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A B S T R A C T

Traditionally, Aerodynamic Shape Optimization (ASO) and Structural Topology Optimization (STO) are con-
sidered as two separate, consecutive stages in the aerostructural design process of wind turbine rotor blades.
Since such a modeling strategy does not adequately account for the coupling effects between the blade aero-
dynamics and its structural performance, in this paper a Coupled Multi-objective Shape and Topology
Optimization (CMSTO) approach is presented, which simultaneously optimizes the outer shape and the interior
structural layout of the turbine blade from aerodynamic and structural requirements. The framework uses the
weighted sum method, whereby the sum of the aerodynamic and structural objectives multiplied by specific
weighting factors is minimized employing an incremental-iterative update procedure. The coupled optimization
process is performed by sequentially carrying out shape and topology optimization steps for beam-type struc-
tures, in accordance with a staggered scheme. For the aerodynamic and structural optimizations the rotor power
coefficient and the blade structural compliance are considered as the objectives, respectively. The aerodynamic
response of the blade is evaluated by the Blade Element Momentum (BEM) method, which, together with a
reduced beam-type Finite Element Method (FEM) model that simulates the structural response, facilitates the
application of a gradient-based algorithm with analytical sensitivities. Accordingly, the computational efficiency
of the CMSTO framework is warranted. The shape design variables are characterized by the locations of Non-
Uniform Rational B-Splines (NURBS) control points that parameterize the blade outer shape. The topology de-
sign variables are represented by the relative densities assigned to the finite elements modeling the blade cross-
sections, in correspondence with the Simplified Isotropic Material with Penalization (SIMP) method. The CMSTO
framework is used to optimize the NREL 5 MW reference rotor blade, whereby the results are compared to those
obtained from a separate ASO-STO approach and a pure STO approach. The rotor power coefficients calculated
by the CMSTO and ASO-STO approaches are about 4% larger than that of the reference rotor blade. In addition,
the blade structural compliance computed by the CMSTO approach is reduced by an extra 16% and 41%
compared to the compliances found by ASO-STO and pure STO approaches, respectively. Such significant im-
provements clearly demonstrate the benefits of the CMSTO approach in the quest of wind turbines with higher
power output and better structural performance.

1. Introduction

Over the past decades the optimization of the aerostructural per-
formance of Horizontal-Axis Wind Turbines (HAWTs) has been an im-
portant subject of investigation [1], whereby the main challenge has
been to design turbine blades characterized by i) a high power output,
ii) a high stiffness, and iii) a low mass. These three objectives typically
are conflicting: Maximizing the power output of turbine blades com-
monly results in an increase of the blade mass [2,3] and an increase of
the aerodynamic loads [4]. Consequently, the structural deformation of

the blade increases [5], which in turn puts more stringent requirements
on its effective stiffness. Additionally, the use of a low amount of ma-
terial opposes a high structural stiffness when the internal material
distribution (i.e., the structural layout) of the blade is kept fixed [6,7].
The optimization of the aerostructural performance of wind turbines

is usually carried out in two consecutive stages [8], which correspond
to the aerodynamic design of the blade outer shape and the structural
design of the interior layout of the blade. During the first stage, a shape
optimization process is performed, in which the blade length, airfoil
profile and chord and twist distributions of the blade are varied to
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achieve an optimal aerodynamic performance [9–12]. The aerodynamic
loads acting on the rotor can be calculated via Computational Fluid
Dynamics (CFD) simulations or via the Blade Element Momentum
(BEM) method [13]. Although CFD models provide an accurate re-
presentation of the complex aerodynamics of wind turbine blades
[14–16], the high computational costs involved still withhold their
incorporation in optimization frameworks [17]. During the second
stage, the interior layout of the blade is optimized using the aero-
dynamic loads from the first stage as input. Traditionally, the optimi-
zation process starts from a hollow airfoil, whereby subsequently re-
inforcements (spar caps and shear webs) are added to improve the
bending, shear, and torsional resistances of the blade [18]. The internal
blade layout is usually optimized by adapting the thickness of the airfoil
and the size and location of the reinforcements via size and shape op-
timization methods [19–21]. However, this strategy does not naturally
allow for the introduction of new topological concepts for the blade
layout, which is the reason that topology optimization techniques were
introduced to find the optimal shapes and locations for the stiffeners of
the turbine blades [22].
Since the shape and topology optimization processes typically are

performed in two consecutive stages, the coupling effects between the
blade aerodynamics and its structural performance are not adequately
taken into account. The aerostructural design and multi-objective op-
timization techniques presented in [5,23–26] could overcome this
limitation, but these frameworks so far have only been applied to
specific blade layouts for which the outer shape is optimized together
with the size and location of the stiffeners. In addition, the update of the
design variables for most of the optimization techniques is performed
with gradient-free optimization algorithms, such as genetic algorithms
[2–7,25,26]. These algorithms facilitate an easy and flexible numerical
implementation [3] and the possibility of finding a global optimum, but
may also exhibit a poor convergence behavior [2] and thus are com-
putationally expensive, especially if the number of design variables is
relatively large [27]. From these viewpoints, gradient-based optimiza-
tion methods, for which the sensitivities are derived in analytical form,
are preferable.
In accordance with the aforementioned state of the art and chal-

lenges for the aerostructural design of large wind turbine blades, the
novelty of this paper concerns the development of a Coupled Multi-
objective Shape and Topology Optimization (CMSTO) framework that
is able to simultaneously optimize the outer shape and interior topo-
logical layout of wind turbine rotor blades from aerodynamic and
structural requirements. The framework uses the weighted sum method
[28], whereby the sum of the aerodynamic and structural objectives
multiplied by specific weighting factors is minimized. The rotor blade is
simulated as a 2.5D reduced beam-type structure [29]; the efficiency
and accuracy of this beam model have been validated in [30] through
an extensive comparison with 3D beam models. Non-Uniform Rational
B-Splines (NURBS) [31] are employed to parametrically describe the
blade outer shape, which not only guarantees the smoothness of the
blade shape, but also enables an efficient control of the geometry using
only a few control points. The aerodynamic response of the blade is
evaluated by the BEM method, for which the analytic sensitivities of the
aerodynamic parameters are reported in the literature [27,24,32] and
the numerical code is available open source [32]. The combination of
the BEM method with a reduced beam-type FEM model supports the use
of a gradient-based algorithm with analytical sensitivities, as a result of
which the computational efficiency of the present optimization frame-
work is warranted. With the coupled optimization method proposed in
this paper, a better trade-off between the blade aerodynamic and
structural performances can be achieved, which will be demonstrated
through a practical case study related to a NREL 5 MW reference rotor
blade.
The paper is organized as follows. Section 2 outlines the coupled

aerostructural shape and topology optimization framework. The solu-
tion strategy and the numerical setup for the aerostructural

optimization of a NREL 5 MW reference rotor blade are described in
Section 3, and the numerical results are presented in Section 4. Finally,
Section 5 summarizes the main conclusions of the optimization study.

2. Coupled aerostructural optimization model

In this section a Coupled Multi-objective Shape and Topology
Optimization (CMSTO) model is presented that can be used for the
aerostructural design of wind turbine blades. The model uses the
weighted sum method [28], whereby the sum of the aerodynamic and
structural objectives multiplied by specific weighting factors is mini-
mized using an incremental-iterative numerical update procedure. The
coupled optimization process is performed by sequentially carrying out
shape and topology optimization steps for a beam-type structure, in
accordance with the staggered scheme recently presented in previous
works [30,33]. For the aerodynamic and structural optimizations the
rotor power coefficient and the blade structural compliance are con-
sidered as the objectives, respectively. The shape design variables are
characterized by the locations of NURBS control points that para-
meterize the blade outer shape. The topology design variables are re-
presented by the relative densities assigned to the finite elements
modeling the blade cross-sections, in correspondence with the Simpli-
fied Isotropic Material with Penalization (SIMP) method [34]. Ac-
cordingly, the coupled aerostructural optimization problem can be
formulated as
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where the rotor power coefficient Cp and the blade structural com-
pliance c are the two objectives of the objective function f . The ob-
jectives are weighted by a weighting factor , with 0 1. Since the
objectives have different units, they are normalized by their initial
values Cp0 and c0. Further, a is the vector containing the normalized
blade shape design variables as, with their lower and upper bounds
given by ls and us, respectively, and S representing the total number of
shape design variables. The vector contains the topology design
variables, e is the relative density assigned to finite element e, E is the
total number of finite elements, and min is the minimum element
density (which needs to be non-zero in order to avoid a singular stiff-
ness matrix). The parameters V and V0 represent the total material vo-
lume and initial blade volume, respectively, with their maximum
fraction a priori prescribed as fr, which is used for determining the
initial value of the density e of each element. The matrix A and vector
b include the linear inequality constraints for the shape design variables
a. Moreover, An

0 refers to the area of a specific blade cross-section n,
and An represents the total area of material distributed across this cross-
section. The maximum ratio of An and An

0 is controlled by the pre-
scribed fraction fr, and N is the total number of blade cross-sections.
In the coupled optimization formulation summarized in Eq. (1), the

structural compliance c is minimized together with the inverse of the
power coefficient Cp for a given initial blade outer shape and wind
conditions. The structural compliance c is defined by

=c f u,T (2)

with f and u the global force and displacement vectors of the FEM
model for the rotor blade, which are related as
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=f Ku, (3)

whereK is the overall stiffness matrix. Note that minimizing the inverse
of the power coefficient is equivalent to maximizing the power coeffi-
cient. Similarly, minimizing the structural compliance c is equivalent to
maximizing the overall stiffness of the rotor blade. Accordingly, by
solving the coupled multi-objective optimization problem formulated
by Eq. (1), a fixed amount of material can be optimally placed in a
geometrically optimized design domain to achieve both a high rotor
power coefficient and a high blade stiffness.

3. Numerical solution strategy

The coupled optimization problem formulated by Eq. (1) is solved
numerically using a staggered scheme. As illustrated in Fig. 1, the blade
outer shape and the structural layout are updated in an incremental-
iterative fashion by alternatively performing shape and topology opti-
mization steps. The formulation and numerical performance of this
staggered scheme are presented in previous works, see [30,33].
In the numerical update scheme, first a multi-objective optimization

step on the outer shape of the turbine blade is performed, formulated as
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during which the element densities are kept fixed. After Eq. (4) is
solved, a topology optimization step is performed whereby the updated
design variables a of the blade outer shape are temporarily kept fixed:
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Note that the maximum value of the weighting factor in Eq. (5)
should be smaller than 1 in order to carry out the topology optimization
step. The optimized blade outer shape, obtained from solving Eq. (4),
might not be structurally optimal anymore after the interior blade to-
pology, represented by the element densities , has been optimized by
solving Eq. (5). Correspondingly, the shape and topology optimization
steps need to be alternately repeated until the stop criteria of the outer
loop k are met, see Fig. 1. The details of the individual steps in the
solution strategy are provided in the subsequent section by means of an
illustrative example.

3.1. Geometry description

The features of the coupled optimization framework are

Fig. 1. Solution strategy for coupled shape and topology optimization. Iterations g and h refer to the shape and topology optimization sub-loops, respectively, and
iteration k refers to the outer loop.

Fig. 2. Geometry of the NREL 5 MW reference wind turbine blade, constructed
by 19 cross-sections, each related to a specific airfoil type. The specific cross-
sections of the DU and NACA airfoil types are shown in Fig. 3.
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demonstrated by selecting the National Renewable Energy Laboratory
(NREL) 5 MW wind turbine rotor as a reference model, of which the
design details are well documented in [35,36]. The blade geometry of
the wind turbine rotor is described by 19 cross-sections along the blade
length, see Fig. 2, with the geometry in between two adjacent cross-
sections being determined by linear interpolation. The first two cross-
sections near the blade root (i.e., cross-sections 0 and 1) are circular, in
order to warrant a decent connection between the blade and the rotor.
The blade reference geometry is constructed from the 6 airfoil types
depicted in Fig. 3, whereby the geometry of each of these airfoil types is
described by x- and y-coordinates that are normalized by the chord
length l, i.e., =x x l/a and =y y l/a . The final shape of the airfoil at each
of the cross-sections is determined by upscaling the normalized shape
presented in Fig. 3 using the actual chord length l, and subsequently
rotating the airfoil in accordance with the corresponding twist angle .
The distributions of the chord length and twist angle along the blade
length are plotted in Figs. 4 and 5, respectively, as taken from [35,36].
Each distribution was fitted by a NURBS curve equipped with 5 control
points. The initial locations of the control points indicated in Figs. 4 and
5 were calculated such that the actual chord and twist distributions of
the reference blade were accurately matched. In this way, the shape
design variables a of the blade are fully determined by the control point
locations of the blade chord and twist distributions. During the opti-
mization procedure the first control point (located close to the blade
root) and last control point (located at the blade tip) of the chord and
twist distributions are allowed to move only vertically, in correspon-
dence with the assumption that the length of the blade remains con-
stant. The other three control points can move both horizontally and
vertically, but are not allowed to intersect or pass each other. Ad-
ditionally, from general design considerations the blade chord dis-
tribution after the second control point is enforced to monotonically
decrease towards the blade tip [3]. In other words, the chord lengths
related to the second, third, fourth and fifth control points are required
to successively decrease in value. More details on the use of NURBS for
describing structural geometries can be found in [31,30] and references
therein.
The above-described mapping from a normalized airfoil geometry to

the actual blade cross-section is illustrated in Fig. 6, and can be de-
scribed by means of a geometry function G given by

= +lG p R p o o( ) ( ) .a a c b (6)

Here, = x yp [ , ]a a a
T is an arbitrary point on the normalized airfoil geo-

metry, = x yo [ , ]c 0 0
T is the location of the origin of the normalized

airfoil geometry, which is chosen to correspond to the blade pitch axis,
see Fig. 2, with the locations of the pitch axis of the 6 airfoil types
depicted in Fig. 3 taken from [37]. Further, = x yo [ , ]b b b

T represents the
location of the origin of the actual cross-section (=blade pitch axis),
which for simplicity is defined as =o [0, 0]b

T, l is the blade chord length

Fig. 3. Six airfoil types used for constructing the NREL 5 MW reference wind
turbine blade, where DU and NACA refer to Delft University and National
Advisory Committee for Aeronautics, respectively.

Fig. 4. Chord distribution along the blade length, described by NURBS with 5
control points. The circles indicate the initial locations of the control points.

Fig. 5. Twist distribution along the blade length, described by NURBS with 5
control points. The circles indicate the initial locations of the control points.

Fig. 6. Visualization of the geometrical mapping G, given by Eq. (6), from a) a normalized airfoil geometry to b) a blade cross-section. The finite element dis-
cretization is designated by the solid lines.
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of the specific cross-section, as defined in Fig. 4, and R is the rotation
matrix, given by

=R
cos sin
sin cos ,

(7)

with the blade twist angle of the actual cross-section, as defined in
Fig. 5.
The blade cross-sections are discretized by finite elements in order

to compute the interior layout of the blade by density-based topology
optimization. The mesh of a cross-section is obtained by mapping a
predefined finite element mesh for the normalized airfoil using the
geometry function G given by Eq. (6). With this procedure, the number
of elements, which equals the number of topology design variables , is
kept fixed for each cross-section during the optimization procedure.
Note that cross-sections based on the same airfoil type, such as cross-
sections 12 to 18 shown in Fig. 2, have the same finite element mesh.
Accordingly, in order to reduce the computational demand of the op-
timization procedure, cross-sections with the same finite element mesh
are assigned the same set of topology optimization variables . Further,
the discretization strategy naturally enables the computation of analy-
tical derivatives of the nodal coordinates with respect to the shape
design variables a, as required for gradient-based optimization.

3.2. Aerostructural analysis

3.2.1. Aerodynamic analysis
For the aerodynamic analysis of the HAWT reference rotor, the BEM

method [38] is adopted. This method is reviewed below, and its ap-
plication towards the aerodynamic analysis of the reference turbine
rotor is explained. The cross-section of a rotating turbine blade is illu-
strated in Fig. 7. As indicated in this figure, the local flow angle
follows from the expression = +U a r atan (1 )/( (1 )), whereby r
is the radial location of the blade cross-section, is the rotor rotational
speed and U represents the free-stream wind speed. Further, a and a
are the axial and angular induction factors, respectively, which both are
a function of the local flow angle , i.e., =a a ( ) and =a â ( ), see
[38] for the specific forms. The above expression can be simply re-
formulated as

=
+

=f
a a

( ) sin
1

cos
(1 )

0,
r (8)

where the parameter = r U/r is commonly referred to as the local
tip-speed ratio. Eq. (8) can be solved iteratively for using a one-di-
mensional root-finding algorithm, such as Brent’s method [38]. Once
the local inflow angle is determined, the induced aerodynamic
normal and tangential forces Fn and Ft acting on the blade cross-section,
see Fig. 7, can be calculated in accordance with the procedure illu-
strated by the flowchart in Fig. 8. The flowchart starts with the com-
putation of the local angle of attack and the local Reynolds number
Re, using the value of the local flow angle resulting from Eq. (8). As
illustrated in Fig. 7, the angle of attack follows from the expression

= , where is the twist angle, with its distribution along the
blade length given in Fig. 5. The local Reynolds number is computed by
inserting the values for the axial and angular induction factors,

=a a ( ) and =a a ( ), into the expression for the local inflow velo-
city, which, in accordance with Fig. 7, is given by

= + +W U a r a(1 ) ( ) (1 )2 2 2 2 . Subsequently, the resulting value
of W is used together with the chord length l for computing the local
Reynolds number as =Re Wl µ/ , where = 1.225 kg/m3 and

= ×µ 1.812 10 Ns/m5 2 represent the density and dynamic viscosity of
air, respectively. With the specific angle of attack and local Reynolds
number Re being calculated, the lift coefficient cL and drag coefficient
cD can be computed from the data tabulated in [35]. Fig. 9 illustrates a
specific example of these data, which is related to a DU35 airfoil at a
Reynolds number = ×Re 1 106. From the lift and drag coefficients, the
lift force L and drag force D can be computed using the expressions

=L c W l/2L
2 and =D c W l/2D

2 , respectively, see also Figs. 7 and 8.
Finally, the forces Fn and Ft normal and tangential to the plane of ro-
tation can be calculated from the lift force L and drag force D via

= +F L Dcos sinn and =F L Dsin cost , see also Fig. 7. To apply
the aerodynamic forces on the FEM model for the rotor blade, the
normal force Fn and tangential force Ft need to be transferred from the
aerodynamic center AC to the reference point O (=pitch axis), as
shown in Fig. 7. This transformation result in the following aero-
dynamic loads:

= =
= +

F F F F
M d F F

, ,
( sin cos ),

x t y n

z t n (9)

where d is the distance between the aerodynamic center AC and the
reference point O and Mz is a torsional moment about point O. Finally,
the forces F F,x y and Mz at each blade cross-section are used to construct
the global load vector f used for solving the structural equilibrium of

Fig. 7. Components of the velocity and the aerodynamic load at a cross-section
of the rotor blade.

Fig. 8. Flow chart for the calculation of the aerodynamic forces acting on the
blade cross-section.

Fig. 9. Lift and drag coefficients for a DU35 airfoil as a function of the angle of
attack, using a Reynold’s number = ×Re 1 106.
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the turbine blade, see Eq. (3).
Setting the free-stream wind speed as =U 10m/s and the blade tip-

speed ratio as = 9r , the distribution of the aerodynamic loads on the
blade naturally follows from the normal and tangential forces at the
cross-sections along the blade, as depicted in Fig. 2. For the parameters
indicated above the result is depicted in Fig. 10. Note that the tan-
gential force distribution can be used to calculate the torque generated
on the rotor shaft [39], which in turn can be employed to calculate the
power coefficient Cp of the rotor. As indicated by Eq. (1), during the
optimization procedure the rotor power coefficient Cp is maximized
under the given aerodynamic loading conditions. More specific details
on the BEM method can be found in [38,40]. In the current work an
existing implementation of the BEM method has been used, as provided
via the open source software CCBlade, see [32] for background in-
formation.

3.2.2. Structural analysis
The structural response of the turbine blade to the aerodynamic

loads is calculated by means of an FEM analysis. The turbine blade is
discretized as a 2.5D beam-type structure, which is a model whereby
the response of a relatively long and slender structure, such as plotted
in Fig. 11(a), is evaluated by a reduced beam-type FEM configuration
shown in Fig. 11(c), instead of a full 3D FEM configuration sketched in
Fig. 11(b). Specifically, the 2.5D beam-type FEM model simulates the
longitudinal direction of the turbine blade by elementary beam ele-
ments, for which the properties at specific cross-sections are determined
from corresponding 2D continuum element models, see [29,30] for
more details on this modeling approach. In the present work the cross-

sections analyzed with a 2D continuum element model coincide with
the cross-sections used for modeling the turbine blade, see Fig. 2, which
allows to straightforwardly impose the aerodynamic loading calculated
with the BEM method on the turbine blade.
The specific stiffness Ks of a blade cross-section is dependent on its

outer shape and its internal topology via the shape design variables a
and the topology design variables . The relative densities representing
the topology design variables are evaluated at the individual elements e
modeling the 2D cross-section, = e, and determine the Young’s
modulus of the element in accordance with the SIMP (Simplified
Isotropic Material with Penalization) approach as [34]

=E E( ) .e e e
p

0 (10)

Here, p is a penalization factor, a typical value being 3 [34], and E0 is
the initial Young’s modulus of the material. From the cross-sectional
stiffness Ks the beam element stiffness kb can be constructed, see
[29,30], which, after the element assemblage procedure, provides the
global stiffness matrix K at the structural level. The load vector f at the
structural level is characterized by the aerodynamic forces calculated
with the BEM method, as described in Section 3.2.1. With the stiffness

=K K a( , ) and load vector =f f a( ) being characterized, the overall
structural compliance c can be calculated by inserting Eq. (3) into Eq.
(2), which results in

=c f a K a f a( ) ( , ) ( ).T 1 (11)

In order to perform the optimization process in a computationally
efficient manner, a gradient-based method is adopted for which the
derivatives of the structural compliance c with respect to the shape
variables a and topology variables are computed analytically, see
Section 3.3 below.

3.3. Sensitivity analysis

3.3.1. Shape sensitivity
As demonstrated in Section 3.2.1, the aerodynamic forces Fn and Ft

are determined by the geometry of the blade cross-section. In corre-
spondence with Fig. 6, the geometry of a blade cross-section is para-
meterized by the geometry function G given by Eq. (6), which depends
on the chord length l and the twist angle of the blade, see also Eq. (7),
with their distributions along the blade length presented in Figs. 4 and
5, respectively. Hence, the derivatives of the aerodynamic forces

= F FF [ , ]n t
T with respect to the shape design variables a (i.e., the co-

ordinates of the NURBS control points) are calculated by applying the
chain rule

= +
a l

l
a a

F F F ,
s s s (12)

in which as refers to a specific element in the vector of shape design
variables a. The analytical derivatives of the aerodynamic forces with
respect to the chord length lF/ and twist angle F/ are provided by
the program CCBlade [32]. In addition, analytical expressions for l a/ s
and a/ s can be calculated using NURBS theory [31,30]. Eq. (12) is
subsequently substituted into the derivatives of the aerodynamic loads
with respect to the shape variables as, which from Eq. (9) follow as

=

=

= +

+

+

F
a

F
a

F
a

F
a

M
a

d
a

F F

d F
a

F
a

F
a

F
a

,

,

( sin cos )

sin cos

cos sin .

s s

s s

s s

s s

s s

x t

y n

z
t n

t
t

n
n

(13)

Fig. 10. Distribution of the normal and tangential aerodynamic forces along the
blade length.

Fig. 11. FEM discretization. Example of (a) a relative slender beam structure,
modeled as (b) a 3D configuration, and (c) a 2.5D configuration.
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Note that the derivative =d a/ 0s when as is related to the blade twist
angle , since the distance d between the aerodynamic center AC and
the reference point O is set by the blade chord l.
In accordance with the construction of the FEM mesh of a blade

cross-section depicted in Fig. 6, the derivatives of the location of an
arbitrary element node = = x yp G p( ) [ , ]a

T with respect to the element
shape design variable as are obtained from Eq. (6) as

= = +
a a l

l
a a

p G p G p G p( ) ( ) ( )
,

s s s s

a a a

(14)

with

= =
l

l
G p

R p o
G p R p o

( )
( ),

( )
( ),a

a c
a

a c (15)

where pa represents the location of the node in the mesh of the nor-
malized airfoil profile, see Fig. 6, R/ can be calculated from Eq. (7),
and l a/ s and a/ s can be obtained as described below Eq. (12).
Finally, the derivative of the structural compliance c with respect to the
shape design variable as follows from Eq. (11) as

= + +c
a a a a

f K f f K f f K f ,
s s s s

T
1 T

1
T 1

(16)

whereby the applied aerodynamic loads f and their shape sensitivities
af/ s are given by Eqs. (9) and (13), respectively. Furthermore, the

shape sensitivities ofK 1 are calculated as =a aK K K K/ ( / )s s
1 1 1,

where aK/ s follows the formulation given in [30]. The derivatives of
the objective function with respect to the shape variables are obtained
from Eq. (4) as

= +f
a

C
C

C
a c

c
a( )

1 ,
s s s

p0

p
2

p

0 (17)

with

= +
C
a

C
l

l
a

C
a

,
s s s

p p p

(18)

where c a/ s is given by Eq. (16), the rotor power coefficient Cp and its
derivatives with respect to the chord length, C l/p , and twist, C /p ,
are obtained from the program CCBlade [32], and l a/ s and a/ s are
derived as described below Eq. (12).

3.3.2. Topology sensitivity
The derivative of the structural compliance c with respect to the

relative density e in a finite element is obtained from Eqs. (2) and (3) as

=c u K u,
e e

T

(19)

which uses the assumption that the aerodynamic load vector f is in-
dependent of the element relative densities , see also Eq. (11). The
specific form of K/ e is taken from [30]. To alleviate possible
checkerboard patterns in the spatial distributions of the element re-
lative densities, a sensitivity filter is introduced [41]

=

=

=

c

H
H c^ 1

^
^ ,

e
e

f

N

f
f

N

f f
f

1

1

(20)

in which c/ f is calculated using Eq. (19),
=H r e fmax(0, dist( , ))f min , where e fdist( , ) is the distance between

the center of finite element e and the center of element f, and rmin is the
radius of the circle in which smoothing takes place. Due to the coupling
with shape optimization, the element size during the optimization
procedure is variable. Consequently, depending on the location and
shape of elements, a constant filter radius may cause that multiple
elements are filtered together. To avoid this situation, the radius of the
filter is defined as =r r Vmin e0 , where Ve is the area of element e, and r0
is a predefined scaling parameter for the radius, which is set to 1.2.

Finally, the derivative of the overall objective function in Eq. (5) with
respect to the element density e can be formulated as

=f
c

c1 ,
e e0 (21)

with c / e given by Eq. (20).

4. Simulation results

In order to demonstrate the specific features of the CMSTO frame-
work proposed here, the optimized blade designs following from this
approach are compared against the results obtained by two other ap-
proaches, namely a separate Aerodynamic Shape Optimization and
Structural Topology Optimization (ASO-STO) approach often used in
blade design practice, and a pure Structural Topology Optimization
(STO) approach. First, the CMSTO approach is applied. In the CMSTO
framework, the weighting factor characterizing the objective func-
tion, see Eq. (1), is varied in order to determine whether the optimi-
zation should be biased towards the rotor power coefficient or to the
blade structural compliance. For this purpose, five values were selected,
which are = 0, 0.25, 0.50, 0.75, 0.99. The maximum value of is set to
0.99 (instead of 1), to prevent that the coupled multi-objective opti-
mization model reduces to a pure aerodynamic shape optimization
model. Additionally, the maximal material volume fraction fr in Eq. (1)
is set to 0.125 in accordance with [22], which thus warrants that the
total material volume used for the blade should not be more than 12.5%
of the initial blade volume. In the update procedure of the design
variables the Sequential Quadratic Programming (SQP) method (im-
plemented in the MATLAB fmincon solver) has been employed, which
utilizes the analytical sensitivities presented in Section 3.3.
Fig. 12 shows the convergence behavior of the CMSTO approach for

the normalized blade compliance c c/ 0, the normalized rotor power
coefficient C C/p p0, and the objective function f . Here, c0 and Cp0 are the
initial values of the structural compliance of the blade and the power
coefficient, respectively. The weighting factor used in the CMSTO ap-
proach equals = 0.75. The iterations g and h, summed up along the
horizontal axis, refer to the shape optimization and topology optimi-
zation sub-loops, respectively, see Fig. 1. In order to clarify the dis-
cussion of the results, the convergence behavior following from the
alternating shape and topology optimization steps depicted in Fig. 12
has been divided into three stages, designated as stages I, II and III. The
significant variations characterizing stages I and III are shown enlarged
in Figs. 13 and 14, respectively. It can be seen from Fig. 13 that during

Fig. 12. Convergence behavior (divided in stages I, II and III) of the normalized
compliance c c/ 0, normalized power coefficient C C/p p0 and objective function f,
using the CMSTO approach with = 0.75.
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the initial shape optimization (SO) step of stage I, which is performed in
accordance with Eq. (4), the normalized power coefficient C C/p p0 in-
deed increases and that the normalized compliance c c/ 0 and the ob-
jective function f decrease with an increasing number of iterations. In
the subsequent topology optimization (TO) step, c c/ 0 and f continue to
decrease with the number of iterations, due to a further optimization of
the interior layout of the blade, see Eq. (5). The value of C C/p p0 remains
constant, since the blade outer shape is temporarily kept fixed. Note
from stage II in Fig. 12 that for all three parameters the convergence
behavior during this topology optimization step is relatively slow. In
the final stage III, the normalized power coefficient C C/p p0 again shows
a substantial jump during the first shape optimization step, see Fig. 14.
However, after performing two more topology optimization steps and
one additional shape optimization step the iterative process has con-
verged by satisfying the stop criterion, +f fk k1 1e-5.
As illustrated in Fig. 15, for all five selected weighting factors the

CMSTO approach is characterized by a robust convergence behavior of
the objective function f. For > 0.50 the total number of iterations
appears to increase with increasing value of , such that for = 0.99
the number of iterations is about 5.5 times larger than for = 0.50
(note that the horizontal axis is scaled differently for = 0.99).
Fig. 16 illustrates the normalized rotor power coefficient C C/p p0 and

normalized blade structural compliance c c/ 0 calculated by the CMSTO
approach for the 5 selected weight factors, = 0, 0.25, 0.50, 0.75, 0.99,
and 5 additional values, = 0.05, 0.075, 0.10, 0.15, 0.20 (circles). The

result is compared to that computed by the ASO-STO approach (as-
terisk) and the STO approach (triangle). In correspondence with [42],
the non-dominated points computed by CMSTO approach, which are
connected by the dashed line, determine a so-called Approximate
Pareto Front (APF). Along the APF, which is represented by weighting
factors in the range 0 0.75, both the normalized power coefficient
C C/p p0 and the blade structural compliance c c/ 0 monotonically increase
with increasing weighting factor . The rotor power coefficient of the
NREL 5 MW wind turbine rotor, used here as a reference model from
which the optimization simulations are initiated, equals

= =C C 0.459p p0 . As illustrated in Fig. 16, this value indeed is re-
presentative of the two simulations in which the power coefficient is
left out of consideration in the optimization procedure, i.e., the pure
STO approach and the CMSTO approach with = 0. Note that the
normalized structural compliance c c/ 0 is different for these two cases,
since in the CMSTO approach the structural compliance is dependent on
both the shape and topology design variables, =c c a( , ), see Eq. (1),
whereas in the STO approach it only depends on the topology variables,

=c c ( ), see Eq. (5). By increasing the weighting factor from = 0 to
= 0.75, the power coefficient grows from 0.459 to 0.479, which

Fig. 13. Close-up of convergence stage I depicted in Fig. 12.

Fig. 14. Close-up view of convergence stage III depicted in Fig. 12.

Fig. 15. Convergence behavior of the objective function f, using the CMSTO
approach with different weighting factors .

Fig. 16. Normalized rotor power coefficient C C/p p0 and normalized blade
structural compliance c c/ 0 of the optimized designs calculated with three dif-
ferent optimization strategies (CMSTO (circles), ASO-STO (asterisk), STO (tri-
angle)). The circles connected by the dashed line represent the Approximate
Pareto Front (APF) constructed from the CMSTO results.
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corresponds to an increase of 4%. Hence, it may be concluded that the
shape of the NREL 5 MW reference blade already is close to optimal
from an aerodynamical viewpoint. Note further that an increase of the
weighting factor from = 0 to = 0.75 leads to an increase of the
blade structural compliance of approximately a factor of 2, which

obviously is disadvantageous. In summary, an increase of the power
coefficient goes at the expense of an increase in blade compliance (and
thus a decrease in blade stiffness), whereby the specific design re-
quirements of the turbine blade determine how these two aspects
should be weighted in the optimization process, using a weighting
factor within the range of the APF, 0 0.75.
The effect of the blade geometry on the aerostructural performance

can be examined in more detail by considering the chord and twist
distributions of the optimized designs, calculated by CMSTO with

= 0, 0.05, 0.25, 0.75, see Figs. 17 and 18, respectively. It is observed
from Fig. 17 that for a decreasing weighting factor the blade chord
length – and also the blade thickness, given the fact that the specific
blade cross-section is constant – over a significant part of the blade
length becomes larger, which indeed enlarges the overall blade stiff-
ness, see also Fig. 16. In addition, Fig. 18 shows that along the first half
length of the blade a higher weighting factor leads to a decrease in the
blade twist angle . Consequently, the angle of attack, = , of the

Fig. 17. Optimized blade chord distribution calculated with the CMSTO ap-
proach using different weighting factors .

Fig. 18. Optimized blade twist distribution calculated with the CMSTO ap-
proach using different weighting factors .

Fig. 19. Optimized blade geometry and internal topology calculated with
CMSTO using a weighting factor = 0.75.

Fig. 20. Convergence behavior of the normalized power coefficient C C/p p0 and
normalized compliance c c/ 0, using the separate ASO-STO approach.

Fig. 21. Optimized blade chord distribution calculated with the ASO-STO ap-
proach and the CMSTO approach with = 0.50.

Fig. 22. Optimized blade twist distribution calculated with the ASO-STO ap-
proach and the CMSTO approach with = 0.50.
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blade cross-section increases, which – before reaching dynamic stall
[14] – results in a higher lift coefficient, and thus in a higher rotor
power output, as in agreement with the trend observed in Fig. 16.
Fig. 19 shows the optimized outer shape of the blade and the in-

ternal topology at various blade cross-sections along the blade length,
as computed by the CMSTO approach for a weighting factor = 0.75. It
can be observed that for each cross-section two spar caps are found.
Furthermore, some cross-sections located between the half length and

the tip of the turbine blade are characterized by the presence of two
shear webs. Although such a topology indeed bears similarities with
conventional blade layout designs [8], the specific size and location of
the spar caps and shear webs are optimized in this analysis.
The separate ASO-STO approach often used in blade design practice

is also able to optimize both the blade outer shape and the interior
layout, but does this in two consecutive steps. Specifically, first the
blade outer shape is optimized by maximizing the normalized power

Fig. 23. Optimized blade geometry and internal topology calculated by (a) the separate ASO-STO approach, (b) the CMSTO approach with = 0.50, (c) the CMSTO
approach with = 0 and (d) the pure STO approach.
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coefficientC C/p p0 in accordance with Eq. (4), whereby the weight factor
equals unity, = 1. Subsequently, with the obtained blade outer shape
and corresponding aerodynamic loads, the interior topology of the
blade is optimized by minimizing the structural compliance c c/ 0, setting

= 0 in Eq. (5). The convergence behavior of the ASO-STO approach is
shown in Fig. 20, by plotting the objectives C C/p p0 and c c/ 0 of the ASO
and STO steps as a function of the corresponding number of iterations g
and h, respectively. The figure clearly shows that the number of itera-
tions for the ASO step is almost an order of magnitude lower than for
the STO step. The optimized result computed with the ASO-STO ap-
proach is depicted in Fig. 16 using an asterisk symbol. Interestingly, the
structural compliance of the blade design following from the ASO-STO
approach is higher than that of the CMSTO designs presented, and thus
less optimal. On the contrary, the ASO-STO design corresponds to a
similarly high power coefficient as found for the CMSTO designs with
weighting factors ranging between 0.25 0.99; this is obviously
due to the fact that in the ASO-STO approach the aerodynamic opti-
mization step is performed first, and that during the subsequent to-
pology optimization step only the interior blade layout is allowed to
change.
In Figs. 21 and 22 the chord and twist distributions of the blade

designs computed with the CMSTO approach for = 0 and 0.50 are
compared to the distributions calculated by the STO and ASO-STO
approaches. The two weighting factors considered here in the CMSTO
approach correspond to typical design situations: = 0 refers to the
minimization of the blade structural compliance only, while = 0.5
reflects that minimizing the blade structural compliance and max-
imizing the rotor power coefficient are equally important. Note that in
the design practice the choice of the weighting factor generally is de-
termined by specific design conditions and requirements. Fig. 21 shows
that for a large part of the blade length the chord length obtained by the
CMSTO approach with = 0 is considerably larger than for the three
other cases, which is in correspondence with a significantly higher
blade stiffness, see Fig. 16. In addition, Fig. 22 indicates that along the
first half length of the blade the CMSTO approach with = 0 and the
STO approach result in a larger twist angle than the CMSTO approach
with = 0.50 and the ASO-STO approach, which, as explained above,
translates into a lower rotor power coefficient, see Fig. 16. The above
features can be also observed from the optimized geometries of the four
cases, see Fig. 23. The internal topological layouts of the four cases
globally look comparable, but differ by the precise locations and di-
mensions of the spar caps and shear webs.
The use of a gradient-based optimization approach, together with

the Blade Element Momentum method, has made it possible to optimize
the three-dimensional rotor blade geometry in a computationally effi-
cient way. Although the use of gradient-free optimization algorithms,
such as genetic algorithms [2–7,25,26], allows for a more easy nu-
merical implementation and the possibility of finding a global op-
timum, these algorithms are known to be computationally expensive for
density-based topology optimization [43]. This is especially the case
when considering large structures, such as wind turbine blades, which
makes them less suitable for these applications.

5. Conclusions

A coupled multi-objective shape and topology optimization
(CMSTO) framework has been proposed for the aerostructural design of
HAWT rotor blades. The framework enables to simultaneously optimize
the outer shape and the internal structural layout of the turbine blade
with respect to aerodynamic and structural requirements. The optimi-
zation process is performed on the weighted sum of two design objec-
tives, which are the rotor power coefficient and the structural com-
pliance of the blade. The power coefficient and structural compliance
are evaluated in a computationally efficient manner by using so-called
BEM and beam FEM models, respectively. The shape design variables
are represented by the locations of NURBS control points that govern

the blade geometry. The topology design variables are represented by
the relative densities assigned to the finite elements modeling the blade
cross-sections, in accordance with the SIMP method. The coupled op-
timization model for a turbine blade is solved in an incremental-itera-
tive fashion, by alternatively performing shape and topology optimi-
zation steps, until the solution satisfies the convergence criterion
imposed. Here, the computational efficiency of the numerical procedure
is warranted through the use of closed-form sensitivities in a gradient-
based algorithm for the CMSTO approach.
The specific features of the CMSTO approach are demonstrated by

comparing the optimized design computed for a NREL 5 MW reference
rotor blade with the results obtained from a separate ASO-STO ap-
proach and a pure STO approach. The optimization results following
from the CMSTO approach for different weighting factors indicate that
the overall stiffness of a blade typically decreases with an increase of
the rotor power coefficient. The rotor power coefficients of the designs
generated by the CMSTO approach with a weighting factor = 0.75
and the ASO-STO approach are about 4% larger than that of the re-
ference rotor blade. However, the structural compliance of the blade
calculated by the CMSTO approach with = 0.75 is 16% lower than
that computed by ASO-STO approach. The application of the CMSTO
approach with the aerodynamic optimization being switched off leads
to a reduction of the blade structural compliance of approximately 41%
compared to a pure STO approach. Such significant improvements
clearly demonstrate the benefits of the CMSTO approach in the quest of
wind turbines with higher power output and better structural perfor-
mance.
In order to validate the optimized rotor blade geometries computed

in this work, more systematic experimental studies are necessary, both
in regards to the shape and topology designs of blade structures. This is
a topic for future study.
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