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Effective energy management in grid-connected renewable energy systems is essential for achieving cost-efficiency and reliability. This work presents a versatile control technique to tackle power system difficulties in grid-connected and grid-failure modes. The concept employs a digital iterative approach to optimize the operation of a DC-DC converter, guaranteeing the attainment of maximum power output and stability. During a grid breakdown, the system injects carefully adjusted active power into the grid to ensure that voltage and current levels are maintained at appropriate levels, hence preventing overloading. The proposed strategy exhibits a 99% enhancement in system responsiveness and a 96% decrease in overshoot when compared to conventional methods, thus substantiating its efficacy in practical scenarios.
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1 INTRODUCTION
Traditional methods use non-renewable resources such as coal to make electricity in power plants and cause significant pollution. Due to population and industry growth, electricity demand is rising significantly. A typical power plant cannot meet customer demand alone due to environmental concerns. Changing tactics to meet consumer demand is vital now. Most affluent nations focus on generating alternative resources and researching ways to maximize power. Solar, fuel cell, wind, and hydro/water energy sources are mostly eco-friendly. Only resource availability affects renewable energy power generation. Renewable energy sources vary daily due to natural resource fluctuations. The main renewable energy sources are photovoltaic (PV) and fuel cells (Nureddin et al., 2020). Photovoltaics, fuel cells, and energy storage. The Cuckoo search method uses three DC-DC boost converters for solar and fuel cell Maximum Power Point Tracking (MPPT). These converters boost source efficiency and output voltage with MPPT on a shared DC bus. A DC/AC inverter connects the hybrid power system to the proposed community’s AC loads. PSO-optimized PI controllers control converters (abed El-Raouf et al., 2018). Heat, hydrogen/oxygen partial pressure, and water membrane content affect fuel cell power (Ahmadi et al., 2017).
A fuzzy set theory-based maximum power point tracker can significantly boost energy conversion. Fuzzy algorithms optimize boost converter power point tracking by using linguistic rules in operator control techniques. Careful selection of fuzzy logic controller variables is crucial for effective DC-DC converter modulation (Garg et al., 2015). The research in (Padmanaban et al., 2019) discusses MPPT-generated PV and fuel cells, highlighting how MPPT optimizes system power. Most off-grid solar systems use MPPT to maximize battery charging making solar energy affordable and accessible. Although solar panels generate a lot of energy, they convert only a small amount of sunlight into power. Rotating traditional solar panels perpendicular to the sun maximizes efficiency, but this requires continuous adjustments as the sun moves throughout the day (Patel et al., 2016). Manual rotation is laborious and expensive, but solar tracking systems address this by automatically rotating PV panels toward the sun using motors. However, the electricity used by these motors can reduce overall system efficiency (Mousazadeh et al., 2009).
This study introduces a comprehensive method for determining the ideal size and energy management strategy for fuel-cell hybrid electric vehicles (FC-HEVs). The technique demonstrates substantial reductions in fuel usage and enhanced vehicle performance by utilizing a combination of different energy sources (Abdeldjalil et al., 2023). Additionally, the study assesses various optimization algorithms for a grid-connected hybrid energy system combining photovoltaic and wind turbine components with battery and supercapacitor storage. It emphasizes the exceptional performance of the CGO algorithm in achieving the most efficient system configurations and cost-effectiveness (Guven et al., 2024).
Furthermore, the study employs four Multi-Objective Optimization techniques to optimize a system that integrates Photovoltaic, Wind, Battery, and Electric Vehicle Charging Stations. The findings indicate that NSGA-II achieves the best results in minimizing total costs and ensuring a reliable supply. The study also confirms the economic feasibility and resilience of the system through thorough technical and sensitivity analyses (Barakat et al., 2024).
This study explores the integration of a Proton Exchange Membrane Fuel Stack (PEMFS) with a Wide Input Operation Single Switch Boost Converter and a Grey Wolf Algorithm Dependent Fuzzy Logic Methodology to optimize current supply and maintain operation near Maximum Power Point (Prashanth et al., 2024). This study examines metaheuristic optimization-based MPPT methods for Proton Exchange Membrane Fuel Stacks in electric vehicles, highlighting the effectiveness of the Continuous Different Slope Value-based Cuckoo Search Method (in improving power output and efficiency (Touti et al., 2024).
The system discussed in this paper is more reliable because fuel cells are efficient and durable. They are clean and emit less pollutants, making them ideal for the system. During peak demand and periods of system stress, fuel cells will generate power, ensuring that the system meets client needs even during high usage. Advances in energy technology have made power more widely available. Despite its many benefits, the system has downsides that must be addressed to ensure safety and energy reliability. An intelligent control method regulates grid connections both during faults and normal operation, maintaining system stability.
The rest of the paper is organized as follows: Section 2 outlines the problem statement addressed in this study. Section 3 details the system modeling, providing a concise overview of the key system components. Section 4 describes the methodology, including the system development and the process for obtaining results. Section 5 presents the results and offers a comprehensive discussion, while Section 6 concludes the paper.
2 PROBLEM STATEMENT
Traditional energy management systems for renewable energy sources often struggle to efficiently handle the dual challenges of maximizing power output during grid-connected operations and maintaining stability during grid failures. Current approaches lack the adaptability needed to optimize power flow in dynamic environments, leading to inefficiencies and potential overloading during critical grid failure scenarios.
This research addresses these challenges by introducing a novel control strategy that operates seamlessly in both grid-connected and grid-failure modes. The proposed system employs an online iterative technique based on the Perturb and Observe (P&O) method to optimize the operation of a DC-DC converter. The control strategy ensures that power output is maximized during grid-connected conditions, while in grid-failure mode, it maintains the desired voltage and current levels for loads, preventing overloading and enhancing system reliability.
This work aims to demonstrate that the PV-integrated fuel cell system can effectively inject optimized active power into the grid during failures, ensuring continuous power supply and stability. The study’s results validate the efficacy of the proposed approach, highlighting significant improvements in system responsiveness and a substantial reduction in overshoot, compared to conventional methods.
3 SYSTEM MODELING
This section provides a brief description of the primary components of the modeling system. The PV-based fuel cell system is connected to the grid using a three-phase, three-level Voltage Source Converter (VSC) and a boost converter. A Simulink model employing the Perturb and Observe (P&O) technique is used to perform MPPT in the boost converter. The system’s inverter converts the DC-link voltage to AC voltage. Additionally, an isolation and voltage step-up transformer is incorporated, and inductive filters are used to eliminate switching harmonics at the output. The common coupling point is connected to adjustable resistive local loads. The control technique for the boost converter aims to achieve peak efficiency by utilizing voltages and currents from the PV-based fuel cell system, along with grid and system voltages and load currents. Figure 1 provides a detailed description of the system.
[image: Figure 1]FIGURE 1 | Description of system.
In the following sub-sections, the primary components of the modeling system are briefly described. These components include the fuel cell and photo-voltaic cell energy generation unit, the DC-DC boost converter, and the three-phase inverter.
3.1 Fuel cell
In hydrogen-based fuel cells, the reaction of hydrogen and oxygen produces electricity. Equation 1 represents the fuel cell’s electrochemical reaction by using the Ernest Equation application (Li et al., 2015).
[image: image]
Here, [image: image] is the number of cells. Additionally, [image: image] represents the temperature in Kelvin, [image: image] stands for the Faraday constant, and [image: image] and [image: image] denote the fuel cell current and potential, respectively. Moreover, [image: image] indicates the number of electrons participating in the reaction.
3.2 Photo-voltaic cell
The use of PV systems has been increasing rapidly due to their many advantages. A typical module provides DC output, though modern systems include an inverter unit that converts DC to AC power for Maximum Power Point (MPP) operation and performs inversion tasks when needed, making them more efficient. A perfect PV cell can be modeled with a current source and a parallel-connected diode (Salman et al., 2018). The characteristic Equations 2 and 3 for the current and voltage of a solar cell is given as follows (Gergaud et al., 2002; Esram and Chapman, 2007):
[image: image]
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The thermal voltage is denoted by [image: image], while the internal series and parallel resistances are represented by [image: image] and [image: image], respectively. The short-circuit current is denoted by [image: image], the reverse saturation current by [image: image], the real diode voltage by [image: image], the output current by [image: image], and the ideality factor of the diode by [image: image].
3.3 Boost converter
The fundamental components of a boost converter include the input voltage, an inductor ([image: image]), a switching element ([image: image]), a diode ([image: image]), and an output capacitance. Upon closing [image: image] for a specified duration ([image: image]), energy is initially stored in the inductor. Meanwhile, during the switching period, the diode remains in a reverse-biased state (Rashid, 2018). The diode will be forward-biased when [image: image] is opened for a brief period of time. The diode also allows the stored energy to be released (Bjazic et al., 2012). The slope for both intervals can be expressed in terms of Faraday’s equation as mentioned in Equation 4:
[image: image]
Upon solving the provided Equation 4, the DC transfer function that connects the input and output voltages is stated as Equation 5:
[image: image]
3.4 Inverter
The primary purpose of an inverter is to convert DC energy into AC electrical energy (Inci, 2019). Additionally, it manages the transfer of electricity (Patra et al., 2015). To minimize switching ripples in the electrical power flow of the PV-based fuel cell system, inductive filters are employed at the output. Ignoring the losses, the Equation 6 represents the power of the system (Al-Shetwi et al., 2018; Hajizadeh et al., 2010)
[image: image]
[image: image] and [image: image] show the power of capacitors and fuel cells, respectively. The system also provides electricity to [image: image]. By placing the value of [image: image] and then solving gives Equation 7:
[image: image]
To determine the value of the DC-link voltage, the DC power must be zero. Additionally, fluctuations in the system’s supplied power impact the rate at which the DC-link voltage responds. According to this condition, the DC-link voltage (Hajizadeh et al., 2010) can be expressed as Equation 8:
[image: image]
3.5 Power flow control
In addition to managing the DC-link voltage, it also controls the active power flow. A Phase-Locked Loop (PLL) uses the system voltage to provide information about the phase and synchronizes the voltage output with the grid voltage. Using the inner DC-link voltage and current of the system, the reference value ([image: image]) for active power is generated, which must be zero (Bai and Shang, 2010) for the reactive component. The [image: image] and [image: image] components can be derived from Equations 9 and 10:
[image: image]
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4 METHODOLOGY
This section discusses the methodology of the system. The aim of the proposed control approach is to offer a contrast to the traditional method used in grid-connected PV-based fuel cell systems that operate in grid-failure mode.
4.1 Comparison
Traditional P&O MPPT maximizes PV-based fuel cell power extraction and feeds the grid via interface components. This method iteratively finds the operating point at maximal condition. Following the operational framework of traditional P&O MPPT, the approach compares instantaneous power and voltage to their preceding values to find the maximum power point. The biggest problem of this method is that it encourages excessive power. For instance, boost converters employ P&O MPPT to maximize system power and provide it to loads and grids. A system connected to the grid sends additional electricity into the grid as the load needs the necessary quantity of electricity. This phenomenon has positive outcomes (Becherif and Hissel, 2010). In case of Gird PV-based fuel cell system failure, electricity will be sent to the load. This can overload and lower load current and voltage (Ahmed and Salam, 2016).
4.2 Operational principle
The primary objective of the flexible control algorithm is to extract the maximum power output from a PV-based fuel cell system. The updated algorithm operates on the principle of detecting faults in the grid bus and is based on the P&O MPPT concept. In the initial stage, the grid-side voltage is monitored, and the controller determines the appropriate operating mode (Shitole et al., 2017). Equation 11 is utilized for the conversion of the [image: image] voltage system to the [image: image] system. This procedure operates on a per-unit basis.
[image: image]
Grid voltage’s d-components and q-components are produced as orthogonal signals during the conversion process (Golestan and Guerrero, 2014). Furthermore, it is clear that the magnitude signal is produced by adding the squares of the d and q components (Hwang et al., 2012). According to the fault situation, the magnitude will decrease when a fault develops on the grid side. In this regard, the voltage magnitude is subtracted from the reference value to determine the depth of voltage reduction (Camacho et al., 2017).
The flexible control strategy’s flowchart can be found in Figure 2. The fault signal must equal zero in order to get the maximum power extraction. The grid connection mode is engaged when the fault signal (F) is equal to zero. The duty cycle of the switching process is ascertained by applying the P&O technique’s operating rules. In this mode, the polarity of the most recent perturbation and the polarity of the power shift decide which way the next apprehension will go (Bianconi et al., 2013). If the power difference between the current sample and the prior sample is positive, [image: image] > 0, the perturbation remains constant. On the other hand, the subsequent disturbance in [image: image] < 0 should go the other way up until the maximum power point is reached, these processes are repeated. The duty cycle (D) is given as Equation 12:
[image: image]
where [image: image] is the output of the PV-based fuel cell system’s maximum power point voltage determined by the control strategy.
[image: Figure 2]FIGURE 2 | Flow chart diagram of flexible control strategy.
In the event of a grid-side interruption, the control strategy switches from grid connection mode to grid failure mode. The main goal is to supply the most electricity possible to loads when the grid is disconnected. The value of the load impedance is initially calculated. Calculating the nominal power value [image: image] requires first knowing the load impedance. Through PV based Fuel cell curve, [image: image] is used to establish the nominal PV-based Fuel cell voltage ([image: image]). Using this method, the PV-based fuel cell’s actual voltages and currents are measured in order to calculate its instantaneous power. To determine the voltage change during a grid failure, one must compare the actual voltage of a PV-based fuel cell to its nominal value. Additionally, the power change can be calculated by comparing the actual power output to the nominal power output
5 RESULTS AND DISCUSSION
This study thoroughly evaluates the performance of a proposed flexible control strategy for a grid-connected PV-based fuel cell system. The strategy’s effectiveness was tested under grid failure conditions. The system was modeled in Simulink, while the control algorithm was developed in Stateflow.
5.1 System operation
PV-based fuel cells can generate [image: image]. The PV array has a capacity of 50 kW. The array is composed of 33 strings, each containing 5 modules connected in series and parallel. The [image: image] PEMFC stack is composed of 900 cells that operate at a nominal voltage of 625 Vdc and a current of [image: image]. The stack functions with an efficiency of 55% and an air flow rate of 2,100 L per minute. A [image: image] DC-DC boost converter raises the PV-based fuel cells’ natural voltage (273 V DC at full power) to 500 V DC. The MPPT controllers use Flexible P and O approaches to optimize switching duty cycles. MPPT systems change duty cycles to create optimal voltage for power extraction. Both methods’ findings are compared at the end. A 3-level 3-phase VSC transforms 500 V DC link voltage to 260 V AC with a unity power factor. Two control loops regulate the DC link voltage to ±250 V and the [image: image] and [image: image] grid currents in the VSC control system. The DC voltage external controller output is the current reference. The [image: image] current reference is zeroed to maintain the unity power factor. The current controller converts [image: image] and [image: image] voltage outputs into three modulating signals, [image: image], for the PWM Generator. The PLL synchronization unit, voltage, and current controllers use 100 microseconds of sample time. Pulse generators in Boost and VSC converters sample at 1 microsecond for best PWM waveform resolution. VSC harmonics are filtered using a 10 kVAR capacitor bank. A [image: image] [image: image] three-phase coupling transformer. A fault detection system precedes the Power grid.
During grid-connected operation, the voltages on the grid side stabilize into a steady state condition. This voltage interruption typically happens during the timeframe of [image: image] to [image: image]. Once the voltage interruption begins, a fault detection method is activated to promptly detect the fault. The waveforms demonstrate the grid voltages and fault signals according to Figure 3A.
[image: Figure 3]FIGURE 3 | Grid Voltage and System Power Generation under Flexible P&O Control Methods: (A) Grid voltage and grid fault; (B) Results of flexible P&O Control Methods for System Power Generation.
Figure 3B illustrates the power output (in kW) of a PV-based fuel cell system over time, with distinct phases of “Grid Mode” and “Grid Failure.” Initially, the system operates in “Grid Mode,” where the power output rapidly increases and stabilizes around 50 kW, indicating normal operation with grid support. However, around the 0.3 s mark, a fault occurs, causing the system to enter “Grid Failure.” During this phase, the power output drops significantly, indicating a loss of grid support. The system’s output fluctuates, reflecting instability as it attempts to manage the fault condition.
Despite these challenges, the system recovers, and by approximately 0.9 s, it transitions back to “Grid Mode.” The power output stabilizes once again, gradually increasing and reaching a higher steady-state value above 80 kW by the 1.2 s mark. This recovery and subsequent stabilization demonstrate the system’s resilience and ability to maintain a consistent power supply, even in the face of faults. The fault introduced between 0.3 s and 0.6 s serves as a critical test of the system’s robustness and fault-handling capabilities.
The charts shown in Figures 4A, B provide a thorough performance comparison of the two algorithms in a visually appealing and instructive way. These graphs visually summarize the comparison analysis, making it easier to grasp the efficiency and capabilities of the algorithms.
[image: Figure 4]FIGURE 4 | Comparison of the System’s (A) power and (B) voltages.
5.2 Evaluation results
Analyzing voltage regulation requires considering rise time. As input voltage changes, this measures how quickly the system’s response achieves its final value. Flexible P&O speeds up this procedure. It rises in 0.00999 s, compared to 0.0243 s for the P&O algorithm. The Large discrepancy shows that the Flexible P&O algorithm can swiftly respond to voltage variations, improving system responsiveness. A shorter settling time of 0.4245 s makes the Flexible P&O algorithm stand out. It takes 0.9231 s for the P&O algorithm to settle. Fast stabilization via the Flexible P&O algorithm enhances voltage regulation stability and speeds steady-state achievement.
Flexible P&O also improves power management. Its rise time is 0.0565 s, compared to the P&O algorithm’s 0.3042 s. This signifies faster responsiveness to input power or disturbances, allowing faster output power level attainment. Compared to the P&O algorithm’s 0.9949 s, the Flexible P&O algorithm stabilizes faster at 0.923 s. This expedited stabilization is like a researcher, improving power system stability and dependability by balancing the system faster after interruptions. Overshoot is decreased to 0.0433 by the Flexible P&O method, compared to 0.2788 by the P&O algorithm. A reduced overshoot shows that the Flexible P&O algorithm keeps the power system’s output closer to the desired setpoint, resulting in low variations and consistent power supply.
This study evaluates the performance of a PV-based fuel cell system under various conditions of irradiance and fuel rate, focusing on the differences between the expected (reference) and actual (obtained) values of power output and voltage, as well as the system’s efficiency. The system was designed to deliver specific power outputs at a reference voltage, but the observed deviations under different operating conditions.
At an irradiance level of 500 W/m2 and fuel rate of 500 L per minute, the system was expected to produce 50 kW of power with a voltage of 300 V. However, the actual measurements showed a slightly lower power output of 49.82 kW and a voltage of 296.2 V, resulting in an impressive efficiency of 99.64%. Similarly, under an irradiance of 700 W/m2c (watts per square meter) and fuel rate of 700 L per minute, the system was supposed to output 75 kW at 300 V, and the recorded a power output of 70.27 kW and a voltage of 273.2 V, achieving an efficiency of 93.69%. At the highest irradiance level tested, 900 W/m2 and fuel rate of 900 L per minute, the expected power output was 100 kW with a corresponding voltage of 300 V. However, the system only produced 90.46 kW with a voltage of 272.5 V, maintaining a high efficiency of 90.46%.
These observations indicate that while the system’s actual performance varies with changing irradiance and fuel rate conditions, it consistently maintained high efficiency, suggesting robustness and resilience.
5.3 Discussion
The obtained results highlight several key findings related to the MPPT-based power management controller for PV-based fuel cells systems. The implementation of the improved MPPT algorithms has demonstrated a significant increase in the overall efficiency of the system, as evidenced by the higher energy yield compared to traditional methods.
5.3.1 Comparison with previous studies
The results align with findings from previous studies that emphasize the effectiveness of MPPT algorithms in optimizing energy extraction from hybrid systems. However, this study advances the understanding by incorporating a hybrid energy system with both PV and fuel cell sources. For instance, similar studies have primarily focused on standalone PV systems, while this research provides novel insights into the combined operation of PV and fuel cell technologies. The integration of fuel cells has shown to provide a reliable backup power source, thereby addressing the intermittency issues associated with solar energy.
5.3.2 Significance of findings
One of the significant contributions of this study is the demonstration of the system’s improved performance under various load conditions. The controller’s ability to dynamically adjust power distribution between the PV-based fuel cells sources based on load demand ensures optimal utilization of available resources. This adaptability is crucial for applications in remote and off-grid areas where energy resources can be scarce or highly variable.
5.3.3 Implications and future work
The implications of these findings are far-reaching, particularly in the context of sustainable energy solutions. The successful implementation of the MPPT-based power management controller in PV-based fuel cells systems can pave the way for more efficient and reliable renewable energy systems. Moreover, the reduced dependency on fossil fuels and the potential for decreased carbon emissions make this technology a viable option for addressing global energy challenges.
Future work could focus on exploring the integration of additional renewable energy sources, such as wind or geothermal energy, into the PV-based fuel cells system. Additionally, further research could investigate the long-term stability and durability of the system components, particularly the fuel cells, under continuous operation. Another area of interest could be the development of more sophisticated control algorithms that can handle multiple energy sources and storage options, potentially incorporating machine learning techniques for real-time optimization.
6 CONCLUSION
This paper presents an adaptable control strategy that effectively tackles the challenges encountered in power systems, whether they are in grid-connected or grid-failure modes. The adaptable control approach has a significant advantage in maximizing power output during grid-connected mode and ensuring optimal power flow in grid-failure scenarios. This proactive approach prevents overloading and significantly improves system stability. This study highlights the effectiveness of the adaptable control strategy, especially in grid-failure mode. This emphasizes the practicality of the proposed approach in real-world applications, addressing the urgent requirement for dependable and effective power management strategies in uncertain grid conditions. It aims to achieve robust performance and optimal power utilization.
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