny conditions [5]. The 
system maximizes renewable energy integration 
to utilize traditional grid electricity while reducing 
dependence on it, particularly when demand is 
high. Additionally, the hybrid architecture reduces 
the stress for the grid and allows for further 
improvement of the overall efficiency of the system 
by using weather-dependent energy contributions 
[6]. It is well known that with the development of 
modern innovative technologies, renewable energy 
sources will occupy a pivotal position in solving 
many energy problems and energy systems around 
the world [7].  As a result, many scientific studies 
have been published in this field, which present 
many methods of tracking the maximum power 
point (MPPT) to maximize the energy generated 
from these renewable sources. Some of these 
methods are traditional, while others are modern, 
such as artificial intelligence (AI) -based technologies 
like ANNs. There is still a lack of published studies on 
the dynamic performance of MPPT systems in grid-
connected hybrid PV/wind systems under varying 

environmental conditions, despite the existence 
of numerous research studies addressing MPPT 
methods in single-source or standalone systems [8]. 
Consequently, most recent studies have overlooked 
important impacts on grid power quality,  such as 
stability and voltage distortion, focusing solely on 
power output or MPPT efficiency. Additionally, 
hybrid MPPT strategies have not been evaluated 
under real-time variations in wind power and solar 
irradiation. In complex nonlinear environments, 
new intelligent techniques have proven to perform 
better [9].  In addition, there is a lack of a thorough 
framework for evaluating MPPT performance in 
grid-connected hybrid PV/wind systems under 
dynamically shifting circumstances, where 
designing and implementing reliable grid-integrated 
renewable energy systems is ultimately hampered 
by this gap [10].

There is no constant evaluation framework for 
hybrid PV/wind systems that takes grid-side 
performance and energy conversion efficiency into 
account. The system optimization is still lacking 
if the effects of these techniques on grid current 
quality, voltage stability, and dynamic response 
under changing environmental conditions are not 
properly analyzed; because of this, creating hybrid 
systems that are reliable, grid-compliant, and 
efficient is difficult. This paper, therefore, aims to 
evaluate and compare the performance of two MPPT 
control techniques within a grid-connected hybrid 
PV/wind system. Furthermore, its objective is to 
analyze their effectiveness in not only maximizing 
power output but also improving grid power 
quality, minimizing total harmonic distortion, and 
ensuring fast  dynamic response under varying 
environmental conditions. Also, the results aim 
at identifying the most efficient and grid-friendly 
MPPT strategy for future renewable integrations.

Figure 1: Proposed configuration of grid-connected HES.
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II.	 Literature review

Using  an  abundance  of  solar  and  wind resources, 
the proposed study aims to develop, manage, and 
obtain access to a PV/wind crossbred system 
connected to the grid-tied for the Gabel El-Zeit area 
of Egypt, which is studied in [11]. It is the system 
that can boost reliability, reduce costs, and improve 
sustainability by producing a control approach to 
maximize output power and stability of the grid. 
Furthermore, the findings are studied in [12], which 
also deals with a model for including renewable 
energy in similar regions. An investigation of a 
hybrid system of renewable energy that integrates 
battery storage systems, wind turbines, and PV 
cells is discussed in [13]. Furthermore, [14] presents 
a designed standalone system with a PV/wind 
microgrid power system to generate dependable 
off-grid power. A grid-connected PV/wind power 
system in Dongola, Sudan, is proposed with 
performance evaluation and control design as 
demonstrated in [15]. In addition, a hybrid PV/wind 
system connected to the grid-tied for the Adrar 
region of Algeria is also discussed in [16]. 

In [17],  AI  is proposed to manage the hybrid 
renewable energy sources in microgrids efficiently. 
So, AI improves energy management, load 
forecasting, and fault detection, helping to create 
more resilient and intelligent microgrids. A hybrid 
system that combines doubly-fed induction 
generator (DFIG)-based wind turbine batteries, 
PV panels, and an alternating current (AC) and 
direct current (DC) grid connection is established 
in [18] to develop the performance of the system. 
Another example is a small hybrid grid-connected 
system, combining PV solar power, wind power, 
and batteries, and using MPPT technology based on 
an ANN trained using the Levenberg-Marquardt 
algorithm. Through inductor-capacitor-inductor 
(LCL) filters, this grid guarantees high power 
quality, a stable DC bus voltage, and optimal energy 
extraction [19]. In a similar manner, authors in [20] 
use an intelligent fractional-order controller that 
governs superconducting magnetic energy storage 
(SMES) systems in microgrids that utilize sources of 
renewable energy.

A centralized DC architecture with strong grid 
integration based on an ANN approach for MPPT for 
the system of hybrid PV-wind-battery is described 
in [21]. Besides, authors in [22] compare different 
training algorithms for ANN, such as Levenberg–

Marquardt (LM), scaled conjugate gradient (SCG), 
and Bayesian regularization (BR) techniques, to 
examine ANN-based MPPT for solar EV charging. 
Thus, the findings demonstrate that SCG provides 
better tracking speed, less oscillation, and increased 
efficiency for wireless charging infrastructure. 
To improve PV efficiency and power quality, the 
study in [23] suggests a dual ANN-based MPPT 
and power conditioning framework that achieves 
ultra-low THD (less than 1.73%) and strong stability. 
Moreover, a particle swarm optimization (PSO) 
based ANN controller is proposed for sensorless 
MPPT in hybrid PV/wind systems as in [24]. By 
employing DC-link behavior, it maximizes efficiency 
and reduces THD (2–3%),  guaranteeing  stability in 
both grid-connected  and  islanded modes. Table 1 
demonstrates a systematic review of recent studies 
on HES.   Despite the extensive research on MPPT 
approaches that have been proposed for HES, 
traditional techniques such as IC still suffer from slow 
convergence, lower accuracy, and oscillations for 
the steady-state duration under fast variation in the 
environment. Intelligent methods, comprising ANN 
and fuzzy logic, partially address these issues in the 
case of limited data or simple variation in irradiation 
and temperature. Furthermore, many existing 
papers are limited to simulation studies without 
appropriate experimental validation, decreasing 
their real-world applicability. Besides, there is a 
lack of hybrid strategies  that efficiently integrate 
adaptive methods like ANN with traditional 
techniques to achieve both high efficiency and fast 
response. This gap is mainly significant in HES, 
where most existing research lacks real-time HIL 
validation using OPAL- RT 4512 systems, decreasing 
confidence in their real-world implementation.

This paper proposes an enhanced technique 
for MPPT  based  on  the  integration  of  IC  with 
an ANN to improve tracking performance in 
HES. The proposed technique is assessed under 
variable irradiation and temperature conditions to 
guarantee robustness in environmental variations. 
The evaluation of performance is performed 
using significant metrics such as MPPT efficiency, 
percentage of tracking error, different error 
metrics, and dynamic response. The system is 
investigated using MATLAB\ SIMULINK package 
for a simulation study, while HIL experimental 
validation is implemented using an OPAL- RT 4512 
system to approve practical applicability. Besides, 
the manuscript depicts a configuration of grid-
connected, indicating the value of the suggested 
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technique in real-world power systems. The results 
demonstrate distinct enhancements in decreasing 
oscillations, improving speed of response, and 

increasing the overall efficiency compared to the IC 
approach.

Table 1: Comprehensive analysis for recent control of HES

Reference Objective Control 
Technique

System 
Configuration

Simulation 
Platform

Hybrid 
Coordination

Dynamic 
Conditions

Performance 
Metrics

Key 
Innovation

 [17], 
2023

Improve 
electricity 
reliability and 
sustainability 
in remote 
areas.

Artificial 
Intelligence 
(AI), ANN, 
PSO.

Hybrid PV-
Wind systems 
with BESS 
and grid 
integration.

Case study 
simulation 
platform.

AI is used 
for system 
optimization 
and grid 
integration.

Variations 
in RESs, 
intermittency, 
and weather 
conditions.

System 
accuracy, 
reduced error 
(NMSE 1.10%).

-	Use of AI and 
optimization 
techniques 
to enhance 
prediction 
and control, 
improving 
system 
performance.

 [18], 
2023

Reduce CO2 
emissions by 
enhancing 
renewable 
power systems.

Neuro-Fuzzy 
Direct Power 
Control (NF-
DPC), Fuzzy 
Controller 
(FC), Modified 
Fuzzy Direct 
Power 
Control (MF-
DPC), Energy 
Management.

PV-Wind 
system with 
battery 
storage, grid-
side converter, 
and DFIG 
wind turbine.

MATLAB/ 
Simulink.

Energy 
management, 
power control 
between 
wind, PV, and 
battery.

Variations in 
wind speed, 
solar irradiance, 
and load 
demand.

Reduction 
of THD 
(64%), active/
reactive 
power ripple 
reduction 
(72%, 50%), 
and THD less 
than 4%.

-	Improved 
power 
quality, 
reduced THD, 
and enhanced 
equipment 
lifespan 
with energy 
management.

 [19], 
2023

To design and 
implement a 
grid-connected 
hybrid 
microgrid for 
reliable energy 
management 
and maximum 
power 
extraction.

ANN-based 
MPPT for 
DC Boost 
converters 
of duty cycle 
control.

Hybrid PV, 
Wind Energy 
Conversion 
System 
(WECS), 
and Battery 
Energy 
Storage (BESS).

MATLAB/ 
Simulink.

Coordinated 
control based 
on Battery 
State of Charge 
(SOC) and PV 
current output.

Varying 
environmental 
factors 
(irradiation/
wind) and 
fluctuating load 
conditions.

Harmonic 
reduction, 
MPPT 
efficiency, 
and DC 
bus voltage 
stability.

-	Use of the 
Levenberg–
Marquardt 
algorithm 
to optimize 
ANN training 
for more 
accurate and 
faster MPPT.

 [20],
2024

Improve 
energy 
management 
and 
performance 
of a standalone 
microgrid.

Fractional-
order 
proportional 
integral 
(FOPI) 
controller, 
intelligent 
FOPI (iFOPI), 
dandelion 
optimizer 
(DO).

SMES, wind 
energy 
devices, 
energy storage 
battery, 
FOPI+iFOPI 
control for 
voltage and 
current 
regulation.

MATLAB 
simulations.

Energy 
management 
with 
FOPI+iFOPI 
for voltage 
and frequency 
regulation.

Wind speed 
and load 
variations, step 
changes in 
load and wind 
speed.

Constant 
AC power, 
accurate load 
demand, 
voltage, and 
frequency 
stability.

-	Use of the 
FOPI+iFOPI 
controller 
with SMES 
for improved 
performance 
and stability 
over the 
conventional 
PI controller.

 [21], 
2025

Design and 
simulation of a 
grid-connected 
hybrid PV-
wind-battery 
system.

ANN-based 
MPPT and 
intelligent 
energy 
management 
strategy.

PV, WECS, 
and BESS via 
a centralized 
DC bus 
architecture

MATLAB/
Simulink.

Real-time 
coordination 
based on 
generation and 
battery SOC.

Variable wind 
speed and solar 
irradiation 
conditions.

Power flow 
stability, 
response 
speed, 
and MPPT 
efficiency.

-	Higher 
efficiency 
and faster 
response 
using ANN 
compared to 
conventional 
MPPT.
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[22], 
2025

To design an 
intelligent 
control system 
for solar-
powered 
EV charging 
stations to 
enhance 
energy 
production.

ANN-based 
MPPT 
comparing 
three training 
architectures: 
LM, SCG, and 
BR.

PV system 
integrated 
with a 
wireless 
charging 
station 
infrastructure 
for EVs.

MATLAB/
Simulink.

Coordinated 
energy flow 
from PV to 
the EV battery 
through an 
intelligent 
charging 
interface.

Variable 
environmental 
conditions 
(irradiation and 
temperature) 
affect power 
extraction.

Overall 
efficiency of 
the charging 
station, 
tracking 
speed, and 
steady-state 
oscillations.

-	An SCG-based 
ANN is the 
most effective 
for dynamic 
performance, 
according to a 
comparative 
analysis of 
LM, SCG, 
and BR 
algorithms.

[23], 
2026

Improve power 
quality and 
enhance MPPT 
efficiency 
in PV/wind 
hybrid 
microgrids.

Dual ANN-
based control.

PV/wind 
hybrid system 
integrated 
with a unified 
power quality 
conditioner 
(UPQC).

MATLAB/
Simulink.

Coordinated 
control for 
voltage 
regulation 
and harmonic 
mitigation 
between PV/
wind and 
UPQC.  

Unbalanced 
conditions, 
short-circuit 
faults, variable 
irradiance and 
temperature, 
load variations, 
nonlinear loads, 
and voltage sag/
swell (20%).

Power factor 
(≈1), response 
time, 
efficiency, 
MSE, and 
THD (voltage: 
0.68 - 0.70%; 
current: 1.68 - 
1.73%).

-	Integrated 
ANN-MPPT 
with ANN-
based UPQC 
under 
dynamic 
conditions.

[24], 
2026

To use DC 
link behavior 
properties to 
improve MPPT 
efficiency 
and lessen 
oscillations in 
hybrid PV/
wind systems.

The ANN 
parameters 
were tuned 
by particle 
swarm 
optimization 
(hybrid 
PSO-ANN 
controller).

Hybrid PV/
wind with 
a DC link 
and battery 
storage.

MATLAB/
Simulink.

Without 
voltage or 
current 
sensors, an 
integrated 
MPPT 
supervisor 
manages 
both sources 
concurrently.

Variable in 
wind speeds 
and partial 
shading of PV 
modules.

DC link 
voltage ripple 
reduction, 
MPPT 
efficiency, 
and THE 
(Current: 3%, 
Voltage: 2%).

-	Without 
the use of 
conventional 
feedback 
control 
sensors.

-	Sensorless 
MPPT 
supervision 
reacts to wind 
and shade 
variations.

Proposed 
study

Design, 
control, and 
evaluate an 
HES grid-
connected PV/
wind 

IC and ANN 
approach for 
MPPT

HES grid-
connected 
150-kW 
hybrid PV/
wind energy 
system

MATLAB/
SIMULINK 
with 
validation 
based 
OPAL= RT 
4512 HIL

Coordinated 
operation 
of PV and 
wind to meet 
grid needs 
and enhance 
performance.

Variable 
temperature, 
solar 
irradiation, and 
wind speed

Tracking 
efficiency, 
MSE, RMSE, 
settling time

-	MPPT- based 
ANN.

-	Validate 
through 
experimental 
HIL 
technique.

-	Improved 
power quality 
and efficiency, 
reduced 
power losses.

III.	 System description

A crossbred PV/wind power system that is grid-
connected is depicted in Fig. 2. It consists of a grid-
tied three-phase inverter, a three-phase step-up 
transformer, a DC/DC converter, a PV and wind 
power system, and a DC link. This paper proposes 
to control the MPPT using the IC, ANN, and ANFIS 
techniques and the inverter control using the 

FOPID control. A permanent magnet synchronous 
generator (PMSG) and a rectifier are also included 
in the wind generator to control the wind energy 
using the ANN technique and convert AC to DC. 
Moreover, to mitigate current harmonics at the 
inverter output and inject the grid-tied high-quality 
current, the 3-phase inverter is connected via an 
RL filter; the algorithms’ results provide values for 
power, voltage, and current [25].
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Figure 2: A PV/wind hybrid system for producing renewable energy.

A.	 Mathematical modeling of PV cells

A PV cell electric circuit modeling input is used to 
estimate a PV cell’s output power, as demonstrated 
in Fig. 3. So, an integral ingredient of the design and 

analysis for PV control systems is the arithmetic 
modeling procedure of PV cells. Likewise, the 
relationship between the PV cell’s current and 
voltage is described by equations that define the 
mathematical model for PV [26].

Figure 3: Circuit diagram for a solar PV cell.

                                                                       (1)

                              (2)

                                         (3)

The PV model uses key parameters to determine 
the I–V curve:  Whereas I symbolizes the current 
that a PV module produces, IPV is the PV cells inside 
produced current, Id the diode reverse saturation 
current,  RS  is the resistance of series, which has a 
very low value, RP is a high value for the equivalent 

shunt resistance,  A  the factor of  ideality, K the steady 
for Boltzmann, T is the temperature by Kelvin,  and  
q  the charge of electron.

B.	 DC-DC converter model

To optimize when the output voltage of a PV system 
is small, raise the voltage using the boost converter 
in the detailed model from 273.5 V to 500 V, as 
illustrated in Fig. 4. However, a DC/AC inverter 
is used to coordinate the voltage level with the 
electrical grid, and the DC/DC boost converter is 
used to increase the PV output voltage to achieve 
the desired voltage. So, adjust the duty cycle using 
the following equation [27]:
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Figure 4: Basic configuration of boost converter.

  (4)

C.	 Wind Turbine

By  the wind turbines’ (WT) blades, the wind 
turbines’ kinetic power is converted into mechanical 
power. Where the PMSG is primarily used in small-
scale generating systems, especially wind energy 
setups [12, 28]. So, the PMSG functions effectively 

without requiring an external excitation circuit for 
DC power, as displayed in Fig. 5. Thus, the grid-side 
converter (GSC) controls the active power of the 
grid-side  dq-axis currents. Consequently, the DC-
Link voltage of the machine-side converter (MSC) 
maximizes the wind power of machine-side dq-axis 
extraction by optimizing PMSG speed. Whereas the 
DC-Link acts as a buffer, power imbalances among 
the converters cause voltage fluctuations [28, 29].

Figure 5: Schematic representation of PMSG-based wind turbine.

While it boasts a strong power-to-weight ratio, 
its performance is constrained by the high cost of 
permanent magnets and reduced magnetic strength 
at high temperatures. So, quantify the aerodynamic 
energy extracted by a rotating turbine blade; the 
next mathematical model can be completed [13, 29].

                                                        (5)

                                             (6)

Where:- Pω is symbolizes the power that a wind 
turbine produces, ρ is the density of air by (k/m3), 
and  A the rotating blades of area covered, Cp is 
represents a wind turbines performance coefficient 
according to the rotor throw angle  β (in degrees), and 
Vω perform a speed of wind (m/s), λ  is determined 
by a ratio of tip speed for turbine, ωr is represents a 
speed of rotor (rad/s), R is radius of the wind turbine 
rotor (m), and Tω corresponds to the output torque.
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D.	 Voltage source inverter controller

The PV station is connected to a point of common 
coupling (PCC) busbar via a three-level modulation 
of pulse width (PWM) inverter of three phases, as 
depicted in Fig. 6. The voltage source inverter (VSI) 
is controlled. A control system maintains a constant 
DC-link voltage between the VSI control and DC/
DC converter while controlling a PV array to inject 
the reactive power [30]. Thus, a current controller of 
the decoupled loop for the phase-locked loop (PLL) 
and a controller of the DC-link voltage are the three 
most crucial components of the VSI controller. It 
is used to keep the DC-link condenser voltage at a 
fixed value of 500 V [31]. Furthermore, the inverter 
output current must be converted to the active 
current (Id) and reactive current (Iq) ingredients, 
respectively, in order to operate a second control 
circuit, a controller for the current. Therefore, the 
VSI control strategy’s PI and  FOPID  controller 
setting parameters are given. The following features 

of the voltage and current controller for the DC-link 
can be characterized [11, 32]:

   (7)

The  proportional-integral  (PI)  controller is a 
simplified version of the proportional–integral–
derivative (PID)  controller that combines 
proportional gain Kp and integral gain Ki without 
a derivative term. Its main topic is to remove 
the steady-state inaccuracy and improve output 
accuracy, although it may lead to a longer response 
time compared to PID in fast systems. While PI and 
PID controllers are widely used in dynamic system 
control due to their simplicity and effectiveness, 
their performance can be limited when dealing 
with complex  or nonlinear systems because they 
rely only on integer orders for integration and 
differentiation [33]. Where the equations provided 
are used to calculate the proportional (Kp) and 
integral (Ki) gains for a controller [11]:

Figure 6: Control strategy of the DC/AC Inverter.

                                                                                  (8)

                                                                                 (9)

Where:- Kp  is the proportional gain based on the 
connection between the inductance and the PWM 
time period, Ki is the integral gain using the resistance 
and the PWM time period, Lf is the inductance for 
the filter, Rf is the resistance for the filter, and tpwm is 
the PWM time period. 

The FOPID is a well-known example of the more 
flexible and accurate controllers that have been 
made possible by this limitation,  which has 
prompted researchers to create control concepts 
based on fractional derivatives and integrals [33]. 
In contrast, the tools needed to control dynamic 
systems must be able to balance stability, accuracy, 
and response time. Whereas since FOPID permits 
λ and μ to be positive real values between 0 and 1, 
it offers more flexibility in tuning and controlling 
system responses than the traditional PID, which 
uses first-order integration (λ ≤ 1) and first-order 
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differentiation (μ ≤ 1). Therefore, its equation is given 
as in Eq. (10) [34]:

                                                           (10)

Where: Kpi, Kii, and Kd stand for proportional, integral, 
and derivative gains, respectively. It is perfect for 
nonlinear or dynamically complex systems that are 
difficult to tune with conventional PI controllers 
because of its flexibility, which allows for a better 
balance between quick response, fewer oscillations, 
and increased stability. The FOPID is proposed to 
control the inverter in the hybrid system based on 
trial and error methods for tuning the coefficients of 
the fractional controller. After a deep study of the 
system, the chosen parameters for the FOPID are 
7, 800, 0.10108, 0.89, and 0.44 for Kpi, Kii, Kdi, λ, and μ, 
respectively. 

IV.	 Proposed methodology 

A.	 Incremental conductance technique

In a PV/wind system connected to the grid, one of 
the most popular and successful MPPT strategies 
is the IC technique. Where the underlying idea is 
that at the MPP, the power derivative to the rating 
of voltage is zero [11]. Also, the algorithm defines 
the direction of operating voltage regulation by 
calculating the instantaneous conductance (I/V) 
and the IC technique (dI/dV) from the system’s real-

time current and voltage volumes. When the two 
values are equal, the system is functioning at its best; 
when the difference is either positive or negative, 
the voltage is changed to get closer to that point 
[24]. Consequently, the IC algorithm is proposed in 
many studies to extract the maximum power from 
the PV system and maintain a high value of overall 
efficiency for the system in situations of variations 
in environmental conditions. The mathematical 
description for the IC is depicted in the following 
equations:

      If  the  left  MPP                                                                                                   (11)

    If  the  Right  MPP                                                                                         (12)

   At  the  MPP                                                                                                       (13)

As discussed, the IC technique can quickly adjust 
the deviation of power from the maximum power 
point in case of changes in temperature and solar 
irradiation, in contrast to the P & O algorithm 
[35]. However, in computational complexity, 
the requirement for exact measurements and 
the algorithm’s vulnerability to signal noise are 
considered the most significant disadvantages for 
this technique, which can cause an accuracy loss 
with significant fluctuations [36]. Fig. 7 demonstrates 
the flowchart of the IC algorithm.

Figure 7: IC algorithm flowchart.
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B.	 Artificial neural network technique

A  grid-tied  PV/wind crossbred system’s  
performance can be evaluated and predicted using 
the ANN technique, which offers a flexible and 
adaptable framework.  The ANN  technique is a 
useful method for learning complex relationships 
between various operational parameters and 
forecasting the overall behavior of a system [34]. 
Because the neural network is trained on data, it 
can recognize and generalize patterns in a wide 
range of scenarios. In addition, under a range of 
environmental conditions, including fluctuating 
wind speed and PV irradiance, the trained ANN 
model can accurately predict critical performance 
parameters like output power, voltage, and current 
[37]. In this work, the proposed strategy utilizes 
MPPT technology based on ANN, trained employing 
data collected and captured from an algorithm of IC, 
to improve the performance of PV systems in HES. 
Recent studies on the operation of microgrid, smart 
renewable energy management, hybrid microgrid 
optimization, and neural control approve the 
effectiveness of intelligent methods, optimization 
techniques, and ANN-based techniques in modern 
applications of renewable energy [38-41].

The ANNs are particularly well-suited for creating 
renewable energy techniques and managing the 
operational challenges of grid-connected PV/wind 
crossbred systems because of their generality and 
strong generalization ability [42]. The considered 
ANN is selected to be a feedforward neural network 
including three distinct layers: an output layer, an 
input layer, and two hidden layers. The layer of 
input includes 6 inputs representing the PV power, 
delayed power with one sample, current, current 
with delayed one sample, voltage, and voltage with 
delayed one sample signals, while the hidden layer 
consists of one hidden layer with 15 neurons. The 
output layer includes one neuron that generates 
the optimal duty cycle for the control process of the 
converter for MPPT. The activation functions used 
for this network for the hidden layer and output 

layer are tansig and purelin functions, respectively. 
The network is trained using the Scaled Conjugate 
Gradient backpropagation method with a learning 
rate of about 0.01.   The training process was 
conducted for a number of epochs, about 1000 
epochs, with a target value of MSE around 10⁻⁵ as the 
stopping criterion. Furthermore, an early stopping 
process is applied based on the performance of 
validation to avoid overfitting. Furthermore, Fig. 8 
illustrates how the layers regulate the processing 
and output transformation of incoming data [43]. 
Continuing this analysis, Fig. 9 illustrates the 
suggested ANN algorithms flowchart for MATLAB/
Simulink MPPT technology implementation [44]. 
Moreover, the accuracy of the improved strategy 
is evaluated using Integral of Time Absolute Error 
(ITAE), Root Mean Squared Error (RMSE), and Mean 
Squared Error (MSE)  as  in the following equations 
[34, 45, 46,47]. Besides, the tracking error and 
efficiency are also used in the evaluation process 
in this paper, as in Eqs. (17) and (18) [47]. Another 
formula for the efficiency of MPPT is also given in 
the evaluation as in Eq. (19).

                          (14)

                                            (15)

Where:  n  is the sampling size,  T  is the time,                        
yactual  is the true values, and ypredicted is the predicted 
values. 

                            (16)

Tracking Efficiency (%) =                                                    (17)

Tracking Error (%) =                              (18)

                                                      (19)
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Figure 8: Schematic representation of the ANN.

Figure 9: A flowchart of the ANN technique.
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V.	 Experimental system

To validate and test control strategies in real 
time under  various  operating  conditions,  the 
experimental system in this study is made to 
seamlessly interface with the OPAL-RT 4512 
platform. Furthermore, the platform offers 
adaptable analog and digital I/O interfaces that 
facilitate integration with real or semi-real power 
systems, supports a range of simulation tools such as 
MATLAB/Simulink and RT-LAB, and allows control 
devices such as MPPT controllers or inverters to be 
accurately and safely tested before being used in 
real-world applications [48].

The OPAL-RT 4512 is used to assess how well 
renewable power systems perform under dynamic 

and quickly changing conditions, such as variations 
in wind speed or solar irradiation. Quick system 
response  evaluation and appropriate control 
strategy modification are made possible by this real-
time feature. Moreover, the platform simulates real-
world systems, maintaining the temporal accuracy 
of the real processes while allowing researchers to 
create and evaluate intelligent algorithms like AI-
based controllers or machine learning techniques. 
So, this type of real-time simulation also offers a safer 
and more economical method of verifying cutting-
edge energy technologies, enhancing grid stability 
and operational effectiveness [49]. In addition, using 
the RT-LAB environment platform, Fig. 10 shows 
how to integrate a Simulink-generated simulation 
model with the OPAL-RT 4512 real-time simulation.

Figure 10: Grid-connected PV/wind power system simulation in Real-time with OPAL-RT.

VI.	 Results and Discussion

This section consists of MATLAB simulation result 
findings and experimental findings for OPAL-RT 
4512 implementation. The operation is compared 
at various operating conditions to highlight the 
validation of the techniques used; comparisons are 
made to ensure accuracy, reliability, and usability of 
the developed model.

A.	 Weather conditions of the PV and 
wind system 

Fig. 11a presents the step-changing profile of 
solar radiation with time variation, while Fig. 11b 
presents the temperature profile. Moreover, Fig. 12 
presents the special pattern of wind speed variation 
throughout the simulation. Additionally, Table 2 
details the specifications of the PV/wind system 
and grid; all components of the simulation and 
experimental system are explained in the results 
section.
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Figure 11: (a) Radiation changes. (b) The PV arrays temperature variations.

Figure 12: Changes in wind speed.

Table 2: Specification of the description system

Parameters for System Values

Specifications of the PV system

A PV Array 100.7 KW

A PV Module 305.23 W

In parallel strings 66

In a series string 5

Converter inductance 5 × 10-3 H

Converter impedance 0.005 Ὡ

Capacity of converter 100 × 10-6 F

Specifications of the wind system

Rectifier impedance 100 Ὡ

Rectifier capacitor 0.1 × 10-6 F

Wind power 50 KW

Specifications of grid-tied

Transformer step up 270 V/25 KV

Voltage of the grid 20,000 V

Frequency of the grid 60 Hz

Grid-tied with PV/wind 150 Kw

B.	 Performance analysis of PV system 
MPPT techniques

The voltage response of the PV system under 
different MPPT control strategies for simulation 
and experimental results is demonstrated in                                          
Fig. 13. In the time interval 0 to 0.4 s, the IC 
technique shows a sharp drop to approximately 125 
V, whereas the  ANN  technique  maintains  voltage  
levels closer to the upper operational range of 250 to 
275 V, indicating better voltage stability. Moreover, 
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the ANN technique provides the most accurate 
and stable voltage tracking, where it minimizes 
oscillation and maintains a voltage that is closest to 
the reference (273.5 V).

 

Figure 13: Comparison of PV voltage for (a). Simulation system (b). Experimental system.

The PV array current variation under the effect of 
MPPT techniques for simulation and experimental 
results is depicted in Fig. 14. The IC technique 
presents unstable tracking with sharp current 
dips. While the ANN technique tracks the changes 
more effectively, it shows mild oscillations.                                                                              
In addition, the ANN technique demonstrates 

superior performance, maintaining current levels 
with high stability and fast adaptation during 
irradiance variations. So, the simulation results 
were compared to experimental system data; they 
showed a high degree of agreement, indicating that 
the ANN approach offers superior dynamic tracking 
and current control.

 

Figure 14: Comparison of PV current for (a). Simulation system (b). Experimental system.
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The power output for the PV array under various 
MPPT technicalities of simulation and experimental 
results is displayed in Fig. 15, where the depicted IC 
technique shows inconsistent power tracking with 
clear drops during irradiance variations. While 
the ANN technique provides the most consistent 

output, closely following the expected irradiation 
profile, demonstrating better tracking accuracy and 
minimal fluctuation when compared to reference 
power, a decrease in value occurs at 2.4 s to the end 
of the period. At the same time, the power loss of the 
IC technique occurs between 0 and 0.5 s.

Figure 15: Comparison of PV power for (a). Simulation system (b). Experimental system.

Table 3   presents   a  numerical   comparison    of   
suggested MPPT techniques for simulation and 
experimental  results under varying irradiation 
levels. Thus, readings of PV voltage, current, and 
output power at different times are included. 
The findings show that in both low and high 
irradiation conditions, the ANN technique 

consistently outperforms IC in terms of tracking 
stability and efficiency. Where the ANN technique 
is the best MPPT technique overall, according to 
the comparative data, it continuously produces 
the highest and most stable power output at all 
irradiance levels.

Table 3: PV performance results for the experimental and simulation systems are compared

MPPT 
Technique

Irradiation 
(W/m2)

Times 
(s)

 VPV (V) IPV (A)  PPV (Kw)

Simulink Experimental Simulink Experimental Simulink Experimental

IC 800 0.2 226.65 246.6 308.425 306.75 69.93 75.6

0.5 284.37 274.43 247.1 293.18 78.17 80.415

400 0.9 285.897 268.63 127.51 148.14 36.55 39.064

1.4 286.12 270 127.45 147.41 36.45 39.16

ANN 800 0.2 273.3 266.874 294.38 300.22 80.452 80.045

0.5 273.08 267.123 294.65 300 80.453 80.178

400 0.9 271.95 258.015 145.55 151.5 39.624 39.125

1.4 272.75 257.112 145.48 151.76 39.58 39.075
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Table 4 shows the performance comparison of 
MPPT techniques for simulation and experimental 
results under various temperature and irradiance 
scenarios. According to the results, the ANN 
technique consistently outperforms the other 
method, achieving the highest MPPT efficiency and 
the lowest errors across all metrics, including MSE, 
RMSE, and ITAE. Additionally, the ANN method 
exhibits  low  efficiency  and low mean squared 
errors, especially at low irradiance levels. On the 

other hand, the IC method exhibits lower MPPT 
efficiency and higher error rates, particularly when 
irradiance fluctuates, whereas efficiency declines 
and error rates rise with temperature. Furthermore, 
the  MPPT  efficiency  is  compared  between  
simulation and experimental systems as shown 
in Table 5, where the ANN technique consistently 
outperforms the conventional IC technique, 
reaching a peak experimental efficiency of 97.43% 
and a simulation efficiency of about 96.80%.

Table 4: Performance of MPPT techniques based on efficiency and error analysis for simulation and experimental systems

Techniques Irradiation 

(W/m2)

Time 

(s)

Efficiency MPPT % Error MPPT % MSE Error RMSE Error ITAE Error

Simulation Experimental Simulation Experimental Simulation Experimental Simulation Experimental Simulation Experimental

IC 800 0.4 86.9 94.48 13.1 5.52 10.1 22.24 9.98 3.87 0.8 0.394

400 1 90.65 98.34 9.23 1.66 12.2 0.3 3.432 0.38 1.995 0.563

ANN 800 0.4 99 99.34 0.963 0.66 0.05 0.0024 0.2 0.045 0.0305 0.009

400 1 95.93 97 4.065 3.01 1.93 0.93 1.35 0.926 0.405 0.212

Table 5: Efficiency of MPPT techniques for simulation                  
and experimental systems

Techniques ηMPPT

Simulink Experimental

IC 92.97 97.32

ANN 96.80 97.43

C.	 Performance analysis of wind turbine 
energy conversion system under different 
MPPT techniques

The wind turbine generators’ output current 
for MPPT suggested control strategies based on 

simulation and experimental results are shown in 
Fig. 16. The IC technique has a slow response and 
large current dips during transients  according to the 
simulation and experimental results.  In contrast, 
the ANN technique shows the most stable behavior, 
sustaining the current value with rapid settling and 
minimal deviation, suggesting superior adaptation 
to wind speed variables. Moreover, Fig. 17 illustrates 
how various MPPT techniques affect the wind 
turbine generators’ active output energy for both 
simulation and experimental outcomes. Whereas 
the IC technique shows a slow response and lower 
power levels. Similarly, the ANN technique yields 
the most consistent results, peaking at about 5×104 
watts with little ripple.

 

Figure 16: Evaluation of wind output current for (a). Simulation system (b). Experimental system.
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Figure 17: Evaluation of wind Pdc for (a). Simulation system (b). Experimental system.

The simulation and experimental results for the 
DC output  voltage  of  the  wind  turbine  power 
conversion systems are illustrated in Fig. 18. There 
is still some discernible ripple even though the IC 
technique improves voltage stability, especially 
during transients. The  ANN  method  outperforms  
VRef   by  sustaining  a constant  voltage level  of  
roughly  500 Vdci,  indicating better energy regulation  
and  more reliable converter behavior.  Similarly,     

Fig. 19 shows  each  phase’s  instantaneous  AC  output 
power from the wind turbine generator using MPPT 
techniques in the simulation and experimental 
findings. While the ANN technique generates 
more reliable and stable three-phase power with 
distinct sinusoidal behavior and balanced phase 
characteristics, the IC technique shows notable 
imbalance and high ripple, indicating poor control 
and synchronization.

 

Figure 18: Wind DC voltage of the system for (a). Simulation system (b). Experimental system.
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Figure 19: Analysis of the performance of Pac for (a). Simulation system (b). Experimental system.

The rotor speed is a crucial mechanical component 
that demonstrates how well the turbine adapts 
to shifting wind conditions. Furthermore,                                          
Fig. 20 illustrates how different MPPT techniques 
affect the wind turbine rotor speed behavior in 
both simulation and experimental settings. The 
IC technique exhibits strong oscillations, delayed 
response, and unstable speed tracking when both 
simulation and experimental results are taken 
into account. The ANN technique,  on the other 
hand, performs the most reliably, sustaining a 
speed of about 150 rad/s with little variation.                                                                                              

A comparison of MPPT techniques applied to an 
experimental and simulation system is also shown 
in Table 6. It highlights the precision, stability, and 
effectiveness of   each tracking method in dynamic 
wind  conditions by  examining rotor speed Idc 
and  Pdc  at various wind speeds and times. Table 7 
highlights how well the control process works with 
the following MPPT techniques:  the  results  depict  
that the ANN presents distinct results in terms of 
settling time, overshoot, and rise time in comparison 
to the IC approach.

 

Figure 20: Rotor speed tracking performance of W/T for (a). Simulation system (b). Experimental system.
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Table 6: Comparative evaluation of wind energy MPPT techniques for simulation and experimental systems

Techniques Speed of Wind 
(m/s)

Time 
(s)

Speed of Rotor (rad/s) Idc Wind (Amp) Pdc Wind (Watt)

Simulink Experimental Simulink Experimental Simulink Experimental

IC 7.5 1.3 150.14 149.29 87.89 87.89 4.41 x 104 4.427 x 104

1.8 149.005 149.94 88.48 88.47 4.443 x 104 4.426 x 104

ANN 7.5 1.3 149.54 149.33 87.89 87.9 4.417 x 104 4.417 x 104

1.8 150.823 149.95 88.454 88.47 4.44 x 104 4.454 x 104

Table 7: Comprehensive performance analysis of MPPT techniques: time response for PV power, PV voltage, and DC-Link 
voltage stability under variable irradiation and temperature

Techniques Used Irradiation & Temperature Rise Time Settling Time Overshoot Peak Peak Time

IC 1000 25℃ PPV 0.0214 NaN 0.0176 100.7377 0.4278

VPV 1.4263e-04 NaN 17.1202 320.3236 4.0000e-04

Vdc 6.0655e-06 2.0088 32.1728 660.8638 0.0088

400 25℃ PPV 0.0026 NaN 0.0637 39.6953 0.4866

VPV 2.8655e-04 NaN 14.2478 307.6865 7.0000e-04

Vdc 6.1585e-06 0.0410 30.1346 650.6731 0.0088

ANN 1000 25℃ PPV 0.0347 0.0449 0 100.7004 0.0588

VPV 1.4603e-04 0.0476 17.0207 320.0515 4.0000e-04

Vdc 0.0074 0.0469 27.7699 638.8497 0.0135

400 25℃ PPV 0.0024 0.0304 0.0177 39.6770 0.0668

VPV 2.9128e-04 0.0315 14.7969 309.1652 0.0137

Vdc 0.0074 0.0463 25.9826 629.9128 0.0133

D.	 Performance analysis of grid-
connected parameters under different MPPT 
techniques

The phase current (Ia) supplied to the grid behaved 
similarly for both the simulation and experimental 
results,  as depicted in Fig. 21.  The  distorted 
waveform with observable harmonics is produced 
using an IC technique. Additionally, the ANN 
technique displays perfect performance with 
low ripple and enhances the waveform shape. 
Furthermore, at an irradiation of 1000 W/m2, 
the ANN  technique maintains a clean current 
oscillation around ±5 A, demonstrating the most 

sinusoidal and symmetrical waveform, indicating 
efficient current injection. Similarly, Fig. 22 depicts 
the simulation and experimental results for the grid 
phase voltage (Va), where the voltage waveforms are 
compared during different techniques. The shape 
is improved by the IC technique, although there 
are some distortions and a small phase offset. In 
contrast, the ANN technique  consistently produces 
smooth transitions, full voltage utilization, and 
low waveform distortion while maintaining a 
nearly perfect sinusoidal waveform with a stable 
peak amplitude around ±2×104V, exhibiting strong 
voltage regulation.
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Figure 21: Grid phase current (Ia) response for (a). Simulation system (b). Experimental system.

Figure 22: Grid phase voltage (Va) response for (a). Simulation system (b). Experimental system.

The best performance is plotted in Fig. 23 with 
the ANN technique, where the currents closely 
follow the reference grid signals in simulation 
and experimental results. Increased MPPT 
responsiveness, better switching control, and 
efficient harmonic mitigation are all reflected in 
the waveform purity across all three phases. The 

distorted waveform with observable harmonics 
for an IC technique. Lastly, proving that the ANN 
technique is the most effective of the methods 
under comparison. As a result, once high interaction 
between simulation and experimental results was 
demonstrated, the analytical approach was built 
with confidence.
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Figure 23: 3-Phase grid current performance of MPPT techniques for (a). Simulation system (b). Experimental system.

The superior performance of the ANN technique, 
where all three voltage phases show excellent 
synchronization and high-fidelity sinusoidal waves, 
is demonstrated in Fig. 24, where the simulation 
and experimental values maintain a nearly perfect 
sinusoidal waveform with a stable peak amplitude 
of about ±2×104V, confirming perfect waveform 
alignment and minimal harmonic interference. The 

shape is improved by the IC technique, although 
there are some distortions and a small phase 
offset. Overall, it shows that the experimental 
setup effectively reflected  the scenarios examined 
through simulation and that the ANN technique 
guarantees the highest voltage quality, supporting 
effective and safe power transfer in the hybrid 
renewable system.

Figure 24: Performance 3-phase grid voltage of MPPT techniques for (a). Simulation system (b). Experimental system.
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The crossbred system’s overall output power 
into the grid-tied system from both wind and PV 
sources is displayed in Fig. 25, using different MPPT 
techniques based on simulation and experimental 
results. demonstrating that the ANN technique 
offers the best control performance, guaranteeing 
proportionality and the power for high-quality 
grid delivery tied to variable input from both PV 
and wind sources. Thus, the effectiveness of the 
design and modeling process was demonstrated by 

the system’s actual implementation, which closely 
resembled the simulated behavior. Continuing 
this analysis, Table 8 presents a comprehensive 
comparison of MPPT techniques in a hybrid PV/
wind system. In order to evaluate PPV, PWind, PTotal, and 
PGrid, it takes into account solar irradiation, wind 
speed, and time. Additionally, the goal is to evaluate 
overall energy delivery and tracking efficacy in a 
range of environmental circumstances.

 

Figure 25: The grid power output system for (a). Simulation system (b). Experimental system.

Table 8: The comparison of MPPT techniques in a hybrid PV/wind power system for simulation and experimental systems

Techniques Irradiation 

(W/m2)

Speed of 

Wind (m/s)

Time 

(s)

 (Kw)  (Kw)  (Kw)   (Kw)

Simulink Experimental Simulink Experimental Simulink Experimental Simulink Experimental

IC 800 7 0.3 70.25 73.88 36.67 36.66 106.92 110.54 105.12 110.48

7 0.6 78.16 80.43 38.69 38.75 116.85 119.18 113.65 115.03

400 7 0.9 36.58 39.66 38.68 38.61 75.26 78.27 72.3 76.16

7.5 1.2 36.54 39.04 43.7 43.56 80.24 82.6 78.25 82.31

ANN 800 7 0.3 80.45 80.06 36.77 36.66 117.22 116.72 116.1 115.83

7 0.6 80.45 80.04 38.64 38.63 119.09 118.67 116.3 115.78

400 7 0.9 39.62 39.09 38.72 38.7 78.34 77.79 77.76 77.71

7.5 1.2 39.62 39.04 43.69 43.7 83.31 82.74 82.85 82.75

A numerical comparison between the simulation 
and experimental values (see Table 8), where 
the ANN techniques’ actual performance is the 
best technique, superior efficiency in real-world 
operation was demonstrated by the ANN technique, 
which produced the highest PTotal and PGrid. The IC 
technique came in second. Finally, this indicates 
improved internal consumption control stability 
and power conversion; its robustness is further 

supported by its consistent behavior under various 
wind and radiation conditions. Therefore, the ANN 
technique stands out as the best choice for practical 
implementation in hybrid PV/wind systems where 
maximizing usable energy and ensuring grid 
efficiency are top priorities. So, the experimental 
findings reflected the expected behavior based on 
the simulation analysis, supporting the validity of 
the model.
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VII.	 Conclusion

This   paper   presents  a  hybrid   renewable  
energy    grid-connected  system  for a 150-kW 
configuration  of PV and  wind  power sources.  The  
dynamic conduct  of  several  MPPT  techniques  
under  variable irradiation, temperature, and wind 
speed  profiles is  evaluated  by  MATLAB/Simulink    
and  also  is  validated  by  the  experimental 
OPAL-RT platform in real time under Hardware 
in Loop conditions. According to the obtained 
results in this paper, there was a great agreement 
between simulation and experimental results.  

ANN presented better performance  criteria in  
the  comparison  with  the IC technique in both 
simulation and experimental validation. The ANN 
technique reached the minimum  error  percentage 
and maximum efficiency in simulation and  
experimental validation together. Furthermore, 
the proposed techniques are validated based on 
the OPAL-RT HIL platform through simulation 
results. Therefore, these conclusions underline the 
robustness of the proposed control strategy and  its  
possibility for real-world deployment in large-scale 
grid-tied-connected PV/wind systems.
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