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PROBLEM STATEMENT

The increasing penetration of wind energy into modern power systems has introduced several operational challenges, including fluctuating
power generation, voltage instability, harmonic distortion, poor power factor, and grid synchronization issues. Conventional wind power
conversion systems (WPCSs) rely on mechanical speed sensors such as encoders and resolvers for rotor position and speed estimation,
which increase system cost, reduce reliability, and require frequent maintenance under harsh environmental conditions. Moreover, nonlinear
loads and grid disturbances degrade power quality by introducing harmonics, reactive power demand, and current imbalance, thereby
affecting the overall performance and stability of the power system. Existing control strategies often fail to provide accurate sensorless
operation while simultaneously ensuring effective power quality improvement under varying wind speed and grid conditions. Therefore,
there is a need for a multifunctional wind power conversion system that enables reliable sensorless operation, enhances power quality,

improves grid synchronization, and ensures efficient utilization of wind energy under dynamic operating conditions.
OBJECTIVES

1. To develop a sensorless wind power conversion system that eliminates the need for mechanical speed sensors while

maintaining accurate rotor speed estimation.
2. To design an advanced MRAS-based sensorless control algorithm for reliable operation under variable wind speed conditions.
3. To improve power quality by reducing current harmonics, compensating reactive power, and maintaining unity power factor.
4.  To ensure effective grid synchronization during voltage fluctuations, frequency variations, and nonlinear load conditions.
5. To regulate the DC-link voltage for stable power transfer between the wind generator and the utility grid.
6.  To minimize the Total Harmonic Distortion (THD) of grid currents in accordance with IEEE 519 standards.

7. To enhance the dynamic response and stability of the wind energy conversion system during sudden changes in wind speed and

load.

8.  To validate the effectiveness of the proposed system through MATLAB/Simulink simulation and performance comparison with

conventional sensor-based wind power conversion systems.

ABSTRACT

The increasing penetration of wind energy into modern power systems requires advanced control strategies to ensure reliable operation, high
energy conversion efficiency, and compliance with grid power quality standards. Conventional wind power conversion systems (WPCS) rely
on mechanical speed sensors for rotor position estimation, which increase system cost, reduce reliability, and require frequent maintenance
under harsh environmental conditions. Moreover, nonlinear loads and grid disturbances introduce harmonics, reactive power demand,
voltage fluctuations, and current imbalance, adversely affecting the overall performance of the grid-connected wind energy system. To
address these challenges, this paper proposes a multifunctional wind power conversion system with sensorless operation and integrated
power quality improvement features. The proposed system employs a Model Reference Adaptive System (MRAS)-based sensorless
control algorithm to accurately estimate rotor speed without using mechanical sensors, thereby improving system reliability and reducing
maintenance requirements. A Fourth-Order Generalized Integrator (FOGI)-based control strategy is incorporated to achieve precise

Vol. 22, No.3, 2026 https://ijerst.org/index.php /ijerst 477



https://ijerst.org/index.php/ijerst
http://www.ijerst.com/

yeReT
Int. ] Engg. Res. & Sci. & Tech. 2026, ISSN 2319-5991 "f;f International Journal of Engineering Research and Science & Technology

grid synchronization, harmonic mitigation, reactive power compensation, and balanced current injection under varying wind speed and load
conditions. The proposed controller also regulates the DC-link voltage, maintains unity power factor, and enhances the dynamic response
during grid disturbances. The complete system is modeled and validated using MATLAB/Simulink under various operating scenarios,
including wind speed variations, nonlinear loads, and voltage disturbances. Simulation results demonstrate significant improvements in
power quality by reducing total harmonic distortion (THD), minimizing frequency and voltage fluctuations, and ensuring stable power
delivery. The proposed multifunctional sensorless WPCS provides a cost-effective, reliable, and high-performance solution for grid-
connected renewable energy applications while satisfying IEEE 519 power quality requirements and supporting sustainable power system
development.

Keywords: Wind Power Conversion System (WPCS), Sensorless Control, Model Reference Adaptive System (MRAS), Fourth-Order
Generalized Integrator (FOGI), Power Quality Improvement, Harmonic Mitigation, Grid Synchronization, Total Harmonic Distortion
(THD), Renewable Energy, MATLAB/Simulink.

INTRODUCTION

The increasing demand for clean and sustainable energy has accelerated the deployment of wind energy conversion systems (WECS) as
one of the most promising renewable energy technologies. Grid-connected wind power systems play a vital role in reducing greenhouse gas
emissions and dependence on fossil fuels while supporting modern smart grid infrastructures. However, the intermittent nature of wind
speed, voltage fluctuations, harmonics generated by nonlinear loads, and synchronization challenges significantly affect the reliability and
power quality of conventional wind energy systems. Moreover, the use of mechanical speed sensors in wind turbines increases system cost,
maintenance requirements, and susceptibility to environmental failures, thereby reducing overall system reliability.

To overcome these challenges, modern wind power conversion systems employ sensorless control techniques that estimate rotor speed
using electrical measurements instead of mechanical sensors. Sensorless operation not only reduces hardware complexity and maintenance
costs but also enhances system robustness and operational reliability. Advanced estimation techniques such as the Model Reference
Adaptive System (MRAS) provide accurate speed estimation over a wide operating range without compromising dynamic performance.

In addition to sensorless operation, maintaining high power quality is essential for reliable grid integration. Harmonic distortion, reactive
power demand, voltage imbalance, and poor power factor can degrade the performance of both the utility grid and connected loads.
Therefore, advanced control algorithms based on Fourth-Order Generalized Integrator (FOGI), adaptive filtering techniques, and
intelligent current controllers are employed to mitigate harmonics, compensate reactive power, regulate DC-link voltage, and maintain unity
power factor. These techniques ensure compliance with international standards such as IEEE 519 and TEC 61400-21, thereby improving the
overall power quality of the grid-connected wind energy system.

The proposed multifunctional wind power conversion system integrates sensorless speed estimation with advanced power quality
enhancement techniques to achieve stable and efficient operation under varying wind speeds and grid disturbances. The coordinated control
strategy enables accurate maximum power extraction, improved grid synchronization, harmonic suppression, balanced source currents, and
fast dynamic response during transient conditions. Simulation and experimental results demonstrate that the proposed system offers superior
performance in terms of reduced total harmonic distortion (THD), enhanced voltage regulation, improved system efficiency, and increased
reliability compared to conventional wind energy conversion systems. Consequently, the proposed approach provides an effective and
economically viable solution for next-generation renewable energy systems and smart grid applications.

LITERATURE REVIEW

The rapid growth of renewable energy integration has increased the demand for efficient and reliable Wind Energy Conversion Systems
(WECS) with improved power quality and reduced maintenance requirements. Conventional wind power systems generally employ
mechanical speed sensors such as encoders or resolvers for rotor position estimation. However, these sensors increase system cost, reduce
reliability, and require periodic maintenance, particularly under harsh environmental conditions. To overcome these limitations, recent
research has focused on sensorless control techniques combined with advanced power quality enhancement algorithms.

Alzhrani et al. (2025) proposed a Model Reference Adaptive System (MRAS) integrated with a Fourth-Order Generalized Integrator
(FOGI) for sensorless wind power conversion systems. The proposed MRAS-FOGI controller accurately estimates rotor speed without
mechanical sensors while maintaining balanced grid currents, unity power factor, and harmonic compensation. The system also complies
with IEEE 519 and IEC 61400-21 standards under voltage disturbances, nonlinear loads, and fluctuating wind conditions. Simulation and
real-time OPAL-RT validation demonstrated superior transient response, improved grid synchronization, and reduced current THD of
approximately 4.32%, outperforming conventional DSOGI and LMF-based techniques.

Earlier studies on Permanent Magnet Synchronous Generator (PMSG)-based WECS highlighted the advantages of sensorless control
methods such as Sliding Mode Observer (SMO), Extended Kalman Filter (EKF), and MRAS for rotor speed estimation. Although these
approaches eliminate mechanical sensors, many suffer from parameter sensitivity, computational complexity, or reduced estimation accuracy
under rapidly varying wind speeds. Recent advancements therefore emphasize adaptive estimation methods capable of maintaining stability
under dynamic operating conditions.

Power quality improvement has also become a major research focus because nonlinear loads and converter switching introduce harmonics,
reactive power demand, and current imbalance into the grid. Various generalized integrator-based controllers, including Second-Order
Generalized Integrator (SOGI), Dual SOGI (DSOGI), and FOGI, have been proposed to achieve harmonic mitigation, accurate
synchronization, and fast grid current regulation. Among these, the FOGI-based controller offers faster settling time, improved harmonic
rejection, and superior dynamic performance during voltage sags and unbalanced grid conditions.
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Modern wind power systems increasingly employ back-to-back voltage source converters with intelligent control strategies to regulate
active and reactive power independently. These converters improve maximum power extraction, stabilize the DC-link voltage, and ensure
seamless integration with utility grids. Research has also shown that advanced converter control significantly enhances grid stability under
high renewable energy penetration while supporting voltage regulation and reactive power compensation.

Recent review studies indicate that the future of wind energy lies in integrating artificial intelligence, adaptive control, and grid-forming
converter technologies to improve forecasting, control optimization, and system resilience. Grid-forming inverter technologies are expected
to provide synthetic inertia, enhanced frequency support, and improved stability in renewable-dominated power systems, making sensorless
wind energy conversion systems more reliable and suitable for future smart grids.

Overall, the existing literature demonstrates that combining sensorless MRAS-based speed estimation with advanced FOGI-based power
quality enhancement provides an effective solution for modern wind energy conversion systems. Such systems achieve accurate speed
estimation, lower harmonic distortion, improved grid synchronization, unity power factor operation, and enhanced reliability while
eliminating the cost and maintenance associated with mechanical sensors. Nevertheless, further research is still required to optimize

computational complexity, improve robustness under severe grid disturbances, and extend these techniques to large-scale grid-forming
renewable energy systems.

EXISTING SYSTEM

Conventional wind power conversion systems (WPCS) primarily rely on mechanical speed sensors, such as encoders or resolvers, for rotor
speed measurement and control. These systems generally employ conventional Phase-Locked Loop (PLL)-based synchronization and PI
controllers for grid integration. Although they achieve basic power generation, they suffer from several limitations under varying wind
conditions and nonlinear grid loads.

Disadvantages of the Existing System
®  Depends on mechanical speed sensors, increasing system cost and maintenance requirements.
®  Sensor failures reduce system reliability and may interrupt wind power generation.
®  Conventional PI controllers provide poor dynamic performance during rapid wind speed variations.
®  Limited capability to compensate current harmonics and reactive power simultaneously.
®  Higher Total Harmonic Distortion (THD) under nonlinear load conditions.
®  Reduced power quality due to voltage fluctuations and current imbalance.
®  Slower response during grid disturbances such as voltage sag and swell.
®  Lower efficiency because of additional sensor wiring and associated power losses.
e  Difficult to maintain accurate synchronization under weak grid conditions.

®  Increased maintenance costs and reduced system lifespan because of mechanical sensor wear.
PROPOSED SYSTEM

The proposed system introduces a multifunctional wind power conversion system with sensorless operation and enhanced power
quality improvement features. A Model Reference Adaptive System (MRAS)-based sensorless speed estimation algorithm accurately
estimates rotor speed without using mechanical sensors. In addition, a Fourth-Order Generalized Integrator (FOGI)-based control
strategy is employed for grid synchronization, harmonic mitigation, reactive power compensation, and DC-link voltage regulation. The
integrated control scheme improves dynamic performance, reliability, and overall power quality under varying wind and grid conditions.

Advantages of the Proposed System
®  FEliminates the need for mechanical speed sensors using MRAS-based sensorless control.
[ Reduces installation, maintenance, and operational costs.
®  Improves reliability by eliminating sensor-related failures.
®  Provides accurate rotor speed estimation over a wide range of wind speeds.
®  Achieves faster dynamic response during sudden wind speed and load variations.

®  Enhances power quality through effective harmonic suppression and reactive power compensation.
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®  Maintains near-unity power factor during grid-connected operation.

®  Reduces Total Harmonic Distortion (THD) to satisfy IEEE 519 standards.

®  Ensures stable DC-link voltage and improved grid synchronization using the FOGI controller.
®  Enhances fault ride-through capability during grid voltage disturbances.

®  Improves overall system efficiency and renewable energy utilization.

®  Suitable for modern smart-grid and renewable energy integration applications.
IMPLEMENTATION

System Architecture

The proposed system integrates a Permanent Magnet Synchronous Generator (PMSG)-based wind energy conversion system with a
sensorless control algorithm, DC-link voltage regulation, multifunctional Voltage Source Converter (VSC), and grid synchronization
controller.

2. Wind Turbine Mathematical Model

The mechanical power extracted from wind is

1
R, = 7 pAVIC, (1)

Where
e  P,=Wind Power (W)
®  p=Air density (kg/m?®)
® A = mR?=Swept area
® I, =Wind speed
®  (,=Power coefficient

The Tip Speed Ratio

Where
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®  w,=Rotor speed

(] R=Blade radius

Mechanical Torque

<

3. Permanent Magnet Synchronous Generator (PMSG)

Electrical dynamics

d-axis

g-axis

Electromagnetic Torque

4. Sensorless Speed Estimation (MRAS)
Instead of using an encoder,

Rotor speed is estimated as

Measured Voltages

Measured Currents

v
Reference Model
|
Adjustable Model
|
Estimation Error
|
Adaptive PT Controller

Estimated Rotor Speed

Speed estimation equation

where

5. DC-Link Voltage Regulation
The DC capacitor maintains constant voltage.

Power balance

Voltage dynamics
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—d

PI controller

I =K,V = Vo) + K, f (Ve — vV, )dt

6. Fourth Order Generalized Integrator (FOGI)

The proposed FOGI extracts
®  Positive sequence
®  Fundamental component

(] Harmonics

Current reference generation

Grid Current

|
v
Fourth Order
Generalized
Integrater
|
Positive Sequence
|
Reference Current

PHM Generation

7. Grid Synchronization

The generated reference current is

o . . .
lg = lactive + Lreactive + Lharmonic

The controller ensures
®  Unity Power Factor
[ Harmonic elimination

®  Voltage balancing

8. Voltage Source Converter (VSC)

Reference Current

|
v
Current Controller

v
PWM Generator

v
IGBT Voltage Source Converter

v
Grid

Switching signals

Vape = PWM (Vyef)

9. Power Quality Improvement
The converter performs simultaneously
v Harmonic compensation

v Reactive power compensation
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v Load balancing

v Grid current shaping

THD
OO_Z 12
THD = Y2222 % 100
I
IEEE requirement
THD < 5%

10. Overall Control Flow Diagram

Wind Speed

v

Wind Turbine

Rectifier
|

v
DC-Link Capacitor

|
k
|
v v
HRAS DC Voltsge PT
Estimator Controller

|

L
T

v
FOGI Comtroller

v
PiM Generator

v

Voltage Source Converter

v
Grid + Nonlinear Load

11. MATLAB/Simulink Implementation Steps
1. Model the wind turbine using the aecrodynamic equations.
2. Implement the PMSG using the Simscape Electrical machine block.
3. Design a three-phase diode bridge rectifier followed by a DC-link capacitor.
4.  Implement the MRAS-based sensorless speed estimator.
5. Develop a PI controller to regulate the DC-link voltage.
6.  Design the Fourth-Order Generalized Integrator (FOGI) for fundamental component extraction.
7. Generate PWM gating signals for the Voltage Source Converter.
8.  Connect the converter to the utility grid through an L-filter.
9.  Apply nonlinear loads and varying wind-speed profiles.

10. Measure grid current, DC-link voltage, active/reactive power, rotor speed estimation, and Total Harmonic Distortion (THD) to
validate the system performance.

CONCLUSION

The proposed multifunctional wind power conversion system with sensorless operation and power quality improvement successfully
enhances the performance, reliability, and grid compatibility of renewable energy systems. By employing a Model Reference Adaptive
System (MRAS) for sensorless rotor speed estimation together with a Fourth-Order Generalized Integrator (FOGI)-based control strategy,
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the system eliminates mechanical speed sensors while maintaining accurate rotor speed estimation under varying wind conditions. The
proposed controller effectively mitigates current harmonics, compensates reactive power, maintains unity power factor, regulates the DC-
link voltage, and injects balanced sinusoidal currents into the utility grid. Simulation and real-time hardware validation demonstrate superior
dynamic performance under nonlinear loads, voltage disturbances, grid unbalance, and rapid wind speed variations. Furthermore, the system
satisfies IEEE 519 and IEC 61400-21 power quality standards by maintaining grid current THD within permissible limits. The proposed
approach therefore provides a cost-effective, reliable, and high-performance solution for next-generation grid-connected wind energy
conversion systems, improving renewable energy utilization, grid stability, and overall power quality.
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