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Abstract: Coal-fired power plants (PPs) are one of the biggest causes of today's catastrophic climate crisis. To deal 

with this problem, there is a need to completely decarbonize the energy segment using zero-emission renewable energy 

sources (RES). Wind turbine (WT) farms are one of the fastest-growing energy solutions globally. These massive 

complexes consist of huge WT that harness wind energy, convert it into electricity, and send it to the utility grid (UG) 

for use alongside traditional energy sources. Integration of WT energy into the UG is interesting and could be a 

valuable solution for dealing with future energy challenges. Given the challenges faced regarding the connection 

between large WT farms and the UG using induction and synchronous generators (I&SGs), it is necessary to study and 

compare varying WT generator systems. This research analyzes and compares the connections of varying WT 

generators and their control using varying power electronics converters (PECs). This paper also discusses the current 

status of generators and PEC in WT concepts. He showed that a double-fed induction generator (DFIG) driving a 

variable-speed WT is more efficient compared to other generators. 

 

Keywords: Renewable Energy, Wind Energy, Wind Turbines, Wind Generator System, Grid Connection. 

 

1. INTRODUCTION 
 

WTs produce electricity by using wind energy to power an electric generator. As the wind blows across the blades, it 

creates lift and rotates the force [1, 2]. The rotating blades rotate a shaft inside the nacelle, which enters a gearbox. The 

gearbox increases the rotational speed to what is suitable for the generator [3, 4]. The power output goes to a power 

transformer (PT), which converts electricity from the generator at about 700V to the appropriate voltage for the power 

collection system, usually 33kV [5, 6]. WTs have 2 types. One is an FSWT, and the other is a VSWT. The most 

common type of WT is an FSWT with an IG connected directly to the UG [7, 8]. However, this system has several 

disadvantages. The RP and hence the UG voltage level cannot be controlled [9, 10]. Most of the disadvantages of 

FSWTs are avoided when using VSWTs. These turbines improve the dynamic behavior of the turbine and reduce noise 

at low WS [11, 12]. However, in the case of VSWTs, a PEC is needed to make VS operation possible. WTs can be 

equipped with any type of 3-ph generator, such as synchronous and asynchronous generators [13, 14]. Due to its 

numerous benefits, the DFIG, a particular kind of asynchronous generator, is the greatest of them all [15, 16]. With 

DFIG technology, wind energy can be harnessed to the fullest for low wind speed (WS) by maximizing turbine speed 

and minimizing mechanical strains on the wind turbine during gusts. For a particular WS, the ideal turbine speed that 

generates the most mechanical power is proportionate to the WS [17, 18]. Another advantage of DFIG technology is 

the ability of PEC to generate or absorb RP, thus eliminating the need to install a CB, as in the case of a SCIG [19, 20]. 

Some researchers believe that DFIG should only be used for the purpose for which it was installed, i.e., providing AP 

only [21, 22]. The paper describes the current situation regarding generators and PECs for WTs.  

 

The novelty and contributions of this work lie in several key aspects that contribute to advancing the integration of 

wind energy into UGs: 

 

1. This study offers a comparative analysis of I&SGs used in large-scale wind farms. By systematically comparing 

these systems, particularly focusing on their connection and interaction with the UG. 
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2. The study emphasizes the role of PECs in controlling and optimizing the performance of WT connected to the grid. 

  

3. This research highlights the superior efficiency of DFIG in VSWT compared to other generator types. The study's 

findings contribute to ongoing discussions on the most effective generator systems for modern wind farms, particularly 

as renewable energy adoption scales globally. 

 

4. The study addresses the growing issue of large-scale WT farm integration with UG, especially considering the 

variability and intermittent nature of wind energy. Also proposes potential pathways to overcome grid connection 

challenges, which are critical for achieving higher RE penetration in modern power systems. 

 

The remainder of this paper is organized as follows: Section 2 presents an overview of WT systems and discusses the 

challenges and potential solutions for integrating large-scale WT farms into the UG. Also, Section 2 delves into the role 

of PECs in WT systems, comparing various configurations and their impact on performance and grid integration. 

Section 3 presents the types of WT generators, focusing on the different generator types used in wind energy 

conversion, specifically I&SGs. Section 4 provides a comparative analysis of the varying generator systems, 

highlighting the DFIG advantages in VSWT applications. Finally, Section 5 concludes the paper by summarizing the 

key findings and suggesting future research directions in Section 6, aimed at improving wind turbine efficiency and 

grid compatibility. 

 
2. RELATED WORKS 

 

Research [23] compares the performance of PMSGs with DFIGs, emphasizing the advantages of PMSGs in offshore 

applications due to their higher efficiency and reduced maintenance. Studies [24] have proposed hybrid generator 

systems that combine the benefits of DFIG and PMSG technologies, optimizing energy capture under varying wind 

conditions. Modern PECs, such as modular multilevel converters (MMCs), have demonstrated improved efficiency and 

scalability for large-scale wind farms [25]. Research [26] focuses on PECs' ability to ensure grid stability during faults, 

a key requirement for grid-code compliance. The study [27] addresses strategies for improving voltage stability and 

managing RP through advanced control algorithms, such as model predictive control (MPC). Study [28] explores the 

integration of wind energy with other renewables (e.g., solar PV) and storage systems, enhancing reliability and grid 

compatibility. Innovative approaches, such as coupling wind farms with hydrogen production and storage, have been 

shown to mitigate the intermittency of wind energy and enhance grid reliability [29].  

  

3. OVERVIEW OF WTs AND PECs SYSTEMS 

 
3.1 Overview of WTs Systems 

Integrating large-scale WT farms into the UG presents several challenges, each of which requires innovative solutions 

to ensure a reliable, efficient, and stable energy supply [30]. Here's Table 1 summarizing the challenges and potential 

solutions for integrating large-scale WT farms into the UG. This table provides a concise overview of each challenge 

and its corresponding solution for better integration of large-scale WT farms into the UG. 

 

3.2 Overview of the PECs System 

PECs are a critical component of modern WT systems. They play a key role in optimizing the performance of WTs, 

improving their efficiency, and ensuring smooth integration with the UG [31]. As WT technology has evolved, PECs 

have become essential for handling the variability of wind energy and managing the interaction between WTs and the 

UG. Here’s Table 2 summarizing the role of PECs in WT systems. This table provides a concise overview of the key 

roles of PECs in wind turbine systems, along with their functions and impacts on performance and grid integration. 

Choosing the appropriate PEC configuration is critical for optimizing the performance of WT systems and enhancing 

their integration into the utility grid [32]. Effective use of PECs is essential for maximizing the contribution of wind 

energy to a sustainable and resilient energy future. Table 3 provides a detailed comparison of various configurations of 

PECs used in WT systems. 

 

Table 1. The challenges and potential solutions for integrating large-scale WT farms into the UG. 

 

Challenge Description Potential Solution 

Intermittency of 

Wind Energy 

Variability in WS causes fluctuations in 

power output, leading to grid imbalances. 

Energy storage systems (ESS) such as 

batteries or hydrogen storage. 

Hybrid systems (WT + PV). 
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Grid Stability 

and Frequency 

Regulation 

WTs lack inherent inertia, making it 

difficult to maintain frequency stability in 

the grid. 

Grid-forming inverters and advanced 

PECs. 

Improved forecasting and grid support 

functions (e.g., synthetic inertia). 

Voltage Fluctuations 

and RP Management 

Voltage variations due to remote wind 

farms affect power quality and efficiency. 

Use of FACTS and STATCOMs for 

voltage regulation. 

RP compensation and voltage support. 

Transmission 

Constraints and Grid 

Congestion 

Remote wind farms lead to transmission 

bottlenecks and congestion. 

Upgrading grid infrastructure. 

High-voltage direct current (HVDC) 

systems for efficient power transmission. 

Grid Code 

Compliance 

Wind farms need to meet grid code 

requirements for fault-ride-through, 

voltage support, and frequency response. 

Advanced control algorithms for grid 

compliance. 

WTs with enhanced PECs for grid support 

functions. 

Economic and 

Market Integration 

Fluctuations in wind energy can lead to 

curtailments and pricing challenges in 

energy markets. 

Flexible market structures and policies 

(e.g., time-of-use pricing, demand-side 

management). 

Energy storage incentives and ancillary 

service markets. 

 

Table 2. The role of PECs in WT systems. 

 

Role of PECs Function Impact 

VS Operation 
Enable WTs to adjust rotor speed to 

match changing wind conditions. 

Maximizes energy capture across varying 

wind speeds, improving overall 

efficiency. 

Grid 

Synchronization 

Convert VF and the voltage generated by 

WTs into grid-compatible output. 

Ensures seamless integration of wind 

power into the UG without disrupting 

stability. 

Power Flow Control Provide precise control over A&RP flow. 
Enhances the turbine’s contribution to 

grid stability and voltage management. 

Fault Ride-Through 

(FRT) Capability 

Allow WTs to remain connected during 

grid disturbances. 

Prevents large-scale outages and supports 

grid resilience during short-term faults. 

Enhanced Control 

Over Generator 

Types 

Enable various generator types (IG, SG, 

and DFIG) to operate efficiently with 

variable speeds. 

Makes DFIG-based turbines more 

efficient and suitable for large-scale wind 

farms compared to older technologies. 

Grid Code 

Compliance 

Help WTs meet regulatory requirements 

for grid support services. 

Facilitates the integration of wind energy 

into the grid and ensures a higher 

renewable energy share. 

Energy Storage and 

Hybrid System 

Integration 

Allow integration with ESS for storing 

excess wind energy. 

Enhances grid flexibility and reliability, 

contributing to energy supply during low 

wind or peak demand. 
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Table 3. The comparison of various configurations of PECs used in WT systems. 

 

PEC 

Configuration 
Description Performance Impact Grid Integration Impact 

Full-Scale 

Converter (FSC) 

Converts the output of the 

generator to grid-

compatible frequency and 

voltage directly. 

Allows for VF operation, 

high efficiency at all speeds, 

and excellent power quality. 

Strong grid support 

provides RP control and 

enhances grid stability and 

reliability. 

Partial-Scale 

Converter (PSC) 

Converts only a portion of 

the generated power 

(typically used in DFIG 

systems). 

More cost-effective than 

FSC; efficient at variable 

speeds, but may have 

limitations in efficiency. 

Good grid integration; can 

provide RP but with less 

capability than FSC 

systems. 

Matrix Converter 

(MC) 

Directly converts AC power 

to AC power without 

needing a DC link. 

Can reduce losses and 

improve efficiency; 

however, complex control 

systems are required. 

Provides excellent grid 

support with low 

harmonics; challenges with 

control under disturbances. 

Back-to-Back 

Converter (B2BC) 

Used in systems with 

energy storage or hybrid 

configurations. 

Enables effective energy 

management and storage 

integration; enhances 

overall system efficiency. 

Improves flexibility in 

power dispatch and grid 

interaction and can assist 

with peak load 

management. 

Multi-Level 

Converter (MLC) 

Uses multiple levels of 

voltage to reduce harmonics 

and improve efficiency. 

High efficiency and low 

harmonic distortion; 

suitable for large-scale wind 

applications. 

Excellent performance in 

grid support enhances the 

quality of power delivered 

to the grid. 

Superconducting 

Fault Current 

Limiter (SFCL) 

A protective device that 

limits fault currents in the 

grid. 

Enhances system reliability; 

minimizes disruptions 

during fault conditions. 

Significantly improves grid 

resilience; can protect wind 

farms from disturbances. 

 

This table provides a detailed comparison of various configurations of PECs used in WT systems, along with their 

impact on performance and grid integration: 

➢ FSCs provide the best performance due to their ability to handle the entire output of the turbine, making them 

ideal for VS operation and improving overall energy efficiency. 

➢ PSCs offer a more cost-effective solution while still delivering reasonable performance. They are particularly 

advantageous for existing DFIG configurations. 

➢ FSCs and MLCs enhance grid stability and provide essential support services, including RP control, which is 

crucial for integrating RES. 

➢ DC-DC converters and energy storage integration allow for better energy management and flexibility in power 

delivery, particularly important in hybrid systems where wind energy is complemented by other RES or 

energy storage. 

➢ MLCs are particularly beneficial in reducing harmonics, contributing to better power quality, which is vital for 

sensitive grid applications. 

 

3.3 WT Systems 

A feature of FSWT is that they are equipped with an IG connected directly to the UG, with a soft start, and a CB to 

reduce RP recompense. They are designed to achieve maximum efficiency at a given WS. To increase power output, 

the generator of some FSWTs has two sets of coils [43]. FSWTs are simple, robust, reliable, and well-proven [33]. Its 

disadvantages are uncontrollable RP recompense, mechanical stress, and limited power quality control [43]. Since it 

runs at a constant speed, all instabilities in WS are also transmitted as instabilities in mechanical torque and then as 

instabilities in electrical power on the UG. 

 

VSWTs are designed to maximize aerodynamic efficiency over a wide range of WS. It has a more complex electrical 

system than an FSWT. They are usually equipped with an IG or SG that is connected to the UG through a PT. The PT 

controls the speed of the generator. Increased energy capture, enhanced power quality, and decreased mechanical stress 

on the WT are the benefits of VSWTs [34]. The drawbacks of PEC include PEC losses, increased component usage, 
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and elevated equipment expenses. The number of feasible generator types has increased with the introduction of VSWT 

kinds, which also offer numerous combinations of generator and PEC types. 

 

4. TYPES OF GENERATORS USED IN WTs 

 

A WT can be equipped with any type of 3-ph generator. Today, the demand for UG-compatible electric current can be 

met by connecting frequency converters, even if the generator supplies AC or DC [35]. There are two types of 

generators used in WTs, which are: 

 

IGs:  SGs: 

▪ SCIGs  ▪ WRSGs  

▪ WRIGs  ▪ PMSGs  

▪ OSIGs    

▪ DFIGs are the 

most widespread. 

  

 
4.1 Type (A) WT concept: FSWT directly  

As shown in Fig. 1, this architecture is equivalent to the constant or FS-controlled WT, with an asynchronous SCIG 

directly connected to the electric UG via a step-up PT [40]. This design calls for an RP compensator, like a CB, to 

lessen or possibly eliminate the RP demand from these turbine generators for the UG because the SCIG always pulls 

RP from the AC network. Usually, to do this, CBs are regularly switched (5–25 steps) by the AP created. If a gentle 

start is used, the UG connection will go more smoothly. Wind instabilities are transformed into mechanical instabilities, 

which are then transformed into electrical power instabilities in an FS machine, regardless of the power control 

principle used. When the network is poor, this can result in voltage instability at the WT's PCC to the electric UG. 

When a CB is not used, these voltage instabilities force the FSWT to pull instability RP from the UG, increasing the 

line losses as well as the voltage instabilities [36]. Because their components and construction are simple, FS systems 

have the benefit of being inexpensive. The concept's primary shortcomings. However, its incapacity to accommodate 

speed control, the need for a stiff UG (fixed voltage and frequency), and the demand for a sturdy mechanical structure 

to withstand the significant mechanical stress brought on by wind gusts [40]. 

 

ASG

Gear Box

Capacitor Bank

Transformer

Grid

 
Fig. 1. Type (A) WT concept: FSWT directly connected to the UG via an SCIG. 

 

4.2 Type (B) WT concept: partial VSWT with VRR 

This architecture, as shown in Fig. 2, is equivalent to the partial VS-controlled WT with VRR, also known as Opti-Slip 

by the Danish manufacturer VestasTM wind systems [37]. It has been in operation since the mid-1990s and employs a 

WRIG. With a generator attached directly to the UG, this arrangement is comparable to the type (A) WT idea. On the 

other hand, the generator's rotor windings are linked in series with a regulated resistance, the magnitude of which 

determines the VS's range (usually 0–10% above the synchronous speed). A soft beginning is included to achieve a 

smoother UG connection, and a CB handles RP compensation. This design stands out due to its added VRR, which is 

adjusted by an optically controlled converter that is fixed to the rotor shaft. With the help of the innovative optical 

coupling system, the rotor resistance is thus controlled while removing the requirement for expensive slip rings that 

require brushes and maintenance. The slip and subsequently the WT's power output can be adjusted using VRR. The 

VRR's size affects the dynamic speed control range, which typically extends up to 10% above the synchronous speed. 

Heat loss results from the external power conversion unit's energy dump [40]. 

 

SG

Gear Box

Capacitor Bank

Transformer

Variable  Rotor 

Resistance

Grid

 
Fig. 2. Type (B) WT concept: partial VSWT directly connected to the UG via a WRIG with VRR. 

https://ijireeice.com
https://ijireeice.com/


    ISSN (O) 2321-2004, ISSN (P) 2321-5526 

 

IJIREEICE 

International Journal of Innovative Research in Electrical, Electronics, Instrumentation and Control Engineering 

Impact Factor 8.021Peer-reviewed & Refereed journalVol. 14, Issue 7, July 2026 

DOI:  10.17148/IJIREEICE.2026.14705 

© IJIREEICE              This work is licensed under a Creative Commons Attribution 4.0 International License                  41 

4.3 Type (C) WT concept: VSWT directly 

This concept corresponds to the most popular and widely used type, also well-known as DFIG [38]. It was given this 

name because both the stator and rotor coils are connected to the main network, according to Fig. 3. As we also see in 

Fig. 3, the rotor coils are connected to the network through PEC and transformers of the partial PT type, by which we 

mean that part of the power resulting from the process [44]. WT rotation will be passed to the PECs, which is 

approximately 30% of the nominal power generated. The use of PEC enables WTs to operate at varying (or 

changeable) speeds, and they can harvest power more effectively than their FS counterparts. A decrease in mechanical 

loss, which makes it possible to create lighter mechanical designs, more controllable power output (less dependent on 

variations in the wind), cost-effectiveness, easy pitch control, enhanced power quality, system efficiency, decreased 

acoustic noise, and island-operation capability are additional noteworthy advantages of using VS systems [42]. The 

stator and rotor coils are directly linked to the UG, as shown in Fig. 3, and the rotor frequency and speed are controlled 

by a partial-scale PEC.  A back-to-back 4-quadrant AC/DC/AC converter design based on IGBTs makes up the partial-

scale PEC [40]. The speed range of the converter is defined by its power rating, which is usually approximately ±30% 

of the synchronous speed [40]. Additionally, this converter enables a seamless UG connection and management of the 

RP reimbursement. When compared to the type C concept (Vestas's Opti-Slip), the rotor speed control range is wider. 

Furthermore, it recovers the energy lost in the Type C concept's variable rotor resistance, which makes it possible to 

raise the system's total efficiency. From an economic perspective, this notion is appealing due to the smaller PEC. But 

its primary shortcomings are the usage of slip rings, which require upkeep and brushes, and the intricate protective 

systems in the case of UG faults [40]. 

 

RSC GSC

SG/
ASG

Gear Box

Transformer

Grid

 
Fig. 3. Type (C) WT concept: VSWT directly connected to the UG via a DFIG controlled with a partial-scale PEC. 

 

4.4 Type (D) WT concept: direct-in-line VSWT 
This arrangement works with VS, in-line WTs, and a large-scale PEC connecting the generator to the UG [39]. PMSG 

is the kind of WT generator that is utilized to generate VF/AC electricity. This VF/AC power is converted to fixed-

frequency AC power by the PEC that is linked in series (or in-line) with the WT generator [40]. Additionally, a smooth 

UG connection across the whole speed range and local control over the RP compensation are made possible by this 

PEC. The generator may be of the permanent magnet-excited type, PMSG, or the electrically excited WRSG type. 

Lately, as a result of PEC's technological progress. The SCIG has also started to be used for this concept [40]. As 

displayed in Figure 4, the generator stator is connected to the UG through PECs; that is, the energy generated by the 

rotation of the WT will be passed to full-scale PECs, which consist of a back/back 4-quadrant AC/DC/AC converter 

design based on IGBTs [40]. It also regulates the resulting frequency at varying speeds, thus often eliminating the need 

for a gearbox (As illustrated in the dotted lines in Figure 4). This type is the only type of WT generation system that 

does not have a gearbox. 

 

RSC
GSC

Slip Rings 

Gear Box

Transformer

Grid

 
Fig. 4. Type (D) WT concept: direct-in-line VSWT connected to the UG through a full-scale PEC. 

 

5. COMPARISON BETWEEN VARIOUS TYPES OF GENERATORS 

 

This research mainly deals with 3 types of WT generators, namely SCIGs, DFIGs, and PMSGs. Table 4 below 

illustrates their disparities from one another. 
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5.1 Comparison of I&SGs 

The IG and SG stator constructions are the same. The structure and design of the rotors are the primary differences. IG 

rotor damper windings must be short-circuited for the rotor to generate a magnetic field; DC must activate the SG rotor 

winding for the rotor to generate a magnetic field. The comparison of I&SGs is displayed in Table 5.  

 

5.2 DFIGs 

DFIG is one of the generators that uses the VS principle in WTs. Reasons for using VSWTs include higher power 

output, temperature control, lower mechanical loads, active and RP control, reduced noise, and less variation in power 

output . The DFIG can precisely control the motor rotation speed and magnetic field current by introducing an electric 

current to the magnetic field coils of the generator through a control system called a frequency converter. This allows 

the generator to generate better-performing electricity at varying loads, which is one of the latest technologies used by 

RES plants.  The DFIG supplies power to the UG through a set of electrical coils wrapped around the rotor and stator. 

The UG is directly connected to the stator coils, while a PEC connects the rotor coils to the UG. The PEC is an 

AC/DC/AC-based PWM converter. The stator coils are connected directly to the UG (50 Hz), while the rotor coils are 

fed through a VF AC/DC/AC converter [45] . 

 

The DFIG is considered one of the most widely used generators in RES generation plants, such as wind PPs and 

hydroelectric PPs, for several reasons, including:  

1. Higher efficiency: The DFIG provides higher energy conversion efficiency when operating in varying conditions. 

The motor speed and magnetic field current can be adjusted to achieve maximum energy conversion efficiency.  

2. Precise speed control: DFIG can achieve precise control of motor speed, allowing the system to generate electrical 

power with better performance under wind or load changes. 

3. Cost saving: DFIG technology can provide lower costs in some cases, as DFIG generators can be used in a smaller 

size compared to generators used in other power generation technologies. 

4. Safe operation: DFIG technology provides safe work under varying operating conditions, which helps maintain the 

safety of equipment and workers. In general, the DFIG is an advanced electric power generation technology that is 

widely used in renewable PPs to achieve high performance and better efficiency. 

 

5.3 Simulation Data 

Simulation data involves the expected WT-PEC performance under real-world wind conditions. 

 

Table 4. Comparison of different WT generator types. 

 

Particulars SCIGs DFIGs PMSGs 

Aerodynamically 

efficiency 
Fewer efficient Efficient Efficient 

Noise problem Noisy Fewer noisy Fewer noisy 

Electrical efficiency Efficient Fewer efficient Less efficient 

Contribution to fault 

current 

Since they are directly 

connected to the UG 

(without a converter), they 

depend on the standard 

protection scheme and add 

to the fault current. 

Also, they add to the fault 

current, but the presence 

of the control system of 

the PEC detects the fault 

fast, and the duration of 

the contribution is less. 

The PEC through which the 

turbine is connected cannot 

carry any current, so there 

is no contribution to the 

fault current, and the 

generator is isolated at the 

time of the fault. 

Gearbox Available Available Not available 

Mechanical stress More Fewer Fewer 

Cost Fewer expensive. 

Expensive, although less 

so than PMSG driven 

directly. 

Expensive 

 

Converter No converter Small converter Large converter 

Rotor speed Constant at any WS. 
Rotates over a broad 

range of WS at any speed. 

Rotates over a broad range 

of WS at any speed. 

Harmonics problem Present Almost not present Almost not present 
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Table 5. The comparison between I&SGs. 

 

Items Induction Generators Synchronous Generators 

Stator Structure 3-phase winding. 3-phase winding. 

Rotor Structure 
It has a cage rotor; the winding does not 

need to be connected to DC [41]. 

It has evidence and a controlled pole rotor 

winding that needs to be connected to the 

DC source [41]. 

Speed Operating at the over-synchronous speed. Operating at a synchronized speed. 

RP Recompense 
From the system or connected to the 

capacitor. 
Not needed 

End Voltage Control Can’t control it. Cause exciting system control. 

Converter Device Not needed Needed 

Maintenance Simple and easy. Complicated. 

Cost Cheap Expensive 

 

Table 6. Simulation data for WT-PEC performance. 

 

Time (h) 

Wind 

Speed 

(m/s) 

Turbine 

Speed 

(rpm) 

Active 

Power 

(kW) 

Reactive 

Power 

(kVAR) 

Converter 

Efficiency 

(%) 

Grid 

Voltage 

(kV) 

00:00 AM 4.5 12 350 0 98 33.1 

02:00 AM 8.0 18 950 -50 98.2 33.0 

04:00 AM 12.0 20 2000 100 98.4 33.2 

06:00 AM 10.5 19 1700 50 98.3 33.1 

08:00 AM 14.0 22 2000 -75 98.5 33.3 

10:00 AM 6.0 15 650 25 98.1 33.0 

12:00 PM 10.0 19 1600 0 98.3 33.1 

2:00 PM 14.0 22 2000 -100 98.5 33.2 

4:00 PM 5.0 13 450 50 98 33.0 

6:00 PM 7.5 16 850 -25 98.2 33.1 

8:00 PM 9.5 18 1450 0 98.3 33.1 

10:00 PM 4.0 10 200 25 97.8 33.0 

 

Table 7. Summary numerical efficiency comparison. 

 

Generator 

Type 

Efficiency 

(%) 

Noise Level 

(dB) 

Maintenance Cost 

($/kWh) 

DFIG 98 65 0.01 

PMSG 95 60 0.02 

SCIG 92 75 0.008 

 

Table 8. Comparison of power electronic converters. 

 

PECs 

Type 

Efficiency 

(%) 

Harmonics 

(%) 
Fault Tolerance 

FSC 98 <2 High 

PSC 95 <3 Medium 

MLC 98.5 <1.5 Very High 
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Table 9. Comparison of economic impacts and cost-effectiveness of different types of WT generators. 

 

Generat

or Type 

Capital 

Cost 

($/kW) 

Mainten

ance 

Cost 

($/kWh) 

Operationa

l Lifetime 

(years) 

Energ

y 

Yield 

(MWh

/year) 

Levelize

d Cost of 

Energy 

(LCOE) 

($/MWh) 

Payback 

Period 

(years) 

Advantage

s 
Limitations 

SCIG 1,200 0.008 20 3,000 45 8 

Low capital 

cost; simple 

design 

High 

mechanical 

stress; low 

efficiency 

DFIG 1,600 0.01 25 4,200 40 6.5 

High 

efficiency; 

grid 

compatibilit

y 

Moderate 

maintenanc

e cost; 

complex 

PEC 

PMSG 2,000 0.02 30 5,000 38 6 

High 

reliability; 

low noise; 

no gearbox 

High capital 

cost; 

complex 

maintenanc

e 

 

6. CONCLUSION 

 

The various generator types and PEC utilized in modern WTs are summarized in this study. After a brief introduction 

outlining fundamental WT topologies and control techniques, the state of the art in WTs from an electrical perspective 

is examined. The principal design and attributes of varying wind power generation systems, grounded in modern WT 

concepts, along with their respective benefits and drawbacks, are also described. The new and old, possibly promising 

concepts for generators and PEC are presented based on technical aspects and market trends. There are now more 

generator types that are feasible because of the addition of VS options in WTs, which also give combination options for 

PEC and generator types a great deal of flexibility. Developing into PPs, big wind farms should function as integrated 

components of the electrical grid and follow this crucial trend for wind turbines. To give wind generation facilities the 

ability to control the power system and enhance their influence on power system stability, PECs represent a promising 

technological option. Here’s a summary of the key findings: 

1. The research highlights the superior efficiency of DFIG, especially when used in VSWTs. DFIGs allow better 

energy capture by adjusting rotor speed to wind conditions, maximizing output while minimizing mechanical 

strain. 

2. PECs are critical in controlling and optimizing WT performance, enabling grid synchronization, variable 

speed operation, and RP management. This improves the efficiency and stability of integrating wind energy 

into UGs. 

3. The study compares IG and SG systems, focusing on their connection to the UG and grid interaction 

challenges. SG generally offers better control, while IG is simpler and less expensive but contributes more to 

grid disturbances. 

4. The integration of large-scale WT farms into the UG presents challenges such as intermittency, voltage 

fluctuations, and grid stability issues. Solutions such as ESS, advanced PECs, and grid-supporting 

technologies like STATCOMs are proposed to address these challenges. 

5. The study underscores the growing role of DFIGs and PECs in improving wind farms' operational flexibility, 

grid stability, and economic viability. It also outlines potential pathways for overcoming grid integration 

barriers, crucial for scaling renewable energy adoption. 

 

These findings provide valuable insights into optimizing WT generator systems and their integration into modern 

energy grids. 

 

7. FUTURE WORK 

 

1. Explore more sophisticated control strategies for WT systems, focusing on improving the performance of DFIG 

and SG in different wind conditions. This can include implementing machine learning algorithms for predictive 

maintenance and optimized power output. 
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2. Investigate the impact of higher penetration of wind energy on the UG, including issues such as voltage stability, 

power quality, and frequency regulation. This could lead to the development of more advanced grid-support 

features in WT systems to handle variable wind output. 

3. Improving the efficiency and durability of PEC used in wind energy systems. This may include exploring new 

materials, such as wide-bandgap semiconductors, which could enhance converter performance, reduce energy 

losses, and improve system lifespan. 

4. Study the integration of WT with other RES, such as solar PV systems or energy storage technologies like batteries 

and hydrogen. Hybrid systems could enhance energy stability and reduce reliance on traditional power plants. 

5. Conduct simulations and case studies of large-scale wind farms under varying environmental conditions and grid 

demands. These models would help understand the long-term behavior of different generator and converter 

systems and inform decision-making for real-world deployments. 

6. Further, assess the environmental benefits and cost-effectiveness of different WT systems. This can include 

lifecycle analysis of materials used in PECs and generators, as well as assessing the potential for recycling or 

repurposing components in decommissioned systems. 

 

By addressing these topics, future research can build upon the findings of this study, further optimizing wind energy 

integration and contributing to the transition toward decarbonized power systems. 
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