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ABSTRACT: Optimizing aerodynamic performance with low loads is a core objective in high-power wind turbine blade design.
This study develops a blade aerodynamic optimization design platform based on the performance of a wind turbine. By applying
automated design principles, the platform rapidly iterates to obtain blade profiles that meet turbine development requirements,
significantly improving design efficiency and reliability. Key findings include That Optimizing chord length and relative thickness
distributions substantially contribute to enhancing power generation while reducing load levels. Relative thickness and twist angle
distributions are critical parameters influencing stall characteristics during blade operation. Superior aerodynamic performance
notably increases annual rated power generation hours but simultaneously elevates blade thrust and root loads. Among the evaluated
designs meeting turbine specifications, the #436 blade achieves a maximum power coefficient of 0.4679 while maintaining low
ultimate and fatigue loads. Furthermore, when paired with the wind turbine, its rated wind speed reaches 10.9 m/s, and its annual
rated power generation hours under various inflow wind speed conditions all meet the turbine system’s development requirements.
Consequently, the #436 blade demonstrates exceptional system compatibility, making the 8.5 MW turbine equipped with this blade
highly competitive in the market.

Keywords: Wind turbine blade; Aerodynamic configuration; Power generation efficiency; Load analysis; Optimization design
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1. Introduction

Offshore wind energy has emerged as a vital component of the global renewable energy transition [1-3]. With
stronger and more consistent winds at sea compared to onshore locations, offshore wind farms can generate substantial
electricity with high efficiency [4,5]. Over the past decade, technological advancements, policy support, and decreasing
costs have accelerated the deployment of offshore wind projects worldwide. The offshore wind industry is rapidly
advancing towards larger-scale projects to enhance efficiency, reduce costs, and maximize energy output [6—8]. One
key trend is the deployment of massive wind turbines, with modern models exceeding 15-20 MW per unit, compared to
the 3—6 MW turbines that were common a decade ago [9-11]. For instance, GE’s Haliade-X (14 MW) and MingYang’s
MySE 16-260 (16 MW) demonstrate how increased rotor diameters (over 260 m) and taller towers capture stronger
winds, thereby boosting capacity factors. Another major shift is the development of gigawatt-scale wind farms [12—15].
Projects like the UK’s Dogger Bank (3.6 GW) and China’s Guangdong complex (17 GW upon completion) highlight
the shift towards clustered installations in high-wind zones. These mega-projects benefit from economies of scale,
lowering installation and maintenance costs per MW.

The relentless pursuit of larger offshore wind turbines, with rotor diameters now exceeding 250 m and individual
blades stretching beyond 120 m, has introduced unprecedented engineering complexities in blade design. As the
industry pushes the boundaries of scale to enhance energy capture and reduce levelized costs, several critical technical
challenges for the design of blades have emerged that demand innovative solutions. As blade length increases, the
aerodynamic and structural loads they endure also rise significantly, imposing higher demands on blade design. How to
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maintain excellent aerodynamic performance under low load conditions has become a primary task in current
high-power wind turbine blade design. However, improvements in wind turbine blade power generation efficiency
inevitably come with higher loads. Therefore, in iterative blade design, we cannot solely pursue optimization goals
focused on high power generation efficiency.

Currently, aerodynamic optimization of wind turbine blades primarily involves parametric modeling of airfoil
profiles [16—18], combined with various optimization algorithms and CFD simulations to achieve target improvements
[19-21]. This approach enhances power generation performance by increasing the airfoil’s lift-to-drag ratio, thereby
improving blade efficiency through the use of optimized airfoil shapes. In comprehensive optimization methods based
on three-dimensional blade geometry [22-26], key parameters such as chord length and twist distribution are optimized,
with design objectives including power generation efficiency [27], aerodynamic noise [28], and weight reduction.
However, these conventional methods predominantly focus on the blade’s aerodynamic performance while largely
neglecting design requirements for turbine safety and stability. When considering overall power generation efficiency,
multi-objective optimization algorithms are employed for aerodynamic blade design, but convergence issues frequently
occur during the optimization process, requiring extended iteration cycles to ensure solution validity. Consequently,
traditional blade aerodynamic optimization methods exhibit significant limitations in wind turbine system design.

In the blade design process, simultaneously achieving load reduction while maintaining excellent aecrodynamic
performance can effectively prevent issues of overloading or low power generation efficiency. Different from
conventional blade optimization design methods, the approach developed in this paper considers both the power
generation performance and the load level of the blade as optimization objectives. While maintaining high power
generation efficiency, it also requires the blade to have low root loads. Additionally, the method in this study can rapidly
generate multiple aerodynamic blade shape schemes that meet the design requirements, unlike traditional design
methods that rely on comparative analysis of a limited number of design options. Such optimized blades demonstrate
superior turbine compatibility and enhanced market competitiveness. This study conducts blade redesign by balancing
power generation requirements with load safety considerations, developing an aerodynamics optimization method
based on overall turbine performance. By optimizing the blade’s aerodynamic shape to match both power output and
load level requirements, the designed blades achieve better compatibility with wind turbines and greater market
competitiveness. This acrodynamic optimization approach effectively enhances both the power generation performance
and operational stability of wind turbines, offering a safe and reliable solution for designing large-capacity offshore
wind turbine blades. This paper begins by presenting the capabilities of the blade aerodynamic design platform,
including its computational methods, boundary condition settings, and data processing workflow. Subsequently, based
on the development requirements for an 8.5 MW wind turbine, an aecrodynamic profile scheme that meets the design
specifications is obtained. Finally, the compliant aerodynamic profiles are evaluated and screened by balancing power
generation performance against root load levels to determine the final blade aerodynamic layout.

2. Descriptions of the Wind Turbine Blade Aerodynamic Optimization Design Platform

The blade optimization design platform provides aerodynamic profile optimization algorithms. As shown in Figure 1,
it generates high-performance blade geometries based on boundary conditions while simultaneously evaluating
aerodynamic performance, including power curves and tip-speed ratios. Furthermore, the optimization platform can obtain
blade root loads, stall characteristics, as well as complete turbine parameters such as rotor speed, thrust, power output, and
annual full-load hours. This enables the development of aerodynamically optimized blade configurations with superior
turbine compatibility under various environmental conditions. The blade optimization design platform significantly
enhances aerodynamic design efficiency, reduces labor costs, decreases error rates, and improves production quality and
reliability by applying automated design principles. The design platform’s core functionalities include:

e  Batch comparison of GH-Bladed data package files
e  Batch calculation of blade performance

e  Environmental adaptability assessment

e  Aerodynamic profile design

e  Generation of structural design input parameters

By implementing principles of operational simplification, reliability enhancement, and flexible scalability, the
blade design platform can better meet user requirements and adapt to future developments in the wind energy industry.
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As shown in Figure 2, the optimization design platform utilizes the main program to perform iterative optimization
based on the initial blade input file, ultimately outputting the target blade profile parameters. Simultaneously, it can
automatically generate the necessary files and data for structural design, streamlining the structural design process and
enabling seamless integration with blade structural design software such as FOCUS6 and CATIA.2020. The
optimization design platform is developed using MATLAB.2024 programming. Taking 500 blade profile output
samples as an example, the platform completes the iterative optimization and outputs the blade profile in 1.5 min, while
generating the blade performance and complete turbine parameter results in approximately 5.0 min, demonstrating high

optimization efficiency. Additionally, it synchronously produces comparative result curves.
The Input directory contains all required input files for computation, including:

e Standard airfoil coordinate point clouds

e Initial blade aerodynamic and structural parameters
e  Wind turbine model data

e BLADED initial blade data packages

e  Stall characteristic evaluation data files

The main.m file contains execution scripts for multiple design functions:

e  Blade profile conversion

e Blade data comparison

e  Batch execution of BLADED solver

e  Environmental adaptability assessment
e Blade optimization design

The Output directory stores all generated results:

e 3D blade geometry models

e FOCUS models

e  Computational evaluation results

e  Stall characteristic evaluation results

e  Optimized blade designs

e  Comparative plots and process log files
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Figure 2. Schematic diagram of workflow for optimizing design methods.

3. Results and Discussion

3.1. Descriptions of the Wind Turbine

40f 16

This study utilizes a self-developed high-power wind turbine platform, that adopts variable speed, pitch control,
and yaw regulation strategies. Table 1 presents the operational parameters of this turbine. Based on an 8.5 MW wind
turbine, a GH-Bladed platform computational model is constructed to evaluate the blade’s power generation
performance and load levels. During the design process, wind turbine blades must meet the requirements for both power
generation efficiency and load capacity to align with the development targets of the wind turbine. The performance
indicators required for the design of this 8.5 MW wind turbine blade are listed in Table 2.
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Table 1. Geometrical and operational characteristics of a wind turbine.

Parameters Design Value
Wind regime IEC IIIC
Power generation 8.5 MW
Rotor orientation Upwind
Rotation Clockwise
Number of blades 3
Cut-in wind speed 3m/s
Cut-out wind speed 22 m/s
Rated wind speed 11 m/s
Rotor diameter 200 m
Hub height 140 m
Lifetime 20 years

Table 2. Development requirements for wind turbine blade.

Blade Design Objectives Design Value
Blade power coefficient CP >0.45
Load at blade root <2.6 x 10’ kNm
Annual hours of full power generation (rated wind speed) >5000 h

3.2. Optimization of the Aerodynamic Shape of Wind Turbine Blades

The blade redesign was completed based on the aerodynamic optimization design platform developed in this study,
resulting in optimized adjustments to power generation efficiency and load stability. The blade shape optimization
program simultaneously iteratively optimizes the chord length, twist angle, relative thickness, blade central axis, and
sweep/dihedral deformation. During the iteration process, eight optimization control points were selected on the shape
layout curve, with each control point generating a new shape layout positioning point through random sampling.
Subsequently, multi-order spline curves were used to fit these positioning points, generating a new aerodynamic shape
layout curve. To ensure optimization stability, the allowable variation range of the shape curve was constrained to
within 5%.

The number of shape samples per optimization iteration was set to 500, with the results for chord length, relative
thickness, and twist angle shown in Figure 3. To efficiently obtain solutions that meet the design requirements,
constraint boundary conditions were defined for the blade power coefficient (Cp) and tip-speed ratio (L), requiring 0.45
< CPpmax <0.47 and 11 <A < 12. As illustrated in Figure 4, the solution marked by a red star represents the blade shape
layout that satisfies the optimization objectives. The power coefficients corresponding to the above blade shapes and the
overall power generation of the wind turbine are shown in Figures 5 and 6. Different blades exhibit distinct power curve
distribution patterns. The maximum power coefficient for each blade type is around 0.46, occurring within a tip-speed
ratio range of 10 to 12.5. Meanwhile, when the wind turbine reaches full power, the corresponding rated wind speeds for
different blade shapes range between 10.4 and 12 m/s. As illustrated in Figures 7 and 8, by extracting the turbine’s
operational data under rated conditions, it can be observed that as the rated wind speed of the turbine increases, the
corresponding power coefficient of the blade under rated conditions gradually decreases, while the resulting root loads
show a declining trend. It can also be understood that the higher the rated wind speed of the wind turbine, the lower the
ultimate load of the blades at the rated wind speed.

A comparison of the computational results reveals that increasing the blade chord length and twist angle effectively
enhances the blade solidity and aerodynamic capture capability. This enables the blades to capture sufficient
aerodynamic torque to reach the rated power at lower wind speeds, consequently reducing the rated wind speed. With
increased solidity, adequate torque can be generated at lower rotational speeds, whereas excessively high speeds would
instead increase drag losses. To achieve the rated power at lower wind speeds, the control system opts to reduce the
rotational speed to align with the new, lower tip-speed ratio, thereby simultaneously achieving a reduction in both the
rated rotational speed and the design tip-speed ratio. Aerodynamically superior profiles generally improve the
maximum power coefficient Cpmax, enhancing wind energy conversion efficiency across all wind speed ranges before
reaching the rated power. This is particularly evident in the frequently occurring low-wind-speed periods, significantly
boosting the total annual energy production.
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Correspondingly, based on the performance indicators required for blade design (Table 2), three optimal solutions
were selected from the shape layouts that met the optimization criteria: Blades #172, #397, and #436. Their
corresponding shape results are presented in Figure 9. Among them, the 436# blade has a relatively smaller overall
chord length distribution, while the 172# and 397# blades exhibit higher chord length values from the root to the
mid-span. A larger chord length helps reduce the risk of stalling during blade operation [29-33]. All three blades have
similar relative thickness levels near the root. However, the 397# blade has a higher relative thickness, whereas the 172#
blade has a smaller relative thickness near the tip. A thinner blade profile improves aecrodynamic performance, thereby
enhancing power generation efficiency [33—36]. Additionally, the 397# blade has a smaller twist angle distribution in
the mid-span, while the 172# and 436# blades have smaller twist angles near the 10 m tip region. The twist angle
distribution influences whether the blade operates at the designed angle of attack of the airfoil, thereby significantly
affecting the blade’s power generation performance [37,38].
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Figure 9. Aerodynamic shape of the optimized blade. (a) Chord length; (b) Relative thickness; (¢) Twist angle.

3.3. Analysis of Aerodynamic Performance of Blades

As shown in Figure 10, the power generation efficiency of the three blade designs shows no significant difference,
with their maximum power coefficients all around 0.466 at a tip-speed ratio of 10.5. However, the 172# blade
demonstrates higher efficiency under both high and low wind speeds. As shown in the shape results in Figure 9, the
172# blade, with its larger chord length and thinner profile, delivers superior aerodynamic performance. This enables it
to achieve higher power generation efficiency within the 5—11 m/s wind speed range. Its excellent efficiency allows the
wind turbine to reach full power output at a lower rated wind speed of 10.4 m/s. In contrast, the 397# and 436# blades,
due to their relatively lower efficiency, require a higher rated wind speed of 10.9 m/s, as illustrated in Figures 11 and 12.
The 397# blade benefits from its larger chord length and lower twist angle, which contribute to improved aerodynamic
performance. However, its higher relative thickness compared to the 436# blade results in no significant difference in
power generation performance between the two. According to the calculations in Figure 13, when a wind turbine is
equipped with the high-performance 172# blade, its annual full-power generation hours exceed those of turbines using
the 397# and 436# blades.
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3.4. Analysis of Load Level of Blades

For offshore fixed wind turbines, the primary source of blade loading originates from incoming wind flow, with
aerodynamic forces constituting the dominant loading component. While wave-induced inertial forces are largely
attenuated before reaching the rotor system, they nevertheless contribute to transient load variations that can affect
operational stability [39,40]. Consequently, wave-induced disturbances have been incorporated in the stability analysis
of turbine performance. The numerical simulations employ the JONSW AP/Pierson-Moskowitz wave spectrum with a
significant wave height of 1.5 m within the GH-Bladed computational platform. The corresponding wave spectral
characteristics are detailed in Table 3. The superior aerodynamic performance of the blade leads to higher wind energy
utilization, which inevitably subjects the blade to increased aecrodynamic forces and consequently results in higher root
loads. As illustrated in Figures 14 and 15, the 172# blade exhibits the highest thrust and root loads under rated wind
speed conditions. Similarly, owing to its larger chord length and reduced twist angle, the 397# blade experiences greater
thrust and root loads compared to the 436# blade at rated wind speed. Analysis of the blade loading results reveals that
the primary geometric factors influencing load magnitude are chord length and twist angle distribution, whereas
variations in relative thickness do not play a decisive role.

Table 3. Wave model.
Wave Characteristics JONSWAP/Pierson-Moskowitz Spectrum
Peak spectral period 6s
Significant wave height 1.5m

Peakedness(1 = Pierson-Moskowitz) 1




Marine Energy Research 2025, 2, 10017 11 of 16

1200
1000 -
£ soof
E
= 600 F
400 - —172¢
—397#
—— 436
200 1

4 6 8 10 12 14 16 18 20
Hub wind speed m/s

Figure 14. Thrust distribution of blades with different blades.

2.5E+07

g 2.0E+07 |

&

>

X

=

2 L.5E+07 -

=

15}

3

=

m —172#
1.0E+07 3974

—— 436t

5.0E+06 1 1 1 1 1

4 6 8 10 12 14 16 18 20
Hub wind speed m/s

Figure 15. Root load with different blades.

Based on the instantaneous inflow wind speeds at different rated wind speeds in Figure 16, the performance
parameters of wind turbines equipped with different blades were obtained. The 172# blade has a rated wind speed of
10.4 m/s, while the 397# and 436# blades correspond to a higher rated wind speed of 10.9 m/s. Consequently, the
instantaneous inflow wind speed for the 172# blade is significantly lower than that of the other two blades. As shown in
Figure 17, the fluctuation trend of turbine power generation closely follows the variation in inflow wind speed. Power
output increases with rising wind speed. Although the 172# blade exhibits the best power generation performance, its
lower rated wind speed results in consistently lower total power output compared to turbines equipped with the other
blades. Analysis of Figures 17 and 18 reveals that when the inflow wind speed exceeds 12 m/s, the 397# blade
experiences destructive root load fluctuations, exhibiting a load divergence state. Simultaneously, the power output of
the turbine equipped with this blade shows severe instability. By extracting the inflow angle of attack from Figure 19, it
is found that the primary cause of load divergence in the 397# blade is the high angle of attack at the mid-span under
rated wind speed conditions, leading to deep stall and consequently excessive load fluctuations. This also severely
impacts the turbine’s power generation. As illustrated in Figure 9c, this phenomenon occurs because the 397# blade has
a low twist angle and high thickness at the mid-span. The #436 blade has a relatively low twist angle near the tip, which
increases the inflow angle of attack in that region and significantly raises the likelihood of stall. Therefore, despite its
aerodynamic advantage from a larger chord length, the insufficient twist angle and excessive thickness are the primary
triggers for stall-induced instability during operation.

Through further processing of the transient load data for the 172# and 436# blades, the results shown in Figure 20
were obtained. The transient load stability of these two blade designs shows no significant difference, indicating
comparable fatigue load characteristics between them. Based on a comprehensive analysis of aerodynamic performance
and overall turbine efficiency, our developed blade optimization platform enables rapid iterative design refinement,
from which three blade configurations meeting the optimization objectives were identified. Among these, the 397#
blade exhibits notable stall risks, making it an unsuitable candidate for the optimal design. While the 172# and 436#
blades demonstrate equivalent power generation performance, the 172# design carries higher ultimate load levels. In
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contrast, the 436# blade maintains excellent aerodynamic efficiency while achieving lower ultimate loads, effectively
avoiding both overload risks and power generation deficiencies. The key aerodynamic parameters of the optimized
436# blade are detailed in Table 4. This aecrodynamic optimization design method successfully achieves rapid iterative
optimization of blade geometry, striking an optimal balance between load mitigation and power generation efficiency.
The resulting blades exhibit enhanced turbine compatibility and superior market competitiveness, demonstrating the
platform’s capability to produce designs that neither excessively compromise energy output nor structural reliability.
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Table 4. Design parameters and performance indicators of blades.

Parameters 436# Blade
Length 98 m
Diameter of blade root 3200 mm
Maximum chord length 4.141 m
Pre bending of the blade tip 4.8 m
Twist angle of the blade root 15°
First order flapwise frequency 0.2877 Hz
First-order edgewise frequency 0.5113 Hz
First-order torsional frequency 5.6189 Hz
Steady maximum power coefficient 0.4679
Weight 25.8t

4. Conclusions

In order to improve the power generation efficiency of wind turbines while ensuring operational stability, the
development of high-efficiency, low-load blades has become a core objective in the design of large-scale wind turbine
blades. This paper presents a blade aerodynamic optimization design platform based on the performance of a wind
turbine, which rapidly iterates to obtain blade aerodynamic profiles that meet the requirements of turbine development,
balancing power output and load levels. The main conclusions of the study are as follows:

(1) The blade aerodynamic optimization design platform significantly enhances design efficiency and reliability
through the application of automated design principles. This platform enables batch performance calculations,
environmental adaptability assessments, and aerodynamic profile optimization for wind turbine blades. With
advantages such as simplified operation, improved reliability, and flexible scalability, the platform better meets the
needs of designers and aligns with the evolving demands of the wind energy industry.

(2) The aerodynamic profile of wind turbine blades has a significant impact on both power generation and load levels,
necessitating simultaneous optimization of chord length, twist angle, and relative thickness. Among these,
optimizing chord length and relative thickness distribution contribute notably to improving power performance and
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reducing loads. Additionally, the relative thickness and twist angle distribution are key parameters influencing stall
characteristics during blade operation. Optimizing these parameters helps mitigate the risk of stalling.

(3) Optimizing the twist angle distribution of the blade allows the local airfoil to operate closer to its optimal design
angle of attack, thereby enhancing the blade’s aerodynamic performance. Blades with superior aerodynamic
performance enable wind turbines to reach rated power output at lower inflow wind speeds. Moreover, excellent
aerodynamic performance significantly increases the annual hours of rated power generation. However, such high
aerodynamic performance is also a primary contributor to higher thrust and root loads on the blade. Additionally, a
larger chord length distribution notably exacerbates blade loading.

(4) Among the aerodynamic blade profiles meeting the wind turbine development requirements, the #397 blade
exhibits severe stall issues at inflow wind speeds exceeding 12 m/s, which detrimentally affects both power
generation and load stability. The #172 blade demonstrates the best aerodynamic performance, enabling the turbine
to achieve rated power at an inflow speed of 10.4 m/s, with a maximum power coefficient (Cpmax) of 0.4695.
However, under rated conditions, the #172 blade experiences an extreme load of 25,735.8 kNm, posing challenges
to turbine safety. In contrast, while the #436 blade requires a slightly higher rated wind speed of 10.9 m/s, it
exhibits significantly lower ultimate and fatigue loads. Furthermore, its annual rated power generation hours across
varying wind speeds meet the turbine’s development requirements. Thus, the #436 blade demonstrates superior
compatibility and matching performance with this 8.5 MW turbine.

5. Limitations and Future Research

Wind turbine blade design faces the challenge of complexity in multidisciplinary coupling and multi-objective
trade-offs. This study primarily focuses on power generation efficiency and structural loads for the aerodynamic design
of the blade, without comprehensively considering multiple objectives such as weight, noise, and cost. Single-discipline
optimization struggles to achieve a globally optimal solution. Secondly, the optimization method employed in this
research is based on fixed wind conditions and therefore fails to fully account for the complex turbulence and shear
effects that occur in real wind farms. Future studies will integrate actual operational parameters of wind farms and
leverage machine learning algorithms to achieve efficient and automated trade-offs among multiple objectives,
including aerodynamics, structure, acoustics, and cost.
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