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Abstract. The growing integration of inverter-based resources (IBRs) such as solar photovoltaic
(PV) systems and energy storage systems (ESS) is changing the dynamics of modern power
grids. As renewable energy resources (RERs), such as solar PV systems, become more
widespread, traditional power grids with mechanical inertia are being replaced, leading to
significant challenges in maintaining grid stability due to reduced inertia. Despite various
research on integrating microgrid technologies, there is still a lack of studies that look at the grid
performance during a disturbance in a weak grid environment. To address such challenges, this
paper proposes a hybrid technique that integrates grid-forming (GFM) and grid-following (GFL)
inverter control within solar-powered microgrid systems in grid-connected and islanded modes.
The proposed approach allows the inverter-based islanded microgrid to operate effectively
during the absence of support from the utility grid. Thereby stabilizing frequency and voltage
under disturbances even during low-inertia conditions. Simulation studies have been carried out
to evaluate the capability of the integrated GFM and GFL in maintaining grid performance and
enhancing the system during different conditions. The results highlight the potential of the hybrid
GFM-GFL control system in reducing frequency deviations and voltage fluctuation.

1. Introduction

The grid-integrated systems evolved towards the interest in renewable generation, particularly solar
power, which has become a significant player in global electricity generation due to its sustainability
and abundance. However, such renewable resources introduce additional complexity and significant
challenges in maintaining voltage and frequency stability due to the reduction of mechanical inertia [1],
[2]. Therefore, the growing importance of smart grids underscores the need for advanced control
strategies that allow prosumers to participate in real-time energy management including the balance of
supply and demand. In this regard, efficient inverter control algorithms are essential for managing IBRs,
ensuring consistent and reliable energy exchange between microgrids. Inverter-based microgrid systems
differ fundamentally from traditional synchronous generators, which provide rotational inertia. Without
this inertia, microgrids powered by solar PV systems become more vulnerable to frequency deviations
during disturbances. It has been proven [ 1] — [4] that the emergence of GFM and GFL inverters is crucial
for maintaining grid-integrated stability. GFM inverters emulate the behavior of traditional generators,
allowing them to operate independently and provide fast frequency response and voltage regulation,
especially in off-grid or weak-grid scenarios. On the other hand, GFL inverters are used to synchronize
with the power grid via a phase-locked loop (PLL). Various control techniques have been proposed to
improve the system stability and reliability of microgrids considering the impact of high penetration of



renewable generation. Some of them focused on energy management of hybrid renewable systems using
fuzzy logic [5] and Artificial intelligence [6]. The smooth switching control strategy developed in [2]
for photovoltaic grid-connected converters considers high renewable energy penetration. The authors in
[7] investigated the challenges associated with the intermittent nature of solar PV generation and the
lack of inertia that can cause frequent and wide fluctuations in system strength, posing operational and
technical challenges. Power generation or demand changes can lead to frequency and voltage
fluctuations that the grid infrastructure may struggle to manage, especially in low-inertia scenarios and
high renewable energy integration. The energy router concept based on the fuzzy approach proposed in
[8] can make PV sets reliable for power grid support using efficient decentralized energy management.
Although numerous studies were carried out toward developing control strategies for GFM and GFL,
the adaptability of these techniques, particularly in addressing the dynamic nature of renewable energy
generation, has not been fully developed. There remains a gap in the seamless integration of energy
storage, inverter control, and uncertain or real-time nature of RERs in low-inertia environment.
Addressing this gap is crucial for ensuring reliable and efficient grid performance in the evolving energy
landscape. Accordingly, this paper proposes a hybrid control strategy that leverages the benefits of both
GFM and GFL inverters in maintaining the quality and reliability of the grid performance, even during
low inertia conditions.

2. Dynamic framework of integrated inverter-based resources

The voltage sourced converters are usually used with isolated transformers to integrate renewable
generation into the power grid. Regarding the control approach, three types of power converters are used
to connect distributed generation units. In the first type phase angle and current are controlled while in
the second type the frequency and voltage magnitude are controlled. The third type is the grid supporting
inverter in which active and reactive power is controlled [8]. The GFM microgrid operates in off-grid
mode, functioning independently without support from the utility grid, whereas the GFL microgrid
remains connected to the utility grid, as its control approach relies on grid stability for maintaining
frequency and voltage. The analysis of the simultaneous operation of two microgrids GFM and GFL is
well documented in the literature. Generally, the GFM inverter control shows the ability to stabilize the
microgrid independently in off-grid scenarios, making it operate sustainably identical to the operation
of a microgrid in grid-connected mode when using GFL inverter control. The structure of an inverter-
based grid-connected microgrid typically consists of solar PV, ESS, and inverters as shown in Fig. 1.
The following subsection briefly discusses microgrid operation in different schemes, mainly GFM (off-
grid), GFL (grid-connected), and hybrid GFM-GFL.
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Figure 1: Structure of hybrid GFM-GFL for integrated inverter-based resources



2.1. Microgrid operation based on hybrid GFM-GFL

This study enhances the operation of inverter-based resources (Fig. 1) for GFL and GFM systems in
grid-connected and islanded modes. Traditional control strategies, as outlined in subsections (2.2 and
2.3), are applied to assess their effectiveness under different operational conditions. Further, the
integrated control of grid-forming and grid-following (GFM-GFL) in low-inertia environments is
proposed to improve the system performance mainly during disturbances. With this aim, the hybrid
control of GFM-GFL is introduced to allow the GFL microgrid to rely on the GFM microgrid as a source
of the reference parameters such as the traditional utility grid during off-grid mode. The proposed
approach has been investigated to ensure that the power balance in Eq. (1) can be maintained during
steady and unsteady state circumstances, which is a benchmark to measure the proposed scheme’s
robustness. Pg,iq (t) represents the power from the utility grid at time (t). Prgg(t) is the generated power
from renewables such as solar PV and Pgg¢(t) is the power from energy storage.

Pgria ) + Prer @) + PESS(t) = Proaa ®) + Pross ®) (D

2.2. Grid-forming architecture

GFM inverters emulate the behavior of synchronous generators, providing frequency and voltage
support. Fig. 2 illustrates the microgrid structure with grid-forming based on the droop control
mechanism. The most common GFM control method is droop control in which the inverter regulates
frequency and voltage based on the change in power imbalances. Droop control allows GFM inverters
to operate autonomously in off-grid or weak-grid conditions by mimicking the behavior of conventional
synchronous generators. It adjusts system frequency and voltage in response to changes in active and
reactive power, as shown in Egs. (2) and (3) [7], [9]. In these equations, w and w™* represent the actual
and nominal frequencies, while V; and V;* represent actual and nominal voltages. The control is further
influenced by the system's active and reactive power outputs, P; and Q;.
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Figure 2: Microgrid structure with grid-forming

2.3. Grid-following architecture

GFL inverters operate differently from generator control and GFM inverters, they normally rely on PLL
to detect the grid voltage angle and adjust the phase shift of inverter currents to deliver the desired active
and reactive power [10]. This ensures that the inverter can follow the grid's frequency and voltage in
grid-connected scenarios. In this sense, the current vector control (CVC) is a key strategy for PV
inverters, managing current and frequency [2]. This technique uses the PQ control for the outer loop to
regulate the active and reactive power injected into the grid as depicted in Fig. 3 [3], [11], [12]. The
measured voltage and frequency of the grid side are fed as inputs to the GFL-based inverter control
algorithm. The active and reactive power control can be expressed by Egs. (4) —(7) [2], [11].
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where, k is the droop coefficient of the GFL controller, Pr.r and Qs are the reference active and
reactive power, representing the reserve operating point, w, and w are the angular nominal and actual
frequencies, V; and V.4 are the nominal and actual voltage values measured at the point of common
coupling (PCC). P and Q are active and reactive power references formed by the CVC, igrer and igres
are the output currents to be injected into the inner current loop [1], [3], [7]-
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Figure 3: Microgrid structure with grid-following

2.4. Hybrid GFM-GFL architecture

In the hybrid GFM-GFL configuration, the microgrid operates independently without relying on the
utility grid's mechanical inertia. This hybrid approach leverages the strengths of both GFM and Grid-
Following (GFL) inverters. Here, the GFM inverter control in a microgrid regulates frequency and
voltage autonomously in off-grid mode, ensuring stability during islanding mode as mentioned in
subsection 2.2. The GFL inverter, which depends on the grid for stability, operates efficiently in grid-
connected mode but struggles when islanded. In the hybrid GFM-GFL, the GFM control method remains
the same. However, the GFL control technique is modified as in the set of equations presented in Egs.
(8) = (11) to follow the pre-disturbance reference parameters of GFM rather than the parameters of GFL
control, that can be obtained from the power grid. The hybrid design provides reliable microgrid
operation in the islanding mode, making the system resilient to outages and grid instability.
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3. Results and discussion

The microgrid was evaluated during steady state and load disturbance to analyze the behaviors of GFM
and GFL inverter capabilities and demonstrate the effectiveness of the hybrid GFM-GFL scheme. Fig.
4a shows that GFM converter control can regulate frequency around 50Hz independently without



relying on the utility grid. In addition, the voltage profile shown in Fig. 4b indicates that GFM and GFL
microgrid keep the voltage stable (around 240V) with minimal deviation even under off-grid mode.
Further, to observe how the control of microgrids respond during abnormal conditions, load disturbance
was introduced by adding and removing S0kW at 6s and 8s respectively. The reaction of GFM and GFL
control under sudden load disturbances is depicted in Fig. 4c and Fig. 4d. As seen in Fig. 4c, the GFM
inverter control can maintain a stable frequency (around 50Hz) without grid support. Likewise, the
voltage profile in Fig. 4d shows that both GFM and GFL maintain voltage in the range of 240V with
minimal deviation. This reveals that GFM can maintain a steady voltage even under off-grid mode,

highlighting a robust performance autonomously.
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Figure 4: Microgrids operation during (a & b) Steady state; (¢ & d) Disturbances

Fig. 5a and Fig. 5b present the results of the hybrid GFM-GFL control under two scenarios. At 2-Sec, a
50-kW load was injected into the microgrid and then removed at 3-Sec. The results demonstrate that the
GFM inverter quickly stabilized both frequency and voltage, despite the abrupt load changes,
highlighting its effectiveness in maintaining system stability. During such disturbances, the GFM
microgrid supports the GFL microgrid, ensuring system resilience and maintaining voltage and
frequency with acceptable levels across the hybrid system without grid support.
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Figure 5: Hybrid GFM-GFL performance (a) Frequency; (b) Voltage

4. Conclusions
This paper has analyzed the performance of microgrids with GFM, GFL and hybrid GFM-GFL under
both steady-state conditions, and load disturbances. The GFM control technique, even in off-grid mode,



demonstrated its ability to independently regulate frequency and maintain voltage stability comparable
to the GFL microgrid, which relies on utility grid support. Both systems maintained a stable frequency
and voltage (around 50 Hz and 240 V), indicating effective control strategies for each microgrid control
scheme. The hybrid GFM-GFL configuration demonstrated the ability to limit frequency deviations to
within 5% and voltage fluctuations to just 0.63% during load disturbances, even without utility grid
support. Future research will explore real-time energy management solutions and the integration of
intelligent control mechanisms in microgrids, leveraging cloud computing to manage the variability and
uncertainty inherent in renewable energy generation. This approach aims to enhance decision-making
capabilities and improve system resilience in dynamically changing grid environments.

Acknowledgements
The authors gratefully acknowledge the support of the Ministry of Higher Education (Malaysia) under
the Fundamental Research Grant Scheme (FRGS/1/ 2021/TK0/UNIMAS/02/3).

References

[1] R. H. Lasseter, Z. Chen, and D. Pattabiraman, “Grid-Forming Inverters: A Critical Asset for the
Power Grid,” IEEE J Emerg Sel Top Power Electron, vol. 8, no. 2, pp. 925-935, Jun. 2020. doi:
10.1109/JESTPE.2019.2959271.

[2] W.Wang, K. Sun, K. J. Li, Y. Dong, Z. Zhang, and Y. Sun, “Smooth switching control strategy
with complete process of frequency support for photovoltaic grid-connected converter,”
International Journal of Electrical Power and Energy Systems, vol. 151, Sep. 2023. doi:
10.1016/].ijepes.2023.109177.

[3] X. Gao, D. Zhou, A. Anvari-Moghaddam, and F. Blaabjerg, “A Comparative Study of Grid-
Following and Grid-Forming Control Schemes in Power Electronic-Based Power Systems,”
Power Electronics and Drives, vol. 8, no. 1, pp. 1-20, Jan. 2023. doi: 10.2478/pead-2023-0001.

[4] R. Rosso, X. Wang, M. Liserre, X. Lu, and S. Engelken, “Grid-Forming Converters: Control
Approaches, Grid-Synchronization, and Future Trends - A Review,” 2021, Institute of Electrical
and Electronics Engineers Inc. doi: 10.1109/0J1A.2021.3074028.

[5] B.Liu,B. Zhu, Z. Guan, C. Mao, and D. Wang, “Energy router interconnection system: A solution
for new distribution network architecture toward future carbon neutrality,” Energy Conversion
and Economics, vol. 3, no. 4, pp. 181-200, Aug. 2022. doi: 10.1049/enc2.12062.

[6] M. Talaat, M. H. Elkholy, A. Alblawi, and T. Said, “Artificial intelligence applications for
microgrids integration and management of hybrid renewable energy sources,” Artif Intell Rev,
Sep. 2023. doi: 10.1007/s10462-023-10410-w.

[7] D. B. Rathnayake et al., “Grid Forming Inverter Modeling, Control, and Applications,” IEEE
Access, vol. 9, pp. 114781-114807, 2021. doi: 10.1109/ACCESS.2021.3104617.

[8] Ahmed M. A. Haidar, F. Ramli, and A. Helwig, “Analysis of Grid-connected Solar PV System
Operation based on Energy Router Concept,” in 2022 7th IEEE Workshop on the Electronic Grid,
eGRID 2022. doi: 10.1109/eGRID57376.2022.9990021.

[9] Z.Majd and M. Kalantar, “A novel cost-effective voltage fluctuations management in a droop-
controlled islanded microgrid,” IET Renewable Power Generation, vol. 17, no. 2, pp. 317-335,
Feb. 2023. doi: 10.1049/rpg2.12599.

[10] Ahmed M. A. Haidar, Norhuzaimin Julai, “An improved scheme for enhancing the ride-through
capability of grid-connected photovoltaic systems towards meeting the recent grid codes
requirements”’, Elsevier, Energy for Sustainable Development, 50, 38-49, 2019.
doi.org/10.1016/j.esd.2019.02.007.

[11] V.V.Babu,J. P. Roselyn, C. Nithya, and P. Sundaravadivel, “Development of Grid-Forming and
Grid-Following Inverter Control in Microgrid Network Ensuring Grid Stability and Frequency
Response,” Electronics, vol. 13, no. 10, May 2024. doi: 10.3390/electronics13101958.



