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1. INTRODUCTION 

The global development to environmentally 

sustainable energy systems has greatly enhanced the 

incorporation of renewable source of energy in the 

contemporary power systems, especially the wind 

energy. Wind power has proven to be one of the most 

viable technologies of clean energy because it can be 

replicated many times in scale, it is environmental 

friendly and the cost of deployment is reducing. But 

the growing infiltration of wind power along with it 

come significant technical challenges, particularly 

complexity in ensuring grid stability given that the 

operating conditions are not always predictable. Brief 

and random appearance of wind causes variations in 

power produced and this phenomenon has negative 

impact on voltage regulation, frequency stability, and 

the entire quality of power on the grid [1], [12]. 

Permanent Magnet Synchronous Generator (PMSG)-

based systems have acquired a broad following among 

other wind energy conversion technologies, because 

of their high power density (efficiency), the absence 

of a gearbox, and their high efficiency. Direct-drive 

PMSG systems have lower mechanical losses and 

greater reliability, making them very well-suited to 

use in turbines with variable speed. Also, PMSG-based 

wind energy systems, when also connected with 

power electronic converters, provide better control 

of the active and reactive power, therefore, 

contributing to the stability of grid operations and 

dynamical behavior [2], [9], [11]. 

Nonetheless, even with these benefits, it is still a 

serious issue that PMSG-based wind turbines can be 

stabilized during grid perturbations and woman wind 

variations. DC-link voltage, harmonic distortion and 

insensitive dynamic response to transient events like 
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a voltage sag or abrupt load change is also a major 

concern. The literature has recommendations on 

several control strategies to solve these challenges 

such as nonlinear control, sliding mode control and 

model predictive control (MPC) [3] -[6]. Although 

these methods show better performance, the 

calculation or implementation cost is usually 

complex, which deteriorates their usefulness in real-

time systems. Field-Oriented Control (FOC) with 

ProportionalIntegral (PI) controllers is a proven and 

popular control method in PMESS wind-energy systems 

because of its simplicity, durability and ability to 

decouple the torque and flux components. FOC allows 

the stator currents present in the d reference frame 

to be accurately controlled in the q reference frame, 

allowing active and reactive power to be independent 

of each other. The main issue however with the 

existing studies is that they mainly look at control 

performance improvement but do not consider in 

details the overall electrical performance parameters 

like total harmonic distortion (THD) current ripple, 

and DC-link voltage stability in a dynamic operating 

scenario [7], [8]. Moreover, the interaction of the 

effect of the control strategies on the quality of 

power and grid stability in a single framework has 

received little consideration. 

As a way of overcoming these drawbacks, this paper 

proposes a modeling and control dynamic system of a 

wind turbine system based on PMSG and controlled by 

FOC and PI based control. The suggested solution 

does not only prefer focus on efficient power 

management, but overall assessment of the electrical 

performance indicators to guarantee higher grid 

stability. The system is simulated and modeled under 

different operating conditions such as that of wind 

variability and grid disturbances and the analysis is 

made on the system regarding its dynamics and 

steady-state behaviors. 

The principle of the work simplifies into the following 

points: (i) a complex dynamic model of a PMSG-based 

wind energy conversion system including turbine, 

generator, and power electronic interface is 

developed; (ii) an active strategy of Field-Oriented 

Control (FOC) in combination with PI controllers have 

been developed to decouple active and reactive 

power; and (iii) detailed performance analysis 

devised with the help of key metrics of electricity 

such as active power tracking, DC-link voltage 

regulation, and total harmonic distortion (THD), this 

demonstrates that the work can be used to achieve 

2. RELATED WORK 

Permanent Magnet Synchronous Generator (PMSG)-

based wind energy conversion systems have been 

widely researched as it is highly efficient, has a small 

structure, and does not need gears to operate. These 

features render PMSG systems especially applicable to 

the variable-speed wind turbines and they allow 

capturing energy better and minimize mechanical 

losses. A number of studies have been concerned with 

modeling and grid integration of the PMSG-based 

system, with its superiority in reliability and 

controllability when they are integrated with power 

electronic converters [2], [9], [11]. The other recent 

publications have also investigated the dynamic 

nature of the PMSG systems during grid disturbance 

and changing wind behaviors and highlighted the 

importance of strong control measures to achieve 

stable system operation [1], [12]. 

To overcome the control problem a large variety of 

control strategies have been suggested in literature 

to wind turbine systems. The traditional Proportional-

Integral (PI)-based control is still popular because it is 

simple and easy to implement, but its performance is 

very sensitive to the correct parameter tuning and 

also poses performance under the conditions of 

nonlinearity and time changes [8]. Field-Oriented 

Control (FOC) has turned out to be a successful 

strategy of the PMSG systems, allowing the 

independent control of the d-q reference frame torce 

and flux elements which enhance dynamic action and 

steady performance [2], [11]. Instead, Direct Torque 

Control (DTC) has quick transient response though it 

can have high torque and current ripple and is not as 

well suited to applications with high power quality. 

More sophisticated controllers, like Model Predictive 

Control (MPC), have been shown to have better 

control performance and constraints management; 

but, due to their excessive complexity, they can only 

be applied in real-time system in a limited number of 

applications [5]. Also, the adoption of smart methods 

of control has been suggested by means of artificial 

neural networks, fuzzy logic and reinforcement 

learning to improve responsiveness to different 

operating conditions [3], [6]. However, as is common 

to potential technologies, these techniques are 

computationally expensive, and may be too poorly 

validated in the criteria of electrical performance 

and practical applications. 

The integration of the systems of wind energy is also 

still being faced with issues of grid stability and 
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power quality. The predictability of wind speed may 

cause fluctuation in voltage, frequency, and 

amplified harmonic distortion of grid-connected. 

These issues have been tackled by a few studies by 

using reactive power compensation, enhanced 

converter control and better methods of 

synchronization [4], [7]. Although these techniques 

are relevant to improved stability of the system, most 

of the literature is concerned with either the 

performance of control or grid support without 

offering a in-depth assessment of electrical 

performance aspects like total harmonic distortion 

(THD), current ripple and DClink voltage stability. 

What is more, relationships between control 

strategies and power quality in dynamic conditions 

are not studied adequately. 

However, the literature still has a serious gap despite 

the major advancement in PMSG-based wind energy 

systems and methods of control. Majority of the 

current studies do not all assure constant DC-link 

voltage regulation, reduction of the harmonic 

distortion, and proper tracking of power under forms 

of fluctuate wind and grid disturbance. Besides, 

integrated structures to assess the effectiveness of 

controls and the electric performance measure in a 

single way are lacking. Consequently, this paper aims 

to develop a Field-Oriented Control (FOC) strategy 

and PI-based controllers of a PMSG wind turbine 

system with a specific interest in thorough evaluation 

of the electrical performance, such as DC-link 

stability, THD mitigation, and dynamic tracking of the 

power output towards the improvement of overall 

grid stability. 

3. SYSTEM ARCHITECTURE OF PMSG-BASED WIND 

ENERGY CONVERSION SYSTEM 

The wind energy conversion system proposed is made 

of a wind turbine with a Permanent Magnet 

Synchronous Generator (PMSG) to connect to the 

utility grid via a back-to-back voltage source 

converter. Such an arrangement provides a high level 

of conversion of the wind power into electricity and 

control of the supply of power when the wind is not 

as strong as the grid state. It is shown in Figure 1 that 

the entire system architecture incorporates the 

PMSG, the machine-side converter (MSC), the DC-link, 

the grid-side converter (GSC) and the grid interface. 

The aerodynamic power extracted from the wind 

turbine is expressed as: 

𝑃𝑡 =
1

2
𝜌𝐴𝑣3𝐶𝑝(⋋, 𝛽)______________(1) 

Whereρ denotes air density, A represents the swept 

area of the turbine blades, v is the wind speed, and 

𝐶𝑝  is the power coefficient that depends on the ratio 

of the tip-speed and the pitch angle. This nonlinear 

correlation brings out the sensitivity of generation of 

power to the wind variations which implies that a 

proper control mechanism should be developed to 

help carry out an operation steady. PMAG and PMSG 

electrical dynamics are represented in the 

synchronous d-q reference frame that has simplified 

generator dynamic control. Electromagnetic torque 

can be derived as: 

𝑇𝑒 =
3

2
𝑃 ⋋𝑓 𝑖𝑞 ________________(2) 

Wherep is the number of pole pairs, ⋋𝑓where the 

permanent magnet flux linkage and I is q is the 

current in belief of the quadrature axis that produces 

the torque. This expression facilitates a first-order 

control of the torque by regulating the current, and it 

is the reason why the approach of implementing the 

idea of the vector control. The produced three-phase 

AC power of the PMSG, as shown in Figure 1, enters 

the Machine- Side Converter (MSC) which is shown as 

an IGBT-based voltage source converter. The MSC also 

regulates the stator currents to achieve optimal 

energy extraction of the wind turbine and control the 

electromagnetic torque through current regulation. 

The DC-link capacitor that is an intermediate element 

of energy storage then gets attached to the output of 

the MSC. This is to guarantee that the DC-link 

introduces greater voltage stabilization and constant 

DC voltage supply to the grid-side converter, 

decoupling the dynamic behavior of the generators to 

grid disturbances. 

The Grid-Side Converter (GSC) is used to convert the 

DC-link voltage to synchronized three phase AC power 

to install in the grid. It takes care of stability of DC-

link voltage and regulation of reactive power 

exchange with the grid. An LCL philtre is used 

between and among the grid, GSC and the grid to 

make injections of quality power to the grid. This 

philtre considerably minimises switching harmonics 

which causes grid currents that are almost sinusoidal 

and reduces the total harmonic distortion (THD). 

Moreover, grid synchronisation is performed with the 

help of Phase-Locked Loop (PLL) that adjusts the 

converter output to the grid voltage phase and 

frequency. The PLL is also an important element that 
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makes it possible to maintain stable and harmonised 

activity in the dynamic grid conditions, even though it 

is not presented in Figure 1 directly. On the whole, 

the architecture of Figure 1 offers a powerful and 

effective system of structure to incorporate wind 

energy systems built on PMSG in the grid. The 

cooperative act of the MSC, DC-link and GSC makes 

the power conversion stable, power quality 

excellence and even stable performance in different 

wind and loads. 

 

 
Fig. 1. Circuit Diagram of Back-to-Back Converter with PMSG and Grid Interface. 

 

4. DYNAMIC MODELING OF THE SYSTEM 

The dynamic modeling of the proposed PMSG-based 

wind energy conversion system integrates the wind 

turbine, generator, power electronic converters, and 

grid interface into a unified framework. This 

integrated model enables accurate analysis of system 

behavior under varying wind conditions and grid 

disturbances, which is essential for evaluating control 

performance and system stability. The wind turbine 

converts kinetic energy from wind into mechanical 

torque, which drives the PMSG. The generator 

dynamics are represented in the synchronous 𝑑 − 𝑞  

reference frame, allowing decoupled control of 

torque and flux components. The electrical output of 

the PMSG is interfaced with a back-to-back converter 

system, where the machine-side converter (MSC) 

regulates generator currents, and the grid-side 

converter (GSC) ensures stable DC-link voltage and 

controlled power injection into the grid. To capture 

the overall system dynamics, a state-space 

representation is adopted. The system states include 

generator currents 𝑖𝑑 , 𝑖𝑞 , DC-link voltage(𝑉𝑑𝑐 ), and 

grid-side currents, while the inputs consist of 

converter switching signals and wind speed variations. 

The general state-space form of the system can be 

expressed as: 

𝑥  𝑡 = 𝐴𝑥 𝑡 + 𝐵𝑢(𝑡)___________(3) 

𝑦 𝑡 = 𝐶𝑥 𝑡 + 𝐷𝑢(𝑡)______________(4) 

In this case, x(t) denotes the state, u(t) the input and 

y(t) the output. Such formulation aids in designing 

and analysing control measures especially in the 

efforts to control DC-link voltage as well as power 

output stability. The dynamics of the system between 

the MSC and GSC via the DC-link is a point of concern. 

The capacitor of the DC-link is a buffer of energy and 

its voltage dynamics depend on power balance 

between the grid and generator side. Any difference 

between the generated and delivered power will 

cause an adjustment in the DC-link voltages, which 

has to be well managed to provide stability to the 

system. 

To achieve simplicity in modelling and the required 

level of computation, a number of assumptions are 

taken into account. The power electronic converters 

are expected to switch with ideal conditions and have 

insignificant switching losses. The grid is said to be 

balanced and is on constant voltage and frequency. 

They leave out magnetic saturation, changes in 

parameters and external disturbances not related to 

changes in wind speed. Moreover, the philtre 

dynamics are reduced with preservation of the effect 

on the harmonic attenuation. In general, the model 

that was developed gives a holistic picture of the 

PMSG-based wind energy system, and allows effective 

implementation of control measures and proper 

analysis of electrical performance indicators, like 

power following, DC-link stability, and harmonic 

distortion. 

5. CONTROL STRATEGY: VECTOR CONTROL (FOC) 

WITH PI CONTROLLERS 

The proposed control strategy is based on Field-

Oriented Control (FOC) integrated with Proportional–

Integral (PI) controllers to achieve efficient and 

stable operation of the PMSG-based wind energy 

system. FOC enables decoupled control of 

electromagnetic torque and flux by transforming 
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three-phase variables into the synchronous 𝑑 −

𝑞reference frame. The d-axis component in this 

layout means the control of the flux, while the q-axis 

component means the production of the torque. The 

decoupling permits active and reactive power to be 

independently regulated leading to enhanced 

dynamic response and steady-state performance. 

On the generator side, the Machine-Side Converter 

(MSC) employs FOC to regulate the stator currents of 

the PMSG. The primary objective of the MSC is to 

control the electromagnetic torque and maximize 

power extraction from the wind turbine. This is 

achieved by using two PI controllers for the d-axis and 

q-axis current loops. For optimal operation, the 

reference d-axis current is set to zero(𝑖𝑑
∗), ensuring 

maximum torque per ampere, while the reference q-

axis current (𝑖𝑞
∗) is generated based on the desired 

torque or speed control. The PI controllers 

continuously adjust the converter switching signals to 

track these reference currents, enabling precise 

control of generator output under varying wind 

conditions. 

On the grid side, the Grid-Side Converter (GSC) is 

responsible for maintaining DC-link voltage stability 

and controlling reactive power exchange with the 

grid. The DC-link voltage is regulated using a PI 

controller that generates the reference d-axis 

current(𝑖𝑑
∗), ensuring a constant energy balance 

between the generator and the grid. Additionally, 

reactive power control is achieved through a separate 

PI controller that generates the reference q-axis 

current(𝑖𝑞
∗), allowing control over the power factor 

and voltage support to the grid. This dual-loop 

control structure ensures stable DC-link operation and 

high-quality power injection. 

A Phase-Locked Loop (PLL) is used in order to allow 

an appropriate synchronisation with the grid. The PLL 

salvages the grid voltage phase angle and frequency 

that is critical in converting system variables into 

synchronous reference frame. Proper synchronization 

is a mechanism that will guarantee that the injected 

current is in-phase with the grid voltage meaning that 

minimal amounts of phase errors will occur and can 

achieve better stability in the system when operating 

in a dynamic condition. Both converters are switched 

by the use of the Pulse Width Modulation (PWM) 

technology, that is, the Space Vector PWM (SVPWM) 

or sinusoidal PWM. Making effective use of the DC-link 

voltage and minimising harmonic distortion in the 

output currents are done with these techniques. FOC, 

PI-based control loops, PLL synchronisation, and PWM 

switching produce a powerful framework of control, 

which is able to produce rapid dynamic response, 

stability in DC-link voltage, and significantly 

decreased overall harmonic distortion (THD). In 

general, the valuable benefit of the proposed control 

strategy is that it guarantees successful decoupled 

control of the PMSG system to facilitate a better 

power tracking, grid stability, and quality delivery of 

power during different weather and grid conditions. 

6. SIMULATION SETUP 

The effectiveness of the presented PMSG-based wind 

energy conversion system with FOC-based PI control is 

tested with the help of the detailed simulation 

conducted in MATLAB/Simulink. The model of the 

simulator combines wind turbine, PMSG, back-to-back 

converters, DC-link, and grid interface to ensure an 

accurate simulation system in situations where the 

wind turbine is being utilized. The system parameters 

will be chosen to represent a medium scale wind 

energy system and realistic performance analysis. 

Wind turbine is designed to have power rating of 2 

MW with fluctuating wind speed. PAMETERS The 

parameters of the PMSG are: 0.01 Ω stator resistance, 

Ld=5mH inductance of the direct axis and Lq=5mH 

inductance of the quadrature axis and flux linkage of 

the permanent magnet at 0.9 Wb. The DC-link 

capacitor is selected with 2200 µF to offer adequate 

energy buffering and keep voltages stable when there 

is transient condition. The grid is designed as a three 

phase balanced system, whose line voltage is 690 V 

and frequency is 50Hz. The convertors switching 

frequency is fixed to 10 kHz, so that they can operate 

efficiently and also minimize harmonic distortion. 

In order to fully analyse the efficiency of the given 

control strategy, a number of test set-ups are taken 

into account. Initially, the conditions of variable wind 

speed of between 8 m/s and 12 m/s are imposed to 

test the capacity of the system to follow the 

maximum power and perform well even under 

changing conditions. Second, the step change of load 

is provided to observe the response and stability of 

control system in the dynamic changes. It is the third 

factor, containing grid voltage disturbances, such as 

sag voltage (up to 20 percent of a drop) and swell 

states (to evaluate the stability of systems and their 

fault-tolerance). Lastly, reference power change is 

executed, which checks tracking of control strategy 

as well as its capacity to keep the power under right 

regulation. 
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These types of simulation conditions allow the 

assessment of all the main performance indicators 

such as active power interference, voltage stability 

across DC-links, dynamic response, and overall 

harmonic distortion (THD). The findings of these 

simulations constitute a trustworthy foundation on 

which the efficiency of the offered FOC-based PI 

control plan to improve grid stability and power 

quality can be proven. 

7. RESULTS AND PERFORMANCE EVALUATION 

The effectiveness in the proposed FOC-based PI 

control scheme of the PMSG wind energy conversion 

system is analysed based on the in-depth simulation 

on the change of wind and grid conditions. The 

analysis is based on some important electrical 

performance indicators such as active power 

monitoring, reactive power control, DC-link stability, 

current quality, harmonic distortion and transient 

response. The fact that the received results prove the 

proposed control framework to be stable in its work, 

effective in transferring power, and enhancing grid 

compatibility indicates that the suggested facility can 

be successfully employed in the chosen industry. 

Active power response of the system with variable 

wind speed conditions is plotted in Fig 2. The power 

generated increases swiftly between about 1.2 MW 

and 2 MW without appreciable oscillation as the wind 

increases in speed between 8 m/s and 12 m/s. The 

control system attains a high tracking accuracy of 

approximately 98.5 and the steady- state variations 

are low (within a range of plus and minus 2). Settling 

time has been seen to be approximately 0.15 s which 

shows the ability to adapt quickly to the change of 

winds and the ability to extract maximum power. 

 

 
Fig 2. Active Power Response under Variable Wind 

Conditions. 

 

Fig 3 shows the performance of the reactive power 

control with a unity power factor in steady-state 

conditions, at which the reactive power is kept close 

to zero. In short-lived conditions like those associated 

with abrupt changes in load or the speed of the wind, 

the reactive power over-shoot is limited to 0.05 MVAR 

maximum or less. This system is able to stabilize the 

situation on the grid-skside (0.1 s) illustrating that 

the grid-side converter is able to control reactivity 

and provide stability to the grid voltage. Fig 4 

displays the response of the DC-link voltage, and it 

reveals the success of the control strategy that 

prevents changes of the voltage. A nominal operating 

voltage of 1200 V is kept within a deviation figure of 

less than 1.5% (a range of about 1182 V to 1218 V) 

when there is a transient event. The voltage levels 

off quickly in less than 0.12 s after perturbations 

which proves that energy balance between the 

machine-side and the grid-side converters is 

maintained. 

 

 
Fig 3: Reactive Power Control Performance. 

 

 
Fig 4: DC-Link Voltage Regulation Performance. 

 

Stator and grid current waveforms, illustrated in Fig 

5, are nearly ideal sinusoids with balanced three 

phase currents. Peak current is about 1500 A and the 

phase imbalance is less than 1 in-provider of good 

current control. PWM switching with an LCL philtre 

dramatically eliminates current ripple and provides a 
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continuous and constant injector of current into the 

grid. The quality of the system frequency response is 

measured by FFT of the grid current. This is a Total 

Harmonic Distortion (THD) of about 3.2, or well short 

of the IEEE-recommended limit of 5%. The main 

causes of this loss of harmonic content are the 

optimized switching strategy and filtering action of 

the LCL filter that guarantees a high power delivery 

of high quality and meets the grid standards. 

The system dynamic response will have a fast rise 

time, low overshoot, and low steady-state error. 

Under all operating conditions the rise time is about 

0.08 s, and the settling time is less than 0.15 s. The 

largest overshoot is under 3 %, and the steady error is 

under 1 per cent. The two results above support the 

conclusion that the control strategy proposed offers 

strong and stable performance in both steady and 

unsteady conditions. All in all, the findings of the 

simulation confirm the usefulness of the PI control 

method based on FOC in improving the performance 

of PMSG wind energy system. The system is capable 

of proper tracking of power, constant DC-link voltage, 

less harmonic distortion and quick dynamic response 

hence providing a better grid stability and integration 

of renewable energy sources. 

 

 
Fig 5.Grid Current Waveform. 

 

8. COMPARATIVE ANALYSIS 

A satiric comparison is performed to analyse the 

efficiency of suggesting the FOC-based PI control 

approach in comparison with a traditional control 

strategy without a vector control or with a simple 

implementation of PI. The points of comparison are 

major electrical performance parameters, such as 

total harmonic distortion (THD), settling time, DC-link 

voltages stability and power tracking accuracy. The 

obtained results are clear evidence of the efficiency 

of the suggested approach to the dynamic and steady-

state operation.The proposed control strategy 

considers the aspect of power quality and it 

considerably minimises harmonic distortion. The THD 

of grid current in the traditional system has been 

found to be about 6.8 which is much higher than the 

recommended limit by IEEE. Conversely, the proposed 

PI control of FOC lowers into 3.2 neutralising a 

reduction of just about 52.9. This has been made 

possible mainly because the current regulation is now 

more effective and harmonic suppression possible by 

a coordinated control and filtering. 

The dynamism of the performance of the system is 

also greatly improved. The settling time of active 

power response in conventional system is 

approximately 0.30 s, but the proposed method gets 

settling within 0.15 s, which is 50% better than the 

conventional method. Also, the proposed control will 

reduce overshoot and oscillations, which will result in 

smoother transient response and quicker stabilisation 

when wind and load conditions vary. 

Another important performance measure is the 

stability of DC-link voltages and in this case, the 

proposed approach has obvious benefits. The 

volatility in the DC-link voltage in the traditional 

system has been found to be within the range of +/-

4% meaning that the system has more ripple and 

instability when in transient conditions. Under the 

proposed FOC-based PI control, the deviation is 

minimised to ±1.5% which will be an improvement of 

about 62.5 percent in the stability of voltage. This 

increased control measures the improved energy 

balance of the machine-side converter and the grid-

side converter.The proposed control strategy gives 

substantial improvement in power tracking. The 

traditional system has an accuracy of about 92 94 and 

the steady-state error can be observed during 

unsteady wind patterns. On the contrary, the 

proposed approach has a tracking precision of 

approximately 98.5, and that is approximately 57 an 

improvement. This will facilitate proper exploitation 

of wind energy in existence and reduction of power 

losses. 

On the whole, comparative findings prove that the 

suggested FOC-based PI control strategy is superior to 

the conventional strategies of control in all of the 

considered measures. It is the better choice between 

the two since its harmonic distortion is lower, 

responses faster to dynamic inputs, ability to track 

DC-link stability and power tracking accuracy is 

increased. 
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9. DISCUSSION 

It is expected that the field-oriented control (FOC) 

with PI controllers led to the improved performance 

of the proposed control strategy since this method 

allow decoupling the torque and flux components in 

the PMSG system and was used. With the three-phase 

variables converted via the three-phase to 

synchronous d-q reference frame, control system 

directly controls active and reactive power, and, 

consequently, the new control system provides better 

dynamic response and stability. The result of this 

decoupling control scheme is that will enable fine 

tuning of the generator currents, resulting in less 

jacking of the power tracking and decreased 

oscillations in different wind conditions.The other 

source of performance improvement is that fast 

current regulation which is attained using PI based 

control loops. d-axis and q-axis currents are 

controlled by special controllers, and the deviation of 

the currents to reference values is corrected in a few 

seconds, allowing the system to respond quickly to 

disturbances like changes in wind speed and to 

changes in loads. This will lead to shorter settling 

time, less overshoot and better transient response as 

is evident in results of the simulation. Moreover, the 

synchronized working of the machine-side and grid-

side converters is the guaranty of effective power 

transmission and constant system functioning. 

It has been achieved through our ability to 

manipulate the power flow between the generator 

and the grid, which greatly increases the stability of 

the DC-link voltage. PI controlled grid-side converter 

keeps the voltage on DC-link constant by balancing 

the input and output power. This eliminates a high 

level of voltage variation and guarantees the 

converter system is working correctly. The 

enhancement of DC-link stability directly leads to the 

higher quality of power and the decrease in harmonic 

distortion as it is shown by the lower values of the 

DC-link THD.Besides performance benefits, the 

suggested FOC PI control has a number of convenient 

advantages. The control structure is fairly easy and 

well established and can be easily applied to real 

time systems with standard digital controllers. It can 

be relied upon and used in large scale in wind energy 

systems due to its strengths and capabilities in 

diverse operating environments. Furthermore, the 

choice of PI-based control has become so popular in 

the industry that existing hardware and control 

platforms are compatible. 

Along with these benefits, some trade-offs need to be 

taken into consideration. Tuning of PI controllers is 

very sensitive and any wrong tunings can cause poor 

performance or instability. Also, the success of the 

control strategy depends on the precision of the 

system model, especially, the parameters of PMSG 

and converter. Control can also be biased by the 

variations in system parameters or the Unmodeled 

dynamics which can influence system performance in 

total. Altogether, the suggested PI control measure 

that uses the FOC platform offers a simple, reliable, 

and effective solution. Although it does not provide 

the sophistication of the optimization of more 

advanced control techniques (e.g. MPC or AI-based) it 

achieves consistent and strong performance and is 

thus a viable option in the context of the actual grid-

connected wind energy system. 

10. LIMITATIONS 

Although the proposed FOC-based PI control strategy 

shows promising performance, there are some 

limitations, which should be mentioned. To begin 

with, the system validation results are only 

performed by the use of simulation with the 

MATLAB/Simulink only. Though the simulation 

environment offers a controlled environment on 

which to test the behavior of a system, it might be 

insufficient to model all of the uncertainties that can 

take place in real life e.g. measurement noise, 

switching losses and hardware non idealities. Thus, 

the usability of a proposed approach in practise can 

only be verified once the solution is implemented on 

the hardware in real-time.Second, the suggested 

control system has neither been experimentally nor 

hardware-in-the-loop (HIL) tested. This is due to the 

fact that one cannot actually test the performance of 

the controllers in practical working conditions such as 

delays, sensor errors, and converter nonlinearities. 

Consequently, the success of the control scheme in 

practise will have yet to be proven. 

The other constraint is that PI controllers rely on the 

proper tuning of the expected parameters. The 

proportional gains and the integral gains used are 

critical to the performance of the control system. 

With improper tuning, oscillations may increase, 

response may slow down or become unstable. Also 

tuning could have to be resett once system 

parameters vary as in changes in the characteristics 

of a generator or in its working conditions.Lastly, the 

grid is believed to be balanced and to work on ideal 

conditions at constant voltage and frequency. In 
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practice grid disturbances like unbalanced faults, 

frequency variations and voltage harmonics can very 

readily have an impact on system performance. The 

simplistic grid model applied in this paper does not 

reflect these complexities in a complete manner and 

this could affect how the proposed control strategy 

might perform in actual grid condition. 

11. FUTURE WORK 

The actual research to be conducted in the future 

will be based on the proposal of the FOC-based PI 

control strategy to be expanded toward the 

implementation in real time and increased 

adaptability. The implementation of the control 

algorithm on FPGA or embedded systems should be 

regarded as a valuable direction that would allow the 

control and processing of PMESS wind turbines in real-

time and at high speeds. This implementation would 

enable the proposed method to be validated to 

operating conditions of practical operating conditions 

such as the switching delays, sensor noise, and 

hardware constraints.The other potential area of 

future work includes creation of intelligent or 

adaptive tuning of PI controllers. The automatic 

control of controller parameters based on the 

changing system dynamics and operating conditions 

can be realized through incorporating which 

techniques can include but are not limited to fuzzy 

logic, neural networks, and reinforcement learning. 

This would enhance robustness and will not require 

the manual tuning especially in highly varying wind 

and grid potentials. 

HIL testing is a very important milestone in reducing 

the simulation to reality gap. With the combination of 

the control algorithm and the real-time simulation 

platforms, the view of the system performance is 

possible under the realistic conditions without having 

a full-size physical prototype. This methodology 

would give more insight on the stability, reliability 

and responsiveness of the system under 

disturbances.Lastly, there is a prospective future with 

integration of the suggested control strategy in the 

smart grid environments. These involve organization 

with distributed energy assets, grid-support 

capabilities like frequency control and voltage 

support, compatibility with advanced communication 

and control infrastructure. This type of integration 

would improve the applications of the PMSG-based 

wind energy systems to the modern power networks 

which are intelligent and sustainable. 

 

CONCLUSION 

It proposed Field-Oriented Control (FOC) strategy 

combined with PI controllers has been shown to 

provide efficient stabilization to the wind energy 

conversion system based on PMSG in order to cover 

different wind and grid conditions. The resulting 

control structure allows active and reactive power to 

be regulated, decoupled, without interference, to 

provide stable power output at high tracking rates. 

The system demonstrates high levels of power quality 

improvement, including total harmonic distortion 

(THD) of less than IEEE allowed values and nearly 

sinusoidal behaving grid currents. Moreover, the DC-

link voltage is also kept under strict parameters and 

this provides good consistency in energy transfer 

between the generator and grid. The effectiveness of 

the proposed approach is attested to by the fast 

dynamic response, low oscillations as well as high 

performance under disturbances. On the whole, all 

findings justify the conclusion that the control 

strategy based on FOC generates the PI is a feasible, 

trusted, resource-effective means of grid-related 

renewable energy systems (especially in the context 

of improving stability and power quality of PMSG-

based wind turbines). 
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