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Abstract: Modeling and stability analysis of a battery energy storage system in the Microgrid (MG) is critical for 

optimizing performance and efficiency and managing power safely and effectively. In this context, the contribution 

of this work is to propose the combined efforts of the hybrid energy storage system (HESS) including the 

photovoltaic (PV), fuel cell (FC), and battery to support the demand load. This article of the contribution is 

interfaced with the PV, FC, and battery with MG. To gain design evaluation, the method incorporates the phasor 

workable alternative from advanced power systems. In this direction, an adaptive neuro-fuzzy inference system 

(ANFIS) and Genetic Algorithm (GA) control strategies are applied to collect the system data in electrical power 

systems. The process of these data provides important information, and knowledge is the result of analyzing this 

information, which is a key driver to intelligent behavior or action. To conclude, the application of ANFIS in the 

HESS-MG system results in an injection value of 99.6% at the Single Line-to-Ground Faults Scenario (SLGFS), and 

the utilization of GA in the HESS-MG yields an injection value of 98.9% at the SLGFS. The reduction of voltage sag 

without the use of HESS-MG technology is 76.2%, respectively. 
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1. Introduction 

Microgrids (MGs) have been recognized as a fundamental aspect of smart grids, playing a crucial 

role in enhancing power reliability, performance, and energy efficiency [1,4]. The integration of 

renewable energy sources (RES) into the power grid is facilitated by the presence of MGs as the 

underlying network infrastructure. However, maintaining the stability, reliability, cost-effectiveness, 

and comprehensive control of MGs is a significant challenge [5,8]. As illustrated in Figure 1, The 

architecture of the European benchmark low voltage MG system. The ability to effectively manage and control 

MGs is essential for maximizing their operational efficiency, ensuring reliable power supply, and 

integrating renewable energy resources into the MG [9-13]. The operation of MGs can occur in either 

grid-connected or islanded modes, both of which pose significant control challenges. Consequently, 

various control methods have been proposed for both modes. The task of controlling MGs is further 

complicated by the presence of multiple RES and loads within the system, leading to issues of 

coordination and collaboration [14-16].  
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The Microgrid (MG) system has gained widespread recognition due to its numerous advantages 

over traditional grid systems. The integration of smaller, more efficient distributed energy resource 

units into the distribution model and the reduction of damage from bulk power transmission by locating 

generation closer to load centers are among its key benefits [17,18]. 

 
Figure 1. The architecture of the European benchmark low voltage MG system. 

 

Additionally, the increasing global concern over the environmental impacts of traditional power 

generation has further boosted its popularity. However, the integration of photovoltaic (PV) systems 

into the electricity network has resulted in fluctuations in energy quality and reliability due to 

imbalances caused by solar irradiance events. Energy storage systems (ESS) have been widely employed 

through various operational techniques to mitigate these power fluctuations [20,25]. Figure 2, shows the 

category of ESS. The ESS block header serves as a crucial component that mitigates the fluctuations in 

the Photovoltaic (PV) system and brings them down to an acceptable threshold.  

 

Figure 2. The category of the energy storage system [26,27]. 
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In Figure 3, a PV system is depicted as being connected to a small electrolyze and a fuel cell. This 

configuration can completely supply power to a household that is connected to the grid. The ESS block 

header, represented in the diagram, effectively manages and controls the energy flow between the PV 

system and the home's electrical load. Its primary function is to ensure a stable and consistent power 

supply by reducing the impact of variations in the PV system's output. By integrating energy storage 

capabilities, the ESS block header enables excess energy generated by the solar PV array to be stored 

and utilized when there is insufficient sunlight or high demand from the home [28-35]. This helps to 

optimize the utilization of renewable energy and provides reliable power  

 
Figure 3. The basic model for grid integration of PV, small electrolyze, and a fuel cell. 

The pervasive need for efficient energy sources has led to several comparative studies of different 

strategies, with a particular focus on battery performance [36]. The battery plays a vital role in various 

systems, employing diverse methods to cater to different applications. Its versatility and ability to 

function effectively across a range of contexts are highly appreciated. Whether it is powering electric 

vehicles, storing renewable energy in grid systems, or providing backup power in residential and 

commercial settings, the battery's capability to adapt to different requirements is of significant value 

[37]. Thus, this flexibility allows the battery to be integrated seamlessly into various systems, 

contributing to improved efficiency, reliability, and sustainability. As the demand for energy storage 

and portable power solutions continues to grow, the battery's versatility remains a key attribute in 

meeting the diverse needs of modern applications [38-40]. 

The literature review conducted by Thirunavukkarasu [41] provided an overview of the relevant 

works about Microgrids (MGs) discussed in this manuscript. The utilization of optimization algorithms 

and ESS in MGs has been widely studied, with the mixed integer linear program being the most 

commonly used optimization algorithm [42]. Additionally, multi-agent systems are considered to be 

ideal for unit commitment and demand management problems, while cutting-edge machine learning 

algorithms are utilized for forecasting applications and meta-heuristic algorithms are applied in several 

economic dispatch applications [43]. In reference [44] presented a comprehensive review of the current 

advancements in HESSs within the context of MG applications. It offers a broad perspective on the 

evolving HESS industry. The study [45] delved into crucial aspects of HESS utilization in MGs, covering 

various topics such as capacity sizing methodologies, power converter topologies for HESS interface, 

architectural considerations, control strategies, and energy management techniques specifically tailored 

for HESS in MGs [46]. A recent article [47] presented a comparative study between a single battery 

system and two alternative HESSs - one utilizing battery-supercapacitor (SC) technology and the other 

employing battery-flywheel technology - within the framework of an isolated PV power Microgrid. The 

research [47,48] findings indicate that both the SC-HESS and the flywheel-HESS effectively mitigate the 

charging and discharging powers of the battery, leading to a significant reduction in the required 

battery capacity. As a result, this mitigates the operational stresses on the battery and reduces the size 

requirements, ultimately contributing to an extended battery lifespan.  
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This paper aims to further explore and demonstrate the properties of MGs based on PV and Fuel 

Cell (FC) systems in supporting demand load. The MG system is comprised of a single-phase alternating 

current network, solar power generation technology, PEMFC, and a rechargeable battery. The battery 

bank is managed by a rechargeable battery controller, which stores surplus power and provides backup 

power during outages. The system is connected to the electricity network via a transformer that reduces 

the voltage from 6.6 kV to 200 V. Both the solar PV power generation, PEMFC, and storage battery are 

DC forms of energy that are converted to single-phase AC. The following sections of the article are 
presented in the subsequent sections of the article. Section 2 provides an overview of intelligent control 

strategies, including artificial neural network-based intelligent systems (ANIS) and genetic algorithms 

(GA). Section 3 deals with the model of MG based on PV, PEMFC, and Battery. The results and 

discussion are depicted in Section 4. Finally, Section 5 provides the concluding remarks of the article. 

2. Intelligent Control Strategy  

With the advancement in power electronics, microprocessors, and electrical engineering 

technologies, the development of superior, compact, and cost-effective sensors have been facilitated. 

As a result, control strategies based on an adaptive neuro-fuzzy inference system (ANFIS) and genetic 

algorithms (GA) have been extensively utilized in the collection of system data in Microgrid (MG) 

applications [49-55]. The analysis of these data provides valuable information, which is the basis of 

informed behaviour or actions and plays a crucial role in the realization of intelligent behaviour. 

A. Adaptive neuro-fuzzy inference system (ANFIS)  

The Adaptive Neuro-Fuzzy Inference System (ANFIS) is a form of multi-valued logic that operates 

through approximate reasoning, as opposed to exact reasoning. This approach involves assigning a 

value ranging from 0 to 1 to represent the level of truth for an element, rather than simply determining 

it to be true or false. The concept of fuzzy logic was first formalized through the Fuzzy Set Theory in 

1965, and ANFIS architecture is depicted in Figure 4. The widespread utilization of fuzzy logic 

techniques in electrical power systems is attributed to its ability to model non-linear processes, such 

as the performance of electrical power systems, as well as complex energy storage management control 

strategies. 

 

Figure 4. ANFIS architecture 

B. Genetic Algorithm (GA) 

The genetic algorithm (GA) has been implemented to address stability and power quality 

considerations within the Microgrid (MG) context. The process begins with the establishment of an 

initial population, followed by the identification of solutions with superior fitness and the elimination 

of suboptimal solutions. This results in a population with a higher probability of producing better 

solutions for MG applications. In this framework, each solution within GA is referred to as a gene. The 

initial step involves the random generation of a population of chromosomes, ensuring that budget 

constraints are not violated. The second step is the evaluation of the fitness of the initial population of 

chromosomes. The third step involves a tournament selection procedure, which continues until the 

selected parent population matches the population size, and the same chromosome can be selected 
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more than once. Furthermore, the performance of the "parent chromosome" is evaluated against that 

with the highest fitness level. Lastly, the fourth step involves the utilization of two types of crossover 

mechanisms, each of which has been employed to optimize different aspects. 

3. Model of MG based on PV, PEMFC, and battery   

The Microgrid (MG) is a single-phase alternating current computer system, where energy sources 

such as an electric utility network, PV, PEMFC, and a storage battery, as depicted in Figure 5, are 

integrated to sustain the micro-network. The rechargeable battery controller manages the battery bank 

and facilitates the absorption of surplus power and provision of additional power during power outages 

in the micro-network. Three ordinary residences consume substantial energy (up to 2.5 kW) due to 

electrostatic repulsion, while the PEMFC can generate a capacity of 20 KW at a cell temperature of 25 

degrees Celsius. The MG is connected to the electricity network through a transformer mounted on a 

pole, which reduces the voltage from 6.6 kV to 200 V. Solar PV power generation, PEMFC, and storage 

batteries being DC forms of energy are transformed into single-phase AC. Eq. (1) provides the voltage-

current 𝐼 𝑝ℎ characteristic of a PV, and Eq. (2) describes the module saturation current 𝐼0. 
  

 

𝐼𝑝ℎ =  [𝐼𝑠𝑐 +  𝑘𝑖  (𝑇 − 298) ∗  
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(2) 

where, 𝐼𝑝ℎ refers to light-generated current. 𝐼𝑠𝑐  represents short-circuit current. 𝐼0 is well-known as the 

saturation current of a diode. 𝐸𝑔   shows a band gap. 𝑛 indicates the ideality factor of the diode. 

 

Figure 5. The modeling of MG-based on PV and FC 

4. Simulation Parameters  

This paper focuses on the design variables of the Microgrid (MG) that are based on Photovoltaic 

(PV), Proton Exchange Membrane Fuel Cell (PEMFC), and battery. In this context, this case study 

illustrates the behavior and performance of the MG system as modeled and simulated through a 

typical 24-hour period. The parameters of the MG based on PV, PEMFC, and battery are presented in 

Table 1, which was obtained through simulations conducted using MATLAB software. 

Table 1. The PV, PEMFC, and parameters in the MATLAB simulation software [56-62]. 

 Parameters Unite Value 

Electrical Utility Three-Phase Source kV 66 

 

 

 

PV 

Maximum Power  kW 5  

Sun irradiance W/𝑚2 1000 

Cells per module (Ncell) - 96 

Short-circuit current Isc  Amps 6.14 
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Array Open Circuit Voltage (Voc) Volts 64.6 

Short Circuit Current (Isc) Amps 9.34  

Maximum System Voltage kV 1  

Operating Temperature °C 25 

PEMFC Maximum Power (W) kW 6.5 

DC-DC Converter Voltage level  V 500 

 

Inverter 

Nominal Maximum voltage V 240 

Efficiency % 95 

Life span time 10 Years 

Pole 

Mounted 

Transformer 

Nominal power and VA 75∗ 103 

frequency Hz 60 

Magnetization resistance Rm (pu) 50 

 inductance Lm (pu) 50 

 

Microgrid load 

Amount of electric power load at 9h kW 6.5 

Amount of electric power load at 19h to 22h kW 7.5 

5. Result and Discussion 

In this segment of the discourse, the interconnection of the photovoltaic (PV), proton exchange 

membrane fuel cell (PEMFC), and battery to the MG is discussed. The methodology encompasses the 

application of phasor-based solutions from advanced energy systems to derive optimal solutions, with 

consideration given to the effect of electricity consumption demand on the extended utilization of the 

MG, which exhibits a standard load variation of 6.5 kW at 9.0h, 7,500 W at 19.0 h and 22.0 h in typical 

households. The battery controller is utilized to regulate the battery between 0 to 12 h and 18.0 to 24.0h, 

utilizing a control algorithm that reduces the flow of active power into the system from the secondary 

winding of the pole transformer to zero. The secondary component of the pole-mounted transformer 

has consistently maintained close to zero active power. In instances where the power in the Microgrid 

is inadequate, the battery storage system draws surplus current from the Microgrid and provides 

sufficient current when power exceeds the electricity usage. 

Three ordinary residences consume electricity (up to 2.5 kW) as electrically charged particles. The 

electrical power network is connected to the Microgrid via a post-mounted transformer, which reduces 

the voltage from 6.6 kV to 200.0 V. Solar-PV panels, PEMFC, and energy storage systems are all DC 

power sources that are converted to single-phase AC. The control scheme operates under the premise 

that the MG is not solely dependent on electricity from the electric grid, but also on power generated 

from the solar panels and the storage system, which are always sufficient. 

The outcome of the integration of HESS technology with the MG to eliminate voltage sag is 

discussed. The results of the MATLAB/Simulink simulations of the MG under Single Line-to-Ground 

Faults Scenario (SLGFS), Double Line-to-Ground Faults Scenario (DLGFS), and Three Line-to-Ground 

Faults Scenario (TLGFS) are presented, both with and without the implementation of the HESS-MG 

technology. Figure 6, illustrates the elimination of voltage sag through the application of the HESS-

MG technology in the TLGFS. This section presents the results of the integration of HESS technology 

with the MG to mitigate voltage sag. The study assesses the performance of the HESS-MG during three 

fault scenarios through simulations in MATLAB/Simulink, specifically the Single Line-to-Ground 

Faults Scenario (SLGFS), Double Line-to-Ground Faults Scenario (DLGFS), and Three Line-to-Ground 

Faults Scenario (TLGFS), both with and without the implementation of HESS-MG technology. Figure 

8 illustrates the improvement of the MG voltage sag, with a duration of time ranging from 0.3 to 0.7 

seconds. The study employs ANFIS to the HESS-MG, which results in an injection value of 93.3% at 

TLGFS. Additionally, the study utilizes GA to the HESS-MG and achieves an injection value of 90.0% 

at the TLGFS. In comparison, the voltage sag drops by 68.6% without the use of HESS-MG. Figure 7, 

presents the results of the voltage sag elimination through the HESS-MG at DLGFS. 
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Figure 6. Voltage sag elimination  using HESS-MG at the TLGFS 

 

Figure 7. Voltage sag elimination using HESS-MG at the DLGFS. 

The results of this paper are depicted in Figure 7, which demonstrates the improvement in the 

voltage sag of the MG achieved through the integration of HESS technology. Specifically, it is shown 

that the voltage sag has been mitigated for a time range of 0.3 to 0.7 seconds. The use of the Adaptive 

Neuro-Fuzzy Inference System (ANFIS) at the HESS-MG resulted in an injection value of 95.2% at the 

DLGFS, while the utilization of Genetic Algorithm (GA) at the HESS-MG led to an injection value of 

92.5% at the DLGFS. Without the HESS-MG, the voltage sag reduction was only 70.0%.                              

Figure 8, illustrates the elimination of voltage sag through the HESS-MG technology during the Single 

Line-to-Ground Faults Scenario (SLGFS). 

 

Figure 8. Voltage sag elimination using HESS-MG at the SLGFS. 
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Figure 8, presents the results of the enhancement of the MG voltage sag by the proposed scheme, 

with a duration ranging from 0.3 to 0.7 seconds. The utilization of ANFIS in the HESS-MG system 

results in an injection value of 99.6% at the SLGFS. Additionally, the application of the Genetic 

Algorithm (GA) to the HESS-MG yields an injection value of 98.9% at the TLGFS. The reduction of 

voltage sag without the utilization of the HESS-MG technology is 76.2%. 

6. Conclusion  

An adaptive neuro-fuzzy inference system (ANFIS) and Genetic Algorithm (GA) control strategies 

have been widely applied to collect the system data in electrical power systems. The process of these 

data provides important information, and knowledge is the result of analyzing this information, which 

is a key driver to intelligent behavior or action. In this context, the power system is rapid technological 

advancements change at the moment. In addition to that, massive power plants are now becoming the 

path to the smart grid in the long term. In this sense, the MG principle is the strongest method for 

combining distributed production, particularly with sources of renewable energy. The paper provides 

a comprehensive review of MG control and the most recent advancements in the field, both typically 

and across several different perspectives. The control system investigated using a centralized-

decentralized structure, which distinguishes multiple aspects of decentralization and outlines the key 

features of any of the frequently used control structures. This paper also illustrates the interfaces of the 

PV, PEMFC, and battery with MG, the method incorporates the phasor workable alternative from 

advanced power systems. In this direction, the study employs the ANFIS in the HESS-MG and obtains 

an injection value of 93.3% at the TLGFS. Moreover, the paper implements the GA in the HESS-MG 

and achieves an injection value of 90.0% at the TLGFS. In comparison, the reduction of voltage sag 

without the use of HESS-MG is 68.6%. Moreover, the utilization of ANFIS in the HESS-MG system 

leads to an injection value of 95.2% at the DLGFS, while the implementation of GA in the HESS-MG 

yields an injection value of 92.5% at the DLGFS. The reduction of voltage sag without the use of HESS-

MG is only 70.0%. To conclude, the application of ANFIS in the HESS-MG system results in an injection 

value of 99.6% at the SLGFS, and the utilization of GA in the HESS-MG yields an injection value of 

98.9% at the SLGFS. The reduction of voltage sag without the use of HESS-MG technology is 76.2%, 

respectively. 
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