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Abstract*† 
Active aerodynamic load control of wind 
turbine blades has been heavily researched for 
years by the wind energy research community 
and shows great promise for reducing turbine 
fatigue damage.  One way to benefit from this 
technology is to choose to utilize a larger rotor 
on a turbine tower and drive train to realize 
increased turbine energy capture while 
keeping the fatigue damage of critical turbine 
components at the original levels.  To assess 
this rotor-increase potential, Sandia National 
Laboratories and FlexSys Inc. performed 
aero/structural simulations of a 1.5MW wind 
turbine at mean wind speeds spanning the 
entire operating range.  Moment loads at 
several critical system locations were post-
processed and evaluated for fatigue damage 
accumulation at each mean wind speed.  
Combining these fatigue damage estimates 
with a Rayleigh wind-speed distribution yielded 
estimates of the total fatigue damage 
accumulation for the turbine.  This simulation 
procedure was performed for both the turbine 
baseline system and the turbine system 
incorporating a rotor equipped with FlexSys 
active aerodynamic load control devices.  The 
simulation results were post-processed to 
evaluate the decrease in the blade root flap 
fatigue damage accumulation provided by the 
active aero technology.  The blade length was 
increased until the blade root flap fatigue 
damage accumulation values matched those 
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of the baseline rotor.  With the new rotor size 
determined, the additional energy capture 
potential was calculated.  These analyses 
resulted in an energy capture increase of 11% 
for a mean wind speed of 6.5m/s. 
 
1. Introduction 
Researchers at Delft Technical University (TU 
Delft) [1] and Risø National Laboratory/Danish 
Technical University [2] have demonstrated 
that active aerodynamic blade load control 
(AALC) can potentially decrease the blade flap 
fatigue loads on a wind turbine rotor by 
significant amounts.  A comprehensive list of 
devices that could be used for wind turbine 
blade load control has recently been compiled 
by Johnson, van Dam and Berg [3].  Among 
the promising technologies are flap-type 
devices, including conventional flaps and 
morphing trailing edges [4].  Lackner and van 
Kuik recently reported on a study of the load 
reduction capabilities of AALC using 
conventional flaps on a 5MW turbine [5]. 
 
FlexSys Inc, of Ann Arbor, Michigan utilizes 
distributed-compliance mechanisms that rely 
on elastic deformation of their elements to 
transmit motion and/or forces.  This design 
expertise and capability has enabled FlexSys 
to develop morphing trailing edges for aircraft 
wings [6].  A morphing trailing edge is a 
structure that contours to precisely-determined 
aerodynamic shapes while creating a smooth 
and continuous surface, supporting 
aerodynamic loads, minimizing actuator forces, 
and withstanding lifetimes of operation.  These 
structures can be smoothly and quickly 
deflected toward either the pressure or suction 
surface of the wing to form an effective flap, 
while avoiding the surface discontinuities and 
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air gaps common to conventional flap systems.  
The compliant structure is designed and 
optimized to minimize actuator effort and 
maximize the airfoil surface stiffness to air 
loading.  The morphed flap has a lift 
characteristic comparable to that of a 
conventional flap, but with a significant 
reduction in drag increment during extreme 
flap deflections.  Figure 1 illustrates the 
National Renewable Energy Laboratories 
(NREL) S825 wind-turbine airfoil with a 20% 
chord conventional flap and morphed trailing 
edges deployed at +/- 20°.  The smooth 
surfaces of the morphed trailing edges are far 
less likely to cause flow separation than are 
the surface discontinuities of the conventional 
flaps. 
 

 
Figure 1. Conventional Flap and Morphed 
Trailing Edge Flap Shapes, 20% Chord, +/-
20° Deflection. 
 
FlexSys is now interested in the application of 
this morphing trailing edge technology to wind 
turbine blades and has entered into a 
Cooperative Research and Development 
Agreement (CRADA) with the Wind Energy 
Technology Department of Sandia National 
Laboratories to study that application on the 
WindPACT 1.5 MW turbine [7].  Sandia has 
performed extensive simulations of several 
turbine configurations using two different 
control algorithms and has analyzed the 
results to estimate the increased energy 
capture and benefits of integrating the FlexSys 
technology into the tip region of the turbine 
blades.  Concurrently, FlexSys has developed 
a composite version of their morphing trailing 
edge technology, investigated methods to 
integrate it into a wind turbine blade and 
estimated the costs associated with that 
integration and the long-term Operations and 
Maintenance (O&M) of the resultant turbine. 
 
2. Simulation Method 
2.1 Overview 
A full assessment of the impact of 
implementing active aerodynamic blade load 

control on wind turbine cost of energy (COE) 
would first require the design of a new turbine 
from the ground up with active aerodynamic 
load control technology in mind.  Once that 
design is complete, one would have to develop 
detailed cost estimates for every component of 
that turbine, estimate O&M costs, determine 
the energy capture at various wind speeds and 
compute the COE.  This is a major effort and 
the resultant cost figures will be subject to 
considerable error, leading to large uncertainty 
in the turbine COE figures. 
 
For this effort we have developed an 
alternative procedure to quickly establish a 
reasonable (and conservative) estimate of the 
probable impact of a variety of AALC devices 
on turbine COE.  Under this scenario, the 
fatigue damage accumulations at critical 
locations on an existing utility-size turbine (the 
“baseline” turbine) are determined for wind 
speeds spanning the wind turbine operating 
range.  Active aerodynamic load control 
devices and an associated controller are 
added to the turbine rotor and these fatigue 
calculations are repeated.  Comparison of the 
results for the AALC configuration with those 
for the baseline turbine reveals the impact of 
the particular AALC devices and controller on 
the turbine fatigue damage accumulations.  
The addition of AALC to the blades of a turbine 
can result in major decreases in flap bending 
moment fatigue damage accumulation at the 
blade root, the design-driver loading location 
for many utility-sized turbines operating in low-
to-moderate wind speed conditions. 
 
The ability to accomplish this without 
significant impacts on the fatigue damage 
accumulations at other wind-turbine drive train 
and tower locations is heavily dependent upon 
both the response rate of the AALC device and 
the development of an appropriate AALC 
control logic. 
 
This decrease in fatigue damage accumulation 
for the blade-root flap location means that we 
can either 1) redesign the turbine drive train 
and tower and remove material to compensate 
for the decreased loads, thus decreasing the 
capital cost of the turbine, or, 2) increase the 
length of the turbine blades (incorporating 
AALC) until the blade-root flap fatigue damage 



accumulation returns to what it was on the 
baseline rotor, increasing energy capture for 
the given drive train and tower.  We have 
elected to pursue this latter course of action, 
which we refer to as the “Grow-the-Rotor” or 
GTR approach. 
 
Figure 2 illustrates typical and GTR (10% 
longer blades) power curves for a 1.5MW 
turbine, together with a typical low-wind-speed 
wind distribution.  The usual control operating 
regions are also indicated on the figure.  A 
modified turbine with a larger rotor on this drive 
train cannot capture any more power than the 
baseline turbine in Region III, since both are 
operating at maximum generator power.  The 
turbine generates no power in Regions I and 
IV.  Thus, the only region that will be affected 
by an increase in blade length is Region II, 
where the power curve for a larger rotor will be 
shifted to the left, as illustrated by the dashed 
line and arrow on Figure 2.  The amount that 
the power curve is shifted to the left depends 
on the increase in blade length, as the power 
curve is defined as: 

PCAVP 2

2
1

∞= ρ ,  

Where: 
P is the turbine power 
ρ is the air density 
A is the rotor swept area (= πR2) 
R is the rotor radius 
V∞ is the free-stream wind speed, and 
CP is the coefficient of performance of the 

turbine 
 
For a given blade design, CP will not change as 
the rotor is increased in size.  Thus, the only 
variable that changes with the GTR approach 
is A.  As also indicated in Figure 2 by the wind 
speed probability curve, wind at a low wind site 
(<7.5 m/s, according to the International 
Electrotechnical Commission or IEC [8]) 
occurs in Region II for this turbine a large 
portion of the time.  Therefore, shifting the 
power curve to the left, even a small amount, 
will result in a significant increase in energy 
capture. 
 
In summary, as illustrated in Figure 3, the 
addition of morphing trailing edges to the 
existing blades results in a major decrease in 
the blade-root flap fatigue damage 

accumulation; growing the blades with 
morphing trailing edges until this accumulation 
approaches the original value results in 
increased rotor area.  This increased rotor 
area shifts the turbine power curve in Region II 
to the left, as illustrated by the dashed line in 
Figure 2, resulting in additional energy capture 
for the turbine. 

 
Figure 2. 1.5MW Wind Turbine Power Curve 
and 6.5m/s Rayleigh Wind Speed 
Distribution. 
 

 
Figure 3. Grow the Rotor Concept.  
Addition of AALC Results in Lower Fatigue 
Damage; Increase in Blade Length Results 
in Increase in Energy Capture. 
 
2.2 Simulation Details 
Turbine component fatigue accumulation 
calculations require time-series load histories 
at the turbine locations of interest at a number 
of mean wind speeds spanning the entire 
operating range of the turbine.  These load 



histories are generated with structural dynamic 
simulations of the turbine performed with the 
NREL FAST structural dynamics code [9], 
utilizing the NREL AeroDyn aerodynamic code 
[10] to compute the aerodynamic forces on the 
blades.  FAST utilizes a modal representation 
of the turbine to determine its response to 
applied forces.  AeroDyn utilizes the Blade 
Element Momentum (BEM)/Generalized 
Dynamic Wake (GDW) representation of 
aerodynamic loads, relying on airfoil 
performance characteristic lookup tables to 
determine the load at any angle of attack.  
BEM is used at wind speeds of 8m/s and less, 
GDW is used for wind speeds above 8m/s.  
The version of AeroDyn that is used in this 
work has been modified to model the effects of 
blade trailing edge deflection by selecting 
appropriate alternate lift and drag curves in 
response to control input from Simulink.  The 
MatLab/Simulink [11] control simulation code is 
used to model the AALC control logic for these 
simulations.  All turbine simulations are driven 
with 10-minute duration, 3-dimensional 
turbulent wind fields (IEC Normal Turbulence 
Model, Type A turbulence [8]) generated with 
the NREL TurbSim code [12].  Figure 4 
illustrates a typical 18 m/s mean wind speed 
profile seen at the turbine centerline.  These 
wind fields are generated to yield the 
appropriate mean wind speed and turbulence 
levels and statistical behavior, but the actual 
fields depend upon a random seed number – 
different seed numbers result in different wind 
fields.  At least six simulations (600 minutes) 
are run at each mean wind speed (with 
different random wind seeds) to develop 
representative load distributions.  The mean 
wind speeds at which we run the simulations 
are 4, 6, 7, 8, 9, 10, 11, 12 and 18m/s.  The 
critical turbine load locations that are 
monitored include blade root flap and edge 
bending moments, low-speed shaft torque, 
tower-base fore-aft and side-to-side moments 
and tower-top yaw bending moment. 
 
The critical location load time histories are 
rainflow cycle counted with the NREL Crunch 
code [13] and these results are used in linear 
damage calculations to determine the fatigue 
damage accumulation for each mean wind 
speed at each of the critical turbine locations.  
Assumptions are made in the fatigue damage 

calculations regarding the material exponent at 
each critical location; locations associated with 
the blade root were analyzed using an 
exponent of 10 while all other locations utilized 
an exponent of 3, corresponding to 
approximate values for fiberglass and steel, 
respectively.  Combining those accumulations 
with a Rayleigh wind speed distribution for a 
mean wind speed of interest yields an overall 
damage accumulation for each turbine location 
for that particular mean wind speed. 
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Figure 4. Turbulent Wind Speed Profile at 
Turbine Centerline for 18m/s Simulation. 
 
Fatigue damage calculations are well known to 
vary widely.  In order to minimize the impact of 
the particular fatigue calculation method used 
in these calculations, we evaluate the fatigue 
in terms of one-million cycle damage 
equivalent loads and determine the impact of 
modifications to the rotor by examining the 
ratios of damage accumulation at the critical 
locations to the damage accumulation for the 
baseline rotor at those same locations. 
 
Simulations of rotor response yield power 
curve estimates, and combining those with 
wind speed distributions yields anticipated 
energy capture figures for the rotor. 
 
2.3 Turbine Model 
The wind turbine analyzed in this work is the 
WindPACT 1.5MW turbine [6], an upwind, 3-
bladed, variable-speed, variable-pitch machine 
with a hub height of 84m and a rotor diameter 
of 65.9m.  Rated wind speed for this machine 
is 12.5m/s and cut-out wind speed is 22.5m/s.  
The blades utilize a combination of the SERI 
(now NREL) S818, S825 and S826 airfoil 



profiles.  The standard turbine controllers are 
fixed pitch, variable speed in control Region II, 
combined with constant power, variable pitch 
and variable speed in control Region III.  This 
is a conceptual – rather than an actual – 
machine; it was selected because the details 
of the model are available in the open 

erature. 
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2.4 Active Aer
Performance Tables 
The tables of lift and drag coefficients for each 
airfoil section comprising the blade, as 
functions of angle of attack, are required inputs 
for the FAST/Aerodyn code.  These tables for 
each airfoil geometry of interest, including 
those configurations with morphed trailing 
edges, are generated using the ARC2D [14] 
Computational Fluid Dynamics (CFD) code, a 
two-dimensional Navier-Stokes solver.  The 
CFD calculations utilize the Spalart-Allmaras 
turbulence model, in conjunction with upper 
and lower surface boundary layer transition 
locations determined with the XFOIL viscous 
panel code [15].  The use of CFD allows for a 
consistent method for determining changes in 
airfoil performance with the non-trivial shape 
changes associated with the active aero 
devices.  The time required to generate 
meshes for the CFD calculations of many 
different shapes is greatly reduced by using an 
automated mesh-generation tool [16] 
developed by the University of California at 
Davis and Sandia.  CFD solutions are obtained 
over an angle of attack range of -14° to +20°; 
the airfoil tables are then pre-processed using 
the AirfoilPrep spreadsheet [17], which applies 
the Viterna method to expand the performance 
tables to the full 360° range of angles of attack 
required by the FAST/AeroDyn code.  
AirfoilPrep also applies a delayed stall model 
to the airfoils t
ro
 
2.5 Controls 
In control region II, the standard controller 
operates the turbine in fixed-pitch mode with 
generator torque forced to be prop

th
2Ωk  =T
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which CPmax occurs 
ω is the rotational speed of the rotor an
Ω is the generator rotational speed. 

 
In control region III, the standard collective-
pitch controller utilizes blade pitch to control 

tor speed while maintaining ro
generator torque. 
 
The AALC control system is a Proportional-
Derivative (PD) feedback design that operates 
completely independently of the standard 
controller.  It uses blade tip deflection or tip-
deflection rate as the feedback and attempts to 
minimize deviation from the reference input 
signal.  This reference signal, for the tip-
deflection controller, is the nominal tip 
deflection, defined as the mean value of the tip 
deflection for the baseline turbine without 
AALC.  In future work, that input will be 
generated by a running real-time average 
computation.  The reference signal for the tip-
deflection rate controller is zero.  The 
simulation assumes both availability and ideal 
ensor feedbs

time delay. 
 
The active aerodynamic devices are 
considered to be fast-acting and capable of 
responding to high-frequency disturbances.  
Therefore, the integration of the AALC 
controller with the existing low-frequency blade 
collective pitch and generator torque control 

as been seamless, with no obh served impact 

actuator s

of either controller on the other. 
 
In the AALC controller design, the controller 
gains were selected to optimize maximum 
power output while minimizing blade root flap 
bending moment oscillations.  This 
performance criterion was restricted to avoid 

aturation; i.e., 

MAXactuatoractuator ββ ≤ (either +/-10° or +/-20° 
for the work reported here), where β is the flap 
deflection angle.  Initial simulations did not 
include any actuator rate constraints, while 
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companion paper by Wilson et al. [20] 
 
In Region II, the use of these AALC controls in 
conjunction with the normal turbine controller 
results in some reduction in blade-root flap 
fatigue accumulation.  However, operating 
AALC in this region also results in loss of 
energy capture, relative to that found with no 
AALC, and substantial fatigue of the AALC 
mechanisms.  Fatigue damage accumulation 
rates are also low in Region II, except in the 
near vicinity of Vrated.  Therefore, we can 
realize maximum energy capture from a rotor, 
without significantly increasing turbine fatigue 
damage accumulation, as well as minimize 
AALC wear, by simply turning off the AALC 
controller for wind speeds below 8 m/s.  
Rayleigh distribution fatigue damage 
accumulation and
re
control scenario. 
 
3. Morphing Trailing Edge and GTR 
Simulations 
We initially ran a complete set of simulations 
on the baseline 1.5MW turbine and performed 
the analysis summarized ab
fa
the critical turbine locations. 
 
The FlexSys morphing trailing edge load 
control hardware (10% chord, +/-20°deflection, 
with no deflection rate limitation) was added to 
the outer 25% of blade span in the turbine 
model.  The appropriate control logic was 
implemented into the simulator logic and the 
simulations, rainflow cycle counting and fatigue 
damage accumulations for each mean wind 
speed (the same wind fields at each mean 
wind speed as were used for the baseline 
computations) at the critical locations were 
recalculated.  These AALC results were 
compared with the baseline results to evaluate 
the changes in fatigue damage accumulations 
at each critical location.  Typical changes to 
the root flap bending moment resulting from 
adding AALC at 18m/s mean wind speed are 
illustrated in Figure 5.  Table 1 compares the 

one-million cycle damage equivalent load 
(DEL) of the standard-size rotor with AALC to 
the baseline rotor.  Adding AALC devices 
resulted in significant decreases in blade-root 
flap (30-36%), blade- root pitch (10-19%), 
tower-base fore-aft (13-22%) and tower-top 
yaw (27-39%) moment fatigue damage across 
all wind speeds, with essentially no effect on 
lo
tower-base side-side moment fatigue da
 

 
Figure 5. Example of Effect of Activ
A
Root Flap Bending Moment Time
 

is . 

O uivalent 
Load (AALC/Baseline) 

    

  7m/s  /s s9m/s 11m 18m/
Low Speed Shaft Torque -3 -1.8 -1.1 -3 
Blade Root Edge Moment 1 1.3 2.6 -0.9 
Blade Root Flap Moment -36.1  .1  -33.5 -30 -30.6
Blade Root Pitch Moment -18.5 -13.2 -10.9 -18.7 
Tower-Base Side-Side Mom -0.2 -1.9 -1 -6.7 
Tower Base Fore-Aft Moment -15.2 -21.7 -22.4 -13.4 
Yaw Moment -27.4 -35.3 -39 -36.8 
Table 1. Changes to Fatigue Damage 
Accumulation Resulting from the Addition 
of FlexSys Morphing Trailing Edge 
Technology.  Trailing Edge is 10% Chord, 
+/-20° Maximum Deflection, No Deflection 

ate Limit.  All Damage is % Change from 

apital costs), or 

R
the Baseline Levels. 
 
This major reduction in the rotor and tower 
fatigue damage gives the turbine designer two 
options: either redesign the turbine drive train 
and tower to capitalize on the reduced fatigue 
damage (thus reducing c
increase the size of the turbine rotor (thus 
increasing energy capture). 
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As mentioned earlier, we have elected to 
investigate the Grow-the-Rotor option.  For this 
initial investigation, we increased the length of 
the AALC-equipped blades by 10% (by scaling 
up the dimensions and properties of the blades 
in the FAST code, as required) and reran the 
simulations and fatigue calculations.  This 
approach to increasing the length of the blades 
is quick and cheap, but very approximate.  In 
general, a complete blade redesign may be 
required to provide an accurate model of the 
larger blade.  Table 2 summarizes the impact 
of this larger rotor on the turbine fatigue 
damage accumulations.  The increase in blade 
length resulted in small increases in fatigue 
damage accumulation for the low-speed shaft 
torque, the tower-base side-side and fore-aft 
moment and the tower-top yaw moment 
locations.  Thus, the tower base and drive train 
of the turbine should be adequate to support 
this rotor.  While the fatigue damage 
accumulation for the blade-root flap moment 
increased significantly (16-22%), it is still below 
the baseline level, indicating that the rotor 
could be grown more (assuming that this 
damage accumulation is the blade design 
driver).  The increase in blade length did result 
in a very large increase in fatigue damage 
accumulation for the blade-root edge location 
(40-50% above the baseline level) and the 
blade-root pitching moment (nearly 40% 
increase to 20% above the baseline level at 
lower wind speeds).  The increase in blade-
root edge is largely due to the increased 
periodic gravitational loads resulting from the 
added weight.  We do not consider these 
increases to be severe problems, as the 
increase has resulted in the blade-root edge 
moment fatigue accumulation rising only to the 
level where it is comparable to the blade-root 
flap moment fatigue accumulation.  A redesign 
of the blade (which would be necessary to 
refine the longer blade model) should be able 

 reduce both the edge moments and the 

tigue 
amage accumulation at this wind speed 

firm  

ne-million Cycle Damage Equ
e) 

to
pitching moments significantly. 
 
Typical cycle counting results for the blade-
root flap moment at 12 m/s for the baseline 
rotor, the baseline rotor with AALC and a 10% 
larger rotor with AALC are illustrated in Figure 
6.  Again, these results are for a 10% chord, 
+/-20° deflection, no rate limit configuration.  
Although the GTR rotor exhibits slightly 

increased cycle rate at the lower moment 
range, the maximum moment range is reduced 
and the cycle count for the higher moment 
ranges is reduced.  Therefore, the fa
d
should be reduced, as Table 2 con
 

s.

O ivalent 
Load (GTR-AALC/Baselin

    

  7m/s 9m/s 11m/s 18m/s
Low Speed Shaft Torque 5.8 2.8 -21 1.7 
Blade Root Edge Moment 47.2 46.5 43.4 42.8 
Blade Root Flap Moment -14.3   -13.7 -14.1 -11.2
Blade Root Pitch Moment 21.9 23.8 9.6 -8.9 
Tower Base Side-Side Moment 7.1 11.8 7.1 6.5 
Tower Base Fore-Aft Moment -2.3 -10.6 -18.7 -5.1 
Yaw Moment -16.9 -23.7 -28.3 -16.4 
Table 2. Changes to Fatigue Damage 
Accumulation Resulting from the Addition 
of FlexSys Morphing Trailing Edge 
Technology and 10% Increase in Blade 
Length.  Trailing Edge is 10% Chord, +/-20° 
Maximum Deflection, No Deflection Rate 

imit.  All Damage is % Change from the 

 Trailing Edge, 10% 
hord, +/-20° Maximum Deflection, No 

L
Baseline Levels. 
 

 
Figure 6. Rainflow Cycle Counting Analysis 
for Blade-Root Flap Location for 1.5MW 
Turbine with FlexSys
C
Deflection Rate Limit. 
 
We then ran a complete set of simulations and 
fatigue calculations for the 10% GTR/AALC 
case for 20% chord, +/-10°degree maximum 
deflection trailing edge, limiting the actuator 
rate to 100°/sec, a rate that FlexSys can easily 
achieve.  Those results are summarized in 
Table 3.  The two most right-hand columns in 



the Table summarize the fatigue damage 
accumulation results for a particular wind 
speed distribution.  For this configuration, the 
mean wind speed at the turbine site does not 
appear to have much impact on the blade-root 
edge, blade-root flap, blade-root pitch, or 
tower-base fore-aft moment fatigue damage 
accumulations.  However, the low-speed shaft 
torque, tower-base side-side and yaw moment 
fatigue damage accumulations are affected by 
the mean wind speed at the site.  Comparison 
of Tables 2 and 3 shows that the limitation of 
the actuator rate (and the change in trailing 
edge configuration) has a major impact on the 
fatigue load damage accumulation for all the 
critical locations except for the low-speed shaft 
torque and blade root edge moment.  The 
small positive value for flap moment indicates 
that the rotor really should be slightly smaller 
(perhaps 9% larger than the baseline rotor) to 
keep the resultant flap moment fatigue 
damage accumulation equal to that of the 
baseline rotor.  As shown in Figure 7, this GTR 
configuration results in both increased 
maximum moment range and increased cycle 
rate for the maximum moments for the blade-
root flap, relative to the baseline rotor.  
Obviously, for this configuration, the tower 
design will have to be checked carefully to 
ensure that it can tolerate the significantly 
increased fatigue damage accumulations.  
Only by running through the complete fatigue 
analysis were we able to determine the impact 

f these configuration changes on the turbine 
fatigue damage accumulations. 
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Figure 7. Rainflow Cycle Counting Analysis 
for Blade Root Flap Location for 1.5MW 
Turbine with FlexSys Trailing Edge, 20% 

hord, +/-10° Maximum Deflection, 100° per 

 capture increase ranges 
om 13% for a 5.5m/s mean wind Rayleigh 

wind distribution to 9% for an 8m/s Rayleigh 
distribution wind site. 
 

C
sec. Deflection Rate Limit. 
 

We also calculated the increase in energy 
capture resulting from growing the rotor by 
10% with this particular trailing edge 
configuration.  The results are summarized in 
Figure 8.  The energy
fr

 
Figure 8. Impact of GTR Approach on 
Energy Capture of 1.5MW Wind Turbine 
with FlexSys Trailing Edge, 20% Chord, +/- 

0° Maximum Deflection, 100° per sec. 
leigh Wind 

 
 additional energy capture, relative to what 

rsion of 

1
Deflection Rate Limit.  Ray
Speed Distribution. 
 
4. Simulation Limitations 
Obviously, the accuracy of the results reported 
here is limited by several inaccuracies in our 
modeling of the wind turbine and the AALC.  
First, we don’t account for any time delays 
between the impact of the wind on the blade 
and the controller response, or between the 
controller output and active aero device 
deployment.  Including appropriate delays will 
probably increase the amount of fatigue 
damage accumulation (decrease the amount 
of damage reduction) that is experienced with 
the GTR scenario, resulting in a smaller 
allowable rotor growth and a smaller increase
in
has been reported here.  Future work will 
include those time delays in the simulations. 
 
Second, these calculations don’t consider 
torsional deflections due to the pitching 
moments created by trailing edge deflections 
(FAST does not include a blade torsion degree 
of freedom).  We have acquired a ve
FAST that has been modified to include the 
blade torsion degree of freedom and plan to 
examine this effect in the near future. 



Finally, although the ultimate goal of our AALC 
technology is to deploy several independently 
controlled load control devices and appropriate 
sensors spanwise along the trailing edge of 
each blade, the modeling resolution of FAST is 
not adequate to simulate that geometry at this 
time.  For this work, each blade was modified 
with a single morphing trailing edge, extending 
from 75% to 100% of the blade span, and a 
single, tip-mounted sensor input.  Future work 
will investigate the impact of multiple sensor 

puts and morphing trailing edge spanwise 

revisio , 
as the e wind 

 cannot be defined as a simple Cp 
urve as is the case for the turbine without 

his reduction in fatigue 
amage creates new options for the turbine 

ntrol logic is to run a full 
et of simulations and perform the full fatigue 

ind 
ite, the turbine controller specifics, the AALC 

configuration and the AALC deflection rate. 
 

ne million Cycle Damage Equivalent Load 
(GTR-AALC/Baseline) 

in
twist, span, location, chord length and 
deflection rate on fatigue damage 
accumulation results. 
 
In reality, one might expect the GTR additional 
energy capture numbers that we obtain after 
implementing realistic time delays for the 
sensors and flap actuators to be somewhat 
conservative, as a full turbine design could 
better tailor all components to realize the full 
benefits associated with the active aero 
technology.  Those additional benefits might 
include reduced fatigue damage accumulation 
throughout the drive train and the ability to 
operate the blades closer to maximum lift, 
without concerns that a wind gust will induce 
stall.  AALC might also enable additional 
power generation in Region II, above the gains 
due to increased area, due to the ability to 
better optimize the power capturing capability 
of each blade tip.  Realizing this particular 
benefit, however, will require a complete 

turbine with AALC at any given wind speed 
certainly

n of current Region II control strategy
 optimum operation point for th

c
AALC. 
 
5. Conclusions 
This work has shown that, within the limitations 
of the FAST/AeroDyn simulation, adding active 
aerodynamic load control devices to a 1.5MW 
turbine has a dramatic impact on the fatigue 
damage accumulations at several critical 
turbine locations.  T
d
designer. 
 
Our investigation of the Grow-the-Rotor 
scenario shows that significant rotor growth, 
resulting in 10% or more additional energy 
capture, may be possible.  However, the 
amount that the rotor may be grown without 
causing additional fatigue damage to the 
turbine drive train and tower depends very 
heavily upon the details of the active 
aerodynamic devices and the associated 
control logic.  The only way to fully understand 
the impact of seemingly minor changes in the 
devices and/or the co
s
calculations. 
 
The degree to which a rotor can be grown 
depends on many factors, including the w
s

O     
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Low Speed Shaft Torque 23.2 -12  -40.6 -39.1 2.5 -6.7 
Blade Root Edge Moment 44.1 46.9 49.5 44 46.1 46.4 
Blade Root Flap Moment 29.8 -5 20.9 -1.5 6.5 4.3 
Blade Root Pitch Moment 41.4 28.6 33 24.8 33.2 33.3 
Tower Base Side-Side Moment  36.7 20.4 8.3 2.8 43.2 31.3 
Tower Base Fore-Aft Moment 27.9 -0.7 17.2 7.1 22.2 18.6 
Yaw Moment 28.1 -38 -17.9 -16.1 -0.9 -8.2 

Table 3. Changes to Fatigue Damage Accumulation Resulting from the Addition of FlexSys 
Morphing Trailing Edge Technology and 10% Increase in Blade Length.  Trailing Edge is 
20% Chord, +/-10° Maximum Deflection, 100° per sec. Deflection Rate Limit.  All Damage is 
% Change from the Baseline Levels. 
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