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Summary of Work Package 4, Action 4.2 – Renewable Energy Systems for Microgrids
Overview and Objectives
This report focuses on developing a comprehensive framework for analyzing and configuring renewable energy (RE) systems within microgrids. Specifically, Action 4.2 deals with the technical definition of system configurations—covering both power circuit design and control strategies—for integrating renewable energy sources (RESs) with heating and cooling systems, especially heat pumps (HPs).
The central goal is to identify optimal configurations of converters, controllers, and sources that maximize system efficiency, stability, and cost-effectiveness. This involves:
· Selecting RESs based on the renewable potential of each pilot site.
· Choosing converter topologies suited to each energy source (PV, wind, storage) and to HP load requirements.
· Optimally sizing power circuits to balance production and consumption.
· Defining control strategies that ensure reliable and efficient microgrid operation.
Background: The Need for Renewable Heating Systems
Heating and cooling together account for nearly half of Europe’s total energy consumption, with the residential sector consuming around two-thirds of that. Yet less than a third of this energy currently comes from renewable sources. This imbalance highlights the urgent need for low-carbon heating technologies.
Heat pumps are a key technology in this transition because of their high efficiency and compatibility with renewable electricity from solar photovoltaics (PV) and wind turbines (WT). By transferring heat rather than generating it directly, HPs can deliver several units of heat for each unit of electricity consuming making them much more efficient than resistive heating. When powered by renewable electricity, they offer significant carbon savings.
However, integrating intermittent renewable sources with heat pumps requires advanced power electronic converters to manage energy flows, convert voltages, and stabilize system operation. These include AC-DC rectifiers, DC-DC converters, DC-AC inverters, and bidirectional converters for storage. The challenge lies in selecting the right converter combinations for each hybrid setup to ensure both technical performance and economic viability.
Hybrid Renewable Energy Systems
Modern microgrids increasingly use hybrid configurations, combining PV, wind, and battery energy storage systems (BESS) connected via a common DC bus.
· PV systems typically connect through DC-DC converters that include Maximum Power Point Tracking (MPPT) to optimize energy extraction.
· Wind turbines interface through AC-DC rectifiers, often followed by a DC-DC boost stage.
· Batteries use bidirectional converters to charge or discharge depending on system needs.
· AC loads, such as conventional HPs, require DC-AC inverters.
These modular DC-based architectures enable efficient energy management, scalability, and integration with different load types, making them ideal for resilient and flexible microgrids.
Despite significant progress, few studies have focused specifically on converters tailored to heat pumps powered by renewable sources. The GREAH research team addressed this gap through a detailed review of converter topologies for HP integration within renewable microgrids, forming the technical foundation for this report.
Climate and Site Analysis
To tailor designs to real-world conditions, climate data were collected for five pilot sites:
· Middelfart (Denmark)
· Grieneko–Baard (Netherlands)
· Firma Van Buiten, Delft (Netherlands)
· Stad Mechelen (Belgium)
· Le Cano, Ouistreham (France)
Analysis of temperature, solar irradiance, and wind profiles led to recommendations for the most suitable energy sources per site. All sites showed good potential for solar PV, while most also supported wind generation and battery storage. Stad Mechelen was the only site with limited wind potential.
This climate-driven approach ensures each microgrid configuration is optimized for its local renewable resource mix.

Converter Topologies: Research Findings
1. DC-DC Converters (for PV and Wind Sources)
Because PV panels and small wind turbines typically produce low DC voltages (12–70 V), high-step-up DC-DC converters are required to reach microgrid bus voltages of 200–400 V. Both non-isolated and isolated types were analyzed.
· Non-isolated topologies (e.g., boost, SEPIC, Cuk, Zeta) are simple but have limited voltage gain. Newer versions—such as interleaved or multilevel converters—improve reliability and reduce stress on components.
· Isolated topologies (e.g., flyback, full-bridge, resonant, or dual-active bridge converters) provide galvanic isolation for safety and are better suited to higher voltages or grid-connected systems.
The study compared efficiency, controllability, cost, and complexity. The best-performing topologies reached 95–96% efficiency, using innovations like soft-switching (to reduce power losses), coupled inductors, and voltage multipliers. Two of the most promising designs were selected for modeling within the hybrid system.
2. Bidirectional Converters (for Battery Energy Storage Systems)
To balance fluctuating renewable generation, BESS units are critical. They smooth DC bus voltage, store excess energy, and discharge during demand peaks. This requires bidirectional DC-DC converters (BDCs) that can operate in both directions.
The team evaluated both non-isolated (buck-boost, SEPIC, interleaved) and isolated (dual-active bridge, resonant) topologies.
· Dual-active bridge converters were noted for their high efficiency and suitability for higher power levels.
· Interleaved and resonant converters offered improved thermal performance and reduced current ripple.
A buck-boost configuration was retained for implementation due to its simplicity, flexibility, and proven stability for medium-power applications.
3. AC-DC Converters (for Wind Turbines)
For wind turbines, variable-frequency AC output must be rectified to DC.
· Uncontrolled rectifiers (diode-based) are inexpensive but cannot regulate voltage.
· Controlled PWM rectifiers allow better power quality and voltage control.
The two-level voltage source converter (2L-VSC) was chosen as the baseline due to its efficiency, maturity, and suitability for turbines under 750 kW. In some cases, multilevel variants (e.g., NPC) may offer higher quality at greater complexity.
4. DC-AC Converters (for AC-driven Heat Pumps)
As many HPs use AC compressors, a DC-AC inverter is needed on the load side. The team examined multilevel inverter (MLI) architectures, which provide smoother waveforms and lower harmonic distortion than standard two-level inverters.
The five-level transformer-less inverter with self-voltage balancing was selected for its balance of high efficiency (≈98%), reduced component count, and natural voltage regulation. While its control is more complex, it offers significant efficiency and cost advantages over traditional designs.

Research Gaps and Future Needs
Although research into renewable-powered HPs is increasing, most studies lack detailed consideration of the converter topologies themselves. Often, models assume idealized components or do not specify how power electronics are implemented.
Key identified gaps include:
· Lack of standardized converter designs optimized for HP integration.
· Limited experimental validation (most studies remain simulation-based).
· Insufficient exploration of advanced control methods for hybrid systems.
· Need for scalable, modular architectures that can adapt to different site conditions.
Addressing these gaps is crucial for improving the reliability and cost-effectiveness of renewable-based heating systems.

Conclusions and Next Steps
Heat pumps, when integrated with renewable sources, are central to Europe’s sustainable energy transition. The findings from Action 4.2 provide a technical foundation for designing hybrid systems that combine solar PV, wind, and storage through an optimized network of converters and controllers.

The following converter stages will form the initial simulation framework:
1. DC-DC Boost converter – steps up PV voltage to match the DC bus.
2. AC-DC Rectifier + DC-DC boost – converts WT power to DC.
3. Bidirectional buck-boost converter – interfaces the 250 V, 120 Ah battery to the DC bus.
4. Five-level inverter – supplies the AC-driven HP from the DC bus.
Each converter will first be tested using basic control strategies (e.g., PI controllers), followed by more advanced algorithms such as Model Predictive Control (MPC) to evaluate performance improvements in stability, response time, and efficiency.
With the selection of appropriate renewable sources for each pilot site and the identification of efficient converter topologies, Actions 4.1 and 4.2 are now complete. The next step, Action 4.3, will involve developing a simulation and modeling tool for decentralized microgrids that incorporate renewable generation, storage, and thermal loads. This reference model will be adaptable for all pilot sites—scalable to match their specific environmental and technical conditions.

Key Takeaways
· Heat pumps powered by renewable electricity are essential for decarbonizing Europe’s heating sector.
· Efficient integration requires carefully selected power electronic converters tailored to each source and load.
· DC-based hybrid microgrids combining PV, wind, and BESS offer flexibility, efficiency, and resilience.
· The GREAH team’s work identifies high-efficiency converter topologies (up to 98%) suitable for these systems.
· Remaining challenges include improving modularity, dynamic response, and fault tolerance of converters.
· The upcoming modeling framework will allow optimization and validation of hybrid RE-HP systems for real-world deployment.

In essence, this report establishes the engineering groundwork for building and simulating efficient hybrid renewable energy microgrids capable of powering heat pumps sustainably advancing Europe’s path toward low-carbon, decentralized heating solutions.
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