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Abstract — Motivated by solving the extreme value optimization problem for complex multivariable structure, the ply optimization 
method of composite wind turbine blade was researched. According to the mechanical properties of composite laminated plate, the 
mathematical relation between lamination thickness and principal stress was deduced. The optimized mathematics model and the 
genetic algorithm were designed correspondingly. Taking blades of 1.5MW wind turbine as a research object, and the maximum 
principle stress and the maximal placement as optimizing objective function, the optimized ply thickness ranges in different blade 
parts were obtained by thickness optimization using finite element analysis and genetic algorithm. Referring to the practical fact, 
the ply sequence was redesigned and re-optimized at different blade parts by experimental design method. The results of structure 
analysis have shown that the effectiveness factor, maximum principal stress and strain of the optimized blade are obviously 
decreased. The correctness and effectiveness of the optimization method are therefore verified. 
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I. INTRODUCTION 

The plant environment of wind generator set is tough and 
formidable. As a critical component of obtaining wind pow-
der, wind turbine blade bears most static as well as dynamic 
loads, which makes a very complicated motion and stress 
states of the blade. The structural performance and reliability 
of the blade play a very important role in guaranteeing a 
regular and stable running of wind turbine system[1,2]. 

Considering the factors of  blade structure, ply principle 
and manufacture synthetically, the ply optimization design is 
based on the principle of optimizing the strength and stiff-
ness of blade under various loads. 

The optimization of blade structural performance is an 
extreme value optimization problem with multi-variables, 
and it has the characteristics of diversity of optimization 
objectives and design variables, and multiplicity of the 
design constraints[3]. Motivated by simplifying the complex 
problem from the perspectives of engineering, the ply 
thickness and ply sequence of blade will be optimized 
hierarchically using combined methods of finite element 
analysis and genetic algorithm, and experimental method, 
respectively. The optimized results have been applied and 
verified. 

 II. MODELLING AND LAMINATION SCHEME OF BLADE 

Take 1.5MW wind turbine blade, which is a typical rep-
resentative, as an research object. This blade adopts Aerodyn 
and NACA-modified airfoil. The blade length is 40.3m, and 

the diameter of wind wheel is 82.5m. The maximum chord 
length is 3.13m, and the rated rotational speed is 17.4rpm. 
This blade is adapted to the IEC IIIA wind farm level. As 
shown in Figure 1, the blade is with main girder and double 
webbed plates structure, and it is composed of internal and 
external skins, main girder and double webbed plates. 

 

 

Figure 1. Structural scheme of 1.5 MW blade section. 

Since the maximum stresses are mainly concentrated in 
the one-third part off the blade root when the blade is run-
ning, the part 14.6m off the blade root is taken as the study 
object. According to the aerodynamic contour, bearing load 
and the original ply scheme of blade, the lamination region 
of blade is divided into 3 sub-sections: the blade root’s com-
bination part, blade’s reinforced part and the other part. The 
equivalent 3-axis concentrated forces and bending moment 
loads are applied on the center of every cross section of forc-
es, and a 6-degree of freedom full restrain is loaded on 
blade’s root. As shown in Figure 2, there are 9060 elements 
and 9120 nodes in the finite element model of the blade[4]. 
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The lamination scheme of blade skin at different parts is: 
[0°/ (±45°)/ 0°]NT in the blade root’s transition part, [0°/ 
(±45°)/(±45°)/0°]NT in blade’s reinforced part, and [0°/ 0°/ 
(±45°)/ 0°]NT in the other part. 

 

 
Figure 2. Finite element model of 1.5 MW wind turbine blade.  

III. PLY STRUCTURE OPTIMIZATION OF COMPOSITE 

WIND TURBINE BLADE 

The main parameters, which influence the performance 
of composite wind turbine blade, are ply angle, ply thickness 
and the ply sequence. The performance of blade varies with 
different ply parameters. According to the optimization con-
clusion and engineering practice, three different axial clothes 
with angles of 0°, ±45° and 90° are used as ply material as 
usual[5], so the optimization of ply thickness and ply se-
quence plays an important role in improving the blade per-
formance. 

A. Optimization of Ply Thickness 

1) Optimization with conjoint method of finite element 
analysis and genetic algorithm 

Finite element method has been used widely and verified 
practically in the strength analysis of composite structural 
ply[6]. Genetic algorithm has its peculiar advantages in deal-
ing with the discrete problem. As one of the mainstream 
methods solving the extreme optimization problem, genetic 
algorithm is simple and reliable[7,8]. So, considering the 
strength failure criterion of composite laminated plate, the 
mathematical model can be built by the relationship of ply 
thickness and structural stiffness. Take the maximum princi-
pal stress deduced by the finite element analysis as the opti-
mal objective of genetic algorithm, and the structural optimi-
zation of blade ply thickness can be realized by the method 
of cojoint finite element analysis and genetic algorithm. 

The minimization of maximum placement and the 
maximum principal stress is set to be the optimizing 
objective functions, respectively. Taking different ply 
parameters as optimizing variables, the optimal solution set 
can be obtained for those two optimal objectives. 
2) Mathematical optimization model 

The relation between stress and load of the k-th single 
layer can be obtained by stress analysis of laminated plate, 
which is given as follows[9], 
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where 1 、 2  represent the principal stress of k-th 

layer in directions 1 and 2 respectively; 12  represents the 

shear stress of the k-th layer in plane 12;
kQ  represents 

transfer matrix of 2-dimensional stiffness matrix in the 
principal direction of k-th layer in laminated plate; Z  
represents coordinate value in the inter-layer direction; N  
represents load of the laminated plate; T  represents the 
transfer matrix of coordinate. 
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In equ. 2, ''' ,, DBA  represent the flexibility values; 
 ,  , a, b, c represent the coefficients of different 
dimensions. 
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In equ. 3,   represents ply angle. 
3) Optimization of objective function 

The minimization of maximum placement and 
maximum principal stress, one of the objective functions, 
can be expressed as follows, 

),,,()( 21 nxxxfXf                                  (4) 
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0)( Xhk
       

hmk ,,1                         (6) 
U
ii

L
i xxx      ni ,,1                     (7) 

where ),,,( 21 nxxxX   represents optimizing variables, 
that is the set of ply thicknesses of every single layer;  )(Xf  
represents the objective function; )(Xg  represents the 
constraint function of inequality (5); )(Xh  represents the 
constraint function of equation (6); L  and U  represent the 
lower and upper limits of optimization, respectively. 
4) Realization of genetic algorithm 

The discrete variable ply thickness optimization can be 
transferred into optimization with continuous variables by 
adopting the real number’s coding. Because of the 
particularity of real number’s coding, self-defined type of 
Hyperstudy software is used in setting population size. The 
selecting mode is random, and its value is set to 2. Crossover 
operation is set to uniform, and mutation operator is 0.01. In 
order to ensure the reliability, global convergence mode is 
adopted to monitor the convergence process. 
5) Ply thickness optimization result and analysis 

The optimizing results of those 2 objective functions us-
ing genetic algorithm are shown in Table 1. 
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We can know that the values of the maximum placement 
and the maximum principal stress of optimized blade are 
reduced obviously, and the optimizing results of those 2 
objective functions are consistent, which agree with the 
principle that the structural strength and structural stiffness 
of the laminated plate should be analyzed. 

As shown in Table 2, ply ratio of axial clothes of every 
angle can be obtained by overlying of every ply thickness 
with the same ply angle. 

According to the different loads in the blade’s different 
parts, optimized ply thickness are concluded as follows: the 
ply ratio of ±45° is about 50-60%, and the ratio of 0° is about 
40-50% in the blade root’s conjoint part; the ratio of ±45° is 
about 40-50%, and the ratio of 0° is about 50-60% in the 
other part; while the ratio of ±45° is about 65-75%, and the 
ratio of 0° is about 25-35% in the blade’s reinforced part. 
The ply ratio of 90° can play as a reference for appropriate 
ply adjustment. 

TABLE I OPTIMIZING RESULTS OF 2 OBJECTIVES FUNCTIONS USING GENETIC ALGORITHM. 

 
Maximum placement(mm) Maximum principal stress(MPa) 

Blade root’s 
conjoint part 

Blade other 
part 

Blade’s 
reinforced part 

blade root’s 
conjoint part 

Blade other 
part 

Blade’s 
reinforced part 

Without optimization 197.95 191.51 196.03 53.364 52.418 51.167 

With optimization 177.45 174.79 177.41 49.934 49.387 47.534 

Relative error 6.43% 5.78% 7.10% 6.43 5.78 7.10 

TABLE II PLY RATIO OF EACH ANGLE WITH AND WITHOUT OPTIMIZATION.

 
Maximum placement as objective Maximum principal as objective 

Blade root’s 
conjoint part 

Blade 
other part 

Blade’s 
reinforced part 

blade root’s 
conjoint part 

Blade other 
part 

Blade’s 
reinforced part 

Without optimization of 0° 61.50 70.48 44.31 61.50 70.48 44.31 

With optimization of 0° 44.37 52.53 28.32 44.36 52.45 28.17 

Without optimization of ±45° 38.50 29.52 55.59 38.50 29.52 55.59 

With optimization of ±45° 55.63 47.27 71.68 55.64 47.55 71.83 

B. Optimal Design of Ply Sequence 

Because of complexity of the ply sequence, the objective 
function of it still cannot be built at present. We studied the 
influence of the ply sequence on the blade performance by 
experimental method, so that the ply sequence scheme satis-
fying the demands of structure performance of the blade can 
be obtained. Based on the optimized results of ply thickness, 
five different ply sequence schemes are shown in Table III 
with the consideration of the original ply scheme and 
engineering practice. 

TABLE III   DIFFERENT PLY SEQUENCE SCHEMES 

Number of scheme Ply sequence 

1 [(±45°)/ (±45°)/ 0°/ 0°/ 0°] 

2 [(±45°)/ (±45°)/ 0°/ 0°/ (±45°)] 

3 [(±45°)/ (±45°)/ (±45°)/ 0°/0°/(±45°)] 

4 [(±45°)/ (±45°)/ 0°/ 0°/ 0°/ (±45°)] 

5 [(±45°)/ (±45°) / 0°/ 0°/ (±45°) / (±45°)] 

 
Cycle ply of equivalent thickness are calculated at differ-

ent positions of the blade. The structural analysis results of 
different ply sequences are shown in Table IV. 

Satisfying the conditions of Tsai-Wu strength failure cri-
terion and maximum stress criterion simultaneously, the 
calculated results show that the scheme 1 can provide the 
best structural performance, and the scheme 3 is with the 
minimum effectiveness factor and the maximum strain. So  

 
scheme 1 is suitable for the whole blade skin lamination. 
Since the convex spot of blade’s trailing edge bears 
relatively larger torsional load and shear load, and easy to be 
torn, so scheme 3 is appropriate in this case to increase the 
stiffness of this area. 

TABLE IV   STRUCTURE ANALYSIS RESULTS OF DIFFERENT PLY 
SEQUENCES 

Number of 
scheme 

Effectiveness 
factor 

Maximum principal 
stress（MPA） 

Maximum 
strain 

1 0.5456 58.49 2.969×10-3 

2 0.6748 63.93 3.014×10-3 

3 0.5158 64.60 2.616×10-3 

4 0.6404 64.81 2.897×10-3 

5 0.5725 61.84 2.838×10-3 

 

IV. PLY SCHEME OPTIMIZATION OF WIND TURBINE 

BLADE 

It has been approved by the application of engineering 
practice that the structure of main girder and webbed plate 
can meet the requirements of the blade’s flexural behavior 
and shearing performance effectively. So in this paper, the 
ply schemes of main girder and webbed plate keep retain, but 
the ply of blade skin is improved[10,11]. 

The improved ply scheme of blade skin is shown in 
Table V. 
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TABLE V IMPROVED PLYSCHEME OF BLADE SKIN

Length 0.0-1.5 1.5-3.0 3.0-3.5 3.5-4.0 4.0-5.5 5.5-6.5 6.5-8.5 8.5-9.5 9.5-11.5 11.5-14.6 

 
 

From 
 
 

Inside 
 
 

to 
 
 

outside 

X9 X9 X9 X9 X9 X9 X9 X9 X9 X9 

X9 X9 X9 X9 X9 X9 X9 X9 X9 X9 

X9 X9 X9 X9 X9 X9 X9 X9 X9 X9 

X9 X9 X9 X9 X8 X8 X8 X8 X8 X8 

X10 X10 X10 X8 X8 X8 X8 X8 X8 X8 

X10 X10 X8 X8 X8 X8 X1 X8 X1 X1 

X10 X10 X8 X8 X1 X1 X1 X1 X1 X1 

X10 X8 X8 X1 X1 X1 X1 X8 X8  

X8 X8 X1 X1 X1 X1 X8    

X8 X1 X1 X8 X8 X8     

X1 X1 X8 X8 X8      

X1 X8 X8        

X8 X8         

X8          

Layer number 208 162 97 81 70 58 50 44 38 32 

Cyclic number 20 17 12 11 9 9 9 8 7 7 

Note: X1, X8, X9, X10 represent 0°, ±45°, 90° and three axial cloth. 

       
 (a) effectiveness factor                                  (b) maximum principal stress                     (c) maximum strain 

Figure  3. Structure analysis results of original ply scheme 

.        
 (a) effectiveness factor                              (b) maximum principal stress                       (c) maximum strain 

Figure 4. Structure analysis of improved ply scheme 

Structure analysis result of original ply scheme is shown 
in Figure 3. The structure analysis result of improved ply 
scheme is shown in Figure 4. 

The comparison of structure analysis results between 
original ply scheme and improved one is shown in Table 6. 
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TABLE VI STRUCTURE ANALYSIS RESULT COMPARISON BETWEEN 
ORIGINAL AND IMPROVED PLY SCHEME 

Ply scheme 
Effectiveness 

factor 
Maximum principal 

stress（MPA） 
Maximum 

strain 

Original ply 
scheme 

0.6134 75.31 0.002999 

Improved 
ply scheme 

0.5690 60.03 0.002651 

Optimizing 
ratio 

7.24% 20.32% 11.60% 

 
Comparing with the results of original ply scheme, the 

effectiveness factor, maximum principal stress and maxi-
mum strain of improved ply scheme are all reduced greatly 
of 7.24%, 20.32% and 11.60%, respectively. It has been 
verified in this paper that the structure strength and strain of 
improved blade increase. 

V. CONCLUSIONS 

Applying the method of conjoint finite element analysis 
and genetic algorithm, experimental design method to the 
optimization design of blade’s ply thickness and ply 
sequence is feasible, credible and effective. 

Optimized ply thickness of each axial cloth at blade’s 
different part, are as follow: the ply ratio of ±45° is about 50-
60%, and the ply ratio of 0° is about 40-50% at the blade 
root’s conjoint part; the ratio of ±45° is about 40-50%, and 
the ratio of 0° is about 50-60% at other part; while the ratio 
of ±45° is about 65-75%, and the ratio of 0° is about 25-35% 
at blade’s reinforced part. The ply ra-tio of 90° can play as a 
reference for appropriate ply ad-justment. 

After the optimization the ply thickness, ply sequence 
and ply scheme, the effectiveness factor, the maximum 
principal stress and the maximum strain of blade de-crease 
7.24%, 20.32% and 11.60% respectively, and the structure 
performance is improved obviously. 
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