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ABSTRACT 

Renewable energy microgrids (RE-MGs) have become a cornerstone technology in modern 
power systems to address energy security, environmental constraints, and rising global electricity 
demand. Their hybrid architecture, incorporating distributed renewable energy resources (RERs) 
together with advanced controls and storage technologies, enables resilience, reduced emissions, 
and improved flexibility. This article provides a concise technical review of conventional 
microgrid topologies, transitions to smart microgrids, and emerging digital-twin-enabled 
frameworks. Drawing from recent literature review, this article highlights key architectural 
features, operational strategies, cyber-physical integration, and future directions for intelligent 
renewable energy microgrid systems. 
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INTRODUCTION 

Increasing environmental concerns and the rapid adoption of distributed renewable energy 
resources are transforming traditional power systems. Conventional centralized grids face 
challenges such as transmission losses, grid congestion, and vulnerability to disturbances. 
Microgrids—localized energy networks integrating distributed generation, storage, and loads—
offer a promising solution by allowing both grid-connected and islanded operation modes [1,2]. 
Their ability to enhance reliability and integrate renewable energy makes them suitable for remote 
communities, industrial facilities, and future smart cities [3,4]. 

The evolution of microgrids extends beyond basic renewable integration. Emerging smart 
microgrids incorporate sensors, communication infrastructure, internet of things connectivity, and 
advanced control algorithms [5,6]. Digital twin (DT) technology further extends capabilities by 
enabling real-time synchronization between physical microgrids and virtual models, supporting 
predictive maintenance, optimization, and fault diagnosis [7,8]. This article consolidates these 
developments, referencing key findings from recent literature.     

This article synthesizes microgrid architecture review and a digital-twin-enabled microgrid 
review. Key topics—such as microgrid topologies, distributed generation, storage technologies, 
smart grid features, cyber-physical integration, and digital twin architectures. 
 
MICROGRID ARCHITECTURES 

Microgrids typically comprise distributed generators (solar photovoltaic (PV), wind turbines, 
microturbines), energy storage systems, and load centers arranged in AC, DC, or hybrid AC–DC 
configurations. AC microgrids (Figure 1(a)) integrate well with existing grids but require power 
electronics for DC-based renewable systems. DC microgrids (Figure 1(b)) reduce conversion losses 
and are increasingly suitable for high-efficiency PV-battery systems. Hybrid AC–DC microgrids 
combine both advantages, providing greater flexibility and adaptability [1,3]. 
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(a)                                                                                 (b) 

Figure 1: The architecture of microgrids based on renewable energy sources, (a) AC microgrid, (b) 
DC microgrid. 
 
ENERGY STORAGE AND POWER MANAGEMENT 

Energy storage mitigates intermittency in renewable sources. Batteries, supercapacitors, and 
hydrogen systems enable load shifting, peak shaving, and frequency regulation. Advanced energy 
management systems (EMS) use rule-based, predictive, and optimization-based algorithms to 
coordinate power flows [4,9-11]. 
 
SMART MICROGRID FEATURES 

Smart microgrids leverage bidirectional communication, automated monitoring, and demand-
side management. Communication standards and cyber-physical security frameworks play key 
roles in ensuring system resilience [12,13]. Smart microgrids also support dynamic pricing, real-
time monitoring, and distributed decision-making. Smart grid architecture is made up of 
numerous components and technologies that work together to provide a dependable, intelligent, 
and effective electrical grid infrastructure. Figure 2 depicts the integration of smart grid 
components. 

 

 
Figure 2: The integration of smart grid components. 

 
DEMAND-SIDE MANAGEMENT AND ENERGY MANAGEMENT SYSTEMS 

Demand-Side Management (DSM) aims to reshape load profiles by encouraging consumers to 
shift consumption from peak to off-peak periods. This improves load factor, reduces operational 
costs, and stabilizes grid performance. EMS, often optimization-driven, coordinate power flow 
between generation units, storage devices, and loads. Methods such as rule-based scheduling, 
heuristic algorithms, and evolutionary optimization are widely investigated to improve 
operational efficiency. 
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DIGITAL TWIN-ENABLED MICROGRIDS 
DT frameworks create a virtual-replica environment capable of simulating, predicting, and 

optimizing microgrid operation. DT-enabled microgrids support enhanced fault detection, 
predictive maintenance, and optimization under varying load and generation scenarios [7,8,14,15]. 
They also strengthen cybersecurity through continuous anomaly detection and modeling of cyber-
physical interactions [13]. As shown in Figure 3, microgrids without DT technology had various 
shortcomings, such as high maintenance costs and time, poor real-time performance, lack of 
intelligence in operation, and imprecise predictions. 

 
Figure 3: The illustration of before and after using digital twin technology within microgrid. 

 
CHALLENGES AND FUTURE PROSPECTS 

Despite their advantages, renewable energy microgrids face several ongoing challenges. 
Technical obstacles include the need for robust control strategies capable of handling multiple 
energy sources, varying load profiles, and real-time uncertainties. Policy and regulatory barriers 
vary across regions and can hinder widespread adoption. Economic considerations remain 
significant, as high initial investment and long payback periods deter deployment. Furthermore, 
cybersecurity threats are increasing as microgrids rely more heavily on digital communication 
networks. DT-enabled microgrids face additional issues such as data availability, model accuracy, 
and computational demands. Future directions include integrating AI, blockchain-secured energy 
trading, and autonomous control architectures [16,17]. 
 
CONCLUSION 

Renewable energy microgrids are transforming traditional power systems into intelligent, 
decentralized, and resilient networks. Smart microgrids and digital twin technologies represent 
the next major evolution, enabling advanced monitoring, predictive analytics, and real-time 
optimization. Continued innovation is essential for enabling flexible, sustainable, and secure 
future power systems. 

 
ACKNOWLEDGEMENT 

The authors acknowledge all contributors and supporting organizations involved in advancing 
renewable energy microgrid research, and this work was funded by the Ministry of Higher 
Education under the Fundamental Research Grant Scheme (FRGS/1/2023/TK08/UTM/02/43). 

 
REFERENCE 
[1]  L. Mariam, M. Basu, and M. F. Conlon, “Microgrid: Architecture, policy and future trends,” 

Renewable and Sustainable Energy Reviews, vol. 64, pp. 477–489, 2016. 
[2]  S. Choudhury, “A comprehensive review on issues, investigations, control and protection 

trends, technical challenges and future directions for Microgrid technology,” Int. Trans. Electr. 
Energy Syst., vol. 30, no. 9, pp. 1–16, 2020. 



 13 

[3]  S. Shahzad et al., “Possibilities, Challenges, and Future Opportunities of Microgrids: A 
Review,” Sustain., vol. 15, no. 8, 2023. 

[4]  M. M. Rana et al., “A Review on Peak Load Shaving in Microgrid—Potential Benefits, 
Challenges, and Future Trend,” Energies, vol. 15, no. 6, 2022. 

[5]  Q. Xue et al., “A Comprehensive Review on Classification, Energy Management Strategy, and 
Control Algorithm for Hybrid Electric Vehicles,” Energies, vol. 14, 2020. 

[6]  H. Borhanazad et al., “Optimization of micro-grid system using MOPSO,” Renewable Energy, 
vol. 71, pp. 295–306, 2014. 

[7]  T. Liu, Y. Song, L. Zhu, and D. J. Hill, “Stability and control of power grids,” Annu. Rev. Contr. 
Robot. Autonom. Syst., vol. 5, pp. 689–716, May 2022. 

[8]  M. Liu, S. Fang, H. Dong, and C. Xu, “Review of digital twin about concepts, technologies, 
and industrial applications,” J. Manuf. Syst., vol. 58, pp. 346–361, January 2021. 

[9]  A. Bukar et al., “A rule-based energy management scheme for long-term optimal capacity 
planning of grid-independent microgrid,” Energy Conversion and Management, vol. 221, 
2021. 

[10]  S. N. Makhadmeh, A. T. Khader, M. A. Al-Betar, S. Naim, A. K. Abasi, and Z. A. A. Alyasseri, 
“A novel hybrid grey wolf optimizer with min-conflict algorithm for power scheduling 
problem in a smart home,” Swarm Evol. Comput., vol. 60, no. November 2020, p. 100793, 2021. 

[11]  A. H. Alghtani, V. Tirth, and A. Algahtani, “Lens-oppositional duck pack algorithm based 
smart home energy management system for demand response in smart grids,” Sustain. 
Energy Technol. Assessments, vol. 56, no. January, p. 103112, 2023. 

[12]  K. Demertzis et al., “Communication Network Standards for Smart Grid Infrastructures,” 
Network, vol. 1, no. 2, pp. 132–145, 2021. 

[13]  J. C. Olivares-Rojas, E. Reyes-Archundia, J. A. Gutierrez-Gnecchi, I. Molina-Moreno, J. Cerda-
Jacobo, and A. Mendez-Patino, “Towards cybersecurity of the smart grid using digital twins,” 
IEEE Internet Comput., vol. 26, no. 3, pp. 52–57, June 2022. 

[14]  P. Yu, L. Ma, R. Fu, Y. Liang, D. Qin, J. Yu, “Framework design and application perspectives 
of digital twin microgrid,” Energy Rep., vol. 9, pp. 669–678, September 2023. 

[15]  H. Bai and Y. Wang, “Digital power grid based on digital twin: definition, structure and key 
technologies,” Energy Rep., vol. 8, pp. 390–397, September 2022. 

[16]  S. Suryanarayanan, S. Puradbhat, V. Bhavaraju, P. Balasubramanian, A. Kapoor, and L. C. 
Zhang, “The microgrid controller: an empowering technology at the grid edge: realizing 
benefits from microgrids via sequential de-risking of controller technology,” IEEE Power 
Energy Mag., vol. 22, no. 2, pp. 78–89, March 2024. 

[17]  A. Ma and L. Hao, “Green energy sustainable development through the implementation of 
modernized energy framework in digital twin: a comprehensive analysis of the current state 
and future potential,” Sustain. Energy Technol. Assess., vol. 64, p. 103681, April 2024. 

 
 
 
 
 


