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Abstract 

The improvement and optimisation of wind energy system performance 

and efficiency depend heavily on the design of wind turbine blades. Wind 

power has emerged as a viable option for environmentally friendly 

electricity generation in response to the rising demand for renewable 

energy sources. The structural properties and aerodynamic performance of 

a wind turbine's blades have a significant impact on its efficiency.This 

study focuses on the systematic creation and efficiency optimisation of 

wind turbine blade designs. The study uses a multidisciplinary strategy 

that incorporates optimisation, structural analysis, and aerodynamics. The 

goal is to increase power generation while maintaining the structural 

integrity, cost-effectiveness, and safety of the blades.The research starts 

with a thorough examination of the strengths and weaknesses of the 

current designs for wind turbine blades. To assess the performance of 

various blade shapes, various aerodynamic theories, computational fluid 

dynamics (CFD) simulations, and wind tunnel measurements are used. 

The issue of wind turbine blade noise is also included in the study. To 

lessen the influence of noise on the environment, noise reduction 

techniques like trailing-edge serrations are being researched. The project 

also investigates the use of cutting-edge materials, like carbon fibre 

composites, to lighten the blades without sacrificing their structural 

integrity.The results of this study are anticipated to have a big impact on 

wind turbine blade design. It is projected that the optimised blade designs 

will improve wind energy systems' overall efficiency by boosting power 

output and lowering aerodynamic loads. While the use of noise reduction 

measures enhances the environmental friendliness of wind turbines, 

structural analysis ensures the safety and dependability of the blades. 

 

Keywords: Turbine blade, momentum theory, Optimization, efficiency, 

Renewable energy 

 

 

Introduction 

There are several environmental advantages to using wind power instead of fossil fuels because it is 

abundant and renewable. It is a clean energy source that uses up little to no land and emits no 

greenhouse gases when in use [1]. We can produce more power by increasing the effectiveness of 

wind turbines, reducing our dependency on expensive and wasteful energy production methods. 

Since the seventh century, wind has been used for a variety of reasons, proving its long history of 

offering enduring answers to human needs.Energy sources that can be used without being exhausted 

or spoilt are referred to as renewable energy sources. Technologies that capture natural phenomena 

like sunshine, wind, waves, water movement, and biological activities like biological hydrogen 
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generation and geothermal heat are necessary for the use of renewable energy sources. Significant 

progress has been made in utilising wind energy among various sources [2]. The turbine blade is a 

key component for capturing wind energy, and other elements that affect wind energy conversion 

efficiency include air density, the swept area of the rotor, and wind speed. The interaction between 

the rotor and blades, which determines the wind turbine's ability to produce power, makes the 

blade's contribution to total performance essential. The mathematical computations can be used to 

select the ideal chord, angle, and blade distribution for a given set of wind conditions. Analytical 

solutions are not practical when engineering a blade to function well over its lifetime in a variety of 

real-world circumstances, so alternate strategies must be taken into account. The goal is to 

maximise blade efficiency while abiding by construction and maintenance constraints, which 

presents a multiobjective optimisation issue with considerable economic ramifications for the wind 

energy industry. 

 

An evolutionary design environment with an aerodynamic simulator was created for this work in 

order to assess viable solutions. This method makes it possible to automatically generate the best 

blade profiles for different wind condition distributions. The approach expands on earlier work that 

used evolutionary techniques to create and optimise diverse systems in various fields. By using this 

evolutionary design technique, the research hopes to address the tough optimisation problem 

associated to wind turbine blade design. The objective is to develop blades with optimal efficiency 

throughout their operational lifetime in real wind conditions while meeting the necessary 

construction and maintenance constraints. The study's conclusions could significantly affect the 

wind energy industry by bringing new blade designs that improve overall turbine performance and 

increase the viability of wind energy projects. 

 

I. Review of Literature 

The development and advancement of wind turbine blade designs has received a lot of attention in 

recent years. Researchers have employed a number of strategies to boost the efficiency of wind 

turbine blades and enhance their overall performance. In this part, various approaches to the subject 

are compared and an overview of some related research is provided. One of the main areas of 

research is the development of wind turbine blades utilising aerodynamic principles. Computational 

fluid dynamics (CFD) simulations have been used frequently in the investigation and optimisation 

of blade designs. For instance, [1] improved the design of the blades for increased aerodynamic 

efficacy by using CFD simulations to evaluate the performance of various airfoil shapes.  

Advanced optimisation techniques have also been used to improve wind turbine blade designs. By 

repeatedly changing the parameters of blade design, genetic algorithms, particle swarm 

optimisation, and evolutionary algorithms have been used to obtain the best answers. [2] used a 

genetic algorithm to optimise the airfoil and blade twist distribution, which led to increased power 

production and decreased structural loads. Similar to this, [3] improved aerodynamic performance 

by optimising the blade shape via particle swarm optimisation. 

 

Structural analysis and design are another part of wind turbine blade optimisation. The structural 

integrity of blade designs has been extensively assessed using finite element analysis (FEA), along 

with probable failure modes. In order to evaluate the buckling and fatigue strength of wind turbine 
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blades and to suggest design changes to improve structural reliability [4] used FEA. In order to 

minimise blade weight without sacrificing structural integrity, the inclusion of new materials, such 

as carbon fibre composites, has also been studied [5]. 

 

Another crucial factor in designing wind turbine blades is noise reduction. To reduce the impact of 

noise on the surrounding environment, trailing-edge serrations and other noise reduction techniques 

have been investigated [6] examined, for instance, how serrated trailing edges could lessen the 

aerodynamic noise produced by wind turbine blades. Their research showed how to significantly 

reduce noise without sacrificing blade performance. 

 

II. Design Methodology Environment 

The design environment used in this study was created with the intention of obtaining trustworthy 

outcomes in a number of design procedures. The design environment is built as a group of 

independent blocks to enable flexibility and adaptability. Depending on the precise design process 

being used and the precise simulations and evaluations required to achieve the necessary criteria 

and needs, these blocks can be changed out and rejoined. Based on the particular traits and goals of 

each design project, this modular approach enables customization and optimisation of the design 

environment.Various evolutionary algorithms are used in this study's search stage, with a decision 

block used to assess potential solutions.  

 
Figure 1: System Design Environment 

 

An initial decision was made to use a common macro evolutionary approach for designing wind 

turbine blades [4]. Based on the convergence traits displayed by this kind of algorithm, this decision 

was made. In circumstances where the solution space has many peaks and valleys, like in this work, 

the aim was to reduce the possibility of early convergence. The project intends to investigate a 

wider variety of design alternatives and boost the probability of discovering optimal solutions 

within the complex and harsh solution terrain by using a macroevolutionary algorithm. 
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Through standardised interfaces, the design environment used in this study integrates both 

simulators and human evaluation systems, making it flexible enough to handle different design 

challenges. In this scenario, the goal is to develop a brand-new blade model from scratch without 

imposing any initial constraints, not to enhance an existing model. With this strategy, a thorough 

structure that covers every stage of the design process must be created. Additionally, one of the 

main goals of this research is to reduce human participation as much as feasible. The intention is to 

restrict human involvement to characterising the problem. Typically, the initial limitations in any 

design process establish a high-dimensional solution space, which may change. 

 

III. Aerodynamic Simulation 

This module includes a blade simulator that can compute the moments and forces produced by a 

wind turbine blade, hence estimating the power produced by the turbine. It is better to use a realistic 

computational fluid dynamics (CFD) code to produce accurate simulations. However, a streamlined 

blade simulator based on the widely used blade element theory has been created in order to cut 

down on computational expenses. This module can be swapped out by another one based on a more 

complex CFD code if more precision is needed without sacrificing generality. 

 

There are two main parts to the simulator as it stands today. While the second component uses 

blade element theory to compute the consequent forces and moments exerted on the blade, the first 

component computes the performance of two-dimensional airfoils. The simulator can accurately 

predict the performance and behaviour of the wind turbine blade by using this method rather than 

the computationally expensive CFD simulations. However, the module can be readily replaced with 

a more complex CFD-based technique when better precision is required or certain circumstances 

demand more in-depth study. This adaptability makes it possible to meet various simulation 

requirements without sacrificing the design environment's overall efficacy. 

 

A wide range of angles of attack, including high values that can cause flow separation, can be 

encountered in wind turbine airfoils. Potential flow theory is less accurate when flow separation 

happens, especially when the separated region is large. We incorporate a neural network into our 

approach to handle the flow separation-induced departures from the ideal scenario.A 

straightforward multilayer perceptron neural network is used for this. It has two hidden layers with 

eight neurons each, two output neurons that stand in for the lift and drag coefficients, and six input 

neurons. Numerous characteristics, such as the calculated lift coefficient, calculated drag 

coefficient, Reynolds number, angle of attack, and calculated position of separation on the upper 

surface, are represented by the input neurons. 

 

These variables can be divided into two groups: the first group consists of variables whose value 

exclusively depends on the case under investigation, such as the angle of attack and Reynolds 

number.  
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Figure 2: The corrected life coefficient with rectification is carried out by an ANN. 

 

The second class consists of four parameters: the computed lift and drag coefficients, the points of 

separation on the upper and lower surfaces, and the airfoil profile as well as the case under analysis. 

We can effectively account for the intricate interactions between the airfoil profile and the flow 

conditions by adding these parameters into the neural network, leading to more precise predictions 

of lift and drag coefficients. 

 

IV. Results and Discussion 

In order to use evolutionary techniques in an automated design process, the problem's actual 

conditions must first be established, along with the criteria needed to define each member of the 

design population. A case study on the design of a windmill blade was used to evaluate the 

usefulness of the created design environment. The operating wind conditions were described by a 

Weibull distribution with an average velocity of 7 m/s and a form parameter value of 2, and the 

windmill blade had a maximum diameter of 4.5 m.The Betz limit [11], a theoretical maximum 

power limit, was determined to evaluate the performance of the improved systems. The highest 

amount of power that may be obtained from the wind by a windmill is known as the Betz limit. It 

acts as a reference point and a controlling parameter for the optimisation process' fitness function. 

The calculated power output is multiplied by the probability distribution of wind speeds to generate 

the fitness parameter for each design solution. 

 

The fitness function assesses each design's performance in terms of power generation by taking into 

account the Betz limit and the probability distribution of wind speeds. This fitness assessment 

considers the power output as well as the probability of running into particular wind speeds based 

on the Weibull distribution. The ultimate objective is to develop wind turbine blade designs that 

maximise power generation while taking the variable wind conditions encountered in real-world 

scenarios into account. 

P(u) =  C ∗  uk ∗ exp (− (
u

u0
)

k
)   (1) 

Where: 
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• P(u) is the calculated power at wind velocity u. 

• C is a scaling constant. 

• k is the shape parameter of the Weibull distribution. 

• u0 is the scale parameter of the Weibull distribution. 

The link between wind speed and power output is described by this equation, which takes the 

properties of the Weibull distribution into consideration. It offers a numerical assessment of the 

amount of power that can be captured from the wind at a specific wind speed. 

 
(a) (b) 

Figure 3: (a) Blade representation top view (b) Maximum fitness value representation 

 

Distributions of chord, twist, and airfoil form are given along the span to define the blade. The 

blade is separated into 30 portions for this investigation, with the further sections being interpolated 

from these defined sections while the blade is being evaluated. There are 150 sections in total that 

are taken into account for evaluation. 

The NACA four-digit family of airfoils, which enables their specification by four parameters, is 

used to define blade sections or airfoils. It is possible to identify the necessary airfoil form by 

choosing the suitable four-digit code.Setting the initial values in the first segment and then figuring 

out their values for the subsequent sections results in the distribution of twist and chord along the 

blade.The limitations and design requirements affect the available value ranges for these genes. 

Depending on the needs of the wind turbine and the desired performance goals, different ranges 

may apply. Usually, engineering considerations are used to set the gene value ranges, ensuring that 

the final blade designs fall within acceptable bounds for real-world use. 

The evolutionary algorithm may explore and optimise the design space to develop blades that 

maximise efficiency and power generation by encoding the blade features in the chromosome. 

Generated blade designs can be reviewed and chosen based on their fitness or performance criteria 

in the evolutionary process thanks to the genetic representation.In this study, a macroevolutionary 

approach was used since the fitness landscape produced by the fitness function is complex and has 

numerous local minima and maxima. This algorithm was chosen because it performed better than 

others in negotiating these difficult terrains. 

A population of 40,960 people divided among 32 races was taken into account for the evolutionary 

process used in this scenario. The calculations were carried out using the high-performance 

computing capabilities of the Marenostrum supercomputer at the Barcelona Supercomputing 

Centre.The 1,370 generations of evolution needed to reach the results in this paper, which took a 
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total of 52 hours to compute. 512 PowerPC 970FX processors were used in the evolution process, 

allowing for parallel processing to quicken the optimisation process.Figure 3 shows the maximum 

and average fitness values attained for each evolutionary generation, with an emphasis on the best 

race's performance throughout the optimisation process. This visualisation demonstrates the 

evolution and convergence of the evolutionary algorithm while emphasising the rise in fitness over 

time.The fast exploration of the design space made possible by the use of the macroevolutionary 

algorithm and the computational capabilities provided by the supercomputer finally resulted in the 

identification of interesting blade designs with improved fitness and performance attributes. 

 

V. Conclusion 

To improve the design of wind turbine blades, a combination of an automatic design environment 

and an aerodynamic simulation was used. In order to assess blade profiles, the aerodynamic 

simulator combined boundary layer theory with potential flow approaches. The simulation approach 

was combined with a neural network to take flow separation effects into account. The blade element 

technique, which incorporates the performance of all blade parts, was used to further evaluate the 

resulting aerodynamic performance.Several experiments on the design environment produced 

outstanding results. The results achieved in a particular test case presented in this study were 

extremely accurate and effectively met all design requirements. It's significant that these successes 

were made possible without the use of elaborate and expensive nonlinear models within the 

simulator.The test outcomes proved the efficiency and accuracy of the design environment in 

generating blade designs that were almost ideal. This method gives a condensed review of the 

research findings and demonstrates how the automatic design environment and aerodynamic 

simulation were successfully integrated to produce improved wind turbine blade designs. 
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