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To cope with the future challenges to the blade that will be introduced by the development
of extreme-scale wind turbines, this study focuses on the optimization design of the
aerodynamic shape of a downwind blade via the inverse design method. Moreover, the
genetic algorithm is used to optimize the chord, twist angle, and pre-bending parameters
of the blade to maximize the energy production of the rotor and minimize the flapping
bending moment of the blade root. By taking a 5-MW wind turbine as the optimization
object, the two-objective optimization design of the downwind blade is carried out, and
Pareto optimal solutions in line with the expectations are obtained. After analyzing four
representatives of the Pareto optimal solutions, while a more ideal solution is found to
sacrifice 9.41% of the energy production of the rotor, the flapping bending moment of the
blade root is reduced by 42.92%, thereby achieving the lightweight optimization design of
an extreme-scale wind turbine blade. Furthermore, based on the selected four sets of
blades, the influence mechanisms of the chord, twist angle, and pre-bending on the
optimization goal are analyzed, and it is found that the pre-bending parameter has the
greatest influence on the two optimization goals.
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INTRODUCTION

Global wind industry is gradually achieving the grid parity of wind power. In pursuit of lower electricity
costs, both the single capacity of wind turbines and the blade length have been increasing (Zhang et al.,
2021b). However, the blade designmay reach a maximum size that will fail in an extreme wind regime.
Therefore, some scholars have used the characteristics of palm trunks to resist aerodynamic loads, and
have designed ultra-long blades in the downwind direction that have a certain cone angle and are
deformed in sections along the spanwise direction (Ichter et al., 2016; Loth et al., 2017). Via the set cone
angle and segmental deformation, the resultant force of each blade segment occurs only along the axial
direction of the blade, and the blade only bears axial tension, which greatly reduces the cantilever load;
these blades are called downwind blades (Yang et al., 2019). Although the downwind rotor will be
affected by the tower shadow effect on the aerodynamics and aeroacoustics (Janajreh et al., 2010; Koh
and Ng, 2016; Dose et al., 2020), the wind load of the downwind blade pushes the blade farther away
from the tower; thus, due to the increased distance between the blade and the tower, there is no need to
consider the interference between them. Therefore, the stiffness of the blade can be appropriately
reduced to reduce costs and the weight of the rotor (Wand et al., 2018), as well as to increase the service
life of the blades and the competitiveness of non-subsidized wind power (Pao et al., 2021).
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Regarding the downwind blade design that is characterized
by a reduced load, Rasmussen et al. (Rasmuseen et al., 1998)
designed a flexible downwind rotor structure for MW-class
wind turbines based on the bionic principle. The blades are
bent and deformed under the action of aerodynamic loads, and
the load can be reduced by 25–50%. Recently, Loth et al. (2017)
(Ichter et al., 2016; Noyes et al., 2018; Pao et al., 2021) designed a
13.2-MW blade that is pre-bent downwind in sections, and used
FAST platform simulations to verify its feasibility. Under
constant power, the simulation results revealed that, in Class
IIB winds, the performance of the two-blade downwind
rotor with a 15°cone angle is comparable to that of an
upwind three-blade rotor using Sandia SNL100-02 blades.
Moreover, the equivalent load of blade damage is reduced by
19.0%, and the blade quality is reduced by 27.4%. Additionally,
Qin et al. (Qin et al., 2020) increased the power of a two-blade
downwind wind turbine system from 13.2 to 25 MW via the
redesign of the aerodynamics, structure, and control
system, and the system can be used as a super-large wind
turbine for further development and evaluation. Furthermore,
Noyes et al. (2020) studied whether the cone angle of the
downwind blade can be changed with the variation of the
wind speed via a deformable hinge, and found that load
alignment can be achieved by using a fixed cone angle or a
deformable hinge. In the case of a constant rated power, the
deformable hinge can achieve a larger swept area at lower wind
speeds than can a fixed cone angle, and can increase the power
by up to 4.6%.

These previous studies fully demonstrate the feasibility of the
application of downwind blades in large wind turbines, and have
revealed their obvious advantages in blade load reduction and
light weighting. However, these studies were based on increasing
the length of the reference blades; the coupling relationship
between the rotor power output and change of the blade root
load caused by the bending of a constant-length blade was not
investigated, nor were modeling methods of the geometric
parameters, such as the chord, twist angle, and pre-bending of
the blades, involved in the design process.

To address these problems, a two-objective optimization
design method suitable for downwind blades is developed in
the present study. By using an NREL 5-MW blade (Jonkman
et al., 2009) as a reference, the two-objective optimization of the
downwind blade is carried out based on the distributions of
the blade chord, twist angle, and pre-bending parameters. The
internal relationship between the output power of the rotor (P)
and the blade root load is designed and investigated, and the
influence mechanisms of the design parameters of the blade on
the output power of the rotor and the flapping bending moment
of the blade root (Mb) are discerned.

Geometric Representation and
Optimization Goals of the Blade
For the geometric representation of the blade, some basic
geometric models are employed to describe the aerodynamic
shape of the blade with the fewest possible parameters via
geometric calculations. These parameters are the design

variables. The parametric modeling of the blade is the basis of
the inverse design of the blade. This section establishes the
mathematical model of the chord, twist angle, and pre-
bending aerodynamic shape optimization variables required
for the downwind blade design.

Chord Distribution
The chord distribution of the blade starts from the blade
root along the spanwise direction, and first increases and
then decreases. The maximum chord generally appears at 0.2
to 0.25 times the blade length. To make the chord distribution
consistent with the chord change trend of large wind
turbine blades, the parameterized model is simplified; the
sixth-order Bezier curve (Zhu et al., 2020) is used to
parametrically model the blade chord distribution, which can
be expressed as

c(r) � P0(1 − r)6 + 6P1r(1 − r)5 + 15P2r
2(1 − r)4

+20P3r
3(1 − r)3 + 15P4r

4(1 − r)2 + 6P5r
5(1 − r) + P6r

6,

(1)

where r is the dimensionless spanwise length of the blade, r � r/R,
R is the length of the blade, and 0≤ r ≤ 1.

Taking the reference blade as the benchmark, the root chord
and the tip chord are fixed at 2.50 and 1.53 m, respectively. When
r � 0 and r � 1, P0 and P6 are the dimensionless lengths of the
root and tip chords, so P0 � 0.0376 and P6 � 0.0230. According
to the chord length distribution characteristics and combined
with the structural reliability and the optimization range reported
in previous studies (Yang et al., 2015; ViannaNeto et al., 2018), P1,
P2, P3, P4, and P5 are respectively defined as 0.032≤ P1 ≤ 0.045,
0.16≤ P2 ≤ 0.25, −0.1≤ P3 ≤ − 0.05, 0.09≤ P4 ≤ 0.115, and
0≤ P5 ≤ 0.02. The optimal range of the blade chord
distribution is presented in Figure 1.

Twist Angle Distribution
The twist angle distribution of the blade generally exhibits a
decreasing trend (ViannaNeto et al., 2018). However, due to the
manufacturing process, the twist angle of the blade root should
not be too large, and the angle of the tip requires a unique design;
thus, the angles of the blade root and tip are designed separately
during modeling. The remaining part of the blade twist angle
distribution fits into a third-order polynomial curve, as follows.

FIGURE 1 | The chord distribution curves.
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β � _ar3 + _br2 + _cr + _d (2)

By using the trend line of the twist angle of the reference blade,
and according to the limit of the stall angle of attack when
running at the rated wind speed, the ranges of _a, _b, _c, and _d
in Eq. 2 can respectively be defined as −35≤ _a≤ − 32, 77≤ _b≤ 79,
−77.5≤ _c≤ − 75, and 26≤ _d ≤ 29. The optimized range of the
blade twist angle distribution is presented in Figure 2.

Pre-bending Distribution
In general, to reduce the power generation cost of wind turbines
with a large horizontal axis and avoid the collision of the blades
with the tower due to elastic deformation, the blades of MW-class
wind turbines are generally designed with pre-bending (Guo
et al., 2017). Downwind blades do not have the risk of
collision with the tower, and the pre-bending of the blades can
reduce the blade flapping bending moment, which requires that
the direction of the resultant force on each blade element after
pre-bending be as consistent as possible with the axial direction of
the blade element.

The pre-bending distribution of the blade approximately
obeys a second-order monomial distribution. The blade root
segment (which is 0–0.1 times the length of the blade)
approximately obeys a first-order mononomial distribution
due to the requirements of the blade structure. The
displacement of the blade root is 0, and its deformation
characteristics are determined by €a:

⎧⎪⎪⎪⎨⎪⎪⎪⎩
dx(r) � €a r0r, (r ≤ r0)

dx(r) � €a r2, (r > r0),
(3)

where r0 is the actual spanwise position of 0.1Rafter pre-bending.
The pre-bending degree of the reference blade is 0.1. The

increase in pre-bending degree of the blade will reduce the swept
area and output power of the rotor. When €a � 1, the power loss
caused by the reduction of the swept area of the rotor is 41.63%.
The loss far exceeds the cost reduction effect brought about by
weight reduction of blades, so €a � 1 is a reasonable larger upper
limit. And combined with the empirical values of the downwind
blades coning angle in Reference (Rasmuseen et al., 1998; Ichter
et al., 2016; Loth et al., 2017; Noyes et al., 2018; Noyes et al., 2020;

Qin et al., 2020), whose the pre-bending parameter €a are all
between 0 and 1, the range of €a in Eq. 3 is defined as 0≤ €a≤ 1. The
optimized range of the blade pre-bending distribution is
presented in Figure 3.

Optimization Goals
The design of wind turbine blades is not an independent process,
and involves aerodynamics, the blade structure, and many other
aspects. Due to the many design goals, e.g., the largest wind
energy utilization factor, the greatest power generation, the
smallest load, the lightest weight, etc., this is a very
complicated and non-decoupled multi-objective optimization
problem (Yang et al., 2015; Wang et al., 2017).

The main purpose of the downwind layout of the blades is to
reduce the flapping bending moment of the blades and avoid
collision with tower; moreover, via this design, the weight of
the blades will also decrease. Therefore, the minimum flapping
bending moment of the blade root is one of the optimization
objectives. The load reduction is achieved by pre-bending, but
too much pre-bending will reduce the swept area of the blades,
thereby reducing the output power of the rotor. Therefore, the
maximum output power of the rotor is another optimization
objective. However, the two optimization objectives are
contradictory, and they must be optimized via multi-
objective coordination to achieve the best comprehensive
benefits.

ROTOR POWER AND LOAD CALCULATION
MODEL

Blade Element Momentum
The blade element-momentum theory is adopted for the
calculation of the aerodynamic characteristics of the blade.
Eqs. 4, 5 are iteratively solved for the axial and tangential
derivative coefficientsaand a′, respectively, and the normal
force coefficient Cn and tangential force coefficient Ct of the
rotor plane are then obtained.

a
1 − a

� σCn

4f (sin ϕ)2, (4)

FIGURE 2 | The twist angle distribution curves.

FIGURE 3 | The pre-bending distribution curves.
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a′
1 + a′ �

σCt

4f sinϕcosϕ
, (5)

where σ is the local solidity of the rotor, σ � Bc
2πr, B is the number of

blades, c is the chord of the local blade element, ϕ is the inflow
angle, and f is the Prandtl tip loss factor (Wood et al., 2016), which
is modified by Eq. 6. Moreover, Cn � CLcosϕ + CDsinϕ and
Ct � CLsinϕ − CDcosϕ, where CL and CD are respectively the
lift and drag coefficients of the local blade element after
correction by the Snel three-dimensional lift coefficient
correction model (Snel et al., 1994) at the angle of attack α.

f � 2
π
arccos[exp( − B

2
R − r
rsinϕ

)] (6)

The axial thrust dFnof the blade element with thickness dr can be
calculated from Eq. 7, and Eqs. 8, 9 are used to calculate the
overall mechanical parameters of the rotor:

dFn � 1
2
ρCnv

2
0cdr, (7)

where ρ is the local air density and v0 is the relative speed.

CT,rotor � B∫R
0

Cn
v20
v21

c
A
dr, (8)

CM,rotor � B∫R
0

Ct
v20
v21

r
R

c
A
dr, (9)

where CT,rotor is the thrust coefficient of the rotor, CM,rotor is the
torque coefficient of the rotor, v1 is the incident wind speed, and
A is the swept area of the rotor.

Rotor Load Calculation Model
As shown in Figure 4, each blade element is subjected to its own
gravity, centrifugal force during operation, and thrust from the
wind. However, the influence of gravity on the flapping bending
moment of the blade root varies with the change of the azimuth
angle during the rotation of the rotor. The resultant force K of the
blade element at the azimuth angle δ and the angle θ between the
resultant force K and the rotor shaft are respectively calculated as

K �

(dFc − dGcosδ)2 + dF2

n

√
, (10)

θ � atan(dFc − dGcosδ
dFn

), (11)

where dFc and dG are the centrifugal force and gravity of the
blade element, respectively.

Therefore, when δ is 0° and 180°, the resultant forces K and K′
at the bending moments dMT and dMT′ to the blade root are
respectively

dMT � −K × sin(c − θ) × l, (12)

dMT′ � K′ × sin(c − θ′) × l, (13)

where “-” indicates a clockwise bending moment, l is the force
arm of the bending moment of the blade root, l � 

r2 + dx2
√

, dx is
the amount of local pre-bending of the blade element control
point, and γ is the angle between l and the rotor shaft, c � atan( rdx).

Rotor Radius Scaling Factor After
Pre-bending
Because the blade length remains constant, the swept area of the
rotor decreases as the blade pre-bending increases (Sessarego
et al., 2020), which results in a reduction in the rotor power under
the same conditions. Therefore, to calculate the actual swept area
of the rotor after pre-bending, the rotor scaling factor Lf is
introduced.

Because the pre-bending distribution geometry of the rotor
obeys the first-type curve integral, it is expressed as

1.0 � r0


(€ar0)2 + 1

√
+ ∫

Lf

r0


4(€ar)2 + 1

√
dr, (14)

FIGURE 4 | The schematic diagram of the force analysis of the rotor.
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where 0.1 � r0

(€ar0)

2 + 1
√

. After solving Lf , the rotor radius after
pre-bending is calculated as follows.

R′ � R × Lf (15)

Evaluation Function Based on the Blade
Element-Momentum Theory
In this study, the blade element-momentum theory modified by
the Prandtl tip loss factor and the Snel three-dimensional lift
coefficient correction model is used as the aerodynamic
calculation model. Moreover, the centrifugal force and gravity
of the blade are coupled to establish Eqs. 12, 13, 16, which
constitute the rotor power and load calculation model, and the
model calculation program is compiled using the C language.

P � 1
2
CPρAv

3
1 , (16)

where CP is the rotor power coefficient CP � λCM,rotor, and λ is the
tip speed ratio.

Table 1 lists the parameters of the reference NREL 5-
MW blade.

Aerodynamic performance calculations under the rated and
operating wind speeds were performed on the benchmark
example, and results were compared and analyzed with the
GH Bladed simulation results, as presented in Figures 5, 6.

The analysis of Figures 5, 6 reveals that the calculation
results of the evaluation function model are in good
agreement with the simulation results under steady-state
conditions, and the overall results are in line with the
expectations and have high accuracy and stability. Therefore,
the model can be used as a tool for the calculation of the
aerodynamic performance of rotors and blades.

GENETIC ALGORITHM

According to the laws of biological evolution in nature, the
genetic algorithm (Selig and Coverstone-Carroll, 1996; Skinner
and Zare-Behtash, 2018; ViannaNeto et al., 2018; Zhang et al.,
2021a) was first designed and proposed by John Holland in the
United States in the 1970s. This algorithm uses mathematical
methods and computer simulations to transform problem-
solving processes into processes similar to the crossover and
mutation of chromosomal genes during biological evolution. In
genetic algorithms, the design variables are usually called genes,
which are encoded in a binary system, and all genes are
combined to form a chromosome. The length of the
chromosome is determined by the constraints of the design
variables. For the variables in the present work, the blade chord
c, twist angle β, and pre-bending dx are respectively constrained
as follows:

TABLE 1 | The parameters of reference 5-MW downwind wind turbine.

Param Value Param Value

Prated 5 MW R 68.5 m
hhub 120 m Rhub 2 m
B 3 Vrated 10.5 m/s
Vin 3 m/s Vout 25 m/s
ΔV 0.5 m/s Ωrated 11.73 rpm
ρair 1.225 kg/m3 g 9.8 m/s2

FIGURE 5 | The aerodynamic characteristics of the blades along the
span under the rated wind speed. (A) Angle of attack curve. (B) Lift and drag
coefficient curves.

FIGURE 6 | The aerodynamic characteristics of the rotor under the
operating wind speed. (A)Rotor power and rotor power coefficient curves. (B)
Thrust and thrust coefficient curves.
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cmin(r)< c(r)< cmax(r), (17)

βmin(r)< β(r)< βmax(r), (18)

dxmin(r)< dx(r)< dxmax(r), (19)

where c is the dimensionless chord, c � c/R.
In summary, based on the genetic algorithm, a two-objective

design method suitable for downwind blades is constructed by
establishing geometric representations of the blade chord, twist
angle, and pre-bending, determining the maximum output power
of the rotor and the minimum blade root bending as optimization
goals, and using the blade power and load calculation model
established in the present work as an evaluation function. The
optimization process is presented in Figure 7.

RESULTS AND ANALYSIS

By taking reference 5-MW wind turbine under the rated wind
speed of 10.5 m/s as the optimization object, and in
comprehensive consideration of the convergence speed of
the algorithm and the stability of the results, the population
size was set to 100, and the optimization generation was set to
2000. The two-objective optimization design was subsequently
carried out, and the Pareto optimal solutions are shown in
Figure 8.

It can be seen from Figure 8 that the distribution of the
optimal solutions presents a smooth, monotonically increasing
curve. The curve divides the optimization goal into two
parts, namely Parts I and II. Part I includes the ideal
solutions that cannot be reached under the constraints of
the present work, while Part II includes the feasible
solutions under the constraints of the present work. The
monotonic increase of the curve indicates that the increase
of the output power of the rotor will be accompanied by the
increase of the blade root load, which demonstrates that the
two optimization goals are conflicting. Figure 8 also reveals
that the slope of the curve increases with the increase of the
output power of the rotor. Therefore, when a certain point on
the curve is exceeded, the rate of increase of the flapping
bending moment of the blade root (Mb) is much greater
than that of the output power of the rotor. Thus, if the
optimization of a certain goal is pursued alone, a superior
design result will not be obtained.

To better explain the two-objective optimization curve, the
four sets of optimized blades A, B, C, and D in Figure 8 were
considered for a more detailed analysis. The comparison with the
aerodynamic characteristics of the reference blade is exhibited in
Table 2, and the optimal solutions of the design variables
corresponding to A, B, C, and D are reported in Table 3. The
flapping bending moment of the blade root of the D-blade was
found to be slightly less than that of the reference blade, while the
rotor output power of the D-Blade was greater. The rotor output
power of the C-Blade was slightly greater than that of the
reference blade, while the flapping bending moment of
the blade root of the C-blade was smaller, indicating that the
proposed calculation model performed well for the two-objective
optimization. Compared with the reference blade, the rotor

FIGURE 7 | The flowchart of the proposed two-objective optimization
design method.

FIGURE 8 | The two-objective optimization results.

TABLE 2 | The comparison of the optimal solutions after two-objective
optimization.

Blade P (MW) Mb (MN·m)

A-Blade 3.767 (-25.51%) 2.136 (-79.47%)
B-Blade 4.581 (-9.41%) 5.940 (-42.92%)
C-Blade 5.063 (0.12%) 9.602 (-7.73%)
D-Blade 5.130 (1.44%) 10.369 (-0.36%)
Reference Blade 5.057 10.406

TABLE 3 | The variable design results after two-objective optimization.

Variable A- Blade B- Blade C-Blade D-Blade

_a -32.025 -32.305 -32.486 -32.136
_b 78.995 78.763 78.989 78.955
_c -75.000 -75.022 -75.086 -75.359
_d 28.379 27.760 27.917 27.154
P1 0.044 0.042 0.045 0.045
P2 0.249 0.249 0.249 0.244
P3 -0.063 -0.082 -0.082 -0.077
P4 0.095 0.108 0.104 0.096
P5 0.012 0.013 0.013 0.016
€a 0.545 0.320 0.115 0.101
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output power of the B-blade was reduced by 9.41%, but the
flapping bending moment of the blade root was reduced by
42.92%, which is an ideal design scheme. However, in the
totality of the optimal solutions shown in Figure 8, the
optimal solution that meets the expected goal is not the only
one; other optimal solutions also exhibited better performance
than the reference blade, thereby providing decision-makers with
more choices.

Design Variable Sensitivity Analysis
The design parameters of the four sets of blades A, B, C, and D
were compared with those of the reference blade, as shown in

Figures 9–11. In addition, Figure 12 presents the distribution
curves of the flapping bending moments of the blade roots at the
rated wind speed.

Based on the analysis of the chord distribution curves of the
reference blade and the A-Blade exhibited in Figure 9, it can be
concluded that under the conditions of a constant blade twist
angle and pre-bending, and with the variation of only the chord
parameter (A′), the output power of the A′-Blade at the rated
wind speed was 0.86% higher than that of the reference blade
rotor, but the flapping bending moment of the blade root was
increased by 8.19%. Therefore, with the increase of the chord of
the blade, the output power of the rotor will increase, but so too
will the thrust of the rotor, thereby increasing the flapping
bending moment of the blade root.

The chord and pre-bending parameters of the four sets of
blades A, B, C, and D were then kept consistent with those of the
reference blade, and only the twist angle parameter of the blades
was changed, which are denoted as A″, B″, C″, and D″. The
aerodynamic characteristics were calculated at the rated wind
speed, and the results are reported in Table 4. According to
Figure 10, by optimizing the twist angle of the blade, the flapping
bending moment of the blade root can be reduced while
sacrificing a portion of the output power of the rotor, and the
load distribution of the blade can be improved by reducing the
angle of attack.

Based on the analysis of the distribution curves of the blade
chord, pre-bending, and flapping bending moment of the blade

FIGURE 9 | The optimized blade chord distribution curves.

FIGURE 10 | The optimized blade twist angle distribution curves.

FIGURE 11 | The optimized blade pre-bending distribution curves.

FIGURE 12 | The optimized flapping bending moment of the blade root
along the span.

TABLE 4 | The aerodynamic characteristics of the rotor with the variation of only
the twist angle.

Blade P (MW) Mb (MN·m)

A″-Blade 4.763 (-5.81%) 8.433 (-18.96%)
B″-Blade 4.925 (-2.61%) 9.150 (-12.07%)
C″-Blade 4.899 (-3.12%) 9.030 (-13.22%)
D″-Blade 5.012 (-0.89%) 9.622 (-7.53%)
Reference Blade 5.057 10.406
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root presented in Figures 9, 11, 12, as well as the results reported
in Table 3, it can be concluded that a larger degree of pre-bending
can quickly reduce the flapping bending moment of the blade
root. However, when the degree of pre-bending was greater than
that of the C-Blade, the increase of the blade chord was not
sufficient to offset the influence of the greater pre-bending on
the output power of the rotor. In summary, under the condition
of a constant blade length, the pre-bending parameter of the
blade has the greatest influence on the output power of the rotor
and the flapping bending moment of the blade root. The greater
the degree of pre-bending, the smaller the swept area of the
rotor, the lower its output power, and the smaller the blade
root load.

CONCLUSION

In this paper, a 5-MW wind turbine was considered as the design
optimization object, and the chord, twist angle, and pre-bending of
the blade were taken as the design variables. Based on this, the two-
objective optimization of the maximum output power of the rotor
and the minimum flapping bending moment of the blade root was
carried out. Singular optimization yielded evenly distributed Pareto
optimal solutions; this verifies the stability and accuracy of the
proposed model, which can meet the preliminary requirements of
the inverse design of downwind blades.

Via the analysis of the Pareto optimal solutions of the
calculation example, the solutions of the C-Blade and D-Blade
achieved the two-objective optimization with a greater rotor
output power and a smaller flapping bending moment of the
blade root. Among them, at the expense of 9.41% of the rotor
output power, the flapping bending moment of the blade root of
the ideal B-Blade was found to be reduced by 42.92%; moreover,
the root load was greatly reduced, and the lightweight and
optimized design of the downwind wind turbine blade was
realized.

In addition, the four sets of blades selected in the present work
were combined with the Pareto optimal solutions to analyze the
design variables of the blades. It was found that increasing the
chord of the blade can increase the output power of the rotor, but

this will also increase the flapping bending moment of the blade
root. Moreover, while increasing the twist angle and pre-bending
of the blade can reduce the flapping bending moment of the blade
root, a portion of the rotor output power will be reduced. A
comparison revealed that the blade pre-bending parameter has
the greatest influence on the output power of the rotor and the
flapping bending moment of the blade root.

In this paper, the optimal design results of the downwind
blades are obtained under rated wind speed, and the feasibility of
downwind blades is preliminarily verified. However, the
performance of the blade in terms of manufacturing cost,
power generation and load under realistic operating conditions
requires more detailed study to verify the feasibility of the
downwind blades.
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