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1. Introduction 

 

In the face of global warming, it is imperative to prioritize the reduction of carbon emissions and the transition 

to renewable energy sources in the energy sector. This is crucial for the sustainability of our planet and the well-being 

of future generations. a group of interconnected loads and decentralized energy resources that acts as a single 

controllable entity in relation to the grid. i.e. microgrids (MG). It plays a critical role in integrating distributed 

renewable energy generation such as photovoltaic (PV), wind power with energy storage systems, combined heat and 

power (CHP) systems, fuel cells and electric vehicles (EVs) into the grid. By operating as self-sufficient systems, 

MGs can continue to provide power to critical loads during grid outages or emergencies, reducing the impact of 

power outages on communities, businesses and essential services. The challenges posed by the unpredictable nature 

of renewable energy sources, which are dependent on fluctuating weather conditions and whose energy production is 

not entirely predictable, are usually overcome by using multiple energy sources. To overcome the above challenges 

and improve energy efficiency, controllers are equipped as an integral part of any microgrid operation and serve as 

the brain for managing various energy sources, storage systems and loads. These devices continuously monitor grid 

conditions and adjust parameters such as current flow, voltage and frequency to ensure grid stability and reliability 

[1,2,3,4]. 
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Abstract: - The ongoing shift towards sustainable energy solutions has driven the development of microgrids, which offer a promising approach to 

ensure reliable and environmentally friendly energy production. This research presents a novel microgrid design that incorporates a variety of solar 

energy harvesting methods, including rooftop solar panels, photovoltaic cells, floating photovoltaic arrays and grid-connected PV systems with 

Batteries. DC-DC converters are used as power converters between load and source in order to amplify or increase the PV power depending on the 

output voltage. This study helps to provide a robust energy solution that not only meets fluctuating load requirements, but also strengthens the 

energy system against the disturbances associated with solar energy. This design incorporates an intelligent control system controlled by an 

Interval   Type-3 fuzzy logic controller. The controller is meticulously designed to deal with the uncertainties and non-linear characteristics of 

renewable energy systems and to ensure optimal performance under varying weather and load profiles. The analysis in this microgrid uses an 

artificial intelligence-driven Maximum Power Point Tracking system that dynamically adjusts the operating parameters to utilize the maximum 

energy yield from the solar systems. A further improvement in the control strategy is achieved through the use of a bacterial foraging optimization 

algorithm. This advanced algorithm fine-tunes the fuzzy controller parameters, significantly increasing the efficiency and stability of the 

microgrid's power generation. The synergy between the Interval Type-3 fuzzy logic controller and the BFOA results in a resilient and adaptive 

control system that can efficiently deliver high quality energy. Extensive simulations were conducted using MATLAB Simulink 2023b to validate 

the performance of the proposed microgrid design and control architecture. The empirical results show that the integrated system effectively 

optimizes the energy flow of different solar systems, maintains power stability and achieves superior efficiency. The study pushes the boundaries 

of microgrid design and provides a scalable and smart energy solution that paves the way for the widespread adoption of renewable microgrids in 

different geographical areas. 

Keywords: Artificial Intelligence(AI), Bacterial Foraging Optimization Algorithm (BFOA) Interlinking    Converter,  Interval 
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At the beginning of this section, a detailed introduction to the MPPT algorithms for solar systems with artificial 

intelligence is required. The active power (P) of a solar power system with PV panels is affected by solar irradiance 

(E) and operating temperature (T), especially under rapidly changing partial shading conditions due to the nonlinear 

nature of photovoltaic cells. The complicated correlation between power output and PV input parameters leads to 

suboptimal power extraction, prompting researchers to focus on AI-based MPPT methods as an alternative to 

traditional perturbation and observation techniques to maximize the performance of wind turbines and PV systems. 

Several applications have been used in grids as a result of the introduction of new technologies in the development of 

controllers and converters [5]. These include solar arrays, fuel cells, wind turbines, small diesel generators, small 

hydroelectric plants, backup energy systems, and DC/AC load systems for energy demand. It is difficult to develop a 

hybrid system with all renewable and non-renewable energy sources, storage devices, converters and loads. In most 

hybrid systems, the DC components are the wind turbine, the solar panels and the battery bank, while the AC 

components are the diesel generator and the load. The conversion from AC to DC and vice versa is performed by an 

IGBT-based high-power converter [6]. Constant power loads (CPLs) in DC-MGs reduce the effective damping of the 

DC-DC converter and can have destabilizing effects since CPLs have nonlinear dynamics and negative incremental 

impedance [7-8]. An MG can be either a DC network or a mixture of DC and AC. Therefore, a DC microgrid is the 

best option for operating renewables, power converters and modern loads, all of which require DC power. Several 

non-linear control methods are used for a regulated DC bus voltage and stable operation. 

In the past, linear PI/PID control, SMC and AI-based control have been used in some cases to control MG. 

However, in the last decade, much attention has been paid to the intelligent control of nonlinear systems [9]. As a 

result, common controls such as neural networks, fuzzy and neuro-fuzzy controls have been explored. in 1965, Zadeh 

introduced fuzzy logic for use in cellular robotics. Since then, numerous studies have applied this fuzzy logic to 

various modelling in control systems. It provides a framework for understanding the uncertainties and opacity of the 

entire model through human reasoning based on membership functions and linguistic variables. The application of 

fuzzy logic controllers (FLC) to the operation and control of power grids has become increasingly important in recent 

years [10]. Fuzzy controllers are excellent at dealing with non- linearities and uncertainties associated with renewable 

energy sources and loads, and provide superior performance in scenarios where conventional controllers struggle to 

maintain stability. The Integral Fuzzy Type-3 controller used in this research offers several advantages for microgrid 

control. By integrating fuzzy logic with proportional-integral-derivative control, this controller combines the 

adaptability and robustness of fuzzy logic with the ability of integral behavior to eliminate steady-state errors. 

Bacterial foraging optimization, also known as BFOA, is a bio-inspired metaheuristic algorithm based on the 

foraging behaviour of Escherichia coli bacteria. It is used to solve optimization problems by gradually refining a 

population of potential solutions towards an optimal solution. The main goal of this process is to improve the 

controller's performance in terms of precision, resilience and effectiveness by iteratively adjusting the fuzzy logic 

membership functions and other parameters using the BFOA. This allows the controller to adapt and improve its 

performance even in difficult and unpredictable environments [11,12,13]. 

Another crucial component in most MG’s are power converters, which help to connect the AC and DC grids in 

addition to maintain the stability of the entire microgrid. A bi-directional droop control approach has been utilised 

along with Bi-directional DC/AC converters to measure the power demand of the AC and DC miFcrogrids depending 

on the frequency of the AC terminal bus and the voltage of the DC terminal bus, respectively. Moreover, the 

amplitude and direction of the power transfer through the power converters are deter- mined [14]. To maintain a 

constant DC link voltage, primary or local control with PV cells and batteries is used. To provide a stable voltage, 

ensure smooth grid synchronization and ensure proper sharing of active power between the DC and AC buses, the 

secondary or system level is achieved by controlling the intercom nested converter located between the AC and DC 

buses. 

In a hybrid microgrid, the interconnected converter (ILC) plays a crucial role in connecting the AC and DC 

grids. Its control strategy has an impact on energy flow management, power quality, system efficiency and stability. 

The ILC is normally controlled as a current source, resulting in poor dynamic stability when a remote, weak AC   

sub-grid with a high connection impedance is connected. In times of surplus energy generation, e.g. during strong 

weather, the storage devices are used in microgrids to temporarily store this surplus energy for later use. Likewise the 

energy generation is not sufficient to cover the increasing load demand then the stored energy is utilized [15,16]. 
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To link the sections presented above and ensure proper energy transaction, Artificial Intelligence (AI) is 

revolutionizing the operation and control of microgrids by providing advanced algorithms to optimize energy        

generation, storage and consumption. Through machine learning and predictive analytics, AI can forecast renewable 

energy generation, predict fluctuations in demand and dynamically adjust microgrid parameters in real time. This 

enables microgrids to achieve higher efficiency, reliability and resilience while seamlessly integrating different 

energy sources. The study on AI-driven Maximum Power Point Tracking (MPPT) in AC/DC microgrids with an 

interval type III fuzzy controller enhanced by the Bacterial Foraging Algorithm (BFA) presents a sophisticated 

approach to optimize the performance of renewable energy systems. In the following sections, Work Motivation, 

detailed view of MG Components, mathematical modelling of the relevant components in MG and the simulated 

experimental results of this research work and other requirements are described in detail. 

 

2. Literature review 

 

Prepare Hybrid power supply systems based on   renewable energies are increasingly being used worldwide to 

reduce carbon emissions. However, renewables are sporadic and incredibly unpredictable, which can lead to 

significant frequency fluctuations. By using optimally designed control systems, these fluctuations can be kept within 

the appropriate limits. Maximum Power Point Tracking (MPPT) becomes the focus of study to increase the efficiency 

of the solar system and ensure that the operating point is always at the Maximum Power Point (MPP) to overcome the 

aforementioned limitations [5]. It is possible to achieve uniform peaks without abrupt irradiation or under PSC by 

using traditional hill-climbing (HC) MPPT approaches such as Incremental Conductance (IC) and Perturb and 

Observe (P&O) [6]. Despite some advantages of existing MPPT methods, AI-based MPPT methods for DC-DC 

converters are implemented in solar energy systems to increase the efficiency of solar energy. Electronically 

implemented MPPTs also include adjusting the tilt angle of solar panels to track the direction of the sun and 

integrating soft computing weather forecasts [7].In this research work, this AI driven MPPT trend has been 

successfully implemented. 

Kinetic Gas Molecule Optimization (KGMO) is a state-of-the-art algorithm that uses the principles of kinetic 

gas molecules to optimize photovoltaic systems and increase their performance. The KGMO algorithm uses the 

principles of kinetic gas molecules to optimize the performance and maximize the power output of photo- voltaic 

systems together with ANN, which provides better results than the results of conventional MPPT schemes[29,30]. An 

LFC structure based on a Tilt-Fraction-Order-Integral (TI) controller and an FO-PID controller with a filter was 

proposed by Ahmed et al [16]. The Artificial Gorilla Troops Optimizer is used to optimally design this proposed 

controller. The effects of high renewable energy share on the considered power system is also investigated with the 

proposed controller. In [17], the performance of the system is improved with the recently developed ISSA (Improved 

Squirrel Search Algorithm) algorithm, which is used to adjust the parameters of several controllers, including PID, 

two- and three-degree PIDs, and cascaded 2DOF fractional-order PIDs (FOI). The performance of the optimal 

controller was modified using the integrated Particle Swarm Optimization (PSO) and Squirrel Search Algorithm 

(SSA). Numerous case studies have been con- ducted to evaluate the reliability, adaptability and flexibility of the 

system. 

In [18], a hybrid energy system including a thermal system, wind and solar energy, diesel generators, electric 

vehicles, and energy storage systems such as batteries and superconducting magnetic energy storage is used. The 

frequency was controlled by a reliable FOPI frequency controller. In addition, the Water Cycle Optimization 

Algorithm (WOA) optimizes the FOPI parameters. The selected objective function is the Integral Time Absolute 

Error (ITAE). The results of the proposed algorithm are compared with those of PSO, another well-known 

optimization technique, to demonstrate its effectiveness. By maintaining a faster settling time, the pro- posed 

optimization method performs better than PSO. To address the frequency anomaly caused by the presence of 

renewable generation units in [19]. Microgrids are becoming increasingly popular to manage energy demand in 

localized areas [26]. The integration of the bacterial foraging algorithm with a fuzzy controller in microgrids offers a 

promising solution to optimize energy management and improve grid stability [27]. By using the bacterial foraging 

algorithm in conjunction with a fuzzy controller, microgrids can effectively balance energy supply and demand, thus 

improving the overall efficiency and stability of the grid [28]. 
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An FLC-based EMS with AC/DC microgrid is implemented. The power quality of the MG is increased in 

addition to the EMS design. It proposes to analyse and manage storage devices. The FLC extends battery life and 

creates an ideal SoC. To reduce power quality issues caused by non-linear, unbalanced load conditions, a grid-

integrated MG based on FLC is implemented. For automatic load frequency management (ALFC) of a hybrid power 

system, a hybrid sperm swarm optimized-gravitational search algorithm based on chaotic search is presented in [21]. 

The integral-time absolute error of the hybrid system is minimized to determine the control parameters of the PID 

controller for the ALFC, which controls the frequency of the system. The effectiveness of the proposed technique is 

tested with different combinations of power sources connected to the system. In addition, a sensitivity analysis is 

performed to investigate the flexibility of the proposed technique considering the real-time weather-related 

interruptions and load changes of the renewable energy sources. In [22], the innovative fuzzy PID+PID hybrid 

controller used for frequency regulation in a hybrid power system is optimized using the whale optimization 

algorithm (WOA). The proposed application of WOA approach for frequency regulation in HPS can be considered 

unique at this stage. Compared to other controllers, the proposed WOA-optimized fuzzy PID + PID hybrid controller 

performs the best, which proves the effectiveness of WOA in load frequency control experiments. Due to the spatial 

and temporal variability associated with renewable energy sources and the large operational uncertainties caused by 

the changing natural environment, the long- term optimal operation of RES is a difficult challenge. Stochastic model 

predictive control (MPC) based on probabilistic forecasting and rolling stochastic optimization is designed and 

implemented for the long-term operation of renewable energy [24]. 

PV energy generation systems are ranked as a top energy system by utilities around the world because they 

generate electricity from renewable sources. These energy options have the disadvantage of being unpredictable and 

dependent on climate and weather conditions. To achieve noise-free voltage reduction for DFIG and PV systems, an 

effective strategy using a Landsman converter has been developed [25]. The tracking point of maximum power is 

controlled with a PWM-based PI controller using the firefly method. A grid-synchronized 3-phase VSI with an LC 

filter converts the DC voltage into AC voltage, ensuring smooth operation and elimination of harmonics. The outputs 

have a minimum THD value. 

 

3. Research Motivation 

 

In today's world, there is a growing emphasis on generating electricity from sustainable sources to mitigate the 

impact on the environment. Researchers and energy stakeholders are exploring advanced technologies like AI, 

machine learning, deep learning, and fuzzy logic for developing microgrids. However, renewable energy sources 

such as solar radiation and wind speed are constrained by fluctuations that affect efficiency. In order to accommodate 

that Artificial intelligence techniques and fuzzy logic concepts are being explored to improve Power Quality in a 

cost-effective manner without significantly increasing costs through additional components such as converters and 

filters. 

In this work, a study on the design of a proposed two-level control framework for stable and voltage-tracking 

operation of the HMG under variable generation and load changes is presented. In this paper the following 

considerations are necessary for design and reliable HMG operation. Firstly: Maintaining a stable DC link voltage in 

the variation of temperature and irradiation fluctuations through AI based MPPT. at next, this model ensure that the 

inverter can be precisely controlled in conjunction with the load grid and to minimize the voltage deviation from the 

reference voltage specified by the load. In addition, a robust control method must be implemented in the inverter in 

conjunction with the load grid to achieve high performance due to changes in load dynamics. Finally, it is mandate 

that will ensure synchronized operation between the AC and DC sides of the HMGs to enable appropriate power 

sharing between the primary grid and the DC side. In particular, the controller's design process has been split into two 

stages: one addressing stability issues through partial feed- back linearization method while another deals with robust 

control methods alongside operational synchronization between AC and DC sides of HMGs accomplished using VSC 

controlled by PI controller. This section provides an overview of the motivations behind the study, which will be 

further explained in succeeding sections. 

 

4. Proposed Research Methodology 

 

The block diagram represents an advanced hybrid AC/DC microgrid system integrating solar PV energy 

sources. A key feature of this system is the AI-driven Maximum Power Point Tracking (MPPT) scheme used for the 
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solar PV systems. In order to explore advanced control strategies, an interval type 3 fuzzy-based controller enhanced  

by the Bacterial Foraging Optimization Algorithm (BFOA) and interlinking drop control, ensure power quality. 

Here’s a detailed breakdown of the elements and processes involved. 

 

Fig.1. Block diagram for AI driven Hybrid AC/DC Microgrid 

 

4.1 Modeling of AC/DC Microgrid 

Comprehensive and accurate modelling enable researchers and industry professionals to gain valuable insights 

into the behaviour, performance, and control of AC/DC microgrids. The microgrid integrates both AC and DC loads, 

requiring thorough modelling for efficient operation and control. The dynamics of the power grid are significantly 

influenced by the growing adoption of renewable energy sources such as rooftop solar cells, photovoltaic, floating 

PV, solar PV, battery storage along with the grid (refer to Fig. 1). This system features AI-based Maximum Power 

Point Tracking which optimizes the power output of solar modules. A boost DC-DC converter with multiple inputs 

manages this optimized DC current in addition to a bi-directional link converter that facilitates current flow between 

AC and DC loads. Advanced control strategies including an Interval Type 3 fuzzy-based controller also improved by 

Bacterial Foraging Optimization Algorithm together with interlinking drop control ensure stability and quality in 

powering on demand needs. This proposed system delivers electricity to consumers via power converters, ensuring 

stable high-quality power supply even under extreme conditions. The paper discusses the use of reinforcement 

learning algorithms and static synchronous compensators for improving the performance and control of hybrid 

microgrids (Cheng et al., 2021). The paper highlights the importance of comprehensive modelling techniques and 

proposes an enhanced fuzzy-based en- ergy management strategy for a hybrid power system. This strategy aims to 

optimize power output, ensure stable high-quality power supply, and effectively manage the dynamics of the power 

grid. 
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4.2 AI-Driven MPPT Scheme for Solar PV Systems  
 

In general, AI-based MPPT algorithms often use machine learning models such as neural networks, support 

vector machines, or fuzzy logic systems. These models are trained using historical data on solar irradiance and 

temperature, allowing them to accurately predict the maximum power point in real-time for photovoltaic systems. 

The use of ANN for MPPT allows for the identification and utilization of nonlinear correlations between variables in 

PV systems, resulting in a reliable, quick, and efficient maximum power point tracking process (Chen & Wang, 

2019). Additionally, the ANN-based MPPT method eliminates the need for additional hardware and reduces 

dependence on system parameter variations. 

This approach proves to be robust and versatile, making it a preferred choice for achieving optimal power 

generation in PV systems, particularly under partially shaded conditions. Furthermore, the combination of an artificial 

neural network controller with a scanning algorithm in this novel method enhances the tracking of the global 

maximum power point under partially shaded conditions, leading to improved performance and efficiency in PV 

systems. The proposed method, known as the ANN-KGMO MPPT controller, utilizes the Kinetic Gas Molecular 

Optimization Algorithm to train the developed Artificial Neural Network. This process enables the evolution of 

connection weights and biases to achieve optimal values for adjusting the duty cycle of the converter in accordance 

with PV array's Maximum Power Point, as depicted in a block diagram (refer to Fig. 2). 

Real-world optimization problems are increasingly being solved by swarm-based algorithms. The optimization 

algorithm Kinetic Gas Molecule Optimization (KGMO), which is based on the kinetic energy of gas molecules, is 

presented in this study. The kinetic theory of gases, which establishes the guidelines for gas molecule inter- actions in 

the model, applies to the agents, which are gas molecules that are moving in the search space. 

 

Fig. 2. Block diagram of the proposed ANN-KGMO MPPT model 

 

The proposed MPPT algorithm involves three steps at most important i.e. data preparation and ANN training, Kinetic 

Gas Molecular Optimization, and applying KGMO optimized parameters to the ANN model. This approach 

combines data preparation and training of an Artificial Neural Network with the use of Kinetic Gas Molecular 

Optimization to optimize the model's parameters. 

By utilizing this three-step approach, the proposed MPPT algorithm aims to effectively and accurately track the 

maximum power point of the photovoltaic system as depicted in Fig. 3. In this manuscript, we propose a 

metaheuristic optimized multilayer feed‐forward artificial neural net- work controller to extract the maximum power 

from available solar energy. To improve the maximum power point delivered by PV arrays and overcome drawbacks 

in conventional MPPT methods under irradiation variation, a hybrid MPPT controller is designed. It takes PV array 

voltage and current as input parameters, and outputs the duty cycle of the DC/DC boost converter con- trolling power 

transfer between the PV array and the load. Discussion in this section will provide a summary of the Artificial Neural 
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Network based KGMO MPPT technique, highlighting its features and updates in managing DC power conversion for 

grid integration that will explained in subsequent sections. 

 

Fig. 3. Flow chart of the proposed ANN-KGMO MPPT model 

4.3 Implementation of Converters in Hybrid Microgrid  

In a hybrid microgrid, comprises a DC grid and an AC grid interlinked by a multi-objective control scheme of a 

bidirectional DC/AC converter. Bidirectional converters are crucial in hybrid microgrids because they enable two-

way energy flow between various energy sources, storage systems, and the grid. They allow for efficient charging 

and discharging of batteries, facilitate seamless integration of renewable energy sources, and support grid stability by 

regulating voltage and frequency. By managing energy storage and distribution flexibly, bidirectional converters 

enhance the reliability, efficiency, and resilience of hybrid microgrids. Interlinking Converter (ILC) is a key 

component to connect the AC sub grid and DC sub grid. Its control strategy significantly affects power flow 

management, power quality, system efficiency and stability. 

In microgrids, the primary or local level control is implemented for solar and battery for maintaining stable DC 

bus voltage. DC-DC Boost converters are being used as power converters in between load and source to enforce and 

increase the PV depending on the voltage output signal. The secondary or system level control is implemented by 

controlling the interlinking converter placed between ac and dc buses to supply stable voltage along with the smooth 

grid synchronization and ensuring the proper real power sharing between DC/AC buses. Furthermore, the ILC control 

prevents any negative sequence currents from flowing into the AC source. 

4.3.1   Role of DC-DC Boost converter with MPPT in HMG 

A boost converter is a DC/DC power converter which steps up voltage from its input (source) to its output 

(load). In continuous conduction mode (current through the inductor never falls to zero), it play a crucial role in 

increasing the voltage output from the maximum power point tracking system (Chen & Wang, 2019). These boost 

converters are responsible for efficiently converting the harvested solar energy into a higher voltage output, which is 

necessary for charging batteries or powering devices that require a higher voltage (Nguyen et al., 2020). Furthermore, 

the boost converters also help in maintaining a stable and regulated output voltage, thereby improving the overall 

efficiency and performance of the system as illustrated in Fig. 4. 
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Fig.4. Circuit diagram of DC-DC Boost Converter 

The boost converter output-input voltage relationship is proportional to the duty cycle in the sense that higher D 

will yield higher output voltages for a given input voltage. If the input voltage is Vin and the output voltage is Vout, 

Vout/Vin= 1/(1-D), where 0≤ D≤ 100% and D is the Duty cycle. In this case study, the power output of PV panel is 

2000W, so the maximum operating power of the converter is 2000 W. Output voltage of the panel is 200 V at its 

MPP. The design parameters are the inductance, capacitance (supply) and capacitance (Load) are chosen as L=0.15H, 

C=100 and 470 uF and Vin=200V, Vout=400V, the voltage conversion ratio is set at K=400/200=2, frequency is 2.5 

kHz, Load resistance is 80Ω. The algorithm proposed for MPPT in this manuscript, and detailed in the previous 

section, mainly focuses on the operating voltage and its corresponding power deviation. If the difference in power is 

positive, the future perturbation should follow suit to obtain MPP. Conversely, if the deviation in power is negative, 

the perturbation should be reversed and move in a reverse direction to obtain MPP. This procedure continues until it 

achieves maximum power. 

4.4 Role of Bi-Directional DC/AC Converters in Hybrid Microgrid 

 

Bidirectional converters are versatile power electronic devices that facilitate the flow of electrical energy in 

both directions between different parts of a power system. Unlike traditional unidirectional converters, which allow 

energy to flow in a single direction, bidirectional converters can switch between converting AC to DC and DC to 

AC, or between different DC voltage levels. This dual functionality is crucial in modern electrical systems, 

particularly in applications involving renewable energy sources and energy storage systems. 

In renewable energy systems, bidirectional converters enable the integration of sources like solar panels and 

wind turbines with battery storage, allowing energy to be stored when production exceeds demand and later 

retrieved when needed. They also support grid stability by managing energy exchanges between microgrids and the 

main grid, helping balance supply and demand. 

To validate the fuzzy logic-based control technique implemented in this proposed HMG, we had to design a 

bidirectional DC–AC converter that was capable of functioning as both an inverter and a PFC rectifier. The 

transition between these two modes of operation needed to be fully automated and without human intervention for 

our HMG to autonomously store, produce and supply energy for domestic use. Before validating its operation by 

appropriate experimental measurements, it is essential to detail the operating modes of the converter, as well as its 

control strategies. The energy transfer between a DC voltage source and an AC voltage source, and vice versa, was 

the basis of this structure. The association in series of a DC–DC stage and a DC–AC stage ensured this principle of 

operation with these two stages being necessarily bidirectional. The DC–DC stage needed to generate a rectified 

sine wave from the PWM command of the power switches. Since the power devices in this stage switched at a 

frequency of a few hundred kilohertz to optimize the compactness of the whole converter, the inductance, noted L1 

was sized so that the ripple of the current was negligible com- pared to the sinusoidal component at low frequency 

(in this case, 50 Hz). Therefore, the DC–DC converter acted as a controllable output voltage source. By changing 

the voltage of a modulation stage, the output current could be regulated. This is very interesting, especially when the 

output current is strongly reduced or in the of variable DC voltage. This strategy allowed the output voltage of the 

DC–DC stage to be modulated. Specifically, when this modulated voltage was higher than the mains voltage, the 
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output current had a positive value. In the opposite case, the output current was negative. The design approach that 

was chosen allowed the converter to be used in both grid-connected and off-grid modes. Since the microcontroller 

was synchronized with the AC grid to sensibly drive the DC–DC and DC–AC stages, only the grid-connected mode 

will be discussed in the remainder of this paper. In this section of the paper, we will describe the control strategies 

of the pro- posed bidirectional DC–AC converter. We will only give the principles and thus, we will not detail the 

control circuit or the AC network connection strategy because several patents are pending. The DC–AC stage was 

controlled by the very same signal as the inverter mode, so it was synchronized with the AC grid at a frequency of 

50 Hz. 

Overall, bidirectional converters are essential for enhancing the flexibility, efficiency, and reliability of modern 

power systems, playing a key role in the transition to more sustainable and resilient energy infrastructures. 

4.4.1 ILC Droop Control Coefficient 

 

This paper proposes a novel, generalized droop scheme of ILC for autonomous power-sharing and control of a 

hybrid microgrid. A standalone hybrid microgrid is considered where the control of active power is more complex 

as compared to the grid-connected mode. The AC microgrid operates on frequency droop while voltage droop is 

used in the DC microgrid. A 3-dimensional plane is proposed for ILC control where the axis corresponds to DC 

voltage, AC frequency and converter power. The converter utilizes frequency droop at the AC terminal and voltage 

droop at the DC terminal so any change in DC voltage or AC frequency results in active power flow from an 

underloaded to the overloaded grid. The three quantities, namely active power, AC frequency and DC voltage, are 

introduced in the outer control loop of the converter along with three scaling factors which define the converter 

frequency and voltage droop. 

To enable autonomous power-sharing between AC and DC grids, DC voltage droop and AC frequency droop 

are implemented in the outer control loop of the converter. Any load change in the ac grid will result in frequency 

variation and the power flow through the converter will change according to the frequency droop. Similarly, any dc 

load change will result in voltage variation which will change the converter power according to the dc voltage 

droop. Taking into account the fact that the converter does not generate any power and neglects converter losses, the 

following relation can be established. 

   𝑘1∆𝑉𝑑𝑐 + 𝑘2∆𝑃𝑐 − 𝑘3∆𝑓 = 0     (01) 

Further expansion of this expression yields: 

  𝑘1∆𝑉𝑑𝑐 + 𝑘2𝑃𝑐 − 𝑘3𝑓 − (𝑘1𝑉𝑑𝑐,𝑟𝑒𝑓 + 𝑘2𝑃𝑐,𝑟𝑒𝑓 − 𝑘3𝑓𝑟𝑒𝑓)                (02) 

This is the generalized droop control which combines dc voltage and ac frequency. The maximum power flow 

through the tie line between ac and dc grids is represented as 𝑃𝑐,𝑟𝑒𝑓 . The droop coefficients define the power flow 

through the converter. Equation (02) is a plane 𝑎𝑥 + 𝑏𝑦 + 𝑐𝑧 + 𝑑 = 0 drawn on the axis. If 𝑘1 is set to zero, the 

converter operates in frequency droop and the droop coefficient is set by the ratio of 𝑘2 and 𝑘3 as shown in (03). 

This droop line is drawn on the plane on 𝑓 − 𝑃𝑐  axis. In this case, no change in active power is observed due to load 

change in the dc grid and converter power is only dependent on ac grid frequency. 

     
∆𝑓

∆𝑃𝑐
=

𝑘2

𝑘3
                      (03) 

A voltage-frequency droop can be established by setting 𝑘2 zero. In this case, the droop coefficient is given by 

     
∆𝑉𝑑𝑐

∆𝑓
=

𝑘3

𝑘1
                        (04) 

This droop coefficient is the slope of the line drawn on 𝑉𝑑𝑐 − 𝑓 axis on the plane. Any change in DC voltage is 

translated into a change in frequency of ac grid but there is no control on the active power flowing through the 

converter. Any change in AC grid load will vary the power generated by the AC grid and the power flow through 

the converter according to the following relation: 

    ∆𝑃𝐿 = ∆𝑃𝑔,𝑎𝑐 − ∆𝑃𝑐             (05) 

The load change in the ac sub-grid will cause frequency change. According to frequency droop, the change in ac 

power generation due to a change in frequency is given by: 

     ∆𝑃𝑔,𝑎𝑐 =
2𝜋

𝑚
∆𝑓                             (06) 

From the control scheme of the converter, the total change in active power ∆𝑃𝑐 from AC grid to DC grid is given 

by: 

     ∆𝑃𝑐 =
𝑘3∆𝑓−𝑘1∆𝑉𝑑𝑐

𝑘2
      (07) 
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Substituting Eqns.(06) and (07) in Eqn (05) gives us: 

     ∆𝑃𝐿 =
2𝜋

𝑚
∆𝑓 −

𝑘3∆𝑓−𝑘1∆𝑉𝑑𝑐

𝑘2
            (08) 

This equation describes the impact of the ac load change on AC frequency and DC voltage in a hybrid 

microgrid. The change in power consumed by DC load can then be expressed as: 

     ∆𝑃𝐿 =
∆𝑉𝑑𝑐

𝑛
+

𝑘3∆𝑓−𝑘1∆𝑉𝑑𝑐

𝑘2
                           (09) 

This relation can be used to determine its effect on frequency and DC voltage. Different voltage and frequency 

control strategies have been successfully implemented within AC and DC grids, but the control of hybrid microgrids 

requires further attention with a focus on ILC. In summary, interlinking converters are essential in microgrids as 

they allow for the integration of different energy sources, optimize power flow, enable power transfer between 

voltage systems, and ensure grid stability. 

4.5 Controller Design 

Fig. 5. Block Diagram of Interval Type-3 Fuzzy Controller 

The voltage and frequency of MGs are strongly impressionable from the active and reactive load fluctuations.   

A change in load leads to an imbalance between generation and consumption. The output voltage and frequency of 

the DGs are primarily controlled by the droop characteristics. But, in case of severe changes in load, the DGs may 

be failed and the Microgrid is collapsed. Subsequently, the research proposed the interval type 3 fuzzy controller is 

used for controlling the load frequency of the multi-area system. A 1% step load perturbation is applied to the load 

demand of the power plant and analysis of the system responses in terms of settling time, peak overshoot and peak 

undershoot. Henceforth, it is necessary to maintain the system frequency to be constant. The structure of an interval 

type-3 system is almost the same as for type-2 and type-1, and it is composed of a fuzzifier, rules, inference, type 

reduction and defuzzifier [36]. In Fig. 5 we show the structure of an interval IT3 system [33,34,35]. 

Implementing an Interval Type-3 Fuzzy Controller in MATLAB involves defining fuzzy sets, membership 

functions, a rule base, and processes for fuzzification, inference, and defuzzification. Below is a basic outline , 

 

Step 1: Define Membership Functions 

 

First, define the primary and secondary membership functions. 

 

 “ function mu = primary_membership_function(x, a, b, c) 

% Triangular membership function 

mu = max(min((x - a) / (b - a), (c - x) / (c - b)), 0); 

end 

 

function mu = secondary_membership_function(primary_mu, l, u) 

% Secondary membership function as a simple linear combination 

mu = (primary_mu * (u - l)) + l; 

end “ 

 

Step 2: Fuzzification 

 

Convert crisp inputs into fuzzy values using the membership functions. 

 

“ function fuzzy_values = fuzzify(input_value, membership_functions) 

    fuzzy_values = zeros(1, length(membership_functions)); 
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    for i = 1:length(membership_functions) 

        fuzzy_values(i) = membership_functions{i}(input_value); 

    end 

end” 

 

Step 3: Rule Base 

 

Define a set of fuzzy rules and apply them. 

 

“ function output_fuzzy_values = rule_base(input_fuzzy_values) 

    % Example: simple rule base with two rules 

    rule1 = min(input_fuzzy_values(1), input_fuzzy_values(2)); 

    rule2 = min(input_fuzzy_values(3), input_fuzzy_values(4)); 

    output_fuzzy_values = [rule1, rule2]; 

end” 

 

Step 4: Inference 

 

Apply the fuzzy rules to determine the output fuzzy sets. 

 

“ function inference_result = inference(fuzzy_values, rule_base) 

inference_result = zeros(1, length(rule_base)); 

for i = 1:length(rule_base) 

inference_result(i) = rule_base(i); 

end 

end” 

 

Step 5: Defuzzification 

 

Convert the fuzzy output sets back into crisp values. 

 

“function crisp_output = defuzzify(fuzzy_output_values) 

% Example: centroid method 

numerator = sum(fuzzy_output_values); 

denominator = length(fuzzy_output_values); 

crisp_output = numerator / denominator; 

end” 

 

This is a simplified implementation to demonstrate the basic structure of an Interval Type-3 Fuzzy Controller in 

MATLAB. A real-world implementation would require more detailed handling of the secondary member- ship 

functions, more complex rule definitions, and more sophisticated methods for fuzzification, inference, and 

defuzzification. 

4.5.1 Interval Type 3 Fuzzy Controller 

 

The interval type-3 FLSs (IT3-FLSs) are developed to handle more levels of uncertainty. In this study, IT3-FLSs 

are used for online dynamic identification. as Illustrated in Fig. 5,The structure of IT3-FLS is explained step-by-step 

below: 

The inputs of IT3-FLSs are 𝑦1 = 𝐼𝑝(𝑡), 𝑦2 = 𝑉𝑐(𝑡 − 𝜏), 𝑦3 = 𝐼𝑏(𝑡), where, 𝐼𝑝 and 𝐼𝑏  are the currents of PV and 

battery, respectively and 𝑉𝑐 is the load voltage. 𝜏 represents the sample time. 

For each input, two Gaussian membership functions (MFs) are considered. The centres of MFs are set to the 

upper and lower bounds of each input. For input 𝐼𝑝, 𝐴̃𝐼𝑝
2 , respectively. Similarly, for input 𝐼𝑏 , one has: the upper and 

lower memberships are obtained as: 

𝜇̅𝐴𝐼𝑝
1 |𝛼(𝐼𝑝) = 𝑒𝑥𝑝 (−

(𝐼𝑝−𝑐
𝐴̃𝐼𝑝

1 )

2

𝜎̅
𝐴̃𝐼𝑝

1 |𝛼
2 )                         (10) 
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𝜇̅𝐴𝐼𝑝
2 |𝛼(𝐼𝑝) = 𝑒𝑥𝑝 (−

(𝐼𝑝−𝑐̅
𝐴̃𝐼𝑝

2 )

2

𝜎̅
𝐴̃𝐼𝑝

2 |𝛼
2 )                         (11) 

𝜇𝐴𝐼𝑝
1 |𝛼(𝐼𝑝) = 𝑒𝑥𝑝 (−

(𝐼𝑝−𝑐
𝐴̃𝐼𝑝

1 )

2

𝜎
𝐴̃𝐼𝑝

1 |𝛼
2 )                          (12) 

𝜇𝐴𝐼𝑝
2 |𝛼(𝐼𝑝) = 𝑒𝑥𝑝 (−

(𝐼𝑝−𝑐̅
𝐴̃𝐼𝑝

2 )

2

𝜎
𝐴̃𝐼𝑝

2 |𝛼
2 )                          (13) 

Where, 𝛼 is the level of the horizontal slice. 𝐴̃𝐼𝑝
1  and 𝐴̃𝐼𝑝

2  are the first and second MFs for input 𝐼𝑝. 𝑐𝐴𝐼𝑝
1  and 𝑐𝐴̃̅𝐼𝑝

2  

are the centres of 𝐴̃𝐼𝑝
1  and 𝐴̃𝐼𝑝

2 , respectively. 𝜎𝐴𝐼𝑝
1 |𝛼/𝜎𝐴𝐼𝑝

1 |𝛼 and 𝜎𝐴𝐼𝑝
2 |𝛼/𝜎𝐴𝐼𝑝

2 |𝛼 are the standard division for the 

upper/lower bounds of 𝐴̃𝐼𝑝
1  and 𝐴̃𝐼𝑝

2 , respectively. Similarly, for input 𝐼𝑏 , one has: 

𝜇̅𝐴𝐼𝑏
1 |𝛼(𝐼𝑏) = 𝑒𝑥𝑝 (−

(𝐼𝑏−𝑐
𝐴̃𝐼𝑏

1 )

2

𝜎̅
𝐴̃𝐼𝑏

1 |𝛼
2 )                          (14) 

𝜇̅𝐴𝐼𝑏
2 |𝛼(𝐼𝑏) = 𝑒𝑥𝑝 (−

(𝐼𝑏−𝑐̅
𝐴̃𝐼𝑏

2 )

2

𝜎̅
𝐴̃𝐼𝑏

2 |𝛼
2 )                          (15) 

𝜇𝐴𝐼𝑏
1 |𝛼(𝐼𝑏) = 𝑒𝑥𝑝 (−

(𝐼𝑏−𝑐
𝐴̃𝐼𝑏

1 )

2

𝜎
𝐴̃𝐼𝑏

1 |𝛼
2 )                          (16) 

𝜇𝐴𝐼𝑏
2 |𝛼(𝐼𝑏) = 𝑒𝑥𝑝 (−

(𝐼𝑏−𝑐̅
𝐴̃𝐼𝑏

2 )

2

𝜎
𝐴̃𝐼𝑏

2 |𝛼
2 )                          (17) 

Where, 𝐴̃𝐼𝑏
1  and 𝐴̃𝐼𝑏

2  are the first and second MFs for input Ib. 𝑐𝐴𝐼𝑏
1  and 𝑐𝐴̃̅𝐼𝑏

2  are the centres of 𝐴̃𝐼𝑏
1  and 𝐴̃𝐼𝑏

2 , 

respectively.  𝜎𝐴𝐼𝑏
1 |𝛼/𝜎𝐴𝐼𝑝

1 |𝛼 and 𝜎𝐴𝐼𝑏
2 |𝛼/𝜎𝐴𝐼𝑏

2 |𝛼  are the standard division for the upper/lower bounds of 𝐴̃𝐼𝑏
1  and 𝐴̃𝐼𝑏

2 , 

respectively. Finally, for input 𝑉𝑐, one has: 

𝜇̅𝐴𝑉𝑐
1 |𝛼(𝑉𝑐) = 𝑒𝑥𝑝 (−

(𝑉𝑐−𝑐
𝐴̃𝑉𝑐

1 )

2

𝜎̅
𝐴̃𝑉𝑐

1 |𝛼
2 )                          (18) 

𝜇̅𝐴𝑉𝐶
2 |𝛼(𝑉𝑐) = 𝑒𝑥𝑝 (−

(𝑉𝑐−𝑐̅
𝐴̃𝑉𝑐

2 )

2

𝜎̅
𝐴̃𝑉𝑐

2 |𝛼
2 )                         (19) 

𝜇𝐴𝑉𝑐
1 |𝛼(𝑉𝑐) = 𝑒𝑥𝑝 (−

(𝑉𝐶−𝑐
𝐴̃𝑉𝑐

1 )

2

𝜎
𝐴̃𝑉𝑐

1 |𝛼
2 )                          (20) 

𝜇𝐴𝑉𝑐
2 |𝛼(𝑉𝑐) = 𝑒𝑥𝑝 (−

(𝑉𝑐−𝑐̅
𝐴̃𝑉𝑐

2 )

2

𝜎
𝐴̃𝑉𝑐

2 |𝛼
2 )                         (21) 

Where, 𝐴̃𝑉𝑐
1  and 𝐴̃𝑉𝑐

2  are the first and second MFs for input 𝑉𝑐. 𝑐𝐴𝑉𝑐
1  and 𝑐𝐴̃̅𝑉𝑐

2  are the centres of 𝐴̃𝑉𝑐
1  and 𝐴̃𝑉𝑐

2 , 

respectively. 𝜎𝐴𝑉𝑐
1 |𝛼/𝜎𝐴𝑉𝑐

1 |𝛼 and 𝜎𝐴𝑉𝑐
2 |𝛼/𝜎𝐴𝑉𝑐

2 |𝛼 are the standard division for the upper/lower bounds of 𝐴̃𝑉𝑐
1  and 𝐴̃𝑉𝑐

2 , 

respectively. 3) The output of 𝑓1 and 𝑓2 are: 

𝑓1 = 𝜃1
𝑇𝜁1                                                (22) 

𝑓2 = 𝜃2
𝑇𝜁2                                                 (23) 
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Where, 𝜃𝑖 and 𝜁𝑖  are: 

𝜃𝑖 = [𝑤𝑖1, … , 𝑤𝑖𝑅 , 𝑤̅𝑖1, … , 𝑤̅𝑖𝑅]
𝑇
                                      (24) 

      𝜁𝑖 = [𝜁𝑖1, … , 𝜁𝑖𝑅 , 𝜁𝑖̅1, … , 𝜁𝑖̅𝑅]
𝑇

                                          (25) 

Where, 𝑤̅𝑖1 and 𝑤𝑖1 are the parameters of 𝑙−th rule for 𝑖−th IT3-FLS and 𝑅 represents the number of rules. 𝜁𝑖1 

and 𝜁𝑖̅1 are: 

              𝜁𝑙̅ =

∑ 𝛼̅𝑗

𝑧̅𝜇𝑠=𝛼̅𝑗
𝑙

∑ (𝑧̅𝜇𝑠=𝛼̅𝑗
𝑙 +𝑧𝜇𝑠=𝛼̅𝑗

𝑙 )𝑅
𝑙=1

𝑛𝛼
𝑗=1

∑ (𝛼̅𝑗+𝛼𝑗)
𝑛𝛼
𝑗=1

+

∑ 𝛼𝑗

𝑧̅𝜇𝑠=𝛼𝑗
𝑙

∑ (𝑧̅𝜇𝑠=𝛼𝑗
𝑙 +𝑧𝜇𝑠=𝛼𝑗

𝑙 )𝑅
𝑙=1

𝑛𝛼
𝑗=1

∑ (𝛼̅𝑗+𝛼𝑗)
𝑛𝛼
𝑗=1

, 𝑙 = 1, … 8                                 (26) 

 

  𝜁𝑙 =

∑ 𝛼̅𝑗

𝑧𝜇𝑠=𝛼̅𝑗
𝑙

∑ (𝑧̅𝜇𝑠=𝛼̅𝑗
𝑙 +𝑧𝜇𝑠=𝛼̅𝑗

𝑙 )𝑅
𝑙=1

𝑛𝛼
𝑗=1

∑ (𝛼̅𝑗+𝛼𝑗)
𝑛𝛼
𝑗=1

+

∑ 𝛼𝑗

𝑧𝜇𝑠=𝛼𝑗
𝑙

∑ (𝑧̅𝜇𝑠=𝛼𝑗
𝑙 +𝑧𝜇𝑠=𝛼𝑗

𝑙 )𝑅
𝑙=1

𝑛𝛼
𝑗=1

∑ (𝛼̅𝑗+𝛼𝑗)
𝑛𝛼
𝑗=1

, 𝑙 = 1, … 8                        (27) 

 

Where, 𝑛𝛼 is the number of horizontal slices and: 

𝜁𝑙 =

∑ 𝛼̅𝑗

𝑧𝜇𝑠=𝛼̅𝑗
𝑙

∑ (𝑧̅𝜇𝑠=𝛼̅𝑗
𝑙 +𝑧𝜇𝑠=𝛼̅𝑗

𝑙 )𝑅
𝑙=1

𝑛𝛼
𝑗=1

∑ (𝛼̅𝑗+𝛼𝑗)
𝑛𝛼
𝑗=1

+

∑ 𝛼𝑗

𝑧𝜇𝑠=𝛼𝑗
𝑙

∑ (𝑧̅𝜇𝑠=𝛼𝑗
𝑙 +𝑧𝜇𝑠=𝛼𝑗

𝑙 )𝑅
𝑙=1

𝑛𝛼
𝑗=1

∑ (𝛼̅𝑗+𝛼𝑗)
𝑛𝛼
𝑗=1

, 𝑙 = 1, … 𝑅                       (28) 

 

The rules are written as: 

 

Rule #1: If 𝐼𝑝 is 𝐴̃𝐼𝑝
1 |𝛼 and 𝐼𝑏  is 𝐴̃𝐼𝑏

1 |𝛼 and 𝑉𝑐 is 𝐴̃𝑉𝑐
1 |𝛼 

Then 𝑓𝑖 ∈ [𝑤𝑖1, 𝑤̅𝑖1] 

Rule #2: If 𝐼𝑝 is 𝐴̃𝐼𝑝
1 |𝛼 and 𝐼𝑏  is 𝐴̃𝐼𝑏

1 |𝛼 and 𝑉𝑐 is 𝐴̃𝑉𝑐
2 |𝛼 

Then 𝑓𝑖 ∈ [𝑤𝑖2, 𝑤̅𝑖2] 

Rule #3: If 𝐼𝑝 is 𝐴̃𝐼𝑝
1 |𝛼 and 𝐼𝑏  is 𝐴̃𝐼𝑏

2 |𝛼 and 𝑉𝑐 is 𝐴̃𝑉𝑐
1 |𝛼 

Then 𝑓𝑖 ∈ [𝑤𝑖3, 𝑤̅𝑖3] 

Rule #4: If 𝐼𝑝 is 𝐴̃𝐼𝑝
1 |𝛼 and 𝐼𝑏  is 𝐴̃𝐼𝑏

2 |𝛼 and 𝑉𝑐 is 𝐴̃𝑉𝑐
2 |𝛼 

Then 𝑓𝑖 ∈ [𝑤𝑖4, 𝑤̅𝑖4] 

Rule #5: If 𝐼𝑝 is 𝐴̃𝐼𝑝
2 |𝛼 and 𝐼𝑏  is 𝐴̃𝐼𝑏

1 |𝛼 and 𝑉𝑐 is 𝐴̃𝑉𝑐
1 |𝛼 

Then 𝑓𝑖 ∈ [𝑤𝑖5, 𝑤̅𝑖5] 

Rule #6: If 𝐼𝑝 is 𝐴̃𝐼𝑝
2 |𝛼 and 𝐼𝑏  is 𝐴̃𝐼𝑏

1 |𝛼 and 𝑉𝑐 is 𝐴̃𝑉𝑐
2 |𝛼 

Then 𝑓𝑖 ∈ [𝑤𝑖6, 𝑤̅𝑖6] 

Rule #7: If 𝐼𝑝 is 𝐴̃𝐼𝑝
2 |𝛼 and 𝐼𝑏  is 𝐴̃𝐼𝑏

2 |𝛼 and 𝑉𝑐 is 𝐴̃𝑉𝑐
1 |𝛼 

Then 𝑓𝑖 ∈ [𝑤𝑖7, 𝑤̅𝑖7] 

Rule #8: If 𝐼𝑝 is 𝐴̃𝐼𝑝
2 |𝛼 and 𝐼𝑏  is 𝐴̃𝐼𝑏

2 |𝛼 and 𝑉𝑐 is 𝐴̃𝑉𝑐
2 |𝛼 

Then 𝑓𝑖 ∈ [𝑤𝑖8, 𝑤̅𝑖8] 

 

In the type-3 MFs, the secondary membership is not a crisp value but it is a fuzzy set. Also a horizontal slice of a 

level µ𝑠 = 𝛼𝑘 is equal with two slices at levels µ𝑠 = 𝛼𝑘 and µ𝑠 = 𝛼𝑘 in type-2 counterpart. Consequently, the 

research proposed a swarm-based hybrid metaheuristic optimizer of the Bacterial Foraging Optimization Algorithm 

(BFOA) which optimally tunes and controls the fuzzy controller parameters.  

 

4.3.2     Enhanced Controller efficiency by BFOA 

 Initiating the deployment of the Bacterial Foraging Optimization Algorithm to refine the operations of a 

fuzzy type-3 controller within a microgrid framework involves a sequence of strategic steps. Commence with the 

construction of a detailed microgrid model encapsulating its integral components—distributed generation units, 
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storage mechanisms, consumer loads, and command modules. Forge a sophisticated fuzzy type-3 controller, crafted 

to govern the intricacies of power distribution, voltage modulation, and frequency stabilization, pinpointing the 

specific variables that warrant enhancement. Subsequently, establish a robust objective function adept at evaluating 

the microgrid's operational efficacy, engaging metrics that aim to curtail energy dissipation, equilibrate supply-

demand dynamics, fortify voltage constancy, and augment frequency adherence. Proceed to meticulously calibrate 

the BFOA configurations, setting parameters such as bacterial population foundation, chemotaxis stages, 

navigational duration, procreation sequencing, and the probability metrics for elimination and dispersal phases. 

Culminate by methodically applying the BFOA, refining the controller parameters through iterative optimization, 

assiduously informed by the designated objective function's feedback, to realize an apex in microgrid 

performance (Das et al., 2009) (Hu et al., 2020) 

4.3.2.1     Pseudo-code for BFOA-based Optimization 

 

Initialize microgrid model and fuzzy type-3 controller parameters 

Define objective function F(x) to evaluate microgrid performance 

 

Initialize BFOA parameters: 

   S (number of bacteria) 

  Nc (number of chemotactic steps) 

  Ns (swim length) 

  Nre (number of reproduction steps) 

  Ned (number of elimination-dispersal events) 

  Ped (elimination-dispersal probability) 

 

Initialize bacteria positions randomly in the search space 

 

FOR each elimination-dispersal event 

FOR each reproduction step 

 FOR each chemotactic step 

 FOR each bacterium i 

 

 Compute the objective function F(x) for current position 

 

  Tumble: generate a random direction Δ(i) 

  Move: compute new position using Δ(i) 

 

Compute F(x) at new position 

 

  WHILE (not better or swim length not exceeded) 

  Move in the same direction and compute F(x) 

  END WHILE 

  END FOR 

 

 Implement swarming behavior 

 

 END FOR 

Sort bacteria based on objective function value 

 Reproduce: eliminate least healthy half and split the healthier half 

 END FOR 

Eliminate and disperse bacteria with probability Ped 

END FOR 

Output the optimized fuzzy type-3 controller parameters 

Apply optimized controller to the microgrid and validate performance 
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By integrating the optimized parameters into the fuzzy type-3 controller and simulating the microgrid 

operation, you can validate the performance by comparing it against predefined benchmarks or previous 

configurations. If necessary, iterate the optimization process, adjusting the BFOA parameters for improved results 

and leading to enhanced system performance and stability.  

 However, most fuzzy controllers are static in that they respond only to current input, so they may not offer 

any improvement over the dynamic nature of designs. By replacing nonlinear and time-varying aspects of a neural 

network with uncertainties, a robust reinforcement learning procedure results that are guaranteed to remain stable 

even as the neural network is being trained.  

4.6 Power Quality Analysis 

 In this study, a new reactive power control strategy is employed for optimization of the reactive power along 

with the stability improvement of the system under different small perturbed conditions. Therefore, this study 

focuses on controlling the reactive power of the hybrid power system model with the aid of a Static Synchronous 

Compensator (STATCOM). Further, evaluate the renewable energy resources’ penetration limit of the AC-DC 

hybrid grid, which considers both economy and safety. The static stability indicators are considered for an 

evaluation of the penetration limit of RES.  

4.6.1 Implementation of STATCOM as a Reactive Compensator 

 

 STATCOM is developed on the solid-state-based synchronous source of voltage which replicates a 

synchronous machine of ideal nature. It generates a set of 3-phase balanced sinusoidal voltages at the fundamental 

frequency by continuous controlling of phase angle and amplitude. The schematic of the STATCOM and its 

equivalent structure has been given in Fig. 6. A illustrated in Fig. 6, the voltage source converter, DC capacitor, and 

coupling transformer. The real part of the STATCOM controller current is insignificant and considered zero. The 

reactive current can be controlled by the variation of 𝛼 and 𝛿.  

 

VSC

Vdc

 
 

Fig. 6: Schematic Diagram for STATCOM Configuration 

 

In this paper, 𝛼 is the STATCOM’s fundamental output voltage (𝑘𝑉𝑑𝑐) phase angle and 𝛿 is the phase angle of 

the system bus voltage, 𝑈 where the STATCOM is connected. The amplitude of the converter’s fundamental output 

voltage is 𝑘𝑈𝑑𝑐where 𝑈𝑑𝑐represents DC voltage developed in between the DC capacitor. The STATCOM controller 

injecting the reactive power to the connected bus has been given as in equation (30). 

𝑄𝑆𝑇𝐴𝑇𝐶𝑂𝑀 = 𝑘𝑈𝑑𝑐
2 𝐵 − 𝑘𝑈𝑑𝑐𝑈𝐵 𝑐𝑜𝑠 (𝛼 − 𝛿) + 𝑘𝑈𝑑𝑐𝑈𝐺 𝑠𝑖𝑛(𝛼 − 𝛿)                             (29) 

In the considered HPS, bus voltage is taken as a reference voltage; so, the bus angle (𝛿) is zero. In the above 

equation, the 𝐺 term is also insignificant, because (𝐺 + 𝑗𝐵) characterizes the admittance of the step-down 

transformer. Thus, equation (30) now becomes equation (31), considering 𝐺 and 𝛿 as zero. 

𝑄𝑆𝑇𝐴𝑇𝐶𝑂𝑀 = 𝑘𝑈𝑑𝑐
2 𝐵 − 𝑘𝑈𝑑𝑐𝑈𝐵 𝑐𝑜𝑠𝛼                                        (30) 

Here, in equation (31), 𝑈 and 𝛼, are the variable terms on which the reactive power depends; under the small 

perturbations, the change in reactive power of STATCOM can be written as equation (32). 
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∆𝑄𝑆𝑇𝐴𝑇𝐶𝑂𝑀 (𝑠) = 𝐺1∆𝛼(𝑠) + 𝐺2∆𝑈(𝑠)                            (31) 

Where, 𝐺1 = 𝑘𝑈𝑑𝑐𝑈𝐵 𝑠𝑖𝑛𝛼 and 𝐺2 = 𝑘𝑈𝑑𝑐𝑈𝐵 𝑐𝑜𝑠𝛼. 

It evaluates the renewable energy resources’ penetration limit of the AC-DC hybrid grid, which considers both 

economy and safety. The static stability indicators are considered for an evaluation of the penetration limit of RES. 

4.7 Loads, Energy storage Devices and utility Grid 

 

DC Load: Devices that consume direct currents, such as DC machines, electric vehicles, and many electronic 

devices, are defined as DC loads. Similarly to the DC source, the DC load is represented as a controlled direct 

current source, but functions by absorbing power from the microgrid. 

AC Load: The AC loads are represented by sets of impedance, composed of balanced three-phase resistors and 

inductances in series. Thus, these AC loads consume the active and reactive power of the AC microgrids (ACMG). 

The input and output of such loads occur according to the desired power profiles. 

Nonlinear Load: The nonlinear load represents devices that distort the electrical current waveform, contaminating 

the grid with harmonic content. Such loads are modelled as a diode rectifier bridge with a resistive load and 

inductive filter at the input. The distortion in the waveform occurs due to the harmonic components added to the 

fundamental sinusoidal current. These harmonic distortions cause issues in the utility grid, thereby affecting the 

power quality of the energy supplied by the system. 

 

Energy Storage Device: Among different existing energy storage technologies, Li-ion batteries are chosen as ESD 

in this work. The dynamic behaviour of such ESD is based on the Shepherd model, which represents the battery as a 

controlled DC source in series with internal resistance. 

It is possible to describe, in a simplified way, the output voltage of the battery bank, according to equation (1). 

𝑉𝑏𝑎𝑡 = 𝐸𝑏𝑎𝑡 − 𝑅𝑏𝑎𝑡𝐼𝑏𝑎𝑡                                (32) 

Where, 𝑉𝑏𝑎𝑡 and 𝐸𝑏𝑎𝑡  are the output and internal battery voltage, respectively; 𝑅𝑏𝑎𝑡 is the internal resistance, 

and 𝐼𝑏𝑎𝑡  is the battery's electrical current. 

 

Utility Grid: Despite the main aspect of a microgrid being the possibility of operating in the standalone or grid-

connected mode, this paper focuses exclusively on studying the grid-connected operation. In this study, the utility 

grid is implemented by a balanced, 60 Hz, three-phase, 220 V RMS, phase-to-phase AC source. Each voltage 

source represents a phase, with 120o of phase-shift between each phase, in the positive sequence. RL impedances 

are employed to characterize the conductors’ dynamic effect, emulating the transmission line impedances. The value 

of these impedances is determined according to conventional short-circuit power for electrical distribution systems.  

5. Simulation results  

The simulation of the proposed hybrid microgrid involves modelling various components, integrating them into 

a unified system, and analysing performance under different operating conditions using MATLAB 2023a 

environment. The simulation is conducted on a Personal Computer System running Windows 11 Operating System 

with 6GB DDR3 of RAM and Intel Core i7 processor @ 3.5GHz. The total simulation time amounts to 10.190 

seconds including power flow analysis and power quality evaluation at the DC-link of the DC Microgrid and the 

utility grid. The system includes loads and sources rated up to 4.5 kW, along with interlinking converters designed for 

a nominal power of  3 kW to ensure efficient hybrid power system operation based on selected inductors and 

capacitors which meet voltage ripple requirements as well as nominal power needs of the power converters. This 

accurate simulation models effectively analysing its performance under various conditions using high-performance 

computer configurations advantageous in demonstrating successful integration of various components within this 

complex energy network while providing valuable insights into its feasibility showcasing effective component 

integration enabling smooth operations across diverse scenarios. 
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Fig.7. Simulation Model for Hybrid Renewable Energy Resources 

 

Fig. 8. Simulation Model of AI Based MPPT Scheme 
 

 

Fig.9. Proposed Simulation Model of PV system and Grid 

The simulation model for hybrid renewable energy resources, illustrated in Fig. 7,8,9 was developed using 

MATLAB/Simulink. In this hybrid PV system, the PV array serves as the primary power source. Renewable energy 

sources are connected in parallel, with a battery connected across this parallel combination. The battery discharges 

when the voltage exceeds 30V and charges when the voltage drops below 30V. In this Battery circuit, if the semi-

oxide concentration decreases linearly then the battery voltage drops rapidly. 

The Key components in this model include the PV Panel with AI based MPPT, Type 3 fuzzy Controller, Bidi- 

rectional converter ,DC/DC converter, battery model, and power system. The optimum power control and pitch angle 

control mechanisms drive the induction generator. The turbine's external inputs are wind speed and rotor speed. The main 
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objective of the grid-side converter is to regulate the DC link capacitor voltage and control power flow between the 

DC bus and the AC side. 
 

 

Fig. 10(a). Power Comparison from ANN-KGMO method 

Fig. 10(b). Voltage Comparison from ANN-KGMO method 

Fig. 10 shows the simulation outcome with ANN-KGMO based MPPT tracking algorithm is more reliable 

than the conventional control methods. It has less settling time with no steady state oscillations and more power 

output. 

It is observed that ANN-KGMO based MPPT algorithm regulates the output voltage at 400V and hence the 

power at 2000 W with rapid step changes in the solar irradiance. 
 

Fig.11. Current and Voltage Graph for Battery 
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The current and voltage graph for the battery is presented in Fig. 11. It produces a battery current of approxi- 

mately 1900 A for 6 second. However, the voltage produced due to the battery is approximately 190 V for time 6 

second. The input charging current to the battery stack in a photovoltaic hybrid solution will not be constant due to 

the atmospheric conditions and the time of day. 

 

Fig.12. Response of Hybrid Vdc value 

Fig. 12 the simulation results of ANN-KGMO methods and Battery DC Voltage at 25oC temperature and light 

intensity is varied from 1000 to 200 W/m2 in steps at rate of 200 W/m2 per second. After reaching 200 W/m2 the 

intensity is varied to 1000W/m2 in single step. Upto 4 sec (400 W/m2) seconds the output voltage is maintained 

approximately 410V but after reaching 200 W/m2 at 4 second the DC Voltage value reduced to 340V and gain the 

intensity is varied to 1000W/m2 in single step the DC Voltage is reached to approximately 410V. 
 

Fig.13. Response of Id, Iq in VSC Conrol 

 

Fig. 13. shows the high quality of the current injected into the grid with the proposed current control scheme. 

This result meets the requirements of the grid-connection standard. The grid voltage produces 1.9 X 104 V. The grid 

voltage harmonic disturbances are rejected by the robust ADRC controller, leading to much better performance. 
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Fig.14. Grid Current and Grid Voltage 

Fig. 14 reveals the grid current and grid voltage. The grid current is regulated to its nominal value and is in phase 

with the grid voltage as can be seen in Fig. 9. The grid voltage produces 1.9 X 104 V. 
 

 
 

Fig.15. Response of Power for proposed hybrid power system 

The power graph for the proposed hybrid power system is presented in Fig. 15. It produces approximately 90 

kW of power generated from hybrid power systems. This power value is measured based on the time seconds. This 

reading of power was measured when the time was 0 to 6 second, respectively. The temperature is set at  25 degrees 

Celsius, and the light intensity is gradually reduced from 1000 to 200 W/m2 at a rate of 200 W/m2/s. After attaining 

200 W/m2, the intensity is increased in one step to 1000 W/m2. The light intensity varied with respect to time but 

power generated by proposed hybrid power system was maintained constant that is approx imately 90 kW. 

Fig. 16 appearances PLL frequency and ω under different conditions. The frequency was maintained constant 

and Output 1: Measured frequency (Hz)=w/(2pi), Output 2: Ramp w.t varying between 0 and 2*pi, synchronized on 

zero crossings of the fundamental (positive-sequence) of phase A. parameters are Minimum frequency (Hz):45, 

Initial inputs [Phase (degrees), Frequency (Hz) ]:[0,60] and For optimal performance, set regulator gains [ Kp Ki Kd ] 

= [ 180 3200 1 ] and check the Enable Automatic Gain Control parameter. Com- pared to API, it has been found that 

the proposed controller results in more improvement of the DC-side volt- age within the operating frequency range 

of the ac-side of the ILC. 
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Fig.16. Response of PLL frequency and ω 
 

 
Fig.17.Response of Power for proposed powersystem powers 

 

Fig. 17 appearances of grid, turbine, grid_turbine and finally power system outputs as present. Which has 

running 6 sec with different conditions however grid maintained constant output levels so turbine gives the residual 

power to the hybrid renewable energy sources. These results demonstrated the ability of the proposed redesigned 

interlinking converters to regulate power flow under all hybrid microgrid operating situations while also delivering the 

needed ancillary services. In the future, investigations on deep uncertainty analysis and stability analysis will be 

given, as well as the crea-tion of an intelligent control algorithm for the HMG. 
 

Fig. 18 depicts the comparison graph for the overshoot voltage of converters. It shows the output voltage 

response with an overshoot of different converters' performance like P&O, FLC, and proposed converter. Based on 

the discussion the existing P&O method is unstable, and the FLC is stable but the proposed method is more stable 

than these existing techniques. These perturbations are limited by the joint action of the output capacitor and the 

feedback control: the former limits the initial overshoot caused by a sudden change in load current, whereas the 

controller behaviour depends on the control circuit being used. From this Fig.18, 
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Fig.18. Comparison Graph for Overshoot Voltage 

Fig.19. Comparison Graph for Limits of Controller 

Fig. 19 depicts the comparison graph for Limits of Controller. In that The limits of the controller compared to 

the existing PID and FLC controllers are presented in this Fig. 19. The Fig. depicts that the limits of the PID 

controller are 0.01, and the limits of FLC controllers are 0.0027, however, the proposed method produces lower 

controller limits of 0.0013, respectively. 

 

 

 

 

 

 

 

 

 

 

Fig.20 Comparison of DC Bus Voltage 
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Fig. 20 reveals the comparison graph for DC bus voltages, the proposed IT3-FLS controller is compared with 

the existing Fuzzy-PID controller. It can be observed that the error signal contains only the DC component due to 

the cancellation of the ripple component in the measured DC bus voltage. Consequently, the line current waveform is 

nearly sinusoidal. 
 

Fig.21. Comparison Graph for Dynamic Response of Controllers 

Fig. 21 reveals the comparison graph of the dynamic response of different controllers. The proposed Interval 

Type-3 FLC is compared with the existing methods like Type-1 FLC, and Type-2 FLC. It evaluates the pro- posed 

method and knows the dynamic performance of the control system. From this Fig., the proposed method produces 

higher output dynamic response. 

 

Fig.21. Grid Current % THD 

From the IEEE – 519 Standard for Harmonic Control in Electric Power Systems suggests that total 

harmonic distortion (THD) of the grid current has been maintained under 5% under all conditions. It is to be noted 

the grid current THD has been maintained under 3.77% as exposed in Fig. 21 and grid voltage THD has been 

maintained under 0.32% as presented in Fig. 22. 
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Fig.22. Grid Volatge % THD 

Advanced hybrid AC/DC microgrid system integrating solar PV energy sources. A key feature of this 

system is the AI-driven Maximum Power Point Tracking (MPPT) scheme used for the solar PV systems. In order to 

explore advanced control strategies, an interval type 3 fuzzy-based controller enhanced by the Bacterial For- aging 

Optimization Algorithm (BFOA) and interlinking drop control, ensure smooth operation and elimination of harmonics. 

The grid voltage and current THD has been maintained under 5% with all conditions as per the IEEE-519 Standard. 

5. Conclusion  

A microgrid is a small-scale electrical system made up of distributed generation (DG) and energy storage 

devices (ESD) technologies designed to suit the needs of local loads. This paper proposes a Boost converter and a 

type-3 fuzzy controller, as well as a Swarm-based hybrid metaheuristic optimizer based on the Bacterial Foraging 

Optimization Algorithm (BFOA) for optimally tuning and managing the PI controller settings. Con- trolling the 

reactive power of the hybrid power system model using a Static Synchronous Compensator (STATCOM). In the 

MATLAB Simulink environment, a hybrid microgrid consisting of solar, battery, utility grid, and AC and DC loads is 

created using the AC and DC bus. The findings show that the suggested approach based on the algorithm outperforms 

the adaptive PI (API) controller in terms of rapid reaction time and tight regulation of power flow, voltage, and 

frequency under various situations. In comparison to API, the suggested controller improves the dc-side voltage within 

the working frequency range of the ac-side of the ILC. As a result, the penetration level characteristics are 

compared with the converter, and the suggested control approach is used to determine the efficiency of the hybrid 

power system. The grid voltage is 1.9 X 104 V, the battery current is around 1900 A for 6 seconds, and the voltage 

produced by the battery is around 190 V for 6 seconds. However, the acquired power-sharing diminishes the energy 

supplied by the power grid, avoiding focusing the required effort in the battery system. The power quality study 

demonstrated the efficiency of the interlinking converters in reducing harmonic distortions and reactive power under 

all operating situations. Furthermore, the excellent performance of the voltage regulation, accomplished by a 

hierarchical control, was recorded and employed to rectify the voltage deviation induced by the droop technique. 

These results demonstrated the ability of the proposed redesigned interlinking converters to regulate power flow 

under all hybrid microgrid operating situations while also delivering the needed ancillary services. In the future, 

investigations on deep uncertainty analysis and stability analysis will be given, as well as the creation of an intelligent 

control algorithm for the HMG. 
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