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1. INTRODUCTION 

The demand of renewable and clean energy all over 

the world has increased, and therefore the energy 

technologies based on renewal are developing and 

becoming implemented faster. Wind power is one of 

the renewable sources that have gained popularity 

among the other sources available in the modern 

world because it is abundant, has low environmental 

effects and its installation costs are on the decline. 

Wind power capacity has grown in recent years, with 

countries, in aendeavour to cut carbon emissions and 

to go to sustainable power systems, and as such, the 

capacity of wind power has grown enormously [1], 

[2]. Contemporary wind energy conversion 

arrangements (WECS) are generally established to 

function under fluctuating speed of wind to capture 

energy with varying wind resources at the maximum. 

Variable-speed wind turbines enable the rotor speed 

to be dynamically reconfigured based on the wind 

conditions so that the turbine can run with the best 

ratio between tip speed and speed to achieve the 

best aerodynamic efficiency. Variable-speed systems 

can capture the available energy better, have less 

stress and friction in their operation, and generate 

high-quality power at an electrical grid compared to 

traditional fixed-speed wind turbines [3], [4]. Power 

electronic converters in variable-speed WECS are 

important in the process of controlling the amount of 

electrical power produced by the wind turbine. These 

converters serve as the interface between the 

generator and the electrical grid, managing the 

voltage, the frequency, and the circulation of the 

power as well as ensuring the stable functioning of 

the systems. Efficient energy conversion strategies, 

as well as the stable grid integration, therefore, 

ABSTRACT 

Wind power has become one of the most important renewable energy sources to 

provide sustainable electricity as it has environmental advantages and is being 

distributed more and more all over the world. In the current wind energy conversion 

systems, power systems tend to operate as variable-speed to ensure that most of the 

energy is tapped out of the varying wind energies. Power electronic converters are 

also important poor points in such a system, as they are used to control the flow of 

power, and help to provide a stable system operation. Nevertheless, the traditional 

converter control techniques tend to lose efficiency and dynamic performance during 

fast varying wind conditions. This research paper puts forward an adaptive power 

converter control strategy which would enhance the efficiency of wind energy 

systems which use variable speeds. The suggested controller varies the converter 

operating parameters dynamically depending on the real-time measurements of the 

system environment to provide the efficient transforming of the power and the 

enhanced stability of the system. The mathematical models of wind turbine and 

power converter are created to analyse the energy conversion process and control 

the design of the controller. The adaptive control algorithm is realised and tested in 

terms of simulation in the MATLAB/Simulink environment with different wind speed 

conditions. Experiments in a simulator show that the suggested method is more 

efficient in terms of converters, more dynamic, and less of power is lost as opposed 

to traditional fixed-parameter control techniques. The results suggest that the use of 

adaptive converter control might considerably enhance the behaviour and stability of 

wind energy converting systems that are exposed to unstable weather patterns. 

How to cite this article: Yamini A, Adaptive Power Converter Control for Efficiency 
Maximization in Variable-Speed Wind Energy Systems, National Journal of Electrical 
Machines & Power Conversion, Vol. 2, No. 2, 2026, 16-22 

 

 



A.Yamini : Adaptive Power Converter Control for Efficiency Maximization in Variable-Speed Wind Energy Systems 

 

requires advanced converter control strategies [5]. 

The fixed-parameter proportionalintegral (PI) 

controllers are usually used in conventional converter 

control methods because they are simple and easy to 

implement. Such controllers, however, do not work 

well in a rapidly changing wind condition, as their 

parameters are usually set to pick a particular 

operating point. Consequently, when there is dynamic 

change of wind conditions, system efficiency can 

show a decline and converter losses can go up [6]. In 

a recent study, other sophisticated control methods 

including model predictive control, fuzzy logic control 

and adaptive control techniques have been 

investigated in order to enhance the performance of 

power electronic converters in renewable energy 

systems [7], [8]. These techniques are meant to 

increase the adaptability of the system and to 

augment power tracking accuracy of the system in 

the different operating conditions. Although these 

improvements have been made, most current 

research has centred a lot on generator side control 

or maximum power point tracking algorithms but 

little has been done to enhance converter efficiency 

by implementing adaptive control techniques. 

In order to overcome this shortcoming, the paper 

suggests adaptive power converter control approach 

as a proposal in order to achieve maximum power 

efficiency in variable-speed wind energy systems. The 

suggested solution modulates the converter control 

parameters dynamically based on the measurements 

of the system in real-time to provide the system with 

a better performance at different wind conditions. 

The wind turbine and power converter system are 

mathematically modelled to explain the energy 

conversion process and the control algorithm 

proposed is modelled and tested through simulation 

based on MATLAB/Simulink. 

The key original ideas of this research would be 

as follows: 

 By developing an adjustable control strategy 

in power converters of the variable speed 

wind energy systems. 

 Converter efficiency can be enhanced by 

dynamical control of operating parameters. 

 Monitoring and control of the suggested 

control method in diverse conditions with 

varying wind speed. 

 Comparative analysis of better dynamic 

response, and power losses reduction. 

 

2. RELATED WORK 

The conversion systems of wind energy (WECS) have 

been subject to extensive research because of the 

relevance they hold in a sustainable electricity 

generation. This trend is common today with modern 

wind turbines being set to work with variable speed 

conditions in order to capture as much of the energy 

available in the variable wind resources as possible. 

The ability to maintain a good ratio of tip-speed 

between turbines in terms of variable-speed enables 

them to achieve the best aerodynamic efficiency and 

the overall performance of the entire system [9], 

[10]. The effectiveness and reliability of these 

systems however are highly reliant on the control 

methods used in the power electronic converters that 

couple the generator to the electric grid. The 

traditional control of wind energy converters in the 

past was generally based on proportional-integral (PI) 

controllers because they are simple, reliable and are 

easy to implement. PI controllers have extensive 

application in controller of stator speed, DC-link 

voltage, and grid-side current in wind power systems 

[11]. However, fixed-parameter controllers have been 

found to lose performance when exposed to rapidly 

varying wind conditions. The fluctuations in wind 

speed may cause non-efficiency in generating power, 

high converter losses, and sluggish dynamic response 

in the conventional approach to control. In order to 

overcome these restrictions, a number of improved 

control plans have been outlined. A wide range of 

attention has been focused on model predictive 

control (MPC) to be used in power converters due to 

its ability to operate multivariate systems, manage 

system constraints, and offer rapid response. Control 

techniques with MPC have been shown to be more 

effective in wind energy systems through the 

minimization of the variations in power and 

enhancement of transient stability [12]. But 

computation complexity is usually a significant 

problem with MPC algorithms and could severely 

curtail the real-time use of such algorithms in control 

systems. Application Fuzzy logic control as a wind 

energy control has also been investigated because it 

has the capacity to deal with nonlinear behaviour of 

the system without the need of an accurate 

mathematical model. Fuzzy controllers are rule based 

inference devices that show how yielding converter 

control parameters based on operating 

circumstances. Research has demonstrated that 

robustness of the system and higher performance of 

the power tracking when changing the speed of the 
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wind can be achieved by applying fuzzy-based control 

strategies [13]. One should however bear in mind that 

the performance of fuzzy controllers is sensitive to 

the design of the rule base and membership 

functions, which might take a long time to tune and 

may require expert knowledge. However, more 

recently, adaptive control methods have been 

explored in order to enhance the performance of 

renewable energy systems that are forced to perform 

under uncertain and dynamic conditions. Adaptive 

controllers regulate real time parameters of controls 

in accordance with system feedback and allow a 

better efficiency and dynamic response. A number of 

studies have shown that an adaptive control approach 

will be effective in increasing maximum power 

extraction, minimise power loss, and enhance 

converter stability in wind energy. 

Nevertheless, with such developments, most of 

the current research has been more on generatorside 

control or the maximum power point tracking (MPPT) 

algorithms. Only a relatively lower number of studies 

have analysed efficiency optimization of the power 

converter itself using adaptive control mechanisms. 

Losses to converter efficiency play a major role in the 

system performance in most operational systems, 

especially when wind conditions are variable, and the 

operating points vary instead of just staying in one 

operating point. Thus, a better system of control still 

is required that will not harm the converter efficiency 

but will provide the stable operation of the system. 

This paper in this context presents an adaptive power 

converter operating strategy that has been developed 

in order to achieve the most efficient operation in 

natural speed wind energy system. The given 

approach involves changing the converter operating 

parameters with the help of real-time measurements 

in the system, which allows maximising the efficiency 

of energy conversion and dynamic behaviour of the 

operating performances under different wind 

conditions. 

3. WIND ENERGY CONVERSION SYSTEM MODELING 

Four components of aerodynamic energy extraction, 

electromechanical energy conversion, and the 

regulation of power electronics determine the 

performance of a wind energy conversion system 

(WECS). These components are important to the 

analysis of system performance and must be properly 

modelled to create effective control strategies. The 

model in this affair will be used to model the wind 

turbine and generator dynamics to explain how wind 

energy is converted to electrical energy prior to it 

being treated by the power converter. The 

mathematical models developed form the basis of 

applying the proposed adaptive control strategy as 

well as the manner in which system efficiency is 

reviewed in systems of diverse wind conditions. The 

general schematic of the wind energy conversion 

system that will be used in this paper is depicted by 

Fig. 1 that depicts the flow of energy through the 

wind turbine to the generator and the transformer to 

the grid. 

 

 
Fig. 1. Wind energy conversion system architecture 

3.1 Wind Turbine Power Model 

The wind turbine has the task of turning the moving 

air into kinetic energy which is transformed into 

mechanical rotational energy. The maximum power 

that can be harvested by the wind is determined by 

various parameters such as speed of wind, air density, 

rotor area covered and aerodynamic features of 

turbine blades. The mechanical power that the 

turbine traps can be defined as. 

𝑃𝑡 =
1

2
𝜌𝐴𝑉3𝐶𝑝_______________________(1) 

wherePt represents the mechanical power extracted 

from the wind, ρ denotes air density, A is the rotor 

swept area, V is the wind speed, and Cp is the turbine 

power coefficient. 

The power coefficient Cp represents the efficiency of 

the turbine in converting wind energy into mechanical 

energy and is influenced by the aerodynamic design 

of the turbine blades. The value of Cp is primarily 

determined by the tip-speed ratio and blade pitch 

angle. A tip-speed ratio is a ratio that is given as the 

ratio between the speed of the turbine blades and 

the speed of wind coming. Optimal tip-speed ratio 

will facilitate the turbine to attain the highest 

possible aero efficiency and yield the maximum 

energy possible out of the wind. Variable-speed wind 

energy systems permit the turbine rotor to vary with 

the wind conditions to achieve the optimum tip-speed 

ratio. This would operate with high power of 

capturing energy in comparison to wind turbines 

which have fixed speed. Efficient conversion of 
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energy however necessitates that there should be 

proper control measures that are employed in the 

operation of the generators as well as conversion of 

power into electronic forms. 

3.2 Generator Model 

The wind turbine is used to provide mechanical power 

which is then transferred to electrical power by the 

generator. Variable-speed wind farm systems are 

usually using permanent magnet synchronous 

generator (PMSG) or doubly-fed induction generator 

(DFIG). A permanent magnet synchronous generator 

has been taken into account in this study because it is 

very efficient, has a compact structure, and does not 

require a lot of maintenance as compared to other 

classes of generators. 

The power generated by the generator is associated 

with the angular speed of rotation of the rotor and 

the electromagnetic torque. The power of electricity 

produced can be stated as 

𝑃𝑒 = 𝑇𝑒𝜔__________________(2) 

wherePe represents the electrical power output, Te 

denotes the electromagnetic torque generated by the 

machine, and ω is the rotor angular speed. 

The wind turbine provides the generator with 

mechanical energy which is converted to electrical 

energy and finally conveyed to the power electronic 

converter. Variable-speed wind turbines vary the 

speed of the generator with the wind conditions to 

generate electrical power at unregulated frequency 

and amplitude. Through this power electronic 

converters are needed to control the power 

generated and achieve a stable combination with the 

electrical grid. 

4. POWER CONVERTER ARCHITECTURE 
Converters of power electronics act as a linkage 

between the wind turbine generator and the 

electrical grid. These converters are needed to 

control the electrical energy generated by the 

generator and to make the output power satisfy the 

grid operational requirements in the following 

aspects: voltage, frequency, and quality of the 

waveforms. The wind power converter system 

comprises three principal elements, namely an AC- 

DC rectifier, DC-link capacitor, and DC-AC inverter. 

The variable-frequency AC output of the generator is 

transformed by the AC -DC rectifier into a regulated 

DC voltage. The frequency and amplitude of the AC 

voltage produced is not fixed since the speed of the 

generator changes depending on the wind. The 

rectifier stage thus becomes a very important step in 

balancing the electrical output and then it is 

subjected to the inverter stage. The DC-link capacitor 

is a transient energy storage device that is located 

between the rectifier and conversion phases. It 

balances the voltage variations and controls a 

constant DC voltage. A well-designed DC-link will 

make sure that fluctuations in the power output of 

the generators or change in the load condition will 

not make a substantial change in the amount of 

power that is sent to the grid. The DC-AC converter is 

a converter that takes the DC-link voltage and 

changes it to grid compatible AC power. To produce 

the insinuated voltage waveforms to the grid standard 

the high frequency switching device used in the 

inverter may either be an insulated gate bipolar 

transistor (IGBT) or a MOSFET. The inverter control 

system controls the current injected, the magnitude 

of the output voltage and the synchronisation of the 

frequency with the grid. The vehicle efficient 

operation of the power converter will be required to 

minimise switching losses and enhance performance 

through efficient system operation. More 

sophisticated control measures are thus needed in 

order to maximise the performance of a converter, 

especially in variable wind conditions where the 

operating point of a system keeps varying. The 

suggested adaptive control system employed in the 

control of the power converter is shown in Fig. 2 that 

demonstrates the feedback control system to be 

employed to control the generator speed and DC-link 

voltage along with the output power in adaptive 

switching control. 

 

 
Fig. 2. Proposed adaptive power converter control block 

diagram 

5. PROPOSED ADAPTIVE CONVERTER CONTROL 

STRATEGY 

The power converter is proposed to be under an 

adaptive control strategy so that the wind energy 

conversion system is more efficient. Traditional 

converter controllers usually have constant control 

parameters, which are designed to optimise on 
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individual operating conditions. Nevertheless, the 

wind energy systems must work in extremely dynamic 

conditions with a continuous change of the wind 

speed, generators output, and load conditions. 

Predetermined parameters of the control can thus 

result in lower efficiency and loss of energy. The 

adaptive control strategy suggested is a dynamically 

changing converter control parameter at the basis of 

a real-time measurement of the system. The 

controller constantly controls some vital system 

variables such as the speed of the generator, DC-link 

voltage and output power. These readings are utilised 

in order to ascertain the best operating parameters to 

use by the converter any time. To ensure efficient 

power conversion, there is a change in the duty cycle 

and switching patterns of the converter switches by 

the adaptive controller. The controller reduces the 

switching losses by modulating switching signals based 

on conditions associated with the operation of the 

system and enhances the overall converter efficiency. 

The adaptive control system allows the system to 

react quickly in changes in the wind speed and 

electrical load. When operating, measurements of 

such system variables as output power of generators 

and speed of wind are first obtained by the 

controller. The measurements are utilised to get the 

ideal precinct of the converter of operation. On this 

estimation, the controller adjusts switching duty and 

control parameters of converter. This is done 

continuously so that the controller is able to respond 

to the changing environment and still ensure that the 

system is running efficiently. The recommended 

adaptive control measure is thus better at enhancing 

the dynamic operation and the energy efficiency of 

the wind energy conversion facility. 

6. SIMULATION METHODOLOGY 

The validity of the suggested adaptive control plan 

was tested with the help of simulation researches 

performed in the MATLAB/Simulink platform. The 

wind energy conversion model was designed to reflect 

the realistic condition of operation such as the 

behaviour of the turbine, how the generator acts, and 

the operation of power converter. The aerodynamic 

equations of the wind turbine, generator 

electromechanical dynamics, and converter switching 

control mechanism are included in the simulation 

model. The system was subjected to variable wind 

speed profiles in order to test the capability of the 

controller to be able to operate efficiently during 

varying environmental conditions. Table 1 gives the 

summary of the important simulation parameters in 

the study. 

 

Table 1. Simulation Parameters 

Parameter Value 

Rated turbine power 2 MW 

Wind speed range 4–15 m/s 

Generator type PMSG 

DC-link voltage 800 V 

Switching frequency 10 kHz 

Air density 1.225 kg/m³ 

 

The simulation setting was created to study the 

performance of the system with the input of the 

different wind speed conditions. The suggested 

adaptive control scheme was contrasted with the 

traditional converter control schemes to assess the 

efficiency and dynamic response gains. The 

effectiveness of the proposed control strategy was 

measured by performance indicators like converter 

efficiency, stability of output power and regulated 

DC-link voltage. The outcomes of the simulation 

based on this analysis give a clue on how adaptive 

converter control can be used to enhance the quality 

of variable-speed wind energy systems in terms of the 

performance and reliability. 

7. RESULTS AND DISCUSSION 

The adaptive power converter control strategy was 

simulated in the MATLAB/Simulink with different 

wind speeds conditions. The data of the simulation 

was to compute the dynamic response, converter 

efficiency, and stability of wind energy conversion 

system at real environmental variations. 

7.1 Wind Speed Variation and System Response 

To test the system in altering operating conditions, a 

variable wind speed profile of 4-15m/s was applied to 

the system. The profile of the wind speed employed 

in the simulation is shown in Fig. 3 (a). The turbines 

are also capable of adjusting the rotor speed in line 

with the wind speed in order to ensure the turbo 

speed is maintained at an acceptable ratio to achieve 

maximum power production. The findings indicate 

that the adaptive control strategy can be used 

successfully to maintain the speed of the generator 

with the changes in the wind speed. The generator 

speed will be operating on the optimal operating 

curve with a minimum oscillation (Fig. 3 (b)). This 

implies that the suggested controller has been able to 

achieve effective extraction of aerodynamic energy 

with the wind turbine. Adaptive controller has 
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quicker dynamic response and better stability in 

comparison to the basic fixed-parameter control 

approach. The speed of the generator instantly 

flattens following scenarios of wind speed thus 

causing less mechanical stress on the turbine system. 

 

 
Fig. 3. Dynamic response of wind energy system under 

variable wind conditions: (a) wind speed profile used in 

simulation, (b) generator speed response under adaptive 

control. 

7.2 DC-Link Voltage Regulation 

To have a stable conversion operation and power 

transfer between the converters and the grid, it is 

necessary to have a constant DC-link voltage. Fig. 4 

indicates that the DC-link voltage response of the 

simulated model is as follows. The findings show that 

the given adaptive controller is effective to control 

the DC-link voltage even with a fluctuating speed of 

wind. The changing of the voltages are all under the 

reasonable range, which proves that the controller 

can stabilise the intermediate DC energy storage 

stage. However, traditional converter control 

schemes tend to have much bigger oscillations in 

voltages when the wind speed changes rapidly. The 

increase in voltage stability of the improved system is 

the confirmation that adaptive control improves the 

performances of converters controls. 

 

 
Fig. 4.DC-link voltage response 

7.3 Output Power and Energy Conversion 

Efficiency 

The output power response of the wind energy 

conversion system to changing wind conditions is 

shown in Fig. 5 (a) which shows the electrical power 

output received in the grid. The adaptive controller 

guarantees the provision of smooth power supply, as 

well as makes the most out of the wind. The 

converter switching pattern in the proposed control 

strategy is dynamically modified to minimise 

switching losses and achieve better power conversion 

efficiency. Consequently, the converter will be able 

to work near its optimal efficiency range at a wide 

range of operating conditions. Fig. 5 (b) is a 

comparison between the suggested adaptive control 

and a traditional PI-based converter control 

approach. The findings reveal that the proposed 

technique has a better converter efficiency and a 

decreased power loss in the unsteady working 

conditions. 

 

 
Fig. 5. Performance analysis of the proposed adaptive 

converter control: (a) output power response of the wind 

energy conversion system, (b) converter efficiency 

comparison between conventional PI control and 

adaptive control. 

7.4 Comparative Performance Analysis 

Key performance indicators such as response time, 

converter efficiency and DC-link voltage stability 

were also examined in order to further assess 

performance across the system. There is a better 

performance demonstrated in all the metrics in the 

adaptive controller. The system is much responsive 

compared to the usual control strategies in terms of 

response time. System rapidly takes into 

consideration variations on wind speed and stabilises 

the system after a short period. Also, the adaptive 

controller minimises converter power losses by 

switching operations based on real-time operating 

conditions. These findings are congruent with the 

observations of the earlier research on adaptive 
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control of renewable energy system. The suggested 

method, however, is specifically aimed at maximising 

the converter efficiency in variable-speed wind 

energy systems which has not been studied 

comparatively before. Altogether, the results of the 

simulation prove that the offered adaptive converter 

control approach elevates the efficiency of the 

system, yields better dynamic response, and 

guarantees the stable performance during the 

fluctuating wind. 

CONCLUSION 

This paper proposed an adaptive control of power 

converter to enhance the efficiency of wind 

conversion system at variable speed. The suggested 

technique actively regulates the operating 

parameters of the converters according to the actual 

measurements of the system, thus making power 

conversion to be efficient and effective when the 

wind changes. A system model was, therefore formed 

by the combination of aerodynamic modelling of wind 

turbine, electromechanical dynamics of the generator 

and power electronic converter regulation, to analyse 

the performance of wind energy conversion system. 

The algorithm of adaptive control was tested and 

measured by simulations in MATLAB/Simulink when 

the wind speed was varied. The findings reveal that 

the devised control strategy can dramatically improve 

the performance of the converters in contrast with 

the traditional fixed-parameter control strategies. 

Specifically, the adaptive controller enhances DC-link 

voltage control, responds to generator and speed 

variations more quickly and performs better when 

converter-to- converter, the adaptive controller 

ensures better conversion efficiency because it 

minimizes switching losses in dynamically operating 

conditions. The dynamic response of the system is 

better, thus achieving the more efficient extraction 

of energy of the wind and also leading to operational 

stability of the wind energy conversion system. The 

results suggest the adaptive converter control can be 

significantly important to enhance the performance 

and reliability of renewable energy systems that are 

run with uncertain weather conditions. The approach 

suggested by means of optimising the work of the 

converters in real time will offer a feasible way of 

maximising efficiency of modern variable-speed wind 

turbines. Further studies will involve the 

experimental justice of the suggested control 

strategy, which will be conducted by test platforms 

both on the basis of hardware tools and in real-time 

digital control systems. The combination of smart 

optimization strategies like machine learning or 

predictive control algorithms can also be examined in 

further research as the method of increasing the 

flexibility and efficiency of wind energy conversion 

systems within the large-scale renewable power 

systems. 
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