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Abstract—The purpose of this research is to enhance the
performance of wind turbine design in terms of reducing
the cost of energy through a simultaneous aerostructural
optimization of turbine blades for mass/AEP with high tip-
speeds. A free-form approach is used to give the airfoil
shape the ability to evolve as part of the optimization by
including thickness, chord, and twist distributions as design
variables. Results show a significant increase of 2.1% in
the optimization of mass over annual energy production,
which approximates cost of energy, when performing an
aerostructural optimization of the NREL 5-MW reference
turbine with respect to a number of aerodynamic and
structural design variables without any loss in energy
production.

I. INTRODUCTION

Wind turbines are a growing source of renewable
energy that is important across many fields such
as engineering, business, politics, etc. A significant
increase in performance of wind turbines will prove to
be a substantial contribution to the field. The objective
of this research is to enhance the performance of wind
turbine blade design by reducing the cost while holding
constant or improving energy production through a
simultaneous free-form aerostructural optimization of
turbine blades with high tip-speeds. While research has
been done in terms of the aerodynamic and structural
optimization of wind turbine blades, the traditional
approach has generally led to an iterative, but separate,
design process [1]. This traditional approach has
normally involved designing the airfoils beforehand and
then optimizing the blade structurally to withstand the
required stresses, loads, etc. and iterating until a final
design is determined. A weakness in this approach is
that it fails to fully capture the trade-offs between the
aerodynamic performance and the structural integrity of
the wind turbine in its overall performance. Fixing the
shape of the airfoil during the optimization process can
be seen as a limitation to finding a more optimal blade
design.

In the free-form approach used in this research,
the airfoil shapes are treated as design variables with
chord, twist, and thickness distributions optimized
together. This can lead to improved solutions that better

explore the trade-offs that exist between aerodynamic
and structural analyses because the airfoil shapes can
evolve and adapt as a part of the optimization [2]. The
advantage of this free-form approach becomes apparent
for applications where blade thickness is important,
as in the case for turbines with high tip-speeds. The
desired result of this research is to better explore
the differences that exist between the free-form and
traditional approaches to aerostructural wind turbine
optimization. A simultaneous aerostructural optimization
free-form approach has been shown by Bottasso et al.
[3] to decrease COE (Cost of Energy) in low induction
rotors. This research expands this free-form approach
to turbines with high tip-speeds.

In applications with high tip-speeds, the COE is
more sensitive to changes in blade thickness than
normal wind turbines. As such, a free-form design
where thickness is optimized across the entirety of
the blade has the potential to achieve improvements
over existing designs that use an iterative aerostructural
design process. A main advantage of increased tip
speed is the reduction of peak torque loads. This
aids significantly in the structural optimization as it
allows for a substantial size reduction in drivetrain
mass and costs [4]. While COE is the ultimate goal of
wind turbine optimization, optimizing for mass/AEP
approximates COE as shown by Ning et al. [5] for
fixed diameter rotors. Since the rotor diameter is fixed
in this analysis, optimizing for mass/AEP is a valid
approximation for optimizing for COE. A reduction in
mass/AEP can be achieved by optimizing the airfoils
used along the blade aerodynamically and also the
thicknesses of different composite sections structurally.
The airfoil can be changed by varying the airfoil
thickness, chord, and twist while the structures can
be changed by varying the thicknesses of the trailing
edge and spar cap materials. Efficient blade designs
have been shown to boost performance by as much as
25-30% by increasing the speed and thereby generating
more power and lowering drivetrain mass [6].



II. METHODOLOGY

To achieve the desired objective, the airfoil and the
composite layer thicknesses had to be prepared in order
to be continuous and differentiable for effective use of
gradient-based optimization techniques. The optimiza-
tion went through several iterations before achieving the
final results with all the design variables and constraints
applied. This process is described in more detail below.

A. Aerodynamics - Airfoil Thicknesses

To allow the airfoil shape to be changed dynamically,
response surfaces for the lift and drag coefficients (Cf,
and Cp) were created using XFOIL [7] within the
Python programming language. XFOIL, which can be
used in the design and analysis of subsonic isolated
airfoils, was used to perform an aerodynamic analysis
on a number of airfoils used in the NREL 5-MW
three-bladed reference turbine based on the x and y
coordinates that define their airfoil shape. The analysis
was done with varying thicknesses for angles of attack
from -20° to 20°. The thicknesses that were available
to be analyzed consisted of the NREL 5-MW airfoil
family of 40.5%, 35.0%, 30.0%, 25.0%, 21.0%, and
17% thickness. Three-dimensional rotation corrections
were made for use in wind turbine applications and the
Viterna method [8] was used to extrapolate the C';, and
Cp data to the -180° to 180° angles of attack needed
for the analysis. The data was interpolated so that Cp,
and Cp could be calculated for any angle of attack
and percent thickness. The aerodynamic blade analysis
was performed using a BEM method with guaranteed
convergence [9] within the NREL wind blade analysis
tool RotorSE [10].

These response surfaces can be seen in Figures 1
and 2. These figures demonstrate the ability to analyze
the performance of an airfoil for any angle of attack
and percent thickness, which is essential to using
gradient-based optimization methods. This ability was
also important in analyzing the wind turbine along the
length of the blade. Current methods such as NREL’s
RotorSE use constant airfoils at six or seven sections
along the blade even though the blade is analyzed
at seventeen points. Now using these surfaces, the
blade can change its airfoil shape and thickness at all
seventeen points controlled by a spline made up of six
control points. This makes it possible to further control
the shape of the blade and enhance the ability to get
additional performance.

While there are limitations on the accuracy of results
from XFOIL at large percent thicknesses, for the scope
of this research very large thicknesses were not used.
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Fig. 1. Cf, surface for airfoil thickness optimization.
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Fig. 2. Cp surface for airfoil thickness optimization.

The optimization was bounded to limit the thicknesses
to less than 45% of chord length to reduce errors in the
analysis. While XFOIL was not completely necessary
due to the presence of higher fidelity wind tunnel
data, it was used in this analysis in order to lay the
foundation for future optimization problems that could
analyze any airfoil family for which wind tunnel data
is not readily available. It will be interesting in future
work to compare the results from using the response
surface from the XFOIL data to using the known wind
tunnel data. In addition, for the airfoil family used there
is no readily available wind tunnel data for smaller
percent thicknesses. Consequently, XFOIL was needed
to provide aerodynamic performance for these smaller
airfoils.

Figures 3 and 4 show the comparison between the data
that has been extrapolated from XFOIL and known
wind tunnel data. As can be seen, the analytic data
from XFOIL fairly closely matches the experimental
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Fig. 3. XFOIL compared to Wind Tunnel Data t/c = 21%
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Fig. 4. XFOIL compared to Wind Tunnel Data t/c = 21%

wind tunnel data. As such, this shows the validity
of this approach of using XFOIL. However, at larger
thicknesses (i.e. greater than 45%) the data begin to
diverge.

There is a known issue with the spline that was used for
interpolation to determine any percent thickness as can
be seen in Figure 5. The lift over drag (L/D) for various
thicknesses were compared for the response surface, the
raw XFOIL data, and the wind tunnel data. This data
shows the L/D for various percent thicknesses at an angle
of attack of 10°. The L/D for the spline is much higher
than it should be as compared to the XFOIL and wind
tunnel data. This shows that the blade would tend toward
about a 28% thickness as a results of its high L/D value.
However, the XFOIL and wind tunnel data both show
that the blade should tend to a smaller percent thickness.
Future work is to fix this discrepancy to more accurately
follow the data and improve the validity of the results.
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B. Structures - Composite Layer Thicknesses

The structural aspect of this optimization consisted of
changing the thicknesses of different lamina sections of
the blade. The main focus was on sector 2 the spar cap
panel and sector 3 the trailing edge panel as seen in
Figure 6. The different composite layers consist of the
materials TRIAX, carbon, and foam. The thicknesses
of these lamina are added as part of the structural
optimization. The lamina thicknesses for the spar cap
and trailing edge panel are independently defined using
Akima splines. There are five control points used in
creating these Akima splines, which are used to control
the structural thicknesses at thirty eight points along the
blade. These parameters along with relevant material
properties are used to construct and evaluate an FEA
(Finite Element Analysis) model of the blade, while
the control points for these splines are used as design
variables. The outputs from the structural analysis inform
both the objective and the majority of the constraints for
the model.
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Fig. 6. Composite layers for a wind turbine blade



C. Optimization

The optimization objective function is to minimize
mass/AEP. All the relevant structural and aerodynamic
design variables are combined into a single optimization
problem. The design variables consist of nine main
categories, five of which are aerodynamic design vari-
ables and four of which are structural design variables.
Several of these variables are in reality arrays that define
control points on a spline. Three aerodynamic design
variables (airfoil thickness, chord, and twist) control
splines from which seventeen different points along the
wind turbine blade are interpolated. The structural design
variables (spar cap TRIAX, spar cap carbon, trailing
edge TRIAX, and trailing edge foam) also control a
spline from which thirty eights points along the blade
are interpolated. These are summarized in Table I below.
In total, there were 37 design variables that were used
in the optimization.

TABLE I
DESIGN VARIABLES

Description # of vars.
airfoil thickness distribution (¢;) 7
chord distribution (c;) 4
max chord location (r_c) 1
twist distribution (6;) 4
tip speed ratio (\) 1
spar cap TRIAX thickness distribution (tspart;) 5
spar cap carbon thickness distribution (tsparc;) 5
trailing edge panel TRIAX thickness distribution (ttept;) 5
trailing edge panel foam thickness distribution (ttepf;) 5

In terms of constraints, there were five including a
constraint on aerodynamic performance as well as con-
straints on strain and buckling as shown in Table II. The
constraint on AEP was based on the notion that a good
blade design should be able to produce at least the same
quantity of energy or more as existing blade designs.
If this constraint were not applied we found that the
optimizer would converge on a solution with a much
lower objective value, but the energy production would
also decrease significantly. This phenomenon occurred
because the rotors were optimized in isolation, if the
optimization had included other costs, such as the cost
of tower, the optimizer would have favored designs with
higher AEP. In addition, only the mass of the blades were
included in the calculation of mass and did not take into
account the entire mass of tower, nacelle, etc. Adding
the additional mass would make the mass less likely
to dominate the optimization. Consequently, for this
project the constraint on AEP was added to counteract
this behavior, though several better solutions could be
implemented in future work.

TABLE 11
CONSTRAINTS

Description Value

No decrease in energy production AEP > AEP,
spar cap strain e/eyis < 1.0
trailing edge panel strain e/eyir < 1.0

spar cap buckling
trailing edge panel buckling

(cer — ) /evie < 1.0
(ECT‘ - E)/eUlt <1.0

Optimization with increasing levels of fidelity were
attempted. First AEP was optimized in isolation using
only aerodynamic design variables and no constraints.
Subsequently structural design variables and a structural
analysis were added. Finally the full mass over AEP
optimization was performed with both structural and
AEP constraints. From the discussed objective, design
variables, and constraints the final optimization is sum-
marized below.

mass / AEP

ti, ci, 0i, A, Te, tspart;,
tsparc;, ttept;, ttep f;
s.t. AEP/AEPy > 1.0
(5(3?" - 6)/EUlt <1.0
e/evit < 1.0

minimize
Ww.I.t

The optimization was performed using an SLSQP gra-
dient based method within the OpenMDAO framework
for multidisciplinary optimization. Several gradient-free
methods, such as genetic and particle swarm algorithms,
were also attempted with mixed results. These gradient-
free methods, however, often created unrealistic results
and consequently only the gradient-based results are
shown. When performing the gradient-based optimiza-
tion two main problems were encountered: obtaining
gradients and scaling. Gradients were obtained through
a combination of analytic and finite difference gradients
as RotorSE already has many analytic gradients built
in, and finite differencing could be used to provide the
remaining gradients in the OpenMDAO framework. The
scaling problem was fixed by scaling both the objective
and some of the design variables such as the lamina
thicknesses.

III. RESULTS
Results show an appreciable decrease of 2.1% in
mass/AEP as compared to the NREL 5-MW reference
turbine. The results for the optimization design variables
are shown in Table III.



TABLE III
OPTIMIZATION RESULTS

Reference Blade Optimized Blade

t; [50, 40, 35, 30, [47, 40.12, 30.12,
25, 21, 17] 21.12, 17.12]
c; [3.26, 4.57, 3.32, 1.46]
0; [13.28, 7.46, 2.89, -0.09]
A 7.55 7.553
rc 0.23577 0.19231
tspart; [3.0e-3, 2.9¢-3, 2.8e-3,

2.75e-3, 2.7e-3] 2.82e-3, 2.81e-3]

tsparc; [4.2e-2, 2.5e-2, 1.0e-2, [4.21e-2, 2.51e-2, 1.01e-2
9.0e-3, 6.6e-3] 9.01e-3, 6.7e-3]
ttept; [3.0e-3, 2.9e-3, 2.8e-3,
2.75e-3, 2.7e-3] 2.76e-3, 2.81e-3]
ttepf; [9.0e-2, 7.0e-2, 5.0e-2 [9.01e-2, 7.014e-2, 5.013e-2
3.0e-2, 2.0e-2] 3.013e-2, 2.012e-2]
mass 54675 kg 53281 kg
AEP 2.348 MWhr/yr 2.340 MWhr/yr
mass / AEP 0.00232 0.00227

As can be seen by the results, the optimized blade only
changed most of the design variables slightly. This is
due to the fact that the 5-MW reference turbine has
already been optimized according to many of the design
variables previously. In terms of the airfoil thicknesses,
the optimized blade was slightly thicker. However, the
chord decreased and the reduction in chord along the
blade is likely where most of the reduction in mass
originated from. The twist distribution did not change
by much and only increased slightly. The max chord
location became smaller and the tip speed ratio slightly
larger.

For the structural design variables there was a
slightly thicker TRIAX and carbon layer in the spar
cap panel. The foam layer also increased slightly in the
trailing edge panel. The TRIAX layer of the trailing
edge increased at the beginning but soon became much
thinner as it moved along the blade before coming
thicker near the edges of the blade again. This shows
the sensitivity of the blade to thickness changes, where
even very small changes can have a large impact on the
objective. This was an expected result as there exists a
trade-off between the aerodynamics pushing to decrease
the thickness to increase aerodynamic performance and
the structures pushing to increase the thickness in order
to decrease the stresses along the blade.

In terms of constraints, the constraints for buckling and
strain were not violated. Though despite the constraint
on AEP, the optimization violated the constraint on
AEP by a small amount (about 0.3%). This appears to
signify that the gain from reducing the AEP slightly was
worth the constraint violation. It would be interesting
to see what difference relaxing the constraint on AEP

would have on the objective. Although AEP is slightly
lower than the reference turbine due to the constraint
violation, the difference is very small and the AEP for
both are comparable.

[3.247, 4.548, 3.291, 1.464] For visualization purposes a 3D representation of
[13.29, 747, 2.91,-0.076] the blades are shown in Figures 7 and 8, including the

reference blade and the optimized results. These blades

[3.12¢-3, 2.88¢-3, 2.85¢-3, were created in the NASA OpenVSP software. It can

be difficult to see the differences in appearance, but

> the main difference that can be observed is the slightly
[3.11e-3, 2.73¢-3, 2.68¢-3, smaller chord in the optimized blade as compared to

the reference turbine.
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Fig. 7. NREL 5-MW Reference Turbine
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Fig. 8. Aerostructurally Optimized Blade

Overall we are pleased with the results from this
optimization. The results of this work show the
potential of this free form design that changes the airfoil
shape as part of the optimization. Although the percent
improvement was relatively small, this could have a
large impact in making wind turbines and wind energy
a more attractive energy source due to a lower cost for
similar energy production.



IV. CONCLUSION

From this analysis, there is an increased ability to
compare the trade-offs between the aerodynamics and
the structural design of wind turbine blades. These
results show the potential of this method for increasing
performance of wind turbines with high tip-speeds due
to a free-form blade optimization. A percent increase
of 2.1% is substantial enough to be considered for
additional research.

Future work will be important in continuing to
develop the results. Additional performance and
higher fidelity results are likely to be obtained by
using CFD instead of XFOIL. XFOIL is a good
preliminary tool to show the feasibility of the results,
however, better data can be obtained from using higher
fidelity analysis tools. Challenges, especially in using
CFD, would be the additional optimization time and
complexity. Additional structural design variables such
as a thickness distribution for the structural web could
further improve the results. As previously discussed,
the known limitation with the lift and drag coefficient
data needs to be examined more closely to determine
cause for the discrepancies. Finally, a full cost of energy
analysis could be accomplished to further increase the
applicability of these results.
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