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Efficient extraction of wind energy is a complex, multidis-
ciplinary process. This paper examines common objectives
used in wind turbine optimization problems. The focus is
not on the specific optimized designs, but rather on under-
standing when certain objectives and constraints are nec-
essary, and what their limitations are. Maximizing annual
energy production, or even using sequential aero/structural
optimization, is shown to be significantly suboptimal com-
pared to using integrated aero/structural metrics. Minimiz-
ing the ratio of turbine mass to annual energy production
can be effective for fixed rotor diameter designs, as long as
the tower mass is estimated carefully. For variable diameter
designs, the predicted optimal diameter may be misleading.
This is because the mass of the tower is a large fraction of
the total turbine mass, but the cost of the tower is a much
smaller fraction of overall turbine costs. Minimizing the cost
of energy is a much better metric, though high fidelity in the
cost modeling is as important as high fidelity in the physics
modeling. Furthermore, deterministic cost of energy mini-
mization can be inadequate, given the stochastic nature of
the wind and various uncertainties associated with physical
processes and model choices. Optimization in the presence
of uncertainty is necessary to create robust turbine designs.

Nomenclature

AEP  annual energy production
BOS  balance-of-station

COE cost of energy

D rotor diameter

1 area moment of inertia

J objective

My, bending moment

N number of cycles

O&M operation and maintenance

*Address all correspondence to this author.

S fatigue stress

Spian  planform area

TCC turbine capital costs

Veso  50-year extreme wind speed
Viub hub speed

\% cut-in speed

Vour cut-out speed

Viip tip speed

Q rotor rotation speed

) blade-tip deflection

€50 strain at 50-year extreme wind condition
Ecr critical buckling strain

Eulr ultimate strain

Y safety factor

A tip-speed ratio

0 natural frequency of structure
c stress

0 airfoil twist angle

bm buckling margin

c chord

Cset a repeatedly used set of constraints

Laero an index proportional to blade mass

m mass

rating machine rating

t spar cap thickness

t/c airfoil thickness to chord ratio

X design variables

0 quantity of the reference model

X a quantity normalized relative to the reference de-

sign (e.g., X = x/xp)

1 Introduction

Increasing global energy requirements and a greater
awareness of the benefits of renewable energy sources have
driven renewed interest in wind energy. Harvesting wind en-



ergy efficiently is a complex process that requires a multi-
disciplinary effort in wind turbine design, site selection, and
plant layout. Many trade-offs exist in aerodynamic perfor-
mance, structural efficiency, land-use footprint, operational
versus manufacturing and maintenance costs, and so on.
Multidisciplinary optimization and uncertainty analysis are
important tools to evaluate design choices and further im-
prove the economics of wind energy. A number of previous
studies have examined optimization of wind turbines using
a wide variety of approaches [1-8]. In these studies, design
variables ranged from parameterizing only the rotor blades to
parameterizing complete turbines. Model fidelity included
simple analytic models, time-domain unsteady aeroelastic
calculations, and three-dimensional computational fluid dy-
namics with structural finite element analyses. Objectives
included maximum annual energy production (AEP), multi-
objective maximum power and minimum blade root bend-
ing moment, and minimum cost of energy. Optimization
approaches included gradient-based methods, direct-search
methods, multilevel methods, and optimization under uncer-
tainty.

This paper approaches the turbine optimization problem
with a different focus than the previous studies. The purpose
of this study is not to demonstrate a specific methodology,
or to present optimized designs per se, but rather to under-
stand how different choices in the optimization problem and
model choices impact the quality of the solutions. Primar-
ily, the goal is to better understand the appropriateness of
various commonly used optimization objectives. To facili-
tate this understanding, the models used should: capture the
fundamental trade-offs in the physics, execute rapidly to al-
low for a wide range of design studies, and converge robustly
and with high accuracy to allow for fair comparisons in the
designs. To this end, simple physics-based models were de-
veloped that produce smooth output (continuously differen-
tiable) to allow for reliable gradient estimation. The opti-
mization studies of this work concentrate on the design of
the rotor blades, but the impact on resizing the rest of the
turbine as well as plant-level costs was included. The work
conducted was part of a larger effort at the National Renew-
able Energy Laboratory (NREL) to apply systems engineer-
ing techniques to wind energy applications [9].

The following section describes the methodology, which
includes the rotor aerodynamic analysis, rotor structural
analysis, cost model, reference model, and optimization
strategy used. Next, a number of optimization studies are
presented. These studies examined the important consider-
ations in maximizing annual energy production, minimizing
the ratio of turbine mass to annual energy production, and
minimizing cost of energy. Finally, the conclusions of the
study are summarized.

2 Methodology

Although the impact on the entire turbine was consid-
ered, the focus of this study was on optimizing the rotor
blades. Thus, the main thrust of the methodology was the
development of appropriate aerodynamic and structural anal-

ysis tools for the blades. The effect of hub, nacelle, and
foundation sizing was handled through simpler scaling re-
lations. A modified version of the NREL cost and scaling
model [10] was used to predict the cost of energy. The
physics-based models were implemented in C++ and For-
tran, and were linked together in a common framework in
Python. This approach retained most of the speed advantage
of the compiled languages, but allowed for high flexibility
in an object-oriented environment. The computational ef-
ficiency and flexibility were important to allow for both a
large number and wide variety of studies. Only a high-level
overview of the methodology is contained in this section, fur-
ther details are available in a conference proceedings version
of this paper [11].

2.1 Rotor Aerodynamics
2.1.1 Blade Element Momentum Method

The rotor aerodynamic analysis was based on blade el-
ement momentum (BEM) theory. Using BEM theory in a
gradient-based rotor optimization problem can be challeng-
ing because of occasional convergence difficulties of the
BEM equations. Ning [12] recently developed a new solu-
tion methodology to the BEM equations that offers guaran-
teed and efficient convergence properties. When used with a
continuously differentiable description of the airfoil force co-
efficients, not only is the solution guaranteed to be found, but
the resulting solution is continuously differentiable. This be-
havior allows gradient-based algorithms to be used to solve
the rotor optimization problem much more effectively than
with traditional BEM solution approaches. Implementation
of this methodology is contained in an open-source code
called CCBlade. Details of the methodology are discussed
in Ref. 12.

2.1.2 Airfoil Section Analysis

Two-dimensional airfoil data were corrected for rota-
tional effects using the Du-Selig method [13] for lift and the
Eggers method [14] for drag. Next, airfoil data were extrap-
olated to £180°, using Viterna’s method [15]. Finally, for
each section, a two-dimensional cubic B-spline1 was fit to
the lift and drag data separately as a function of the Reynolds
number and angle of attack. A small amount of smoothing
was used on each spline to reduce high-frequency noise that
could cause artificial multiple solutions (0.1 for lift, 0.001 for
drag). Many BEM implementations use linear interpolation
to estimate lift and drag coefficients; however, such an ap-
proach is unsuitable for gradient-based optimization because
it introduces discontinuities in the derivatives.

2.1.3 Rotor Aerodynamic Analysis

The aerodynamic power predicted from the BEM
method was modified to account for losses in the drive-
train. The drivetrain efficiency (ng) was assumed to vary
with the aerodynamic power normalized by the rated power
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(TJ = Paero/Pmted) as
MNar =1.0—(a/P+Db) (1)

where a =0.0129, and b = 0.0851. This drivetrain efficiency
curve is for a three-stage geared design and comes from an
NREL study [16] using WindPACT data [17]. The net power
produced is P = M4; Pyero- Note that the maximum drivetrain
efficiency is 91.5%. Including this loss had a significant
effect on total annual energy production and the estimated
rated speed. Although this is less important in comparing
relative aerodynamic performance between designs, it does
have a significant effect on overall cost of energy.

All studies in this paper focus on variable-speed,
variable-pitch machines. The optimal tip-speed ratio for op-
eration in Region 2 (below maximum rotation speed) was
determined externally as part of the optimization problem. If
the maximum rotation speed was reached before rated power,
rotation speed was held at the maximum value in Region 2.5.
In Region 3, blade pitch was varied to feather in order to
maintain rated power.

AEP was computed using a Rayleigh distribution with
a mean speed of 10 m/s, as specified in the International
Electrotechnical Commission (IEC) standard for Class I tur-
bines [18]. Losses caused by wake interference from other
turbines in the wind farm and losses caused by electrical grid
unavailability were estimated simply by using an array loss
factor and an availability factor. These studies assumed that
the grid was available 95% of the year, and that 10% of the
potential wind farm AEP was lost because of wake interfer-
ence effects.

2.2 Rotor Structure
2.2.1 Beam Finite Element Analysis

A beam finite element code, called pPBEAM (polynomial
beam element analysis module), was developed for the struc-
tural analysis. The methodology uses Euler-Bernoulli beam
elements with 12 degrees of freedom (three translational and
three rotational at each end of the element); the basic the-
ory is described in any standard finite element textbook (see
Yang [19]). A unique feature of the code is that section prop-
erties can be described as polynomials of any order between
nodes. This means that, rather than using precomputed struc-
tural matrices for an assumed distribution and fixed shape-
functions, the matrix coefficients are re-computed for each
geometry. However, because the distribution is a polynomial,
this can be done analytically using polynomial integration.

2.2.2 Sectional Composite Analysis

An existing National Wind Technology Center code,
PreComp, was used to estimate equivalent sectional inertial
and stiffness properties of composite blades [20]. PreComp
uses modified classic laminate theory combined with a shear-
flow approach. In addition to inertial and stiffness properties,
its computation of the elastic center was used in this analy-
sis. PreComp requires the geometric description of the blade

(e.g., chord, twist, section profile shapes, and web locations),
along with the internal structural layup (e.g., laminate sched-
ule, orientation of fibers, and laminate material properties).
It allows for high flexibility in the specification of the com-
posite layup both spanwise and chordwise.

All loads and inertial properties were transferred to the
elastic center and principal axes of the section. For each air-
foil section, the maximum strain location was assumed to oc-
cur in the outer skin layer at the chordwise location of maxi-
mum airfoil thickness. Stress was estimated using a smeared
effective modulus of elasticity based on classical laminate
theory. The smeared modulus calculation ignored laminate
shear and bending moment effects (the latter would be zero
for a symmetric laminate), which is a good approximation
for slender turbine blades.

2.2.3 Additional Structural Considerations

In addition to the capabilities of the finite element anal-
ysis, two additional structural considerations specific to the
rotor problem were added. The first was a panel buckling cal-
culation and the second was a fatigue cycle estimation. Both
considerations can be particularly important for very large
blades [21]. This analysis considered only spar-cap buck-
ling; however, detailed design should also consider trailing-
edge panel buckling. The panel buckling calculation used
the simple method suggested by Bir [22]. The calculation
results from an eigenanalysis of a flat panel that is loaded
edgewise. The derivation assumes that the width of the panel
is much smaller than the length of the panel, which is true for
the rotor blades (except near the tip). It is also assumed con-
servatively that the longitudinal edges are simply supported,
while the chordwise edges are free.

Finally, a fatigue calculation for the blade root was in-
cluded. A full lifetime fatigue analysis can be quite com-
plex; however, a simplistic assessment can be done using the
edgewise gravity loads, because these loads fully reverse ev-
ery blade rotation. Although edgewise gravity loads are not
always the dominant load condition, they can be more signif-
icant than flapwise aerodynamic loads in determining the fa-
tigue strength of very large blades [21]. This constraint is an
extreme simplification, and has since been replaced by better
analysis methods. However, for the purposes of this study it
was useful to prevent unrealistically small chord sizes at the
blade root—effectively it provided a minimum chord size at
the root. The blade root typically requires thick laminates
to stiffen the connection to the pitch bearing, and without a
proper constraint there is sometimes a large incentive for the
optimizer to decrease the chord to impractical values at the
blade root.

To aid the fatigue estimation, it is assumed that the S-N
curve for the root section can be parameterized as

Sp=aN"'/? )

where b is assumed to be 10 (a typical value for glass-
reinforced composite materials [23]).The maximum stress at
the root of the blade caused by only the gravity loads was



computed as described above. Because this loading is fully
reversed, the stress value at the 3 o’clock azimuth can be used
directly as the damage equivalent load for the S-N curve. An
average rotation speed was estimated by computing the ex-
pected value of the rotor speed using the wind speed distri-
bution

V()u[
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where f(V) is a probability distribution function of the wind
speeds (a Rayleigh distribution with a mean wind speed of
10.0 m/s was used, as discussed previously). A 20-year life-
time of continuous rotation was assumed. The value for a in
Eqn. (2) was calibrated using the loading conditions for the
baseline rotor so that, at 20 years, the root stress had a 10%
margin relative to the fatigue stress (i.e., Groot/S¢ = 0.9). The
margin was added to avoid overly constraining the problem
because the S-N curve was only defined relative to the base-
line.

2.3 Cost Model

The cost model was based primarily on the NREL cost
and scaling model [10], with a few modifications that were
found to be important for this study. First, the rotor mass was
computed from the structural model instead of the scaling
law. Blade cost was a linear function of blade mass, with
coefficients derived from an internal NREL study [24].

Next, the tower mass estimation was replaced. The cur-
rent cost and scaling relationship scales linearly with the
square of the rotor diameter (for a fixed hub height). Al-
though this is reasonable under the assumption that the entire
turbine scales proportionally, it was not reasonable for many
of the design studies in this paper. Because tower mass is
such a large fraction of the total turbine mass, it is important
to capture changes in tower mass in a more realistic manner.
Although capturing these changes does not affect the con-
clusions of this paper (because we only compared the rela-
tive value of different objectives), obtaining a more realistic
tower mass estimate is desirable to produce a more accurate
estimate of the various metrics.

A full tower model was developed for this study. How-
ever, as stated previously, the scope of this paper was inten-
tionally limited to only include rotor design variables. Thus,
a simpler scaling relationship for tower sizing was desired.
Using physics-based scaling arguments [11], the mass of the
tower was estimated as

Mtower
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where mgyy is the mass of the rotor-nacelle-assembly, g the
acceleration of gravity, T the thrust load, H the height of the
tower, and 7,,;; the radius of the tower at half-height. In im-
plementation, the function max is not used, instead a small
cubic spline is used to maintain a differentiable transition be-
tween the two regions.

Although this is not a universal scaling law, it should
work well for cylindrical shell designs that are scaled rela-
tive to a baseline design at a constant taper ratio and con-
stant diameter-to-thickness ratio. Strictly speaking, r,,;q is a
function of the tower mass, given those scaling assumptions.
However, including that variation creates much more com-
plexity in the mathematical expression and has little effect as
the change in radius is relatively small. For simplicity, we
kept it fixed at the radius of the reference design that is dis-
cussed in the following section (ry,;q = 2.4675). The factor
of 0.9 comes from the assumption that the moment of inertia
at the critical section of the tower cannot shrink more than
10% relative to the baseline design. The tower-top deflec-
tion, column buckling stress, and first natural frequency are
approximately proportional to I~!, 17125, 193 respectively.
Thus, constraining the moment of inertia is a useful approx-
imation for these unmodeled tower constraints.

The tower cost estimate was unmodified from the sim-
ple linear scaling with mass used in the NREL cost and scal-
ing model. Hub mass and cost and nacelle mass and cost
were also unmodified. The nacelle calculation already scales
with relevant variables for this study, such as the hub thrust,
torque, and maximum rotor rotation speed.

Finally, a modified balance-of-station (BOS) cost model
was utilized. NREL recently developed a new BOS model
for land-based wind turbines [25]. The previous BOS model
scales simply based on machine rating, and does not accu-
rately scale up to the large machine ratings of today. The new
version uses a substantially different bottom-up approach by
estimating component quantities and sizes. Operation and
maintenance costs remain unchanged from the NREL cost
and scaling model.

2.4 Reference Geometry

The reference geometry used in this study was based
on the NREL 5-MW reference wind turbine [26]. The air-
foils and chord schedule used in the development of the
blade model were adopted from the Dutch Offshore Wind
Energy Convertor project [27,28]. To arrive at a descrip-
tion of the structural stress/strain field under different load-
ing conditions, a composite-material layup was defined at
38 span sections. A preliminary version of the initial layup
was provided by Sandia National Laboratories [29], as a Nu-
MAD [30] property file. The layup was constructed so as to
reproduce the prescribed stiffness/inertia properties along the
blade span as close as possible, while still satisfying struc-
tural constraints. Material properties were largely taken from
the U.S. Department of Energy (DOE)/Montana State Uni-
versity (MSU) Composite Material Fatigue Database [23]
and a Sandia large rotor study [21], but were modified some-
what to represent generic prestacked laminates. The var-
ious materials included: GelCoat, glass fabrics (Unidirec-
tional (E-LT-5500, [0]2), SNL TRIAX ([+45]2[0]2), Saer-
Tex Double-Dias (DB, [£45]4), carbon fabrics (generic uni-
directional with an effective thickness of 0.47 mm), generic
foam, and epoxy resins. The structural layup was not in-
tended to be a fully assessed blade design, but a good starting



point for comparative studies (such as the study described in
this paper). Unidirectional carbon was chosen to both reduce
the tip deflection and potential tower strike, and to match the
stiffness distribution of the original NREL 5-MW model.

Starting from the NREL 5-MW reference design, a pa-
rameterization was needed for subsequent optimization. Ide-
ally, the rotor geometry should be parameterized with a small
number of terms for optimization efficiency, yet still allow
for significant flexibility in describing the geometry. The
chord was parameterized with five variables, shown in Fig. 1.
The first and last chord positions were fixed at the root and
tip, respectively. The third chord variable was fixed at 62.6%
of the blade length. The radial location of the second chord
variable (typically the location of the maximum chord) was
itself a variable (r;). An Akima spline was fit to the four
radial/chord pairs to compute the chord at any other radial
station.? The airfoil shapes were fixed; therefore, changes in
chord were directly proportional to changes in airfoil thick-
ness (fixed # /¢ for a given section). A fixed ¢/c does limit the
freedom available to the structural design, but reliable aero-
dynamic airfoil data for very thick airfoils was not available
at the time of the study.

chord (m)

1F Cy
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Fig. 1. Rotor blade chord distribution parameterization

The twist distribution was parameterized in a similar
manner (Fig. 2). The inboard portion of the blades has cylin-
drical sections, which are invariant to twist. Thus, a constant
value was used—up to 16.7% of the blade length where the
first airfoil was defined. Twist was defined at four linearly
spaced radial points from this point to the blade tip, and was
fit with an Akima spline.

2An Akima spline was chosen because of its robustness to outliers. If
one of the chord variables differs significantly in magnitude from the others
(which can happen during the course of an optimization), then oscillations
are produced for many spline types. This may cause some sections to have
negative chord values, which is nonphysical and will prevent the analysis
from running properly. An Akima spline prevents these types of oscillations.
A simple bound constraint on chord is sufficient to prevent intermediate
designs with negative chord, as opposed to a nonlinear constraint on chord
that would be required if using a cubic spline or Bezier curve.
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Fig. 2. Rotor blade twist distribution parameterization

For both the chord and twist distribution, parameters
were chosen to best fit the reference model’s chord and twist.
The fit was found by solving the optimization problem

minimize ||chordngreL — chordakima (X)) |%

(&)

with respect to  x = {r2,c1,¢2,¢3,¢4}

where the chord array was defined at 38 span stations. A cor-
responding minimization problem was used for twist. These
parameterizations led to a baseline model that was very simi-
lar to but not exactly the same as the NREL 5-MW reference
model.

The reference model’s spar cap was significantly thicker
over the first half-meter to stiffen the connection to the pitch
bearing. Because of the abrupt change in thickness, rather
than attempting to fit a spline over the entire span, the spar
cap thickness over the first half-meter of the blade length was
assumed fixed. For simplicity, the spar cap thickness over the
rest of the cylindrical section was assumed constant but not
fixed (from r =2 to r = 11.75 — note that these locations were
normalized by the blade length to accommodate resizing of
the rotor diameter). Over the outer portion, spar cap thick-
ness was parameterized in the exact same way as the twist
distribution (defined at four linearly spaced stations and fit
with an Akima spline), except for the spar cap thickness at
the blade tip, which was fixed to prevent unrealistically small
thicknesses. The parameterization of the spar cap thickness
is shown in Fig. 3.

The baseline spar cap thickness was not resized using a
best fit to the reference model. Because a preliminary version
of the 5-MW reference structural layup was used, the struc-
ture was found to buckle at the extreme load case. Though
the buckling model used in this analysis was simplistic, the
results were consistent with a linear-buckling analysis con-
ducted in ANSYS, which also predicted buckling in the spar
cap and trailing-edge panels. Using an infeasible design as
the baseline would lead to rather unfair comparisons. In-
stead, the spar cap was resized to satisfy the buckling con-
straint everywhere along the span. The optimization problem
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Fig. 3. Parameterization of spar cap thickness distribution

Table 1. Various normalization and reference quantities for the
baseline design

AEP 20.6 x 10® kWh

Blade mass 18,246 kg

Turbine mass 657,180 kg

Tip deflection (at rated speed) 2.44 m

Cost of energy 0.0498 $/kWh

was defined as

minimize Myotor (X)
with respect to  x = {t1,f,13} 6)
subject to bm(x); >0, j=1,...,n

where bm is the buckling margin computed at every section
in the structure at the extreme load condition. (See Section
2.5 for a description of the buckling margin calculation —
note that a slightly larger safety factor Yy = 1.36 was used to
ensure that the baseline design was strictly feasible.)

For the remainder of the paper, all reference quantities
refer to the modified baseline model, as opposed to the origi-
nal NREL 5-MW reference model. Some of the relevant ref-
erence quantities for the baseline model are defined in Tab. 1.

2.5 Optimization Strategy and Constraints

Several optimizers, both commercial and open source,
were tested on the optimization problems described in this
paper. The active-set algorithm of MATLAB’s function
Jmincon(), which uses a sequential quadratic programming
method, was found to be the most robust for these particular
problems and was used for all reported results.

Gradients were estimated using central differencing, and
a multistart approach was used to increase the likelihood of
finding the global optimum. Early on, forward differenc-
ing was used to estimate the gradients, and the multistart

approach was found to be necessary, because some starting
points terminated prematurely. However, the better gradi-
ent estimates provided by central differencing resulted in im-
proved convergence behavior, and even with multiple start-
ing points, the same optimal solution was always found.

All objectives and constraints were normalized to be of
order one for improved scaling. For example, an objective
minimizing the ratio of turbine mass to AEP is implemented
as

mi m/my

Mo 7
" AEP/AER, @

In the following optimization problems, these normalization
constants are not explicitly written to reduce clutter; the ob-
jective is simply denoted as minimum m/AEP. All solutions
were converged to a function tolerance of 1 x 107® and a
constraint tolerance of 1 x 107>, Bound constraints were set
large enough to never be active, unless otherwise noted.

A real turbine must be designed to meet a very large
number of structural constraints [18], but only a handful of
representative cases were used for this purpose. First, an ul-
timate strength analysis was performed at an extreme load
condition. The 50-year extreme wind condition is defined
as Voso = 1.4Vt (Vier = 50 m/s for class I turbines) [18].
The distributed weight loads were added to the aerodynamic
loads at 0 degrees pitch and the 3 o’clock azimuthal position,
which is the worst case for the edgewise loads.

A maximum strain condition was used

1
€50 < ——€u > —€50 (®)
Vf¥Ym

where the partial safety factor for loads (yr) was set at 1.35,
and the partial safety factor for materials (7y,,) was set at 1.1
per the IEC requirements [18]. (For actual designs the ma-
terial and loading partial safety factors are more involved
than using a simple number, and should include additional
knockdowns for uncertainty in material properties, expected
environmental conditions, and other areas of uncertainty. For
the purposes of this paper, this additional complexity is un-
necessary.) Because the spar cap is primarily carbon, repre-
sentative numbers of ultimate strain in tension and compres-
sion are about 2% and 1%, respectively. Conservatively, the
smaller value of 1% was used as the ultimate strain (€,;).
Only the strain from a few representative sections was used
to reduce the number of constraints. The sections were bi-
ased inboard because those were the critical locations. The
sections were at 0%, 11.1%, 30%, and 63.3% of the blade
length on both the upper and lower surface. Although using
a large number of constraints is not problematic, it is also
not necessary because the chord and thickness must vary
smoothly due to the parameterization, which leads to rela-
tively smooth variations in the strain.

Panel buckling was estimated using the simplified
method described in Section 2.2.3. The buckling margin was



computed as

_ €50Yr — €cr
Eulr

bm >0 ©))

where both values are negative because the structure is in
compression for a buckling condition, and the ultimate strain
is only used for scaling purposes. Similar to the strain case,
only a few representative stations were used. These stations
were at 16.7%, 36.7%, 63.3%, and 83.3% of the blade length
on the upper surface only.

Although the constraints on extreme loading are useful
when sizing the structure, without additional constraints the
optimum structures would be far too flexible to be practi-
cal. As a result, constraints on the maximum tip deflection
and natural frequency of the blade were added to ensure ade-
quate stiffness. The deflection of the structure was computed
at rated speed in the 3 o’clock azimuth position (worst case).
Because the conceptual rotor design did not often have a de-
fined substructure model, we could not use blade-strike as
the constraint criteria. Instead, we assumed that the base-
line rotor was designed with adequate stiffness and therefore
constrained the deflection to be within 10% of the baseline
tip deflection.

3 < 1.14 (10)
To avoid structural resonance issues, the first natural fre-
quency (and thus all natural frequencies) of the blade should
be above the maximum rotor blade passing frequency
W > Yfreq(3Qrate¢!) (] ])
where the safety factor Yy,., was set to be 1.1. The maximum
rotation speed occurs at rated speed, and the factor of 3 came
from the number of blades.

The fatigue strength at the root was computed for a 20-
year lifetime, as discussed in Section 2.2.3. The fatigue con-
straint was imposed as

*Sf < Oroot-gravity < Sf (12)

Finally, a constraint on the maximum tip speed was im-
posed as a surrogate for a noise constraint. This constraint
was not imposed by the optimizer, but was implemented di-

rectly into the analysis.
The nominal optimization problem is outlined below:

minimize J(x)
X

subject to ultimate strain (Eqn. (8))
spar cap buckling (Eqn. (9))
tip deflection at rated speed (Eqn. (10))
blade natural frequency (Eqn. (11))
blade root fatigue due to gravity (Eqn. (12))

max tip speed (imposed directly in analysis)

Because this set of constraints is repeated in subsequent
optimization problems, it will be referred to as ¢y (x), where
the constraints are reorganized as needed so that feasibility
occurs when ¢, (x) < 0. Design variables are summarized in
Tab. 2. Not all design variables were used in every problem.
As stated earlier, airfoil thickness was changed through the
chord distribution, as the nondimensional airfoil shapes were
fixed.

Table 2. Design variables used in the optimization problems

Description Name (# of variables)
Chord (Fig. 1) {c} (5)

Twist (Fig. 2) {6} 4

Spar cap thickness (Fig. 3) {t} (3)
Tip-speed ratio in Region 2 A1)

Rotor diameter D (1)
Machine rating rating (1)

3 Results

The studies in this paper examine the impact of using
the following objectives to optimize a wind turbine rotor:
maximizing annual energy production (AEP), minimizing
the ratio of turbine mass to AEP, and minimizing cost of en-
ergy. Fundamental differences and important considerations
of each case are highlighted.

3.1 Maximum Annual Energy Production

Although typically the most appropriate metric for wind
turbine optimization is minimizing the cost of energy (COE),
many studies focus on optimizing the aerodynamic perfor-
mance of a wind turbine rotor, either by maximizing power
at a fixed speed, or maximizing AEP for a given wind dis-
tribution. Pure aerodynamic optimization may be done for a
variety of reasons, such as: an appropriate structural model is
not available to the designer, an appropriate cost model is not
available, the organization separates aerodynamic and struc-
tural design, or high-fidelity tools are used and for compu-
tational efficiency the aerodynamic and structural optimiza-
tions are decoupled. This section examines when pure aero-
dynamic optimization might be a suitable practice. In other
words, under what circumstances does maximizing AEP, or
sequentially maximizing AEP and then minimizing mass,
yield a good design? A “good design” in this study means
that it achieves a similar cost of energy as the minimum COE
design.

Unfortunately, maximizing AEP without at least some
consideration of the rotor mass is not a particularly well-
defined problem. Part of the difficulty with using maximum
AEDP as an objective is that a multitude of solutions exist that



produce essentially the same AEP (in other words, many lo-
cal optima exist). To clarify, consider the related optimiza-
tion problem

maximize AEP(x)
with respect to  x = {{c},{0},A} (13)
subject to Cser <0

Mpjade = M

where m, is a constant mass value. The result of repeating
this optimization problem at several discrete constraints on
the blade mass m, is shown in Fig. 4. Essentially the same
AEP can be achieved across a wide range of designs with
very different masses. Point M1 is noted on the figure as a
design with the same mass as the baseline design. Clearly,
point M1 is superior to all points to the right of it, because
it achieves essentially the same AEP, but with significantly
reduced mass.
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Fig. 4. Maximum annual energy production for different designs.
Each design was constrained to have a different blade mass. Point
M1 is highlighted and corresponds to the maximum AEP solution,
with the mass constrained such that 77,4, = 1.

Although design M1 is superior to other designs in Fig.
4 with the same AEP, we presume that structural calculations
are not available to a designer attempting to maximize AEP
(otherwise a different objective would be used). Clearly, a
more reasonable strategy is to maximize the AEP while con-
straining the mass using a surrogate. Unfortunately, choos-
ing an appropriate surrogate constraint is not straightforward.
One possibility is to constrain the root bending moment to be
the same as the reference design. However, this is often not
a helpful constraint. For example, if we define the problem

as

maximize AEP(x)

with respect to  x = {{c},{0},A}
Viip <Viipmax
Mproor < Mprooo

14
subject to 14

then the solution is exactly the same as if the root bending
moment constraint was not included. This is because maxi-
mum AEP designs tend to decrease in root bending moment
even without the constraint. Every point in Fig. 4 actually
has a lower root bending moment than the reference design.
For example, Fig. 5 compares the flapwise loads on the base-
line design and design M1. The optimized design has larger
loading inboard but decreased loading outboard; the net ef-
fect is that the root bending moment decreases slightly. Thus,
including a root bending moment constraint would have no
effect on the optimal solution.
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Fig. 5. Flapwise loading for the baseline design and the maximum
AEP solution with fixed mass (design M1). The root bending moment
for the optimized design decreases, even without a root bending mo-
ment constraint.

A number of other potential surrogate constraints were
evaluated. One of the more useful ones comes from con-
ceptual aircraft design, where the wing weight is assumed to
consist of a portion that scales with the planform area and a
portion that scales with the required loading. The portion of
the mass that scales with the bending loads can be estimated
as [31]

15)

The assumptions are more of a stretch for wind tur-
bine blades, because the composite structure can vary sig-
nificantly in effective density, and the blade structure is gen-
erally not fully stressed. Even with these limitations, this



metric is still likely to be more useful than root bending mo-
ment, because it captures the penalty of a shrinking structural
box. Note that, while a uniform 7/c is often assumed for air-
craft design, an estimate for the actual airfoil 7/c distribution
is necessary to use this metric for wind turbine applications,
because the variation is typically very significant.

Constraining the planform area S, and the mass index
izero Should help constrain the mass of the optimized design.
If manufacturing or transportation limitations are known, a
constraint on the maximum chord may be used instead of,
or in addition to, a constraint on the area. However, even all
these constraints are generally insufficient to prevent imprac-
tical solutions. Typically, the optimal solution is to decrease
the root chord in exchange for a larger chord at the point
of the maximum chord. This is slightly better aerodynami-
cally, but is considerably worse structurally. To prevent this
penalty, we added a constraint on the stress at the root of the
blade. For a thin shell circular section at the blade root, the
stress is equal to

Mbr

- (16)

Croot =

where r is the radius of the circular section and ¢ is the shell
thickness. In this optimization problem, the internal structure
was fixed so

M,

2 7)

Groor <

The “AEP 1st” optimization problem was done sequentially
as follows

maximize AEP(x)
with respect to  x = {{c},{0},A}
subject to Viio < Viipmax
iaero < iaeroo
Sotan < Spi
plan , plany ) (18)
(Mb/r )mot < (Mb/r )moto
minimize m(x)

with respect to  x = {¢}
subject to Cser(x) <0

The resulting design achieved a relatively high AEP, though
not quite as high as the maximum (0.39% increase compared
to 0.56%); however, it achieved this AEP with a slight de-
crease in blade mass (0.5%). The net result was a 0.3% re-
duction in cost of energy. Even though this is a much better
solution than simply maximizing AEP, it is still far from a
minimum COE design. This is because the minimum COE
solution does not just avoid a mass increase, but achieves
a significant mass decrease. Because the blade shape is al-
ready dictated by the aerodynamic optimization, the poten-
tial to minimize mass is limited to only changing the internal

structure. When the aerodynamic and structural disciplines
are coupled in shaping the blade, much greater net benefits
are possible.

If the disciplines must be decoupled, an alternative ap-
proach is to allow the structural analysis to dictate the blade
shape and the aerodynamic analysis to dictate the airfoil
shape (only the twist distribution for this problem). Then
the structural analysis must be repeated one final time to en-
sure that the constraints have been satisfied. This approach
was used in the “mass 1st” problem, which was defined as

minimize m(x)

with respectto  x = {{c},{¢r}}

subject to Cser(¥) <0

maximize AEP(x)

with respectto  x = {{6},A} (19)
subject to Viip < Viipmax

minimize m(x)

with respect to  x = {{c},{t}}

subject to Cser(x) <0

Minimizing mass, even when subject to the constraints, is not
a particularly well-defined problem. The solution depends
on the choice of variable bounds. In the “mass 1st” problem,
the tip chord shrunk to the lower bound (0.5 m) and the po-
sition of the maximum chord (7, in Fig. 1) moved to its right
bound (40% blade fraction). Moving to the extreme bounds
allowed the optimizer to minimize mass near the root where
the structure was heavy, while still keeping a large enough
chord at the root to satisfy the fatigue constraint. For the
“mass 1st” problem, the mass of the blades decreased sig-
nificantly (6.6%), but the AEP also decreased (0.9%). There
was a net decrease of 0.35% in cost of energy, but this is not
a particularly useful design technique because the results are
sensitive to the choice of bounds on the chord distribution.

We compared these designs to the more appropriate
objective—the minimum cost-of-energy (“min COE”) de-
sign

minimize COE(x)
with respectto  x = {{c},{0},{¢}, A} 20)
subject to Cset(x) <0

The AEP, turbine mass, and cost of energy of the three opti-
mized designs discussed in this section are compared in Fig.
6. The “AEP 1st” design maximizes AEP first and then min-
imizes mass (Eqn. (18)). The AEP optimization has con-
straints on the planform area and bending moment distribu-
tion. The “mass 1st” design minimizes mass first and then
maximizes AEP (Eqn. (19)). Changes in the chord distribu-
tion are dictated by the structural optimization. The “min
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Fig. 6. Comparison between sequential aerodynamic and structural
optimizations and an integrated aerodynamic and structural optimiza-
tion. The percent change in mass is relative to the total turbine mass.

COE” design minimizes the cost of energy, which is the ac-
tual target objective (Eqn. (20)). Although only the rotor
mass is optimized, the percent change in total turbine mass
is shown in this figure (using constant mass values for the
rest of the turbine). The mass of the rest of the turbine is
added because the rotor mass changes by a relatively large
percentage and would overwhelm the scale of the figure. The
masses for the rest of the turbine come from those defined
for the NREL 5-MW reference model [26] (my,,, = 56,780
kg, muacerie = 240,000 kg and m; e = 347,460 kg). Finally,
the chord and twist distributions of the optimized designs are
compared in Fig. 7.

With the inclusion of reasonable constraints to limit
mass changes, maximizing annual energy production by
shaping the blade and subsequently minimizing mass by
changing the internal structure can lead to designs that de-
crease the cost of energy. However, the impact is much
smaller than it could be, because minimum cost-of-energy
designs tend to decrease mass until structural constraints be-
come active. This is very difficult to approximate without
including a structural model and a corresponding integrated
metric into the optimization.

On the other hand, with reasonable bounds on the de-
sign variables, minimizing the mass by changing the blade’s
external and internal structure and subsequently maximizing
aerodynamic performance by changing the airfoils and tip-
speed ratio can also lead to designs that decrease the cost of
energy. However, aerodynamic performance suffers and the
result is significantly suboptimal compared to designs that
integrate the aerodynamic and structural analyses and use a
relevant combined metric.
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Fig. 7. Chord and twist distribution for the three designs that were
examined

3.2 Minimum Turbine Mass/AEP

Clearly, it is beneficial to directly integrate the aerody-
namic and structural analyses in the optimization problem.
Although maximizing AEP and minimizing mass sequen-
tially is not particularly effective, an appropriate combined
aero/structural metric can be useful. For designs with fixed
materials, a reasonable choice is to minimize the ratio of the
turbine mass to the annual energy production my,,pin. /AEP.
This objective can be motivated by the cost-of-energy equa-
tion, which includes capital costs and operating expenses in
the numerator and AEP in the denominator

FCR - (TCC +BOS) + 0&M
AEP

COE = 2D

where FCR is a fixed charge rate. In the absence of a detailed
cost model, the assumption might be made that the capital
costs and operating expenses will scale proportionally with
the overall turbine mass.

For the remainder of this section, the mass of the turbine
is simply denoted as m, rather than m,,p;n.. To compare the
effectiveness of minimizing m/AEP with minimizing COE,



a number of studies were examined. The first study com-
pared optimal turbines using both objectives at a fixed rotor
diameter and a fixed machine rating (5-MW). The rotor di-
ameter was varied at several different values to observe the
trends in performance. The optimization problem was de-
fined as
minimize COE(x; D) or m(x;D)/AEP(x; D)
with respect to  x = {{c},{0},{¢},A}
Cser () <0

(22)
subject to

Although two separate objectives were used, for com-
parison purposes, both final designs were evaluated using the
cost-of-energy metric. The difference in cost of energy be-
tween the two objectives as a function of rotor diameter is
shown in Fig. 8a, and the variation in m/AEP is shown in
Fig. 8b.
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Fig. 8. Designs with minimum m/AE P as a function of rotor diam-
eter

The metric m/AEP resulted in significantly suboptimal

designs (suboptimal in terms of COE—they were the optimal
solution for the chosen metric of minimum m/AEP). Both
metrics found very similar designs for diameters smaller than
the reference design, but for larger diameter rotors, the mini-
mum m/AEP designs had about a 1% higher cost of energy.
The reason for this discrepancy is that the metric m/AEP
overemphasizes the role of the tower mass. Figure 9a shows
the relative contribution to total mass from the different com-
ponents of the turbine and Fig. 9b shows the relative contri-
bution to total cost for the baseline design. The tower domi-
nates the mass of the turbine at about 53%. However, it con-
tributes a much smaller fraction to the total costs (about 9%).
These relative contributions are typical of land-based tur-
bines [32]. Thus, when the objective is to minimize m/AEP,
the contribution of the tower plays a disproportionate role.
At least, a fairly accurate optimal rotor diameter is predicted
using this metric (Fig. 8b), which is not always the case with
m/AEP metrics.

The difference between the minimum COE and mini-
mum m/AEP designs can be seen more clearly by examin-
ing the chord and twist distributions as the rotor diameter
increases. Figure 10 compares the optimal chord and twist
distribution for the two metrics at D/Dy = 1.05. The mini-
mum m/AEP design attempts to sacrifice rotor performance
to reduce thrust and decrease tower mass. We observe that
the minimum m/AEP design uses a thinner structure out-
board to reduce thrust (and power) and unloads the tip sig-
nificantly to further reduce thrust. To compensate for the re-
duced structure, the design has a much higher spar cap thick-
ness outboard. Compared to the minimum COE design, the
minimum m/AEP design produces 7.7% less thrust at rated
speed, which allows for a 6.7% lighter tower. At the same
time, the annual energy production decreases by 1.9%. Be-
cause the contribution of the tower mass is so large, the net
effect is still a reduction in m/AEP. In this case, minimiz-
ing m/AEP is not a good surrogate for minimizing cost of
energy (though it is better than just maximizing AEP).

To improve the predictive ability of m/AEP, other alter-
natives may be considered. For example, if tower mass is
disproportionately emphasized in minimizing m/AEP, per-
haps the tower mass could be fixed. However, ignoring the
tower completely and minimizing m,.,, /AEP is not a useful
option. Similar to the previous example, this metric overem-
phasizes the effect of the rotor mass and thus leads to optimal
solutions that reduce rotor mass at great expense to aerody-
namic performance. Instead, including a fixed tower and na-
celle mass is a much more reasonable approach. We defined

Mfixed = Mplades + Mother (23)

where the mass of the blades was estimated as before, but
the contributions of the other components were fixed at the
values reported for the NREL 5-MW reference model [26]
(mpyp, = 56,780 kg, mygeerre = 240,000 kg, and mypper =
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Fig. 9. Relative contributions to total mass and total cost of the
baseline design. Cost contributions already include the fixed charge
rate and tax rate. The tower contribution is of particular note.

347,460 kg). The optimization problem was then defined as

minimize Mfixed(x;D) /AEP(x; D)
with respect to  x = {{c},{0},{¢},A}
Cset(x) <0

(24)

subject to

The minimum m f;x.q /AEP designs are compared to the
minimum COE designs as a function of rotor diameter in
Fig. 1la. Although the first design was not optimized for
minimum COE, both designs were evaluated for cost of en-
ergy to facilitate a comparison. We note that this objective
produced essentially the same designs as the minimum COE
designs, which is somewhat fortuitous. The constant nacelle
and tower masses played a fractional role that was similar
to the role of the balance-of-station (BOS) and operation
and maintenance (O&M) costs in estimating cost of energy
(though they were not precisely constant). Figure 9 shows
that the rotor mass and rotor costs consume similar fractions
of total mass and total cost, respectively.

However, there is still a problem with the metric
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Fig. 10. Comparison of chord and twist distributions for minimum
COE and minimum m/AEP design at D/Dy = 1.05

Myixed/AEP. The use of this metric implies that a cost-of-
energy estimate is absent. Figure 11b shows the variation
in mixeq/AEP as a function of rotor diameter. We see that
the trend is completely opposite to that of the cost of en-
ergy. Although the trend may not always reverse, the relative
change between designs will certainly differ between the two
metrics. As the rotor diameter increases, the annual energy
production decreases faster than m ;.4 increases. The large
discrepancy occurs because only the rotor mass is changing
in mfieq, and it is a relatively small component of the to-
tal mass. On the other hand, as the rotor diameter increases,
turbine capital costs generally increase at a much faster rate
than m ;. (BOS and O&M costs also increase somewhat).
These results suggest that m ;g /AEP may work well for
fixed diameter optimizations, but for variable diameter stud-
ies, this metric will not predict the correct rotor diameter, and
may, in fact, suggest very different optimal diameters.

We also explored other approaches designed to prevent
overincentivizing a reduction in tower mass by reformulat-
ing the optimization problem [31]. None of the approaches
allowed for designs that were similar to minimum cost-of-
energy designs, and simultaneously predicted correct opti-
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mal diameters. However, the metric m/AEP can still be use-
ful for designs with a fixed rotor diameter and power rating.
Because the mass of the tower is such a large portion of tur-
bine mass, and tower cost is not nearly as large of a fraction
of total cost, the problem must be carefully designed to pre-
vent the optimizer from taking advantage of this difference.

3.3 Minimum Cost of Energy

Though cost of energy is clearly a superior metric, a de-
terministic model may still be insufficient to produce robust
designs. Even a relatively simple example can illustrate this.
Consider that all designs discussed in this paper have been
optimized for a fixed wind speed distribution (Rayleigh dis-
tribution with a mean wind speed of 10 m/s). However, even
though a manufacturer designs a wind turbine for a particu-
lar wind power class, the turbine may end up being installed
across a wider range of wind inflow conditions. We con-
sidered a scenario where the wind turbine was instead de-
signed from the outset for use in a wide range of wind power
classes (mean wind speeds of 6.4-11.9 m/s at 50 m above
the ground). The turbine was optimized to minimize the ex-

pected value of the cost of energy across those wind speeds,
and the 50-m wind speed was used as a proxy for the hub
height wind speed. We gave each wind speed an equal weight
(uniform distribution), though any distribution could be used
just as easily. The optimization problem was defined as

< COE(X;thb) >
Vi ~ U(6.4,11.9)

x={{c},{0},{t},\,D,rating}
Cser(X) <0

minimize

where
. (25)
with respect to

subject to

The cost of energy as a function of wind speed is shown
for the optimal solution as compared to the point design,
which minimizes COE at V,;, = 10 m/s in Fig. 12. While
the point design has a slightly lower cost of energy at the de-
sign point of Vj,,;, = 10 m/s, the robust design has a much
lower cost of energy at the lower wind speeds. The opti-
mal blade shapes are similar; the main difference is that the
robust design has a 16% lower machine rating to achieve a
higher capacity factor at the lower wind speeds. This also
allows the robust design to use a 3.4% larger radius and still
satisfy the structural constraints. The net result is that the
robust design achieves a 1.2% lower average cost of energy
than the point design. Although there are clear benefits to
site-specific design, even within a single site the variation in
wind conditions may have a considerable impact.
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Fig. 12. Cost of energy as a function of hub wind speed for a point
design that was optimized at 10 m/s, as compared to a robust de-
sign that was optimized to minimize the expected value of the cost of
energy across the wind speeds

Structural sizing constraints are affected by uncer-
tainty associated with manufacturing, loading conditions,
and safety factors; performance metrics are affected by vari-
ability in the wind speed distributions, availability, and other
losses. Characterizing the uncertainty of the model inputs
and performing optimization under uncertainty is important
to achieve robust designs.



4 Conclusions

In this paper, we discussed the limitations of various ob-
jectives that are commonly used in wind turbine optimization
problems. The specific optimized designs produced in this
study are not of primary interest, as they will vary depending
on the assumptions and fidelity of the model. However, the
relative differences in performance between different objec-
tives highlight the following fundamental conclusions.

First, maximizing annual energy production typically
leads to significantly suboptimal designs (in terms of cost
of energy), even when the internal structure is subsequently
optimized. Part of the difficulty is that similar aerodynamic
performance can be achieved with designs that have very dif-
ferent masses. Appropriate aerodynamic surrogates for mass
and structural limitations are helpful, but are still consider-
ably inferior to a true structural model. Shaping the blade
to minimize mass and subsequently optimizing airfoil sec-
tions for maximum aerodynamic performance is not any bet-
ter. Although both approaches lead to decreases in cost of
energy, they are inferior to metrics that combine the aerody-
namic and structural performance.

Second, minimizing the ratio of turbine mass to annual
energy production can be a useful metric, but only for cer-
tain design problems and only if used with care. Even if a
nacelle and tower model are not used, a constant estimate of
their mass must be included, otherwise potential decreases in
rotor mass are overemphasized, which can lead to extremely
suboptimal aerodynamic performance. As the rotor diame-
ter (and thrust) change, exactly how the tower mass is esti-
mated can substantially affect the optimal result. If a fixed
tower mass is used, then the optimization works well at a
fixed rotor diameter, but for a variable-diameter design, it
predicts a very inaccurate optimal diameter. This error arises
because, without changing the size of the nacelle or driv-
etrain, the ratio of turbine mass to annual energy produc-
tion decreases much faster than it otherwise should. On the
other hand, when the tower is allowed to resize, the prob-
lem must be constructed very carefully. The difficulty is that
tower mass consists of a large portion of total mass, but tower
cost is a rather small contribution to total cost. Thus, us-
ing m/AEP as the objective significantly overemphasizes the
role of the tower. Without careful construction of the prob-
lem, the objective m/AEP overincentivizes the optimizer to
decrease tower mass at the expense of aerodynamic perfor-
mance. With carefully constrained designs, this metric can
work quite well for a fixed rotor diameter, but it may still lead
to incorrect optimal diameters for variable-diameter designs.
For variable machine rating problems (or designs where the
material is varied), this metric is not helpful at all.

Finally, minimum cost of energy is the appropriate met-
ric to balance aerodynamic and structural performance with
plant-level and operational costs. However, the fidelity of the
cost model can dramatically affect the results. Along with
increased fidelity in the physics, increased fidelity in cost
modeling is needed. Furthermore, simply minimizing cost
of energy may not be the most appropriate metric, because
turbines need to be designed to perform well in a variety of
conditions. Even within a single site, environmental condi-

tions may vary significantly. Many of these inputs are in-
herently stochastic, and uncertainty exists in operational and
model parameters. These considerations suggest that simply
minimizing cost of energy will lead to inferior designs, and
that optimization under uncertainty is particularly important
given the stochastic nature of the wind.

This paper has highlighted many of the important design
considerations in choosing appropriate objectives for wind
turbine optimization problems. However, many opportuni-
ties exist to improve upon the insights discussed here. Rather
than using scaling relationships, full physics-based models
for the drivetrain and tower can be used. This will lend ad-
ditional degrees of freedom to the optimization problem, al-
low for more rigorous sizing constraints, and lead to a better
understanding of the trade-offs in rotor aerodynamic perfor-
mance and turbine weight. The capital cost models used in
this study are very simplistic; more detailed cost models are
needed to better capture the effect of materials and manufac-
turing costs that are the result of changes to the structural ply
schedule and blade shape. More thorough studies combin-
ing optimization with uncertainty quantification are needed,
along with a better understanding of the nature of the uncer-
tainties associated with the environmental conditions, physi-
cal processes, and cost metrics. Some of these potential im-
provements are currently being investigated.
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