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ABSTRACT 

This paper provides a comprehensive analysis of a grid-connected hybrid microgrid system that seamlessly 

integrates renewable energy sources, encompassing wind generators, solar arrays, and Fuel Cells (FCs). 

Emphasis is placed on the pivotal role of power electronic converters in optimizing control and energy 

management strategies for these diverse sources. The wind and solar subsystems employ Perturb and 

Observe (P&O) controllers to achieve Maximum Power Point Tracking (MPPT). Additionally, the study 

delves into the analysis and control design of the grid-connected hybrid system inverter, employing a 

Proportional-Integral (PI) control technique in the synchronous d-q frame to maximize the output voltage 

response and active power. In managing renewable grid energy based on artificial neural networks 

(ANNs), the main goal is to address grid availability concerns by prioritizing renewable sources. The 

hybrid system acts as a backup during grid unavailability and simultaneously produces hydrogen via 

electrolysis. The excess energy is seamlessly supplied to the grid upon filling the hydrogen tank. The 

proposed solution shows great promise for use in renewable energy management systems that combine 

hybrid technologies. 

Keywords-hybrid microgrid system; wind generators; solar arrays; grid; energy management; ANN 

I. INTRODUCTION  

Hybrid renewable energy systems can incorporate either a 
single or a combination of RE sources. Various alternative 
energy sources, including wind, solar, Fuel Cells (FCs), 
hydropower, biomass, and biogas, improve the efficiency and 
dependability of the power supply system [1-2]. In addition, 
FCs can be utilized as secondary energy storage systems with 
efficiencies superior to those of batteries [3-7]. Most hybrid 

renewable energy systems are operated either independently or 
in conjunction with an existing electricity grid. Standalone 
systems can cover consumption in geographically isolated 
areas [8]. However, to combat the unreliability of power grids 
in areas prone to erratic weather patterns, combination systems 
are increasingly being recommended and implemented. 
Numerous studies have proposed and evaluated optimization 
methods for modeling, optimal sizing, and simulation of hybrid 
systems, including RE with FCs and grid-connected systems 
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[9-11]. Many studies on energy management strategies for 
hybrid grid-connected systems offered valuable insights into 
the integration of renewable energy sources, control 
techniques, and optimization approaches. Several studies also 
highlighted the importance of efficient energy management and 
seamless integration of renewable sources into hybrid systems 
[12-17]. Some studies addittionally addressed grid availability 
concerns and proposed backup solutions, such as hydrogen 
production through electrolysis. However, this approach may 
have limitations in terms of scope, real-world implementation, 
data requirements, and potential omissions. Despite these 
limitations, the specific studies provide a foundation for further 
research and development in the field of hybrid system energy 
management, offering promising potential for the efficient 
utilization of renewable energy in grid-connected systems. 

The study comprehensively investigates a grid-connected 
hybrid microgrid system. It highlights the important role of 
power electronic converters in optimizing control and energy 
management strategies by integrating renewable energy 
sources, such as wind, PVs, and FCs. This study employs P&O 
controllers in wind and solar systems to implement the MPPT 
technique and ensure efficient utilization of available 
renewable energy resources. Furthermore, the current study 
explores the analysis and control design of a grid-connected 
hybrid system inverter deploying a Proportional-Integral (PI) 
control technique in the synchronous d-q frame. This design 
improves the output voltage response and active power 
generation, further ameliorating the overall performance of the 
system. The particular study also introduces an Artificial 
Neural Network (ANN) controller to address issues on grid 
availability and prioritize renewable sources. In cases of grid 
unavailability, the hybrid system serves as a backup while 
simultaneously producing hydrogen through electrolysis or 
using previously stored hydrogen to cover the load demand. 

The simulation results demonstrate the effectiveness and 
potential of the proposed approach in hybrid renewable energy 
management systems, indicating the practical applicability of 
the proposed method. Comprehensive analysis and integration 
of various renewable energy sources, along with the utilization 
of advanced energy management techniques, contribute to the 
advancement of grid-connected hybrid microgrid systems. The 
findings of this study have implications for the development 
and implementation of sustainable and efficient energy 
systems, promoting the employment of renewable energy and 
reducing the reliance on conventional power sources. 

II. MICROGRID DESCRIPTION 

The proposed system, displayed in Figure 1, consists of 
three distinct sources: PV, wind turbines, and a hydrogen fuel 
cell. PV production is influenced by both solar irradiation and 
temperature. To maximize power generation, the MPPT 
algorithm is employed to track the maximum power achievable 
from the PV system. The generated power is then connected to 
a boost converter and subsequently to a DC bus. For the wind 
energy component, a Permanent Magnet Synchronous 
Generator (PMSG) is coupled to the wind turbine. Similarly to 
the PV, the MPPT technique is adopted to optimize power 
extraction from the wind energy conversion system. The 
hydrogen FC plays a vital role in the system. Its output is first 

fed into a boost converter before being distributed to the DC 
bus. The DC bus can power DC loads directly, or it can be 
converted to AC engaging a DC/AC converter. This allows for 
the distribution of AC power to the grid or other AC devices. 
By integrating these components, the proposed system enables 
the efficient utilization of renewable energy sources putting 
into service switches K1-K6, considering both solar and wind 
energy. This system configuration demonstrates the potential 
for effective integration of diverse renewable energy sources, 
contributing to a more sustainable and reliable energy 
infrastructure. 

 

 

Fig. 1.  The studied PV/wind/FC system model connected to the grid. 

A. Photovoltaic Array Model 

A PV generator is an apparatus that meets load demands by 
converting solar energy into electricity. When connected in 
series or parallel, a collection of solar cells forms a PV module. 
This study deploys an one-diode model. The PV generator's 
equivalent electric circuit is a solar cell. An iterative approach 
is utilized to perform internal parameter research using 
datasheet information [18-21]. The output current of the PV 
array can be mathematically represented as follows [22]: 

��� =  

    (������) − ����� ��[
�����

����
(� +

���

���
���) − 1] (1) 

where Isc is the short-circuit cell current, I0 is the saturation 
current, q is Boltzmann's constant (1.381.10−23 J/K), T is the 
effective cell temperature, a is the diode quality factor, and q is 
the electron charge (1.6×10

−19
 C). The numbers of parallel and 

series PV modules are Nss and Npp, respectively. These goals 
are met with a DC-DC boost converter managed by MPPT 
technology. The PV array, which is an AS-6M-350W by 
Amerisolar-Worldwide Energy and Manufacturing USA Co. 
Ltd., is suitable for meeting current needs. 

B. DC-DC Boost Converter  

The fundamental circuit components of the DC-DC boost 
topology were discussed in [23]. When calculating the 
inductance and capacitors (L, Ce, and Cs), it is important to take 
into account that the output voltage is 600 V. 

C. MPPT Controller 

The MPPT DC-DC converter is frequently used to optimize 
the PV array power [24]. By measuring the PV system's current 
Ipv, voltage Vpv, and power Ppv, the Perturbation and 
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Observation (P&O) technique's maximum power point can be 
followed and act as a reference in the following study. 

D. DC-AC Converter 

Figure 2 displays a representation of the DC/AC converter 
circuit, which utilizes either Insulated Gate Bipolar Transistors 
(IGBTs) or diode bridges as the primary components [25-27]. 

 

 

Fig. 2.  DC/AC converter circuit. 

E. PMSM Model 

The dynamic behavior of a PMSM is defined in terms of 
space variables in the following manner [28]: 
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The PMSM's mechanical equation can be described as follows: 

%
!
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where J represents the inertia of the motor, Tem represents the 
electromagnetic torque, and Tl represents the load torque. 

F. Features of Wind Turbines 

Figure 3 indicates that the wind speed has the greatest 
impact on the wind turbine's power output. Wind power is a 
cubic function of wind speed. Thus, changes in wind speed 
have a significant impact on power. 

 

 

Fig. 3.  Wind turbine power characteristics. 

III. ELECTRICAL GRID 

A. The LCL Filter 

Grid-tied inverters have high switching harmonics and no 
filter. The voltage of the electrical grid drops when such 
currents are transmitted to it without a filter, causing many 
power quality problems. A high-quality LCL filter can be 
applied to the inverter output to prevent power quality issues. 
Thus, the inverter output side can generate harmonic-free 
electricity with a smooth sinusoidal current. Figure 4 
demonstrates that grid-tied inverters prefer LCL filters due to 
their low cost and high performance. The inverter ripple current 
is limited by L1, the current-carrying inductor on the inverter 
side. The common range for the ripple current is 10-15% of the 
rated current. 

 

 

Fig. 4.  LCL filter block. 

B. DQ Control Strategy 

Figure 5 depicts a schematic of the DQ control used. DQ 
control, also known as Park's transformation, is a commonly 
employed control method in electrical systems to facilitate the 
control of three-phase AC quantities in a two-phase reference 
frame [29]. 

 

 

Fig. 5.  General structure of DQ control. 

C. PLL 

Figure 6 portrays the three-phase PLL block diagram. The 
observed grid voltage (Vabc) is transformed to DC components 
using the abc/dq coordinate transformation. To lock the PLL, 
Vd* is considered to be zero. A low-pass filter appears to be the 
PI loop filter. The integrator Voltage-Controlled Oscillator 
(VCO) receives a DC-regulated signal with a suppressed high-
frequency component. The inverter phase angle is calculated by 
integrating the output frequency of the PI controller. When the 
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PLL is operational, the difference between the grid and inverter 
phase angles is reduced to zero. The voltages rotate 
simultaneously, with Vd = 0 and Vq indicating the magnitude of 
the grid voltage. 

 

 

Fig. 6.  PLL general structure. 

IV. ENERGY MANAGEMENT APPROACH 

The challenge of energy management is delineated through 
the mathematical representation of a comprehensive control 
approach that involves inputs, outputs, objectives, and 
constraints. This study aims to implement renewable energy 
sources as a solution to address grid availability concerns. 
Consequently, three scenarios emerge based on the grid status: 

 Scenario I: When the grid is accessible, it serves as the sole 
power source to meet the load demand. The power 
generated by the PV system and wind turbines is harnessed 
by the electrolyzer to produce hydrogen. The excess energy 
is then sold as an additional benefit to the grid once the 
tanks are full. 

 Scenario II: In cases where the grid is unavailable and there 
is an excess of renewable electricity over the load 
requirement, the excess power is sent to the electrolyzer to 
be converted into hydrogen. The extra power is discharged 
through a dump load if the hydrogen tanks are full. 

 Scenario III: When the load demand exceeds the power 
generated by the PV system and the wind turbine, and the 
grid is unavailable, the power is obtained from previously 
stored hydrogen through fuel cells. Any power deficit will 
be assessed if fuel cells are unable to meet the required 
load. 

This study focuses on the system design for making 
connection decisions between the hybrid system and the grid to 
meet their respective loads. Several criteria were considered to 
ensure an effective management algorithm, as shown in Figure 
7. It is important to note that the grid is consistently available in 
this particular scenario and the total renewable energy system, 
consisting of both PV and wind systems, is denoted as Ppw in 
this context. Recently, there has been a growing interest in 
employing machine learning for hybrid systems connected to 
grids. This technique relies on ANNs to address complex 
problems [30]. The ANN model has two critical stages: 
training and operation. The ANN model inputs are renewable 
energy sources, FC, and the grid, along with their switching 
statuses (on or off). ANN model development occurs in 
MATLAB/SIMULINK. The feedforward neural network has 
three input neurons, seven hidden neurons, and three output 
neurons, as detected in Figure 8. 

 

Fig. 7.  The ANN synoptic schema. 

 

Fig. 8.  Feedforward NN model using MATLAB/SIMULINK. 

Simulated data points from the grid-connected hybrid 
renewable energy system were deployed for training purposes, 
employing the Levenberg-Marquardt algorithm. The training 
performance curve demonstrates the progress of the training 
process, with the Mean Squared Error (MSE) reaching an 
impressive value of 9.7302 e-10 at epoch 257, as exhibited in 
Figure 9. These achievements contribute to the high 
performance of flux transfer and ensure the uninterrupted 
supply of power to both AC and DC loads. 

 

 

Fig. 9.  Feedforward NN performance. 

V. SIMULATION ANALYSIS AND RESULTS 

A. Application 

This study puts into service a 1.5 MW wind turbine and a 
1.5 MW PV generator. Table I demonstrates the parameters for 
the grid-connected hybrid system. 
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TABLE I.  SYSTEM PARAMETERS 

PV generator parameters 

Maximum power 1.5 MW 

Voltage at MPP 300 

Current at MPP 5000 

Wind parameters 

Rated Power 1.5 MW 

Air density 1.225 kg/m3 

Rated wind speed 12 m/sec 

FC Parameters 

Fuel type Hydrogen 

Efficiency >50% 

Grid parameters 

Voltage and frequency 400 V, 50 Hz 

 

B. Simulation Results 

The proposed system was simulated utilizing 
MATLAB/SIMULINK, as illustrated in Figure 10. Figure 11 
depicts the climate condition profiles for both PV and wind 
energy sources. These profiles provide an overview of the 
weather patterns and characteristics that affect the generation of 
electricity from solar and wind resources. 

 

 

Fig. 10.  MATLAB/SIMULINK simulation model of the proposed system. 

 
Fig. 11.  Climatic conditions profile. 

Figure 12 reveals the variations in PV and wind powers (Pgp 
and Pwind). It is important to note that the power of renewable 
sources closely follows the trajectory of the climate conditions, 
which can be attributed to the utilization of the P&O technique. 
The P&O MPPT technique enables the system to efficiently 
track and extract the maximum available power from PV and 

wind sources, aligning their power generation with the 
prevailing climatic conditions. Figure 13 represents the total 
source power and the DC voltage. 

 

 

Fig. 12.  PV and wind power. 

 
Fig. 13.  The source power and DC voltage during 24 hours. 

Figure 13 clearly shows that the power consumed by the 
load (Pload) is derived from the combined power of renewable 
energy sources (Ppw) and the power generated by the fuel cell 
(PFC). As a result, the voltage remains constant despite 
fluctuations in climatic conditions. This observation highlights 
the effectiveness and high performance of the proposed 
management system. The ability to maintain constant voltage 
despite varying weather conditions demonstrates the successful 
integration and coordination of renewable energy sources and 
FCs within the system. In addition to improving the system's 
overall efficiency and dependability, this steady voltage output 
guarantees a steady power supply to the load. The stability of 
the system and the uninterrupted power supply to the load are 
demonstrated by the capacity of the proposed management 
system to optimize the use of renewable energy sources and the 
FC while efficiently controlling the power flow. 

Considering the proposed management strategy and the 
variations in climatic conditions and load, the fluctuation in the 
continuous bus voltage is estimated to be around 1% of the 
reference voltage of 600 V. This indicates that the system 
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maintains a relatively stable bus voltage, with minor deviations 
within an acceptable range considering the given conditions 
compared to other existing studies. 

Figure 14 portrays the operation of the switches in the 
proposed system according to the suggested ANN management 
strategy. It is important to emphasize that Kpw is equal to K1 
and K6, KFC is equal to K2, and Kload is equal to K3 and K4. 
Additionally, it should be noted that the KFC switcher is an 
Insulated Gate Bipolar Transistor (IGBT) antiparallel with a 
diode. On examining the figure, it becomes evident that when 
there is an excess of renewable energy, the FC charges. 
Conversely, when there is insufficient energy from renewable 
sources, the FC discharges can meet the energy requirements of 
both AC and DC loads. 

 

 
Fig. 14.  Switches operation. 

Figure 15 provides a comprehensive analysis of the 
inverter's performance, highlighting its successful delivery of 
an active power of 1.45×10

5
 W to the electrical grid. The 

closed-loop current control mechanism ensures the absence of 
reactive power, maintaining a unity power factor during power 
transfer from the PV, wind, and FC sources. Remarkably, when 
faced with an inductive load, the inverter efficiently responds 
to the reactive power requirements, resulting in negative 
reactive power rather than zero. This highlights the inverter's 
ability to effectively manage reactive power flow and optimize 
power delivery to the grid. The inverter's capability to handle 
both active and reactive power ensures a reliable and efficient 
power supply to meet the grid's demands. Figure 16 presents 
the waveforms of the phase-phase voltage and single-phase 
current of the RL load. These waveforms provide essential 
information regarding the load's behavior and performance, 
facilitating the analysis of its power consumption and electrical 
characteristics. The phase-phase voltage waveform offers 
insights into the voltage levels and fluctuations experienced 
across the load. By observing this waveform, variations in 
voltage magnitude, frequency, and any potential distortions can 
be identified, enabling a better understanding of the load's 
voltage requirements and the quality of the supplied power. 

 

Fig. 15.  Active and reactive power. 

Furthermore, the single-phase current waveform provides 
valuable insights into the load's behavior and performance over 
time. This waveform enables the analysis of crucial parameters, 
such as the power factor, harmonic content, and any 
irregularities that could indicate potential issues or 
inefficiencies in the load's operation. By examining the current 
waveform, it becomes possible to identify and address any 
power quality concerns, optimize load performance, and ensure 
efficient utilization of electrical energy. The waveform serves 
as a valuable tool for monitoring and troubleshooting load 
operations, facilitating the identification of areas for 
improvement in terms of power factor correction, harmonic 
mitigation, and overall load efficiency. 

 

 

Fig. 16.  Load voltage and current. 

Figure 17 displays the Fast Fourier transform (FFT) 
analysis of the inverter's output current, revealing an 
impressively low Total Harmonic Distortion (THD) level of 
1.73% according to the proposed strategy. This signifies the 
inverter's exceptional performance in converting DC power to 
AC output with minimal distortion and negligible higher-order 
harmonic interference. The results validate the efficacy of the 
inverter control design and demonstrate its superiority 
compared to existing studies in the field [31-32]. The low THD 
value highlights the inverter's ability to generate a clean and 
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high-quality AC output, ensuring the delivery of reliable power 
to connected loads while minimizing the risk of electrical 
disturbances and potential equipment malfunctions. 

 

 

Fig. 17.  Total harmonic distortions (THD). 

VI. CONCLUSION 

This study aimed to provide a comprehensive analysis of a 
grid-connected hybrid renewable energy system that integrates 
wind, solar, and hydrogen fuel cell technologies. The current 
study focused on the crucial role of power electronic converters 
in optimizing control and energy management strategies. A 
backup system that involves hydrogen production and a 
seamless supply of excess energy to the grid was proposed. 
This approach was designed to improve grid reliability and 
effectively manage renewable energy sources by ensuring 
continuous power supply during periods of low renewable 
energy availability. The novel management strategy proposed 
for the grid-connected hybrid renewable energy system used an 
ANN controller. The results obtained from this strategy 
highlight its effectiveness, as indicated by a low THD value of 
1.73% and consistent voltage regulation even during varying 
climatic conditions of wind and solar sources. This remarkable 
achievement highlights the exceptional performance and 
efficiency of the proposed system when implementing the 
recommended management approach. Although this study has 
made significant strides in the field, several future research 
directions are identified, including: 

 Advanced control techniques 

 Grid interaction and stability 

 Economic analysis. 

It is important to address these future research points to 
create a more sustainable and resilient energy future. This will 
help advance and practically deploy grid-connected hybrid 
renewable energy systems. 
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