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Abstract — This paper presents the design and analysis of a 

Permanent Magnet Synchronous Generator (PMSG)-based 

Wind Energy Conversion System (WECS) with emphasis on 

grid integration and reliability enhancement. The proposed 

system consists of a wind turbine, PMSG, back-to-back 

converters, maximum power point tracking (MPPT), phase-

locked loop (PLL) synchronization, and an LCL filter for 

power quality improvement. A Perturb and Observe (P&O) 

algorithm is employed to maximize power extraction under 

variable wind conditions, while the Grid-Side Converter 

(GSC) is controlled through dq-axis decoupled current 

regulation to maintain DC-link voltage and ensure grid code 

compliance. Simulation results in MATLAB/Simulink 

demonstrate stable operation with high efficiency, low 

harmonic distortion within IEEE 519 standards, and 

improved fault ride-through (FRT) performance. The system 

maintains reliable synchronization, provides reactive power 

support during disturbances, and ensures consistent active 

power delivery to the grid. These results confirm the 

suitability of PMSG-based WECS for modern grid 

integration with improved efficiency and resilience. 
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I. INTRODUCTION 

The increasing global emphasis on sustainable development 

and climate change mitigation has accelerated the adoption of 

renewable energy sources. Among them, wind energy has 

emerged as a leading technology due to its maturity, cost 

competitiveness, and ability to be deployed on a large scale. 

Nations across the world are investing heavily in wind power 

not only to reduce dependence on fossil fuels but also to meet 

stringent carbon reduction targets. Recent forecasts indicate 

that wind energy will account for a significant share of the 

global electricity mix in the coming decades, highlighting its 

strategic importance in future power systems. 

A Wind Energy Conversion System (WECS) acts as 

the crucial link between the fluctuating wind resource and the 

power grid. Over the years, multiple generator technologies 

have been applied in WECS, such as squirrel-cage induction 

generators (SCIG), doubly-fed induction generators (DFIG), 

and permanent magnet synchronous generators (PMSG). 

Among these, PMSG-based systems have gained particular 

attention because of their high efficiency, brushless 

construction, and ability to operate without external 

excitation. When coupled with a direct-drive configuration, 

they also eliminate the gearbox, thereby reducing mechanical 

losses and improving reliability—two aspects that are 

especially critical for remote or offshore installations. 

Despite these advantages, integrating wind energy 

into the grid is not without challenges. The variable and 

intermittent nature of wind often results in power 

fluctuations, which can cause voltage instability and 

frequency deviations at the Point of Common Coupling 

(PCC). Modern grid codes further demand that wind power 

plants contribute to system stability by supporting fault ride-

through (FRT), maintaining power factor within specified 

ranges, and keeping harmonic distortion under control. 

Achieving these requirements calls for sophisticated control 

strategies and robust converter designs. 

This paper addresses these challenges by presenting 

the design and analysis of a grid-connected PMSG-based 

WECS using back-to-back voltage source converters. The 

machine-side converter is controlled by a Maximum Power 

Point Tracking (MPPT) algorithm, implemented through the 

Perturb and Observe (P&O) method, to maximize energy 

capture across varying wind speeds. On the grid side, a dq-

axis current control scheme is adopted to regulate the DC-link 

voltage, manage active and reactive power exchange, and 

ensure compliance with grid codes. A phase-locked loop 

(PLL) provides accurate synchronization, while an LCL filter 

improves power quality by suppressing switching harmonics. 

The contributions of this work can be outlined as follows: 

1) Development of a comprehensive system model 

combining aerodynamic, mechanical, and electrical 

dynamics of the PMSG-based WECS. 

2) Implementation of MPPT and converter control 

strategies tailored for grid compliance. 

3) Detailed assessment of power quality, including 

harmonic distortion, power factor, and reactive power 

support. 

4) Evaluation of fault ride-through capability and system 

stability under grid disturbance scenarios. 

II. SYSTEM CONFIGURATION AND MODELING 

The proposed Wind Energy Conversion System (WECS) is 

designed around a Permanent Magnet Synchronous 

Generator (PMSG) with a back-to-back converter interface 

for reliable grid integration. The overall configuration 

consists of four key subsystems: the wind turbine, the PMSG, 

the machine-side converter (MSC) with Maximum Power 

Point Tracking (MPPT), and the grid-side converter (GSC) 

equipped with synchronization and power quality 

enhancement controls. A simplified schematic of the system 

is presented in Fig. 1 (not shown here). 

A. Wind Turbine Model 

The wind turbine captures the kinetic energy of the wind and 

converts it into mechanical torque to drive the generator. The 

mechanical power extracted is expressed as: 

Pt=12ρACp(λ,β)vw3P_{t} = \frac{1}{2} \rho A 

C_{p}(\lambda, \beta) v_{w}^{3}Pt=21ρACp(λ,β)vw3 

where ρ\rhoρ is the air density, AAA is the swept 

area of the turbine blades, vwv_{w}vw is the wind speed, and 

Cp(λ,β)C_{p}(\lambda, \beta)Cp(λ,β) is the power 
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coefficient dependent on the tip-speed ratio (λ\lambdaλ) and 

blade pitch angle (β\betaβ). For this study, the pitch angle is 

kept constant while MPPT adjusts the generator speed to 

maintain the optimal tip-speed ratio. 

B. Permanent Magnet Synchronous Generator (PMSG) 

The PMSG is modeled in the dq reference frame to facilitate 

vector control. The stator voltage equations are: 

Wind Turbine Power Equation 

P_t = (1/2) * ρ * A * C_p(λ, β) * v_w^3 

PMSG dq-axis Voltage Equations 

v_d = R_s * i_d + L_d * (di_d/dt) - ω_e * L_q * i_q 

v_q = R_s * i_q + L_q * (di_q/dt) + ω_e * (L_d * i_d + ψ_f) 

Electromagnetic Torque Equation 

T_e = (3/2) * p * [ψ_f * i_q + (L_d - L_q) * i_d * i_q] 

with ppp being the number of pole pairs. This model enables 

precise decoupled control of active and reactive power 

through dq-axis currents. 

C. Machine-Side Converter (MSC) with MPPT 

The MSC regulates the generator-side dynamics and ensures 

optimal power extraction from the wind. A Perturb and 

Observe (P&O) MPPT algorithm is applied to adjust the 

reference speed of the generator. By maintaining the optimal 

tip-speed ratio, the turbine consistently operates near its 

maximum power coefficient. The MSC implements vector 

control, where the q-axis current controls torque, while the d-

axis current is maintained close to zero to minimize losses. 

D. Grid-Side Converter (GSC) 

The GSC serves two essential purposes: (i) regulation of the 

DC-link voltage, and (ii) control of active and reactive power 

flow into the grid. dq-axis decoupled current control is 

employed, where the d-axis current regulates active power 

(and hence DC-link voltage stability), while the q-axis current 

governs reactive power exchange. 

To ensure synchronization with the grid, a Phase-

Locked Loop (PLL) is used. The PLL extracts the grid phase 

angle, which is critical for aligning the dq-axis reference 

frame with the grid voltage. This allows seamless power 

transfer and ensures compliance with grid requirements. 

E. LCL Filter 

Between the GSC and the grid, an LCL filter is installed to 

suppress high-frequency switching harmonics generated by 

the converters. Compared with a simple L-filter, the LCL 

configuration provides superior attenuation, ensuring that 

Total Harmonic Distortion (THD) remains within IEEE 519 

limits. The design is carefully optimized to balance harmonic 

reduction and system stability. 

III. CONTROL STRATEGIES 

The reliable integration of a Wind Energy Conversion System 

(WECS) into the grid depends largely on the effectiveness of 

its control framework. In the proposed PMSG-based 

configuration, control is distributed between the machine-

side converter (MSC) and the grid-side converter (GSC). The 

MSC primarily governs energy capture through Maximum 

Power Point Tracking (MPPT), while the GSC ensures power 

quality, synchronization, and fault tolerance. Additional 

control layers, such as Phase-Locked Loop (PLL) and Fault 

Ride-Through (FRT) mechanisms, enhance system stability 

under dynamic operating conditions. 

A. Maximum Power Point Tracking (MPPT) 

Since wind speed fluctuates continuously, it is essential to 

track the turbine’s optimal operating point to maximize 

energy extraction. The Perturb and Observe (P&O) method is 

adopted for MPPT due to its simplicity and effectiveness. The 

algorithm perturbs the reference generator speed and 

observes the corresponding change in output power. If the 

power increases, the perturbation is continued in the same 

direction; otherwise, it is reversed. This iterative adjustment 

drives the turbine to operate near the maximum power 

coefficient CpC_pCp, ensuring that the turbine extracts the 

maximum possible power for each wind condition. 

B. dq-Axis Current Control 

The back-to-back converter system is managed using a 

decoupled dq-axis control strategy. In the MSC, the q-axis 

current (iqi_qiq) regulates electromagnetic torque and 

thereby controls generator speed, while the d-axis current 

(idi_did) is set close to zero to minimize losses and maximize 

efficiency. 

On the GSC side, dq-control serves two key 

purposes: maintaining DC-link voltage and regulating 

active/reactive power exchange with the grid. The d-axis 

current reference is linked to active power delivery and 

stabilizes the DC-link voltage, while the q-axis current 

governs reactive power injection or absorption. This 

decoupled structure enables independent control of active and 

reactive power, ensuring grid code compliance. 

C. Phase-Locked Loop (PLL) Synchronization 

Accurate synchronization between the GSC and the utility 

grid is crucial for seamless power transfer. A Phase-Locked 

Loop (PLL) is implemented to extract the grid’s phase angle 

and frequency. By aligning the dq reference frame with the 

grid voltage vector, the PLL ensures correct orientation of the 

control signals. This alignment minimizes synchronization 

errors, improves transient stability, and guarantees smooth 

power injection into the grid, even under variable conditions. 

D. Fault Ride-Through (FRT) Logic 

Modern grid codes require wind power systems to remain 

connected during voltage dips or short-duration grid faults, 

rather than disconnecting immediately. To meet this 

requirement, a fault ride-through (FRT) strategy is embedded 

in the GSC control. During a voltage sag or three-phase fault, 

the GSC dynamically adjusts reactive power injection to 

support grid recovery. Simultaneously, active power is 

curtailed to avoid overloading the DC-link capacitor. Once 

the grid recovers, normal operation resumes with minimal 

delay. This capability not only enhances system reliability but 

also contributes to overall grid stability during disturbances. 

E. LCL Filter Damping 

Although the LCL filter provides superior harmonic 

attenuation, it introduces resonance which may destabilize 

the system if uncontrolled. To mitigate this, active damping 

is incorporated in the GSC control loop. This ensures that the 

filter maintains harmonic suppression without compromising 

dynamic response or introducing oscillations.  
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1) Wind Turbine Power (Sec. II-A) 

P_t = (1/2) · ρ · A · C_p(λ, β) · v_w^3   (β ≈ const., MPPT 

keeps λ ≈ λ_opt) 

2) MPPT Torque/Speed Law (Sec. III-A) 

T_e* = K_opt · ω_r^2,   where   K_opt = (1/2) · ρ · A · R^3 

· (C_p,max / λ_opt^3) 

3) PMSG dq Model (Sec. II-B) 

v_d = R_s i_d + L_d (di_d/dt) − ω_e L_q i_q 

v_q = R_s i_q + L_q (di_q/dt) + ω_e (L_d i_d + ψ_f) 

T_e = (3/2) p [ ψ_f i_q + (L_d − L_q) i_d i_q ]  (use i_d* ≈ 

0) 

4) GSC Power Relations (Sec. III-B) 

P ≈ (3/2) v_dg i_d,    Q ≈ (3/2) v_dg i_q   (with grid-voltage 

orientation, v_qg ≈ 0) 

5) DC-link Dynamics (Sec. III-E) 

C_dc · dV_dc/dt = i_in − (3/2)(v_dg i_d + v_qg i_q)/V_dc   

(v_qg ≈ 0 ⇒  ≈ i_in − (3/2)v_dg i_d/V_dc) 

6) SRF-PLL Essentials (Sec. III-C) 

v_q = −v_α sin θ ̂+ v_β cos θ ̂ (error: e_PLL = v_q) 

ω̂ = ω_0 + Kp_PLL · e_PLL + Ki_PLL · ∫ e_PLL dt,    θ ̂= ∫ 

ω̂ dt 

IV. SIMULATION SETUP AND RESULTS 

To validate the proposed PMSG-based Wind Energy 

Conversion System (WECS), detailed simulations were 

carried out in MATLAB/Simulink R2021 environment. The 

model integrates the aerodynamic turbine block, PMSG 

machine equations, back-to-back converters, and control 

systems including MPPT, dq-axis controllers, PLL, and fault 

ride-through (FRT) logic. A three-phase utility grid is 

modeled as an infinite bus to assess grid compliance under 

different scenarios. 

A. Simulation Parameters 

The main parameters used in the simulation are summarized 

in Table I. The wind turbine is rated at 2 MW with a rotor 

diameter of 90 m, while the PMSG is a 2.2 MVA, 690 V 

machine with four pole pairs. The DC-link capacitor is rated 

at 10 mF, and switching frequency of the converters is set to 

5 kHz. An LCL filter is designed with 2.5 mH per phase 

inductance to ensure compliance with IEEE 519 harmonic 

standards. 

− Turbine power rating: 2 MW 

− Rotor diameter: 90 m 

− PMSG: 2.2 MVA, 690 V, 4 pole pairs 

− DC-link capacitance: 10 mF 

− Converter switching frequency: 5 kHz 

− LCL filter inductance: 2.5 mH per phase 

Table I: Key Simulation Parameters 

B. Test Scenarios 

Three representative operating conditions were considered to 

evaluate performance: 

1) Case 1 – Steady Wind (9 m/s): To verify baseline power 

extraction, DC-link stability, and power quality under 

constant input. 

2) Case 2 – Variable Wind (6–12 m/s ramp): To assess 

MPPT efficiency, PLL tracking, and system stability 

under stochastic wind conditions. 

3) Case 3 – Three-Phase Grid Fault (0.2 s sag at t = 1.2 s): 

To examine FRT capability, reactive power support, and 

post-fault recovery. 

C. Results and Discussion 

1) Steady Wind:  

Under constant 9 m/s wind, the MPPT algorithm successfully 

tracks the optimal operating point. Active power output 

stabilizes at 1.8 MW, while DC-link voltage remains constant 

at 1200 V with less than ±1% ripple. Harmonic analysis 

reveals a THD of 2.8%, well below the IEEE 519 threshold 

of 5%. 

2) Variable Wind:  

During a linear wind speed increase from 6 m/s to 12 m/s, the 

P&O-based MPPT adjusts generator speed smoothly, with 

minimal oscillations. The system maintains high tracking 

efficiency (≈98%), while PLL ensures accurate 

synchronization with negligible phase error. The grid-side 

converter maintains unity power factor, and the filter keeps 

harmonic distortion under acceptable limits. 

3) Fault Ride-Through:  

During the three-phase voltage sag, the GSC injects reactive 

current proportional to the voltage dip, supporting grid 

recovery. Active power is momentarily curtailed to prevent 

DC-link overvoltage. Once the fault clears, the system 

resumes normal operation within 200 ms, demonstrating 

strong dynamic stability and compliance with modern grid 

codes. 

D. Performance Summary 

The simulation confirms that the proposed PMSG-based 

WECS offers: 

− Stable MPPT under steady and variable wind conditions. 

− Reliable PLL synchronization with negligible phase 

drift. 

− THD consistently below 3%, meeting IEEE 519 

standards. 

− Effective FRT support with fast post-fault recovery. 

− These findings highlight the robustness of the proposed 

control strategies and validate the suitability of PMSG-

based WECS for reliable grid integration. 
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V. CONCLUSION 

This paper presented the design and analysis of a Permanent 

Magnet Synchronous Generator (PMSG)-based Wind Energy 

Conversion System (WECS) with emphasis on reliable grid 

integration and power quality enhancement. A complete 

system model was developed, incorporating wind turbine 

aerodynamics, generator dynamics, converter operation, and 

advanced control strategies including Maximum Power Point 

Tracking (MPPT), dq-axis current regulation, Phase-Locked 

Loop (PLL) synchronization, and Fault Ride-Through (FRT) 

support. 

Simulation studies under steady, variable, and 

faulted grid conditions confirmed the effectiveness of the 

proposed configuration. Results showed that the P&O-based 

MPPT achieved high energy capture efficiency, while dq-axis 

control ensured stable DC-link voltage and flexible active–

reactive power management. The PLL maintained accurate 

synchronization even under fluctuating wind, and the LCL 

filter reduced harmonic distortion to below IEEE 519 limits. 

Moreover, the system successfully provided reactive power 

support during voltage sags and demonstrated fast recovery 

following grid faults, validating its compliance with modern 

grid code requirements. 

Overall, the proposed PMSG-based WECS exhibits 

strong performance in terms of efficiency, stability, and 

resilience, making it a viable option for large-scale grid 

integration of wind energy. Future work will focus on 

hardware-in-loop (HIL) validation, experimental 

prototyping, and the incorporation of intelligent optimization 

methods for predictive fault management and adaptive 

control. 
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