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Abstract: This paper presents a control strategy for a solar PV–battery micro-grid using both grid-following (GFL) 

and grid-forming (GFM) inverters. GFL uses PLL and vector control but lacks support during grid outages. GFM, 

based on a virtual synchronous machine, provides voltage/frequency control, islanding, and fault ride-through 

capabilities. A 100 MW PV and 60 MW BESS system was simulated and validated experimentally. GFM improved 

system frequency by 69.3% and voltage by 70%, significantly outperforming GFL. 
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I. INTRODUCTION 

 

The modern power system is increasingly facing stability challenges as the penetration of inverter-based renewable 

resources (IBRs) continues to grow, leading to a significant reduction in overall system inertia [1,2]. The gradual 

replacement of conventional synchronous generators with renewable energy sources has altered the dynamic 

characteristics of the grid. In particular, the displacement of synchronous machines results in reduced synchronization 

torque, lower inertial response, and limited short-circuit current capability, all of which pose critical challenges for 

IBR- dominated power systems [3]. Moreover, the inherent intermittency of renewable energy generation introduces 

frequent voltage and frequency fluctuations, further complicating stable grid operation. 

 

The primary challenges associated with high IBR penetration can be summarized as follows: 

(a) degradation of grid strength and reduced short-circuit current levels, which adversely affect system stability and 

protection coordination; 

(b) diminished system inertia, leading to increased vulnerability to frequency instability; 

(c) the ability to Establishing and maintaining grid voltage and frequency without synchronous generators is 

crucial, especially during reliable grid restoration and black-start capability after large outages. Renewable 

energy sources usually connect to the power grid through two main inverter control strategies: grid- following 

(GFL) and grid-forming (GFM) inverters. In the past decade, most grid-connected renewable installations 

have used GFL inverters. These inverters depend on externally defined grid voltage and frequency references. 

Because they rely on grid conditions and communication-based measurements, GFL inverters have a limited 

response to rapid system disturbances. As the number of inverter-based resources (IBRs) grows, inverter 

control strategies must change to respond better to faster system dynamics and help improve power system 

stability. 
 

A GFL inverter works as a controlled current source that aligns with the grid voltage using appropriate control 

mechanisms. However, GFL inverters cannot provide inertial support since they do not mimic the dynamic behavior of 

synchronous generators. Unlike synchronous machines, which can adjust their output in response to frequency changes, 

GFL inverters usually operate at set power points. GFL inverters achieve synchronization through a phase- locked loop 

(PLL), which estimates the grid's phase angle and frequency needed to align the inverter output with the grid. The GFL 

control architecture typically includes two cascaded loops: a slower outer voltage control loop and a faster inner 

current control loop. Because of this design, GFL inverters cannot directly regulate system voltage and frequency, 

making it difficult to operate effectively during severe voltage or frequency instability. 

 

To address these limitations, the concept of grid-forming (GFM) inverters has gained considerable research interest in 

recent years. IBRs equipped with GFM control are capable of actively establishing and regulating grid voltage and 

frequency by operating as controlled voltage sources with predefined magnitude, phase angle, and frequency. This 

enables GFM-based IBRs to support the power system under both normal and faulted conditions, including islanded 

operation. The key advantages of GFM-controlled IBRs include: (a) faster control response compared to GFL inverters 

for maintaining voltage and frequency; (b) enhanced contribution to overall system stability; (c) provision of 

synchronizing and damping torque similar to synchronous generators; and (d) reduced rate of change of frequency 

(RoCoF) and inherent black-start capability. 
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Maintaining synchronous generators online during grid disturbances is costly and difficult to manage. Energy storage 

systems (ESS) have emerged as a practical and efficient alternative to support grid stability. Recently, there has been a 

lot of research on the control strategies for grid- following (GFL) inverters. Grid-forming (GFM) inverters have also 

gained significant attention due to their ability to provide independent voltage and frequency support. In [14], a droop-

controlled GFM inverter is compared to a frequency- support-based GFL inverter under different levels of renewable 

penetration and system inertia. The study shows that frequency-controlled GFL inverters often show less damping and 

greater frequency deviations. On the other hand, systems using GFM inverters demonstrate better frequency damping 

and a smoother handling of overload conditions among available sources, which improves overall system reliability. 

 

The performance of GFL and GFM inverters in a low-inertia power system with a battery energy storage system 

(BESS) is explored in [15]. Multiple case studies show that GFM- based control provides better frequency regulation 

than GFL- based methods. Additionally, the work in [16] looks at the basic differences between GFM and GFL 

inverters, focusing on synchronization methods, grid-interfacing behavior, swing dynamics, control gain 

characteristics, grid strength adaptability, and transient stability. Findings in [17] reveal that adding voltage control 

features can significantly lessen post-fault voltage fluctuations, which in turn improves the active power response of 

virtual-inertia-based GFL inverters. 

 

The concept of the virtual synchronous generator (VSG), introduced in [18], is designed to reduce frequency 

instability in power systems with a heavy presence of inverter-based resources (IBRs). A thorough simulation- based 

evaluation of a GFM inverter controller is provided in [19]. It shows that this controller effectively stabilizes voltage and 

frequency while consistently supplying power to critical loads during long outages. Moreover, a detailed review in [20] 

classifies GFM inverter technologies into droop-based, VSG-based, compensated generalized VSG (CGVSG)-based, 

and adaptive VSG (AVSG)-based control schemes, comparing their performance and durability across various 

operating conditions. 

 

Recent studies, such as [21], examine the behavior of GFM- based power converters in photovoltaic (PV) systems 

during faults. Even though GFM inverters are increasingly used in micro-grid applications with diverse topologies and 

configurations, technical and operational challenges persist before they can completely replace synchronous machines 

at the transmission level. Major research gaps include developing reliable hardware and software platforms, creating 

standardized inverter models, integrating large-scale renewables, coordinating energy storage, assessing system- level 

stability, establishing black-start capability, devising dynamic islanding strategies, meeting networking requirements, 

and implementing economic dispatch methods. These challenges and ongoing research topics regarding GFM inverters 

in micro-grid settings are thoroughly discussed in [22–26]. 

 

II. METHODOLOGY 

 

PROBLEM STATEMENT 

The integration of Renewable Energy Sources (RES) into micro-grids introduces challenges in maintaining stability 

and effective power management due to their intermittent nature and reliance on inverter-based interfaces. Grid-

Forming (GFM) and Grid-Following (GFL) inverters play crucial roles in addressing these challenges, with GFM 

inverters providing voltage and frequency support, while GFL inverters depend on an established grid. However, poor 

coordination between them can lead to instability and inefficient power sharing. This project focuses on analyzing and 

optimizing the operation of GFM and GFL inverters to enhance the stability, reliability, and power management of 

RES-based micro-grids under varying operating conditions. 

 

Block Diagram of a Solar–Wind Based Micro-grid: 

 

 
Fig 1. Block Diagram of a Solar-Wind based Micro-grid. 
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PROPOSED FRAMEWORK OF COORDINATED CONTROL OF GFL AND GFM INVERTERS 

In inverter-based, renewable-dominated power systems, the gradual replacement of synchronous generators with 

inverter-interfaced photovoltaic (PV) sources introduces significant operational challenges. The reduction in 

synchronous generation leads to lower system inertia and reduced synchronizing torque, making the grid more 

susceptible to voltage and frequency variations. These effects are further intensified by the intermittent nature of 

inverter-fed PV generation. 

 

To address these challenges, the proposed inverter-based resource (IBR) control framework integrates two 

complementary control strategies within renewable-fed inverters: grid-following (GFL) control and grid-forming 

(GFM) control. In this work, the stability of the power system is analyzed by interfacing solar PV systems with the 

grid through GFL inverter control, while battery energy storage systems (BESS) are connected using GFM inverter 

control. The GFL inverters operate by synchronizing with the existing grid and injecting controlled active and reactive 

power, whereas the GFM inverter establishes and regulates system voltage and frequency, thereby providing essential 

inertial and stabilizing support. 

 

The coordinated operation of GFL and GFM inverters enables improved voltage and frequency regulation, enhanced 

power sharing, and increased system robustness under varying operating conditions. A schematic representation of the 

coordinated GFL and GFM control architecture within the micro-grid is presented in the corresponding diagram. 

 

Fig 2. Scheduled diagram of GFL & GFM inverter control in PV- BESS-integrated microgrid. 

 

As shown in Fig. 2, the grid-following (GFL) inverter operates in current control mode and comprises an outer 

synchronization loop and an inner current control loop. The GFL inverter synchronizes with the grid by tracking the 

phase angle of the voltage at the point of common coupling (PCC). Using a vector control strategy, it regulates the active 

and reactive current components injected into the grid based on grid reference values. 

 

In contrast, the grid-forming (GFM) inverter operates in voltage control mode and is responsible for establishing the 

reference voltage magnitude and frequency of the grid. GFM-based control becomes essential during disturbed network 

conditions, such as system faults or islanded operation, where conventional grid references are unavailable or 

unreliable. Under these conditions, the GFM inverter actively regulates voltage and frequency, enhances grid strength, 

and ensures stable operation even in scenarios with high penetration of inverter-based resources (IBRs). Figure 2 

presents the structural overview of coordinated GFL- and GFM-based inverter control within the micro-grid. 

 

(a) GFL-Based Inverter Control for Solar PV 

The grid-following inverter control architecture for the solar PV system is illustrated in Fig. 3. This control structure 

consists of a phase-locked loop (PLL) and an inner current control loop to regulate the inverter output currents. An 

active–reactive power (PQ) control strategy is implemented in the outer control loop to manage the power injected into 

the grid. 

 

In GFL-based control, grid voltage measurements are required to obtain synchronization information. The PLL 

provides the reference phase angle, θ, by tracking the grid voltage at the PCC, which serves as the basis for generating 

reference waveforms. The outer power control loop determines the reference active and reactive power, while the inner 

current control loop ensures accurate tracking of the corresponding reference currents by the inverter. 

 

Additionally, low-voltage ride-through (LVRT) capability is incorporated into the GFL inverter-fed PV system to 

enhance grid support during fault conditions. When a voltage dip occurs due to system disturbances, the LVRT 
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mechanism is activated, enabling the inverter to inject adequate reactive power into the grid. This feature helps 

maintain voltage stability and supports overall system reliability during and after fault events. 

Fig. 3 Block diagram of GFL Inverter 

 

The block diagram representation of GFL-based inverter control is shown in Figure 4. 

 

As illustrated in Fig. 3, the measured grid-side voltage and frequency are supplied as inputs to the grid-following 

(GFL) inverter control algorithm. These measurements enable accurate synchronization and ensure proper interaction 

between the inverter and the grid. The corresponding block diagram representation of the GFL- based inverter control 

is presented in Fig. 4. 

 

The control inputs to the inverter model include reference values for active power and reactive power, along with 

voltage and frequency references. Based on these inputs, the controller estimates the instantaneous active and reactive 

power exchanged with the grid and generates the corresponding reference current components. These reference 

currents are then used by the inner current control loop to regulate the inverter output, ensuring that the desired power 

is accurately injected into the grid while maintaining stable operation under varying grid conditions. 

 

 
Fig. 4 GFL-based inverter control for solar PV system 

 

(a) Virtual Synchronous Machine–Based Grid-Forming Inverter Control for BESS 

 

As shown in Fig. 4, the grid-forming (GFM) inverter control is based on a virtual synchronous machine (VSM) 

concept, which is employed to regulate the voltage and frequency of the power system. In addition to voltage and 

frequency regulation, the control structure incorporates active and reactive power control loops to significantly 

enhance the dynamic performance of the system. In this study, the GFM- based inverter control is implemented for the 

battery energy storage system (BESS), as illustrated in the flow diagram presented in Fig. 5. 
 

The VSM-based control strategy provides an alternative approach to grid synchronization by emulating the dynamic 

behavior of conventional synchronous machines, which naturally synchronize with the grid. By replicating this 

behavior, the VSM actively contributes to frequency stabilization during transient and dynamic operating conditions. 

The proposed VSM model is capable of operating in grid-connected mode, as depicted in Fig. 6, and relies solely on 

locally measured electrical quantities, unlike traditional synchronous generators that depend on external excitation 

systems. 
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Furthermore, the virtual inertia embedded in the VSM enables effective frequency support and improves power- 

sharing performance during disturbances. The dominant dynamics of the synchronous machine are captured through the 

swing equation, which is adapted within the VSM framework. A key distinction of the VSM-based control is that it 

does not rely on tracking predefined reference currents or voltages. Instead, the inverter behaves as a controllable 

voltage source with inertial characteristics. This virtual synchronous generator (virtual SG) approach enhances short-

term frequency stability and strengthens overall grid resilience under high inverter- based resource penetration. 

Fig. 5 Block diagram of GFM Inverter. 

 

 
Fig. 6 GFM-based inverter control for BESS 

 

As illustrated in Figs. 5 and 6, active power regulation in the BESS is achieved using the virtual synchronous machine 

(VSM)–based control strategy. In this approach, the reference phase angle of the inverter output voltage is generated to 

control the active power exchanged with the grid. The control algorithm is defined by two key state variables, namely 

the phase angle (θ) and angular frequency (ω), which are used to formulate the state-space equations governing the 

controller dynamics. 

 

The dynamic behavior of the VSM is described by the swing equation, as presented in Equation (1). In this equation, 

ω_ref denotes the reference frequency, P_meas represents the active power delivered by the inverter, P_ref is the active 

power reference, and P_m corresponds to the mechanical power equivalent of the virtual machine. By emulating the 

swing dynamics of a synchronous generator, the VSM-based inverter adjusts the phase angle of the inverter voltage, 

thereby enabling effective active power control for the BESS and contributing to improved frequency stability during 

system disturbances. 

 

Reactive power droop control is employed to regulate the inverter terminal voltage by adjusting the magnitude of the 

reference voltage of the BESS inverter. The voltage reference is determined using the droop relationship given in 

Equation: 

 

Vd=Vref+kp(Qe−Qref) 

 

Where Vref and Qref represent the reference voltage and reactive power set points of the droop controller, respectively, 

and Qe denotes the reactive power output of the BESS inverter. Through this control strategy, the BESS effectively 

https://ijarcce.com/
https://ijarcce.com/


ISSN (O) 2278-1021, ISSN (P) 2319-5940 IJARCCE 

International Journal of Advanced Research in Computer and Communication Engineering 

Impact Factor 8.471Peer-reviewed & Refereed journalVol. 15, Issue 5, May 2026 

DOI:  10.17148/IJARCCE.2026.155248 

© IJARCCE                This work is licensed under a Creative Commons Attribution 4.0 International License                 1786 

supports voltage regulation and mitigates high-frequency power fluctuations. In addition, the energy storage system 

contributes to system stabilization by providing fast dynamic support following grid disturbances or fault conditions. 

 

(b) PLL-Based Grid Synchronization 

 

Grid synchronization is achieved by regulating the terminal voltage of the PV inverter such that its phase angle, 

magnitude, and frequency are aligned with the grid voltage at the point of common coupling (PCC), in accordance 

with the requirements of IEEE Std. 1547-2018 [7]. In this study, two synchronization mechanisms are utilized: a 

conventional phase-locked loop (PLL) to extract the phase angle of the grid voltage at the PCC, and a power-balance- 

based synchronization method to regulate the system frequency. 

 

The phase detector within the PLL generates an error signal proportional to the phase difference between the reference 

grid voltage and the voltage produced by the internal oscillator of the PLL. This signal is processed through a loop 

filter, typically implemented as a first-order low-pass filter or a proportional–integral (PI) controller, which suppresses 

high-frequency components and ensures smooth tracking of grid voltage dynamics. 

 

The grid-connected PV–BESS micro-grid considered in this study comprises two three-phase central inverters 

interfacing a solar photovoltaic plant and an energy storage system. The PV system is rated at 100 MW under standard 

test conditions, corresponding to an operating temperature of 25 °C and solar irradiance of 1000 W/m². The BESS has 

an energy storage capacity of 60MWh and is interfaced through a grid-forming inverter. 

 

Both PV and BESS inverters are connected to a medium- voltage distribution network via a 4 kV/24.9 kV step-up 

transformer. The single-line diagram of the overall test system is presented in Fig. 8. The PV array is operated at its 

maximum power point by regulating the dc-link voltage to its reference value, thereby ensuring optimal energy 

extraction under varying irradiance conditions. 

 

The proposed control framework is evaluated under both normal and disturbed operating conditions, including load 

variations, grid outages, solar power fluctuations, and temporary as well as permanent fault scenarios. The inverter 

control parameters are designed in accordance with the guidelines provided in IEEE Std. 2800 [27]. During voltage or 

frequency ride-through events, the proposed controller dynamically generates appropriate reference currents for the PV 

inverter to ensure grid support and system stability. 

 

The test system is implemented with coordinated grid- following control for the solar PV inverters and grid-forming 

control for the energy storage system. The effectiveness of the proposed approach is assessed by comparing the 

performance of grid-following and grid-forming inverter control strategies on the BESS side across multiple case 

studies. The results demonstrate the superior dynamic response and stability contribution of grid-forming control, 

particularly under low-inertia and faulted grid conditions. 

 

Fig 7. Performance of the system under (a) GFL and (b) GFM-based inverter control. 

 

Case 1: Impact of Solar PV Penetration Variations under Grid-Connected Operation 

 

This case study evaluates the dynamic performance of the proposed micro-grid by comparing grid-forming (GFM) and 

grid-following (GFL) control strategies implemented on the BESS inverter, while the solar PV system operates under 

GFL control. Variations in solar irradiance introduce fluctuations in power injection, which can disturb key system 

parameters and adversely affect overall stability. 
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To assess the system response, the developed model is subjected to dynamic changes in solar PV penetration, and the 

resulting voltage and frequency profiles are analyzed for both inverter control strategies at the BESS side. The 

simulation results are presented in Fig. 9. It is observed that the voltage at the point of common coupling (PCC) is 

effectively regulated and settles at approximately 0.99pu within a response time of about 300ms. 

 

A clear improvement in frequency dynamics is achieved when the BESS operates under GFM control. The system 

frequency stabilizes within 300 ms, with noticeably reduced switching transients compared to the GFL-controlled case. 

The enhanced performance of the GFM-controlled BESS can be attributed to its ability to provide virtual inertia and 

damping support during irradiance-induced disturbances, enabling a faster and smoother system response. 

 

Overall, the results demonstrate that GFM inverter control significantly mitigates transient oscillations during 

switching events and maintains voltage and frequency within permissible limits under varying solar PV conditions. 

Furthermore, Fig. 10 illustrates the rate of change of frequency (RoCoF) for different inverter control strategies, 

highlighting the superior frequency containment achieved with GFM-based control. 

 

Fig 8. Performance of the system under GFL and GFM-based 

 

Case 2: System Performance under Varying Load Conditions in Grid-Connected Mode 

The dynamic performance of the proposed micro-grid is further evaluated under varying demand conditions by 

introducing sudden load-switching events in the medium- voltage network. In this scenario, the responses of the 

BESS-fed inverter operating under grid-following (GFL) and grid- forming (GFM) control strategies are compared 

during a step increase in load demand, as illustrated in Fig. 9. 

 

The simulation results indicate that the BESS inverter employing GFM control responds significantly faster to load 

variations than the GFL-controlled inverter. Upon a sudden increase in demand, the GFM-based BESS promptly 

supplies the required active and reactive power, thereby supporting system stability. The voltage profile is restored 

within approximately 100 ms, while frequency regulation is achieved within 200ms. In contrast, the GFL-controlled 

inverter exhibits a slower dynamic response and larger transient deviations. These observations highlight the superior 

capability of GFM control in maintaining voltage and frequency stability during abrupt load changes in grid-connected 

operation. 

 

Case 3: Grid Outage and Transition to Islanded Operation 

 

This case study examines the system behavior during a grid outage that forces the micro-grid to operate in islanded 

mode. A three-phase fault is applied on the grid side at 1.5 s, and the response of the BESS equipped with a GFM 

inverter is analyzed during the transition and subsequent islanded operation. 

 

The simulation results demonstrate that the GFM-controlled BESS successfully assumes the role of grid support by 

supplying the necessary power to meet the medium-voltage load demand in islanded mode. The system exhibits a 

rapid dynamic response, with voltage and frequency stabilization achieved within approximately 60 ms, while 

remaining within the acceptable limits prescribed by IEEE standards. Furthermore, during and after the fault, the 

GFM-based control significantly reduces switching transients and enables faster settling of system variables compared 

to the GFL-controlled approach. These results confirm the effectiveness of GFM inverter control in enhancing micro-

grid resilience and ensuring stable operation during grid outages and fault conditions. 
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Fig 9. Waveforms of the GFL, GFM & Solar Power. 

 

Figure 9 illustrates the dynamic power flow characteristics of the micro-grid comprising a solar PV source, a battery 

energy storage system (BESS), and time-varying loads. The set of waveforms highlights the coordinated interaction 

among generation, storage, and demand under changing operating conditions. 

 

The PV power waveform remains nearly constant throughout the simulation, indicating stable solar generation. This 

behavior suggests that the PV system is operating either under constant irradiance conditions or with a fixed active 

power reference imposed by the control strategy. The absence of noticeable fluctuations confirms that the PV output is 

largely decoupled from short-term load variations and does not directly participate in fast power balancing during 

transient events. 

 

In contrast, the BESS power waveform exhibits clear charging and discharging dynamics, reflecting its role as the 

primary balancing resource in the micro-grid. During periods when the load demand exceeds the available PV 

generation, the battery delivers power to the system, as indicated by negative power values corresponding to 

discharging operation. As the system reaches steady-state conditions or when excess PV power becomes available, the 

BESS transitions into charging mode, absorbing surplus energy. The smooth rise and subsequent settling of the battery 

power demonstrate the effectiveness of the control algorithm in regulating power flow while maintaining voltage and 

frequency stability. 

 

Fig 10. Cont. 

 

The Fig 10.Load power waveform shows distinct step changes corresponding to load switching events. At specific time 

instants (approximately 0.8 s, 1.2 s, and 1.9 s), the load demand drops sharply to near zero before being reconnected, 

representing load shedding and restoration scenarios. These abrupt changes introduce transient disturbances in the 

system, leading to temporary oscillations in the power signals. When the load increases suddenly, the total power 

demand rises sharply, prompting an immediate response from the BESS to maintain system balance. Conversely, 

during load reduction, the PV generation momentarily exceeds the demand, causing the BESS to absorb the excess 

power. Overall, the waveforms in Fig. 9 demonstrate effective coordinated power sharing within the micro-grid. The 

PV system provides steady generation, while the BESS dynamically compensates for load fluctuations, ensuring 

smooth power transitions and stable system operation under varying demand conditions. 
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RESULT 

 

Irradiation Wind Speed PV Power Wind 

Power 

GFM 

inverter 

Power 

100 5 0.2 MW 15 MW 30 MW 

200 5 1.6 MW 15 MW 28 MW 

300 5 3.3 MW 15 MW 28 MW 

400 5 5 MW 15 MW 28 MW 

500 5 7 MW 15 MW 28 MW 

600 5 9 MW 15 MW 27 MW 

700 5 11 MW 15 MW 28 MW 

800 5 13 MW 15 MW 28 MW 

900 5 38 MW 15 MW 20 MW 

1000 5 50 MW 15 MW 10 MW 

Table 1: Effect of Wind speed on PV, Wind & GFM Power. 

 

This Table 1 represents how the total power generation of a hybrid renewable energy system changes with different 

levels of solar irradiation while keeping the wind speed constant. As irradiation increases from 100 W/m² to 1000 

W/m², the PV power output rises significantly, demonstrating the direct relationship between sunlight intensity and 

photovoltaic generation. For example, at low irradiation of 100 W/m², the PV system generates only 0.2 MW, but as 

irradiation reaches 1000 W/m², the PV output increases sharply to 50 MW. Throughout all these irradiation levels, the 

wind speed remains constant at 5 m/s, which means the wind turbine delivers a steady wind power output of 15 MW at 

every operating point. This constant wind contribution acts as a stable base power source in the hybrid system. 

 

The GFM (Grid Forming) inverter power changes dynamically with increasing solar PV output. At low irradiation 

levels, the GFM inverter needs to inject more power to maintain system voltage and frequency support— evident from 

the high value of 30 MW when irradiation is only 100 W/m². As PV generation rises (e.g., 1.6 MW at 200 W/m² or 5 

MW at 400 W/m²), the GFM power requirement reduces slightly and stabilizes around 28 MW, showing that the 

inverter supplies supportive power only to fill the gap between renewable generation and load/grid demands. At very 

high irradiation levels, when PV generation becomes extremely large such as 38 MW at 900 W/m² and 50 MW at 1000 

W/m², the renewable sources contribute more than enough to meet system needs. As a result, the GFM inverter output 

drops significantly to 20 MW at 900 W/m² and further to 10 MW at 1000 W/m², since the system no longer requires 

large compensating power from the inverter. 

 

Overall, the table illustrates the coordinated behavior of hybrid renewable sources: PV power increases with 

irradiation, wind power remains constant due to fixed wind speed, and GFM inverter power decreases as PV 

contribution becomes dominant, balancing the micro-grid and ensuring stable operation across different renewable 

energy conditions. 

 

Irradiation Wind Speed PV Power Wind 

Power 

GFL 

inverter 

Power 

800 6 13 MW 16 MW 28 MW 

800 7 13 MW 18 MW 27 MW 

800 8 13 MW 20 MW 27 MW 

800 9 13 MW 22 MW 26 MW 

800 10 13 MW 25 MW 26 MW 

800 11 13 MW 28 MW 20 MW 

800 12 13 MW 32 MW 20 MW 

800 13 13 MW 40 MW 18 MW 

800 14 13 MW 45 MW 17 MW 

800 15 13 MW 50 MW 16.5 MW 

Table 2: Effect of Irradiation on PV, Wind & Power. 
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The Table 2 illustrates the operational behavior of the hybrid renewable energy system when the solar irradiation is 

maintained at a constant level of 800 W/m². Under this condition, the photovoltaic (PV) system delivers a fixed power 

output of 13 MW across all operating points, indicating stable solar generation due to unchanged irradiance. 

 

As the wind speed increases from 6 m/s to 15 m/s, the wind power output rises significantly, reflecting the nonlinear, 

approximately cubic relationship between wind speed and turbine power. At a wind speed of 6 m/s, the wind turbine 

produces 16 MW, which increases progressively with wind speed, reaching 25 MW at 10 m/s and 32 MW at 12 m/s. A 

more pronounced increase occurs at higher wind speeds, where wind generation rises to 40 MW at 13 m/s and attains a 

maximum of 50 MW at 15 m/s. This increase in wind power substantially enhances the total renewable contribution to 

the micro-grid. 

 

In response to the growing wind generation, the power output of the grid-following (GFL) inverter decreases 

gradually. At lower wind speeds, the inverter supplies a higher level of support to compensate for limited renewable 

generation, delivering 28 MW at 6 m/s. As wind power increases, the inverter contribution reduces to approximately 

27 MW at moderate wind speeds and further declines to 26 MW at 9–10 m/s. Beyond this point, a sharper reduction is 

observed, with the inverter output dropping to 20 MW at 11–12 m/s and decreasing further to 18 MW, 17 MW, and 

finally 16.5 MW at the highest wind speeds. 

 

Overall, these results demonstrate that the GFL inverter operates as a balancing resource within the micro-grid. It 

provides greater power support when renewable generation is low and progressively reduces its contribution as wind 

power becomes dominant, thereby ensuring stable and reliable micro-grid operation under constant solar irradiation 

conditions. 

 

III. CONCLUSION 

 

In this work, grid-forming inverter-based control is developed and implemented in a solar PV system- and BESS- 

integrated micro grid network. The proposed model is tested under different operating conditions: varying solar 

irradiation, varying demand conditions, islanded mode and grid faults. The GFM-based inverter control provides an 

immediate response to the system and reduces switching transients, maintaining the reliability and stability of the 

system. The FRT capability is incorporated in the control of GFL and GFM inverters, and the system performances are 

compared. It is understood from the results under different test conditions that GFM control offers increased voltage 

and frequency stability. The proposed control strategy for renewable-fed inverters achieves a lower rate of change of 

frequency under system disturbances. The GFM-based inverter control achieves a reduced current limit, and the steady 

state is achieved quickly, which leads to increased fault-clearing time. In the future works, the authors will concentrate 

on the development of implementing soft computing approaches for GFM-based inverter control. The GFM based 

inverter control will be studied in terms of the transient and small signal stability of the system. 
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