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Abstract

In today's context, wind energy is viewed as a highly viable choice for producing renewable energy.
Since the 1980s, advancements in wind turbine systems have been remarkable, progressing from
outputs of several tens of kilowatts to today's turbines that can deliver multiple megawatts, with
specific models hitting capacities in the range of 6 to 8 MW. Wind turbines are now extensively
incorporated into distribution networks and numerous large-scale wind power facilities function
analogously to traditional power plants, establishing direct interfaces with transmission networks.
With the escalating incorporation of wind energy within the power grid, coupled with the advancing
capabilities of wind turbines, the ramifications for power grid operations have surfaced as a critical
subject of investigation. This highlights the necessity for the evolution and adoption of intricate
technologies, including power electronics, to improve the performance and trustworthiness of wind
power systems. However, this rapid progression concurrently introduces a plethora of technological
challenges that merit further investigation. This paper presents an extensive analysis of key
innovations and emerging trends in wind power system technologies. The discussion begins with a
comprehensive assessment of technological innovations and market dynamics, subsequently delving
into an extensive examination of different wind turbine configurations, control systems, and power
electronic converters. Additionally, the manuscript meticulously analyzes grid requirements and
probes into the anticipated technological difficulties that future wind turbine systems could confront.

Keywords: WTS (Wind Turbine System), modular multilevel converters (MMCs), Power Electronic
Converter (PEC), Doubly Fed Induction Generator (DFIG)

I. INTRODUCTION

The future of power electronics in wind turbine systems (WTS) is poised for significant advancements,
driven by the need for improved efficiency, reliability, and integration with the power grid. As wind
turbine capacities increase, innovative power electronic technologies will be essential to address emerging
challenges and enhance system performance.

A. Technological Advancements

Power Electronic Converters: The advancement of sophisticated converters, notably cascading H- bridge
multilevel inverters, is essential for the regulation of voltage variations and the enhancement of efficiency
within Wind Turbine Systems (WTS).

Grid Emulators: Power-electronic-based grid emulators are increasingly indispensable for the assessment
of adherence to grid codes, providing comprehensive controllability and scalability to facilitate elevated
power levels.

B. Integration and Control
Variable Speed Regulation: The utilization of power electronics enables the execution of variable speed

IJIRMPS2104231841 Website: www.ijirmps.org Email: editor@ijirmps.org 1



https://www.ijirmps.org/
mailto:vineetha.bitragunta@gmail.com

Volume 9 Issue 4 @ July - August 2021 IJIRMPS | ISSN: 2349-7300

functionalities, thereby enhancing generation efficiency and fostering grid stability.
Emerging trends indicate a shift towards advanced and integrated power electronics systems that optimize
performance and guarantee reliability.

C. Challenges and Considerations

Despite these advancements, challenges such as grid integration and fault protection remain critical.
Addressing these issues will be essential for the successful deployment of future wind energy systems,
ensuring they can meet the growing energy demands sustainably.

Considering the rapid advancement in wind turbine system (WTS) capacities and their increasingly
significant impact on power grids, power electronics technologies associated with wind power
applications have undergone substantial development over the last three decades. During the 1980s, the
power electronics employed in wind turbine systems (WTS) primarily comprised basic soft starters, which
enabled the preliminary integration of squirrel-cage induction generators into the power grid. During this
time frame, typical thyristors were in use; however, these components were bound by short-term
operational limits and lacked the capacity to handle continuous power delivery. The 1990s represented a
fundamental change characterized by the introduction of sophisticated rotor resistance control
methodologies in wound-rotor induction generators. The implementation of diode bridges paired with
choppers served to dynamically adjust rotor resistance, especially during nominal power operations,
thereby significantly reducing mechanical stress and bolstering system dependability. This interval also
recorded the systematic deployment of fully rated converters in bespoke turbine designs, thereby creating
a foundation for more advanced systems. During the 2000s and the ensuing years, power electronics
technologies underwent further progression with the broad adoption of doubly fed induction generators
(DFIGs) and full converter-based systems. These technological improvements enabled superior alignment
with grid regulations, augmented fault- ride-through functionalities, and maximized energy harvesting
efficiency. Full-scale converters became essential in segregating generator dynamics from grid conditions,
consequently allowing operation under diverse wind scenarios and adhering to grid code regulations. This
report aims to provide a comprehensive examination of the prevailing circumstances and prospective
trends in power electronics pertaining to wind energy solutions. The initial sections rigorously analyze
advancements in technology and market dynamics pertaining to wind power generation, highlighting the
driving forces behind these developments. A detailed examination of current wind turbine designs, their
associated converter configurations, and their roles in enhancing operational efficiency is presented. In
addition, control frameworks, incorporating cutting- edge grid synchronization approaches and forecasting
algorithms targeted at optimizing power quality, are scrutinized extensively. The manuscript also
evaluates the integration issues provoked by the rising penetration of wind energy within power grids,
such as voltage stability, frequency regulation, and harmonics mitigation. Advanced solutions, featuring
modular multilevel converters (MMCs), hybrid AC/DC grid layouts, and the application of artificial
intelligence for predictive maintenance and fault diagnosis, are discussed as fundamental enablers of
prospective systems. Ultimately, the future impediments encountered in wind energy generation,
particularly the complexities tied to offshore installations, the adaptation to ultra-large turbine capacities,
and the critical need for cybersecurity within digitally regulated environments, are outlined.

1. LITERATURE

[1] Future advancements in power electronics for wind turbine systems will focus on improved grid
integration, lower energy costs, higher reliability, and enhanced control capabilities, enabling wind farms
to emulate conventional power plants and support grid stability effectively.[2] Innovations in power
electronics have significantly enhanced wind turbine technologies over the past 30 years. These
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advancements address continuous and emerging challenges in wind power applications, particularly as
installations shift from onshore to offshore. The evolution of power electronics technology is crucial for
optimizing the design and configuration of converters, which control both electrical and mechanical
subsystems in multi-megawatt turbines. This progress is driven by the increasing demand for

Sustainable and competitively priced renewable energy.[3] The paper discusses the enhancement of wind
turbine technologies through the use of Silicon Carbide (SiC) semiconductors in power converters. These
innovations lead to increased power density, reduced costs, and improved efficiency in wind turbine
converters and windfarm grids. The proposed solution involves a DC output wind turbine utilizing isolated
DC-DC converters, which leverage SiC devices to optimize switching behavior and minimize passive
element requirements, ultimately contributing to more effective energy transport in HVDC distribution
systems.[4] Innovations in power electronics significantly enhance wind turbine technologies by improving
efficiency and control. The paper discusses multilevel converter topologies and matrix converters, which
facilitate variable speed operation and optimize energy production. These advancements allow for better
integration of renewable energy sources into power systems, enabling effective management of active and
reactive power. The use of back-to-back converters and advanced generator systems further contributes to
the overall performance and reliability of wind energy systems, addressing challenges in modern power
generation.[5] The paper discusses a modified DC chopper that enhances the fault ride- through (FRT)
capability of doubly fed induction generator (DFIG) based wind turbines by effectively limiting fault
currents and controlling DC-link voltage. This innovation in power electronics eliminates the need for high-
rated current antiparallel diodes and allows for continuous operation of the rotor side converter (RSC)
during faults. The proposed solution demonstrates robustness in managing both symmetrical and
asymmetrical faults, thereby improving the overall performance of wind turbine technologies.[6] Power
electronics significantly enhance wind turbine technologies by addressing electrical challenges, such as
voltage stability and grid integration. The implementation of power electronic converters, like back-to-back
converters, enables effective control of the permanent magnet synchronous generator (PMSG) for
Maximum Power Point Tracking (MPPT) and ensures compliance with grid interconnection requirements.
Innovations in energy storage devices facilitate low voltage ride through (LVRT) and high voltage ride
through, thereby improving the reliability and efficiency of wind turbine systems in fluctuating grid
conditions.[7] The paper focuses on enhancing fault ride through (FRT) capabilities of doubly-fed induction
generator based wind turbines (DFIG- WTSs) by proposing new techniques for reducing peak short-circuit
currents. These techniques leverage the machine side converter (MSC) voltage to optimize the DFIG's
internal transient voltage and increase transient impedance. By implementing these methods, the study
achieved a maximum peak current reduction of 23.6%, showcasing a significant innovation in power
electronics that improves the reliability and performance of wind turbine technologies.[8] Innovations in
power electronics have significantly enhanced wind turbine technologies by enabling variable speed
operation, which increases energy capture and efficiency. Advanced converter topologies, such as
multilevel converters and matrix converters, facilitate better grid integration and power quality. The use of
Permanent Magnet Synchronous Generators (PMSG) eliminates gearboxes, reducing maintenance costs and
improving reliability. Additionally, power electronics contribute to effective control of voltage and
frequency, addressing challenges associated with wind fluctuations and mechanical stress in wind energy
conversion systems.[9] The paper focuses on enhancing DC wind turbine output voltage in low wind speed
areas through a novel electromechanical approach. It introduces a nozzle to boost wind speed, followed by a
gear coupling to amplify generated voltage, and concludes with a DC voltage stabilizer for consistent
output. While it emphasizes mechanical innovations, it does not specifically address advancements in power
electronics, but rather highlights a mechanical system's role in improving wind turbine efficiency.[10]
Future advancements in power electronics for wind turbine systems will focus on enhancing converter
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reliability through improved thermal cycling management, prioritizing dynamic transients in operational
strategies, and developing models that accurately predict failure mechanisms to ensure high availability and
performance.[11] The paper discusses how innovations in power electronics enhance wind turbine
technologies by increasing energy capture in various wind energy conversion systems (WECS). It covers
advancements in fixed- speed, semi variable speed, and full-variable speed systems, highlighting the role of
single-, two-, and three-stage power electronics in both low-voltage and medium-voltage applications.
Additionally, it addresses grid integration challenges and future trends in high-power WECS, emphasizing
the importance of power electronics in optimizing wind energy efficiency and reliability..[12] The paper
highlights the future of power electronics in wind turbine systems through the integration of wide bandgap
(WBG) semiconductor devices, such as SiC and GaN, which enhance efficiency, reduce losses, and enable
smaller modular converter topologies.[13] Power electronics are crucial for integrating wind turbines into
the grid, enabling variable-speed operation and enhancing control. As renewable energy sources grow,
power-electronic interfaced power sources must adapt to new grid codes to ensure reliability and stability in
power systems.[14] Future power electronics for wind turbine systems will focus on inertia emulation,
enhancing frequency control, and integrating virtual synchronous machines (VSMSs) to replace synchronous
generators, ensuring stability and reliability in increasingly power electronics- dominated power
systems.[15] The paper highlights that power electronics are crucial for enhancing the efficiency and control
of wind turbine systems. Future advancements will focus on improved power converters, which will
significantly enhance system capacity and integration with renewable energy networks.
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Fig. 1: The total wind power capacity covering the years 1999 to 2020

1. METHODOLOGY

A. Enhancement of wind energy conversion technologies:

Figure 1 demonstrates the cumulative wind power capacity from 1999 to 2020, reflecting the notable
increase in wind energy utilization. By the year 2012, the worldwide wind power capacity had reached
283 GW, with around 45 GW deployed during that specific year. Within the framework of a moderate
growth scenario, this capacity is expected to expand considerably, reaching an estimated 760 GW by 2020
[9]. This rapid growth in development positions wind energy at the forefront of renewable energy
transformation, underscoring its crucial significance in today's energy distribution frameworks. A notable
instance of this expansion is evidenced in Denmark, which has realized significant penetration of wind
power. At present, wind energy constitutes over 30% of Denmark's electricity consumption, exemplifying
the feasibility of extensive integration within the power grid. Moreover, this nation serves as a model for
future energy solutions, with ambitions to achieve a completely fossil-free energy production framework
by the year 2050. This emphasizes the ability of wind power to satisfy growing energy requirements while
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simultaneously contributing significantly to worldwide efforts focused on minimizing carbon emissions
and moving towards eco-friendly energy frameworks. Collectively, these regions constituted nearly 87%
of the global market share. Within the manufacturing sector, the Danish corporation Vestas sustained its
status as the foremost global supplier since the year 2000. The year 2012 saw General Electric ascend in
stature, fueled by the vigorous results from the U.S. market. Figure 2 illustrates the foremost global
suppliers of wind turbines for the year 2012, underscoring the fact that four Chinese enterprises ranked
among the top ten manufacturers, collectively commanding a 16.6% market share—a notable decline from
the 26% recorded in 2011. In conjunction with the escalation of total installed capacity, the scale of
individual wind turbines has significantly increased, with a concentrated effort on reducing the cost per
kilowatt hour. In 2012, the mean size of turbines introduced into the market was 1.8 MW, whereas
offshore turbines averaged 4 MW. Figure 3 delineates the trend of augmenting turbine dimensions from
1980 to 2018, in parallel with advancements in power electronics within Wind Turbine Systems (WTS).
These advancements encompass expanded rating coverage and enhance functional roles, thereby
facilitating the evolution of wind power technology. Notably, high-tech 8-MW wind turbines featuring
rotor diameters of 164 meters were available as early as 2012. Most turbine manufacturers are presently
concentrating on the development of products within the 4.5-8 MW power range. The industry foresees
that larger, multimegawatt turbines, which may reach up to 10 MW, will predominate the market by 2018.
This transformation is chiefly motivated by the necessity to reduce energy production costs and improve
the economic viability of wind power.
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Fig.2.Wind Turbine Market Share by Manufacturer in 2012
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Fig.3 Trend of augmenting turbine dimensions from 1980 to 2018

B. State-Of-The-Art Configurations and Power Electronics for Wind Turbines:

Wind turbine configurations can be systematically categorized based on parameters such as the type

of generators utilized, the configurations of power electronics, the proficiency in speed regulation, and the
methodologies for controlling aerodynamic power [3]-[5]. Wind turbine configurations can be
fundamentally categorized according to diverse factors including generator types, configurations of power
electronics, speed regulation capabilities, and methodologies for controlling aerodynamic power

[3]-[5]. These design paradigms markedly affect the role of power electronics within Wind Turbine
Systems (WTS), which range across a wide spectrum of power ratings, as shown in Fig. 3. However, an
observable trend has emerged favoring configurations that employ synchronous generators (SG) in tandem
with full-scale power converters. Such systems are gradually acknowledged as the most optimal
technological resolution, notably within the commercially dominant power ranges of wind turbines [6], [7].
Full-scale power converters demonstrate greater flexibility, enhanced fault-ride- through performance, and
the proficiency to conform to strict grid code standards, which renders them especially favorable for
contemporary and prospective wind energy systems. In the ensuing sections, the two principal wind turbine
paradigms—DFIG with partial-scale power converters and SG with full-scale power converters—will be
introduced and thoroughly examined. The total wind power capacity covering the years 1999 to 2020 is
illustrated in Fig. 1, demonstrating that wind energy has undergone swift development, achieving a capacity
of 283 GW, with nearly 45 GW installed exclusively in 2012; furthermore, this figure is projected to reach
760 GW by 2020 under a moderate scenario.[9]The development of wind power outstrips that of any
competing renewable energy sources, affirming its critical role within the present energy supply structure.
For instance, Denmark exemplifies a nation with a substantial integration of wind power, where currently
over 30% of its electricity consumption is derived from wind energy. This nation even harbors the
aspiration to realize a 100% non-fossil fuel-based power generation system by the year 2050 [10].The
transforming trends associated with the characteristics of emerging turbines from 1980 to 2018 are shown in
Fig. 3, wherein the evolution of power electronics within the Wind Turbine Systems (WTS), inclusive of
rating range and functional aspects, is likewise portrayed. It is important to highlight that the advanced 8-
MW wind turbines, with a rotor diameter of 164 meters, were launched in 2012 [7]. At present, a significant
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proportion of turbine manufacturers are involved in the advancement of products within the power spectrum
of 45 to 8 MW, and it is projected that a growing array of large wind turbines, functioning at
multimegawatt power capacities—even attaining up to 10 MW— will materialize in 2018 and will
dominate in the subsequent decade, largely driven by the necessity to mitigate energy expenses [9].

a. DFIG and Partial Conversion Systems:

This wind turbine design illustrates the most frequent approach in contemporary usage and has been
extensively harnessed since the initiation of the 2000s. As shown in Fig. 4, a Power Electronic Converter
(PEC) is integrated with the Doubly Fed Induction Generator (DFIG). The stator windings of the Doubly
Fed Induction Generator (DFIG) are directly connected to the power grid, whereas the rotor windings
interface with the grid through a converter that typically functions at around 30% of the total capacity of
the turbine [11], [12]. Within this framework, both the frequency and current within the rotor can be
adaptively managed, thereby allowing for an expansion of the variable speed range to a desirable extent.
The limited capacity of the converter renders this design economically favorable. Nevertheless, the
primary limitations encompass the dependence on slip rings and the intricacies linked to power
regulation amidst grid disturbances—such constraints may undermine overall reliability and could
present obstacles in adequately fulfilling imminent grid standards as indicated in [13] and [14].

b. Full-Scale Power Converter:

The second fundamental concept that has received substantial attention concerning newly constructed and
commissioned wind turbines is represented in Fig. 6. This framework employs a highly developed power
converter to establish a link between the power grid and the generator's stator windings, thereby facilitating
thorough oversight of the electrical output generated by the wind turbine. However, the system is met with
considerable difficulties, predominantly evidenced by significant switching losses and the demand for
various devices to be connected in parallel. In addition, the architecture of the cabling—especially during
operation at lower voltage levels—presents further physical and design obstacles. Moreover, the design of
the cabling—especially when functioning at lower voltage levels—poses further physical and design
difficulties. Therefore, while the 2-level back-to-back (2L-BTB) converter topology exhibits a monetary
advantage, reaching peak efficiency with this design for an extensive wind power converter proves to be
especially difficult, particularly under increased power conditions.

3.1 WIND TURBINE SYSTEMS RELATED CONTROL STRUCTURE:

The proficient regulation of a wind turbine system (WTS) necessitates the amalgamation of both rapid and
gradual control dynamics, as exemplified in Fig. 9, which delineates a generative control architecture
pertinent to the WTS. This architecture incorporates essential components such as the turbine, generator,
filter, and converter. The configuration of the wind turbine may align with either the DFIG-based design
illustrated in Fig. 4 or the full-scale converter design depicted in Fig. 6, contingent upon the particular
system utilized In a conventional wind turbine, the management of power inflows and outflows must be
meticulously orchestrated to guarantee optimal performance and compatibility with the grid. The regulation
of the power generated by the turbine is facilitated through mechanical devices, which encompass
modifications to blade pitch and yaw control systems. These mechanisms modulate the operation of the
turbine in response to fluctuating wind speeds and directional changes Sophisticated control strategies for
wind turbines are designed not only to optimize power generation but also to augment operational resilience
in the face of grid disturbances. These strategies can confer grid- supportive functionalities in both standard
operational conditions and during faults, thereby ensuring the sustained stable operation of wind turbines
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amid variations in grid voltage or frequency. For example, in variable-speed wind turbines, the current
traversing the generator is predominantly regulated through the generator-side converter. This capability
enables the turbine to adjust its rotational speed flexibly, facilitating enhanced power capture from the wind
and thus ensuring high performance across a spectrum of wind velocities When a grid fault transpires, a
coordinated control response incorporating multiple subsystems within the wind turbine becomes
imperative. These subsystems encompass the generator-side and grid-side converters, the braking chopper
or crowbar, and the pitch angle controller. The effective regulation of these components during grid faults is
critical for enabling the turbine to ride through disturbances, thereby minimizing the potential for damage
while maintaining stability. This coordinated methodology also assists the turbine in adhering to the
increasingly rigorous grid compliance mandates, which include fault ride- through capabilities and the
provision of reactive power to bolster the  grid  during abnormal conditions.
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Figure 4 shows Multidisciplinary Methodologies for Augmenting Dependability in Power Electronic
Systems. As wind energy capacity continues to expand, expansive wind farms made up of many turbines
are being developed with greater frequency. These wind farms possess the capacity to significantly affect
power grids, establishing their importance in the preservation of power quality and the governance of grid
systems. The role of power electronics technology is essential in the design and regulation of these wind
farms to address the changing demands of the grid.

Fig 5(a) shows the wind farm which utilized DFIG with WTS This form of wind farm is functioning in
Denmark as a 160-MW offshore wind energy power station. Considering the limited reactive power
functionality of DFIG-based systems, the integration of a centralized reactive power compensator, such as
a STATCOM, could become essential to address forthcoming grid demands.

Figure 5(b) showcases another wind farm model that integrates WTSs equipped with full-scale power
converters. These systems provide markedly improved controllability of reactive power. Each generation
unit's grid-side converter possesses the ability to singularly furnish the necessary reactive power, potentially
obviating the necessity for centralized reactive power compensators.

In terms of extensive power transmission from offshore wind facilities, High Voltage Direct Current
(HVDC) transmission is deemed a promising approach. This approach enhances efficiency and negates the
requirement for voltage compensators. An established HVDC transmission architecture is illustrated in
Fig.5(c), demonstrating the conversion of medium AC voltage generated by the wind farm into elevated DC
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voltage using a boost transformer and high-voltage rectifier.

Another feasible wind farm configuration featuring HVDC transmission is illustrated in Figure 5(d). This
arrangement employs a solid-state transformer (or DC/DC transformer) to transform the low-to- medium
DC voltage output from each wind turbine into a higher DC voltage, thereby rendering it suitable for
transmission.

As illustrated in this configuration shares similarities with next-generation traction converters [13], [14] and
have been proposed as part of the European UNIFLEX-PM project [15]. It utilizes a back-to-back (BTB)
cascaded H-bridge converter structure with galvanically isolated DC/DC converters as an interface. These
DC/DC converters feature medium-frequency transformers (MFTs) operating at several kilohertz to tens of
kilohertz, significantly reducing transformer size. Fig.6 Modular Multilevel Converters for Wind Turbine
Applications.Additionally, the cascaded design allows direct connection to the distribution power grid (10—
33 kV) while offering high output quality, a filter-less design, and redundancy—features highly desirable in
wind power systems. This solution becomes even more appealing if deployed in the nacelle of wind
turbines, as the bulky and heavy low-frequency transformer can be replaced with more compact and flexibly
configured power semiconductor devices.
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V. Conclusion

The total installed and distinct capacities of wind turbine systems have shown a consistent increase across
the past forty years, chiefly motivated by the growing demand for renewable energy solutions and the
constant need to lower energy expenditures. Presently, wind energy is emerging as an increasingly
essential element of the worldwide energy provision system. By employing appropriate control
mechanisms and adhering to grid regulations, contemporary wind farms are capable of functioning
similarly to traditional power generation facilities, actively contributing to the stabilization of frequency
and voltage within the electrical grid. Therefore, wind energy is becoming more compatible with the
assimilation into established power grids, delivering a consistent and scalable renewable energy solution.
Predictions imply that this path of intensified assimilation of wind energy will continue soon.In the
upcoming short-term phase, the main emphasis of power electronics in wind power applications will be on
facilitating grid integration and ascertaining that wind energy can consistently bolster the stability of
power systems. In the long-term perspective, the concentration will transition to confronting challenges
associated with decreasing energy expenditures, augmenting system reliability, and optimizing grid
integration. These obstacles will serve as a catalyst for innovations within Wind Turbine Systems (WTYS),
unveiling new possibilities in power delivery architecture, drivetrain technologies, generator designs,
Power Electronic Converter (PEC) configurations, and advancements in semiconductor technology. Such
enhancements will accelerate the rapid evolution of wind energy's function as a critical and economically
beneficial component of the global energy framework.
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