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Wind Shear and Turbulence
Effects on Rotor Fatigue
and Loads Control
The effects of wind shear and turbulence on rotor fatigue and loads control are exp
for a large horizontal axis wind turbine in variable speed operation at wind speeds f
4 to 20 m/s. Two- and three-blade rigid rotors are considered over a range of wind s
exponents up to 1.25 and a range of turbulence intensities up to 17%. RMS blade
flatwise moments are predicted to be very substantially increased at higher wind s
and resultant fatigue damage is increased by many orders of magnitude. Smalle
similar trends occur with increasing turbulence levels. In-plane fatigue damage is dr
by 1P gravity loads and exacerbated by turbulence level at higher wind speeds.
damage is higher by one to two orders of magnitude at the roots of the three-blade
compared with the two-blade rotor. Individual blade pitch control of fluctuating flatw
moments markedly reduces flatwise fatigue damage due to this source, and, to a
degree, the in-plane damage due to turbulence. The same is true of fluctuating
torque moments driven by turbulence and transmitted to the drive train. Blade root
ments out of the plane of rotation aggregate to create rotor pitching and yawing mom
transmitted to the turbine structure through the drive train to the yaw drive system an
tower. These moments are predicted to be relatively insensitive to turbulence leve
essentially proportional to the wind shear exponent for the two-blade rotor. Fluctua
moments are substantially reduced with individual blade pitch control, and addition
teeter degree-of-freedom should further contribute to this end. Fluctuating pitching
yawing moments of the three-blade rotor are substantially less sensitive to wind s
more sensitive to turbulence level, and substantially lower than those for the two-b
rotor. Mean rotor torque and, hence, power are essentially the same for both ro
independent of wind shear, and are somewhat reduced with individual blade pitch co
of fluctuating flatwise moments. The same is true of mean rotor thrust; however flu
tions in rotor thrust are substantially reduced with individual blade pitch control.
@DOI: 10.1115/1.1629752#
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Introduction and Background
Much attention has been devoted to the fatigue design of la

horizontal axis wind turbines~HAWTs! operating in turbulent
winds with a moderate vertical shear exponent in the range of 0
to 0.20. Opportunities for reducing fluctuating structural loads a
resulting fatigue damage using active closed-loop control of bl
pitch angle have been explored in turbulent winds with rapi
varying mean wind speed and 17% turbulence intensity@1,2#.
Studies indicate that wind shear characterized by a moderate
ponent is of secondary importance compared with wind tur
lence characterized by 17% intensity in determining rotor bla
fatigue life.

These levels of wind shear and turbulence are not gene
characteristic of the wind resources in the Midwest and Southw
regions of the United States. This is illustrated by recently p
lished results of three ongoing Electric Power Research Insti
~EPRI!-sponsored Turbine Verification Program~TVP! projects
involving larger scale HAWTs mounted on relatively tall towe
@3–5#. At the diverse locations of these projects the wind char
teristics were essentially as follows. Mean monthly wind spe
and average diurnal wind speeds ranged from about 6 to 9
and wind speed varied relatively slowly with time. Distribution
of these variations can be approximated with Rayleigh or Weib
statistical models. The average turbulence intensity varied f
about 9 to 12%, which is low compared with the above no
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assumption for earlier studies, and the average wind shear e
nent varied from about 0.20 to 0.40, which is high. There is
consistent pattern of higher wind shears occurring at night, w
it is cooler, and lower wind shears occurring during the day, wh
it is warmer and mixing would be expected to increase. Hig
wind shears were a matter of particular concern to the Big Sp
Project where it was concluded that: ‘‘The effects of wind she
should be analyzed in detail to determine if shear-induced lo
are contributing to drive train component failures’’@5#. There was
also concern about failures in yaw drive systems under condit
of high wind shear–e.g., with exponents up to 0.75 based on w
speed measurements for a considerable period of time. It has
more recently reported@6# that findings made at a Colorado win
site indicate shear exponents as high as 1.25 occur at tall to
heights for significant periods of time~up to two hours! at night.

Based on the above-noted experimental data, an explora
study was undertaken of the effects of wind shear and turbule
on rotor fatigue and loads control for a large HAWT on a t
tower with wind shear exponent varied from 0 to 1.25, and tur
lence intensity varied from 0% to 17%. The results of this stu
are the subject of this paper. It proceeds from a description of
wind and rotor models to a discussion of blade moments
fatigue predictions, followed by a discussion of rotor mome
and thrust predictions and conclusions.

Wind and Rotor Models
These models are simplified as follows. The wind is assume

have a constant turbulence intensity over the rotor disk and n
uniform mean speed, varying vertically according to the sh
exponent. The resultant wind is thus vertically nonuniform in bo

ry
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mean wind speed and the magnitude of turbulent fluctuation
wind speed about the mean. Turbulence at each mean wind s
is assumed to behave in accordance with the modified von K
man spectrum employed in previous studies@1,2#. This study fo-
cused on winds with mean speed invariant with time. This isola
the effects of shear exponent and turbulence intensity from th
due to varying mean wind speeds with time@1,2#. The wind shear
and turbulence effects were examined over a range of hub he
wind speeds from 4 to 20 m/s in two-hour time segments.
example of the normalized turbulent fluctuations of wind spe
about the mean is shown in Fig. 1 for 17% turbulence intens
Combining these normalized fluctuations with the wind sh
variation of mean wind speed yields the vertical variation of to
horizontal wind speed with time over the rotor disk. Vertical a
lateral winds are assumed to be zero in the study.

The rotor was chosen from the spectrum of those previou
studied@2#. It had a diameter of 70 m with rated power near 1
MW occurring at a rated wind speed of 10.9 m/s. Rotor sp
increased up to this wind speed to maximize energy capture, a
remained constant at higher wind speeds, with increased b
pitch into the wind to hold mean power near rated. Tower hei
was taken to be 84 m. Two- and three-rigid blade configurati
of the rotor were studied with the constraints that they have
same solidity, the same control systems, and operate at the
tip speeds in the same winds. With the added constraint of g
metrical similarity of blade shape~including taper and twist!, rotor
power should be the same, independent of the number of bl
@2#. Assuming thin walled construction of the same material
each blade, these constraints indicate that individual blade we
should be the same if all blades are to experience the same fa
damage due to mean and fluctuating flatwise moments induce
the same turbulent winds. Based on previous studies in open-
control operation, this weight was taken to be 8,365 kg~18,440
lb.!, assuming unidirectional fiberglass materials of construct
for the blades@2#. All blade and rotor loads~mean and cyclic!
were determined from the two-hour time simulations, and bla
root fatigue damage was estimated using rain flow counting, lin
damage theory and Miner’s rule for the fraction of fatigue life lo
~DN/N!. All time-series results were generated using SIMULIN
@7#. Blade loads aggregate, of course, to yield rotor loads, inc
ing pitching, yawing and torque moments, and thrust. In the p
ence of wind shear and turbulence, these loads depend on
blade azimuth angles and time, and they must be accounted f
both open and closed-loop operation of the control system.

Figure 2 shows a schematic of the blade open-loop power c
trol system employed in this study. Based on the prescribed
height mean wind speedVmh , rotor speedVc and blade pitch
angledc are fixed to control mean torque and, hence, power
addition, depending on the point in time in each two-hour s

Fig. 1 Normalized fluctuations of wind speed
Journal of Solar Energy Engineering
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ment, blade azimuth anglesu are known in the nonuniform wind
This information is input to the nonlinear maps/look-up tables
yield the power, thrust, torque and root flatwise moment outp
for each of the blades in the rotor, depending on the wind sp
distributions to which they are exposed. These outputs were
termined using the YawDyn/Aerodyn code@8# and they provide
the core of open-loop information required in this study. Note t
V in Fig. 2 is hub height wind speed determined at 0.05 s interv
in the time series simulations. For the closed-loop simulatio
individual rather than collective blade pitch control was employ
to improve effectiveness in reducing fluctuating blade flatw
moments in the presence of wind shear and turbulence. The cl
loop control system is based on sensing blade root flatwise
ments, and it combines with the open-loop power control sys
as shown in Fig. 3. A simple PI control law K~s! was employed in
this study with first-order actuator lag 1/(ts11) where s is the
LaPlace operator andt is the characteristic time constant of th
system. The system is constrained to be critically damped to m
mize peaking in the output, and the transfer function from op
to closed-loop operation is given by:

M2Mmean

Mo2Mmean
5

ts~ts11!

~ts1m!2 (1)

whereMmean is fixed byVmh , andMo is the open-loop moment
A value ofm51 was chosen for this study, corresponding to u
gains in the P and I control terms, andt was taken to be 0.1 s
Obviously increasing m and/or reducingt would increase control
system bandwidth and effectiveness.

Fig. 2 Schematic of blade open-loop power control system

Fig. 3 Schematic of blade open-loop power control and
closed-loop moment control system
NOVEMBER 2003, Vol. 125 Õ 403
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Blade Moments and Fatigue
Predicted blade root RMS flatwise bending moments~fluctua-

tions about the mean! are shown in Fig. 4 for the two-blade roto
operating over the full range of mean hub height wind speed
winds with a shear exponent~SE! of 0.75 and turbulence intensi
ties ~TI! of 0, 10 and 17%. These predictions result from t
two-hour time series for each mean wind speed, and the result
the three-blade rotor are two thirds the magnitude of those sh
in Fig. 4. The resulting blade root flatwise fatigue damage fr
tions DN/N should be the same, independent of the numbe
blades, each of the same weight, in the rotor, and Fig. 5 indic
that this is the case, to the accuracy of the calculations. Comp
son of Figs. 4 and 5 shows, as expected, that reductions in R
moments in going from the open-loop~OL! to the closed-loop
~CL! control mode cause greatly amplified reductions of fatig
damage fractions. The predicted effect of wind shear on flatw
fatigue damage fraction at the roots of the two- and three-bl
rotors is shown over the range of turbulence intensities in Fig
and 7 for open- and closed-loop control at a mean wind spee
12 m/s. The effect decreases with increasing turbulence inten
but it remains substantial at the highest turbulence level of 1
At the intermediate level of 10%, increasing the shear expon
from 0.14 up to 1.25 increasesDN/N by near 104 in open-loop
control, and more in the closed-loop control mode. The incre
appears to be roughly in proportion to the shear exponent, an
higher values of the exponent, the increase would portend sig

Fig. 4 RMS Flatwise Root Moments, Shear Exponent Ä0.75,
2 Blades

Fig. 5 Flatwise Fatigue Damage, Shear Exponent Ä0.75,
2 and 3 Blades
404 Õ Vol. 125, NOVEMBER 2003
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cant reductions in blade fatigue life. Figures 8 and 9 show
predicted blade root in-plane fatigue damage fractions for the t
and three-blade rotors due to 1P gravity and fluctuating aero
namic torque loads over the operating range of wind speeds.
wind shear exponent is 0.75, and the effect of turbulence inten

Fig. 6 Flatwise Fatigue Damage, 12 m Õs, Open Loop,
2 and 3 Blades

Fig. 7 Flatwise Fatigue Damage, 12 m Õs, Closed Loop,
2 and 3 Blades

Fig. 8 In-plane Fatigue Damage, Shear Exponent Ä0.75,
2 Blades
Transactions of the ASME
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is included as in Figs. 4 and 5. It is clear from Figs. 8 and 9 t
in-plane fatigue damage is dominated by 1P gravity loads up
rated wind speed~10.9 m/s!, and increased turbulence intensi
exacerbates this damage at higher wind speeds. Closed-loop
trol is effective in reducing this damage only at higher wi
speeds. Not surprisingly, this damage due to 1P gravity load
much lower with the two-blade rotor than with the three-bla
rotor @2#. It is found that wind shear generally plays a minor ro
in in-plane fatigue damage.

Rotor Moments and Thrust
Predicted RMS and mean rotor pitching moments over the

range of wind shear exponents are shown in Figs. 10 and 11
mean hub height wind speed of 12 m/s with the two-blade ro
These moments are taken about the horizontal axis of the r
disk. These results show that these moments are relatively i
pendent of turbulence intensity, and they increase essential
proportion to the shear exponent. These results are in line with
findings of elementary analysis. Substantial reductions in b
moments are obtained in the closed-loop control mode. These
ments are, of course, sources of fatigue damage to the wind
bine structure, just as blade moments are to its structure. Note
increasing shear exponent from 0.14 to 1.25 increases these
ments by an order of magnitude, and as noted with the bla
such an increase can greatly magnify damage rates in fatigue
cal areas. This possibility requires additional study. Correspond

Fig. 9 In-plane Fatigue Damage, Shear Exponent Ä0.75, 3
Blades

Fig. 10 RMS Pitching Moment, Wind Speed Ä12 mÕs, 2 Blades
Journal of Solar Energy Engineering
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RMS and mean rotor yawing moments are shown in Figs. 12
13. These moments are about the vertical axis of the rotor d
Note that RMS yawing moments~Fig. 12! behave much like the
pitching moments~Fig. 10!, whereas the mean yawing momen
~Fig. 13! are much smaller than the mean pitching moments~Fig.
11!. This behavior was observed over the operating range of w

Fig. 11 Mean Pitching Moment, Wind Speed Ä12 mÕs, 2 Blades

Fig. 12 RMS Yawing Moment, Wind Speed Ä12 mÕs, 2 Blades

Fig. 13 Mean Yawing Moment, Wind Speed Ä12 mÕs, 2 Blades
NOVEMBER 2003, Vol. 125 Õ 405
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speeds. The same was true of the curious prediction that m
yawing moment is increased in the closed-loop control mode. T
result prompted a closer look at the resolution of out-of-pla
blade root moments into rotor pitching and yawing moments. F
ure 14 shows the open and closed loop 1P blade root mom

Fig. 14 Blade Out-of-plane Moments, 12 m Õs, Shear Exponent
Ä0.28, Turbulence Ä0%, 2 Blades

Fig. 15 Rotor Yawing Moments, 12 m Õs, Shear Exponent
Ä0.28, Turbulence Ä0%, 2 Blades

Fig. 16 Rotor Pitching and Yawing Moments, 12m Õs, Shear
Exponent Ä0.28, Closed Loop, 2 Blades
406 Õ Vol. 125, NOVEMBER 2003
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over one revolution of one blade in a 12 m/s wind with ze
turbulence and a wind shear exponent of 0.28. Note that
closed-loop moment has smaller amplitude but much the s
mean as the open-loop moment. Both of these results are
erned by the closed-loop control logic. When these results

Fig. 17 RMS Pitching Moment, Shear Exponent Ä0.28, 3
Blades

Fig. 18 RMS Pitching Moment, Shear Exponent Ä0.75, 3
Blades

Fig. 19 RMS Yawing Moment, Shear Exponent Ä0.28, 3 Blades
Transactions of the ASME
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resolved and combined for both blades into 2P rotor yawing m
ments, the latter are as shown in Fig. 15. While the mean of
open-loop moment is zero, it is clearly positive for the closed-lo
moment; there is nothing in the closed-loop control logic to ca
the latter to be zero. Figure 16 shows the rotor 2P pitching
yawing moments as a function of time in closed-loop operation
the same wind for the cases of 0% and 17% turbulence inten

Fig. 20 RMS Yawing Moment, Shear Exponent Ä0.75, 3 Blades

Fig. 21 RMS Yawing Moment, 8 m Õs, 3 Blades, 10% Turbulence

Fig. 22 RMS Yawing Moment, 16 m Õs, 3 Blades, 10% Turbu-
lence
Journal of Solar Energy Engineering
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Note that the mean of pitching moments is near zero. Note ag
that turbulence has relatively little effect on either pitching
yawing moments, compared with the effect of wind shear. Ob
ously, the relative effect of turbulence would be expected to
crease if the wind shear effect were reduced.

Predicted RMS pitching moments for the three-blade rotor
shown in Figs. 17 and 18 for wind shear exponents of 0.28

Fig. 23 RMS Torque Moment, Shear Exponent Ä0.75, 2 Blades

Fig. 24 RMS Torque Moment, Shear Exponent Ä0.75, 3 Blades

Fig. 25 Mean Torque Moment, Shear Exponent Ä0.75, 2 Blades
NOVEMBER 2003, Vol. 125 Õ 407
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0.75. Comparison of these predictions with those for the tw
blade rotor at 12 m/s wind speed~Fig. 10! indicates, as expected
that RMS pitching moments are substantially lower for the thr
blade rotor. This trend persists over the operating range of w
speeds. Not surprisingly, these lower pitching moments are no
ably sensitive to turbulence intensity. The substantial increase
RMS pitching moments with increased turbulence intensity no
in Figs. 17 and 18 are driven by the vertical gradient in turbul

Fig. 26 Mean Torque Moment, Shear Exponent Ä0.75, 3 Blades

Fig. 27 RMS Thrust, Shear Exponent Ä1.25, 2 Blades

Fig. 28 RMS Thrust, Shear Exponent Ä1.25, 3 Blades
408 Õ Vol. 125, NOVEMBER 2003
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fluctuations in wind speed. This gradient is determined by
mean wind shear gradient, which increases with the shear e
nent~compare Figs. 17 and 18!. The RMS yawing moments of the
three-blade rotor are shown in Figs. 19 and 20 for shear expon
of 0.28 and 0.75. Again, they are much lower than those for
two-blade rotor~see Fig. 12!. Note the curious trends predicted fo
these moments at the higher shear exponent of 0.75 and w
speeds above rated~Fig. 20!; to wit, open-loop moments decreas
at wind speeds above rated, and closed-loop moments are
creased above the open-loop values. The latter result is reve
by increasing the bandwidth of the closed-loop control system
noted in Figs. 21 and 22. The decrease in open loop moments
be traced to the fine balance between the 1P out-of-plane b
root moments that are resolved to yield the 3P rotor yawing m
ments. This phenomenon persists at higher wind shears an
quires further study.

Figures 23 and 24 compare predicted RMS rotor torque for
two- and three-blade rotors operating over the wind speed ra
with a shear exponent of 0.75. These results show that this to
is strongly affected by turbulence, that wind shear plays a mi
role in this torque, and that there is little effect of the number
rotor blades. Further increase in the shear exponent does no
pear to significantly alter this result. This is not surprising, sin
rotor torque is the sum of the blade torques. Figs. 25 and 26 s
the corresponding predictions for mean rotor torque and, th
average power. These results show that increased turbul
somewhat increases mean torque and, as expected, closed
operation somewhat decreases it. Again, there is no signifi
effect of the number of blades. Figs. 27 and 28 show predic
RMS rotor thrust at the highest shear exponent of 1.25, and
clear that just as with RMS torque, turbulence dominates the
sult. Here again, there is no significant effect of the number
blades, and the same result applies to mean thrust. As a ge
rule, predicted mean loads are the same for the two- and th
blade rotors.

There are, of course, lateral and vertical in-plane forces exe
on the two- and three-blade rotors in the presence of wind sh
The RMS forces are, as are rotor RMS moments, much sma
for the three blade than the two-blade rotor. More study is
quired to determine if either the lateral or vertical forces may b
source of structural loads that could seriously influence wind
bine design. Early indications are that RMS lateral forces will
of less importance than rotor RMS yawing moments in their p
tential influence on yaw drive design.

Conclusions
This exploratory study indicates that increased wind shear

substantially increase blade flatwise fatigue damage in turbu
winds as a result of increased fluctuations in flatwise mome
These moments are the prime drivers of blade out-of-plane
ments, and these out-of-plane moments are the origin of r
pitching and yawing moments. As a result, the rotor pitching a
yawing moments can be substantially increased by increased
shear, more so with two-blade than three-blade rotors. Teeteri
two-blade rotor should alleviate these moments, but teetering
cause other problems requiring further study. Closed-loop con
of blade fluctuating flatwise moments can substantially allevi
these moments and the resulting rotor pitching and yawing m
ments, providing the control system has sufficient bandwidth. T
bulence is the prime driver of fluctuating rotor torque and thru
These fluctuations can also be alleviated with closed-loop con
of blade fluctuating flatwise moments.

Much work remains to be done in the study of wind shear a
turbulence effects on rotor fatigue and loads control. Enlarging
body of reliable test data@6# on high wind shear and associate
turbulence characteristics will be invaluable to improved mod
ing of the effects of these phenomena on rotor and resultant
bine loads and fatigue life. This will, in turn, help sharpen t
Transactions of the ASME
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tradeoff analyses required of alternative turbine configurations
control systems to reliably deal with these phenomena in long
operation.
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