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ABSTRACT 

The intricate 3D design of wind turbine blades has caused unwanted problems for blade designers and 
blade mold manufacturers.  For example the cord length variation and twisting of airfoils, change of the 
airfoil type and the blade pre-bend can introduce major geometric complications.  A novel method is 
suggested to improve 3D modeling of the blade mold surfaces as well as the required parting lines during 
the design process of the wind turbine blade.  In the proposed algorithm, the blade leading edge surface 
is trimmed by parting lines calculated based on the blade silhouette while keeping G1 continuity of re-
sulting surfaces.  The Minimum Variation Surface (MVS) and strain energy fairing criteria approve that 
blade mold surfaces obtained by the developed method have better fairness compared to the surface cre-
ated by the well-established design method.  All programs are written in MATLAB and the final sur-
faces are converted into the standard IGES file format which is importable into any commercial 
CAD/CAM system.. 
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1.  INTRODUCTION 

B-Spline and NURBS (Non-Uniform Rational B-Spline) 
representations along with wealth of developed algo-
rithms have become a very strong tool in designing 3D 
model of complicated and sculptured surfaces [1].  Ad-
vanced feature of surface skinning based on B-splines is 
an important design method for various types of wind 
turbine blade[2, 3]. 

The design of wind turbine blades usually starts with 
the selection of airfoil types developed for wind turbine 
applications[4, 5].  When the required geometrical pa-
rameters of the selected airfoil, i.e. chord length, twist 
angle and position of the airfoil center relative to the rotor 
blade center, are determined the x- and y-coordinates of 
the airfoil will be available.  Figure 1 shows the stan-
dard airfoil points of an S823 National Renewable En-
ergy Laboratory (NREL) airfoil [6].  Section Curves are 
then approximated from these standard data points [7]. 

In the computer aided design of the Horizontal Axis 
Wind Turbine (HAWT), the blade surface is constructed 
by implementing skinning method to the scaled, twisted 
and translated airfoils along the blade length.  The 
common practice in commercial CAD systems indicates 
that the skinning process will introduce some geometric 
issues[8].  For example, undesired curvature variations 
and the broken continuity can be introduced during skin- 
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Fig. 1  Airfoil points of an S823 NREL airfoil [6]. 

 
ning of the blade surface.  Some improvements on the 
surface can be obtained by time consuming trial and er-
ror methods, however it is not recommended for nowa-
days applications.  Some researchers have enhanced the 
B-spline skinning algorithms by selecting a compatible 
parameter vector for all section curves which seems 
plausible for the design of HAWT blades. 

Among the applied research works on the above men-
tioned subjects, Shamsuddin et al. [9] developed a NURBS  
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Fig. 2  Parting Lines in the leading and trailing edges of a typical wind turbine blade. 

 

 
skinning approach for ship hull design.  They have ad-
dressed the problem of generating a ship hull from 
non-regular cross section curves.  Presenting a new 
compatibility process, they have built a fair surface for 
ship hull manufactured by one mold.  Hampsey [10] have 
developed a B-spline skinning method for aerodynamic 
and structural optimizations of wind turbine blades.  
Although the skinning compatibility is addressed, the 
constructed surface is limited to the aerodynamic part of 
the blade.  It should be noted that the root section of the 
blade requires further consideration.  Perez et al. [11] 
implemented a B-spline surface representation of wind 
turbine blades passing through airfoil section points.  
Although they have constructed section curves which 
accurately approximate the airfoil points in the leading 
edge region, the automatic creation of parting lines and 
mold surfaces with desired continuity is still an unsolved 
problem.  In addition, manufacturing aspects of the blade 
mold are required to take into consideration in the early 
design stages of wind turbine blades.  Other related 
researches may be found in refs [12-14]. 

Current design and manufacturing processes of a 
HAWT blade typically involve several manual steps.  
Producing a 3D model of a wind turbine blade during 
designing process which can be directly used in a mold 
manufacturing process will strongly reduce the time re-
quired for new products.  In practice, two mold cavities 
will be created after finishing the design of blade’s 3D 
model.  Due to twisting and in some cases pre-bending 
of the 3D model of the blade, the parting lines would be 
complicated 3D curves.  In fact, parting lines of a HAWT 
blade are on one side the trailing edge of the blade and 
on the other side the silhouette of the leading edge sur-
face, see Fig. 2 for details.  In order to impose desired 
continuity on the two mold surfaces, the current research 
proposes to design each part of the blade’s mold sepa-
rately.  In this way, the desired continuity for the lead-
ing edge parting line and the trailing edge would be 
achieved.  In addition, the curvature variations of two 
parts of the blade’s mold are dealt with separately and 
would be within the desired values. 

Henceforth the paper is organized as follows.  In 
Section 2, the curve approximation method with speci-
fied end derivatives is introduced.  Section 3 briefly 
presents the NURBS skinning process and common 
compatibility issues reported in practice.  The curve 
approximation applied to the HAWT’s airfoils is ad-
dressed in the next section.  In Section 5, a B-spline 

surface for each part of the blade’s mold is constructed.  
In addition, the Minimum Variation Surface (MVS) fair-
ing criterion computed for the developed method, i.e. 
designing two separate skinned surfaces, is compared to 
that of a single surface skinning approach.  This section 
also addresses the design considerations proposed for the 
blade root region.  The last section concludes the paper 
and discusses the results. 

2.  CURVE APPROXIMATION WITH END 
DERIVATIVES SPECIFIED 

A B-spline curve of degree p is defined as follows: 
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where Pi are the control points and Ni,p are the B-spline 
basis functions defined over the knot vector by 
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generation according to [1], a two-step approximation 
procedure reported in [15] was used for approximation: 

2.1 Compute the End Control Points Using the 
Following Equations: 

0 0

1
( ) ( )

0,( )
0, 0

1
( ) ( )

,( )
0,

1
( ) , 0, ,

( )

1
( ) , 0, ,

( )

i
i i

i s hh pi
hi p

n m

j
j j

n j e m n hn h pj
hn j p m

P Q

P D n t P i k
N t

P Q

P D N t P j l
N t







 




 
  

 


 
  

 









 

  (2) 

https://www.cambridge.org/core/terms. https://doi.org/10.1017/jmech.2016.79
Downloaded from https://www.cambridge.org/core. Access paid by the UC Merced Library, on 14 Jan 2019 at 08:37:17, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/jmech.2016.79
https://www.cambridge.org/core


 

Journal of Mechanics, Vol. 33, No. 4, August 2017 429 
 

2.2 Compute the Rest of Control Points with Least 
Square Minimization: 

 
2

( ) minr rQ c t   (3) 

The control points P0, , Pn are the unknowns of the 
problem and derivation on how to compute them is given 
in [1]. 

3.  SKINNING 

The extension of the B-spline theory to a tensor prod-
uct of two B-spline curves results in a B-spline surface 
definition: 

 , , ,
0 0

( , ) ( ) ( )
n m

i p j q i j
i j

S u v N u N v P
 

   (4) 

where p and q are surface degrees in u and v directions, 

respectively, and 0, ,
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  are a net of control points 

defined by Pi,j = (xi,j, yi,j, zi,j).  Also Ni,p(u), i = 0, , n 
and Nj,q(v), j = 0, , m are B-spline basis functions in u 
and v directions which are defined on the following knot 
vectors, respectively: 
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In the skinning process, a B-spline surface approxi-
mates section curves in the v direction.  Each section 
curve is denoted as bellow: 

 ( ), 0, , 1kC u k    

A very important requirement for the quality of skin-
ning is the compatibility of section curves which means 
that the degree of section curves must be equal and they 
have to be defined over the same knot vector.  The de-
gree is an input in the curve approximation process, and 
should be set equal for all section curves.  Knot vectors 
depend on parameters assigned to the data points.  Thus, 
distribution of data points can affect parameters and its 
associated knot vector. 

There are two types of compatibility methods in the 
literature, exact methods and approximate methods.  In 
exact methods, a common knot vector is considered to be 
the union of all section curves’ knot vectors [1].  A knot 
insertion algorithm is then applied to each section curve 
to make them compatible.  Although this method is 
exact, the computational cost is huge, therefore approxi-
mate methods are introduced which can strongly reduce 
the computational cost [16-18].  In a wind turbine blade, 
cross section curves are airfoils which are apparently of 
the same shape, so, as an approximate solution, we con-
sider the common knot vector to be the average of the 

unique knot vectors of all sections.  The next step is to 
approximate the curves again with the common knot 
vector.  The least square error shows the accuracy of the 
new approximations.  The details of this procedure are 
presented in the next section. 

4.  AIRFOIL CURVE APPROXIMATION 

The wind turbine blade designers propose the airfoil 
type, chord length, twist angle and the fitting tolerance 
value and quality at each radial section.  It should be 
pointed out that the blade root section starts with a circu-
lar curve, followed by successive airfoil curves which are 
approximated by B-spline curves.  In addition, 2D air-
foils should be converted into a 3D airfoil for better 
aerodynamic performance, see [11, 12].  The process of 
2D to 3D conversion is shown in Fig. 3. 
 
 

Standard 2D points of airfoil
with unit chord
(at each section)

Standard airfoil to match the 
section’s chord

Twisting airfoil points 
based on section’s 

twist angle

The chord 
length of 
section

Twist angle

Rotating 
radius

Airfoil center 
position

Rolling airfoil points on airfoil’s 
cylindrical surface of rotation

Translation of airfoil points based 
on the real position of airfoil center

 

Fig. 3 The process of 2D to 3D conversion of airfoil 
points. 

 
The steps described in Fig. 3 can be formulated by the 

following equations [11]: 
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where x and y are the input 2D airfoil points and ci, ri 
and Twi are the chord length, radius and twist angle of  
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Fig. 4  3D airfoils lie on their rotation cylinder. 
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Fig. 5 The variation of the least square error with 
respect to the number of approximation control 
points. 
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Fig. 6 Curve approximation on airfoil points: (a) A 
typical curve approximation with 15 control 
points and (b) Desired division point where the 
tangent vector is vertical. 

 
the i'th section, respectively.  Figure 4 shows the 3D 
data points (Qi) created from Eq. (5). 

In curve approximation, the least square error highly 
depends on the number of control points as depicted in 
Fig. 5 for an S823 NREL airfoil [6]. 

A schematic representation of a S823 airfoil approxi-
mation is also shown in Fig. 6. 

Point S, where the tangent vector is vertical, lies on 
the silhouette curve required for designing upper and 
lower blade mold surfaces.  In fact, taking manufactur-
ing issues in to consideration at the design stage would 
be most beneficial for mold manufacturer.  Thus, point 
S could be considered as the division point which divides 

the airfoil into upper and lower set of points which are 
approximated separately.  Due to the extreme impor-
tance of the blade leading edge geometry on the aerody-
namic performance of the wind turbine, G1 continuity 
should be imposed at the leading edge region while C0 
continuity is sufficient at the trailing edge region.  

In this research a constraint based approximation is 
implemented which is required for better aerodynamic 
performance.  The intensity of G1continuity can highly 
improve the accuracy of approximation in the leading 
edge region, as shown in Fig. 7.  On the other hand, due 
to the local modification property of B-spline curves, the 
other areas of upper and lower curves are not affected.  
A Sequential Quadratic Programming (SQP) optimiza-
tion procedure is proposed for computing the desired 
value of the tangent vector, which is denoted by D in Fig. 
6.  It should be noted that the least square error is our 
objective function of the constraint based approximation.  
The optimized values depend on the number of approxi-
mation control points as depicted in Fig. 7 for an S823 
NREL airfoil. 
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Fig. 7 Optimizingthe intensity of tangency (a) Curve 
approximation with different end derivative 
values and (b) The optimized value versus the 
number of control points for the upper and 
lower surfaces. 

 
Approximating each airfoil section with two con-

strained curves has two main advantages.  Firstly, the 
mold surfaces are created directly.  In practice, the 
process of creating mold surfaces from a single twisted 
surface in the commercial CAD software is complicated  
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Fig. 8 The variation of the approximation least square 
error versus the number of control points for 
single and two-part blade surfaces. 

 
and can be the source of molding problems.  The sec-
ond advantage is that for a constant number of control 
points, the least square approximation error is decreased.  
This advantage is demonstrated in Fig. 8. 

According to this figure, it is obvious that the least 
square error of a two-part surface is lower than a single 
surface.  Also in low number of control points, it is 
highly recommended to use the two-part method.  It 
should be noted that the proposed method is faster than 
the traditional single surface method which is very sig-
nificant if higher number of approximation control points 
(n) are needed.  At each section curve, the traditional 
method needs inverting an n by n matrix for the least 
square process (Eq. 3), while the proposed method sug-
gests inverting two n/2 by n/2 matrix that strongly re-
duces the computational time and efforts. 

5.  MOLD SURFACE DESIGN 

After approximating a series of B-spline curves for the 
desired sections, a B-spline surface can be approximated.  
The control points of each section are treated as interme-
diate control points and a curve approximation on each 
column of control points will lead to a B-spline surface.  
Based on the proposed algorithm, for each part of the 
blade surface, a B-spline surface is constructed.  A vis-
ual comparison between the mold surfaces constructed 
from the proposed (improved) and traditional (original) 
approaches can be made using SolidWorks curvature 
analysis as depicted in Fig. 9.  

Figure 9 indicates that the curvature variations in the 
mold surfaces constructed from the proposed approach is 
less compared to those of traditional approach.  In addi-
tion to the advantages which are mentioned in Section 4 
for the section curve design, the Minimum Variation 
Surface (MVS) and strain energy fairing criteria com-
puted for the upper and lower blade surfaces improve 
compared to the usual single surface approach.  The 
MVS and strain energy values of a surface can be ob-
tained using the following integrals [19]: 

(a) (b)  

Fig. 9 SolidWorks curvature analysis for (a) blade’s 
upper part constructed from the traditional ap-
proach, (b) blade’s upper part constructed from 
the proposed approach. 
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Fig. 10 The variation of MVS value with respect to the 
number of control points in u-direction for sin-
gle and two-part surfaces. 
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where κ1 and κ2 are principal curvatures and e1 and e2 are 
the principal directions.  From quantitative point of 
view, lower MVS value is interpreted as lower curvature 
variations.  The difference between the total MVS and 
strain energy values of a single vs. two-part blade surface 
construction are demonstrated in Figs. 10 and 11 respec-
tively. 

The two-part blade construction has a lower total 
MVS value versus a single-part blade as depicted in Fig. 
10.  The lower MVS values, which mean lower curva-
ture variations, improve aerodynamic performance of the 
blades [20, 21].  The final surfaces are converted into 
an IGES standard file format to help us import them di-
rectly into commercial CAD and FEM software.  An 
example of the final molds is shown in Fig. 12. 
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Fig. 11 The variation of strain energy value with respect 
to the number of control points in u-direction for 
single and two-part surfaces. 

 
 
 

 

Fig. 12 Mold surfaces for upper (left) and lower (right) 
parts.  

 
 
 

Aerodynamic Zone Structural Zone

 

Fig. 13 Aerodynamic and structural zones of a typical 
wind turbine blade.  

 

5.1  Blade Root Design Considerations 

Thus far, we have constructed surfaces that skin airfoil 
sections.  For wind turbine blades, it is also required to 
connect the circular section of the root to the maximum 
chord airfoil section.  The first proposed procedure 
treats the circular section as an airfoil section and follows 
the previously mentioned analyses.  But it will intro-
duce undesired curvature variations in the transition re-
gion and also the blade’s surface is not visually pleasing. 

The non-compatibility between the shapes of circle 
and airfoil is the main source of undesired curvature 
variations.  In order to overcome the problem, we built 
each half of the blade with two separate skinned surfaces.  
In other words, two surfaces are considered for structural 
and aerodynamic zones, see Fig. 13. 
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U, Magnitude

(a)

(b)

(c)

 

Fig. 14 Examples: (a) A surface for structural zone, (b) 
upper mold surface and (c) Assembled susrfaces 
in ABAQUS. 

 
The first surface, which is of structural importance, 

smoothly connects the circular root section to the first 
airfoil, while the second surface which is of aerodynamic 
importance, skins through all airfoil sections.  G1 con-
tinuity, this time in v direction, is considered for meeting 
region of structural and aerodynamic surfaces.  Figure 
14 represents examples of final surfaces in different 
software. 

 

6.  CONCLUSIONS 

The current research suggests dividing the wind tur-
bine blade into two upper and lower parts at early design 
stage in order to be used directly as the mold surface 
without any further modifications.  The parting line on 
the leading surface is basically the silhouette curve and 
G1 continuity is imposed for upper and lower surfaces.  
Representing airfoil sections of the blade with two con-
strained curves lead to less approximation errors and less 
computational efforts compared to representing by a sin-
gle curve.  The MVS and strain energy fairing criteria 
show that a two-part surface procedure produces fairer 
surfaces than a single surface procedure.  The proposed 
algorithms are successfully implemented in a unified 
MATLAB program.  The computed surfaces are then 
converted into IGES standard file format, which can be 
easily imported into any CAD and FEM software. 
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