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Abstract Keywords

Power electronics plays a central role in integrating renewable energy | Power electronics,
sources into modern electrical power systems. Solar photovoltaic | Renewable energy
panels, wind turbines, and battery storage systems require power integration, Grid-
converters to regulate voltage, control power flow, and connect safely to | forming inverters,
the electricity grid. As the proportion of renewable energy increases, | Energy storage, Smart
these converters must perform additional functions, including voltage grids
regulation, frequency support, fault response, and power-quality
improvement. This review examines developments in converter
topologies, semiconductor devices, control strategies, energy storage
integration, and grid-supporting technologies. It also discusses the
growing importance of grid-forming inverters in power systems with
fewer conventional synchronous generators. Particular attention is
given to the benefits and limitations of silicon carbide and gallium
nitride devices, multilevel converters, and digital control methods. The
article highlights remaining challenges related to reliability, protection,
thermal management, cybersecurity, and cost. Future progress will
depend on coordinated advances in semiconductor technology,
converter design, and power-system control. The review concludes that
power electronics is essential for building efficient, flexible, and
resilient electricity networks with high levels of renewable energy.

INTRODUCTION

The transition toward cleaner electricity generation has increased interest in renewable energy
technologies such as solar photovoltaics and wind power. These sources can reduce dependence
on fossil fuels, but their electrical characteristics differ from those of conventional generators.
Photovoltaic panels produce direct current, while the output of many wind generators varies with
rotational speed. Consequently, power electronic converters are required to deliver electricity at
the voltage, frequency, and quality needed by electrical loads and power networks [1, 2]. A
power electronic converter uses semiconductor switches, such as insulated-gate bipolar
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transistors and metal-oxide—semiconductor field-effect transistors, to control electrical energy.
Depending on the application, converters can change direct-current voltage, convert direct
current into alternating current, or convert alternating current at one frequency into alternating
current at another frequency. The role of converters has expanded beyond basic energy
conversion. Modern renewable energy systems may require converters to regulate reactive
power, respond to voltage disturbances, limit fault currents, and communicate with supervisory
control systems. These requirements become more significant as conventional synchronous
generators are displaced by inverter-based resources [3, 4]. This article provides a narrative
review of advances in power electronics for renewable energy integration. It discusses major
technologies and their applications, along with the practical challenges that must be addressed
for reliable operation.

Power Electronic Converters in Renewable Energy Systems

Power electronic converters connect renewable generation and energy storage equipment to
electrical loads and power networks. Their primary function is to modify electrical energy so that
the source and the grid can operate together. The appropriate converter arrangement depends on
the source characteristics, power rating, network voltage, and required control functions. In a
solar photovoltaic system, a DC-DC converter may adjust the panel voltage and support
maximum power point tracking. A DC—AC inverter then produces alternating current compatible
with the grid. Some photovoltaic systems use a single conversion stage, while others use multiple
stages to provide greater control over voltage and power flow. Wind energy systems commonly
employ AC-DC-AC converters. These converters separate the variable-frequency output of the
generator from the fixed-frequency grid. This arrangement allows the turbine to operate over a
range of wind speeds while supplying electricity that meets grid requirements [2]. Converter
design involves trade-offs among efficiency, cost, size, power quality, and reliability. A
technically efficient converter may require more complex control or more expensive
components. Therefore, the selection of a converter should consider the performance of the entire
renewable energy system rather than a single component [1, 5].

Solar Photovoltaic Integration

Solar photovoltaic generation is one of the most common applications of power electronics. The
electrical output of a photovoltaic panel changes with solar irradiance and temperature. An
effective conversion system must therefore respond to changing conditions while maintaining
safe and stable grid operation. Maximum power point tracking algorithms adjust the operating
point of the photovoltaic array to extract available power. Common approaches include perturb-
and-observe and incremental-conductance methods. More advanced methods can improve
tracking under rapidly changing irradiance or partial shading, although they may increase
computational complexity. Photovoltaic inverter arrangements include central inverters, string
inverters, and microinverters. Central inverters connect large groups of panels to a shared
conversion unit. String inverters serve smaller groups of panels, while microinverters operate at
the individual panel level. The choice depends on factors such as system size, shading,
maintenance, and installation cost. Modern photovoltaic inverters can also provide reactive
power support and respond to grid voltage or frequency changes. When active power is required
for frequency support, however, the photovoltaic system needs an available reserve, which may
require curtailing generation or coordinating with energy storage [3].

Wind Energy Conversion Systems

Wind turbines convert the kinetic energy of moving air into mechanical energy and then into
electricity. Because wind speed varies, variable-speed operation can improve energy capture and
reduce mechanical stress. Power converters make this possible by controlling the electrical
connection between the generator and the grid. Two common arrangements are partially rated
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converters used with doubly fed induction generators and full-scale converters used with other
generator types. In a full-scale arrangement, the converter processes the generator output before
it reaches the grid. This provides considerable control flexibility but requires a converter rated
for the full output of the turbine. Power electronics also supports wind turbine operation during
grid disturbances. Converter controls can help regulate current, maintain operation through
specified voltage dips, and supply reactive power where required by applicable grid codes. The
actual response depends on the turbine design, converter ratings, and system conditions. For
offshore wind farms, converter technology is especially important because electricity may be
transmitted over long distances. Voltage-source converter-based high-voltage direct-current
systems can be suitable for connecting offshore generation to onshore networks. Their design
must account for efficiency, reliability, protection, and the cost of offshore maintenance [2].
Advanced Semiconductor Devices

The performance of a converter depends strongly on its semiconductor devices. Silicon-based
insulated-gate bipolar transistors and metal-oxide—semiconductor field-effect transistors have
been widely used because of their established manufacturing processes and broad range of
commercial applications. Wide-bandgap semiconductors, particularly silicon carbide and gallium
nitride, offer alternative device characteristics. Depending on the application and device design,
they can support higher switching frequencies, reduce certain losses, and enable more compact
passive components. Silicon carbide devices are often considered for higher-voltage and higher-
power applications, while gallium nitride devices are frequently used in applications where high
switching frequency is valuable. Higher switching frequency can reduce the size of magnetic
components and filters, but it may also increase electromagnetic interference and impose stricter
requirements on circuit layout and insulation. Fast switching can create large voltage changes
over short periods, placing additional stress on connected equipment. Wide-bandgap devices
therefore do not automatically provide the best solution in every application. Their selection
requires a complete assessment of purchase cost, switching and conduction losses, cooling needs,
electromagnetic compatibility, and expected operating lifetime [5].

Multilevel Converter Topologies

Multilevel converters produce output voltage using several discrete voltage levels. Compared
with a basic two-level converter, an appropriately designed multilevel converter can produce a
waveform closer to a sinusoid and reduce the voltage stress experienced by individual
semiconductor devices. Common multilevel topologies include neutral-point-clamped, flying-
capacitor, cascaded H-bridge, and modular multilevel converters. These arrangements differ in
their component requirements, control methods, and suitability for different voltage and power
levels. Modular multilevel converters are particularly relevant to high-voltage applications. Their
modular structure allows systems to be assembled from repeated submodules, which can
improve scalability. However, they also require careful capacitor-voltage balancing, protection,
and coordination among a large number of switching devices. The use of multilevel converters
may reduce filtering requirements and improve waveform quality, but it can increase component
count and control complexity. The best topology depends on the application, grid connection,
maintenance strategy, and economic constraints [6].

Grid-Following and Grid-Forming Inverters

Grid-following inverters are designed to synchronize with an existing grid voltage. They
commonly use a phase-locked loop to estimate the grid phase and control the current injected
into the network. This approach is well established in systems where the surrounding grid
provides a sufficiently stable voltage and frequency reference. Grid-forming inverters are
controlled to establish or maintain an internal voltage waveform and can contribute to the
formation of grid voltage and frequency. They are of growing interest in power systems where
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synchronous generation is declining or where networks must operate independently for periods
of time [3, 4]. Grid-forming control approaches include droop control and virtual synchronous
machine methods. These methods can provide useful responses to changes in power demand and
network conditions. However, their performance depends on converter ratings, control design,
energy availability, and coordination with other resources. A key challenge is fault response.
Power electronic switches have limited overcurrent capability compared with conventional
synchronous generators. As a result, grid-forming inverters need carefully designed current-
limiting strategies that protect the equipment while maintaining as much voltage support as
possible [7].

Energy Storage and Bidirectional Power Flow

Energy storage can help address the variability of solar and wind generation. Batteries can store
energy when renewable output exceeds demand and discharge it when generation is insufficient.
Power electronic converters control the transfer of energy between the battery, renewable source,
and grid. Bidirectional DC-DC converters allow current to flow in both charging and
discharging directions. The converter must operate within battery voltage, current, and
temperature limits. It should also coordinate with a battery management system that monitors
cell condition and protects against unsafe operation. The combination of storage and renewable
generation can support peak-demand management, frequency response, and the reduction of
renewable energy curtailment. Storage can also provide an energy reserve for grid-forming
operation. Nevertheless, the duration of support depends on the battery’s usable energy capacity,
state of charge, and operating constraints. System design should consider the complete
conversion chain. Each conversion stage introduces losses, and battery degradation affects long-
term economic performance. Therefore, storage capacity and converter ratings should be selected
together according to the intended use [5, 8].

Control Strategies and Power Quality

The control system determines how a converter responds to changes in source output, load
demand, and grid conditions. A typical converter uses several control loops: an inner loop
regulates current, while outer loops may regulate voltage, active power, or reactive power. Pulse-
width modulation is widely used to control semiconductor switching. By adjusting switching
patterns, the controller shapes the output voltage and current. Filters are then used to reduce
unwanted high-frequency components before power is delivered to the grid or load. Advanced
control methods include model predictive control, adaptive control, and data-driven approaches.
Model predictive control uses a system model to estimate the effect of possible control actions
and select an appropriate response. Adaptive methods adjust control parameters as operating
conditions change. These techniques can improve performance in some applications, but they
require careful validation because accuracy depends on model quality, measurements, and
computational resources. Power-quality concerns include harmonics, voltage fluctuations,
unbalanced currents, and electromagnetic interference. Compliance with the relevant
interconnection requirements requires coordinated converter design, filter design, testing, and
system-level assessment [1, 9].

Reliability, Protection, and Future Research

Renewable energy converters often operate for long periods under changing electrical and
environmental conditions. Repeated thermal cycling can affect semiconductor modules, solder
joints, and capacitors. Dust, humidity, vibration, and inadequate cooling can also reduce
reliability. Condition monitoring can help identify early signs of degradation. For example,
measurements of temperature, switching behaviour, and capacitor condition may support
maintenance planning. However, monitoring systems must be validated to avoid false alarms and
should be evaluated alongside the cost of maintenance and equipment replacement. Protection
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remains a major research area. Converter-dominated systems can have fault-current
characteristics that differ from those of conventional networks, which may affect the
performance of traditional protection devices. Protection schemes must distinguish faults quickly
while remaining compatible with converter current limits and grid-support functions [7, 10].
Future work should also address interoperability among converters from different manufacturers,
cybersecurity of connected equipment, and standardised testing of grid-forming performance.
Promising directions include improved semiconductor packaging, coordinated control of
distributed resources, and system-level studies that consider converter interactions across a wide
range of operating conditions [11, 12].
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Summary

Power electronics enables the conversion and control of electricity produced by renewable

energy resources. Developments in converter topology, semiconductor devices, digital control,

and energy storage have expanded the ability of renewable systems to provide reliable power and

support the grid. Grid-forming inverters are particularly significant for networks with high shares

of inverter-based generation. However, their use introduces challenges involving current limits,

protection, stability, and coordination. Continued research and practical testing are needed to

improve reliability and ensure that renewable energy systems can operate safely and efficiently

under a wide range of conditions.
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