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A COMPARISON OF RESULTS FROM DYNAMIC

RESPONSE FIELD TESTS

Susan M. Hock

Robert W. Thresher 

Alan D. Wright

Solar Energy Research Institute 
Golden, Colorado 

ABSTRACT 

The dynamic response of Howden's 3 30-kW horizontal
axis wind turbine ( HA WT) and the Northern Power Systems 
100-kW " North Wind 100" HAWT has been measured. The How
den machine incorporates a 26-m-diameter, upwind, three
bladed, wood/epoxy rotor that operates at 42 rpm and is a 
rigid-hub design. The North Wind 100 rotor has a diameter of 
17.8 m, is upwind, two-bladed, and constructed of fiberglass, 
and has a teetered hub. The Northern Power turbine's blades 
are fully pitchable, while the Howden machine uses pitchable 
blade tips. 

This paper will present the results from each of these 
test programs in an effort to compare the dynamic response of 
each turbine. The analysis will focus on rotor bending loads in 
terms of both time domain and frequency response. The FLAP 
code will be used to explore sensitivity to teeter stiffness and 
natural frequency placement to provide a better understanding 
of the differences in behavior caused by configuration alone. 

The results are presented in the form of normalized 
azimuth-averaged plots of the deterministic loads, and spectral 
density plots of the stochastic responses. This presentation of 
the results will contrast major response differences due to 
design configurations. 

INTRODUCTION 

As part of the DOE Cooperative Field Test Program, 
SERl has conducted a series of tests on several wind turbines 
over the past few years. Two of the tests were performed on 
wind turbines located in the wind farm areas of California. 
Selected results from the dynamic-response testing of the· 
Howden 330-kW wind turbine and the Northern Power Systems 
100-kW wind turbine are presented in a normalized form so 
that conclusions can be drawn regarding relative design merits. 
Initial indications suggest that a compliant, teetered rotor pro
duces much smaller rotor loads than does a stiff, rigid rotor • .
TURBINE DESCRIPTIONS 

The first test turbine, manufactured by James Howden 
and Company, is a three-bladed, upwind machine with a rigid 
hub and wood/epoxy blades. It is rated at 330 kW in a hub
height wind speed of 14.3 m/s and is designed to operate in cut
in and cut-out wind speeds of 6.0 and 28.0 m/s, respectively. 
The rotor diameter is 26 m, and the rotor speed is 42 rpm. The 

blades are tapered and twisted, with a maximum chord of 
1.47 m and a maximum twist angle of 16°; the blade tapers to a 
0.8-m chord and 0° twist at the blade tip. The blade airfoil 
section is a GA(W)- 1, 17% thick. The rotor axis centerline 
above the ground is at 24.1 m, and the rotor coning angle (pre
cone) is 0°. The tower diameter is 5.9 ft ( 1.8 m), and the dis
tance from the yaw axis to the rotor plane is 1 1.5 ft (3.5 m). 

The Northern Power Systems 100-kW North Wind 
100 wind turbine employs a two-bladed, upwind, teetered rotor 
with an innovative rotor control system. The 17 .8-m-diameter 
rotor is composed of two fiberglass blades and is located at a 
hub height of 25.6 m, atop a tapered steel tubular tower. The 
turbine was designed to maximize energy production over a 
wide range of wind regimes by employing a dual-speed, double 
generator configuration. Power production begins at a cut-in 
wind speed of 3.3 m/s, and rated power is reached at 14 m/s. 
The rotor control system uses a passive hydraulic system with 
full blade pitch control. This design concept uses the wind for
ces and the rotor inertial forces to automatically change the 
blade pitch to control turbine output power. A Flender two
stage, two-speed gearbox with a one-way sprag clutch produces 
high-speed, 1800-rpm output from the low-speed shaft inputs of 
72 and 48 rpm. The electrical part of the drive train consists 
of two fully enclosed induction generators. The first generator 
is rated at 25 kW for the low-speed 48-rpm mode of operation, 
and the second generator is rated at 100 kW for the 72-rpm 
mode. 

The major characteristics of the two turbines are summa
rized. in Table 1. 

TEST DESCRIPTION AND INSTRUMENTATION 

The instrumentation for both of the tests was extensive. 
For this study, a subset of the nine channels listed in Table 2 
was selected for analysis. However, the number of channels 
that were recorded in multiplexed form on analog tape was 
more comprehensive: a total of 44 channels were recorded for 
the Howden test, and 82 channels were recorded for the North
ern Power test. The analog data were digitized at SERI using 
the Neff 720 system at rates of 42 Hz for the Howden data and 
37 Hz for the Northern Power data. 

The Howden tests were conducted in the Fall of 1986 at 
the Southern California Edison site near Palm Springs, 
California, while the Northern Power tests were held in the 
Fall of 1987 in Altamont Pass, California. Wind measurements 
were recorded using three levels of anemometers spanning the 
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Table l .  Comparison o f  the Designs for the Two Wind 
Turbines 

Northern · 
Characteristic Howden Power 

Rotor Diameter (m) 26 17.8 
Hub Height (m) 24. 1 25.6 
Rotor Speed (rpm) 4 2  48, 72  
Rated Power (kW) 3 30 100 
Rated Wind Speed (m/s) 14.5 14 
Hub Attachment Rigid Teetered 
Pitchable Blade Span Tips Full Span 
Pitch Control Active Passive 
Blade Precone None None 
Rotor Orientation Upwind Upwind 
Rotor Tilt (degrees) 0 3 
Blade Material Wood/Epoxy Fiberglass 

Table 2. Selected Channels for Comparison 

Description Howden 
Channel 

Northern 
Power 

Channel 

Blade Azimuth Position (degrees) 
Root Flap Bending Moment ( Nm) 

I 
2 

20 
I 

Blade Pitch Angle (degrees) 9 5 
Power Output (kW) 1 2  30 
Tower Bending Moment (Nm) 4 2  22 
Bottom Wind Speed (m/s) 20 27 
Hub-Height Wind Speed (rn/s) 34 26 
Top Wind Speed (m/s) 29 25 
Teeter Angle (degrees) NA 6 

rotor disk directly upwind of each turbine. Gill UVW anemom
eters were located 2 1  m upwind of the Howden wind turbine, 
and R.M. Young propvane anemometers were located 27 m up
wind of the · Northern Power machine. These anemometers pro
vided the wind-speed data used for this study. 

STUDY DATA CASES 

Three 10-minute data records were chosen from each test 
to represent a range of operating conditions. Table 3 summari
zes the six selected data sets. The data sets beginning with an 
"H" represent Howden data, while those beginning with "NP" 
represent Northern Power data. In general, the data sets rep
resent a low-wind-speed case, a below-rated-wind-speed case, 
and one at or just above rated wind speed. Da�a sets Hl 2-7 and 
NP6 represent low wind speed with high turbulence intensity, 
while data sets Hl?- 1 and NP4 represent high wind speed and 
lower turbulence. 

The turbulence intensity is defined as the standard devia
tion of the wind speed for the 10-minute data set divided by 
the mean. Vertical wind shear is simply the difference in wind 
speed.; between the top and the bottom of the rotor. As shown 
in Figure I, the vertical wind shear for the Howden data is rel
atively well behaved; that is, wind speed increases with height 
above the ground. However, the Northern Power wind profile 
is rather unpredictable; in fact, data set NP6 has a large nega
tive shear. This is because the turbine and the meteorological 
tower are located near the top of a steep rise, which influences 
the flow. The terrain surrounding the Howden test turbine was 
relatively flat, with hills several miles upwind. 

DATA A NALYSIS 

Three different data reduction schemes were used. First, 
the mean turbine responses were computed using the method of
bins as described in (I). Second, azimuth averaging (2) was

Table 3. Operating Conditions for the tO-Minute Data Sets 

Data 
Set 

Disk 
Averaged 

Wind Speed 
(m/s) 

Turbulence 
Intensity 

(%) 

Vertical 
Wind Shear 

(m/s) 

Power 
Output 

(k) 

Hl-5 12.9 12  2.5 240 
H 12-7 10.3 18 2.5 170 
H l 7- l  16.4 12  2.5 300 
NP4 14.5 1 1  .5 95 
NP5 1 3. 1  12  0 80 
NP6 7.2 20 - 1.5 25 

used to isolate the deterministic portion of the time-series 
turbine responses. Finally, the means were removed from the 
blade-bending loads and spectral analysis was used to examine 
the frequency characteristics of the loads. To better under
stand the effects of design changes, the F LAP code was used to 
predict rotor loads for various design variations on the Howden 
wind turbine. Because of the unique design features of the 
Northern Power machine, we were unable to achieve goc)d 
agreement between the predicted rotor loads and the test data; 
therefore, those results are not presented here. 

Mean Turbine Responses 

The per-revolution averaged turbine responses of blade
bending moments, power, teeter, and pitch angles were binned 
or sorted as a function of disk averaged wind speed. Preaver
aging over the time period of one rotor revolution \�as used to 
eliminate the higher harmonic responses. The disk averaged 
wind speed was the mean of the three anemc)meters, preaver
aged over a period of one rotor revolution. The turbine re
sponses were binn_ed into 0.5-m/s bins, and bins containing less 
than ten data points were discarded. No density correction or 
pressure adjustments were made to the data. \he data have 
also been normalized to allow for direct comparison between 
the two machines. 

Figures 2 through 5 present the mean turbine responses 
using this method-of-bins computation. In each of these fig
ures, the independent variable represents the disk averaged 
wind speed divided by the rated wind speed for each machine. 
In other words, a value of I on the x axis represents the rated 
wind speed for the wind turbine of interest, either 14.5 m/s for 
the Howden or 14.0 m/s for Northern Power. 
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Fig. I. Wind shear profiles
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Figure 2 presents the normalized mean power as a func
tion of the wind-speed ratio. The power is shown as the frac
tion of mean power output to the power output at the rated 
wind speed. For these data sets, the power measured a.t rated 
wind speed was 300 kW for Howden and 90 kW for Northern 
Power. The trends depicted in Figure 2 show that both turbines 
have similar power output characteristics below rated wind 
speeds. For these data sets, the Howden machine, with its 
active pitch control, holds the power level constant above. 
rated wind speed; the Northern Power wind turbine shows in
creasing power above rated wind speed. The Northern Power 
machine was undergoing refinements of Hie passive pitch con
trol system during the test to improve this power control re
sponse; it was not regulating properly when these data were 
taken. 

Figure 3 prese!"'ts the mean b !ade root flapwise bending 
moments as a fraction of the bendmg moment at rated wind 
speed for the six cases. Here, the bending moments at rated 
wind speed were &9,500 N-m for Howden and 2&,500 N-m for 
Northern Power. Once again, the norm!ilized loads compare

. _very well, showmg the same relationship to the normalized 
wind speed. The loads above rated wind speed show a lower 
slope for the Howden data, which is again attributable to the 
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different pitch control conditions for the Northern Power 
machine. Data set NP6 stands out from the rest because, for 
this low wind speed, the rotor is spinning at the low rate of 
48 rpm, as opposed to 72 rpm for the other cases. 

The mean pitch angles for each of the three data sets for 
Howden· and Northern Power are shown in Figures 4 and 5, 
respectively. These plots simply show how the pitch angle in
creases with the wind-speed ratio, and they help us understand 
the other turbine responses. The active pitch control of the 
H?wden provides a more precise variation of pitch angle with 
wmd speed as compared to the Northern Power pitch response 
curves. 

Deterministic Turbine Responses 

It is assumed that for stationary operating conditions the 
deterministic and stochastic loads can be separated by the 
azimuth averaging. Azimuth averaging sorts the measured for
ces with respect to the azimuth angle of the rotor blade for a 
large number of rotor cycles. The results of this averaging 
p�ocess are signals that are periodic with rotor angle and pro

_vide an est1mate of the deterministic forces acting over the 
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averaging time. The stochastic forces are obtained by sub
tracting the azimuth-averaged signals from the original signals. 

The time-series root flapwise bending moments we?e 
binned on blade azimuth signal for each 10-minute data case to 
produce the normalized azimuth-averaged plots shown in Fig
ure 6. As shown in Figure 6, all three cases for each wind tur
bine have the same characteristic waveform, . with only a 
change in the mean levels. A blade position of 0° represents 
the blade pointing straight up, so 180° corresponds to the blade 
pointing straight down. 

The wave forms for the Howden data sets are very simi
lar and change shape only slightly with ilic.;reasing mean level 
(wind speed), except for Case H l -5. The azimuth averaging 
clearly shows the strong one-per-revolution (lP) bending
moment content for this 14° yaw case. 

As expected, the bending loads peak near 90° (blades hor
izontal) for the Northern Power machine, which is typical of a 
teetered rotor. In this position, the teetering acceleration is a 
maximum and produces higher bending moments due to inertial 
loads. The teetering motion is excited by the wind shear and a 
gravity moment for nonzero blade pitch angles. To enhance 
upwind yaw stability, teeter springs were used to provide a 
stronger wind-following moment from the rotor. This accounts 
for the dominant lP bending-moment fluctuation seen in Fig
ure 6, rather than the expected 2P response for a freely teeter
ing rotor. Case NP6 has a strong negative wind shear; this 
causes a lower-amplitude cyclic bending moment, as the 
azimuth-averaged plot shows. 

The harmonic content of the deterministic root flapwise 
bending moment is shown in Figures 7 .and 8 for the Howden 
and Northern Power data sets. Both figures represent the ratio 
of the harmonic content to the mean load for each data set. 
Thus, the values have been normalized to allow for direct com
parison. It is immediately obvious that the relative values of 
the deterministic root flapwise bending moments are much 
lower for the Northern Power machine. This is especially true 
for the I P loads. This requction of about" one-half is attribu
table mainly to the teetered rotor of the Northern Power wind 
turbine. 

The azimuth-averaged teeter signal for the three North
ern Power cases is shown in Figure 9. The teeter angle oscil
lates between ±1 ° for data set NP4, which has the highest posi
tive wind shear, and between ±0.4° for case NP6, with the neg
ative wind shear. The teeter action is also influenced by mass 
imbalances and aerodynamic load imbalances, such as different 
pitch settings or twist distributions on the blades, and by rotor 
pretilt and yaw errors. The bar chart in Figure 10 that shows 
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the harmonic content of the teeter angle is not surprising: the 
largest percentage of the signal content is in the first harmonic 
mode. 

Stochastic Turbine Responses 

The stochastic rotor loads were obtained by subtracting 
the azimuth-averaged signal from the original time series. 
These residual time series were then analyzed to determine the 
response as a function of frequency. To compare the system 
dynamic responses to the wind inflow, it is first necessary to 
compare the inflow conditions. Figures I I  and 12 show the 
power spectral density plots for the hub-height wind speeds for 
both tests. The linear trends were first removed from the 

 wind-speed signals to remove the influence of the mean wind 
speed. 

The spectral plots shown in Figures 11 and 12 are trun
cated at 1 Hz because the Howden wind-speed data were fil
tered at 1.2 Hz, and the anemometers begin to lose responsive
ness at about 1 Hz in low winds. It appears that the frequency 
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content of the incident wind at the two test sites is similar for 
the cases considered in the frequency range of interest. 

Figures 13 and 14 are reduced normalized spectral plots 
of the stochastic portion of the blade root bending moments for 
the Howden and Northern S(w/n) Power data sets. These plots show 
the spectral amplitude multiP,Iied by the frequency 
and normalized by the total variance o2 in each signal 

w 
[wS(w�n) 

a 
I 

where n is the rotor rotation rate. The total area under each 
curve is therefore constant, allowing direct comparison of the 
energy contribution to the variance over the entire frequency 
range. The total variance a2 for each case is indicated on the 
plots. ln general, the variance of the Howden random blade 
root bending moments is an order of magnitude higher than the 
Northern Power variance. What is of particular interest here is 
the relative heights of the individual signals: the lP and 
2P spikes for the Howden loads are several times as high as the 
Northern Power IP and 2P spikes. A large portion of the sto
chastic energy is contained in the IP and 2P bands for the 
Howden machine, while the majority of the stochastic energy 
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for the Northern Power machine is contained in the low
frequency band, below lP. 

lt is also useful to consider the natural frequencies for 
each turbine. The Howden rotor has a cluster of closely spaced 
flapping modes at about 2P. For the Northern Power wind tur
bine, the first flapwise mode is at a frequency of 2.7P. These 
natural frequencies affect the broader peaks shown on the fig
ures. The placement of the Howden natural frequencies close 
to 2P also influences the height of the 2P spike. 

For both rotors, but especially for the Northern Power 
rotor, the energy content in the low-frequency part of the 
flapwise bending moments is significant compared to the 
higher-frequency contributions. This low-frequency part of the 
spectrum could probably be better controlled through opti
mized rotor designs and control strategies. 

The tower loads were analyzed following the same proce
dure as the blade loads. Figure 15 shows the deterministic por
tion of the tower base bending moments (fore to aft) for both 
turbines. The loads have been normalized by the mean load 
over each 10-minute data set. It is clear that the harmonic 
amplitudes of the deterministic part of the signal are relatively 
low and consist mostly of IP and 2P loads. There are also sig
nificant JP loads for the Howden tower, as would be expected 
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for a three-bladed rotor. Figures 16 and 17 show the results of 
the reduced normalized spectral plots for the stochastic por
tion of the tower bending loads for the two turbines. The total 
variance a2 for the tower loads is not available in terms of 
engineering units, so it is not presented on these plots. How
ever, once again the relative energy content (seen as the areas 
under the curves) in the stochastic loads at high frequencies is 
lower for the Northern Power machine. The Howden machine 
exhibits a broad peak around 2P to 3P, which probably repre
sents the tower's natural frequency. The Northern Power 
tower's natural frequency, at LJP, is clearly evident in 
Figure 17. 

FLAP Code Predictions 
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The Force and Loads Analysis Program (FLAP) code was 
used to predict the stochastic blade responses for the Howden --. 
rotor using measured wind-speed data. Data from an array of 
anemometers, located 0.8 rotor diameters upwind of the rotor, 
were used as the turbulence excitation for the FLAP code. A 
least-squares curve fitting routine was used to fit a polynomial 
to the turbulence field at each time step of digitized dat«. The 
time series of coefficients in the polynomial expansion was in
put to the FLAP code for a particular 10-rninute data ·case. 
Power spectra of predicted flap bending moments were then 
compared to measured results. 

-

'···:==�-- <·.'=._:·3 - " d 

TP-3423 

i 
i 
� 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

--NP4 
NP5 
NP6 

1.3P 

0.0 .::::::::::.-.c•--·-·--"-�__:_: .j:::: ---· �--=..-.At l.i;�/�� -..J..J 
0.01 0.1 

Harmonics (wn) 
5 

Fig. 17. Reduced normalized spectra of the stochastic tower 
bending moments for the Northern Power data sets 
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teetering rotor 

To invest igate how the FLAP-predicted load harmonics 
change for d ifferent hub conf igurat ions, the code was run for 
the Howden mach ine as a three-bladed r ig id hub and a t\IAO
bladed teetering hub. Figure 18 shows these results. The r ig id
hub case was run w ith the f irst flapwise blade frequency set at 
2P (1.40 Hz). The predicted results show very strong l P  and 2P 
contr ibutions. The teetering-hub case was run w ith zero teeter 
spr ing st iffness (free teeter) and a posit ive teeter spdng st iff
ness (stiff teeter). The free-teeter case shows a s ignif icant 
decrease in the IP harmonic as compared to the r ig id-hub 
case. The stiff teeter case shows an increase in the IP contri
bution as compared to the free-teeter case. 

Other comparisons were made by adjusting the symmetr ic 
flap bending frequency to 1.5P to elim inate the blade reso
nance condit ion at 2P. F irst, the r ig id-hub case was run w ith 
an adjusted f irst flapwise bend ing frequency of 1.5P. Then, the 
teetering-hub case was run w ith an adjusted f irst symmetr ic 
flap frequency of 1.5P. The results are d isplayed in F ig
ure 19. In both cases, the magn itude of the 2P harmon ic has 

. .-- . .

been substant ially reduced, as compared to the or ig inal rig id
hub cond ition (with f = 2.0P). A possible benefit m ight be real
ized by designing the rotor as a teeter ing-hub conf iguration and 
designing the blade so that the f irst symmetr ic flap frequency 
is about 1.5P. In this case, the magnitude of the f irst and sec
ond harmon ics would be greatly reduced. 

CONCLUSIONS 

This analysis of data from the Howden and Northern 
Power w ind turb ines has provided a comparison between two 
very d ifferent des igns. The results ind icate that the teetered 
rotor design of the Northern Power machine produces lower 
dynam ic flapping moments. This conclus ion has been 
reinforced by the FLAP code's s imulations of the Howden 
machine. The FLAP code's results also show the importance of 
designing the rotor blades to produce natural frequencies that 
are not coinc ident w ith rotor passage frequencies. 
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