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Preface

A major program of research and development projects on wind turbines for
generating clectricity was conducted at the NASA Lewis Research Center from
1973 10 1988. Most of these projects were sponsored by the U.S. Department of
Energy (DOE), as a major element of its Federal Wind Energy Program. One
other large-scale wind turbine project was sponsored by the Bureau of Recla-
mation of the U.S. Department of Interior (DOI). From 1988 to 1995, NASA
wind energy activities have been directed toward the transfer of technology to
commercial and academic organizations.

As part of these technology transfer activities, a total of 22 previously
unpublished manuscripts have been assembled and are presented here in order to
si-are the results of valuable research on wind turbines with the wind energy
cemmunity. A wide variety of wind turbine technology topics are discussed,
including the following:

-- Wind and wake models ...... 3 papers
-- Airfoil properties .. ......... 5 papers
-- Structural analysis and testing .. 5 papers
-- Control systems .. .......... 3 papers
-- Variable-speed generators . . . .. 3 papers
-- Acousticnoise ............. 3 papers

Both expermental and theoretical investigations are described, with results which
are relevant to the design, analysis, and testing of modern wind turbines.

Wind energy activities sponsored under or related to the NASA/DOE wind
turbine development program are documented in approximately 620 publications
by over 520 authors and co-authors. These include technical reports by NASA-
Lewis personnel, reports by NASA contractors and grantees, papers presented at
NASA-sponsored workshops and conferences by researchers from many different
organizations, and outside publications by authors who conducted research on and
aiound NASA/DOE experimental wind turbines. A complete listing of citations
to these publications, many with abstracts, can be obtained from the following
reference:

Spera, D. A,, 1995, Bibliography of NASA-Related Publications on Wind
Turbine Technology, 1973 - 1995, NASA CR-195462, DOE/NASA/5776-3,
Cleveland, Ohio: NASA Lewis Research Center.

David A. Spera
Editor
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BASIC PRINCIPLES AND RECENT OBSERVATIONS OF ROTATIONALLY SAMPLED WIND

James R, Connell

N95- 27971

Pacific Northwest Laboratory
Richland, Washington 99352

ABSTRACT

The concept of rotationally sampled wind speed is
described. The unusual wind characteristics that
result from rotationally sampling the wind are shown
first for early measurements made using an 8-point
ring of anemometers on a vertical plane array of
meteorological towers. Quantitative characterization
of the rotationally sampled wind is made in terms of
the power spectral density function of the wind
speed. Verification of the importance of the new
concept is demonstrated with spectral analyses of the
response of the MOD-0A blade flapwise root bending
moment and the corresponding rotational analysis of
the wind measured immediately upwind of the MOD-0A
using a 12-point ring of anemometers on a 7-tower
vertical plane array.

The Pacific Northwest Laboratory (PNL) theory of the
rotationally sampled wind speed power spectral
density function is tested successfully against the
wind spectrum measured at the MOD-OA vertical plane
array. A single-tower empirical model of the
rotationally sampled wind speed is also successfully
tested against the measurements from the full
vertical plane array.

Rotational measurements of the wind velocity with
hotfilm anemometers attached to rotating blades are
shown to be accurate and practical for research on
winds at the blades of wind turbines. Some measure-
ments at the rotor blade of a MOD-2 turbine using the
hotfilm technique in a pilot research program are
shown. Thcy are compared and contrasted to the
expectations bascd upon application of the PNL theory
of rotationally sampled wind to the MOD-2 size and
rotation rate but without teeter, blade bending, or
rotor induction accounted for.

Finally, the importance of temperature layering and
of wind modifications due to flow over complex
terrain is demonstrated by the use of hotfilm anemom-
eter data, and meteorological tower and acoustic
doppler sourder data from the MOD-2 site at Goodnoe
Hills, Washington.

INTRODUCTION

Rotational sampling is a method of determining the
character of the wind encountered by a segment of 2
rotating wind turbine blade. The concept of rota-
tional sampling has undergone extensions in theory
and observations and has been applied to wind turbine
test and design. The basic principles of rotational
sampling and some of our recert rotational measure-
ments of the wind are presentod in this paper.

Early in the development of the rotational sampling
concept, wind measurements using vertical plane
arrays of propeller anemometers in circles were
analyzed to simulate the wind velocity experienced
just ahead of a chordwise slice of a rotating rotor
blade. Figure 1 is 2 sketch of the larger of those

I
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17m 24m

Figure 1--Sketch of the 37-m diameter vertical
plane array at Hanford, Washington
site

isolated vertical plane arrays, with circles of
rotatior, wind turbine blades and a height scale
superimposed upon it.

Figure 2 shows graphs of the cross-disk (axial) wind
speed as a function of time at each anemometer
Tocation on the vertical plane array (VPA) for an
8-minute period. The wind speed time series were
smoothed slightly to remove the high-frequency
fluctuations. Distinct similarities and differences
between winds at different locations but at identical
times can be seen at each of the eight locations
around the circle. The wind speed fluctuations
experienced by a point rotating around the circle of
anemometers at the speed of a point on a rotor blade
are obtained by sampling wind speed values from graph
to graph around the circle and incrementing time with
each change of graph (or location around the circle).
This construction of a new time series of the wind
speed fluctuations is called rotational sampling.

A time series of rotationally sampled axial wind
speed is shown along with a time series of the axial
wind speed measured at a single nonmoving point in
the top graph in Figurs 3. The substantial differ-
ences in character of these two time series are
discussed in the next section.

CHARACTERISTICS OF ROTATIONALLY SAMPLED WIND VELOCITY

The time series of the wind speed in Figure 3 indicate
qualitatively how differently the wind is seen by a
stationary point and by a point revolving around a
circle in a vertical plane set at right angles to the
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Figure 2--Graphs of axial wind speed as a function of time at each
anemometer on the 37-m diameter vertical plane array
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Figure 3--Schematic of wind at a wind turbine along with sample
time series of real rotationally sampled wind speed

mean direction of the wind in the atmospheric separate the time series into a large set of long
boundary layer. To characterize a complicated time time series of simple sine waves, each with a
series of rotationally sampied wind speed distinct single frequency of fluctuation and each
fluctuations quantitatively, it is possible to with a specific constant amplitude of fluctuation.
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1f the values of all of these sine waves are added
together at each instant the resulting single time
series is exactly the original complicated time
series.

It is relatively easy to see the contribution of the
sine wave components to the total turbulence because
the frequency and amplitude of oscillation of each
time series are easily and unambiguously quantified.
The amplitude associated with each frequency is often
given as the amount of fluctuating wind energy per
unit mass of air per unit span of frequency-of-
fluctuation. This is called the power spectral
density of the wind speed. A single curve of the
power spectral density of the wind, covering all
frequencies of sinusoidal components, characterizes
the original wind time series in a distinct and
quantitative manner. Schematic examples of the power
spectral density plots for wind at a single point at
the hub height of a wind turbine and for the rotation-
ally sampled wind at a point moving in a vertical
circle around the hub are showrn by the solid curve in
Figure 4.
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Figure 4--Schematic example of power spectral
density yraphs of single point wind
speed (dashed curve) and rotationally
sampled wind speed (solid curve)

The high-frequency region of the spectrum extends
from half the frequency of rotation, 0.5 n(0), to the
highest frequencies. In a more detailed classifica-
tion, a midfrequency region surrounding the dip at
the boundary between the low and high frequency
regions of the spectrum is included. The regular set
of spikes in the high frequency region is often
labeled according to their center frequency, non-
dimensionalized by the frecuency of the rotation rate
of the rotor. These frequencies are called the 1-P,
2-P, ... [n(i)/n(0)]1-P frequencies corresponding to
the nondimensionalized frequencies marked and labeled
in the lower right portion of the graph in Figure 4.

The main difference between the spectra for nonmoving
and rotational sampling points is that the rotational
spectrum has much more energy throughout the high
frequency region. For rotational sampling, additional
energy is concentrated in narrow bands, producing
spikes at characteristic frequencies in the spectrum.
Since rotational sampling does not produce turbulence,
the total energy represented by the spectrum must not
be different than the average of the energy o7
turbulence at the nonmoving points on the circle.

This means that the fluctuations that are experienced
at lower frequencies by nonmoving points are "shifted"
to higher frequencies in specific ways by the rota-

tional sampling. Of course the rotational sampling
does incorporate energy of fluctuation relative to
the blade due to movement through the mean wind
shear, but, as we shall see, even the rotational
spectrum for turbulence and no wind shear 1coks like
that shown in Figure 4.

The drawing of the wind turbine rotor §n Figure 3
indicates the complex wind distribution the rotor
experiences. The demonstrated character of the
rotationally sampled wind led us to assert that
measured response of a wind turbine was quite differ-
ent than previously supposed and would correlate well
with rotationally sampled wind, whereas it would not
correlate well with wind measured at nonmoving
points. An experiment set up at the MOD-0A turbine
site in Clayton, New Mexico, confirmed the
expectation and placed the concept of rotationally
sampled wind on a firm foundation of observation anc
theory.

CORRELATION OF ROTATIONALLY SAMPLED
WIND TO MEASURED MOD-OA RESPONSE

A vertical plane array of propeller anemometers on
seven towers was installed two rotor diameters upwind
of the MOD-0A wind turbine as shown in Figure 5. The
circle of anemometers was centered on hub height with
a radius equal to the rotor radius. Electrical
signals representing time series of a few rotor
response variables and generator power output were
provided by NASA to be recorded digitally at fast
sampling rates by PNL. The wind velocity data from
the VPA were also recorded digitally at suitable
rates on the same magnetic tape.

The flatwise root bending was expected to reflect
most directly the fluctuations of the axial wind.

(In fact we suggested the idea that the wind turbine
should be its own best anemometer through flatwise
root bending of the blades, torgue of the rotor, and
power out of the generator.) The spectra of the
flatwise root bending momert for three different wind
conditions are shown in the top row of Figure 6. The
corresponding spectra for the power out of the
generator are shown in the bottom row of Figure 6.
The detailed similarity of the bending moment spectra
to the rotationally sampled wind speed spectra
previously discussed is strong, Figure 7 contains
the spectra for the rotationally sampled wind corre-
sponding to the three cases of Figure 6. The upper
row of graphs is for the wind as measured; the lower
row of spectra have the effect of mean wind shear
removed. If one were to overlay the cpper row of
wind spectra on the flatwise root be !ing moment
spectra of Figure 6, the two would appear to be
nearly identical out to at least four times -ac
rotation frequency of the rotor, anrd *7 be similar at
higher frequencies, In the Tower set if wind graphs,
the mean wind shear appears to have the greatest
effect for the case with a stably stratified atmo-
sphere, In the neutral and unstable cases, the mean
wind shear apparently has a much more moderate role
in wind fluctuation effects on the ‘wurbine rotor,

This direct correlation Setween turbine and wind,
without benefit of a transformation of the wind into
turbine rotor response through an aerodynamic model
and a mechanical model of the MOD-0A, is quite
instructive, but Tess complete than desired. Efforts
initiated by PNL to compute a suitable transformation
from the wind have not yet been brought to a satis-
factory completion. However, we have brought
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Figure b--Photograph of PNL seven-tower vertical plane array near the 200 kW MOD-OK at Clayion, New Mexico

wind theory far enough that a test of the theory
against the wind measurements using the (layton VPR
has been fruitful. The theory of the rotationally
5ampzeé wind spectrum s discussed in the next
section.

THEORY OF THE SPECTRUM OF ROTATIONALLY
SAMPLED WIND SPEED FLUCTUATIONS

A theoretical description of the rotationally sempled
wind speer 1 useful for verifying the rotational
analysis of measyrements from the VPE or direct

rotationa) measursments of the wind., The theory i
especialiy heloful 17 there 95 concern that the
effect of measurement or analysis errors on the
character of the measurement-~derived wind time seriss
15 significant. A tested wind theory is also s
putentially convenient and low-cost ool for use in
desiagr and analysis of wind rurbine response.  Thres
approaches were initisted to develop a theory of the
rotat’ nally sampled wind speed spectral density
function,  Two of them represent the relation between
the wind simultaneously at several radial locations
bBut with, as yel, inadenuate accurscy.
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Figure 6--Power spectral density graphs of MOD-QA response to wind for three wind conditions.

Top row: flapwise root bending moment. Bottom row: generator power output.
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Figure 7--Power spectral density graphs of rotationally sampled axial wind speed corresponding to the MOD-OA

response graphs in Figure 6.

0f the three theoretical

Top row:

corstructs, at this time the

simplest one results in the most accurate and complete

spectrum,
using a digital computer.

It is also the least costly to calculate

It was formulated in

cylindrical coordinates with economy and accuracy for

rotor problems in mind.

It has the present restriction

compliete wind.

Bottom row:

mean wind shear effect removed.

that it does not give the phase relation between the
wind at several radial locations.

An example of the theoretical spectral density of the
axial wind speed compar~1 to the spectrum calculated
from measurements ot axial wind using the VPA at



Clayton is shown in Figure 8. The goodness of this
comparison is taken to confirm the concept of the

rot “tionally sampled wind 2nd to indicate the accuracy
of the theory for norm2]l wind conditions. A quantita-
tive comparison between measurement and theory is
conveniently made using integrals of the spectra over
small bands of frequency surrounding individual

spikes of the spectra. The magnitudes of energy cf
fluctuation that result, called partial variances,

are plotted as a function of center frequencies in
Figure 9. Comparisons for the three different
atmospheric stability cases are shown in the three
graphs. Theory deviates the most from measurement
for the case of stable stratification, for whicn the
basic assumptions of the theory are least suited.
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Figure 8--Comparison of theoretical power spectral
density function of rotationally sampled
wind speed for a MOD-OA wind turbine
with rotationally sampled wind speed
measured at the MOD-OA vertical plane
array. Nearly neutrzl case.
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spike compared with the corresponding
variance of wind speed measured at th:
M0OD-OA vertical plane array. Nearly
neutral case.

R STNGLE TOWER MODEL OF
ROTATIONALLY MEASUREC WIND SPEED

For cenditions of terrain or atmospheric stability in
whizh the present theory is unsuitable a 1 a full
rotatioral measurement of the wind is not possible,

it would _e helpful if turbulence data from several
heights on a single tower could be analyzed to give a
useful approximation. A model, STRS-2, was developed
using wind measurements from the center tower of the
VYPA at Clayton.

The wind speeds at the VPA center tower were com-
posited into the STRS-2 model of a rotationally
measured time series using a2 special type of rota-
tioral sampling of the data from anemoreters, with
appropriate lead times and lag times at different
heights. The result, compared to the spectra derived
usinc the full VPA, is shown for three stability
conditions in the spectra in Figure 10. The model is
suitable for some purposes without correction;
correcticn factors were also aeveloped for the MOD-0A
rotor diameter and hub height and the wind conditions
at Clayton. However, the applicability of the model
and correction factors to other sizes of turbines and
other wind conditions is unknown.
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Figure 10--STRS~-2 model rotationally sampled wind
spectra derived from anemometers on a
single meteorological tower compared to
full vertical plane array rotational
spectra

The need to test existing models of rotationally
sampled wind characteristics scaled up for turbines
larger than the MOD-0A led to additional measurement
programs using wind velocity sensors whose use for
the larger turbine geometries is more economical than
use of pror:ller anemometers on arrays of towers.

The remainder of this paner discusses results from
the use of fast-responding hotfilm anemometers placed
on rotating booms and on a MOD-2 rotor, 300 feet in
diameter.

HOTFILM ANEMOMETER ROTATIONAL
MEASUREMENTS OF THE WIND

To make rotational measurements of the wind at a
location very near a rotating blade with acceptable
economy and accuracy, the hotfilm anemomete was
specialized and tested using a rotating bou~ apparatus
similar to the one shown in Figure 11. The tiny wind
velocity sensor is placed on a probe extending ahead
of the leading edge of the boom, which is rotated at
known speed using an electric motor. The three
compoinents of the wind relative to the moving sensor,
which were measured under light wind conditions, are
characterized by the three spectra shown in

Figure 12. These spectra are for the horizontal axis
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Figure 1l--Picture of a rotating boowm apparatus T rotational measurement
of wind velocity and testing of turbulest wind velority sensorg

of rotation configuration, The results verify the
sariier votations) sampling results from the VPAs.
The hptfiln measuresents requive precise calibration
and dats reduction to achieis the reduired accuracy
of peasurement. One usefyl Jemonstration of the
atcuracy that sey be achieve, 15 the comparisor of
wind measurements made using two hotfiln anemometers
placed & inches apart af the tip of the rolor on the
rotating boon apparatus.  The results for ore example
are shown in Figure 13, The axis of the rotating
boor was wertical for this example. Thus the sensors
sraveled in 2 horizontal ¢ oo, moving with and
against the wind ol npposite sides of the circle.

The mean wind speeds relative to the sensors for 2
Geminute period are ddentical for the twe sensors
with an srror of jess than D.3%. They also aures
with the relative wind soeed calculated as the
product of boom radius and rotation anqular velocity.

Toe time seriss of Spepd of the tangentis? wind speed
far the two anemoreters shown in the too oraph oF
Figure 13 indicale that the measurements are nearly

identical at sach instant., The cross-disk or franse
verse velocity Time series are also nearly identical.
The rain difference 15 due to slight differences i
angie of atteck of the two arenooeters as indicated
by the nonzero magnitudes of the pean transverse
velpcities,  These geometrica? problems may be
rasalved 4n the computaticngl date reduction phase of
the wind data analysis.

With the knowledge that nighly accurate rotationsd
measurerents of the wind velocity could be made with
the hotfilnm anemoreters, we initiated measyrements of
the wind at the blades of ¢ MOU-I wind turbine,

300 feet in diameter, Some resylls fromoa pilot
study at Gondnoe Hills, Washington, ave discussed in
the neyt section.

ROTATIONAL MEASUREMENTS OF THE AXIAL WIND
SPEED OF A ¥OD-2 WiNg TURBINE RUTOR

Pilat measurvementys at the BOD-2, unit number 7, at
Condroe Hills were made i August 1983, The locatien
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Figure 13--Comparison of time series and spectra of wind velocity components rotationall: . :ured by

two side-by-side hotfilm anemometers on a vertical axis rotating boom. Top twc , .phs:
tangential wind speed. Bottom two graphs, axial (cross disk) wind speed.

of hotfilm anemometer booms on the rotor is shown in
Figure 14. One probe was placed at the 0.7 radius
position on each blade. Another pair of probes was
placed at the 0.Z radius positions on the rotor.
{These locations were dictated by *he availability of
attachment structures for use in tke pilot program.)
The wind velocity was thus measured relative to the
motion of the rotor. That motion included rotation,
teeter and blade bending.

«OWRMIII]  MOTRUM XIS FLAPWATE ACCELESOMETEN
/
/ ‘|I i i STA 390 STA 1209
—— )
RAOE WO 1 T Lo |
$ /
wOTR.W 33128 WOTRLS 3334
retsInt et
ARGLE SENSOR

LOOKING DOWSAYD AT ADE AAAMLEL O W8 ADS

Figure 14--Location of hotfilm anemometers on the
rotor blade for the 1984 pilot study at
the MOD-2 #2 wind turbine at Goodnoe Hills

As we expected, we observed rotationally measured
wind specsra tna* look somewhat 1ike the spectra for
rigid rotors discussed previously, but with some
deviations ir spectral energy distribution due tc the
teeter and fiap motions. Also, we expected from
theory to observe spectral shapes at an 0.7 R
location distinctly different from those at an 0.2 R
Jocation, This latter expection is demonstrated in
Figure 15, which contains plots of the theoretical
rotationally sampled wind speed spectrum. They were
calculated for 10 radia! locations along a blade of a
MOD-2 for typical turbu ent wind conditions in simple
terrain. The rotational sampling effect is
diminished at the 0.1 R and 0.2 R locations
especially because the linear speed of rotation of
the sensor at these small radii is small.

Ore example of the actual spectral density functions
of the axial or cross-disk wind measured rotationally
from each of the four locations on the rotor is shown
in Figure 16. The expection that the inner radial
location would experience diminished rotational
effect at frequencies higher than the rotation
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rotationally sampled axial wind speed derived from PNL theory.
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frequency o he rotor is clearly verified. The
large spi 's in the spectra at 0.2 R at the frequency
of rota*ion ot the rotor were not predicted by the
theo* Howe' er, the theory did not include modified
mea; ,ind shecr caused by f'ow induced by the nacelle,
t! 2 tower and the inner s_ctions of the blades of the
turbine.

The spectra fa:- “he wind at the 0.7 R locations on
each blade ar nearly identical to 2ach other. The
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Keutral case.
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16--Power spectral density functions of rotationally measured axial wind speed
at four diametral locations, for MOD-2 #2 wind turbine.

Neutral case.

differences may be due to differences in motion and
orientation of the two blades. Compared to the
spectra obtained from the VPA, rotating boom, and
theory, the MOD-2 wind spectra at 0.7 R have substan-
tial differences in the high frequency spikes. One
reason for the differences is that the VPA and
rotating boom winds were measured and analyzed
relative to coordinate systems that were rigidly
fixed in a single plane. Similarly, the theoreticai
model was applied to the rigid rotor case. However,



the sensors of wind for the MOD-2 were attached (0 a
teetering and bending rotor blade. This may be the
reason why the spectra for the MOD-2 have relatively
smaller spikes at 1P (teeter), 3P and 4P (flapwise or
axial blade bending). Nevertheless, the sensors
measure the wind experienced immediately ahead of the
rotor blades, which is the correct location to
describe the wind used in a time-domain aerodynamic
model of the rotor.

A brief look at the MOD-2 flapwise blade bending
momerit spectra in Figure 17, corresponding to the
wind spectra in Figure 15, is instructive. The root
bending moments for the "wo blades are shown in the
bottom two graphs. They are identical, perhaps due
to the effect of rotor teetering in forcing a sharing
of the effect of the bending forces on each whole
blade. The moments for the tip sections are not
quite identical to each other; but they are not
directly coupled to each other through the teetering
mechanism. The spikes of the spectra around 1P

and 2P are approximately of the same relative magni-
tude as they are in the wind spectra at the 0.7 R
locations. The 3P response is light, reflecting the
smallness of the wind spectrum spike and the lack of
resonance at that frequency. The 4P blade spike is
substantially larger than the correspondino wind
spike, reflecting the first flapwise symmetric
bending mode near that frequency.

These preliminary efforts at describing the relation
of the blade bending spectra to the rotationally

CASE t FLAPWASE, B1 1. 1164

1 ola

‘oll

10"

sin}. (1b)*/Hz

w0*

1w

10’

CASE 1 FLAPWISE BM, Bi 1, STA 370
107 ?

ol DL
A

14

s(n), (h-Ib)/He

w0*

10’
0.001 0.0 0.1 1 10
FREQUENCY, n, Hz

measured wind spectra need to be replaced by accurate
dynamic modeling of the response of the turbine using
a model that has been tested for a simpler wind
turbine and simpler conditions for rotationally
sampled wind measurements. The wind and turbine data
that seem to be required for this first phase are
available from the VPA experiments at the Clayton
MOD-0A site. Some modeling of the MOD-2 case has
begun at other laboratories.

EFFECTS OF ATMOSPHERIC TEMPERATURE LAYERING

The impact of atmospheric temperature stratification
and of the attendant mean wind and turbulence strati-
fication on the character of rotationally measured
wind velocity is substantial. We would be negiigent
in not including at least an example of the effect in
this paper. Figure 18 shows time series of the
voltage signals from a hotfilm anemometer on the
blade of the MOD-2 for four different examples of
temperature layering in t+2 atmosphere. In each case
the voltage from film 2 is closely proportional to
the wind velocity crossing the disk of the rotor.

In the strong inversion case at the top of Figure 18,
the wind speed fluctuates with a dominant period
equal to that of the rotation of the rotor. The
amplitude is rather constant from cycle-to-cycle.
Sometimes the variation is so smoothly sinusoidal
that there appears to be no turbulence. At other
times the turbulence and nonlinearity of wind shear
are so great that the waveform is ragged or even
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Figure 17--Power spectral density functions of blade flapwise root bending
moment corresponding to the wind spectra in Figure 16.



SPUTFRM VOLTAGE VS TIME FORBLADE 2.« =02

80 CASE 3 IMEPRESENTWG CASE 1)
s Tt e - —— -~ N e e— am —
3" b . STRONG
§-AAAAAAAAmmnwAAAAAAmakmﬂ'xAAAAﬂ 'szﬁaon
Ty T s s T w m w w %
WICASE 2 3 ———
’fw'i JY"\[‘ é v'uV v ,\J“‘"‘ ATV PN " NEAR ~
. L NEUTRAL
§ 5PM
AA Ar NIV
A A
L] 3 L ] ] —‘l; " 1 ]
vu—-w. -— e e e AP I PR N o e s - .UNSTABLE'
s - e T man AR
; . 2PM__
AAANARNANNNNNV AR AP ARV AN AMENNARA AN
— 1 L L A 1 i ] ) 4 1 & L i | P 1 e bt
o 1% 0 -
TIME. ¢ PEMODS OF ROTATION
" STRONG ~
N T L e BUOYANCY.
_ = . T a
250 300 350 400

time, seconds
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atmospheric static stability (temperature layering) at the MOD-2 #2 wind turbine

triangular. A more nearly reutral stability of the
atmosphere results in turbulence that causes substan-
tial random variations in the shape and amplitude of
the cyclic wind time series. This is shown in the
second graph, case 2. As the air becomes filled with
buoyant motions during the heat of the day, the air
is unstable. The character of the rotationally
sampled wind then indicates the strong influence of
the passage of large turbulent structures that
modilate the wind fluctuations at the blade in a
reqular way. The last two graphs show that in
unstable conditions the amplitude of the cyclic
variations of the wind may occur in either of two
modes., One simply appears to turn on and off the
iarge constant amplitude flyctuations. The other
produces a smoothly varying modulation of the cyclic
amplitude.

Another factor that may strongly influence the
character of the rotationally sampled wind is airfliow
over complex terrain. This is discussed briefly in
the next section.

COMPLEX TERRAIN

where airflow conditions are not simple (see topo-
graphic map of Goodnoe Hills in Figure 19), there is
little information from theory or empirical models by
which to estimate the character of the turbulent
wind. It is not yet known how the changes in
~haracter of the wind modify the rotationally sampled
wind. What can be shown are the differences in
profiles of the mean wind speed and wind speed

12

variarce about the wmean at different locations in the
complex terrain at Goodnoe Hills, Washington. From
the differences one can conclude that there is a need
for further research on both complex terrain wind
characteristics and rotationally sampled wind at
turbine rotors in complex terrain.

In support of this conclusion, consider the vertical
profiles of wind at Goodnoe Hills shown in Figure 20.
The measurements were made at the three sites identi-
fied as PNL, BPA and Acoustic Sounder in the map in
Figure 19. Substantial differences are indicated to
be due to the separation of the measurement locations
by horizontal distances of a few rotor diameters and
by vertical distances of a few tens of feet. The
meaning of these spatial differences for the character
of the rotationally sampled wind is indicated by the
theoretical spectra plotted in Figure 21.

The plotted rotational spectra are for a single
turbine rotor at the same mean wind speed and same
vertical profiles of mean wind and variance. The
difference in wind for each spectrum is the length
scale characterizing the turbulence elements comprised
in the flow. Clearly, substantial effects occur that
might not have been expected. Complex terrain can
modify length scales of turbulence to create such
deviations in character.

CONCLUDING REMARKS

The objective of this paper has been to provide some
insight into the basic principles of describirg the
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wind fluctuations as they are experienced by a point
on a rotating wind turbine blade. The method used in
the previous sections was to outiine the historical
development of an understanding of the rotationally
sampled wind and its reiation to wind turbine response.
Over the years, we have taken a rather wide-ranging,
though 1imited because of programmatic constraints,
approach to research into rotationally sampled wind
and corresponding response of wind turbines (1,2).
Those efforts are briefly recapitulated here.

The research at the MOD-0OA in Clayton, New Mexico
using a vertical plane array conclusively demonstrates
the importance of rotationally sampled wind velocity
in explaining the response of a wind turbine to the
wind. The pilot research at the MOD-2 in Goodnoe
Hills, Washington, using hotfilm anemometers attached
to the rotor blades shows that a relatively
economical set of rotational measurements of the wind
velocity at the rotor of a large wind turbine can be
made. The tests of the hotfilm anemometers at the
PNL rotating boom apparatus demonstrate that the
accuracy of the hotfilm measurements of wind velocity
required for design and testing of wind turbines can
be achieved and maintained.
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We conclude that the PNL theory is sufficiently
accurate at all frequencies of wind fluctuation of
importance that its extension into the time domain
frog the frequency domain is warranted. That effort
is in progress.

A final conclusion is that the effects of vertical
variation of temperature and of complex terrain
airflow on the character of rotationally sampled wind
velocity are substantial, but are not well known
qualitatively and are nearly unknown at the quantita-
tive level. Our understanding of the character of
the wind in simple terrain is substantial, requiring
significant improvement primarily in understanding of
radial variation of the wind velocity along the biade
at each instant. Thus, practical use of theory and
empirical models of rotationally sampied wind can be
made at the present time. On the other hand, radial
distributions of wind along the blade, including
phase relationships or complex airfiow cases, can be
handled at the present time only by direct measure-
ments of rotationally sampled wind velocity using the
method described in this paper,
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Empirical equations are presented with which to model
rotatonally-sampied  (R-5) nurbulence for input to stucrural-
dymamiic computer codes and the calculation of wind turbine
fatigue Joads. These equations = derived from R-S turbuience
dats which were measured at the verucal-nlane array ig Clayton,
New Mexico, For validation, the equations are applied 10 the
calculation of cyclic flapwise blade loads for the NASA/DOE Mod-
2 2.5-MW experimental HAWTs, and the msults compared 10
measured cychc loads. Good correlation is achieved. indicating
that the R-S turbulence model developed in this study contains the
characteristics of the wind which produce many of the fatigue loads
sustained by wind turbines. Empirical factors are included which
permit the prediction of load levels at specified percendles of
occurrence, which is required for the geperaton of fatigue load
_ spectra and the prediction of the fatigue lifetime of suuctures.

INTRODUCTION

The objectve of this study is 1w draw together two phenomena : ~

relating to the stiuctural-dynamic response of horizoncal-axis wind Figure 1. Closter of theee 25-MW Mod-2 HAWTs near
mrbines (HAWTs). The first is the under-predicoon of one cate- Goldendale, Washington. (Courtesy of Boeing Aerospace
gory of blade loads on the three NASA/DOE Mod-2 experimental Corporation)
HAWTS Incated near Goldendale, Washington. One of these 3.2-
MW 91 4-m diameier trbines is shown in Tigure 1. Measured
cyclic flepwise bending moments (in and out of the plane of revo- Gill Anemomelers  No. 1-9
jution) have been found to be significantly higher than design Temperature Probes  Nou. 10-12
predictions based on winds measured from 2 fixed frame of refer-
ence {Beeing 1982].

The second phenomenon considersd here is that termed
“rotationally-sampled twrbuleace,” which is calculated from
measurements of insmntanecous wind speed from a rotating frame
of meference [Verholek 1978, Connell 1981, Kristensen and
Frandsen 1982, Connell and George 19832 and 1983b, and George
1984, These measurements provide daw for simulating the wind
speed variations actually experienced by a section of a rotating
HAWT blade. The spectra of rotationally-sampled wind speeds has
been found 1o be very different from that of atrnospheric tirbulence
measured with a stationary anemometer.

Figure 2 illustrates the basic method of measuring rotationally-
sampled (R-S3 wrbulence [Verholek 19781 Mounted on a4 line of
instrument towers perpeadicular o the prevailing wind. a set of
anemormeters iy amanged in a circular pattern o a vertical plane,
with cenler elevation H and radius R (in this case, 244 mand 12.2
m, respectively). This set of towers and anemometers is called a
“vertical plane array” or VPA, and represents the path followed by
a blade section of an imaginary HAWT rotor. The wind speed a1
each anemormeter is contnuously recorded.  Samples from each
record are then taken sequentially from consecutive anemometers }f ; é —
around the circle, with the sampling interval time determined by e d B s R Te e W T
the rotational speed and L.e number of anemometers. luerpo- fE8.62m Efat—12 19 m ~3x|
lations are made between consecutive samples in order to ‘
synthesize a confnuous record which represents the wind speeds
that a blade secuon would sxperience in the rotating frame of
reference.

Figure 2. Schematic diagram of 3 vertical plane armay (VPA) of
ancmometers for measuring wind turbulence experienced by a

rotating HAWT blade. Sampling of signals from aremomerers 2

w 9 is synchronized »ith the passage ¢f the hypothetical blade

section A, [Verholek 1978,

17 :
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As illustrated in Figure 3 [Verholek 1978], the power spectrum
of rotationally-sampled (R-S) turbulence, line (a), is higher at
higher frequencies than that from a stationary anemometer, line (b).
Moreover, R-S power is concentrated in "spikes” at frequencies
which are integer multiples of the rotational speed. Thus, unsteady
wind loading on a rotating HAWT blade may be harmonic in
nature, with frequencies equal to multiples of the rutor speed. If
50, these wind harmonics could produce a forced harmonic flapwise
response in a HAWT blade and increased bending loads.

Drawing together these two phenomena brings us to the pur-
poses of this study, which are (1) to determine if the harmonic
content of R-S turbulence is of sufficient size to account for the
under-prediction of Mod-2 HAWT cyclic loads, and (2) to develop
a practical mathematical model of R-S turbulence that can be used
for wind input to stuctural-dynamic computer codes, resulting in
greater accuracy of load predictions.

ROTATIONALLY-SAMPLED TURBULENCE DATA

The R-S turbulence dama used in this study were measured by
researchers from Battelie’s Pacific Northwest Laboratory (PNL)
using the VPA located near Clayton, New Mexico [Connell and
George 1983a and 1983b, and George and Connell 1984). The
dimensions of this array were H = 30.5 m and R = 19.0 m, and the
rotational frequency was 0.667 Hz. Power speciral densities
(PSDs) of 8.5-min segments of the synthesized wind speed were
created using a Fast Fourier Transform (FFT) technique.
Integration of 2 PSD over a selected frequency band then gave the
variance of speed within this band. R-S twrbulence in the
frequency band is the square-root of this variance. Dividing the
turbulence by the steady wind speed at elevation H then gives the
R-S turbulence intensity for the selected frequency band.

Table 1 presents typical data reported by PNL researchers for
one data segment. A total of 17 data segments form the basis of
the R-S turbulence model developed in this study, taken from the
following references: 3 from Connell and George {19832 and
1983b), 12 from George and Connell [1984], and 2 from Powell,
Connell, and George [1985]. Of these, 10 were for atmospheric
stability conditions ranging from neutral to unstable, while 7 were
for stable conditions. Stable atmospheres typically result in larger
vertical gradients in wind speed and smaller mixing between winds

1
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TABLE 1. TYPICAL CLAYTON VPA WIND DATA
[George and Connell, 1984)

Data Segment Number = C2c
Date; Starting Time = 06/30/82; 1.40
Test Segment Length = 8.5 min
Rotational Sampling Speed, P = 0.67 Hz
Center Mean Wind Speed, U, = 10.71 m/s
Center Turbulence, 6, = 0.856 m/s
Wind Shear Across Disk, A(? = 1.506 nvs

Frequency Mid-band Variance Turulence Turtulence

Band Frequency p ] Intensity
(H2) fiP (nvs)? (avs) /U,
< 0.33 0.498 0.706 0.066
0.33 - 1.00 1 C.431 0.656 0.061
100 - 1.67 2 0.146 0.382 0.036
167 - 233 3 0.070 0264  0.025
223 - 3.00 4 0.037 0.132 0.018
3.00 - 3.67 5 0032 0.177 0.017

at different elevations. For a discussion
spheric stability on wind shear, see Fro:
392-396).

Afluence of atmo-
sohiden [1994, pp.

MODEL OF ROTATIONALLY-SAMPLED TURBULENCE
Modeling the Clayton VPA Data

To develop a general model of the Clayton VPA results, turbu-
Ience intensities for cach harmonic number (i.e. mid-band
frequency/rotational speed) were plotted vs the normalized wind
shear measured vertically across the disk, AU/U,, as shown in
Figure 4. It can be seen from the rend lines in these plots that (1)
only the first harmonic turbulence intensities vary significantly with
wind shear across the disk, and its variation is linear, (3) turbulence
intensities for each harmonic above the first are roughly equal for
all data segments, and (3) atmospheric stabili:y has lLittle, if any,
effect on harmonic turbulence intensities.

Figure 3. Sample power spectra measured at a VPA, illustrating
typical characteristics of both rotationally-sampled and stationary
time series of wind speea. (a) Rotationally-sampled wind speeds
synthesized into a continuous time series, showing characteristic
spikes at multiples of the 7.2 rad/s rotation rate. (b) Stationary
time serics from the center anemometer in the VPA. [Verholek
1978]
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Figure 5 presents these same data in another format. Each ba:
in this figy re represents the average mrbulence intensity for a given
harmonic and atmospheric condition. Again we see that for har-
monics above the first, atmospheric stability has little effect. For
the first harmonic, the difference between the neutral-to-stable
and stable intensities is a result of tne larger wind shear across the
disk for the stable condition.

The trend line in Figure 5 illustrates the model created here to
represent the relationship between R-S wrbulence intensity and
harmonic number, as defined by the Clayton VPA data. This
model is as follows:

(6,/Uq)¢ = 0.0311 + 0.297 AU/ U, (13)

(6,/Ug)c = 0059007 pn51 (=

where
G, = rotationally-sampled turbulence in the frequency
range from (n - 1/2)P wo (n + 172)P (m/s)

P = rotational sampling frequency (rad/s)

C = subscript denoting Clayton VPA parameters
U, = steady free-stream wind speed at hub elevation {m/s)
AU = total steady wind shear from top to bottom of rotor

swept area (my’s)

We can calculate the steady wind shear as.coss the disk, AU,
from the well-known logarithmic/linear model of the vertical
gradient in the steady wind speed, which is as follows [Frost and
Aspliden 1994, pp. 392-395]:



el h{lllo)‘?s(zhzos)
" O (Hizg) + Yy WHILg) @
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cicvation above groued level (m}
surface roughness ength (m)
elevation of hub sbove grourd {m)
tip radius of rotor (m)
atmospheric stability funciico dependent on /L
function of { )

LS = Moain-Obukkuv stability ieagth (m)
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{
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For the purposes of this study, we will assume neutral atmo-
spheric stability, for which the functior W is equal 10 zero. As
shown in Figure 5, this resulis in a wodel prediction of the first
harmonic wrbulence that is intermeciate between measurcments
made under stable and neutral-wo-unstable atmospheric ceaditions.
The first harmoaic is not a critical wind loading on a teetered-hub
rotor like that of the Mod-2 HAWT. For a fixed-hub rotor,
howevey, the first harmenic can be important and the assumption
of a suadic atmosphere may be 1casonable. With the assumpdion ot
neutrai xmosphetic stability, Eouation (2) leads to the following
expression for the wind shear v .ically across a circle of radius R
with its center at elevation H:

U

Scaling Clayton VPA Datz to Other Radii and Elevations

To gencralize Equations 1, we must now make additional
assumptions about the cffects of R and H on R-S mrbulence inten-
sity. First, we will assume that the R-S sampling path leagth and
ﬂnepmodforonemolmonbothmcraschnaﬂvmﬂ:samphng
radius, which is compatible with general practice of operating
HAWT blades at approximately the same tip speed independently
of rotor diameter. T jonger sampling paths and sampling periods
of larger rotors are assumed to result in larger wind speed vari-
ations around the -rimeter of the sampled circle. For simplicity,
this relatonship between increasing sampling radius and increasing
R-S turbulence intensity is assumed to be linear.

The effect of center elevation on R-S turbulence is assumed to
be approximately the same as the elevation effect on turbulence
measured at a fixed point. According to Frost and Aspliden [1994,
p- <07]. an acceptable model for the effect of elevation on
longitudinal w._bulence at a fixed point is

%ox _ 0.52
Uo  In(H/z)(0.1T7 + 0.00139 H ) %4 @
Go = longitudinal turbulence at 2 fixed point (mvs)

Combining a linear effect of sampling radius with the effzct of
center elevation given in Equation 4, we obtain

S, /U R lln(H/zo)(0.177+0.00139H)0.4]C
(0,/Updc  Rc  In(H/z)(0.177 + 0.00139 H)04 .

Once again, the subscript C denotes parameters of the Clavton
VPA, which are R- = 190 m, H- = 30.5m, and z5 = 0.024 m.
After substituting gaese Clayton parameters into Equanon (5a), the
following scaling cquation is derived for the R-S wrbulence
intensities along the up path of a general HAWT rotor:

Sp _ 0204 R il
Us In(H/z)(0.177+000138H)% 3 Up | (sp)

where the Clayton inteasities (6/Up) are given by Equations (1).

Spatial Distribution Around the Sampling Circle

The next step in the development of this R-S turbulence model
is defining a time-history of wind speed around the sampling circle,
in a format that can be used as input o structural-dynamic
computer codes. The R-S wrbulence is assumed o be quasi-static,
which means that a HAWT rotor makes several revolutions before
any significant changes occur in the spatial distribution of the wind
within the roeor’s swept area. Dynamic responses of the rowor
blades are assumed w0 approach a steady state before the wind
turbulence changes. With this quasi-static assumption, the time-
varying unsteady wind can be converted to a spatially-varying

URS = Uo + X (A.COSRV) n=12.. (6)
where
Ups = rotationally-sampled free-stream horizontal wind speed,
quasi-steady in ume (m/s)

= amplitode of nth harmonic of wind speed (my/s)
= azimuthal position in rotor disk area; 0 = down (deg)

Wind turbulence is equal to the standard deviation of the wind
speed from its steady value. For each cosine wave in Equation (6).
standard deviation and amplitude are related as follows:

ALl =VZ o, V)

While the absolute values of the harmonic amplitudes can be
dewermined from R-S wrbulence data, the signs of these amplitudes
cannot. Various pattemns of positive and negative signs (equivalent
to in-phase and out-of-phase harmonics in Eq. (6)) have been used.
For example, Zimmerman e7 al. [1995) assumed negative ampli-
tudes for odd-numbered harmonics and positive amplitades for
even-numbered harmonics. Here we shall outain a pattern of
amplitude sigas by examining the resulting vertical wind profile for
reasonableness.

Figure 6 [Frost and Aspliden 1994, pg. 391] illustrates the
general shapes of typical vertical profiles of the wind speed. To be
reasonable, the fluctuations in the quasi-stieady profile of our R-S
turbulence model should be intermediate between those of the
"instantancous” and "steady” profiles in this figure. Of the many
possible combinations of positive and negative harmonic
amplitudes, the most reasonable vertical profile is obtained with
negative harmonics except for the third and fourth, as shown in
Figure 7. The vertical profile obiained with this combination is
shown in Figure 8 for the Clayton VPA. Figure 9 illustrates the
same spatial distribution of quasi-steady wind speed, but this time
as seen by a blade section moving around the sampling circle of
the Clayton VPA.

Spadal Distribution Along a HAWT Blade

The final step in the development of an R-S wrbulence model
of the quasi-steady wind speed within the swept area of o dAAWT
mtor is defining the wind speed distribution from hub to tp.
Earlier the assumption was made that size of R-S turbulence har-
monics varied linearly with the sampling radius. However, this
assumption aloee is not sufficient 1o define the simultaneous wind
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Figure 6. Typical vertical profiles of the wind speed, both
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speeds at radii smaller than the sampling radius. because the span-
wise distribution of nmbulence also depends strongly on the
transverse coberence of the wind [Frost and Aspliden, 1994, pg.
410-411, 418). Coberence is a dimensionless quantity between
2ero and unity that represents the degree to which two unsteady
events, scparated in space, are alike in their time . istories. If the
two time histories are identical their coherence is unity, and if they
are complewcly umelated their coberence is zero.

Coherences of individeal harmoaics of R-S turbulence were
measur:d by Zimmermaan et al. [1995] using wind speed sensors
mount:d at two locations 69.2 ft apart on a 150-ft Mod-2 HAWT
blade. These data are shown in Figure 10, in which the outboard
location (r = 100 ft) is taken as the reference and thercfore has, by
definition, a coherence of 1.00. The coaerence bewween the first

i = 308 ft) and the first
harmonic at the outhoard station wasfmnimbelngh but
equivalent coherences of the higher harmonics were all low for this

jon distance.

To genenilize these observations, tread curves are first drawn
0 bound the data, following the form

coh = exp| - (L12)?] ®

cohumceldauvemmharmtnr

radial distance to reference siation (ft)

scparation distance from reverence station, 7, - 5 (ft)
cmpirical length scale (ft)

data trends are now idealized for purposes of incorporating
coberence into the R-S turbulence model. Fiist, the coherence for
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ﬁm 10. Coherence of individual harmonics of wind speeds
rotationally-sampled at two spanwise locations along Mod-2
HAWT blades. [data from Zimmerman of al. 1995)

the first harmonic is assumed 0 be 1.00 for all separation dis-
tances, ecause it closely follows the sweady vertical profile
illustrated in Figure 9.

For the higher harmonics. where coberence decreases with
mw&m:m&Ojswu
a transition between unrelated and relased time histories.
From the trend lines in Figure 10, this transition coberence occurs
nmwmﬁmdmﬂn(i&.rcuﬁx
Following Counihax's empirical model for the i Jength
scales of crosswind tarbulence [Frost and Aspliden 1994, pg. 418],
we will assume that the empirical leagth scale, Z, and the ransition
scparation are both proportional to elevation above ground. Using
the Mod-2 tower height of 200 ft as an average elevation, the
transition separation .istance of 42 fi, obtained from the aest datw,
is generalized 0 be equal to 021 H.

With the idealized modz] of coberence shown in Figare 10, the
spatial distribution of wind harmonic amplitudes along a HAWT
blade ar: given by the following equations in this R-S turbulence

For n > 1: (%0)
ALlr) = .;.A,(n) F(R-r)S021H (%)

=0 F(R-r)>021H

where () = function of {)
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Figul:e 11. Proposed model of spanwise distribution of harmonic
amplitudes of rotationally-sampled turbulence, accounting for
reduced coherence of higher harmonics with distance inboard from
blade tip.



SUMMARY OF EQUATIONS DEFINING PROPOSED MODEL
OF A ROTATIONALLY-SAMPLED TURBULENT WIND FIELD

H = clevation of hub above ground (m)
Uks('.R'H.ZO.V) = Uo(”-zo) + zy = mm m (m)
¥ = azinmthal position in rotor disk area; 0 = down (deg)
+ LY Ap{R.H.z) cosny n=1.2... (102) U, = steady free-stream wind speed at ub elevation (zvs)
R Ag, = amplitde of nth harmonic of wil..' speed distribution around
(106) circle of radius R (m/s)
Uy - Ur[l"("ho)""(fr/zo)] Up = steady free-stream wind speed at reterence el- ation (mvs)
zp = reference elevation = 10 m
Ap.y = - Uy {004398S(R.H.2) + S = scale factor

+ 04120 In [(H + R)(H - R)V/in (Hizg)} (100}
APPLICATION TO MOD-2 HAWT FATIGUE LOADS

C204R
S =
In(H/z4)(0.177 + 000138 H )0.4 (10d) Discrepancies Between Measured and Design Loads
If{(R-r)<O021lH: Figure 12 illustrates the discrepancies that were observed during
testing of the Mod-2 HAWTS between measured and design cyclic
A 5 = -0.04965U, (10¢) flatwise blade loads. In this figure, bending loads are plotted as a
function of steady free-stream wind speed. The arcas marked C are
Ag 3 = +0.0366S U, (100 envelopes of 50th-percentile loads (i.e., median loads) measured at
21 and 65 percent of span.
Ag o = +0.02955U, (10g) The lincs marked A are load cakculstions made with the
MOSTAB-HFW computer model with a power-law wind shear
Ap s = -0.02505U, (10h) providing -I.In non-nnifom. wind field MOSTAB-H!-VI is
v representative of several available codes which contain seetering,
Ap ¢ = -0.02185U, (10i) flarwise, and chordwise degrees of freedom. Scale model tests in
’ a wind tunnel indicated that ¢ clic flatwise blade loads were
If(R-r)>021H: :ppmxinmc}yﬁS% lzrg'erma-:thoseptedicsedbyduscougp\xm
model [Boeing 1979]. 'Inerefore, a factor of 1.65 was applied to
Ap,=0 a>1 10) thcoumqtup:ed:monsmpmduoethcdmpbendmgbads
. marked B in the figure.

A comparison of the design load lincs in Figure 12 with the
where cavelopes of the measured loads clearly shows a significant
Ugs = rowtionally-sampled free-stream horizontal wind speed, underprediction of cyclic flarwise bending at both outboard and

quasi-steady in tme (nv/s) inboard sections of the blades. Our purpose now will be to apply

{) = function of { ) themnomlly—mpledunhﬂentwmdmoddjust_dcvelopedm

r = radial distance from rotor axis v.a phceofdlepqur—hwwindshca_rundelusuimtheMon

R = tip adius of v design, and eliminate discrepancies between measured and
= tip radius of rotor (m) p-edicted cyclic flarwise bending loads.

8

B Design: Power—Law Wind x 1.65
C Envelope of Test Data i

A MOSTAB-HFW Modcrl;‘:l;ig:—law Wind Sha}:

8

Figure 12. Comparison of calculated and

i ‘ B measured cyclic fl.-wise bending loads at
: i two span vise locations on a Mod-2 HAWT
i blade, showing underprediction of design

! i leads at the SOth percentile level.

[data from Boeing 1982]
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Spectrum Load Factor

ﬂcspemunoffangubadsexyuienoedbya‘nopu:ﬁngwind
turbine is quite wide, even at a given steady wind speed (Spena
1994]. Smﬂnmnmﬂy—mphdmbulmmodcldeﬁmdby
seady wind speed, we will introduce an empirical
cvaluated Iater from measured spectra of Mod-2 loads, as follows:

8L(U°.p) = SLD(UO)X a(P) Qan

where

8L = cyclic load = (L - L )2 during one rotor revolution
p = percentile of load spectrum )

8L, = bascline cyclic load calculated for free-stream wind speed

U and non-uniform wind field defined by Equations (10)
B = empirical load factor; function of percentile p

A mplimdes of R-S Wind Model Harmonics

Equatioes (19) will now be used to define a noo-uniform wind
fiedd which will be us=d a5 an input to a structural-dynammc model
of the Mod-2 “AWT rotwe, in order w calculate cyclic flatwise
bending lorCs on (he rotor blades. Parameters defining the Mod-2
rotor and the yc1zhness of the Goldendale, Washington, site are
R=457m, H =61.0m, and z, = 0.024 m. With Equatioas (10)
and these diracnsions, we can calculawe the amplitndes of the
of the Mod-2 rotor, with the results listed in Table 2.

TABLE 2.

AMPLITUDES OF R-S TURBULENCE HARMONICS
FOR A MOD-2 HAWT AT GOLDENDALE, WASHINGTON

Harmonic Amplitude
Number Intensity
Ap Uy

-0.2653
-0.1012
+0.0746
+0.0602
-0.0509
-0.0444

AU LW -

g

RESULTS AND DISCUSSION

In Figure 14, values of B cqual to 295 and 3.05 were
required to scale the MOSTAB-HFW output (azain, with the
amplitudes in Table 2 as wind input) to the 99.9th perc__>ic k. -~
levels at the two blade stations.

I Figure 15, the valucs of the load factor § which produce
loads are piotted vr the percensile of load, p, w. a scale which
defincs a normal probability distritwtion. The selection of power-
law for the end curve is oased on the log-nonmal distribution
observed for a large quantity of ficld test data [Spera et al. 1984),
and is given by the following equation:

B = 1.00(mo)%13 12)

standard deviation of load from mean (50th perceniile)
number of standard deviations for load percentile
desired; for example

0 for SOth percentile

o

MOSTAB-HFW and a wind input defined by Equations (10), a

complete spectrum of cyclic loads and resulting fatigue stresses can
be calculated by applying Equations (11) and (12). With a
cumulative fatigue damage algorithm blade fatigue life can then be

C Envelope éf Test Data [Boeing 1982}
D R-S Turbulence Model: B = 1.00
E R-S Turbulence Model: B =1.00

&

Figure 13. Comparison of 50th percentile
cyclic flatwise berding loads calculated

8

8

using the proposed R-S wmrbulence model
with measured loads. A load factor of 1.00
applied to the output of the MOSTAB-HFW

8

structural-dynamics code is sufficient to
obtain correlation both inboard and outboard
E along the blade. [data from Bocing 1982)
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CONCLUSIONS

1. Rotational sampling of the wind fic.d entering the swept area
of a HAWT rotor has shown that turbulence acts as a series of
quasi-static harmonic forcing functions on the rotor blades, and that
these forcing functions act at frequencies which are integer
multiples of the rotor speed.

2. Structural-dynamic computer models of HAWT systems should
include R-S turbulence in their wind input modules to adequately
evaluate the dynamic response of rotor blades to these harmonic
forcing functions and the significance of resulting fatigue damage.

3. Equations are derived herein which define a practical model of
a wind feld containing R-S wrbulence for HAWT structural-
dynamic analysis. Thess equations, b~ 4 on rotationally-sampled
rurbulence measured by PNL person:..l at the Clayton vertical-
plane-array, are in a general form which perenits scaling to different
rotor diameters, tower elevations, and surface roughnesses.

4. The R-S turbulence measured at the Clayton VPA, scaled up
to the Mod-2 HAWT rotor size, is sufficient to account for the
discrepancies observed previously between Mod-2 design and
measured cyclic loads at the 50th percentile level, without resorting
to any other load factors.

5. An empirical load factor model is derived with which the
spectrum of cyclic flatwise bending loads on a HAWT rotor blade
can be calculated from the 50th percentile load level, based on a
log-normal probability distribution typical of many HAWT load
spectra.

6. The first hanmonic of R-S turbulence intensity is proportional

to the steady vertical wind shear across the rotor disk area, but all
other harmonics are insensitive to vertical wind shear.

7. Hamonics of R-S mubulence intensity above the first are
rougkly constant for all wind test conditions.



litle, if eﬂ'ectonhnmmic

8. Atmospheric stability has

terbulence intensities other than lendmg thesmdy
vertical wind shear aCross the rotor disk area thereby the first
harmonic of R-S wrbulence.
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ABSTRACT

From the thegretical fluid dynamics point of view, the
wake region of a large horizontal-axis wind turbine
has been defined and described, and numerical models
of wake behavior have been developed. Wind tunnel
studies of single turbine wakes and turbine array
wzkes have been used to verify the theory and further
refine the numerical models. However, the effects of
scaling, rotor solidity, ana topography on wake
behavior are questions that remain unanswered.

In the wind tunnel studies, turbines were represented
by anything from scaled models to tea strainers or
wire mesh disks whose solidity was equivalent to that
of a typical wind turbine. The scale factor compensa-
tion for the difference in Reynolds number between the
scale model and an actual turbine is complex, and not
typically accounted for. Though it is wise to Sstudy
the simpler case of wakes in flat topography, which
can be easily duplicated in the wind tunnel, current
indications are that wind turbine farm development is
actually occurring in somewhat more complex terrain.

Empirical wake studies using large horizontal-axis
wind turbines have not been thoroughly composited,
and, therefore, the results have not been applied to
the well-developed theory of wake structure. The
measurement programs have made use of both in situ
sensor systems, suck as instrumented towers, and
remote sensors, such as kites and tethered, balloon-
borne anemometers,

We present a concise overview of the work that has
been performed. including our own, which is based or
the philosophy that the MOD-2 turbines are probably
their own best detector of both the momentum deficit
and the induced turbulence effect downwind. Only the
momentum deficit aspects of the wake/machine inter-
actions have beer addressed. Both turbine power out-
put deficits and wind energy deficits as measured by
the onsite meteorological towers have been analyzed
from a composite data set. The analysis has also evi-
denced certain topographic influences on the cperation
of spatially diverse wind turbines.

INTRODUCTION

For wind turbines to make up a significant part of the
world's energy generation capability, large clusters
of turbines will have to be installed. Since the land
area available for such installation is limited, not
necessarily by the availability of wind Lut rather by
physical, social, economic and operational constraints,
future wind turbine clusters will have to be sited so
that maximum utilization of the available land is
achieved. The distances between turbines will be
governed by fectors that include the complexity and
geomorphology of the local terrain and the relation-
ship of this to the prevailing energy-producing wind.
In a steep-side¢ valiey through which the wind blows
practically unidirectionally, rows of turbines normal
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to the prevailing wind may be erected with lateral
separations of only a few diameters. Llongitudinally,
however, there will be many more rigorous constraints.
The second echelon of turbines must be placed suffi-
ciently downstream so that wake effects are minimized.
Wakes have two effects on turbine operation. First,
the wake created by an upwind turbine manifests itself
as a momentum deficit to downwind turbines, thereby
affecting the apparent energy capture of the downwind
turbines. Second, the induced turbulence created by
the upwind turbine may have a significant effect on
the long-term structural and aerodynamic loads at down-
wind turbines and hence increase maintenance or reduce
turbine life.

Previous wind turbine wake studies have concentrated
on case studies where the field program is specifi-
cally set up to make measurements during relatively
short periods of time. These measurements actually
provide only a quick snapshot of the wake. A tech-
nigue of data analysis referred to as "binning" was
applied to the Goodroe Hills test site data. In the
meteorological community, the process is called
compositing where all the appropriate cases are
binned according to a (or several) dependent
parameters.

CURRENT STUDIES

Data collection at the Goodnoe Hills Candidate Site
begar long before the actual installation of the MOD-2
turbines. Since then, the PNL Distributed Data
System (DDS)}, 2 minicomputer-based data acquisition
system, was developed and has evolved and routinely
collects meteorological data and turbine operating
data. Table 1 presents a list of the parameters for
which data have been collected. In the current con-
figuration, the system is limited to collecting a
maximum of eight turbine parameters from each turbine.
(This capability is soon to be expanded to 64 parame-
ters.) These data and their standard deviations are
collected at a rate of once every 2 minutes. The
standard deviation is based on 120 one-second samples.
The DDS is capable of sampling data from all these
chagngls at a rate of several samples per second if
needed.

The Goodnoe Hills test site is located adjacent to the
Columbia River gorge on the south-central border of
Washington State. The site elevation is about

2600 ft MSL. In general terms the site appears to be
on & broad, gently rolling plane. Figure 1 is a
computer-generated, three-dimensional, isometric plot
of the site topography looking from aloft to the
northeast. As can be seen, the site terrain is
actually far from simple. Figure 2 shows the site in
plan view and on a much smaller scale. The site was
laid out with the turbines placed in an array with
separation distances of 5, 7 and 10 diameters. The
axis between any pair of turbine. was determined to
be a climatologically high wind azimuth so that there
would intentionally be some possibility cf the wake



from one of the turbines impacting one of the others,
Historically, significant perioeds of strong winds
accur on azimuths of about 200°, 255° and 280°.

THELE 1. Data Parsmeters Collectsd at
the Goodnoe Hills Test Site

PHL Tower:

wind direction 2t 33 ft
wind direction at 50 ft
wing divection at 200 ft
wind direction at 350 ¢
wind speed at 33 1
wind speed at 50 ft
wind spesd at 200 £t
wind speed at 350 ft
tomperature 3t 33 #t
temperature difference between 350 ft and 33 ft
afr flow at 33 £t

gir flow at 350 ft
gressure at 200 ft
y=component at 200 ft
y~component at 200 ft
w-component at 200 ft

N O A OR LY L B

BPA Tower:

} wind speed at 50 ft
wind direction 2t 50 ft
wind speed at 145 ft
wind direction at 195 fL
temperature at 50 Ft
pressure at ground

ice detector

u-component at 200 ft
y-component at 200 ¥t
10} w-component at 200 ft

Turbine 21, #2, #3:

field current
generator power
utility power
generator voltage
rotor speed

blade #1 pitch
yaw error

nacelle position

Figure l--Computers snerated view of the tonography
at the C.oodnoe Hills test site showing
the locations of the three turbines. Base
dimensions of the map are &4 by 5.5 miles,

Figure Z2--L8 he Goodnoe Hills test
site with 50-ft contours shown

Turbulence at the site has been qualitatively charac-
terized as moderate to strong when the wind is from
any one of the prevailing wind directions, As a more
quantitative measure, a quantity known as the turby-
tence intensity was calculated using an entire year’s
site data. Plots of tie resulting analyses are given
in Figures 3 and 4. For this analysis the data were
not stratified by atmospheric stability. The authors
recognize that such a stratification would provide
aseful information. However, since the analysis was
based on the eguivalent of 1.5 data, the results
should evidence worst-case conditions. All the data
in each of 72 5°-bins were averaged individually, The
turbulence intensity, 1, i5 egual to the RS of the
eddy velocities divided by the mean wind speed:

(1)

Turbubant intensity

PR Wing Sossd (MPH)

} i i
e
FHL 200 Py Dinmction

Figure 3--Long-term turbulence intensity versus wind
direction measured 3t the 200-ft level on
the PAL meteorological tower
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Figure 4--Same as Figure 3 but from the 195-ft
level at the BPA tower

Interpretation of Figures 3 and 4 should be approached
with caution. The increased turbulence intensity at
the PNL tower between 45° and 90° and the marked reduc-
tion in wind speed are artifacts associated with the
wing shadow cast tv the tower. Similarly, in Figure 4,
the increased turbulence intensity and reduced wind
speed at about 110° show the same effect at the BPA
tower, which was installed with a different rotation
than the PNL tower. Figure 5 illustrates the effect
of tower shadow on the measurement of wind speed. In
the quadrant between approximately 45° and 135°, any
comparison of the winds at the two towers should be
viewed with caution. The first major dip in the data
is the effect of the PNL tower shadow on its anemom-
eter while the large peak following represents the
effect of the BPA tower shadow on its anemometer.
Regardless of these discrepancies, the reader can
easily see that for either tower, the average turbu-
Tence intensity at hub height is on the order of 0.1.
The climatological mean wind speed at the site is

15.3 mph. The Zy is roughly 0.05 m, which is expected
in open, rolling, brushy or crop land. The turbulence
intensity is an indication of a physical phenomenon
that plays an important role in the lateral reentrain-
ment of momentum as well as the spread of a turbine
wake.

Data collected by the DDS in the period from August
through mid-November 1982 were used in this study.

The period was restricted because multiple turbine
data as well as meteorological data were not available
until then. Turbine #2 parameters were not connected
until mid-October. The data were cleaned up and
screened and a special Jata set was created specifi-
cally for this wake stidy. In screening the data
three criteria were used to qualify the data for inclu-
sion. First, at least one turbine had to be running.
This was determined by discriminating on the basis of
rotor rpm, nacelle direction and power out. Second,
the wind, as measured at the PNL tower, had to be from
2 direction that would cause the turbine wake to fall
on either another turbine or one of the meteorological
towers, Data from each azimuth angle from one turbine
to each of the others or the towers +30° were incorpo-
rated. Third, single values that were judged to be
noise rather than data and periods that esccped ear-
Tier detection but were actually times when the tur-
bine parameter sensors were being calibrated were
eliminated.
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Wind Speed Ratio (PNL/BPA}
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0 60.0 1200 180.0 2400 3000 3600
PNL 200 Fe. Dveection

Figure 5--Time-consistent plot of the wind speed
ratios measured at the two towers clearly
showing the effects of tower shadow on
wind speed

Since the MOD-2 turbines are actually huge anemometers
in themselves, our concept was to use the turbines as
the primary sensors. To check that the transfer func-
tions of wind speed to power were the same for both
turbines, all turbine power-out data from both
turbines #1 and #3 were binned into 50 power classes
for comparison to the wind speeds measured simulta-
neously at each tower. Figures 6 an¢ 7 show the
results of that exercise., In both cases, turbine #1
appears to out-produce turbine #3 at up to about
design speed. Then, the reverse occurs. Whether this
phenomenon is real or whether it is a calibration
error has yet to be determined. In analyzing the com-
posite data, power ratios were the calculated indica-
tor of the sought-arter wake effects. The turbine
power transfer function cross-over at about design
speed may consequently be the cause of some of

3.0

25

20

Povver (MW)

10}

05

0 1 L 1
20 ko]

PNL 200 Ft. Wind Speed (MPH)

|

Figure 6--MOD-2 #1 and #3 wind speed to power
transfer function using the wind
speed measured at the PNL tower
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Figure 7--Same as Figure 6 except using the wind
speeds measured at the BPA tower

the variance noticed in the various cases. Further
analyses based on stability, wind direction, etc. is
currently being pursued and the results will soon be
available.

RESULTS

When the first graphs of the screened data were plot-
ted, the resuit we had anticipated was not realized.
Figure 8 shows the individual data points for the
power ratio of upwind turbine power to downwind tur-
bine power versus azimuth angle, Although there is a
moderate hint of an effect, noc firm conclusion could
be drawn. These data were then subjected to further
averaging, or binning, by azimuth angle, That is,
they were averaged by 1° azimuth bins with the result
shown in Figure 9. The individual data points in this
plot are now the average of the data shown in Figure 8.
The curved-fit line is a cubic spline fit to the data.
It will be noticed that the minimum in the power is
both above the power ratio = 1 line and offset to the
left. The vertical offset simply implies that for an
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Figure 8--Turbine #1 and turbine #3 power ratio for
all cases when the axis of the wake of
turbine #3 was in line with turbine #1
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Figure 9--Same as Figure 8 but with all data in each
1° bin averaged. The solid line is a cubic
spline fit to the data.

assumed uniform wind field over the entire test site,
turbine #1 was out-producing turbine #3. The 200-ft
or hub-height wind at the F.. tower was the reference
wind in these studies. Since there is n¢ stratifica-
tion based on power classes, the offset implies that
the baseline should be near the turbine power ratio
of 1.2 rather than 1. The horizontal offset to the
left might be taken lightly as the actual true angle
between turbines #1 and #3 was not accurately measured
before the analysis. We will discuss this further
later. Thinking that the scatter of the data about
the cubic spline fit might be explained if the data
were stratified by power class, we subdivided the data
into as many 500-kW bins as was practical and per-
formed further analyses. Figures 10 through 13 show
the results of that stratification. It should be
pointed out that the data were screened further for
these analyses and the minimum acceptable power was
500 kW.

Figure 10 is the same as Figure 9 but with the 500-kW
cutoff and some other identified spurious data removed.
Left of the -10° point on the graph, the data repre-
sent the average of less than 10 data points and might
thereby be discounted. On the right-hand side of the
graph, the data are all averages of more than ten
values and frequently the average of 40 to 50 2-min
average data. The result reinforces ihe point that

at 10 diameters an average 15% power deficit can be
expected.

Figure 11 is the composite or average data for all
cases in the wake data set when the power out of
turbine #3 was between 500 kW and 1 MW. Significantly
more scatter is evident in the data but is attribut-
able primarily primarily to fewer primary data points.
In only one 1° data bin were there more than 10 data
points to be averaged. This suggests that the promi-
nent dip of the spline fit 1ine out at -8° to -10° is,
in fact, artificial and that the real wake deficit may
be exemplified by the adjacent plateau to the right
of the null. Based on the number of data points aver-
aged, the baseline power ratio for this power class
might best be assigned to about 1.27, or turbine #1
producing about 20% more power than turbine #3.
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Figure 10--Same as Figure 9 with the minimum
power set to 0.5 Mw
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Figure 11--Same as Figure 9 but only for time when
the power out of turbine #3 was between
0.5 and 1.0 MW

Figure 12 is the result for th~ data in the power
class 1.0 to 1.5 M. In this case there were about
25% more data for the entire set and for the most part
there were nore data in the bins of most importance.
The nearly straight line in the 15° to 24° area on the
right side of the graph is probably a reasonatle
aporoxvration of the baselirne for comparison. If this
is 50, then the deficit at the center is close to 20%.
The large increase in the power ratio immediately to
the right of the wake centerline is not felt to be the
result of lateral reentrainment of momentum but rather
a decrease in the number of dita points averaged
(higher variance).

The final power class had to include data from 1.5 to
2.5 MW to provide sufticient data for meaningful analy-
sis. Figure 13 shows this data. In this power class
we estimate the power ratic baseline to ke about 1.1
and, therefore, the wake deficit for this high power
class has been reduced to 11 or 12%. If Figures 10
through 13 were superimposed, one would observe an
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Figure 17--Same as Figure 9 but for those cases
when the power out of turbine #3 was
between 1.0 and 1.5 MW
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Figure 15--Same as Figure 9 except the power out
of turbine #3 was anything greater than
1.5 MW

interesting, and at this point unexplained, shift or
migration of the region of maximum wake deficit to the
right or northward, nearer the assumed centerline
azimuth, Similarly, with increased power out the
effect of the wake 1s app. “ently reduced. The lateral
migration may be caused by the flow separating from
the surface boundary layer at the higher wind speeds,
and thereby reducing the ground effect or surface
stress.

Although the evidence for a power reduction of the
order of 15 to 25% at turbine separation distances of
10 diameters is shown by Figures 9 through '3, one
must keep in mind Figure 8, which showed that the
standard deviation zbout that average was very high
indeed and that such a deficit is not constant by any
means.

To illustr~*e any effect that can be discerned at
closer sep.rations, a small amount of data was



obtained with turbine #2 running and, ostensibly,
producing a wake that was impacting turbine #1.

These data were included in the wake data set and
were analyzed similar to the previously discussed
data. Because there were not enough data points, no
power class stratificaticn could be accomplished.

The resulting analysis is depicted in Figure 14. In
this graph, unlike the others, the centerline was
fixed at an arbitrary azimuth that roughly splits the
angle between turbine #2 and #3 with the verter at
turbine #1. From this, the baseline power ratio
appears to be just below 1.0. In this case a power
ratio of less than 1 infers that turbine #2 is
producing more power at the reference wind speed than
is turbine #1. The data at the right end of the
graph (where the 276 is marked on the abscissa)
represent the wake deficit of turbine #2 as seen by
turbine #3. The magnitude of the deficit is about 11
or 12%, and the distance between the two turbines is
7 diameters.
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Figure 14--The power ratio of turbines #2 and #1
with the wake of turbine #2 depicted
at about 12° to 14°. Some of the data
used occurred with all three turbines
rurning and some slight effect of
turbine #3's operation can be inferred
from the lefthand part of the plot.

In performing these enalyses we have attempted to
utilize as much data as possible from the Goodnoe
Hills test site. As mentioned ear’ier, the decision
to use the MOD-2 wind turbines as the primary sensors
for the wakes analysis does not preclude us from
looking at other data. There are periods of time when
the turbines were running and producing wakes that
impacted th: meteorological towers. When the wind
blows from the WSW to WNW the wake of turbine #3
should be monitored by the instrumented PNL tov_..

By screening our data in the appropriate manner, we
were able to pick out the wake. Figure 15 is a cubic-
spline fit to the bin-averaged wind speed data for
periods when turbine #3 was running and the wind was
from 260° +30°. On this graph we have plotted the
ratio of the measured wind speeds on the ordinate as
opposed to the power ratio. The wind speed deficit

at the distance of 8.3 diameters (turbine #3 to the
PNL tower) is about 20%.

Figure 16 is another example of a turbine wake inter-
acting with the PNL tower. In this instance, the wake-

wind Speed Retio PNL/BPA
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Figure 15--The ratio of measured wind speeds at
the PNL and BPA towers with the PNL
tower in the wake of turbine #3
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Figure 16--Wird speed ratio of the PNL and BPA
measured wind spceds during the
occurrence of a wake from turbine #1
at tie PNL tower

producing turbine is #1 and the s2paration distance
is only 2.2 diameters, The wind speed deficit, again
taking into account the difference in measured wind
at the two towers, appears to be approximately 45

to 50%.

How well do these otservations compare with other mea-
sured wake data? Several researchers have made wake
measurements at the MOD-QA at Clayton, New Mexicn,
Wind speeds in the wake of the turbine were monitored
at a vertical plane array two diameters downwind /1),
The array consisted of seven 200-ft towers with 12
fast-response anemometers arranged in a circle whose
diameter equalled the turbine rotor diameter. Inside
this circle was a horizontal 1ine of 5 additional ane-
mometers at hub height. The maximum deficit measured
ir the case analyzed was 25%. Later, the researchers
added a pair of towers to the Clayton wite approri-



mately two ciameters away from the MOD-0A on the same
azimith but cn the other side of the turbine relative
to tne seven-towar array (2). Although the authors
do not summarize their data, it appears that in the
transition region of the wake outside the potential
core, the typical deficits that were measured ranged
from 25 to 50%, with the greater deficits occurring
at the lower mean wind speeds. In identifiable far-
wake instances, the deticit measured ranged from 20
to 30%. In these cases also, tke larger deficits
occurred at the high wind speeds.

SUMMARY AND CONCLUSIONS

Coemparison of these study results to current numerical
wake models (3.4,7,6) have not been completed.
R2sults are of such 2 preliminary nature ihat report-
ing them khere might serve only to do a disservice to
both the data anal,;ses and the models. The authors
are resolved to complete this work and believe that
the data base created will prove to be ultimately
useful.

To the best of our knrwwledge, this is the first oppor-
tunity anyore has ha. to gather, process and analyze
wind turbine wake data in this manner. One of this
study's mjor shertcomings is the fact that we cur-
rently suffer from a paucity of data when we stould
have an abundance. This should noi be construed as

an excuse. The lacx of data from a program depending
on prototypical equi t fboth the data system as
well as the turbines) is normal. Since the data wnuld
be collected normally, the project becomes time-
dependent and in some ways time-intensive but not
labor-intersive.

Since the wind is stochastic in nature, attempting to
define the strucv e of a turbine wake with spatially
and temporally sm 11 samples required by labor-
intensive methods is not only tedious but potentially
quite inaccurate. The utility of the more labor-
intensive methods is potentially in verifying measure-
ments such as we have made at the cite. Verification
of the possible boundary layer effects on tne curva-
ture of the wake as a function of wind speed and/or
power extraction woulc be most difficult and expensive
as well as frustrating were it to be attempted with a
labor-intensive method.

As mentioned above, the nature of the wind is stochas-
tic in both speed and direction. Many observers or
researchers have commented that the wakes and hence
the flow at the Goodnoe Hills Test Site do not eces-
sarily go in a straight line. In analyzing the wake
data set, indications of this anastomosing ghenomenon
do not leap out but conversely there are indications
of flow veering or backing under some, as yet unde-
fined, circumstances. The wake research program at
PNL is part of a larger program involvec with atmo-
spheric and topographic influences on wind “low. It
is our intention to proceed with both of these
research tasks as quickly as po.sible.

Finally, it would appear from the nature of the data
collected at the test site that statistical studies
of the power-producing wind speeds and their direc-
tions are in order. The three MLJ-2s at the test site
were laid nut such that there was some probability of
wake interaction between any pair of the turbines or
even all three., [f the number of occurrences of wakes
impucting downwind turbines as screened by our anaiy-
sis is any indication, then the impact of wakes may
not be significant with proper array design. The per-
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cent of time that wakes appeared to impact other
turbines was a small percentage of the total time.
After making cuch a statemen:, we hasten to add that
the site is a test site after all. Under those
conditions, as opposed to the more typical utility
conditions, the opportunity for wake interactions may
have been significantly reduced due to human
intervention ard testing.

This is a preliminary report of ongoing work; consid-
erably more analysis is left to be done. Besides the
myltivariate analysis that we have outlined here,
there is a'so considerable verification to be done.
Some of this can be dore relatively soon, some will
have t2 wait for the return to servire Of the remain-
ing two turbines at Goodnoe Hills. we anticipate that
this work will continue for several more years.
Although it is tempting to propose that tme question
of wake momentum deficits could in fact practically
be p.t to rest at this moment, there is some question
in our minds if that is so. At the current state-of-
the-art of turbine design and construction where large
margins are built in for self-protection, the state-
ment that we can calculate wake deficits now may be
true iT a worst-case condition is all that is desired.
Conversely, in the future when designs become more
finely tuned and the margins designed and built into
turbines are vreduced to 2 bare minimum, we are not com-
fortable with our current capabilities.

The currert state of the wake turbulence-induced
stress loads is an unknowm. !* appears that there is
potential for considerable work in this area in the
future. Variations of the analyses performed to look
at wake deficits using the DDS data may be apropos for
turbulence studies; however, the instrusentation and
data rate would both hzve to be suppleme: \od and/or
changed.
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AZSTRACT

Blade-element/momentum performance prediction codes
are routinely used for wind turbine design and
analysis. A weakness of these codes is their
inability tc consistentiy predict peak power upon
which the machine strictural design and cost are
strongly dependent. Th: purpose of this study was to
compare post-stall airfoil characteristics synthesi-
zation theory to a systematically acquired wind
tunnel data set in which the effects of aspect ratio,
airfoil thickness, a:d Reynolds number were investi-
gated. The results of this comparison identified
discrepancies between current theory and the wind
tunnel data whict could not be resolved. Other
factors not previjusly investigated may account for
these discrepancies and have a significant effect on
peak power predi:tion.

1. INTRODUCTICN

The cost of a wind turbine is influenced by the
designer's ahility to predict peak power. Uncertain-
ty in the performance prediction codes for predicting
peak power forces the designer to be conservative and
oversize tne generator and other mechanical compo-
nents. Tnis practice leads to higher machine cost
which in turn increases the resulting energy cost.
The ability to predict peak power is dependent on an
accurate description of the airfoil 1ift and drag
characteristics immeciately after stall. As a rotor
approaches pea: power, aerodynamic stall progressive-
ly ervelopes the blade from root to tip. At peak
power the root end of the blade is deeply stalled and
the tip region, where most of the power is being
dev 2loped, is passing through the angle of attack
range of 15 to 25 degrees. Peak power is most sensi-
tive to the airfoil characteristics over this angle
of attack range.

B1ade-element /momentum performance prediction codes
provice the principle means for rotor design and
analysis. With the use of reasonable airfoil data,
these codes have been able to provide good estimates
of rotor performance provided a substantial portion
of the blade is not stalled. Past experience has
shown that, for a fixed pitch rotor, when a large
partion of the blade is stalled the use 0f two-dimen-
sional (2-D) airfoil data under-predicts peak power
and shows a rapid drop off thereafter relative to
measured power. A detailed discussion of this
problem is contaired in References 1 and 2. The
under-prediction of peak power has motivated the
development of 3-D post stall airfoil data synthesi-
zation routines (References 3 and 4). Of these two
routines, that of Reference 3 is more widely used
because of its user friendly nature. Without any
user interaction the routine automatically pwovidos 2
smooth curve fit frum wnere the 2-D airfoil data
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leaves off up through the highest angle of attack
experienced by the blade during stall. The approach
of Reference 4 is more subjective and requires the
use- to provide discrete airfoil data in the light
sta:1 region. Both of these routines are based on
past studies which show that after stall the airfoil
cha: icteristics of lift and drag are strongly
governed by blade aspect ratio and are relatively
independent of the airfoil geometry and Reynolds
number. After stzll, lower aspect ratics result in
lower values of lift and drag coefficients due to
greater flow leakage around the tip that relieves the
pressure differential across the blade.

Although the 3-0 post-stall airfoil dats synthesiza-
tion routines provided the needed direction to help
solve the peak and opost-stall power prediction
problem an adequate post-stall airfoil data base was
not available at the time of their development.
Consequently, these methods were tailcred to predict
peak power based con comparic.ns for a 7ow machinss.
Applied to other machines these methods were suspect
when predicted ana measured peak power were not in
agreement. For this reason, it was widely held that
the 3-D post-stall synthesization routines needed
further verification agairst a comprehensive post-
stall airfoil data base. In an effort to satisfy
this need, post-stall airfcil data were acquired in
the Texas AWM University wind tunnel.

2. POST STALL WIND TUNNEL TEST

To establish the data base to better verify the post
stall  synthesization theory, nonrotating wing
sections were tested in the Texas AWM 7 x 10 ft wingd
tunnel. Post stall performance characteristics were
established as a function of aspect ratio, airfoil
thickness, and Reynolds number. For this purpose the
test models had a one foot chord and were of the NACA
44xx family of airfoils. Blade aspect ratios of 6,
9, and 12 and = were tested for airfoil thicknesses
of 9, 12, 15, and 18 percent at Reynolds numbers of
250,006, 500,000, 750,000 and 1,000,000. The results
from this study showed that the post stall airfoil
characteristics of C and Cp are a strong
function of aspect ratio as expected and a weak
function of airfoil thickness. In the post stall
region the influence of Reynolds number was
negiigible for the range tested. A report
(Reference 5) containing the results from this study
and can be obtained from Rocky Flats wWind Energy
Research (Center (WERC).

Two plots extracted from this report which illustrate
the influence of aspect ratio on (_ and Cp are
shown in Figures 1 and 2. Figure 1 shows Cp versus
angle of attack for the four aspect ratios. For
discussion purposes the figure can be Droken duwn
into three distinct angle of attack regions. In the
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TABLE 1. POST STALL (i,
Equations of Reference 3
anx = 1.11 + 2.018 AR @ (a=90°) (1)
Cp = B) sin%a + B, cosa (a=15°t030°) (3)
where:
B1 = Copay
= - in2
B2 = CDS COpax SiN‘as
cosa g
CL = A sin2a + Ay cos’a  (a=15°t090°) (5)
sim
where:
Ay = By/2 cina
= - i hd S
Ry = (G - Cpy,, Sinas cosag)-

CoS ag

AR - aspect ratio

Cp - drag coefficient

Cp - lift coefficient

t/c - non-dimensional airfoil thickness

e - angle of attack

ag - angle cf attack at stall, usually 15°
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Cp EQUATIONS

Equations Derived from Texas AWM Data

C[)max = 1.00 + 0.065 AR @ (a=90°) (2)
(0.9 + t/c)
Cp = B; sine + B8, cosa (a=27.5°t090°) (8)

where:
81 = Copuy
B2 = Cpg - Cp,, SiMas

cosag

Same as equation 5, however the use of the new
C for evaluating A} and Ay results in a
stmger AR influence.

al*ernate: (p = Cpcosa
sim

C.=0.9

(a=30"t090°) (6)

with: @ a=30°




first region up to 15 degrees, the wings are
unstalled and for performance prediction purposes
similar 2-D airfoil data for this region is normally
acquired from one of many airfoil data catalogs for a
desired Reynolds number. However, for this 3-D
testing induced drag effects steadily increase with
anqle of attack with the magnitude being greater for
Tower aspect ratios. This subtle trend is masked by
the accuracy of the data over this angle of attack
range. The second angle of attack region from 15 to
27.5 degrees is worthy of special attention since it
has the dominant effect on peak power p-ediction. An
important characteristic of this region is that
aspect ratio effects cannot be discerned. In this
region the higher induced drag associated with lower
aspect ratio is neutralized by the lower pressure
drag associated with lower aspect ratio. Aspect
ratio effects are not seen to have a net influence on
drag coefficient until the angle of attack exceeds
27.5 degrees. Above this angle the pressure force
across the wing increases as the tip relief
diminishes with aspect ratio.

For comparative purposes the post stall synthesiza-
tion equations of Reference 3 were used to generate
corresponding values of (i and Cp. The calculat-
ed values are compared to the test data over the
angle of attack range of 20 to 90 degrees as shown by
the large open symbols for aspect ratios of 6 and
12. For both aspect ratios the calculated values
fall well below measured values. In addition, the
equations Tack the strong sensitivity to aspect ratio
as shown by the data above a 30 degree angle of
attack. To better reflect the measured first order
aspect ratio and second order airfoil thickness
effects, equations 2 and 4 are presented for
C and Cp, respectively. These equations
wereé used to generate the shaded symbols and show
good agreement with test results over the angle of
attack range of 27.5 to 90 degrees. The new maximum
drag coefficient equation has three times greater
sensitivity to aspect ratio. In addition further
aspect ratis sensitivity was acquired by using a
first order (Sin) term in the drag coefficient
equation. The new approximation (Equation 4) only
applies over the angle of attack range of 27.5 to
90 cegrees versus 15 to 90 degrees used in the
original approximation (Equation 3). The discrete
values of drag shown in Table 1 for the angle of
attack range of 16 to 27.5 degrees are for airfoils
having thickness of 12 percent or greater. The wind
tunnel test results show that for thinner airfoils a
more rapid increase in drag can be anticipated over
this local angle of attack range. A step jump in
drag is needed to transition from 2-D data to
discrete 3-D data. An increase to a value of 0.10
appears reasonable in going from 15 to 16 degrees.

A comparison of the calculated measured 1ift coeffi-
cient versus angle of attack is shown in Figure 2 for
the various aspect ratios. Prior to stall a reduc-
tion in aspect ratio reduces the slope of the C_
curve, In blade-element/momentum type analyses this
trend is approximated through the use of the tip loss
factor. In the post stall region the measured lift
coefficient undergoes a rapid initial drop off
followed by a moderate reduction in C up until the
angle of attack region of 60 degrees., An approxima-
tion of this post stall behavior is obtained using
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Equation 5 from Reference 3. The equation provides a
continuous drop off from peak C to zero at
90 degrees in a manner characteristic of the test
data. The equation makes no attempt to approximate
the initial drop and recovery the C; experiences
for the higher aspect ratio blades. However, this
simplification does not appear to result in signifi-
cant error. Calculated values of C_ are shown by
the large open symbols using this equation with the
values of A; and A; based on tie old (
(Equation 1) as given in Reference 3. Calculgﬁﬁ
values of C, wusing the new (Equation 2)
to determine A; and A, are sh by the solid
symbols. Stronger aspect ratio dependency and
somewhat better agreement is achieved using the new
approximation for C( . This equation provides
good results from p&ﬁ" € throughout most of the
post stall region which typically begins around
15 degrees for most airfoils.

Two interesting characteristics of these data in
Figures 1 and 2 is that although the magnitude of
CL and Cp are a function of aspect ratio, the
ratio of C /Cp for a given angle of attack is
found to be independent of aspect ratio throughout
the deep stall angle of attack range over
30 degrees. In addition, C /Cp or more appro-
priately L/D, passas exactly through a value of 1.0
at an angle of attack of 45 degrees as would a flat
plate. These characteristics are shown by the square
symbols in Figure 3. For comparison flat plate
theory is represented by the solid line as calculated
by the ejuation L/D0 = cosa/sina. The data points of
L/0 ae seen o ecpproximate the ratio of cosa/sina
over the angle of attack range of 30 through
60 degrees. Beyond this point the data points fall
above flat plate theory duve to the suction de.eloped
by the leading edge curvature. Based on this trend
e.sation 5 can be replaced by the flat plate theory
alternate of equation 6. Using equation 5, the ratio
of L/D will be somewhat on the high side throughout
the angle of attack range and will not quite satisfy
the observation that L/D = 1 at an angle nf attack of
45 degrees as does equation 6.
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3. PEAK POWER PREDICTIONS

Predicted performance was calculated for three fixed
pitch wind turbines using Rocky Flats blade-element/
momentum analysis (PROPSH) which is described in
Reference 2. Using both the post stall airfoil data
synthesization method of Reference 3 and the modified
equations based on the Texas ASM wind tunnel data
predicted peak power was compired to measured peak
power. The machines analyzed were the Jay Carter 25,
ESI-54, and the MOD-0. In each case predicted peak
power was calculated on the low side of measurements
by 3 to 15 percent using the modified equations based
on the Texas AWM wind tunnel data. Better agreement
was achieved using the synthesization method of
Reference 3. Calculated peak power relative to
measured power varied from being 2 percent on the low
side to ¢ percent on the high side. Overall the
modified equations based on the wind tunnel data
predicted peak power 3 to 12 percent lower than the
equations of Reference 3 which were developed by
tailoring the equations to correlate with actual peak
power measurements.

The better agreement achieved using the equations of
Reference 3 is attributed mainly to the higher L/D
resulting in the angle of attack range of 15 to
30 degrees. As previously indicated this portion of
the post stall region has the greatest impact on peak
power prediction. Another factor not tc be overlook-
ed is the accuracy of associated with the

2-D data tables used in the @ilculations. Any error
in the ( ax utilized translates into a similar
error in the value of peak power.

Speculation as tc the difference in L/D resulting
from the 1ift and drag equations of Reference 3
versus the lower L/D vesulting from the modified
equations based on the Texas AMM wind tunnel data
yields some potential explanations. The Texas AWM
wind tunnel tests were nonrotational.
Rerodynamicists over the years have speculated that
for rotating wings centrifugal force effects are
present in the boundary layer that result in spanwise
flow toward the blade tip. Spanwise flow is thought
to enhance performance by delaying seraration of the
boundary layer. Another source of spanwise flow is
the spanwise suction gradient that results from the
rotating blades 1local oncoming velocity being
proportional to the blade radius. For both of the
these causes, the spanwise flow is from blade root to
blade tip.

A second scenario that warrants serious consideration
when trying to account for low peak power predictionrs
deals with elastic twist of the blade. Prior to
stall many airfoils have little or no nose down
{negative) pitching moment. When stall occurs in the
angle of attack range of 15 to 30 degrees, the moment
coefficient rapidly diverges. The resulting large
increase in nose down pitching mament can result in
elastic twist toward feather which would enhance the
power output and delay stall. The twist effect would
become greater with windspeed as the stall enveloped
the blade while propagated outward toward the tip.
The occurrence of just a couple of degrees of elastic
twist with increasing windspeed would substantially
enhance peak power and post peak power. Elastic
twist is a real consideration the manufacturer should
be aware of because of its strong influence on
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measured post stall power. The degree of elastic
twist can be expected to vary from one machine to
another depending on the amount of blade torsional
stiffness.

4. CONCLUDING REMARKS

The Texas ASM post stall wind tunnel test of the NACA
44XX serves airfoils as influenced by airfoil
thickness, Reynolds number, and aspect ratio yielded
the following findings.

s Reynolds number was found to have an insignifi-
cant influence on the airfoil characteristics
over the range of 250,000 to 1,000,000.

thickness was found to have little
effect on post stall C although it does
influence (| which is normally acquired
from a 2-D Lm?foi] aata catalog. Increased
thickness did provide some reduction in drag
throughout the post stail region.

« Airfoil

« Aspect ratio was the dominant influence on the
post stall airfoil characteristics. However,
this influence was not readily discerned over
the angle of attack range of 15 to 30 degrees
where the lower induced drag associated with
high aspect ratios is being neutralized by a
corresponding increase in pressure drag. Above
30 degrees both drag coefficient and 1ift
coefficient increased with aspect ratio such
that the resulting ratio of L/D was independent
of aspect ratio.

Applying these test results the post stall synthesi-
zation equations of Reference 3 were modified. Peak
power predictions using the newly modified equations
and those of Reference 3 showed that:

« the modified equations underpredicted peak power
by 3 to 15 percent

e the eguations of Refe-ence 3, because of their
more optimistic post stall L/D ratio, provided a
better approximat‘on of peak power.

Potential causes of the differences between measured
peak power and that predicted using the modified
equations based on the Texas AWM data are:

¢ the inability of nonrotating wind tunnel test to
represent the influence of radial flow effects

« elastic twists effects resulting from the
divergence of the post stall moment coefficient.
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ABSTRACT

Analytical iavestigation of dynamic stall on HAWT
rotor loads was conducted. Dynawic stall was modeled
using the Gormonr approach on the MOD-2 rotor, treat—
ing the blade as a rigid body teetering about a fixed
axis. Blade flapwise bending moments at station 370
were determined with and without dynamic stall for
spatial variations in local wind speed due to wind
shear and yaw. The predicted mean flapwise bending
moments were found to be in good agreement with test
results. Results obtained with and without dynamic
stall showed no significant difference for the aean
flapwigse bending moment. The cyclic bending moments
calculated with and without cynamic stall effects were
substantially the same. None of the calculated cyclic
loads reached the level of the cycli~ loads measured
on the MOD-2 using the Boeing five-minute-average
technique.

NOMENCLATURE

Speed of sound

Lift coefficient

Blade chord

Teeter moment of inertia
Flapwise bending moment

Mach number

Distanc: along blade

Blade radius

Distance measured normal to axis of rotation
Blade of deflection

Wind speed

Aetodynamic load per uanit span
Local relative velocity

Time rate of change of angle of attack
Angle of attack

Dynamic stall parameter

Yaw angle

Teeter axis tilt

Teetar angle

Blade mass per unit span
Master blade position angle
Rotor angular velocity

<d " ~0 o
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INTRODUCTION

Large horizontal anéis wind turbine rotors experience
ot. the order of 10’ stress cycles during a projected
30-year lifetime. Cyclic loads due to gravity, tower
shadow, wind shear, and yaw contribute to stress
cycling as well as wind turbulence which can be viewed
as a cyclic disturbance in the reference system of the
blade. With the exception of gravity, the loads
mentioned above are aerodynamic in nature and, since
dynamic stall has been identified as playing a signif-
icant role in influencing the performance and fatigue
1ife of the vertical axis wind turbine [1], it has
been conjectured that dynamic stall plays a similar
role in influencing cyeclic loads of horizonmtal axis
wind turbines.

The primary characteristics of dynamic stall are the
occurrence of stall beyond the angle of attack associ-
ated with the static stall, the dependence of the
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loads on the time rate of change of the aagle of
attack as well as the angle of atrack, and hysteresis
in the lift, drag, and pitching moment. These charac-
teristics would be expected to increase both wmean and
cyclic loadings. Noll and Ham [2] in their investiga-
tion of the effects of dynamic stall on ssall wind
systems concluded that dynamic stall could increase
fixed pitch horizontal axis wind turbine normal loads
and moments by “about 10 perceant.” Accordingly, this
study was undertaken (¢ examine the possible effects
of dynamic stall on the MOD-2 wind turbine. Extensive
data on mean and cyclic flapwise loads have been
obtained for the MOD-2 (3].

ANALYSIS
Geometry

The analytical model used to investigate the effect of
dynamic stall on the wean and cyclic flapwise bending
moments consisted of i rigid two-bladed rotor :zet:r-
ing about a fixed point. An existing program {4} vas
modified to treat a teetering rotor. Figure l shwwis a
blade element, the wind, Vw, and the coordinate
system. Looking upwind, the rotation of the rotor is
counterclockwise with the rotor teeter angle
designated as y. The axis of rotation, x, is fixed in
space so that rotor yaw, represented by the angle 6,
is due to shifting of the wind rather than motion of
the yaw axis. Each blade of the two-bladed rotor lies
in the same plane so that there is no precone to the
rotor.

The blade positions differ by an angle of 180° and the
taeter angles of the two blades differ in algebraic
sign. One blade is designated as the macter blade and
the position angle, 6, and the teeter angle, ¥y, are
given for the master blade.

Blade Bending Moment

The blade element illustrated in Figure i is shown in
Figure 2 as part of a blade section which extends from
r, to the blade tip. Loadings due to the aerodynamic
forces and the centrifugal accelerations are illus-
trated in Figure 2. For a blade element of mass per
unit span, yu, rotating at a constaat angular velocity,
Q, the contrit -tion of the above loadings on the
element to the .latwise bending moment at position s,
is

a, = (s-sl)[w—u;)dr - e (v--v1 Jar 1)
Here w is the aerodynamic load per unit span. Rigid
body motion of the rotor blade due to teeter motion
yields v = rsiny = ry so that the contribution to the
flapwise bending moment becomes

a, = (r-rl)[w - ur(y+ szj]dt o)
The motion of the rotor, about the teeter axis when ¥
is small and the teeter axis is perpendicular to the
blade span (83 = 0) is described by

- 2
v+ av)=M &)
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where

R
1=2 |
[+]

2

r udr (4)

and the net teeter moment is

4 = [ rwr

. - [ radr
ne Blade 1

Blade 2

Substitution of Eq. (3) into Eq. (2) yields an expres-
sion for the differeantial flapwise coatributions of
the aerodynamic forces and the accelerations (both
centrifugal and teetering) to the flapwise bending
mowment.

M
net

dM, = [r—rl)wdt -

(r—tl Jrudr (5)

Measurements of the flapwise bending moment of the
MOD-2 wind turbine were made at station 370. At this
station, the contrioutions given in Eq. (6) can be
written as

- 0.352 M
ne
aero

t

Gravitational coutributions must 2lso be included.
Including the blade twist at station 370 (twist = 8 =
2.5°) the bending moments due to gravity are

R
gr [ (r-r;) wdr [sinycossiné + singcose]
1

For the M)D-2 with small ¢ the above contribution is

(6)

3,219,000 yYsin6 + 142,900 cosf N-m

The total of the gravitational, aerodynamic, and
acceieration contributions to the flapwise bending
wmoment at station 370 is

- N +3.219 « 10%ysing

1

%

-0 .352}1ne
aero

4

Total

+ 1.43 lOScose

€]
The gravity terms play a large role in determining the
cyclic bending moments.

Wind Input

The wind input used to wmodel the effects of dynamic
stall consisted of a steady wind with a yaw angle of
15° and with wind shear. The surface roughness used
was 0.32 m which yields a peak wind speed of 1.107
vhu when the blade tip is at its highest position and
a mgninum wind speed of 0.736 Vaub when the blade top
is at its lowest position. Examination of Goldendale
test site wind measurement records indicated that the
mean shear corresponds to a surface roughnes~ of
0.32 m. This surface roughness yields a wind profile
that is close to a power law profile exponent of 0.2.

The yaw angle of 15° was selected after examination of
the PGS&E MOD~2 wind turbine data. It was observed
that yaw angles of 15° were sustained for periods in
excess of 30 seconds, which is the length of time
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necessary for the MOD-2 rotor to fully respond to a
step change in wind conditions. Both the wind shear
and the yaw produce cyclic changes in the angle of
attack. Wind shear changes the velocity coaponent
normal to the blades, while the yaw produces cyclic
changes in the component of the relative velocity
parallel to the blade. Thus, shear—-induced changes in
angle of attack are greatest at the blade tips while
yaw cyclic angles of attack are greatest near the
blade roots.

Aerodynanics

The aerodynamic forces on the blades were obtained
from integration of the local forces obtained from
strip theory. Equating the blade forces on a blade
element to the momentua change in differential ele-
ment, the induced axial velocity was calculated at
each angular position at stations along the blade
radius. The net aerodynamic moment causing the rotor
to teeter was calculated and used to determine the
teeter angular velocity. Integration of the teeter
angular velocity, ¢, yielded the teeter angle. The
blade forces were determined using the velocity of the
air relative to the blades so that the local teeter
velocity, r cos ¢y, (the MOD-2 has no &;) nlayed a
significant role in determining the induced axial
velocity of the air. The tangential induced velocity
was neglected.

Strip theory uses the coucept of a fully developed
wake in the calculation of the induced axial velocity
so that there is an implicit assumption that an equi-
libriumwake exists. That is, the wake is always in
equilibrium with conditioms on the blade.

Static aerodynamic data for the NACA 23000 series
airfoil used on <he MOD-2 were obtained from reference
[S]. No correction was included in the calculatioms
for the gap between the movable tips and the fixed
portion of the blade and the Prandtl tip loss factor
was used to account for decay of the carculation at
the blade tips.

Dynamic Stall Model
The Gormont approach [6] was selected to model the

effects of dynamic stall based on the simplicity of
the method and success in treating dynamic stall in

vertical axis wind turbine applications [7]. 1In the
Gormont method
Q- _SL__.QR_ a )
QT static
()
where
c. L
N sal [25+.75-2] (9
a
and y; is a dynamic stall parameter that depends upon
the a’lrfoil shape and Mach number. Since the MOD-2

blade varies considerably in thickness ratio along the
span, varying from 127 thickness ratis at the tips to
27.2% thickness ratio at r = 0.3R, there was little
data available on the parameter y;. Using evtrapola-
tion of the data given in Gormoat's report [6], the
following form of y; was obtained and used for this
study:



1 ]

v = (266 - 698 ¢/c) [l - T g5

(10)

Table | below gives the variation of y; over the MDD-2
blade using a local Mach number, M = r}f/a.

Table 1. Variation of Yy, with Radial Station
/R t/e YL
1.00 .12 1.21
85 .17 .98
.70 22 Ja
.50 .24 .68
.30 .27 .60

The extrapolation used to characterize the dynamic
stall parameter does not warrant the display of two-
digit accuracy shown in Table 1; the values are shown
to indicate the magnitudes used in this scudy.

Cases Examined

The effect of dynamic stall on the mean £ upwise and
cyclic bending moments was examined at three wind
speeds, 9, 11.5, and 14 m/s. Cases were run with and
without dynamic stall. The calculations were started
with the rotor in horizontal position with zero teeter
angle and the history was determined for six revolu-
tions. Calculations at 14 m/s were made for eight
revolutions. The largest cyclic loads were obtained
at the final revolution with no appreciable
differences being observed between the sixth and
eighth revolutioa. Integration increments of 0.05 R
and 0.10 R were used and it was found that the smaller
integration increment resulted in an 8.7%2 increase in
mean flatwise bending wmoment and an increase of (.82
in the cyclic bending moment.

The results reported are for the 0.10 R integration
increment, the larger integration increment having a
significant effect on the computation costs, approxi-
mately cutting the costs in half.

All the reported runs were mwade with fixed pitch of 2°
on the partial span control surfaces. Interaction
between the wind conditions and the control system was
not included in this study.

RESULTS

The results obtained for the MOD-2Z wind turbine are
shown in Pigures 3 and 4. Figure 3 shows the mean
flapwise bending moment measured at the Goldendale, WA
test site as a function of the mean wind speed meas~
ured at the BPA tower. Also shown in Figure 3 is the
mean flapwise bendicg moment calculated in this
study. There is good agreement between the calculated
mean flapwise bending moment and the measured value.
The mean flapwise bending moment is almost exclusively
due to aerodynamic contributions since the net
contribution from gravity and teeter is zero.

Figure 4 shows the cyclic flapwise bending moment data
for Goldendale Unit #3. The data shown for 50% occur-
rence are based on asasurements, and the 99,92 case is
based on calculations using the 50X data.

The cyclic moments shown as the 50% occurrence were
obtained by statistical analysis of the amplitudes of
bending moment variations from the mean taken over
many cytles. Another method of representing the
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¢yciic variations is to take the cyclic amplitude as

1/2 (H'ux - ) where Moax 1s the maxioum value in a
cyclic and is the minimum value of the cycle.
Table 2, shown below, gives the results in tabular

form. Cyclic flapwise bendings calculated using the
1/2 (rg.a - o) method are given.along with (M, -
M) and t"m test results. Using either approach, the
calculated cyciic bending moment is below the measured
value.

Dynamic stall for the cases considered is observed to
have a small effect. At the lowest wind speed consid-
ered, 9 m/s, there was virtually no effect of dynamic
stall, due to the fact that angles of attack were
below static stall over most of the blade. As the
wind velocity was increased, dynamic stall effects on
the bending moment increase, but the magnitudes of
these increases were modest. The results at 14 m/s
show that dynamic stall increased the mean bending
moment by 2.5Z and the cyclic bending mowment increased
by 3.37 to 9.02 depending upon the method used to
calculate the cyclic be ling moment. Regardless of
the method used to calculate the cyclic bending mo—
ment, the calculated values were less than the measur-
ed values at the cyclic bending moment obtained from
reference [3].

Table 2. Calculated Mean and Cyclic Flapwise
Bending Moments at Station 370

- T
wind _ f(nmax- R Aucyc]ic**
Speed Dynamic R Hmin)* Max~d  (Data)
/s Stall Nem Nen Nem Nem
3.0 No  1929.10 172317 202730 241000
9.0 Yes  1932-10% 173656 205033

3

11.5 No  2455-103 193661 232386
11.5 Yes 2481-193 198066 248431 229000
14.0 No zsas-log 229245 274480 00
14.0 Yes 29184100 236758 299075

* Plotted in Figure 3
**Cyclic flapwise bending moment data, 502 occurrence
from Figure 4

CONCLUSIONS

The results obtained for cyclic and mean flapwise
bending moment for cases with and without dynamic
stall show no substantial change due to the inclusion
of dynamic stall. Further compariscas of calculated
and measured bending moments show good agreement for
the mean bending woments and poor agreement for the
cyelic bending moments. The cyclic bending moments
calculated were for a 15° yaw angle which is a
frequent, but not the usual, case for the MOD~2. It
is concluded that spatial variations in wind speed due
to wind shear and yaw are not the primary drivers of
cyclic loading. Further, the effect of dynamic stall
on the mean and cyclic bending moments is small. Wind
turbulence and rotor flexibility were omitted in this
preliminary study of the effects of dynamic stall and,
of these omissions, wind turbulence is felt to play a
significant vole iu determining the wmagnitude of the
cyclic loads. Tte role of dynamic stall in interact-
ing with wind turl..ence remains unknown with the
major barrier to understanding being the inclusion of
wind turbulence in the lcading analysis.
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The following Appendices involve subjects of general
interest to HANT developers.

APPENDIX A
WAKE EXPANSION MODEL

A simple analytical model for the wake and flow field
of a horizontal axis wind turbine can be developed
from actuator disk theory. Let the mean axial velo—
city at the rotor by u = V(1-a) and the mean axial
velocity in the far wake by ugy, = v(1-1a). The axial
velocity along the axis of a rotor is approximated by

(A-1)

where q = x/R, R is the rotor radius and the rotor is
at the origin with x measured duwmstream. The above
relation is exact for the velocity aiong the axis of a
rotor with a cylindrical vortex shcet wake when A =
2. Using the above equation for v, throughout the
flow field one obtains from the continuity equation

. Va(i-Dn

s (A-2)

-
"
|

T

which yields a linear variation with r for the radial
velocity, Vpe The linear variarion in radial veloeity
is in qualitative agreement with the results of a free
wake analysis.

Streamlines in the flow may be obtained from the
relation:

dr . dn Ve
G= = (22 = = (a-3)
dx’s. g, Y
Integration of this equation yields
feake (- Vo 2 (A-4)
R 1+q 4

where E = a(A-1)/(1-a). Equation (A-4) may also be
used for any screamline that starts at the rotor.

In order to use the above approximation relation,
values of a and )\ are required. The value of 2 is a
mean value of the induction at the rotor and can be
approximated from the thrust coefficient.

For CT < 0.64, A= 2 and

Cp = 4a (1-2) (A-5)

which is a quadratic equation.

For CT > 0.64

Cp = 0.16 + 2.4a (A-6)

while A can be obtained from

c
A= —1 (A7)

2a(1-a)

The equation for the wake boundary is an approximation
and although it satisfies continuity, Eq. (A-4) has
positive curvature for the streamlines at the rotor.
The point of zero curvature for the streamlines is
defined by

2 —_—
E(q° + 5/6) = q N1+q?

The point of zero streamline curvature varies from the
rotor at E=0 (no wake expansion) to q ® 1.4? for E=l
(infinite wake diameter).

APPENDIX B
FREE YAW OF RIGID HUB ROTORS

The stability of rigid hub rotors in free yaw may be
described by examination of the change in yaw moment
with the yaw angle, §.

M
k- —J2%

26 (B-1)



Other yaw moments can cause yaw tracking errors but
the yaw stability is determined by magnitude and the
algebraic sign of k. While yaw tracking errurs are
wostly due to the imbalance of in-plane aerodynamic
forces due to wind shear and tower shadow, the spriag
constant, k, is due to the normal asrodynamic fo~
ces. Figure B-1 illustrates the role of the coning
angle ¢ in the stability of rigid hub rotors in free
vaw.

A rotor with blad. horizontal is shown schematically
when viewed from above. The velocity normal to the
blades is shown for blcde elements on the right hand
side and the left hand side of the rotor. The veloci-
ty normal to the blade determines the angle of attack;
that 1s

~ ?
a~V, (B-?)
The induciion way be different on opposite sides of
the rotor; however, the primary dependence is due to
the cmal velocity. It may ve observed that

VlR > VlL
hence the angles of attack for the illustrated blade
will obey

ap > a (B-3)

for the illustrated figure.

The normal forces on the right hand and left hand
sides are proportional to a (], , hence the moment
about point 0 tending to yaw %the rotor in the &-
direction is proportional to

-G (o - a ) (R-4)

The spring coastant, k, is the result of integration
of the differential yaw moment due to yaw over the
rotor. 1f C,_ > 0 the illustrated rtotor will be
stable in yaw %ince the coning angle Yy produces a
greater normal force on the blade cccupying the right
hand side of the rotor than on the “eft. However,
beyond stall for many airfoil sectionms, CLQ <0, and
the rotor yaw moment will increase with increasing
yaw. In such a case the rotor will operate in stable
mode at an upwind position where the coning angle is
regative. Thus the stability of rigid rotors horizon-
tal axis wind turbines in yaw can be characterized by
the integrated contribution of CLQ Y over the rotor.
For a rotor with three or more blades (B = number of
blades) the dominant term in the yaw “spring counstant”
is

B o 2
i A"
77 [ (R) nX ¢ dcosedn
o a
where
n=r/R
RQ
=y

¢ is the local flow angle with respect to the
rotor disk.
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Figure 1.
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Figure 2.

Blade Scction with Aerodynamic
and Cen -ifugal Loading
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ABSTRACT

This paper reviews research efforts it Wichita State
University spoasored by MASA Lewis Research Ceater to
design and evaluate serodyusmic brekiog devices which
will be smaller and lighter than full-chord blade
pitch comtrol.

Devices evaluated include a variety of aileron
counfigurations, and spoilers located at both trailimg
sdse and oear the leading edge. The paper discusses
snilytical msodeling, wind tuanei lestz, snd for some
configurations, full-scale votor tests. Curreat
designs have uwot provided sdequate coatrol power at
high angles of attack (low tip-speed-ratios). The
reasons for these limitatious are discussed.
Analysis sd wind tuonel test data indicate that
scveral options are available to the designer to
provide serodynsmic slowdown withour full-chord pitch
coatrol. Three options are suggested; adding venting
ia frout of the coatrol surface hingeline, using
spoilers located near the leading edge, and wusing
“wo-piece coutrol combining downward deflectioe
inboard with upward deflectioa outbosrd.

NOMENCLATURE
[ secticn chord
c, section drag coefficieat (drag/qc)
c, section lift coefficient (lift/qc)
¢, section oormal force coefficient (normal force/qc)
<. section suction force coefficientﬂ(',uction/qc)
q local dynamic pressure (1/2* p )
r local blade radius
R blade maximum radius
Re blade chord Reynolds oumber, Vic/:
TSR tip speed ratio, (mllv'ind)
v relative wind speed
v .. wvind speed
a“ndnxle of attack
$ relative wind angle
v kinzmatic viscosity
w angular velocity
INTRODUCTION
One of the critical design requirements for wind
turbines is to provide reliable omethods for limiting

rpm overspeed in the event of loss of load, or during
bigh wind speeds. Mechanical brskes for this purpose
become unacceptably large and heavy for large-scale
horizontal-axis wmachines. Aerodynamic control of
rotor overspeed may be accomplished by pitching the

entire blade, in the wanner cosmouly used for
airp® -e propellers. The wechanism asnd structure
required to accomplish this coutrol become
prohibitive on large rotors, however. As an
alternative, a portion of the outboard span may be
pitched to effect the desired control. This results
in considerable weight saving, even though it

requires locating actuators rather far from the axis
*Presented at DOE/NASA Horizontal Axis Wind Turbine
Technology Workshop, Cleveland, Ohio, May 8-10, 1984.
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of rotstion. Since rotor torque varies approximately
wita the cube of the span, the outer portious of the

blade produce most of the torque, and are therefore
the portions along which coatrol will be w=ost
effective. Virtually all current large scale

machines utilize part-span pitch coatrol, with the
cuter 302 being typical. These desigus have been
demonstrated to be quite effective. With this method
of coutrol, the wovable section operates st woderate
angles of attack, so that typical airfoil coutrol
data are sdequate for design. Even though outboard
pasuel pitch control has proven effective, it is
desirable to further reduce the size, weight and cost
of the control system.

Airplanes have loug used movable part-chord devices
as effective means of controlling serodynsmic forces.
Trailing edge “flaps™ for producing added lift, or
"ailerons™ for modulating lift either positively or
aegatively for roll comtrol, or “spoilers” for
reducing lift to effect descent or rull control bhave
all been used in this wey.

This paper reports analyses and results of tests of a
variety of coatrol devices for wind turbines. Tests
were couducted in the WSU 7' x 10' Walter Beech
Memorial Wind Tuunel. Model for thesz tests was the
NACA 23024 airfoil. A 9" chord was used so that large
angles of attack (0° to 360°) could be tested without
adverse wall intgrfcrence. Reynolds oumber for most
ruas vas 0.6 x 1.

AERODYNAMIC ABALYSIS
Strip Theory

of the viod turbine rotor blade are
analyzed by using strip theory, which couasiders the
relative wind at each spanwise station on the blade,
and resolves the aerodynsmic forces produced vn each
airfoil-section strip of the blade., This techmique
follows the same line of analysis as traditioval wving
lifting-line theory, and is reasonsbly valid so long
as substantial spanvise flowv is oot present. This
spproach permits the use of an exteansive data base of
airfoil design theory and dsta from 2-dimensiocunal
wind tunoel tests to design rotors, much as
two~dimensional wind tunnel tests and strip theory
were used by Orville and Wilbur Wright for their
first propeller design. Figure i illustrates the
strip wethod applied :0 a rotor, with pertineat
velocities, force componeats and mmgles. This
figure, which has been simplified by neglecting
indaced velocity effects, illustrates the
relationship between relative wind angle, wind speed
and rotor ammgilar wvelocity. Figure 2 shows the
variation of flov angle vith spanwise position and

The aerodynamics

TSR for an untwisted rotor. As shown, at high
tip-speed-ratio (TSR), the flowv angle will be
relatively small, and coanversely for low TSR the
angles will be large. Therefore, during the ioitial

phases of rotor slowdown, the sngles will be small,



but as the rotor rpm is decreased, the local flow

angles vill become large.
Airfoil Section Properties

Typical airplane wings operate over mm sogl. of
attack rsage from near zero to o fev degrees beyound

stall, which is usually below 20 degrees. Wind
turbine rotors, by coatrast, operate at amgles of
attack rangiog from 90 during start-yp to to oear

zero degrees at normal operating rpm and wind speed.
This means that an airfoil data base wvhich may be
quite adequate for airplsme desiga, is often
inadequate for wind turbine aserodynamic braking
analysis. For this resson, high mgle of attack wiod
tuonel tests have been conducted at Wichita State
University for a oumsber of airfoils, with and without
coatrol surfaces (Refs. 1 ed 2).

As wnoted earlier, duriog normal operation, efficieat
vind turbine rotors are at relatively bhigh TSR, vith
correspondingly small blade asagles over the importaat
outer portioos of the blade. Many large-scale wiond
turbine rotors sre desigoed with zero twist and zero
blade mgle out of the plane of rotation (beta) for
ease of manufacture sad structural simplicity. For
these reasous, the present study is restricted ¢o
rotors with zero twist sad zero beta. The vwelocity
and force vectors in Figore 1 show that the perticent
serodynsmic force cowponent whick produces torque is

the forward chordwise coupouent, or "lesding-edge
suctioun” force. This force cowponent and ics
companion compouent (normal force), are derived from
1ift snd drag componeats by the coordinate
transformation equations below:
€g = oy sin(alpha) - c, cos(alpba) 1)
N cos(alpha) + 4 sin(alpha) (2)

For symmetric sirfoils, ¢, and c_  are spproximately
represented by the familiar relatiouships below:

€ =2 * PI * gin(alpha) (3)

‘4" %40 *)
Substitutiag (3) and (4) into (1), the following
relationship results:

cg =2 *pPL ® :in2 (alpha)

- €4 * cos(alpha) (5)
While ¢_ is less familisr than c, sand c,, it is the
single parsmeter which governs blade torque. Since
the function of aerodynamic brakiung devices is to

these devices must
the required angle

produce zero Or negative torque,
provide zero or negative c, over
of attack raoge.

Typical Airfoil <, Data

A typical ¢ versus

alpha plot is showo in Figure 3.
This plot sfiows that

there two regions of positive
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S and therefore four angles of attack for which ¢

is zero. This means that there are severa
equilibrium states for vhich the rotor torque is
zero. In fact, cousideration of the excess torque

required to sccelerate the rotor wil® illustrate that
ounly the two states for which ¢ is increasiag as
alpha iaocreases are in stable equilibrive, and these
are tbe pcssible operational “run-a-way™ states.
These characteristics were identified and discussed
in reference I. The first region of positive ¢_ is inm
the low-to-soderate angle of attack rage, fore
separation and c . The second regime of positive
¢_ occurs at alﬂg of attack above about 60°. This
second regime is primarily a result of the uose
radius of the airfoil, sd will be preseat
irrespective of treiliag edge contrel device, sioce
the flow over the sft portion of the airfoil is
separated for these angles. Fortunately, the
equilibriue angle of attack for this state is so high
that the rpm will be acceptably low, even for
burricane wind speed. Thus the design requirement
for a coatrol device is that the ¢, remain negative

for all mgles of atteck below sbout 60 . The
remainder of this study focusses ou wmethods for
schieving this goal.

Figure 4 shows c_ versus alpha curves for am airfoil

without control “amd the same airfoil with 20I chord
aileron aemd 202 chord trailing edge spoiler. Both
aileron and spoiler produce adequate npegative c,
low angles of attack. An interesting characteristic
of these curves is that as aagle of attack is
increased, the <. shows a parabolic increase, as
indicated by equation (6). This trend bhas been
observed fexr virtually all configuratious. The
iacrease in ¢_ with =lpha is nearly irrespective of
airfoil and “trailing edge coutrol device, and
continues until stalling occurs, as evidenced Dby
simultsneous attainment of saximum values for c, and
c.. While wmany configuratioas were tested &:ich
produced negative €y for all sagles below stall, all
configurations of ailerons or aft wmounted spoilers
exhibited the steep ¢, Versus alphs ralationshiy,
with c_ approaching zero or becoming positive before
section stalling occurred,

Reynolds Number Effects

While a unusber of control devices tested provided
negative ¢ for all angles of attack below 60, meny
of them extibit a sharp peak in the c_ curve at the
stalling angle of attack (typically 20 to 30°). 1¢
is well known thst increase in Reynolds pumber will
increase the stalling angle amd ¢ of wmost
airfoils. Since large scale rotors will typically
operate at Reynolds sumbers higher than the wind
tunnel tests, full scale hardware can be expected to

have higher stalling angles, and consequently have
positive ¢ for some angles Dbelow the 60°
requiremeat. The non-linear character and high slope
of the ¢, curve maskes the performance particularly
sensitive to Reynolds ouaber. Figure 35 shows data
vhich illustrate how increasing Reyuolds uumber

resultes io positive ¢ for a limited slpha ravge
below 60 . Rotors with this type control device will
exhibit slowdown only to the zero c_ angle of attack,
which may be at en unacceptably high rpm. Alternative

methods for improving control effectiveness at high
angles of attack are givem in the sections which
follow.



Effects of Venting

The rproblem identified with respect to the
performance of trailing edge devices for aerodynamic
control is that at sagles of sttack in the range of
20 to 30 degrees, the suction force tends toward
zero, and may becowe positive for a limited angle of
attack range before again becoming aegative. Thus,
vhat is needed is a wechanism to limit the ¢ of
the airfoil with uypward deflected aileroa.

possible means to limit ¢ x is to a'low air o
"leak” from the lower surfa e up to the i,per surface

at high angles. This is sccomplished rather easily
by providing a slot or gap near the deflector
hingeliae. A coufiguration can be designed with such

a gap, vhich would be closed when the coatrol surface
is at zero deflection, and open for large deflection
angles. Figure 6 shows wind tuonel tests of the
effects of bhiageline gaps, and illustrates that the
gap is effective in the critical aagle of attack
range, without peuaity to control effectiveness at
low angles. While some performance pevcalty is noted
at very bigh mmgles of attack, venting does provide
improved performance at angles of attack nmear stall.
Tuanel flow st:dies reveal that the flow through the
slot is fr~~ upper to lower surface at low amgles.
At about 20 dv_rees, the flow direction changes, and
flow is from lower to upper surface for angles of
attack greater than 20 degrees. This leak flow
evidently reduces ¢ and therefore limits peak .-
Limited pnigher Reyno % ousber tests indicate thit
the gap fiow will reduce the sensitivity of the pesk
c, to Reynolds number.

Wind ctuonel tests by Tesplin asnd Rangi (Ref. 4 and
Fig. 7) show similar trends, and indicate that
ventins is egfecl:ive in reduciag the suction ped_: ia
the 20 to 30 alpha range. Their data were obtained
using an NACA airfoil, end are presented using a
coefficieat based oun aerobrake chord rather than
airfoil chord. Even though these results do not show
positive suction in this regiwe, it is possible that
increase in Reynolds number above the 1.7 x 10" test
value or change of airfoil section could result in
positive suction. Data from WSU tests for a similar
double spoiler arrangemen: are shown on this plot for
reference. The trend of the WSU data is strikingly
similar ¢o the NRC data, and illustrates that while
the NRC data do not show positive c_ in this alpha
range, higher Reynolds oumber wight result je
positive ¢_. The comparison serves to point out the
tencency for positive suction force for unvented
control devices, and the advantage of venting.

Effects of Hingeliue Location

As a0 alternative to large chord trailing edge
control, spoilers with forward hingeline locations
hsv: been studied. Analytical studies have been
corducted using & cowputational procedure developed
by Dr. Alan Elcrat, professor of wmathematics at
Wichita State Un.versity, to snalyze the effects of
locatiog spoilers at varioss positions along the
airfoil chord., A computer code has been developed
for this purpose. This snalysis uses a conforma!l
mapping technique from potential flov aerodynamic
theory to establish the inviscid flow pattern. Then
theoretical aerodynamic forces associated with am
airfoil plus spoiler are calculated. While the
method currently treats the airfoil and spoiler as
thin flac plates, the results are expected to
reasonably predic® trends for thick, cambered
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airfoils with spoilers,just as classical thin airfoil
theory is known to properly predict treads of lift
versus angle ot attack for airfoils with thickness
for angles below stall. The analysis results show
interesting trends for spoiler effectiveness. The
lift increments for given spoiler chord and
deflection are relatively insensitive to hingeline
location for zero angle of attack. On the other
hand, as spoiler hingeline is moved forward, the ¢
versus alpha slope is reduced as a result of the loss
vi «uction pressures aft of the spoiler trailing
edge. This should hgve the important consequence of
reduciog the sharp rise of c_ versus alpha, which
should reduce the tendency for c¢_ to become positive
for aengles of attack below ° This latter
cousideration is especially important for the case of

large-scale wind turbine rotor design. Based upon
these theoretical cousiderstions, wind tunnel tests
were cooducted to evaluste spoilers at forward
hingeline positions, at high sngles of attack. The

results of those tests are shown in Figure 8.

These test data stow that the trends predicted by the
theoretical aaalysis have been demonstrated. In
particular, the gegative ¢ for a given spoiler chord
and deflection at xero n‘le of attack is essentially
independent of hingeline for zero mgle of attack.
However, the forwvard hingeline configuratious are
show much more effective at high»r angles of attack.
It remains to demoustrate that this performance can
be achieved at the larger Reyuoldc sumbers of full
scale operation, and in the real eavironment of a
rotating blade. It must be noted that locatiog
spoilers uear the leading edge of an airfoil poses
speciul problems to insure that the pover generatiag

performance of the airfoil is not compromised due to
gaps, hinges, poor fit, etc. Further, structursl
designers do not favor this location because of

intrusions into the torsion carrying skin.
Combined Up and Down Coatrols

The undesirable characteristic
deflected spoiler or sileron is that the suction
becowes nearly zero or positive at bigh sangles of
attack. These high angles of atrack occur over the
portion of the span somevhat removed from the tip,
that is, over the region from 30X to 60 span (see
Figure 2.) Just as upward control surface deflection
delays stalling angle, downward deflection results in
early stalling and cousequently in negative suction
at high angles of attack. Thus, a downward deflected
aileron on the inboard span will be fully stalled at
the low tip-speed-ratioz necessary for shutdown.
Therefore, upward coantrol deflection over the outer
span could be combined with downward countrol
deflection over the 30X to 60X span regioc. The
~scbosrd coatrol would provide adequate control at
highk TSR values. As TSR is reduced for shutdown, the
inboard control would be deflected downwacd to
provide positive wserodynamic brakiog over this
portion of the blade. This concept, while wmore
complex than a single control surface, is promiging
enough to merit further consideration.

of the upward

ROTOR TESTS

Large-scale tests of asileron-type control devices
have been conductd by NASA Lewis researchers at the
Plum Brook site, using the 125 ft. dismeter MOD-OA
sachine. These results are reported in wmore detail
in & separate paper, but selected result. are shown



here. Figure 9 shows equilibrium rpm versus wind
speed from full-scale teste of the NASA MOD-OA
turbine vith 202 chord aileron with 60° deflection, a
simulated 302 chord aileron with 90° deflection, and
approximate results for a 381 chord aileron with 90°
deflection. Ilucreasing the chord and deflection of
the ailerou results in additional slowdown, but the
equilibrium TSR is still not as lov as desired. The
chord dimension of the countrol device wight be
further increased, but the disadvantage of this
approach iz that the cost of the control device, both
in terms of size and weight, is increased. At some
point, the control device may become as expensive as
the full-chord pitch coutrol it is desigaed to

replace!

PESEARCH IN PROGRESS
WSU has a ssall (20-inch diameter) votor test rig
fitted with dynamometer for torque and thrust
messurement. This rig has been used for rotor wake

and flow visualization studies, and is curreantly
being used for evaluation of spoiler hingeline
location effects. While the small scale provides
only very lov Revanoids ousber data, the rig is useful
in that rotatioval effects are preseant.

Reflection-plane wind tunnel tests are planned at WSU
to evaluate tle section characteristics of a 302
control device with large (5-10X chord) venting. It
is believed that this design will provide adequate
control throughout the aagle of attack ramge, with
aerodynamic balance to reduce coatrol actuator
requirements. Tweoty-inch rotor tests are planned
for this device to further evaluate it in a rotatiog
enviroament.

CONCLUSIONS

1, Wind tunnel tests, full-scale tests, and salysis
have rtevealed problems associsted with the design of
part-chord coutrol devices at high angle of attack.

2. Three concepts for improving control effectiveness
have emerged from the present studies:
{(a) Hiogeline veating added
deflecting 30X chord countrol device.
(L) Spoilers with forward hingelime locations.
(c) A two-control system with outboard aileron
deflected upvard and inboard aileron deflected
dowunvard.

to an  upward

3. Evaluation is continuing for all three concepts

above.
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COMPARATIVE WIND TUNNEL TE>STS AT HIGH REYNOLDS NUMBERS

OF NACA 64 621 AIRFOILS WITH TWO AILERON CONFIGURATIONS*

G. M. Gregorek

The Ohio State University
Columbus, Ohio 43220

ABSTRACT

An experimental program to measure the aerodynamic
characteristics of the NACA 64-621 airfoil when equip-
ped with plain ailerons of 0.38 chord and 0.30 chord
and with 0.38 chord balanced aileron has been conducted
in the pressurized 0.5.U. 6" x 12" High Reynolds
Number Wind Tunnel. Surface pressures were measured
and integrated to yield 1ift and pressure drag coef-
ficients for angles of attack from -3° to +42 and for
selected aileron deflections from 0° to -90° 6?tnom1na1
Mach and Reynolds numbers of 0.25 and 5 x 10°. When
resolved inte thrust coefficient for wind turb1ne aero-
dynamic control applications, the data indicated the
anticipated decrease in thrust coefficient with nega-
tive aileron deflection at low angles of attack; how-
ever, as angle of attack increased, thrust coeffi-
cients eventually became pos1t1ve. A1l aileron con-
figurations, even at -90° deflections showed this
trend. Hinge moments for each configuration complete
the data set.

NOMENCLATURE

Drag coefficient, D/qc(1)

Hinge moment coefficient, H/ch (1)

Lift coefficient, L/qc(1)

Pressure coefficient, P - Po/q

Thrust coefficient, Ct = CLsina - Cpcosa
Airfoil chord

Aileron chord

Mach number

Surface pressure

Free stream pressure 2

Dynamic pressure, q
Reynolds number, Re

OO0OODOO00
—4'9#::5

0 ©OTW
™ 8
won

<

pVc/u

Angle of attack
Aileron deflection
Air density

o o

Nondimensional chordwise coordinate
Nondimensional normal coordinate

b3
~
(2]

y/c

INTRODUCTION

Aerodynamic controls have been used on wind turbine
machines, both to modulate power and to brake the rotor
during high wind conditions. As wind turbines increase
in size, an aileron type of control becomes attractive.
Although ailerons have been effectively used on air-
craft for many years, the technical literature appli-
cable to the wind turbine and upon which to base an

*Presented at the Horizontal-Axis Wind Turbine Tech-
nology Workshop, May &-10, 1984 in Cleveland, Ohio.
Supported by NASA Lewis Rsch Cntr, Grant NAG 3-330.
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aileron control system is sparse. The specialized wind
turbine needs for data on thick airfoils operating at
angles of attack above stall and with large negative
aileron deflections are noi av2ilable. This paper
presents the results of an exper 'men*al program to
expand the data base for aileron control of wind tur-
bines.

A thick airfoil that is a candidate for wind turbine
application is the NACA 64-621 section. The present
program used this airfoil and fabricated, for testing,
two dimens ional models with plain ailerons of 0.38
chord and 0.30 chord and an aerodynamically balanced
aileron of 0.38 chord. The models were evaluated in
The Ohio State University 6" x 12" pressurized wind
tunnel at nominal Mach number of 0.25 and Reynolds
number, based on the 4" model chord, of 5 x 106. Sur-
face pressures were measured, which when integrated,
produced 1ift, pressure drag and moment coefficients.
The angle of attack ranged from -3° to +42° and the
aileron deflections were (00, -100, -150, -300, -450
and -90° for the 0.3%¢ pla1n aileron and 00, -159, -300,
and -90° for the other two ailerons. The surface pres-
sures of each aileron configuration were integrated to
yield the hinge moment as a function of angle of attack
and deflection.

EXPERIMENTAL FACILITIES

The 0.5.U. 6" x 12" High Reynolds Number Wind Tunnel
shown in Figure 1 is a two-aimensional facility
designed specifically to test airfoils near full scale
Reynolds numbers. It is a pressurized, blow down, wind
tunnel equipped with an advanced data processing system,
and capable of operating at stagnation pressures near
500 psia and at Mach numbers from 0.2 to 1.1.

In a typical test run of 15 seconds duration, surface
pressures are obtained at one angle of attack, one
Reynolds number and one Mach number. An on-line com-
puter controls the test sequence once the air supply
valve is opened, actuating pressure ..*-off valves at
the desired test condition, initiating a pitot probe
traverse of the wake one chord downstream of the model,
and closing the air supply valve on completion of the
wake traverse. The 48 port scannivalve/cut-off valves
shown in Figure 2 trap the surface pressures for samp-
1ing after tunnel shut down. A Harris Slash 6 computer
processes the electrical signal from the trapped pres-
sures to engineering format, and the test results in
the form of (p vs x/c, integrated 1ift, drag, and
pitching moment coefficients are displayed on the data
operator's CRT. The raw data is stored on magnetic
tape for a permanent record and the processed informa-
tion made into hard copy plots and printouts. The next
test cycle can be set up; depending upon the required
air supply, 40 or more such test runs can be made per
day.



The models are mounted to circular plates that fit
flush into the wind tunnel side walls as illustrated
in Figure 3. With multi-element models, the main ele-
ment mounts to a rectangular cut-out in this disc;
model angle of attack is changed by rotating this disc.
The aileron is fitted into a small disc that sets into
the main circular plate. The small disc has its center
at the hinge location so that the aileron can be
rotated about the hinge line independent of the main
element angle of attack. With these two separate
mounting discs, model main element angle of attack can
be varied from 0% to 360° and aileron deflection can
be varied similarly. For the present model tests,
with the hinge located on the upper surface of the air-
foil, aileron deflections of 0° to -100° are possible.

The model airfoils are presented in Figure 4. They
have a 4 inch chord and 6 inch span and are cast from
precision molds of aluminum-epoxy material. To sus-
tain the high airloads when deflected -90° the ailerons
had graphite roving distributed internally. The pres-
sure taps were formed into the main element and flap
during the molding process.

The airfoil ard the three atleron contours are pre-
sented in Figure 5. The location of the hinge lines
are given in terms of non-dimensional coordinates as
x/c = 0.635, y/c = 0.0825 for both 0.38 chord models
and as x/c = 0.712 and y/c = 6.0677 for the 0.30 chord
aileron.

RESULTS AND DISCUSSION

The wind tunnel test program consisted of more than
100 runs at nomiga] Mach number of 0.25 and Reynolds
number of 5 x 10°, with the major part of the program
focussed upon the 0.38c plain aileron. Angles of
attack from -90 to +459 were examined for this configu-
ration at five aileron deflections ranging from 0° to
-90¢. Limited tests of the other two aileron configu-
rations - the 0.38c balanced aileron and the 0.30c
plain aileron -~ were made at selected test conditions;
the purpose of these tests were to evaluate the effects
of aerodynamic balance and changing chord length by
comparing the results with the 0.38¢c plain aileron
baseline. All models had two dimensional trip strips
of 0.002 inch (.0005c) located at .05c on the upper
?nd lower surfaces to assure a turbulent model boundary

ayer.

Pressure Distributions

Three pressure distributions typical of those mea-
sured on the 0.38c plain aileron are presented in
Figure 6 to illustrate the change in pressure distri-
bution with angle of attack when aileron deflection is
fixed at zero degrees. The square symbols represent
the pressure coefficients on the upper surface, the
diamond symbols, the Tower surface pressure coeffi-
cients. The main element pressures are plotted from
x/c = 0 to 0.60 while the aileron pressure are dis-
played from x/c = 1.00 to 1.40; this displacement of
the aileron pressure distribution has been performed
to distinguish between the pressures on the aft face
of]the main element and on the forward face of the
aileron.

The distributions of Figure 6 show that as angle of
attack increases from 00 to 18% 1ift coefficient
increases from Cy = 0.38 to | = 1.18. The plateau in
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the aileron pressures in Fiqure 6b indicates the flow
has separated entirely on the upper aileron surface
and the 1ift coefficient has reached €, = 1.0 at 9°
angle of attack. When the angle of attack is doubled
to 18%, the 1ift has increased only to C; = 1.18 while
the separated zone has moved forward to the main ele-
ment and has reached x/c = 0.40

Figure 7 indicates the pressure distributions
obtained on the 0.38c plain aileron at a fixed angle
of attack when the aileron is deflected trailing edge
up. As the aileron is deflected from 00 to -15° and
then to -30°, 1ift coefficient at fixed angle of
attack of 99 decreases from Cg = 1.00 to 0.35 and
finally to C = -0.02. Of interest is the complete
change of pressure distribution on the aileron as it
is deflected. The low negative pressure coefficients
of the separated upper aileron surface increase *o
positive values as the aileron deflects, while the
lower surface pressure coefficients, initially positive
become negetivae. The pressure plateau of Figure 7¢
shows that the lower surface of the aileron has now
separated. These pressure changes, of course, result
in the loss of 1ift measured, but also an increase in
drag and a chanfe in the aileron hinge moment. In
fact, the hinge moment changes from a negative value-
an aerodynamic moment that tends to move the aileren
trailing edge up - to a positive hinge moment at the
-300 deflection.

The pressure distributions obtained from the 0.38c
balanced and 0.30c plain ailercn are compared with
the baseline 0.38c plain aileron at 18% angle of
attack and -300 aileron deflection. At 180, the base-
line aileron 1ift has increased to Cy = 0.89 from the
-0.02 shown at angie of attack 9 in Figure 7c. The
0.38c balanced aileron has a higher 1ift, C; = 1.03,
than the baseline, mainly due to the ability of the
balanced aileron to influence the main element surface
pressures, spreading the upper and lower pressures to
increase 1ift. In the same manner, the smaller chord
0.30c plain aileron has the lowest 1ift, Cg = 0.71,
due to the inability of the aileron to alter the main
element pressures.

These pressure distributions and the integrated 1ift
coefficients follow trends established by earlier air-
foil tests at modest angles of attack. Even when the
aileron is ceflected at extreme angles, -90°, for
example, the distributions, though irregular in
appearance, are rational. Figure 9 illustrates the
pressure distribution for the 0.38 plain and balanced
ailerons at 18° angle of attack and -90° a*leron
deflection. The large negative deflection has
accelerated the flow on the lower surface so that it
has low pressure surface (the square symbols are the
upper surface Cp). Further, the aileron is carrying
a high positive hinge moment with high pressure on
the forward (upper) surface and a low pressure on the
aft (lower) surface. These extreme conditions at
angle of attack lead to large negative 1ift coeffi-
cients for both aileron configurtions, Cg = -0.89 and
Cg = -0.57 for the plain and balanced configurations,
respectively.

When the angle of attack is increased from 18% to
360 for this extreme negative aileron deflection of
~-90°, the pressure distributions proceed through a
drastic changye. Figure 10 compares the distributions
measured at these two angles of attack for the base-
line 0.38c plain aileron.



As shown in Figure 10b for 36° angle of attack, the
upper surface of the main element is now the low pres-
sur surface; it is essentially flat, indicating it
lies in a separated zone. The lower surface, at 18°
angle of attack the low pressure region, now is the
high pressure surface. Similarly, the upper 2ileron
surface has low pressure coefficients and of ..e same
order as the main element pressure coefficients, while
the lower aileron surface has a higher (though still
negative) pressure coefficient. The net result of
this pressure distribution is that the 1ift coeffi-
cient has increased from C; = -0.89 to C; = +0.70 as
angle of attack changed from 18° to 36°.

This somewhat surprising behavior of the NACA 64-621
airfoil with ailerons deflected to large negativc
deflections producing substantial pacitive lift when
at angles of attack above stall was duplicated by all
three aileron configurations tested. The impact of
this post-stall behavior on the other aerodynamic
characteristics of the aileron configurations is
treated next.

Aerodynamic_Characteristics

Each of the surface pressure distributions obtained
in the test program wer~ integrated to determine a
normal and an axial coe.:icient for the main element
and aileron. These component coefficients were then
resolved into a total two dimensionai 1ift and drag
coefficient based on airfoil chord. An axial thrust
coefficient, C1 defined as

(1)

was formulated from the resulting 1ift and drag coef-
ficients.

Cr = Cgsina - Cqoosa

These three aerodynamic characteristics are dic-
played as a function of angle of attack for the 0.38c
plain aileron in Figure 11. The maximum 1ift coef-
ficient is observed to decrease from Cy = 1.22 when
68 = 00 to C; = 1.0 and C; = 0.83 as aileron deflec-
tion 1ncreases to -109 and -159, At &p = -459, the
miximun, 1ift has recovered to C; = 1.0 when angle of
attack has increased to 27° while an aileron deflec-
tion of -90° leads to a maximum Cg = 0.7 at 362 angle
of attack. The 1ift curve slopes for aileron deflec-
tions less than 300 are noted to be linear below
.. = 0.8.

At aileron deflections below ~30°, the drag coef-
ficients shov a generally parabolic form, increasing
from C4 = 0.01 near zero angle of attack to Cq = 0.40
at ang]es near 24°. When the aileron is deflected to
-45° and above, the drag decreases initially with
angle of attack before starting to follow the para-
bolic upward trend. At -90°, for example, drag coef—
ficient falls from Cp = 0.60 at zero to u."2 at 33°
angle of attack before starting to rise. This
behavior is caused by the distribution of pressure
noted earlier at high angles of attack and flap
deflections; high pressures on the upper surface of
the deflected aileron drop due to massive flow separa-
tion at high attack angles and the axial forcz on the
aileron is reduced.

When these 1ift and drag characteristics are com-
bined according to Equation (1), Figure llc results.
The positive values of Cy at Tow angles of attack
and deflection are desirable and necessary to drive
the rotor to produce power, however, for the rotor to

55

decelerate in high wind conditions, the aileron deflec-
tions must generate negative thrust coefficients. For
modest angles of attack, the large aileron deflections
do, indeed, create substantial negative values as

shown in Figure llc. Thrust coefficients increase
from C, = -0.30 and Cy = -0.8 for the -450 and -90°
deflections to zero aE angles of attack of 19° and 339,
respectively. Above these angles, a region of positive
thrust coefficients exist. The -59 deflection shaws

a peak Ct = 0.24 at 24° before decreasing to zero at
340 angle of attack; the -90° defiection has a maximum
Ct = 0.14 at 369 angle of attack that decreases to
zero beyond 459 angle of attack. These positive zones
of thrust coefficient may reflect adversely upon the
ability of this aileron configuration to brake the
rator.

The aerodyriamic characteristics of the 0.38c
balanced aileron are presented in Figure 12. The
symbols are the experimental data; the broken lines
represent the results at corresponding aileron deflec-
tions of the 0.38c plain aileron. The most striking
point of Figure 12a is the large 1ift coefficient
measured at the -90° aileron deflection, above Cy = 1.2
at 320 angle of attack. In contrast, the peak 1ift
coefficient for the plain aileron was C, = 0.7 at 360.
Further, the balanced aileron appears to decrease the
angle of zero 1ift about 4°. The thrust coefficients
displayed in Figure 12b indicatz that the low aileron
deflections produce low values of Cy than the corre-
sponding Cy of the plain aileron, but the high T1ift of
the -900 deflectton decreases the effectiseness of
the balanced aileron. Thrust c.efficient becomes
positive at 280 and peaks at Ct = 0.71 at 339 angle of
attack.

Performance of the 0.30c plain aileron is shown in
Figure 13. For the -900 aileron dcflection, 1ift
becomes positive at 249 angle or attack, reaching a
maximum of Cg = 0.9 at 33° angle of attack. The
smaller chord plain aileron exhibits positive thrust
coefficients at the -90° deflection as do the other
two aileron confiaurations, cross1ng C¢ = 0 at 279
angle of attack and peaking near Cy = 0.20 at 33°
angle. The 0.30 plain aileron has less ability to
generate negative thrust coefficients, Ct = -.4 com-
pared to Cy = -0.75 of the 0.38 plain aileron, and can
shift the angle of attack for zero thrust to 270 in
contrast to the 33° angle for zero thrust of the
larger chord plain aileron.

Hinge Moments

The pressures distributed on the aileron surfaces
produce an aerodynamic moment about the hinge line,
and knowledge of this moment is important when design-
ing an aileron control system. By integrating the
pressures measured on the aileron with respect to the
hinge line, this aerodynamic hinge moment can be
obtained. This moment is shown in coefficient form in
Figure 14 for the 0.38c plain aileron where the hinge
moment coefficient is defined by equation (2) below,

H

— 2
Y: (2)

Cy =

with a positive hinge moment defined as a moment tend-
ing to rotate the aileron trailin? edge down. At low
angles of attack and aileron deflection the hinge
moment variations with increasing angle of attack and
deflection. At high deflection angles the positive



hinge moment is aloost independent of angle of attack
until angles of attack above 20%; hinge moment then
decreases rapidly, changing sign at 249 and 329 angle
of attack for the -457 and -90% aileron deflections,
respectively.

Figure 15 indicates the hinge moments obtained on
the balanced dileron and in the 0.30c plain aileron.
As anticipated, the balanced aileron reduces the hinge
moment for all cases when compared to the 0.38c plain
aileron, Similarly, the hinge moment of the 0.30c
plain atleron at 909 aileron deflection is lower than
the baseline, A1l three configurations demonytrate
the change in hinge moment sign at post stall angles
of attack.

8y cross plotting the hinge moment information, the
angle to which the aileron will deflect to make the
hinge moment zoro may be obtained. The float angle
is shown in Figure 1b a5 & function of angle of attack
for the three aileron configurations.

SUsMARY

Three aileron configurations of the NACA 64-82]1 air-
foil have been pxamined in the 050 &Y x 12" high
feynolds number wind tumnel at Mach number (.25 and
Reynolds number of 5 x 100 sased on the 4 inch model
chord.  The purpose of the test was to contribute to
the existing aerodynamic data base of cendidate wind
turbine airfoils and to measure the performance of the
three aileron configurations at high angles of attack
and gileron deflection to svaluate their syuitability
for wind turbine power modulation and braking.

Pressure distributions obtained on the 0.38c plain
aileron; 0.38c balanced aileron and 0.30c plain aileron

FIGURE 1.
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were inteqrated to obtain 14fL, drog and thrust coef-
ficients at angles of atfack to 450 and angles of
aileron deflection to -90%. Reduction of the data
leads to the following observations:

i) AL modest angles of attack all atleron configu-
rations behaved normally, with both 11§t coefficient
and thrust coefficient decreasing with increasinmg
negative aileron deflection. Maximm 1ift coefficient
decreased as well.

i1} At angles of attack above 20° and aileron
deflections above -300 the pressure distributions
indicated massive separation on the upper surface
accompanied by low upper surface pressures, resulting
in increasing positive 1ift.

$i31) As a result of this lowered upper surface pres-
sure at -909 aileron deflection, for example, positive
thrust coefficients were measured at angles of attack
above 339, 289, and 270 for the 0.38c plain, 0.38c
balanced and 0.30c plain aileron, respectively. These
regions of substantial positive thrust coefficients
existed for more than 100 for all configurations.

iv) Use of atleron deflection a5 3 power modulation
mothod 1s feasible, and as an zerodynamic braking
system 15 possible when angles of attack can be
Yimited to those producing negative thrust coeffi-
cients.  The 0.38c plain aileron was most successful
35 a brake, To.lowed by the 0.38c balance ' aileron
and the 0.30c¢ plain aileran.

v} Hinge moments measured on the three configu-
rations were maximum for the 0.38c plain atleron,
with the balanced 0.38c aileron airfoil less.

The 05U Pressurized 67 x 127 Alrfoil Wind Tumnel.




FIGURE 2. Scanning Vaive,  ck ¥alves For Pressure Sensing.

FIBURE 3. Model Installed . Wind Tumel:




FIoUre 4. The 0.30c Plain, 0.38c Balanced and D.38c flain Aileron Modeis.

0.38c PLAIN AILLRON

0,30 "LAIN AILERON

FIGURE £, WACA 64 621 Airfoils With The Atleron Conflgurations Tested.
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a) Lift Coefficient
vs
Angle of Attack

b) Drag Coefficient
vs
Angle of Attack

¢) Thrust Coefficient

vs
Angle of Attack

FIG. : 11. Aerodynamic Characteristics of the 0.38¢c Plain Aileron at M = 0.2” and Re = § x 106.
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COMPARATIVE PERFORMANCE TESTS ON THE MOD-2,

2.5-MN WIND TURBINE WITH AND WITHOUT VGRTEX GENERATORS*

G. E, Miller

N95- 27978

Boeing Aerospace Company
Seattle, Washington 98124

ABSTRACT

A test program was conducted on the third Mod-2 unit
at Goldendale, Washington, to systematically study
the effect of vortex generators (VG's) on power
performance. The subject unit was first tested
without VG's to obtain baseline data. Vortex
generators were then installed on the mid-blade
assemblies, and the resulting 70% VG configuration
was tested. Finally, vortex generators were mounted
on the tip assemblies, and data was recorded for the
100% VG configuration. This test program and its
results are discussed in this paper. The
development of vortex generators is also presented.

NOMENCLATURE
AEP Annual Energy Production
BPA Bonneville Power Administration
Met Meteorological
NACA National Advisory Committee for
Aeronautics
PGandE Pacific Gas and Electric Company
PNL Pacific Northwest Laboratories (Battelle)
Sta Radial Station {Inches)
Ve Vortex Generator
WTS Wind Turbine System
INTRODUCTION

Analytical studies using wind tunnel data as input
indicated that vortex generators could be used to
increase Mod-2 power performance in below-rated
operation. Subseguent tests conducted on the PGandE
Mod-2 unit located in Solano County, California,
demonstrated that power performance was improved
substantially by installing VG's on the mid-blade
assemblies. The Solano test results will be
published by PGandE through the Electric Power
Research Institute.

Later, in support of the Mod-58 program, it became
necessary to confirm that a larger improvement in
power performance could be obtained if VG's were
mounted on both the mid-blade and tip assemblies.
Therefore, a test program was planned and conducted
to systematically study the effect of VG spanwise
extent on Mod-2 power performance. This test
program and its results are presented in this paper.
First, however, the development of vortex generators
will be discussed.

VORTEX GENERATOR DEVELOPMENT

A variety of vortex gencrating devices have been
developed for boundary layer control over the past
35 years or so. In Reference 1, Pearcey describes
several type- of vortex generators and discusses
their application to the prevention of shock-induced
boundary layer separation. When this phenomenon

*Presented at the DOE/NASA Workshop on Horizontal
Axis Wind Turbine Technology, May 8-10, 1984 in
Cleveland, Ohio.
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occurs on the wings of high speed aircraft,
additional drag is produced and the aircraft's
stability and control may be adversely affected.
Vortex aenerators are often mounted on the wings of
jet transports to delay flow separation and prevent
the occurrence of control problems.

The majority of wind turbine rotors do not encounter
shock-induced boundary layer separation because they
operate in the incompressible flow regime. The
Mod-2 rotors, however, experience another type of
boundary layer separation that begins at the
trailing edge and progressively moves forward along
the suction surface as the angle of attack
increases. This type of separation occurs when the
boundary layer can no longer follow the blade
surface as it traverses a region on which an adverse
pressure gradient is imposed by the external flow.
With increasing angle of attack below stall, this
separation process results in gradual loss of lift
and an additional, undesirable drag increment. This
separation process also results in the gentle
trailing edge stall that is characteristic of most
thick airfoils.

The fixed pitch Mod-2 mid-blade assemblies utilize
thick airfoils that are required to function at
large angles of attack throughout much of the
operational wind soeed range. Therefore, the power
production of the mid-blade assemblies is limited
primarily by this separation process. The power
production capability of the mid-blade assemblies
could be improved if the stall angle and maximum
1ift of these airfoils could be increased by
delaying the boundary layer separation process.

To achieve this goal, Boeing conducted a series of
wind tunnel tests to explore the use of vane-type
vortex generators as high lift devices on thick
airfoils operating in flow conditions appropriate to
large horizontal axis wind turpines. Initially,
corotational and counterrotational VG patterns were
studied. These two patterns are illustrated in
Figure 1. For the same vane size and spacing,
counterrotational VG's were slightly more effective
in generating maximum 1ift than corotational VG's.
Therefore, most of the testing was directed toward
optimizing the counterrotational configuration.

The VG pattern found to be most effective in
producing maximum 1ift is illustrated in Figure 2.
This high 1ift VG pattern uses the larger of the two
vane sizes shown and was used to design the
mid-blade VG's. The effect of this high 1ift V6
pattern on the 1ift and drag characteristics of a 24
% thick airfoil is presented in Figure 3. Note that
the vortex generators increased the 1ift over ihe
entire angle of attack range shown. Also note that
the stall angle is increased by 6 degrees and the
maximum 1ift is increased by 90%. The minimum drag
penalty for this VG installation is only 20 couns.
For 1ift ccefficients greater than 0.7, however, the
drag is lower with the VG's installed.



The second, smaller vane shown in Figure 2 was also

developed in the wind tunnel. Relative to the
results obtained with the larger VG's, the smaller
VG's produced 5% less maximum 1ift; but the minimum
drag penalty is reduced by 70%. The smaller VG's
were developed for application to the blade tips
which always operate below stall. Consequently,
maximum 1ift is of secondary importance; however,
any additional drag resulting from premature
boundary layer separation is undesirable. Premature
boundary layer separation could be triggered by
distributed roughness or manufacturing contour
imperfections, especially when located near the
leading edge. For a given operating pitch schedule,
the smaller VG's would produce a net drag reduction
and some additional 1ift so that the power
contribution from the tip assemblies is increased.

Before proceeding into the discussion of the Mod-2
test, a brief discussion of vortex generator physics
will be presented. In the literature, the
interaction of the VG's with the boundary layer on
the mounting surface is described as a mixing
process between the high energy external flow 2nd
the low energy bound. -y layer fluid. This mixing
process reenergizes the boundary layer .llowing it
to follow the airfoil surface for a greater distance
into a region with an adverse pressure gradient
before separation occurs.

Flow visualization studies were included in the
2n2ing wind tunnel tests to examine this interaction
process. The observed flow field for a well
designed counterrotational VG pattern is illustrated
in Figure 4. The observed fiow field is very
similar to that presented in Reference 1. As
indicated in Figure 4, each vane produces a discrete
vortex just outside the local boundary layer. As
these vortices trail downstream, the vortices from
toed-out vane pairs (looking toward the leading
edge) gradually approach one another. The resulting
vortex pairs generate a secondary flow which
evacuates low energy fluid from the adjacent
portions of the boundary layer. This low energy
fiuid is entrained by the viscous vortex cores.
Simultaneously, the vortex pairs impress the high
energy external flow against the adjacent portions
of the boundary layer. Some high energy fluid is
also entrained by the vortex cores. The effect of
this secondary flow is to confine separation effects
to the aft portion of the suction surface beneath
the vortex pairs. As a result, 1ift capability is
increased and form, or pressure, drag is reduced.

At the higher angles of attack, wake surveys show a
dramatic reduction in low energy wake fluid
corresponding to a net drag reduction.

TEST DESCRIPTION

The subject test was conducted on the third Mod-2
unit, which is located on a site approximately 17
miles east of Go'dendale, Washington. The firsi .nd
second Mod-2 units are also located at this site. A
general arrangement of the Goldendale site is
illustrated in Figure 5. The test unit is situated
near the southwest corner of the site. The two
meteorological towers at the Goldendale site are
also indicated in this figure.

A brief description of the test unit is presented in
Figure 6. A detailed description of the Mod-2 WTS
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is contained in Reference 2. Except for the vortex
generator installations described below, the
configuration of Unit #3 was not altered during the
test.

The subject test was conducted during July and
August, 1983. This test was conducted in parallel
with another test which studied the effect of vortex
generators on loads. The results of that test are
presented in Reference 3.

At the beginning of the test, Unit 3 did not have
vortex generators. This initial configuration was
operated from July 8 through July 13, 1983, to
obtain baseline data. Vortex generators were then
installed on the mid-blade assemblies as illustrated
in Figure 7. The resulting 70% VG configuration was
operated from July 19 through July 28, 1983. Vortex
generators were then installed on the tip assemblies
as illustrated in Figure 8. The resulting 100% VG
configuration was then operated from August 1 to
September 1, 1983. However, most of the operational
hours for the third configuration occurred during
the first eight days of August.

DATA PROCESSING

During the test period, data from Unit #3 and the
meteorological towers was recorded on magnetic tape
for posttest processing. The variogus stages of the
data processing sequence are discussed in this
section.

The data tapes were first used to generate analog
traces showing the beginning and end of each data
run. These traces were used to determine start and
stop times for power production. These traces alsc
included the aif pressure and temperature recor 2d
from the BPA met tower. An average air dens’

ratio for each data run was determined fror e
atmospheric parameters. The air density rati. was
used t2 refer the measured generator power to
standard sea level ambient conditions.

The power production interval of each run was then
divided into convenient 10 minute intervals for
digital processing. Smooth wind conditions were not
considered in selecting the time intervals. At the
beginning and end of each run, one minute intervals
vere also identified to provide a zero power check.

The appropriate data channels were then digitized
during the 1 minute and 10 minute intervals. The
digitizing rate was 10 sampies per second. Next the
mean value of each channel was calculated for each
time interval. A zero power correction derived from
the 1 minute intervals was then applied to the 10
minute average power levels. Finally, the 10 minute
power levels were referred to standard sea level
conditions using the following formula:

Referred Power = Measured Power/Air Density Ratio .

During the test period, the air density ratio at the
site was approximately 0.90. Therefore, the
referred power is approximately 11% greater than the
measured power. For measured power levels greater
than approximately 2250 kW, this procedure will
generate referred power levels greater than rated
power. If the test unit were operating at a site
with standard sea level ambient conditions, however,
the control system would have trimmed the power



output for these data points to the rated level.
Therefore, ~ince the purpose of the power referral
step is to .erive the power-velocii, curve for a sea
level standard site, the referred power cannot be
greater than rated power.

TEST RESULTS

The measured variations of power output with wind
speed for the three configurations are first
discussed separately. Then a comparison between the
three power-velocity curves is presented. Standard
sea level ambient conditions are assumed in this
discussion. The power output was measured in the
nacelle at the generator terminals. The wind speed
was measured at the 195 ft. level on the BPA met
tower,

A total of 72 power-velocity data points were
obtained for the baseline configuration without
VG's. These data points presented in Figure 9.
Most of these data points occur in the wind speed
interval from 20 to 34 mph. Only a few data points
were obtainec at wind speeds less than 20 mph. The
highest wind speed at which data was obtainea is
34.8 mph. The distribution of data points with wind
spez. is shown in Figure 10.

Because of the noticeable data scatter, a
least-squares polynomial curve fit was used to
obtain the power variation with wind speed. A third
order polynomial was selected as the best fit based
upon minimization of the standard error. This curve
fit and its formula are also shown in Figure 9.

The rated wind speed for the zerc VG configuration
is approrimately 32 mph for standard sea level
conditions. Note that the average generator power
measured during rated power operation is only 2460
kW. The observed deviation of the measured rated
power level from the 2500 kW power setpoint can be
attributed to data system calibration error and
pitch controt dynamics.

A total of 78 power-velocity data points were
obtained for the 70% VG configuration. These data
points are plotted in Figure 11. Most of the data
points occur within two wind speed intervals. The
first interval is from 16 +o 23 mph, and the second
interval is from 29 to 36 mph. The data point
distribution with wind speed is shown in Figure 12.
The highest wind speed at which data was obtained is
37.3 mph.

The below-rated power data for the 70% VG
configuration was approximated by applying a
least-squares linear curve fit. A higher order
curve fit could not be justified because of the
small number of data points for wind speeds from 23
to 29 mph. The resulting curve fit and its formula
are shown in Figure 11. From this curve fit, a
rated wind speed of approximately 28.5 mph can be
inferred for standard sea level conditions.

Several hours cf rated power operation were recorded
while testing the 70% VG configuration. The data
points obtained from this data clearly show that the
rgsgn power output during rated power operation is

0 kiW.
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A total of 49 power-velocity data points were
obtained for the 100% VG configuration. These data
points are presented in Figure 13. All of these data
points occur in the wind speed interval from 16 to
30 mph. The data point distribution in Figure 14
shows that these data points are distrihuted fairly
uniformly across this wind speed interval.

The below-rated power data for the 100% VG
configuration was approximated by applying a
least-squares polynomial curve fit. A linear curve
fit was selected based upon minimization of the
standard error. This curve fit and its formula are
also shown in Figure 13.

The rated wind speed for the 100% V3 configuration
is approximately 27 mph. As nated for the other two
configurations, the average power level for rated
power operation is 2460 kW.

The curve fits to the power-velocity data for the
three configurations are compared in Figure 15.
When operating below-rated power, the 100% VG
configuration produces the most power, while the no
VG configuration produces the least power. The
power output of the 70% VG configuration is
approximately halfway between that of the other two
configurations. The installation of the 70% VG's
reduced the rated wind speed from approximately 32
mph to 28.5 mph. With the addition of the tip VG's,
the rated wind speed was reduced further to
approximately 27 mph. The minimum operating wind
speed of approximately 13.8 mph is not affected by
the VG installation.

The annual energy production (AEP) was also
calculated for the three measured power-velocity
curves. These AEP results are shown on rigr-e 15
relative to the baseline configuration without VG's.
Note that the 100% VG configuration increased the
AEP by 15.2%, while the 70% VG configuration
resulted in an §.6% AEP increase. The Mod-5B
Weibull wind speed distribution shown in Figure 16
was used in these calculations.

Analytical studies using wind tunnel data as input
suppc - the AEP increment obtained for the 100% VG
configuration. However, these studies indicate that
the AEP increment for the 70% VG configuration
should be approximately 2% greater. The discrepancy
it believed to result from the lack of data for the
70% VG configuration for wind speeds from 23 to 29
mph. The few data points obtained in this wind
speed interval agree quite well with predictions.
Furthermore, excellent agreement between analysis
and data was obtained for the 70% VG configuration
tested at Solano.

SUMMARY

The results of this test program can be summarized
as follows:

1) The Mod-2 power production in below. -ated
operation is maximized by installing vortex
generators on both the mid-blade and tip
assemblies.



2) For the Mod-SB Weibull wind speed distribution, Corotational Vanas
the 100% VG con*iguration increased the annual

energy production by 15.2%, while the 70% VG Freestrea.
Direction

configuration resulted in an 8.6% AEP increase.
Because of insufficient data, the AEP increment
for the 70% VG configuration may be too low.
Analytical studies indicate that the AEP
increase for the 70% VG configuration is
approximately 10.5%. This analytical
prediction is consistent with the Solano data.

The results of this test program confirmed the
design decision to install vortex generators on both
the mid-blade and tip assemblies of the Mod-5B
rotor.
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ABSTRACT

The design of a new parallel-processing
digital simulator is descrit~d. The new simulator has
beer developed specifically for analysis of wind
energy systems in real tiwe. The new processor has
been named: the Wind Energy Systea Time-domain
simulator, version 3 (WEST-3).

Like previous WEST versions, WEST 3 performs
many coamputations in parallel. The wodules ia WEST 3
are pure digital processors, however. These digital
processors can be programmed individually and operated
in coucert to achieve real-vime simulation of wind
turbine systems. Because of this programmebility, WEST
3 is very much more flexible and general than its two
predecessors.

The design features of WEST-3 are described to
show how the system produces high-speed solutions of
nonlinear time-domain equations. WEST 3 has two very
fasi Computational Units (CUs) that use wminicomputer
technology plus special architectural features that
make them many times faster than a wicrocomputer.,
These (U units are uneeded to perform the complex
computations associated with the wind turbine rotor
system in real time. The parallel architecture of the
Cll causes several tasks to be done in each cycle,
including an I0 operation and the combination of a
multiply, add, and store.

The WEST 3 simulator can be expanded at any
time for additional computaticual power., This is
s08sible because the coamputational units are
interfaced to each other and to other portions of the
simulation using special serial tuses. These buses can
be "patched™ together in essentially any coufiguration
(in a3 manner very similar to he programming methods
used in analog computation) to balance the input/
output requirements. Cls can be added in any mmber to
share a given computational load. This flexible busg
feature 1is very different from many other parallel
processors which wusuaily have a throughput limit
because of rigid bus architecture.

INTRODUCTION

The need for real-time simulation arises
during many phases of the development and operation of
systeus with -~omplex dynamical characteristics. The
wind energy system represents such a complex system
with many components whose dynamical characteristics
couple and interact.
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Simulation tools are indicated for such systems, to-

~support the initial design effort: for new
systemss,

—analyze the performance of system designs
under the many variations in environment
they will expcrience during their life
cycles,

-evaluate failure modes and effects.

The wathematical wodels for a high-fidelitcy
wind turbine sismlation are very coaplex, especially
if the significant aserodynamic nonlinearities are
included. This complexity requires a powerful digital
processor if real-time solution speeds are to be
attained. Recent experiences with the control of wind
energy systems, for example, has again underscored the
need for good simulation tools to support the design
and evaluations of control systems before these are
placed in the actual operationsl envircument.

Most past simulations have been noareal-time,
due largely to the inadequate computational
throughputs of available computers in colving the
complicated dynamical math models associated with wind
energy systems. These slower simulations have provided
valua ‘'le design support, but have been very limited in
their use because of their cost and complexity.

The real time facility is very desiratle if
the simulation is to produce significant output within
reagsonable periods of time and at wmodest cost. Such
fast simulations can provide invaluable support for
the design process. The real-time capability is
egsential if the simulator is to be used in a mixed
mode, where actual field hardware is validated in a
simulation environment before being integrated into
the fioal wind evergy systeam. This validation process
can reduce the risk of operating with new control
systems, for example, by proving the systems in a
simulation enviromment before risking operation with a
real system.

The Wind Energy System Time-domain (WEST)
series of simulation systems has been developed over
the past few years to wmeet the needs for powerful
real~time gimulation tools to gupport future
development of wind systems. The next gection of this
paper preseants a background description of the WEST
system developments that have preceded the current
development of the WEST-3 article.
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A degcription of the WEST-3 hardwvare system
concept follows the background presentation. The
"software tools available to support development of
programs to run on WEST-3 sre then described. Finally,
some of the plans for future refinement of WEST-3 are
presented.

BACKGROUND

The orginal WEST uait was derived from a
rotorcraft simulation system. The equations were
modified for the wind turbine, and additional
mathematical models were added for components not found
in rotorcraft: the wind, tower, wind turbine comtrols,
power gencrating equipment and the power train
connecting the rotor to the generation system. The
WEST-1 article is a hybrid system incorporating both
digital and analog hardvare. Because of the fast
throughput needs, the hardvare performing the
mathematical calculations is substantially anslog, with
digital systems in place to act as executive
coatrollers over the analog processes.

The WEST-2 system is also hybrid. It reccived
expanded and refined mathematical models that were
added to the baseline models of WEST-1. New features in
WEST-2 included statistical math wodels for the wind
aond @ programmable gemeral-purpose hybrid subsystea for
use in designing and evaluating new systems such as
wind turbine coatrols.

The initial effort toward development of WEST-3
was directed toward the addition of specific additional
computational facilities. Needed were math models for
the rotor gimbal (teetering) system, higher-frequency
blade aercelastic degrees of freedom, expsnded mmbers
of wmodes for the tower and supports and more refined
models for the wind eavironment. The initial plans
called for the refinement of WEST-2 to add these and
some other needed improvements.

Before work in updating WEST-2 began, a unew
technology was emerging from a project supported by TRW
Incorporated. This effort was directed toward
simulation of large spacecraft structures, and produced
an all-digital parallel processing concept promising
orders- of- wmagnitude increases in digital system
computational throughput. In the face of this new and
promising technology, the decision was made to redirect
the WEST-2 refinement effort toward a totally new
system, WEST-3.

The generic technology incorporated in WEST-3
has been given the name: “Custom—Arcnitectured Parallel
Processing Systea", CAPPS. The CAPPS concept removes
wany of the objections raised in the past regarding
architectures such as the WEST-1 and -2 systems. The
primary limitation in these systems is sgeen in their
analog implementations which are "hardwired” and which
possess the limitations in significant figure accuracy
associated with analog embodiments. The primary
advantage of the analog archicture 1is, of course, its
parallelism; this feature gives analog systems
significant speed advantages over digital prucessors.

The CAPPS concept essentially borrows from the
analog technology its best feature: its parallslism and
therefore its speed. CAPPS also retaing the primary
advantages of the digital technology: programmability
and accuracy. A special
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interconnecting concept was developed for CAPPS
allowing the computational units (individual digital
processors) to be configured into any overall system
arrangement tailored to the specific ap,lication.

The next section of this paper describes the
specific hardumre architecture of the CAPPS in detail.

WEST-3 represents the most advanced simulation
technology available in the WEST series of systems.
The earlier units still have considerable utility;
these can provide many of the functions needed in
supporting future wind energy system simulation
prograns. The WEST-3 is a mwuch more general system,
however, and therefore has wmuny application areas
other than wind system simulation. CAPPS units with
hundreds of computational units are envisaged, which
promise simulation speeds orders of wagnitudes faster
than those current.y available even with the fastest
computers ever constructed. .

THE CAPPS ARCHITECTURE

Figure 1 is a logical block diagram of the
CAPPS concept. A series of "Computational Units™ (CUs)
are interfaced with a patch panel system via a series
of serial "Input/ Output (I0)" data ports. These ports
can be configured in any random wmanncr connecting the
CUs together in optimuwm configurations depending on
the problem being solved. Each port 1is represented
physically in the system by a single wire.

Each CU is in itself a very high spe=d digital
computer. The current CU design has a 270 nanosecond
(about 1/4 microsecond) instruction execution time. A
complete series of operations is performed in a single
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instruction, including:
-instruction fetch
-instruction decode

" ~two operand fetches
4

-a result store

-2 full word wmultiply of two arbitrary
operaads

-an arithmetic 1logic operation on two
operands, including add, subtract, shift or
boolean operation (OR, AND, Exclusive OR,
etc.)

-a f\i‘ll word 10 operation (either inmput or
output under software coatrol)

The perfortance of all of these operations ian one
instruction cycle makes the design of a CU a very fast
processor, éven in singular ope ition.

The 1 I0 operation performed during each
instruction cycle is autosatic and enables as many CUs
as desired to be connected together in :ny random
configuration for parallel processing operations. This
feature makes the overall CAPPS design truly unique;
there are no. longer any real limits placed on the time
frame or speed associated with the solution of any
technical problem. The number of CUs can be increased
without bound until adequate computational resources
are available to perform the problem at hand.

Figure 2 presents a wore detailed definition of
the CU architecture. Note that separate instruction and
p ocessing ories (RAMS) avre incorporated so that a
new instruction (and all associated operand addresses)
can be fetched and decoded while the ‘ast iInstruction
is being executed. Additionally, the CU Incorporates a
parallel multiplier which is a dedicated arithmetic
subsystem that multiplies two operands together in
about 100ns. The rest of the Arithmetic Logic Unit
(ALU) is also depicted by Figure 2, along with the
accumulator and loop back to processing RAM for storing
the resulting calculation.

The archi_.ecture presented by Figure 2 is often
referred to as a "pipelinel" system, in that multiple
computational stages are conrected in a striang and
perform "added value" computations on a data flow as it
moves down the imaginary computational pipeline.

MEMORY LATCHNRS MEMORY

FIGURE 2 COMPUTATIONAL UNIT OF THE CAPPS

Figure 2 also shows the I0 Que; this is the
subsystem that enables the interfacing of the (Us in
any rsudom configuration, a capability that is unique
to the CAPPS architecture. The IO Que in the present
design incorporates 16 IO ports, although this number
could easily be increased or decreased four future
specialized designs. The Que has 32 registers, each
with a 16-bit capacity. The Que is separated into two
"banks™ (say bank A and bank B), each with 16
registers. Figure 3 shows the register arrangement in
the I0 Que design.

C h | C IJ——an
{ 1 C ] of— 107
. . > SERIAL FORTS
L ] C ) @}——e 107 |
PARALLEL BANK SEMIAL BANK
FIGURE 3 10 QUE SYSTEM OF A COMPUTATIONAL UnNIT

During operations, one bank is in parallel
mode while the other is in serial mode. The parallel
bank experi~nces parallel data operations between its
registers and the CU processing memory. A full word is
moved into or out from a register in the parallel bank
during each instruction execution.

No parallel accesses occur in the serial bank,
because this bank performs as a series of 16 shift
registers during operations. During each cu
instruction cycle, each of the 16 registers shifts in
or shifts out one bit from or to the serial port
(single wire) connected to {it.

The I0 Que "toggles" every 16 instructions. At
the end of each group of 16 instructioms, all 16
registers in the parallel bank have been interfaced to
processing RAM (via a procedure orten called TMA for
Direct Memory Access) and all bits have been shifted
into or out from all of the registers in the serial
bank. After the set of 16 cycles, the serial bank is
switched to parallel mode an. the parallel bank {is
toggled to serial mode. The process continues
indefinitely, as long as the CUs are in operation,



Figure 1 shows the "Central Coatroller/
_ Sequencer” (CCS) subsystem which synchronizes the
operations of all the CUs. The entire CAPPS unit has
only one clock (in the CCS) which clocks all of the CUs
in phase. In this way, all CUs receive or transmit data
bits over their serial ports synchronized together.
Each unit has an internal strobe that advises when to
send or receive bits,

Figure 4 shows an example of how a series of
CUs might be connected together to solve a particular
problem, Note that there are no constraints on the
arrangenents of the buses or ports among the CUs; also,
of course, there is no limit on the number cf CUs that
can be connected to share in the execution of a
problem.

Because the CAPPS has been designed
specitically for the simulation of large numbers of
time~domain equations possessing significant
nonlinearitieg, the instructions in the CU have beecn
heavily biased to perfora operations consisteat with
these types of equations. For example, the CU
instruction has a three operand format. Two operands
are fetched, processed (including multiplied), added or
subtracted from an accumulating sum (if desired) and
then stored. Most processors have two operand
instructions, so more instructions are required to do
operations such as sums of products.

Ir simulations of structural dynamics, coatrols
and many other applications, the equatioas appear
substantially as sums of products. This is the primary
form of processing associated with wmath wmodels in
matrix or tensor form. For these types of equationms,
the three-operand instruction is significantly more
powerful than the two—operand systems. Hence, the
computational throughput is enhanced accordingly, for
these types of problems.
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In this and other ways, the CAPPS architecture
hag been biased specifically for the application; the
systea therefore achieves much faster speeds thac
processors that are designed for more general
applications,

Because the CU architecture is accessable
(i.e., it 18 not built into a chip where it cannot be
changed to match special needs), it ~aa always be
enhanced in special ways for special problems. tur
exawple, additional memory banks may be added for
parallel fetches if large tables of data are to be
processed. The CUs can be altered at any time to match
the needs of the application.

Figure 1 &also shows the Initialization and
Control Module (ICM). The ICM 1s responsible for
loading data into the CUs at initialization time,
usually from the disks also depicted by Figure 1. The
ICM loads code, data tables, flags, etc. into the
processors. It then clears the program counters in all
CUs at once, and then instigates parallel execution.

The WEST-3 IM incorporates a  l6-bit
microcomputer system, the Digital Equipaent
Corporation (DEC) LSI 1l. This processor was chosen
because of the very large body of proven software that
exists for this system, lncluding a reliable Fortran
compiler,

Although the IQM performs many sophisticated
tasks associated with CU management, it is itself too
slow to contribute significantly ¢to the actual
calculations madc by the system.

The CUs incorporate built-in logic analyzers
which allow the IQM to "single step" through prograns
and read the data on the many internal CU buses. The
data 1is displayed on a terminal or priated to aid
programners in developing codes for CU execution.

At initialization time, the ICHM 1loads IO
tables into all of the CUs. These tables tell each CU
which parameters are to be communicated over which I0
ports. Whether the cjerations are to be input or
output is also specified for each port. Data can be
communicated in blocks, sc each port can trangmit
blocks of parametric data cf any size. A single prvt
can connect to many CUs and transmit the same blocks
to all of them. Additionally, ports can be coanected
together so that a number of CUs transmit data over
them in time—~ gultiplexed fashion. The ports can be
shorted without damage, and can drive lines szt least
10 feet long.

The port data rate is 4 megabits per porr, All
ports on a Cl -ommunicate with the outside world at 64
megabit rates.

Figure 1 also shows a "System I0 Data
Interface (SIDI)". Th nterface will change from
unit to unit dependiny .n the needs to connect the
CAPPS to other computer devices, Large wmainframe
computers, disk drives and graphics terminals are
candidates for the SIDI peripheral data bus. The SIDI
wil® enable the communications of amassive amounts of
data in various formats. The SIDI can also incorporate
anslog interfac~s, digital-to-synchro converters or
other special devices depending on the application.
The SINI incorporated in WEST-3 is a pure analog
interface at this time. It converts internal digital
signals to



analog for up to 64 independent channels for display on
standard devices such as strip-chart recorders and
memory oscilloscopes. The WEST-3 SIDI also has
provigsion for 64 channels of analog input informationm,
so that the simulator can be connected to real wind
turbine control hardware, wind measurement signals,
etc., to act as a coaponent within an overall
simulation envi...ment,

THE WEST-3 DEVELOPMENT PROCESS

WEST-3 was actually fabricated twice during the
full development process. The first unit performed its
calculations correctly but unreliably. Also, it was
unable to attain full-speed operation.

There were a number
CAPPS prototype, including:

of problems with this first

-Logic Errors in the design, particularly in
the controllers (e.g., the CCS and ICM
interfaces). There were also some major items
needed, however, (such as a special 1I0
counter) that were not included in the first
design.

~The systea wiring computer progras was not
directed to place specific wmodules in
specific places in the system when the first
prototype was fabricated. Although this
program attempts to optimize wire lengths,
its built-ic algorithas were simply
inadequate. The result was excessively long
buses which developed "cross-talk™ problems
(spurious commnications between proximate
lines in a bus due to electromagnetic and/or
capacitative coupling at high frequencies).

~The grounding system which has worked
acceptably in the past was inadequate for the
high speed CU. It developed large transients
which were able to falsely clock and clear
registers in the system,

-Excessive delays appeared in the system due
to the choice of (relatively siow) "LS"
digital logic for implementation of the CUs.

=Unbalanced tiwming appeared, especially in a
number of the control functions, due to
excessive logic stages in certain critical
signal paths, and due to unequal numbers of
logic stages in areas requiring balance.

-kxcegsive roise on the bus between the ICM
and the CUs caused errors in data loaded in
the CUs at ianitfalization time and data
wmeasured using the built-in logic analyzers.

Because of these many problems, *he original
WEST-3 was completely reconstructed, Major design
changes were made to eliainate the problems observed
with the first system. The changes made are summarized
bulow:

e Special logic functions, especially thre
controllers, were isolated to single boards
enabling convenient changing of the logic to
correct errors, and wore importantly,
enabling "fine tuning” of the system timing
to get maximm performance.

83

® Modules in the sgystem were ca :fully
located (the wire list program
automatic-placement mode was preempted by
designer location choices) to minimize bus
lengths. Compromises were wmade favoring
buses with critical timing over those with
less stringent requirements.

® A nev grounding systema was developed and
installed incorporating large gold-plated
strips and mil spec connectors on the strips
and boards to engage the grounds.

e The "LS" logic technology was discarded
and new integrated circuits were purchased
of the "F" TTL line (for "fast™). The F TIL
technology is brand new, It features the low
power consumption of LS, and is faster than
"s" TTL. Indeed, F logic rivals the very
fast ECL technology wvhile enjoying
significantly lower energy requirements and
involving the much simpler TTL uesign rules,

e The coatrol logic was carefully tailored
and balsnced using digital delay networks on
critical timing modules. The networks
enabled the adjusting of pulse timing in
increments of 5 us, to fine tune the system
for maximum speed.

e A special ICM Interface using the latest
(low noise) CMOS tecbnology was incorporated
to eliminate data communication errors
between the ICM and CUs.

o Because of the very high speeds associated
with the F logic, comntrol 1es in the CUs
begin to behave as transmlission lines. To
avoid large pulses caused by reflected waves
on these lines, they were terminated with
resigtors chosen to match their
characteristic impedances. These terminators
reduced the noise signatures on the rontrol
1ines to acceptablc levels.

® Much of the CCS pulse-saaping logic was
moved from the CCS to local controller
modules, thus reducing line lengths for
critical timing signals. Now only o
twisted-pair lines communicate the cle-:.
a synchronizing signal between the .5 and
the CUs,

As mentioned previously, the new system
performed reliably and accurately at wmaximm speed,

TRE IQM DEVELOPMENT

A number of difficulties were encountered with
the ICM in reducing it to practice., A poorly taped
printed circuit board packaging the LSI 11 processor
developed crosstalk problems and had to be
refabricated, Additionally, problems with the standard
software available for the DTDPLI03 (particularly
asgsociated with the disk and system port handlers)
required development of new handl r programs and a
special inierrupt controller not originally _ 'anned
for the ICM systen.

These problems have now been solved so that
the compatible ICM modules are now availasble for
integration into *the WEST 3 article., At the present



time, the ICM resides in an enclosure separate from the
WEST-3 computational units.

THE HARDWARE VALIDATION

The WEST-3 design was proven at the maximum
anticipated speed of 270ns per imstruction cycle. Two
progrceus weve ceveloped and executed, The first was

.ed witk the internal logic analyzer to exercise each
Instruction in the full CU set and print the results.
The results were examined to prove proper static
operation of all elements of the system.

A looping function generation program which
exercised most instructions in the set was then
developed and executed. The generated traces, linear
and parabolic sawtvoth functions, were output througk
the analog SIDI system and displayed on 2 memor
oscilloscope. These exercises proved correct dynamic
operation of the CU at full speed.

THE TRW DEMONSTRATION

TRW Inc. !as developed a demonstration code for
the CAPPS unit using a benchmark math model which bears
considerable simularity to the types of spzcecraft
dynamics problems they wish to solve at hig: speed. The
benchmark preoblem 1is for a flexitle whirling beam
undergoing a despin maneuver in space.

The whirling beam benchmark was run on a single
CU first, and then on both CUs in WEST-3, demonstrating
full ©parallel operation. Figure 5 compares the
theoretical response of the beam derived by a separate
simulation to that achieved '7ith WEST-3. Clearly the
WES?-3 solution duplicates the baseline, proving the
accuracy of WEST-2 and i~s ability to solve complicated
dynasics problems using (Us wired in parallel.

The next section discusses the performance
comparisons made for the CAPPS technology and other
commercially available processors.

PERFORMANCE

In the course of yearching for an advanced
processor or concept to use for future simulations of
spacecraft systems, TRW Inc. ran the whirling beam
benchmark problem on a number of commercially available
advanced processors. Figure 6 presents the results for
the whirling beam problem. The performan.e of WEST-3 is
seen to exceed the best of al: the available ;rocessors
with only two CUs. Note that the AD-10 performed the
best of the commercially available processors,
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Figure 6 Simulation Results for the Whirling
Flexible Bean Beachmark Problem.

better than the Cray super computer. Figure 7 presents
another performance cocnarf-on amolg the latest
available computer., Y 3 projected CAPPS
configuration. Note especiatly the cost for ruaning a
typical spacecraft problem: 549,000 for a single case
(100 seconds of real time in the simulation of a
complex orbiter spacecraft) nusing the TRW IBM
computer. The CAPPS cos* is projecteu 4t only $23 for
the same case, incl. +g reasonable acquisition,
maintenance and operatlona. costs.

Of course, Figure 7 does compare "service"
vrocessors with a CAPPS unit operating as a dedicated
processor. An attempt was made to make a valid
compa" ‘son fn this case, however, by assessing all
costs needed to run CAPPS in dedicated mode over its
estimated life cycle. The weekly useable production
time of CAPPS was conservatively estimated at only 18
hours to m-“e the comparison.

Figures 6 and 7 ~.v251 the very powerful
pror’ ;e of the CAPPS technoioy- in genera. for future
gsimuiation needs. Applications other than simulation
are, of course, indicated for this conceyt. Included

among these are signal processing, contro. and
automation tasks.
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SOFTWARE SUPPORT

Figure 8 depicts the software modules currently
available ior supportim the development of code for
CAPPS CU-:. Two genera) -pabilities are available: the
sys. % t’ i1t producez - -+ for sctual CU residency, and
che s mul or.

T’ nave developed a translator and assembler
for the (.. The translator receives equations prepared
in accordance with Fortran rules, and decomposes them
into assembler form. Figure 8 sh..s examples of
equations inpt® to the translatur, and the assembler
synts~ that emerges. The assembler than converts the
rcaults produced by the tr-nslator, and other
asseably-language code supplied by the programmer (if
any) into wachine ccde. The machine code files are
ready for direct loading into the CU for execution,

In addition to these development tools,
msiderable software has been developed for ICM
residency which supports the operation of the WEST-3
and aids in validating programs prepared for the unit.
ICH- resideat codes load the CUs, provide for "single
stepping” the CU through code for debugging purposes,
and allow other convenient facilities such as "peeking”
and “poking” CU memory to view intermediate
computational results and to set up test scenarios used
during program validation.

A special simulator program has alsoc been
developed, which will execute programs prepared for
the CU on a PDP 11 microcomputer. The ICM can execute
the simulator. The user can inbed debug code (such ag
debug printouts, breskpoint logic, etc.) into the
programs read by the simulator. The simulstor will
duplicate the actions of the CU and produce
intermediate results to aid the programmer in
debugging programs developed for the CU.

The tools currently availsble for (U program
development and debugging are =.t as sophisticated as
a system Incorporating a wmacro assembler, linker and
Fortran compiler, but they do provide very significaat
services which approach the coavenience of a full
system. It is much <impler to deveiop CU code with the
currently available tools than it is to develop
programs in pure assembly language.

The next section discusses current lisitatious
and future plans now being implemented for the CAPPS
technology; continuing development of software tools
is slated to be a major element in these future
2ndeavors.

I CREATING CU CODE
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FIGURE 8 SOFTWARE TOOLS AVAILABLE FOR CAPPS/WEST-3 PROGRAM DEVELOPMENT
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LIMITATIONS AND FUTURE PLANS

The current CAPPS CU architecture incorporates
a 16 bit data bus and integer arithmetic. Equations
prepared for the CU must therefore be scaled and cast
ss integer expressiocas. Addict{ionally, the systeam does
not currently have standard softvere modules available
for it, the wmost pressingly needed being a Fortran
coupiler, linker and full macro assembler.

These linictations are oot precluding the
development of a coaplete mathesatical wodel for the
wvind energy system application of CAPPS in the WEST-3
erhodiment, but they do mske the programming task wore
specialized and time cousuming. Accordingly, a mumber
of major developmeats are currently underway which
will eliminste many of the limftatious in the preseant
WEST-3 system. More specifically, the following are
now under development:

-A 32-bit hardware floating point processor
that will operate at the same speed as the
current CAPPS instruction cycle (270 ns per
{astruction).

=A hardvare translator that will receive and
execute code prepared ianitially im Fortram,
macro assembly, or many other foras (Pascal,
Basic, etc.). A translator will reside fin
each CU and act ss an executive host
processor. It will load directives for the
CU so that the U will perform the heavy
processing tasks using 1library voutines
written for efficient CU operations. The
resident travslator will wmake the O
“trauspareant” to the user. The operating
system planned for this new comtept is the
familiar RT-1] system offered by Digital
Equipment Corporation, which Lss been
available for years as a reliable and mature
system for use in the PDP 11 1line of
uninicomputers.

~More refined ICM resident software wodules
for use particularly in deuugging programs.

-A winchester disk drive to augment tia
floppy disks now used with the ICM.

These and other refinements should be availalle for
the CAPPS technology within the next year.

OPTIONAL ARCAITECTURES

Architectures other than the pure CAPPS
arrangement of Figure 1 have been designed for the
WEST-~3 application., VFigure 9 1z the original
configuraticn proposed for WEST~-3. This systen
incorporates CAPPS subsysteas, including the two
devices called 'rast Processors” in Figure 1. These
are essencially compu:ational units that have been
interfaced to an array of microcowputers to sh-re the
entire WEST-3 computational load.

[he microcompuiLers are very slow compared to
the CAPPS computational units, but they do have r.iure
software support, In the original WEST-3 coucept, the
microcomputers were tc execute math wodels associated
with relatively slow elemants of the system such as

Figure 9 Optional WEST-3 Design

the tower, control system and wind wmodels. The fast
processors were to solve the complex equations
associated with the rotor system. A "central data
store” or shared memory is incorporated in the design
to facilitate commuicatfon among the microcotputers,
the 1Qf and the fast processors.

Since the inception oS the original WEST-3
architecture of Figure 9, considerable effort has been
expended toward developing software tools for
programming the computational units. The avaflability
of the translatur and assembler modules discussed
above have made programming of the computational units
much more convenient and efficient than if pure
assembly language programming were to be uged. The
desirability of the array of alcrocomputers has
therefore diminished,

Figures 1 and 9 represent blends of processors
thet can be defined for an application depending on
the specific characteristics of tLhe equations being
solved. The present thinking prefers larger numbers of
computational wunits and fewer of the slower
uicrocomputers for the WES.-3 application.



CLOSURE

The VWEST-3 system hss demoostrated the
technical feasibility of the overall CAPPS concept. It
affords the utilization of processors in massively
parallel configurations, with a flexible bus
archicecture that can be tailored for the applicatiocun.
Sface ccamunicaction problems among individual
processors has been a2 major limitation on parallel
processors of the past, the CAPPS promises to offer
significaat {increases in coaputational throughput
largly because of its flexible configurational meauns.

A detailed mathematiczl model for the total
wind energy system has been developed for WEST-3, and
is currently being validated on the system. The models
derive from those of WEST-1 and -2, but have been
reformulated for digital solution. Additionally,
significant additional wodelling fidelity has been
added, including a rotor gimbal, two more blade
aeroelastic modes (for a total of three modes) and
more generality in the coantrol systeam, electrical
power system and supporting structure wmodels.
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ABSTRACT

This paper describes a camputer program developed for
structural dynamic anaiysis of horizontal axis wind
turbines (HAWTs). It is based on the finite element
method through its reliance on NASTRAN for the devel-
opmect of mass, stiffness, and demping matrices of the
tower and rotor. which are treated in NASTRAN as
separate structures. The tower is modeled in a ste-
tionary freme and the rotor in one rotating at a
constant angular velocity. The two structures are
subsequently joined together (external to NASTRAN)
using & time-dependent trensformation consistent with
the hub configuration. Aerodynsmic loads are computed
with an established flow model based on strip theory.
Aercelastic effects are included by incorporating the
local velocity and twisting deformation of the blade
1n the load computation. The turbulent nature of the
wind, both in space and time. is modeled by adding in
stochastic wind in rements. The resulting equations
of motion ere solvel in the time domain using the
implicit Newmark-Beta integrator. Preliminary
comparisons with data from the Boeing/NASA MOD2 HAWT
indicate that the code is capable of accurately and
efficiently predicting the response of HAWTs driven by
turbulent winds.

INTROIXXCTION

Throughout the history of the DOE-sponsored horizontal
axis wind turtipe (HAWT) program efforts have been
underteken to develop tools for the structural dynsmic
analysis of HAWTs. A number of capabilities have
emerged, including natural mode and frequency calcu—
lations with NASTRAN, rigid-rotor aerodynemic load
codes, dynamic flexible-rotor codes fixed in space at
the hub, and full dynamic models of the rotor turning
on the tower.

The NASTRAN mode and frequency analysis is capable of
tracking some of the frequencies as they increase with
increasing rotor speed due to centrifugal stiffening
but is not adequate for those which are sensitive to
other rotating coordinate system effects.

The rigid-rotor codes require the rigid body motion of
the rotor as i1nput and then compute the aerodynamic
loads along a blade as 1t moves through one revolution
for steady atmospheric conditions. The calculated
loads are 1ntegrated to obtain static section loads
and moments at any station. Even with this simple
model, if a reasonable rigid boly motion 13 pre-
scribed, mean loads are predicted with good accuracy.
However, the vibratory flapwise loeds are generally,
substantially underpredicted An example of a rigid-
rotor aerodynamic load cods 1s the PROP software [Ref.
1], developed at Oregon S.ate University.

°*This work performed at Sandia Netional Laboratories
supported by the U. S. Department of Energy under
Contract Number DE-ACO4-76D00789.
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The flexible-rotor codes use aerodynsmic load models
which are similiar to those used in the rigid-rotor
case, but motion of the rotor relative to the hub is
permitted. Thus the motion of the rotor as well as
the applied loads are computed. Through the inter-
Aependence of rotor motions and the eerodynamic loads,
this software accounts for aeroelastic effects. With
these codes, as before, the mean response of the rotor
is accurately predicted, but the vibratory response is
underpredicted. Probably the most widely used of
these codes is MOSTAB [Ref. 2}. which is e derivative
of a code developed by Paragon Pacific for the dynsmic
anelysis of helicopters.

The full dvpamic models add the interact:ons between
the tower and the rotor to the flexible-rotor software
described above. Within the confines of small dis-
placement theory, the rotor is modeled in a rotating
freme, the tower in @ fixed one, and the two struc—
tures are connected using time—dependent constraints
or forces. Generally o transient integration tech—
nique is used to solve the resulting equations of
motion. Even with the increased level of sophis-—
tication, these codes still underpredict the vibratory
response. Two examples are the MOSTAS code [Ref. 3],
which is from the same femily as MOSTAB, and DYLOSAT
[Ref. 4]}. a proprietary code developed by the Boeing
Aerospace Caompany .

The software described kere, named HAWTDYN, iz of the
full dynamic model class. Two features which set it
apart from other codes in this class are its use of
NASTRAN for mass, stiffness and damping matrices, and
output processing, and the inclusion of stochastic
wind increments in the aerodynamic load computation.
Time—dependent constraints, which produces time—
varying coefficients in the equations of motion, are
used to connect the rotor to the tower. Aerodynamic
loads are computed using interference factors pre-
dicted by the PROP code |Ref. 1] for a pre—established
rotor crientation. Aeroelastic effects are 1ncluded by
incorporating the local velocity and twasting defor—
mation of the blade i1n the load computation. The
stochastic wind increments are computed by the method
outlined 1n Ref. 5. The resulting equations of motion
are solved 1n the time domain using the mplicit
Newsark-Beta integrator.

Results are presented for a model of the MOD2 wind
turbine which was designed and fabricated by the
Boeing Aerospace Company (BAC). In addition to a fan-
plot, which shows how the patural frequencies of tLe
turbine vary with operating speed, structural load
time series have been obtained for two stochastic
winds., one with a mean of 20 mph, and the other 27
mph. These tiae series are reduced and compared with
field measurements In order to determine the effect
of the tower on the structural response, the model was
modified to fix the rotor bub With this alteration,
HAWTDYN 13 consistent with the codes of the flexible~
rotor class except for its i1nclusion of stochastic
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wind effects.
model .

Rezults are also presented for this

The following sections contain a description of the
mathematical model upon which HAWTDYN is based, the
details of the MOD2 finite element model. presentetion
and Jdiscussion of results, and concluding remarks.

HAWTDYN MATHEMATICAL MODEL

Due to its power and versatility :n wmodeling struc—
tures. the finite element method has b=en chosen as a
framework for the derivation of the equations of
motion for the HAWT. For this derivaticn, two coor-
dinate systems are employed i1n order to represent
motjons throughout the structure as small relative to
the appropriate frame. Thus the tower is modeled in a
fixed frame and the rotor in one which rotates at the
operational speed of the turtine about an axiz which
is fixed in space. The origins of both coordinate
systems are fixed at the initial hub location. For
the latter case, rotating frame effects, such as
Coriolis and centrifugal forces, must be included.
Consideriag the tower and rotor as separate struc-—
tures, the equations of motion for each are repre—
sented below:

. 0 U+
My Up + (CpaC )

Cp Up + Ko Uy = F. (1)
(KR—SQ) Uy =F +F +F.

Here the subscraipts T and R refer to the tower and
rctor respectively. The quantities, C_ and S . which
derive from rotating coordinate system eﬂects. are
the Coriolis and softening matrices. The softening
matrix accounts for changes in the centrifugal force
that result from toe structural deformations. These
matrices are developed in detail in Ref. 6. On the
right hand sides of the equations are the applied
forces, with ihe subscripts c, g and a referring to
the centrifugal, gravitational and aerodynsmic forces,
respectaively.

These equations can be combined into one matrix equa-
tion as follows:

° NY%i+{% ° |%
0 CR+C(‘ UR o I%—SQ UR
F (2)
=|F +F +F
c g a

Denoting the time-dependent constraint relation which
connects the rotor to the tower, consistent with the
hub configuration, as A, the final set of dispiace-
ments, velocities and accelerations, U, U and U, can
be derived from,

Ur| = au, ‘UT = AU + AU,
U U
R R
.. (3)
}{T = AU + 2AU + AU.
Vg

If the me‘rices of Eqn. (2) are rensmed ¥, C and K,
and the force vector. F, the following tqnn.icn is
obtained from the cd:iut*on of Equs. (2) and (3).
and premultiplication by A

(Ari\ ) [ ( ATeae2aTita ) U
= o

+ ( ATRA+ATiv+A TER ) U=aA'F.

The transformation matrix, A. only modifies terms in
the matrices associated with tower or rotor conmectiva
nodes, and, by judicious selection of the physical
modeling at these points, certain terms in Eqn. (4)
can be simplified. For example. if the tower commec-
tion node poysessey oniy hqed translational mass,
the terms, A MA. A MA. and A\'MY, are rendered inde—
pendent of time and need only be cquted once. More-
over, if the tower connection node js not directly
involved 1n any demping, the term A CA also becomes
time-indepepdent and A CA vanishes. The remsining
quantity. A K\. will normally be a function of time
and must be recomputed at each time step.

Replacing the coefficient matrices of Eqn. (4) by M. C
and K, the system equations of motion are obtained and
presented below:

MU 4+ CU + KU =F. (5)

Eqn (5) is complicated by the fact that centrifugal
stiffening. which erises due to the spapwise
stretching of the blade under the actior >t the cen-
trifugal loads, must be taken into account. This
stretching causes tr- si..ffness to be a function of
the deformation [Rei. 6]. necessitating more complex
solution procedures. To avoid this complexity, the
stiffness matrix, KB. in Eqn. (1) is modified to be
commensurate with the quasi-static displacement field
associated wath the certrifugal loads. This is accam
plished through iterative sclution of the following
equation:

[!’.R(UR)”UR‘ lSQ“URI +

The resulting approximate or mean stiffness matrix
represents the rotor stiffness for the operating speed
corresponding to the centrifugal loads in Eqn. (6).
Thus solutions of Eqn. (5) must be interpreted as
motions about a prestressed state.

ST

The aerodynamic forces of Eqn. (1) are computed,
taking i1nto account blade velocities and deformations
relative to the rotating coordinate system. This
provides for the representetion of aerodynamic stiff-
ness and damping in the equations of motjon. In order
to compute these forces, a local blade coordinate
system is defined using instantaneous unit chord and
span vectors, e and e¢_, which account for imitial
blade position pre!\vin. and the local blade
deformations. The positive senzes are from leading to
tra:1ling edge for chord, and from bhub to tip for the
span. The third instantaneous umit direction is
identi1fied as the flap vector, e,, and defined by the
cross product of the chord and span vectors The



relative wind velocity vector, Ir.is given by the
following expression.

v = (1-;) LIS IiJR +0x (waR)]. )

Here, W is the mean axial wind, which can include
variations due to wind shear and tower shadow; . is
the velocity reduction factor corresponding to a trim
solution for the mean wind; W_. 1s the axial stochas-
tic wind increment computed using the methods des-—
cribed 1n Ref. §; © is the operating speed of the
turbine; and, is tkhe 1nitis) local pesition vector.
The direction ol lift, e .13 obtained by taking the
cross product of W and € . and then edjusting the
sign of the resulting veclor so that its dot product
with e. is negative. The direction of drag, e., is
subsequently computed to be perpendicular to the
direction of lift and e this time eadjusting the sign
so that the dot product of the resulting vector with
e_1s positive. With these directions defined, the
angle of attack, and the 11ft and drag forces per unit
length are given by,

D f .
tena = - = e
x
_l g2
L= 2 pva 'n CL(u)eL. (8)
_1 o g2
D= z P8 'n CD(a)eD.

In Eqn. (8), p is the air demsity, a 1s the length of
the chord and C. and C._ are the coefficients of lift
and drag re:pecl’ively. The quantity, W_, is the
magnitude of the component of the relut‘x‘ve wind vector
normal to the span vect -, computed as follows:

(9)

'n = l'rxes |

The lift and drag forces are combined with the gravity
forces to obtain the total force vector per unit
length. This vector is numerically integrated along
the length of each biade element, using a Galerkin
formulation Lo obtain concenirated nodal forces.

Time—domain solutions to Eqn (5) are obtained mumeri-
cally using an implicit integration technique. For
equations with constant coefficients implicit methods
are unconditionally stable, which means that the size
of the time step 1s only limited by the desired fre-
quency resolution. The option for larger time steps
provides a means to analyze structural response to
stochastic loading. which requires long—time solu-
tions. The equations of motion for the HAWT contain
time-dependent coefficients, and therefore, uncon-
ditional stability 1s not guaranteed. However, cer-
tain “ad hoc” procedures can be 1mplemented which
improve the stability and permit reasonably large time
steps.

The first implicit scheme implemented, the Hilber-
Hughes algorithm [Ref 7], exhibited unstable growth
1n the high-frequency response, even though 1t is
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advertised to numerically dempen these modes. This
may bave been caused by the fact that the algorithm 1s
not entirely consistent with the Newton method of
equation solution. Experience has 1ndicated that
efforts to make the solution procedure conform to this
method usually produce a stabilizing effect For
example, the stabil:ity of the response was signifi-
cantly improved by changing the evaluvation of the
demping term in Eqn (5) from the beginning to the end
of the time step. Because of its conformity to the
Newton method. the 'ewmark-Beta implicit i1ntegration
scheme [Ref. 8] was the final choice for the soiution
procedure.

Eqn. (5). discretized in time according to the this
algorithm, 1s presented below:

cu

K F

t+at t+at,
: 21/1 _\:: o)
+ 8t + at l(z-p) U, + ety !

teat ¥ Prar v

taat = Yy

[~

(10)

pagt = Uy ¥ A% l(‘"’) Up + TUmnI .

.3025, ¥ = .6.

®

The final form of the equation is obtained by making
the substitutions indicated in Eqn. (10) and rear-
ranging so that -only ‘'ms associsted wi'h Ut+At
appear on the left hand side, as follows.

2 .
lu + 500 + 5K I Uppae

1 ..
'2"6) Kivat ] Yy

I—;t(l—v)c - at? ( on
1:

+

l—c -at xtﬂtl U,

+

4
IKt+.\tl Ut ’ Ft+:.t.

Even with the provisions described above to stabilize
the solution procedures, a small smount of growth
st1]] occurs for some of the HAWT models that have
been created. Although the origin of this growth, be
it shysical or numerical, has not yet been determined.
it can be eliminated by the incorporation of struc-
tural damping (of the order of 5% of critical).

In order to avoid duplication of such things as devel-
opment of finite elemeut matrices. solution proce—
dures, and input and outpul processing, the MacNeal-
Schwendler vers:ion of NASTRAN was selected as the
basis for this deveiopment. This particular code was
chosen for several reasons. First, NASTRAN 1s @
general purpose finite element code which copte:ins the
necessary input options required for producing reason—
ably accurate models of HAWTs. Solution procedures
are available which provide for inclusion of centri-
tugal stiffening effects in the rotor. The DMAP
programming feature of NASTRAN, which allows the user
to modify the code without dzaling with the FORTRAN
coding, proved to be very helpful even though it was
not heavily used. The direct matrix input (DMI)
option., by which matrices can be modified through the
input date deck was also invaluable. And finally,
because of NASTRAN's widespread use, femiliarity with
its BULK DATA inpul lends s degree of user—iriend-
liness to the present software.



TIME DEPENDENT

MASS, DAMPING
WATRICES
USER INPUT,
NASTRAN BULKX
DATA

CORIOLIS AND
SOFTENING

ROTOR/TOWER
CONNECT JON MATRIX
3
WINDSPEED AERODYNANIC
LOADS

Ergl

Figure 1.

The relationships between NASTRAN and HAWIDYN are
displayed in the block diagram of Fig. 1. The towver
mass, stiffness and demping matrices are developed 1n
NASTRAN rclative to a fixed coordinate system. The
rotor is modeled 11 a rotating frame wath the stiff-
ness matrix reflecling the effects of centrifugel
st:ffening. The Coriolis and softening matrices are
ccmputed external Lo NASTRAN and i1ncluded through the
DMI 1nput option. These two sets of matrices are then
supplied to HAWTDYN where they are tied together with
e rotor/tower connection matrix, which models the
particular hub configuraiion Aerodynamic loads are
obtained using the mean windspeed, the stochast:ic wind
increments, and the local blade motion. Although an
ective control system has .ot yet been incorporated
into the HAWTDYN scoftware, 1t would also provide an
ipput to the aerodynamic load computation. The
resultin;; equations of motion are solved using 1mpli-
ci1l direct time 1ntegretion. Computed displacesment
time histories cen be printed. plotted, and. in some
cases, speetrelly aualyzed. The NASTRAN code 15 re-
«ntered for computstiop of siructural loads and
Stresses

The PKROP code [Ref. 1] has been 1mcorporated into the
HAWTDYN xoftware to supply the local freec stream wind,
interference factors associated with a prescribed
orientation of the rotor. and lift and drag coef-
ficients This relationship 1s shewn 1a Fig. 2, along
with details of the load computation. After the
relative wand is obtained using the free stream wind
modified by the i1nterference factor, the stochastic
wind 1ncrements, and the Jocal blade motion, the angle
of attack 1s computer and transmitted to PROP for the
determination of the coefficients of 11t and drag.
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Figure 2. Aerodynamic load computation in HAWTDYN.

DESCRIPTION OF THE MOD2 FINITE ELEMENT MODEL

For an 1nitial test of the performsnce of HAWTDYN a
finite element model of the MOD2 was created. The
MOD2 was chosen because of the general interest in
that turbine and the availability of experimental
data. The model was actually developed using a
NASTRAN BULK DATA deck assembled at the Boeing
Aerospace Company (BAC) 1n June of 1981. The BAC
mode! consists of 15 nodes per blade and 14 tower
nodes. For HAWTDYN this model! was reduced using the
NASTRAN ASET option to 5 tower nodes aud 5 nodes per
blade. This reduced model 1s shown 1n Fig. 3. Blade
stations 370 and 1164 are indicated 1n this figure for
future reference.
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Figure 3. MOD2 finite element model.

The tip pitch control is not modeled 1n am active
sense in HAWTDYN, but rather the tip pitch is preset
for use in the aerodymnamic load computation. For
structural purposes the nominal pitch cenfiguration is
used in all cases. The drive train 1s modeled with a
spring and damper attached between the hud and
nacelle. The damping i1n the actual hardware, provided
by the tip control, is not included 1n HAWTDYN, but
approximated by setting the drive train demper at 16%
of critical. The model includes a yaw spring and
latera)l tower damping. The values for the tower
damping are set at 4% of critical for side-to-side
motiop, and 1% for fore-aft, consistent with measured
results [Ref. 9].

The rotor/tower connection matrix for the MOD2 1s
shown 1n Eqn. (12). Jn this equation, sm represents
si1n(7t) and cs, cos(Q2t). The upper case XYZ subscripts
correspond to the fixed coordinate system, the
orientation of which 1s shown 1n Fig. 3, and the lower
case ones., the rotating frame Initially. for the
blade i1n the vertical position, these two systems
coincide, with the orig:ns of each fixed at the hub
The rotating system turns in a positive sense about
the Z ax1s. The U’'s and é's represent displacements
along and rotations about the respective axes
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Consistent with the MOD2 hardware, this matrix models
a teetered hub. Reta:ned degrees of freedom can be
identi1fied by 1's on the diagonal.
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To examine the adequacy of th:s mode). predicted
natural frequencies for the rotor parked i1n the ver-
tical position are compared to measured results taken
from Ref. 9. The table below shows frequencies pre-
dicted usipg the original BAC model and the reduced
HAWTDYN model, and experimental results for several of
the lower frequency modes. These frequencies are
normalized by the operating speed of the rotor, which
is 17.5 rpm. The coluan labeled percentage error
corresponds to the HAWTDYN model predictions relative
to data.

Generally, when experimental deta 1s available, rea-
sonably accurate models can be created by modifying
system parameters in a logical fashion such tbat the
errors 1n the frequency predictions are 5% or less
Most of the errors i1n Table 1 are of this order.
However, {or two of the modes, the symmetric flap and
the symmetric chord, the errors are particularly high,
espectally considering their importance i1n the siruc—
tural response of tbe rotor. Although mot pursued
bere, some effort at fine tuming is definmitely ind:i-
cated for a more accurate MOD2 model.

A fanplot for the MOD2 has been constructed by taking
fast Fourier transforms on predicted drsplacement
histories associeted with the free-vibrations of the
turbine The natural frequencies in this fanplot,
which 1s presented 1n Fig 4, are normmlized to the
operating speed of the rotor (17 5 rpm) This figure
demonstrates bhecw the frequencies vary with rpm. and
indicates the:r ~ulues at the operating speed. The
trequency corresponding to the symmetric flapwise
bending mode 18 of special significance because of its
proximity to 4/rev. The nearness of this frequency to
that excitation i1ndicates a possibility for larger-
than-expected respopse due to dynamic ampl:fication



Table 1. Comparison of Predicted ard Measured

Frequencies for tbe Parked MOD2 Rotor

Mode Freq (/rev) Freq (/rev) Freq {/rev) X% Error
Meas . BAC Model HAWTDYN
Drive .45 .42 .42 6.6
Train
Tower 1.23 1.23 1.24 .8
Fore/Aft
Tower 1.28 125 125 2.3
Lateral
Symmetric 3 30 3.77 3.76 13.9
Flap
Symmetric 6.17 6 79 6.69 8.4
Chord
Antisym 6.55 7 03 7.03 7.3
Flap
Nacelle 8.23 8 71 8.74 6.2
Patch
2nd sym 9 60 10.01 10.01 4.3
Flap
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F:gure 4 Predicted fenplot for the MOD2

PRESENTATION AND DISCUSSION OF RESULTS

In this section to some qualitative observations are
discuszsed, and the predicted response of the MOL: :s
presented for windspeeds of 20 and 27 mph. In both
cases & turbulent wind 1ncrement history 1s included.
For purposes of comparison, results are shown for
steady winds at the same windspeeds. Computations are
also presented for a configuration of the MOD2 where
the hub 1s fixed 1n space.

Two qualitative aspecis of the results are mentioned
here to promote confidence 1n the HAWTDYN software.
First, the aerodynamic damping i1n the fore-aft direc-
tion 1s definitely present 1o the solutions and sewams
to be on the order o/ §% of critical And second,
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HAWTDYN seems to be correctly predicting the response
of the rotor to wind shear in tbat computed displace-
ments indicate a slight turning of the rotor out of
the wind about a vertical axis This motion produces
a more uniform relative velocity vector with respect
to the angular position of the rotor, and tends to
neutralize the effect of wind shear. These results
are qualitatively consistent with observed behavior.

For the forced response of the turbine, gravity and
wind loading are applied. The wind loads correspond
to a wind sheer resulting from a surface roughoesr
factor of .25, a value consistent with the MOD2 site
at Goodnoe Hills. In addition, the turbulence inten—
sity is set at 20X, also representative of the site.
Tower shadow for a width of 15 feet is included
through an option in the PROP code. The steady compo-
nent of the relative wind velocity vector is computed
at each Gaussian integration point along the blade
{(two integration points per element). The stochastic
increments are calculated at three stations per blade
(stations 874, 1329, and 1655) and linearly intsr—
polated or extrapolated to the Gauss points. Fig. 5
shows the stochastic wind increments for all six
stations on the reotor, corresponding to the mean
windspeed of 27 mph. At any particular time the width
of this band of curves is en indication of the varia—
bility of the wind ecross the rotor.

WIND SPEED INC tMPH)

v -
0.0 .0

10.0 2.0 . .0 ®.0

) .0
TIME (SEC)
Figure 5. Stochastic wind increments for a 27 mph

mean wind at the si1x MOD2 rotor stations,
three per blade

The predicted edgewise response to this wind at sta-
tion 370 1s presented in Fig. 6 For the first three
revolutions on the curve, only gravity and stesdy wind
Joads sre acting Thus these three cycles represent
the steady response of the turbine. OUver the forth
eycle the stochastic wind incremenis are gradually
included The total response of the roter to all
loadings 18 shown from revolution 5 through 23. For
all sections of the curve the response 18 predomin-
ately 1/rev with only slight variations in amplitude.
This 1ndicates that the edgewise moments are dominated
by the gravity loading, and are not significantly
affected by the turbulence i1n the wind
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Figure 6. Predicted chordwise bending moment for a
turbulent wind with a 27 mph mean at

station 370 of the MOD2 blade.

The flapwise response at station 370 is shown 1in

Fig. 7. Again the first three cycles represent the
steady response and cycles 5 through 23 display the
total response. In this case the differences beiween
the steady and total responses are quite dramatic. In
addition tc a roughly four-fold i1ncrease in the cyclic
amplitude, the frequency content changes from 2/rev to
predominately 4/rev. Thus, for the flapwise moments,
the stochestic wind loading dominates the response, 1n
contrast tv the edgewise case.
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Predicted flapwise bending moment for a
turbulent wind with a 27 mph mean at
station 370 of the MODZ blade.

Figure 7

In order to compare with experimental data, the same
types of data reduction that are done on the field
measurements must be done on the predicted results. To
this end, the curve of Fig. 7 1s fairst truncated to
delete the first four cycles, filtered with highpass
filter to eliminate frequencies below .25/rev and
finally truncated again to delete spurious results
near the end of the record caused by eno-eff:ct pro-
blems associated with the filtering. The end product
1s presented i1n Fig. 8
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Figure 8. Predicted flapwise bending moment fillersd

using a highpass filter with a cut—it
frequency of .25/rev.

Two additional forms of data reduction are dupe on the
curve of Fig. 8. First it 1s transformed to determine
its frequency content using the fast Fourier trans-—
form. The transformed curve, which is shown in Fag.
9, clearly i1ndicetes the dominance of the 4/rev compo—
nent of the response This dominance 1s the rzzualt of
the nearness of the frequency of the symmetric flap-
wise bending mode to 4/rev at the operating speed.
Consistent with the steady wind response. a signi~
ficant 2/rev component is also present 1n the total
response.

{
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A

FREDUENCY (PER REU )

Figure 9 Fast Fourier trans_orm of the filtered

{lapwise bending moment predictions

The second form of data reduction consists of cycle
counting to obtain a 50 percentile cyclic value. The
first step of this procedure involves tabulating all
the maximum and minimum values between the zero
crossings of Fig 8 The 50 percentile cyclic value
ts ther obtained by averaging the absolute values of
each of the tabulated results



In Fig. 10(b) the 50 percentile cyclic flapwise moment
at stat:on 370 1s displayed as a function of wind-
speed The experimental data denoted in this figure
by the "plus” signs was collected from the MOD2
cluster at Goodnoe Hills in July of 1983. Predictions
for two mean windspeeds, 20 and 27 mph, are indicated
on the plot by the solid circles. In both cases the
predictions fall within the scatter band of the data
The solid triangle corresponds to the predicted value
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Figure 10. Comparison of predictions, denoted by the

solid circles and triangle, to data,
denoted by the plus signs, at stetion 370
of the MOD2 blade, (a) mean flapwise bend—
ing moment, (b) cyclic flapwise bending
moment .

for & steady 27 mph wind. The importance of including
turbulent wind effects 1n the structural dynamic
anelysis of HAWTs 1s clearly demonstrated by this
{figure

Fig. 10(a) shows the corresponding mean value of the
f.apwise moment at station 370. As in the cyclic
case, the predictions fall within the scatter band of
the data. Although not displayed on the plot, the
steady wind prediction at 27 mph coincides with the
reiue shown for the total response This indicates

that the in-lusion of stochastic wind ~ffects does not
seem to be critical for accurately computing mean
flapwise moments.

For station 1164, results similar to those of Fig. 10
are shown :n Fig. 11. Again the predictions are
generally within the data scatter band. with the mean
flapwise moment at the high rim of the band. This
slight overprediction 1s probably caused by the fact
that the coatinuous blade loads are integrated to form
concentrated nodal forces. In the static case for &
uniform load, this discretization of the load produces
moments which are correct ai. the node points, but
overpredicted everywhere in between
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of the MODZ blade, (a) mean flapwise bend-
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To examine the role that the tower plays 1n the
response of the MOD2, the bhub of the rotor was
constrained so thet it could not translate. This did
not compromise 1ts ability to teeter however. For the
same turbulent wind with the 27 mph mean, results show
a reduction in the 50 percentile cyclic flapwise
moment of approximately 10 percent. Thus, for the



MOD2, it r.y be possible to eliminate the tower from
the analysis without significantly degrading the
accuracy of the results. This elimination
considerably simplifies the analysis procedures.
However, this observation for the MOD2 cannot be
generalized to all HAWTs. The critical issue 1n
excluding the tower is the degree to which its pres-
ence modifies the natural frequencies of the rotor.

The computer resources required by HAWTDYN are modest.
The MODZ model, which contains 37 degrees of freedom,
requires 240 cp seconds on the CRAY computer to obtain
solutions out to 80 seconds. The relatively large
time step of .008 seconds, made possible by the use of
an mmplicit 1ntegration method, wus used for these
calculat:ons. Although tests were conducted to estab—
lish the accuracy of this time step, no attempts were
made to find the largest possible time step consistent
with accuracy and stability restrictions. Thus, 1t
may be possible to reduce the cp time below the value
reported here.

CONCLUSIONS

In the design and analysis of dypnamic systems three
areas of concern are routinely addressed. the natural
frequencies of the system, the excitation frequencies,
eand the ability of the distributed forces to excate
tLhe natural modes. For HAWTs, the task of addressing
these areas of concern is not routine. The identi~
fication of the natural freguencies of the system 1s
complicated by the fact that the frequencies must be
obtained for the turbine in i1ts operational config-
uration. From the analysis point of view, this en-
tails connecting the rotor, which moves relative to a
roteting frame, to the tower which moves relative to a
stationary one. This precludes the use of standard
solution techniques for obtaining tbe natural frequen—
cies and modes of the structure. The determination of
the excitation frequencies and the spatial distri—
bution of the forces is more 1nvolved because of the
turbulent pature of the wind. Not only is the turbu-
lence difficult to model, but sophisticated methods
for predicting the resultant loads have not been
developed. However, with proper atteution to creating
structural and aerodyrrmic load modeis that contuin
the major physical aspécis of the prublem, reasonably
accurate results can be obtained.

In the present case, the HAWTDYN scftware has produced
accurate predictions for the MODZ turbine, for two
windspeeds. These results are of a preliminary nature
and should be viewed as such until more of the
validation process has been completed. This process
includes making predictions for several existing
turbines at a num' - of wind conditions, and comparing
the results with av..1lable experimental data. In
order to generate more confidence in the present MC.2
finite element model, 1t should be upgraded so that
the computed natural frequencies are in better agree—
ment with measured ones and some development effort
should be expended in HAWTDYN to properly model the
t1p control mechanism.

wven though some aspects of the modeling are crude,
H/WTDYN has produced some promising results The
1nclusion of turbulent wind effects has dramatically
influenced the MODZ2 response predictions, bringing
them 1nto agreement with measured data. The use of
mmplicit integration methods has posed no 1nsur-
rountable problems and has made 1i possible to obtain
the long-time solutions required to analyze HAWTs
driven by turbulent winds. After the validation pro-
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cess has been completed, it is expected that HAWTDYN
will be suitable for accurately evalua‘ ing the struc-
tural response of alternate HAWT designs.
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BLADE /AILERON SYSTEMS

J. C. Strain, General flectric Co.
L. Mirandy, General Electric Co.

ABSTRACT

Aeroelastic stability analyses have been performed
for the MOD-SA blade/afleron system. Various
configurations having different aileron torsional
stiffness, mass unbalance, and control system
damping have been investigated. The analysis was
Conducted using a code recently developed by the
General CElectric Company - AILSTAB. The code
extracts eigenvalues for a three degree of freedom
system, consisting of: (1) a blade flapwise mode,
(2) a blade torsional mode, and (3} an aileron
torsional mode. Mode shapes are supplied as input
and the dileron can be specified over an arbitrary
length of the blade span. Quasi-steady aerodynamic
Strip theory is used to compute aerodynamic deriva-
tives of the wing-aileron combination as a function
of spanwise position.
summarized herein.

Equations of motion are
The program provides rotating
blade stability bouncaries for torsional divergence,
classical flutter (bending/torsion) ana wing/aileron
flutter. It has been Checked out against fixed-xing

results published by Theodorsen and Garrick.

The MOD-5A system ic stable with respect to diver-
gence and classical flutter for all practical rotor
speeds. Aileron torsiunal stiffness must exceed a
minimum critical value %o prevent aileron flutter.
The nominal contrci system stiffness greatly exceeds
this wminimum during normal operation. The Lasic
system, however, is unstable for the case of a free
(or floating) ailercr. The instability can be
removed either by the addition of torsional damping

or mass-balancing the ailerons.
The MOD-5A design was performed by the General

Electric Company, Advanced Energy Program Department
under Contract DEN3-153 with NASA Lewis Research
Center and sponsored by the Department of Energy.
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INTRODUCTION

Although aileron systems have widespread use on
fixed-wing aircraft very few rotors have been
designed with aileron controls. Large wind
turbines, in particular, have used pitchable blade
sections for power regulation and to start-up and
shut-gom. General Electric's 400 ft. diameter,
7.3 MOD-5A was originally designed with a pitch-
able tip spanning the outer 25% of blade radius. As
the design progressed, further studies determined
that substantial weight and cost savings could be
obtained by switching to an aileron control system.
This provided the impetus for the work described in

this work.
In this paper we first describe the development of

AILSTAB, a three degree of freedom stability
analysis prograa. The results of the MOD-5A rotor
blade stability analysis are then presented. Also
included are the results of investigations, which
are parametric in nature and show trends which
shoulg be similar for other WIG'S.

NOMENCLATURE

a - distance, midchord to elastic axis, as
percent. of chord

2 - lift curve slope; litt coefficient per
ragian

b -  semichord

c - distance, midchord to aileron hinge, as
percent of chord

c(k}) - Theodorsen's coefficient

Ca - elementa) aerodynamic damping matrix

Ta - integrated a. -odynamic damping matrix

Cs - elemental structural damping matrix
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integrated structural damping matrix

distance, midchord to leading edge of
aileron, as percent of chord

blace flap bending degree of freedom
torsional monent of inertia of blade, less
dileron, about elastic axis; per unit
length

torsional moment of inertia of aileron,
about hinge; per unit length

elemental aerodynamic stiffness matrix
integrated aderodynamic stiffpess matrix
elemental centrifugal stiffness matrax
integrated centrifugal stiffness matrix
elemental structural stiffness matrix
integrated structural stiffness matrix
blade mass, less aileron; per unit length
aileron mass; per unit length

elemental aerodynamic mass matrix
integrated aerodynasic mass matrix

elemental structural mass matrix
integrated structural mass satrix
blade radial station, dimensional
Southwell coefficient, blade bending
local velocity

blade torsion degree of freedom
aileron torsion degree of freedom

critical damping ratio, blade bend-
ing

critical damping ratio, hlade torsion

critical damping ratio, aileron

torsion
air mass density; per unit length

static moment of blade, less ailerom,
about elastic axis; per urit jength

static moment of aileron, about hinge;
per unit length

flapwise deflection mode shape
blade torsion mode shape

aileron torsion mode shape

flapwise rotation mode shape

Q - rotor speed, radians/second

af - flutter frequency, radians/second

wh - blade bending frequency, radians/
second

Wy - Dblade tersional frequency, radians/
second

w3 ~ aileron torsional frequency, radians/

second
HETHOOS GF ANALYSIS

The AILSTAB rotor blade stability analysis program was
developed in a manner very similar to that which would
be used for a fixed wing. The differences between
rotor and fixed wing analyses are the variation of
local velocity with span on a rotor blade, and the
variation of stiffness with vrotor rpm due to the
centrifugal forces. The AILSTAB computer code can be
used to predict divergence and classical blade bending/
torsion flutter, as well as aileron torsion/blade
bending flutter.

SYSTEM DESCRIPTION

The three degrees of freedom (DOF) in the analysis are
blace flapwise bending (h), blade torsion (a), and
aileron torsion (B). Figure 1 depicts these DOF and
their sign conventions. The conventions are such that
h is negative for a bending deflection toward the
suction side of the airfoil. o is positive for a
*nose up” rotation, and B is positive for an “aileron
down® rotation and is measured relative to q.

Three o:aer parameters required for the analysis are
depictej in this figure. All three are measured from
the airtoil's midchord, are positive toward the trail-
ing edge, and are expressed as a percentage of the
semichord. The distance to the elastic axis is
denoted "a", the distance to the afleron leading edge
is "e", and the distance to the aileron hinge is
denoted “c".

Figure 2 shows the thiee DOF (kode shapes) depicted in
three dimensions.

ASSUMPTIONS

The following set of assumptions, all of which are
believed to be reasonable, were made in developing the
computer code.



The equations of motion were linearized.

2. Three aegrees of freedom at a time, one
flapwise, plus the blade and aileron torsion
modes, are sufficient to determine the
stability.

Aerodynamic strip theory with no stall was
used, i.e. the aerodynamic derivatives are

independent of q.

Tne local velocity is equal to gr, the
rotaticnal velocity times the radial
distance, i.e. the free wind velocity is
neglected.

The Theodorsen coefficient, c(k), is equal
to 1.0, i.e. Quasi-steady aerodynamics are
used. This should give conservative results
for both blade-be~ding/torsion “lutter and
blade-bending/aileron torsion finccer.

6. Aerodynamic derivatives for an unsealed gap

(ref. 1) are used if cge.

EQUATIONS OF MOTION

The equations of motion were developed for a
representative airfoil element of length "dr® and
integrated along the span of blade with weighting as
determined by the asode shapes. The aerodnamic
equations incorporated in this analysis were those
of Smilg and Wasserman (ref. 1). Inertial equations
of motion were derived with centrifugal stiffening
terms added. The final form of the equations is:

h
+ [Ks*KcrKpl{a} = 0

B

[(Ms-Hy] + [Ts-Cal

o Aol
e Qe oy

where the matrices subscripted S (structural) and A
(aerodynamic) are composed of elemeatal mass,
damping, and stiffnes terms integrated along the
blade span with modal weighting.

[
h
ie. K] -g/ Lo, 8, 9,1 (4] ’ dr
pan By
The stiffness contribution due to centrifugal

stiffening, KCF' is formed similarly with a mode
shape of flapwise rotations substituted for the
flapwise deflection mude shape.

dr

ice. [Repl ./ Loy, B, P, [Kr]

span

P>
=2

101

A detailed description of the terms in th2 elemental
matrices is presented in the appendix.

SYSTEM STABILITY

In order to determine the blade's flutter stability,
the integrated mass, stiffness and damping matrices
are formed into a six by six dynamical satrix from
which complex eigenvalues and eigenvectors are
determined. The form of the dynamical matrix is:

L 4 'Y
I [}
where

M :-iA +-H—S
C =-Cp + Ts
K =-Kp + K5 + KF

I = 3 x 3 unit matrix

The critical damping ratios (g), and the
frequencies in h2 (ff). are determined from the
eigenvalue (R) as follows.

T = - REAL(R) ,

ABS{R}
The output of the AILSTAB stability analysis program
is cigenvalues, and eigenvectors if desired. The
program is Organized so that a series of cases may

be run for a particular configura- .a, with rpa
The critical damping ratio and coupled

fe = ABS(R)

2w

varied.
frequencies are determined -om the cosplex eigen-
values, and the damping in _ch mode can be plotted
vs. rpm to illustrate system stability. In the case
of blade bending/aileron tension flutier there is a
-ange uf rpm between which the instability exists.
By plotting the range of unstable rpm vs. a design
parameter such as aileron con®rol system stiffness,
aileron damper, or mass balance, a stability
boundary may be constructed.

DESCRIPTION OF ANALYZED SYSTEM

The MOD-5A is a 7.24W wind turbine with a teetered
rotor. Ailerons on the outer 40% of the 200 ft.
radius blades are used to regulate power and to shut
down. The ailerons are hinged at their leading edge
and are 40X of the chord width.

Three blade flapwise mode shapes were used in the



analysis. They were 1) the teeter mode with a
frequency of 1 per rev, 2) the 1st collective with a
frequency of 7 radians/second, and 3) the Ist cyclic
with a frequency of 13.8 radians/second. These mode
shapes were calculated for an isolated blade (i.e.,
not attached to the wind turbine). The collective
node of the isolated blade is found by providing a
c-ntilevered root condition in the flapwise
- rection. The cyclic mode 1is determined by
:'oviding a pinned root condition in the flapwise
tirection. A plot of these three flapwise modes is
presented in Figure 3. Southwell cocfficients may
de ingut to the program so that both the collective
wnd cvclic frequencies may be varied with rpm to
uccount for the varying centrifugal stiffening. For
*he MOD-5A amalysis e important instability
ccurred at e low enough rpm so that the centrifugal
tiffening was not important to the resuits.

ihe three aforementioned flapwise modes were each in
vurn analyzed in combin2tion with the blade torsion
mode shape ana an aileron torsion mode. Higher
acdes than these were also analyzed, but were not
found to be critical. The blade torsion mode had a
froquency of 51 radians/second. B8y comparison, the
ailerons are essentially rigid in torsion with
cantilevered frequencies ahove 400 radians/second.
For all practical purposes, the aileron natural
frequencies are dominated by the control system
stiffness and oscillate as a rigid body. Rather
thar, attempting *c model the actual aileron tor-
s“onal naturz’ aode, the frequency, or equivalently
trhe actuator stiffness was varied, to determine the
mininum requirements. In this way failure modes,
such as loss of actuator hydraulic stiffness, are
fall-outs of the analysis. In addition to aileron
frequency sweeps, variations in aileron torsional
dapirg, mass-balanciig, and aileron spanwise length
were considered. “he ailerons center of gravity is
aft of the 62X chord hinge line. The aft center of

qravity b a de-stabilizing effect.

ANALYSIS RESULTS

The 1i0st critical coidition will be discussed first.

It occurs when t'.e root torsional stiffness provided
by the actiators is lost and the aileron is free to
rot#te -hout its hinges. This cannot happen under

1C2

normal circumstances, so it represents a systes
failure. Stability boundaries are presented in
terms of control system stiffness, control systea
damping, and the degree of mass-balance. A fimal
case considers the stability of an aileron spanning
only the outer 27.5% of the blade.

FREE AILERON

Figures 4a-c show damping vs. rotor speed for the
baseline blade with a free, unbalanced aileron (the
aileron torsion frequency of 1 per rev or 1P, is due
to centrifugal stiffening). Below each damping
curve, the natural frequencies are plotted vs. rpa.
Both coupled (dashed lines) and uncoupled (solid
lines) frequencies are shown. At rpm'’s where
uncoupled frequencies coincide, a decrease in sta-
bility is noted in the corresponding damping curve.
The Figures 4a, b, and c, illustrate the stability
with the teeter, flap collective, and flap cyclic
modes, respectively. Aileron torsion coupling is
seen to cause an instability only with the flap
collective mode. The ailerons are unstable in the
region of low rotor speed, 3-12 rpa, which is
typical of wing and aileron systems with an unbal-
anced mass. In particular, there is the possibility
of instability when the aileron torsional frequency
is less than the flapwise frequency. The system in
Figure * becomes stable again at 12 rpm, because the
torsional aerodynamic spring increases the aileron
frequency beyond that of the first flapwise mode.
The instabilities, which are seen in all plots
between 55 and 60 rpm, are classical bending-torsion
flutter of the blade.

STABILITY BOUNDARIES

A flutter boundary for the MOD-5A blade with
unbalanced aileron is given in Figure 5. To
generate the boundary, the aileron root torsion
spring was increased in increments to find the
stiffrness at which the torsion mode became stable.
At any value of stiffness where an instebility
occurred, the values of rpm between which the mode
was unstable were found and plotted. This figure
shows that an aileron torsional frequency of 7.5
radians/second is needed to provide neutral stabil-
ity. This same procedure was followed for the
addition of aileron torsional damping rather than a
The resulting flutter boundary is presented
in Figure 6.

spring.



The comparison of stiffness and damping requirements
is an interesting sidelight to the stability problem.
If the damping rate is sultiplied by the fiutter
frequency, the effective impedance, in stiffness
units of the damper is found. Figure 7 contains
plots of impedance vs. flutter damping ratio at
6 rpm for both spring and damper systems. The
systems's stability is largely a function of the
aileron torsional impedance whether it be derived
from a spring or a damper. This coaclusion is
further strengthwned by Figure 8 which shows the
stability boundaries in terms of impedances. The
approximate equivalence of spring and damper
impedance effects is an important consideration
during dynamic conditions, such as pitch change in
which the hydraulic actuator impedance has both
spring and damper characteristics.

To prevent flutter without need for a mimimum
aileron torsional stiffness or damper, balance
weights would have to be added to the ailerons.
With the ailerons unbalanced, the minimum damping
ratio calculated in the AILSTAB rpm sweep was
approximately -12%, as can be discerned from Figure
4b. The variation of modal damping with RPM is
shown for a fully (100X) mass-balanced aileron in
Figure 9. The system is stable. The variation of
minimum damping in the aileron mod: is shown for
varying degrees of mass-balance in Figure 10.
Neutrai stability can be obtained with an 85%
mass-balanced system.

EFFECT OF AILERON LENGTH

Similar eanalyses to those discussed above were
performed with the free aileron section extending
from .725 radius to the tip, rather than from .60
radius. In this configuration the different modal
weighting caused an instability of the aileron
coupling with the blade cyclic bending mode.
torsion coupling with the blade coliective bending
mode also produced an instability, as it had with
the longer aileron.

Since the shorter aileron was unstable in coupling
with the higher frequency cyclic flapwise mode with
a2 flutter frequency of approximately 14 radians/
second, a higher dimensional damping coefficient was
required to stabilize it. The longer aileron had
unstable coupling only with the collective mode,

Aileron
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which had a filutter frequency of approximately 7
radians/second.

The damping vs. rpm plots for the 27.5% span, free,
unhalanced aileron analysis are presented in Figure
1.

Stability boundaries of rpm vs. aileron frequency
are plotted in Figure 12 to show the effect of added
root torsional stiffness. Boundaries for the addi-
tion of torsional damping are shown in Figure 13.
To 2gain demonstrate the similarity of results from
adding impedance, whether from stifrness or dasping,
rpm vs. impedance stability boundaries are shown in
Figure 14.

CONCLUDING REMARKS

The free unbalanced aileron caused the system to
become unstable either with a length of 40X or of
27.5% of blade radius.

These instabilities can be removed with the addition
of impedance to the aileron torsion degree of
freedom. The actuator stiffness normally supplies
an impedance well in excess of that required, but on
the MOD-SA torsional dampers have been added to
protect the system in the eveat of an actuator
system failure. These dampers are passive elements
which will always be operative. The damper forces
far enough beiow those which are present due to the
aerodynamic forces in normal operation so that their
presence will not penalize control system design.

An alternate method of stabilizing the system would
be through the addition of balance weights to the
aileron. This method was deemed unwieldy and tor-
sional dampers chosen instead.
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APPENDIX

Equations of Motion

STRUCTURAL (Left Hand Side)

h h h
["S] H + [‘:5] é + [Ks] a + [KCF] a
B 8 ls 8
”S .3 = Ha * 'k
ns(l,z) =9 *togt b (c-a) LN
%(].3) = 08

MS(Z.Z) = 1« + IB + 2b {c-a) og* b (c-a) "B
”8(2:3) IQ. + IB +b (C’ﬂ) GB
HS(3.3) = IB

Other structural mass terms are symmetric.

Cg (L) = 20 M g,
¢ (2,2) T P 3

Other Jamping terms are zero.

KS (1,1) = whz Hn + Sh Q2 "S (1,1)
KS (2,2) = "’uz Ia +q? HS (2,2)
KS {3,3) = wB‘ IB +q? "S (3n3)

Cther stiffness terms are zero.

The above structural mass, stiffness, and damping
matrices are all multiplied by mode shapes at each
radial station and integrated.

i.e.
- N T
Mg = % [0h 9, 93] [Ms] [9n 0, 0p] ar

Sh in the above stiffpness equation, is the

soutiwell coefficient for the flapwise mode. It is
an approximation used to relate the rotating and
non-rotating blade natural frequencies.

w'por * “yon-ror * 5h &

KCF {1,2) = rg? HS {1,2)
KCF (1,3) = rg? Mg (1,3)
Kep (2:3) = 07 M (23]
KCF (&) = KCF {1.2)
Kep (1) = Kep (1,3)
KCF (3,2) = KCF (2,3)

Diagonal terms are zero.

This centrifugal stiffness matrix is multiplied by
mode shapes at each radial station and integrated.
Unlike the structural stiffpess matrix, the first

row and column are multiplied by the modal rotation
rather than deflection.

i.e
- N T
Ker = % [Un 95 9] IXcF) [9gn U 9] ar

Where, Ugn = d@j
F—

AERODYNAMIC (Right Hand Side)

[ h h
["A] :a: + [CA] é + [KA] a
- 8 8 8

"A {1,1) = ~-» p b?

"A (1,2) = g p at?

"A (1,3) = p (T, + (c-e) #,) »°

M, (2,2) = -xp (& +1/8) b*

Mp (2,3) = o [T7 + (e-a) T, + 1/8 (c-e) P

- (a+ 1/2) (c-e) 9,] b*

M (3,3)  [Ts + (c-e) fs7 ~ (c-e)2 g12] b*
x

Other mass terms are symmetric,

Calll) = paarbec (k)



CA (‘02)
CA (]:3)

Ca (3,1)

Ca (3,3)

Ky (1.1)

KA (]:2)

-W2paarbt+pala-12)arbtc (k)

2 ¢ aTagrb2+f af{ce)l - /2 Tulgrb?e (k)

pafa+1/2)arb?c (k)

1Vzpa(a-1/2)arb®+pa (174 -a2)grb®c (k)

P T[P-1/2(a-1/2) Ta + 1/2 (c-e) Bs] @ r b?
=

"o

1

+Pa[(a+1/2) Tél - (a+1/2) (ce) m] g r b*c (k)
z

29
x

2 [(c-e) 1 - 172 izl g r b% ¢ (k)

A{(ce) Pz - (P-T1 - 1/2Ta)Igrb?

+8 a2 (a-12) iz + (/2 - 3) (c-e) @1] @ r b® ¢ (k)
n

1/231 A[1/2 Te Tas + (c-e) (s + ue) - (c-e)2 Pss]q r b3

0

]

+ l/zg2 A[-1/72 Tir T1z + (c-e) (Pz Por + P Pe)

®

-pa(ar)c (k)

Ka (1,3)) = -9 aTie (R r)% c (k)
n

Ka(2,1) = 0

KA (2!2)

Ka (2,3)

KA (3'])
KA (3,2)

Ka (3,3)

-2 (c-e)2 ;1 Psr] g r b ¢ (k)

pa(a+1/2) (a r)2 c (k)

-1/2f T[T +Tae] (R r)2b2 +P @ (a+ 1/2) Tue (@ r)?b? ¢ (k)
] T

0

+

1

e
n

a {{c-e) P - 1/2 Twz) (q v)2b? c (k)

/20 2 [(c-e) s - (Ts - T T10)] (q r)2b?

Pt

+1/2°P
it
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-1/3 sin (cos™*C) (2+C2) + C COS°*C

+ 1/4 € SIN (COS™!C) COS™:C (7+2C%)

-1 +C2 ~(COS"*C)* + 2C SIN (COS'C) COSIC
~(1/84C2) €OS:C + 1/8 C SIN (COSTIC) (7+2C%)

(C0S™*C) C (1-2c) + SIN (COS*C) (2-C)

€OS 1C (2C41)

( n-C0S-(-e) ) (1-2¢) + SIN ( C0S-(-e) ) (2-e)

SIN { COS-i(-e) ) e

2 ( x-C0S-2(-e) ) + SIN { COS-3(-e) ) 2/3 (2+e) (1-2e)
{ x-C0S-2({-e) ) (-1-2e) + SIN { COS-'{(-e) ) (2+e)

SIN ( COS-3 (-e) )

-e) ) (1+2e)

T, -
T, = -(1/8+C?) (COS-iC)?

Ta = -C0S'C + C SIN (€OS-:C)

Ts -

1, =

Tro = SIN (COSiC) + COS:C

Tis .

Tiz = SIN {COS'C) (2+C) -

P = -( SIN (COS:C) )2 /3

9, = x - C0S*(-e) + SIN ( COSi(-e) )
8, =

8s = 5 - C05%(-e) -

s = SIN ( COS-i(-e) ) (I+e)

" =

s =

85, = y -C05-i(-e) -

Pio = P B

9., = P,z + TSIN (COS-i(-e)]"

2:2 = g -C0S-1(-e) + SIN ( COS™
s = 2 [SIN ( COS-*(-e) )

Y = Py By + 2 [SIN (COS-3(-e) )I*
37 = 9 (B2 - Bs)

The aerodynamic mass, damping, and stiffness matrices
are all multiplied by their mode shapes at each
radial station and integrated.

1.€.

N
MA‘Z
0

DIVERGENCE

I
(0h 0y 98] [MA] [9n 9y 6] ar

Torsional divergence, if present, will show up in
the roots of the stability equations. The following
has been added so that the divergence Speed, which
often lies beyond the RPM range of interest, may be
computed directly.

To determine the blade's divergence speed the square
of the rotational rotor velocity, 32, must be
factored out of the lower-right-hand 2 x 2 partition
of the integrated aerodynamic stiffness matrix,
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KA’ The same partition i<
structural stiffness matrix

coefficient terms were

factored out of the
K (the Southwell
ignored here). The two
resulting partitions are then set equal to each
other and the characteristic equation soived as
shown below.

Ke' = PA (2,2) Ka (2,3) . 1
[f§ (3,2) ¥ (3,3) Q°
k' = [Ks(2.2)  Rs (2.3) ]
s (3.2) T (3,3) |

Ks'(1,1) - Ky'(1,1) @°
[Ks'(2,1) - Ka*(2,1) @°

Ks'(1,2) - Ka'(1,2) @

=0

Ks'(2:2) - Kp'(2,2) @’

Kg'(2,1) = K*(1,2) = 0.



Expanded, the resulting equation is:
2 (k' (1,1) K (2:2) - K'(1,2) Ky *(2,1) )
0 (K'(2:2) K (1,1) + K5 (1,1) K, *(2.2) ) + Kig(1,1) K'g(2,2) = 0.

which is easily solved for Q, the flutter speed in radians/second.

—
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Figure 1. Sign Conventions and Terminology
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Figure 3. MOD-5A Blade Flapwise !odes
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CALCULATION OF DESIGN LOADS FOR THE MOD-S5A

7.3 MM WINC TURBINE SYSTEM

L. Miranay, General Electric Co.
J. C. Strain, General Electric Co.

ABSTRALT

Design loads are presented for the General Electric
MOD-5A wind turbine. The M00-5A system consists of
a 40C ft. diameter, upwind, two-bladed, teetered
rotor connccted to a 7.3 MM variable-speed gener-
atw. Fatigue loads are specified in the form of
histcgrams for the 30 jear life of the mackine,
while limit (or ouximum)} loads have been derived
from transient dynamic analysis at criticai
operating .onditions. Loads prediction was
accor-lished using state of the art aeroelastic
analyses developed at General Electric. Features of
the priwmry predictive tool - the Transient Rotor
Analysis Code (TRAC) are described in the paper.
Key to the load predictions are the following wind
models: (1) yearly mean wind distribution, (2) mezn
wind variztions during operation, (3) number of
start/shutdown cycles, (4) spatjally large gusts,
ana (5, spatially small gusts (local turbulence).
The  methods used to develop  statistical
distributions from load calculations represent an
extens ion of procedures used in past wind programs
ana is pelieved to be a significant contribution to
Wind Turbine Generator analysis. Test/theory
correlations are pre.>nted to dewonstrate code 1oad
predictive capability and to support the wind models
used in the analysis. In addition, MOD-5A loads are
compared with those of existing machines.

The MOD-5A design was performed by the General
Electric Company, Advanced Energy Program Department
under Contract DEN3-153 with NASA Lewis Research
Center and sponsored by the Department of Energy.

INTRODUCTION

The MOD-5A was designed by the General Electric
Company as part of the Department of Energy
sponsored program to develop multi-megawatt,
utility-class, wind turbine generators. It is a
two-bladed, horizontal-axis, 400 foot diameter,
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upwind design. The MOD-5A features a teetering
rotor and laminated wood blades with ailerons over
the outboard 40% of the blades to regulate power ang
to shut down. It incorporates a 7.3 wmegawatt
variable- speed generator. However, .. a
resonances, there are only two nominal rotor speeds
- 13.8 and 16.8 WM, Additional aspects and further
discussion of the MUD-5: sre contained in Reference
1.

Tnis paper summarizes the loads analysis conducted
for the MOD-5A. The anaiytical techniques are
described, followed by comparison of theoretical
predictions with test data to support the methods
and models used. Test data were taken from the
General Electric 2Md, 200 ft. diameter MGD-i, the
8oeing 2.5MM, 300 ft. diameter M0D-2, and the
Hamilton Standard 4MW, 256 ft. diameter SVU-NTS 4.
The M0D-5A design loads presented herein, are 15%
to 25% higher than the theoretical predictions to
allow for uncertainties. The machine has been
designed to these loads.

METHODS OF ANALYSIS

The WTG loads analysis began with the construction
of a dynamic model to determine the natural modes
and frequencies of the system. State-of-the art
finite element and modal-synthesis techniques were

applied. Since these methods are accepted standards
in the aerospace industry, they will not be
addressed here. Rather, we will focus on the

aeroelastic and wind models used for the wind
turbine loads _nalysis.

The experience gained, and methods developed during
the MOD-1 program served as a cornerstone for the
MOD-5A analysis. Extensive correlation studies and
code verification exercises were conducted before

the MOD-5A  program. Our loads prediction



capabilities were enhanced during the MOD-5A
program, particularly in the areas of transient
analysis, wind modelling and load statistics. These

topics are discussed in the following paragraphs.

Aeroelastic Codes

Two aeroelastic codes were used to predict design
loads for the MOD-5A: GETSS, General Electric
JTurbine System Synthesis and TRAC, Transient Rotor
Analysis Code.

GETSS - GETSS was developed during the MOD-1 program
and was used to predict the MOD-5A's fatigue loads
during the preliminary design phase. The code was
verified by NASA during the MOD-1 program, by
correlating its predictiont wita M0D-0 test data.
It provided excellent load estimates for MOD-1 and
was verified for soft tower and teetering rotor
configurations during the MOD-5A contract.

The GETSS analysis flow is shown in Figure 1. The
system's structural dynamics are approximated by
piecewise linear models of the entire system;
wherein natural modes are input for discrete rolor
positions. As the blades rotate, the dynamical
equations switch from one model to the next. A time
history solution 1is determined over as many
revolutions as are to produce a
the last rotor cycle is then

required
steady-state response;
used to compute steady-state fatigue
Aerodynamic and gravitational forces are computed as
a function of the rotor position by the computer
code, WINDLD, before the time history calculations,
and are applied to the right side of the modal
equations. Aercelastic  coupling comes
aerodynamic mo1al damping coefficient calculations
computed by the computer code, QAERDO, before the
time history calculations. Finally, interface
design loads are computed from the modal response.
The code can handle a large number of system rodes
at relatively low computational cost, because the
modal equations are decoupled linear, second-order
equations, for which there are very efficient
numerical integration algorithms. More detailed
code descriptions mav be found in the MOD-1 final
design report (Ref. ,.

loads.

from
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TJRAC - TRAC was developed during the MOD-SA program
to predict transient loads.The program was checked,
using steady-state loads calculated by the GETSS
code as a benchmark. The verification provided
confidence in the calculations made by both
prograas. In this paper, - show correlation
between TRAC fatigue and limit load predictions with
MOD-1 data. TRAC also agreed qualitatively with
M00-2 on the subject of interactions between the
structure and the control system. TRAC was used to
compute all the MOD-5A's final design loads.

The self-explanatory features of the code are
illustrated in Figure 2. It does not use
piecewise-linear modal inputs, as GETSS does.
Rather, separate inputs are provided for rotating
and fixed system modes. Complete inertial and
aerodynamic coupling between the degrees of freedom
has been retained in the development. Furthermore,
non-linear inertia terms, caused by finite elastic
deflections of the blade, are included. As such,
the equations are hignly coupled. A Runge-Kutta
aumerical integration has been used to obtain
solutions. Loads are calculated after each time
step using the "modal acceleration" technique, which
is superior to basing loads on elastic deflections
(modail deflection technique). When the rotor speed
varies during a transient solution, the blade
stiffness terms are adjusted using Southwell
coefficients, which are computed within the
program. The NASA interim turbulence model was
incorporated into the code for fatigue load
computation, however, the capability of analyzing
only wind shear or tower shadow, or both,
retained.

was

Wind Models

The wind models used to compute design loads are
classified in Table 1. Wind models used for limit
and fatigue 1load calculations appear separately.
The same large gust model is used in each case (1.2
and I1.3). Models I1.2, II.3 and II.4 will be
described this section. The other models
appearing in the table are self-explanatory.

in

MEAN WIND VARIATIONS - These variations produce
shifts in mean load levels which must be cons idered
For example, if the machine is

as fatigue cycles.



operating in a 20 mph wind and during 10 minutes the
wind shifts to 30 mph and returns to 20 mph, a
fatigue cycle results from the difference in load
levels at 20 and 30 mph. The load saift, which can
be viewed as a “DC" phenomenon, was dubbed a Type
IIA load. In order to quantify the variation in
mean wind speed, 4 months of data taken at Amarillo,
TX by PNL-Battelle was statistically analyzed.
Figure 3 outlines the analysis and the results. In
addrition to mean wind shift statistics, the data was
used to compute the number of start-stop cycles that
would be experienced by a MOD-5A. It might be added
that the yearly wind speed distribution at Amarillo
is quite similar to the specification tn the MOD-5A

Statement of Work.

LARGE GUSTS - Figure 4 summarizes the large gust
model used for the MOD-5A design. The MOD-5A
Statement of Work wind PSD specification was
integrated to .ctermine the root mean square gust
value. The cut-off frequency of .02 Hz, used in the
integration, was based on a spatial coherence model
developed during MOD-2, and used in conjunction with
the MOD-5A rotor diameter. The relevant formula
appears below:

COH = exp-(fxdKy)

where:

f = cut-off frequency (Hz)

x = fraction of rotor disc for which
the coherence is sought. A value
of 1.0 {or the whole disc) was
used.

d = rotor diameter (meters)

Ky = ,37 - .005V, V = wind speed (m/s)

Gusts having a
0.50
encompassing gusts. This formula leads tu a cut-off
frequency of .018 Hz at 25 mph and .022 Hz at S0
mph. An average of .02 Hz was used for all wind
speeds. This cut-off frequency implies an average
gust period of 50 seconds, which is supported by
M0D-2 test measurements discussed in the verifcation
section of this paper. A Rayleigh distribution was

coherence equal to or greater than

were  conservatively treated as ro*or

selected for the gust amplitules on the basis of
PNL-Battelle’s ™“Gust-0" measurements reported in Pl
3138. The gust model in Figure 4 is used to compute
both fatigue ivads and 1imit Joads. It will be
shown that MO0D-2 loads data supports the gqust
amplitudes we have used.
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LOCAL TURBULENCE - Gusts smaller than the rotor
diameter produce variations in the apparent wiad
speed experienced by the rotating blades at
harmonics of the rotor speed. The situation is
illustrated in Figure 5. This harmonic forcing
produces fatigue loads which occur every rotor
cycle. Measurements and data analysis conducted by
PNL-Battelle identified and began to quantify the
magnitudes of these turbulent inputs. NASA
developed an “Interim Turbulence Mode!™ from this
data, which conveniently expresses the root mean
square values of the harmonic forcing for roters of
different sizes. GE adopted NASA’s model and
extended it to include gust probabilities. The
formulas are summarized in Table 2. GE assumed the
probability distribution of *he random harmonic
coefficients was Rayleigh, as would be the case for
a narrow-band process. The Rayleigh assumption also
seems to be supported by the ratios of 99.9th
percentile to 50th percentile loads generally found
in flap bending moment test data. Correlation of
this turbulence model with MOD-1 loads appears in
the verification section of this paper.

Load Statistics

Fatigue loads for the MOD-5A were expressed as
probability distributions (or histograms) to be
applied for the 30-year life of the machine. This
section describes the methodology used in deriving
the fatigue load statistics. Fatigue loads were
segregated into three categories, shown in Figure 6;
the same categories used in previous wind turbine
generator programs. The Type I loads represent the
alternating loads, which occur at 1 or 2P (where P
stands for “per revolution®). For design purposes,
all load components were conservatively assigned a
2P occurrence rate. The local turbulence model was
used to derive Type [ loads. The Type II loads stem
from gusts, that cause a shift in mean load during
the gust. This mean shift, and the normally
occurring alternating loads were used to compute a
cycle of fatigue loading for each gust occurrence.
The large gust model was used to compute Type II
loads. Similar Type IIA loads, which stem from
longer mean wind speed variations, are not shown in

The Type III 1loads represent the
"ground to air to ground” cycle and have a frequency

the figure.



of occurrence equal to the number of start-stop
cycles. Type 1II loads were computed from the delta
loads between normal operation, through shutdown, to
the parked state. .ote that shutdown transients can
produce wider deltas in some load components than
simply considering the normal operating and parked
conditions. The number of Type I, II, IIA, and III
cycles expected over 30 years are 3.5 X 10%, 1.4 X
107, 1.5 X 10° and 35,000, respectively.

The first step in determining the life cycle fatigue
loads was to obtain the mean wind statistics of the
site. The wind specification in the Statement of
Work was used for MOD-5A. The operation of the wind
turbine was separated into discrete wind bins, as
illustrated in Figure 7. The total number of Type I
cycles, which was based on the number of rotor
cycles, and Type II cycles, which was based on the
number of gusts, were computed for each bin.

In the second step, wmean and alternating
steady-state loads were computed from cut-in to
cut-out speeds, using TRAC. The wind speeds

analyzed did not necessarily correspond to the bin
mean wind speeds; instead a sufficient number of
wind speeds was chosen to construct smooth curves of
load versus wind velocity. In this way, the data
could be applied to wind sites other than the one
selected. The steady-state 1loads were computed
using the root mean square wind speed harmonic
variations given by the HNASA Interim Turdulence
Model. The third step determined the distribution
of Type 1 loads for each bin. First the
steady-state loads data were converted to 50th
percentile values on the basis of a Rayleigh
distribution. Data measurements from existing wind
turbines indicated that Type I loads were well
fitted by a log-normal distribution and so this
distribution was used to compute
percentiles.

loads at other
The slope of the distribution was
based on existing teetered rotor test data. It is
believed that the log-normal distribution stems from
the sum of a constant (or deterministic) load level
and stochastic loads with a Rayleigh distribution.
This premise was supported by the MOD-1 fatigue lo>d
correlation study reported in the subsequent
section, wherein loads were computed for varijous
turbulence amplitude percentiles and were compared
to measured values.

8nth the measurements and
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previctions appearred to be log-normal.

In the fourth step, of Figure 7, the procedures used
to obtain Type II and Type IIA loads are
summarized. A probability distribution of gust
aaplitude was constructed on the basis of the wind
turbulence model. Mean and alternating loads were
used to determine the Type I° loads corresponding to
a sufficient number of discrete gust amplitudes.
The load probabilities were equal to the gust
probabilities from which they were derived. The
2zeroth percentile load (no gust) was equal to the
steady-state, 50th percentile load. Note that the
Type 11 load distribution was not assumed to follow
any prescribed probability law; instead it was
constructed directly from the wind turbulence model
and associated response load. Type II calculations
were further resined to account for load
amplification durirg a gust, which is caused by the
dynamics of the control system.

Type 111 loads were determined from the differential
load encountered in the transition between normal
operation and the parked state.

Finally, in the sixth step, composite fatigue
histograms were constructed from all the data.
These histograms define the total fatigue loading
that is projected to occur over 30 years. The
cyclic loads are presented in the form of a
histogram as shown, or equivalently as a cumulative
probability. These loads, along with statistics of
the corresponding mean loads, were supplied to the
designers. The procedure was computerized, for
rapid turnaround and to 2llow life cycie loading for
various wind sites to be generated with little
effort.

VERIFICATION OF CODES AND MODELS

The GETSS code was correlated witn MOD-0 data
supplied by NASA during the MOD-1 program and during
the conceptual design of the HOD-5A. These
validation results will not be repeated here.
Rather, this saction focuses on substantiating the
wind models that have been adopted and the loads
predicted by the VRAC code. Specifically, it will
cover shutdown transients, Type I loac probability



distributions and Type II loads in the subsequent
paragraphs.

MOD-1
code.

Shutdown testing performed during the
check-out simulated using the TRAC
Figure 8 shows a typical simulation, in which rotor
speed, pitch angle, and blade flap bending moment at
.35R are plotted versus time. Following about 3
seconds of steady-state operation at 25 rpm, the
blades were feathered at 8°/sec for 1.5 seconds
followed by a 2°/sec pitch rate for the remainder of
the shutdown. (The dual feather rate was used on
MOD-1 to guard against high loads). The time
histories show that the rotor speed decreased
continuously after feather, while the flap bending
moment reached a peak at about 5 seconds. Similar
analyses were conducted for shutdowns firom other
initial rotor speeds and the peak flap bending loads
Figure 9 compares theoretically
predicted loads with test measurements made at two
blade stations. Here, peak moments were plotted
against the rotor speed at which the shutdown was
initiated. There was excellent agreement between
the test and the theory.

was

were recorded.

Probability distributions of MOD-1
moments measured at three blade radial stations are
compared with theoretical predictions in Figure 10.
These represent Type I cyclic (1/2 peak-peak)
loads. A band of measured data is shown alorg with
discrete test points taken on a typical day of
operation. The theoretical loads were computed
using NASA's Interim Turbulence Model with the TRAC
code. Points at three percentiles were generated by
ascribing turbulence disturbance
according to a Rayleigh distribution. Tower shadow
was also included in the model. The results
indicated excellent agreement between test and
theory at mid-span, while predictions were at the
top and opottom of test scatter for outboard and
inboard locations, respectively. In view of the
contingency factors of 15-25%, which were applied to
all MOD-5A load predictions,
considered to be

flap-bending

amplitudes

the turbulence mode*

was satisfactory for

design
purposes.

Type Il loads were extracted from MOD-2 data tapes
supplied by NASA. Occurrances were counted
according to positive slope crossings of the mean
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load versus time. Figure 3 shows the similar
procedure, used for wind data. Figure 1] contains &
table of the frequency of Type II load occurrances
along with the number of wind speed shifts. Note
that there are more cycles of the wind speed point
measurement  {81.9/hr.) than of the
{55-61/nr.), which makes sense because all the
shifts in wind speed may not be spatially 1large
enough to cause a change in mean rotor loads. Below
the table, a scattergram of Type II load magnitude
plotted against load period. Higher loads
correspond to higher periods, as would be expected
because the large rotor enveloping gusts have longer
periods. About a 50 second period, or more, was
needed to produce peak load levels. The average
frequency of MOD-2 loads (55-61/hr.) agreed well
with what was modelled for the MOD-5A (65/hr.). If
anytning, the MOD-5A would be expected tc have a
lower frequency because of its increased size, so

loads

is

this analysis was slightly conservative.

Type I! load probability distributions are plotted
in Figure 12. MOD-5A predictions for similar wind
conditions are also shown. The MOD-5A predictions
were in line with the scaled test data, if not
somewhat conservative. This analysis provided
confidence in tlie modelling of Type Il loads on the
MGD-5A.

MOD-5A DESIGN LOADS

System Dynamic Model

The natural modes and frequencies were calculated
from a model of the MOD-5A system. The dynamic
mathematical mode! was made up of models of each
substructure, which were unified by the stiffness
coupling method of modal synthesis. The M0D-5A wind
turbine substructures and their coupling interfaces
are shown in Figure 13. The substructures were the
rotor, the yoke and rotor support, the bedplate and
nacelle and their associated hardware, and the tower.
The natural modes and frequencies of each
substructure, except the blade, were calculated
using NASTRAN or a similar finite element program.
The blade modes and frequencies were determined
using a proprietary GE program called STRAP (Static
Row Analysis Program). STRAP is a finite element



beam modelling program that includes the stiffening
effects of centrifugal forces.

The stiffness links used to unify the substructures
were derived as follows:

0 Rotor to Yoke - The links were derived from

stiffness data obtained from the
manufacturer of the tee’er bearing. The
teeter bearing is elastome~ic and has

stiffness in all 6 degrees of freedom.

o Low Speed Shaft to Bedplate - The links were
calculated by  inverting a bedplate
flexibility matrix obtained from detailed
NASTRAN load cases.

o Bedplate to Towerr - The link was derived
from manufacturer's data on the yaw bearing
and yaw hydraulics, and from the structural
design of the upper yaw housing (the lower
yaw housing was included in the tower finite
element model). A scaler spring element was
created from yaw bearing stiffnesses in 5
degrees of freedom and yaw brake stiffness
{or yaw hydraulic stiffness depending on the
case investigated) in the yaw degree of
freedom. This scalar spring was then added
in series with a beam model of the upper yaw
housing.

SCAW (Stiffness Coupling Approach Modal-synthesis
Program), a proprietary GE computer program, unified
the substructures. This modal synthesis method has
been used extensively at the General Electric Space
Division for spacecraft analysis and was also
successfully used in the MOD-1 program. The methcd
uses the free substructure vibration modes and
frequencies to deternine the modes of the entire
system. These substructures, as defined by the
stiffness coupling method, have no common degrees of
freedom and are coupled together by the stiffness
links that relate the free attachment coordinates of
the substructures. Details of the method
documented in Reference 3.

are

The system modes and frequencies were calculated
with the blades in both the vertical and horizontal
positions. Typical mode shapes with the rotor in a
vertical position are shown in Figure 14. The drive
train and teetering modes are simply rigid body
rotations of the rotor about the drive shaft and
teeter pin, with little or no motion of the
remaining system elements., The fundamental tower
bending mode, show for the direction normal to the
axis of rotation, exhibits a small amount of yaw
rotation caused by the offset center of gravity of

120

the nacelle. The tower bending adde in the
direction of the drive shaft axis is not shown, but
it has nearly the same natural frequency, and
considerably more blade elastic deflection in the
softer flapwise direction. The final elastic mode
shape displays collective flapwise bending of the
blades. The mode shape plots are used to provide
insight into the response of the system.

Table 3 contains a summary of the system natural
frequencies for the baseline design. The
calculations were made with the blades in vertical
and horizontal positions at 13.8 and 16.8 rpm.
Frequencies are shown in Hz and P. The numbers in
parentheses denote P values at the 13.8 rpm. The
last column earmarks the harmonics that should be
avoided in each mode. E stands for even, and 0,
for odd. For example, fixed system modes of the
tower must avoid even integers of rotor speed with a
two bladed rotor, while rotor cyclic modes must
avcid odd integers. Figure 15 depicts frequency
placement of the MOD-5A graphically. The hatched
areas indicate fregquency ranges that should be
avoided, to preclude resunant excitation. Symbols
connected by norizontal lines indicate that the
frequency changes in going from a vertical to
horizontal blade position.

All system frequencies are well placed with the
possible exception of the first flap collective
which is at 4.2P. The blade design, however, is
compatiple with the loads predicted for this blade.
Furthermore, dominant blade fatique stresses were
due to chord bending loads which are not effected by
this frequency. There is still reason for concern,
though, because of the uncertainty in some variables
used in the load calculations. The variable most in
question is the amount of 4P turbulence in the wind
at the chosen site. The loads would be sensitive to
this turbulence, since the blade resonance is near
the excitation frequency. To eliminate this risk,
methods to raise or lower the flapwise frequency
were frvestigated near the end of final design.
Three feasible avenues were identified:

Structural modification - (blade thickness

and/or chord).

1.

2. Addition of ballast weight to the outboard

blade (the earlier, heavier,



partial-span~control configuration had a
desirable 3P frequency, which increased to
the present 4.2P when lighter weight
ailerons were substituted in their place).

Change of operating RPM (this coulc be done
in the field on the MOD-5A because of the
variable-speed-gnerator).

Were the MOD-5A to be built, it is likely that one
of the above modifications wculd be implemented to
minimize risk.

Design Operating Conditions

The MOD-5A loads were based on cut-in and cut-out
wind speeds of 14 mph and 60 mph, respectively, at
the hub height . Fatigue cycles for 30 years of
operation were computed for the MOD-5A Statement of
Work Wind Duration Curve. The wind bins used to
generate the fatigue data are summarized in Tabie 4,
along with the numbers of Type I, 11, and IIA cycles
for each bin. Gust and mean wind shift amplituies
at the bin mean wind speeds are containe? in
Table 5. Gust amplitudes up to and including the
99.9th percentile were used to predict the fatigue
loads. The 99.99th percentile gust was used to
compute limit loads.

Critical operating conditions used to compute limit
loads are summarized in Table 6. The system was
designed to withstand the first four conditions
without damage. The 1last case represented an
extreme condition, which the MOD-5A could withstand
without catastrophic failure such as losing a
blade. Table 7 summarizes additional events which
were analyzed, but were not critically important
for the MOD-5A.

Interfaces Loads

The design loads were calculated at the locations
listed in Table 8. A full set of shear and moment
Toads (Vx, V_y, Vg, Mys My, Mz) were
supplied at these points. The sign conventions for
the main blade and the fixed system are Shown in
Figure 16. The coordinate directions 1lie on
principal axes and twist with the cross-sections of
the blade airfoil. The dimensions of che system and
the locations of the non-blade interfaces are shown

in Figure 17.
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The interface design loads were specified in 3 sets
of tables:

(1) hictograms combining Type I, Te,;e 11, and
Tgpe I1A fatigue loads (359x10° cycles in
3J years)

(2) Type III fatigue loads {35,000 cycles in 3C
years)
3)

limit loads for each critical operating
condition
Because of the volume of this data, only highlights
are presented herein.

A sample histogram is displayed in Table 9. 1 .ch
row corresponds to a bar of the histogram. Co.umns
1 and 2 provide the number of cycles in and the
cumulative probability associated with each bar.
The range of cyclic loads for each bar, the bar
width, is defined in columns 3 and 4. Columns 5 and
6 are these same dimensional loads divided by the
maximum cyclic value, while columns 7 and 8 are
similarly non-dimensionalized by the 50th percentile
cyclic load at the rated wind speed. The remaining
columns provide statistics of the mean, or
mid-range, load for each bar of the histogram.
Included below the table are the root-mean-cubed
value of all cyclic load occurrences and the average
mean load for 30 years of operation.

Probability distributions of alternating blade flap
bending moments are shown in Figure 18 for three
radial stations. The load magnitudes have been
divided by the mean flap-bending moment at the rated
wind speed, 32 mph, to allow comparison with data
fros other wind turbines. The curves display a
slight increase in .lope above the 99.9th percentile
that is caused by Type 1! load occurrences. Type
II1 fatigue levels, indicated by hrorizon*al lines.
are slightly greater than the maximum Type I and II
values. To lend credence to the predictions, scaled
test data from the Boeing M0D-2 and Hamilton
Standard SVUZ wind turbines are included on the
plot. This data sugcests that MOD-5A predictions
are appropriate, and even somzwhat conservative.
Figure 19 contains probability distributions of the
alternating blade chord bending moment, normalized
by the one-g moments. Here the loads are dominated
by gravity, so there is only a slight increase
between the 50th and 99.99th percentile. This tirend
was also true for MOD-2 test results, which are not
Shown.



Tower fatigue bending moment distributions are
plotted in Figure 20. In this case the alternating
muments at the base of the tower have been
normalized by the mean bending moment created by the
rotor aerodynamic thrust at rated wind speed. The
alternating -hrust moment (My) is far more sensitive
to gusts than Mz, which accounts for the differences
in the probability distributions. The MOD-5A
predictions appear to be consistent with M0D-2 data,
which is also included in the figure. The earlier
MOD-2 data, in the upper curve, was taken before
improvements were made to the control system, so it
exhibits higher loads.

Vibratory rotor torques are plotted in Figure 21.
Alternating torque levels, and likewise power
levels, are below 10% of rated torque for over S0%
of the operating time. The pronouriced increase in

load above the 98th percentile is due to Type II
gusts and shifts in mean wind speed. Curves of yaw
bearing moments and drive torque are included in
Figure 22.

Normalized blade limit loads are summarized in
Figure 23. The flap bending moments are from 2.25-3
times the mean moment at rated wind speed. Chord
bending moments are about 2 g's at the root, where
gravitional effects are greatest. They increase to
about 9 g’s at the tip, where the aileron drag
forces far exceed the one g loads. Normalized fixed

loads are reported at selected

system limit

interfaces in Table 10.

Selected Component Loads

Ailerons

The coordinate system used to define loads on the
aileron is illustrated in Figure 24, Again, the
axes are fixed to the structure and rotate with the
aileron. Unlike other load components, Tocal
aileron loads are defined by run..ng shears (Vx’
Vy, vz in 1b/ft) and a running hinge moment
(ﬁ1 in ft-1b/ft) as a function of the blade span,
from the start of the aileron at .60R to the outmost
section at .99R. Load/unit span rather than stress
resultants were used, because this allowed the hinge
locations and their end conditions to be varied
during the design without rhanging the external
Joads. Furthermore, aerodynamic and inertial loads
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are specified separately, so that the inertia loads
could be made consistent with the actual final
design weight by using appropriate g factors.

Operational limit loads appear in Figures 25 and
26. The airloads were based on an aileron
deflection of -45°, which is greater than would be
needed to stop the machine. Thus, these loads are
somewhat greater than would be experienced with the
MUD-5A, which has force-limited actuators to prevent
excessive aileron angles during critical
conditions. In addition to the overspeed-shutdown,
the ailerons were also designed to withstand a
130 mph hurricane wind while parked. With the
exception of inboard pitching moments, the hurricane
condition is less critical.

Fatigue loads have been defined by mean and
alternating load components. The aerodynamic mean
loads are shown in Figure 27. These loads were
applied all cycles, while the
alternating loads noted in the figure caption were
assigned probability distributions similar to the
main blade. Alternating inertia loads (not shown)
are on the order of one g, while the dominant steady
load is due to centrifugal force.

for fatigue

Because the design for the ailerons wa: not as
matyre as other system components, these structural
loads were developed conservatively.
was adopted to ensure a safe configuration on the

This approach

first design iteration.

Blades

Stress resultants acting on the main blade structure
were defined at the interfaces quoted in Table 8.
These loads, which were discussed earlier, were used
to size the primary structure of the blade. In this
section, blade internal and external pressure
distributions are addressed. These produce membrane
and plate bending stresses.

The pressure loads on the blade are closely related
to blade venting, because venting influences the
internal pressure. A blade sealed against the
atmosphere would experience excessive pressure
loads. Therefore, a vented design was adopted.
Inboard and incorporated,
because they minimize pressure loads and promote a

outboard vents were



sanitary environment inside the blade. The trailing
edge section, which extends from the blade root to
the ailerons at .60R, is vented at .10R and .60R.
The two forward cells of the blade cross-section are
vented at .10R and the tip (1.0R).

The internal pressure in the cavities of the blade
at the non-dimensioral spanwise station, x, is given

by:

2 2 )

- 2 _1
Pq= Py =Py =0y (X" -5 (x7) +x%))

9
where,

= 1 2
W@=zeVy
p = air density
V¢ = tip speed
Xy ind x, are the non-dimensional
spanwise Jocations of the vents

Pj = absolute pressure in the cavity
at station x

P, = vent pressure (taken to be
atmospheric)
pg = gage pressure within the cavity

The external pressures on the blade surface are
obtained from the airfoil pressure distribution.

Figure 28 contains plots of airfoil pressure
coefficient (Cp) vs the chordwise 1location for
critical operating conditions. This data ~

furnished at three spanwise locations, x = .25, .55,
and .95. Dimensional gage pressures on the exterior
surfaces are given by
Pg = Pe =Py ™ thch

The external pressures were used with the previously
defined internal pressures in the blade structural
analysis. The following pressures for the parked
blade in hurricane conditions were also analyzed:

internal gage pressure = 0

external gage pressure = 1/2 pV2Cph
where:

[ air density

v = wind speed (130 mph)

C,h = 1.0 windward side (constant across
surface)

= ,40 leeward side (constant across
surface)
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These values of (:ph correspond tc a drag
coefficient of 1.4. In all the analyses, the
pressures defined in this section were multiplied by
a contingency factor of 1.15.

Teeter Brakes
Some form of teeter restraint is necessary to
impact into hard stops during abnormal
operating conditions. Conditions are particularly
severe during * _, wind shutdowns, with a yaw
error.

prevent

Comprehensive paranetric studies led to the
selection of a two-stage, friction brake system as
protection for the rotor, because it introduced the
minimum load into the system. The brake schedule is
illustrated in Figure 23. During most of the
oper tion, the teeter angle will be less than 2.5°,
and the brakes will be totally disengaged. If for
any reason the teeter angle exceeds + 2.5° the
first set of brakes will engage. This brake level
can handle all but the most severe conditions. In
the very few instances in which the teeter angle
exceeds 5°, the fi1l brake force will be applied and
maintained and the system will be shut down.
Transient dynamic analyses have shown that this
brake system will keep operational teeter angles
below 6°. When parked, the brakes are set at their
highest level, to protect the system from
dissymmetries in the oncoming wind. DOuring startup,
the high brake level is maintained until the rotor
speed exceeds 6 rpm, then the schedule illustrated
in Figure 29 is adopted for the remaining operation.

The supporting structure for the brake system is
designed to 1.15 times the maximum brake level, or
2.76 x 108 ft.-lp.

Gearbox/Drivetrain

Special considerations were necessary in developing
the fatigue spectrum for the gearbox design.
Because the gear teeth are continually cycling
between full load and no load, the absclute value of
the torque governs tae fatigue design. Therefore, a
probability distribution of the sum of mean plus
alternating rotor torques was developed. This
distribution is referred to as the gearbox torque
duty cycle.

The gqearbox torque duty cycle is illustrated in
Figure 30. Torque levels were normalized by the



rated value. The curves depict the load level
protability of a sample taken at rardom during the
Because certain of the
fatigue loads, such as that caused by wind shear,
reach a peak wagnitude at a preferred rotor :izimuth,
the gears that are always in contact at a given
rotor position (upper curve) must be distinguished
from those that are not. In the first case the
design is driven by the most highly loaded tooth,
while in the second case the design takes advantage
of the fact that load peaks are distributed among
the many teeth.

30 years of operation.

The operation of the cycloconverter 1limits the
maximum torque during normal operation to less than
1.3 times the rated value. Hence, the probability
distributions may be truncated at this level for the
purposes of gearbox fatigue design.
withstand two times the rated torque as an extreme
overload. This torque is much greater than the
rnaximum anticipated torque for the system.

The gearbox can

Other drive train compcnents, such as shafting, used
the interface torque loads which were presented in
Figure 21 and Table 1C.

STATISTICAL ANALYSIS OF MEASURED LOADS

In past NASA/DOE wind turbine programs, fatigue load

test data has been reduced using a Type I
statisitical analysis. Specifically, digitized
waveforms are scanned and a maximum and minimum

value are found during each rotor cycle. The
maximum/minimum pairs e then used to compute mean
and alternating lnads for each rotor cycle. The
alternating loads, in turn, are ordered from Towest
to highest, probability distribution 1is
thereby established. Since each rotor cycle
analyzed independently, the distributicns found are
consistent with the definition of Type T ‘oads given

and a
is
earlier.

It is generally agreed that a Type I analysis alone
jnsufficient to predict fatigue damage for

is

complex stress-st-ain time histories. Dowling
(Reference 4) accesses various methods for counting
fatigue cycles from drregular waveforms. He

concluded that the “rainflow" or closely related
"range-pair® method provides the best estimate of
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fatigue damege. In t* rainflow technique, the
maximum from one rotor cycle may couoine with the
minimum of another to yield a fatigue occurrence.
The rainflow method, detailed in Reference 4, has
been coded at General Electric for application to
WTG data tapes.

Figure 31 compares MOD-Z blade flap bending data
which has been processed by both the rainflow and
standard Type 1 analysis technigques. Also shown are
the shifts in mean loads assigned to Type II gust
response. It is interesting tu note that at the
high probabilities, the rainflow loads are
approximately equal tc the Type I plus Type Il
amplitude~. In any event, it is clear that loads
lead to
unconservative conclusions. While existing wind
statistics are insufficient to enable rainflow
counting of theoretically predicted 1loads, the
problem has been addressed at least in part on the
MOD-5A by including Type II, Type IIA, and Type III
cycles in the fatisue design load histograms.
Reference to the combined Type I, 1I, and IJA
distributions, in Figure 18, indicates a trend
similar to the rainflow data.

evaluation from Type [ data alone can

CONCLUDiING REMARKS

The foliowing conclusions are drawn from this work:

1. Methues fu.  the accurate prediction of

t -ansient limit joads are in place.

2. Test data supports the methods used for
fatigue load prediction on the MGD-5A. It
is important combine fatigue cycles due
lccal turbulence with those due to ylobal
changes in mean wind speed. Statistical
technigues to accomplish this have been
presented and demonstrated in this paper.
Additional research on local turbulence
would be beneficial to increase confidence
in and further quaniify the model used. In
particular, site-to-site differences, the
spatial distribution ¢f turbulence, and the
phasing of turbulence harmonics could be
profitably explored.

3. The rainflow method should be wused to
analyze wind turbine fatigue 1loads test

data, in favor of current techniques.
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Table ' Classification of Wind Models

WIND MOUELS FOR LIMIT LOADS

Hurrica ¢ ~ per MOB-3A S0

Large Rotor Enveloping Gusts (99.99%'ile)
Yaw Misalignments

Wing Shear - per MOD-SA SOW

WIND MOOELS FOR FATIGUE LOADS
Yearly Mean Wind Distribution - weibull per M0-5A S0W
Mean Wind Variations

Large Rotor Enveloping Gusts (Up to 99.9%'ile)

Note: Same as Mogel I.2.

Local Turbulence ~ per NASA Interim Turbulence Model
Yower Shadow ~ per Potential Flow Theory for Upwind Rotor
Wind Shear ~ per MOD-SA SOM

Table 2 Formulas for the Wind Turbulence Model
‘ —————————
Yruag (X.9.P) =~ v g ‘l..s‘ €0S ¢ (g v @8) /-2 1a (P}
™
whore
s Uing speet varistion dee to turtwlence

x . heng v Dlese staion
[4 = Prodanility tagt terdslemce feput i less tran o egusl to
Yousi ~ NS of tertulence welucity at tae 1™ rator aermsaic per
BASA Interie Terbultace & 3
] » Beter harammic
[ * Roter Slage angular position
3 v Paase of (** narmgaic (set ¢ comstent for MOD-SA an-'yis -
theeretically ronden}
'lng - g 1
272 ie.05
.l; - Miffereace in wisd speed Sebugon the Aighest sud Touest
poists in The vetor 4isc 33 predizted by the wine shear
wode! fu the WOD-SA SOM.
Table 3 MOD-5A System Natural Frequencies
VERTICAL MORIZONTAL WARTORICS
Ny [ Nz [ ] 70 AWID
1) ORIVE TRAIN o. 0. €
2} TEETER .28 (.23} V. (L) 28 (.23} 1. (L) -
3] TOMERZ 340 1.21 {1.48; 340 1.21 1.48) 1 3
4) TOuER Y S T3] .22 (V.a0) 38 1.33 (1.%) t
5) FLAP COLLECTIVE LI 418 (500} 1.7 4.18 (5.00) £
§) ORIVE TRalm 1.33 4.75 (5.78) 1.33 4.75 {5.78) [ 4
7} LD CYCLIC 1.60 §.71 (6.96) 1.4 6.57 (8.00) 0
3) Fuar CvQLIc .3 8.4¢ (10.3) 2.3 3.25 (9.96) Q
9) ToMgR C-L TORSION 2.2¢ 8.00 (9.74) 1.0 6.43 (7.83; €
10} TOMER 2 (2md) 3.03 0.8 (13.2) .23 11.7 114.0}) [ 3
11) FLAP COLLECTIVE (2nd) 3.14 m2 (13.8) 3N n.e .6 £
12) CORD COULECTIVE 4.08 e (1.7) 4.08 4.6 (12.7) €
13) TOMER Y {2md) 4.18 14.9 (18.2) 4.1 14.9 (18.2) [
14) FLAP CYQLIC {2nd) 4.56 16.3 (19.7) 4.56 16.3 {19.7) ]

¢ Per rev nos. in
parenthesis are for
13.8 rpa

€ = even
0 = oda
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Table 4 MOD-S5A Wind Bin and Fatigue Cycle Surmary

NID-POINT RANGE RONINL %0, OF FATIGUE CYQLES PER 30 YEMRS
sin (v ¢ B) {1en) ] TePE I TveE 11 TYPE 1IA e 11!
1 16.5 w-1 13.8 92.7e6 4.05E6 -365E6 -
2 215 19-2¢ 138 93.5€6 4.00E6 -J68E6 et
3 26.0 4-28 16.8 71.%6 2.55€6 ~230E% -—
4 S 28 - 35 16.8 66.5E6 2306 2WE6 -—
5 40.0 AB-4s 1€.8 19.2€6 68ES 08€6 -
6 82.5 4% - 60 6.8 B6E6 L03X6 2800. -—
ToTAL MA.E6 13.3E6 1. 2¢E€ 35000.
MOTES: FATIGUE CYCLES BASEG ON .96 AVAILASILITY
TYPE 1 CYQLES BASED ON 2P OCCURRERCE RATE

Table 5a Aoplitude of Large Rotor Enveloping Gusts
Used for Type II and Limit Loads

Y o = WIAL GUST MAGRITWOE (WW) FOR 3°ILE

[ 1(] [ )] L] [~ § ”z 9.9x .91

1 6.5 1.8 3.60 $.51 $.7% 1.7
2 NS5 2.3 449 .98 1.79 10.2
3 6.0 2.8 .67 8. 10.6 12.1
4 ns 3.50 68 1S 2.9 149
5 0.0 4.45 873 N4 16.4 8.8
€ $2.5 .5 nas s 218 288

W Vg 72117 , Pex/NC

VRMGE =V . T (I““V)Fﬂm
VRARGE = (Vpey, = AY) TO Vg, FOR DOMGUSTS

Table 5b Amplitudes of Mean Wind Shifts
Used for Type 1IA loads
Vet an AV = o SNIFT MASRITUDE (wPW) FOR T°L.E
[ 34 o L M3 9% 99.93
] 16.5 1.1 2.6, g L X 1]
2 21.5 1.74 3.4 $.22 6.3%
3 26.0 2.10 £.12 6.31 .m
e 31.5 2.55 5.00 7.65 937
S 40.0 3.23 6.35 9.21 1.9
¢ 52.% 4.25 8.32 s 15.6

av = .08 Yugan v T To (I-F,

VRAREE * (% - aY) TO (vau) FOR ALL SMIFTS
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Table 6 Critical Limit Load Conditions
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TABLE 8 SYSTEM INTERFACES
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Table 9 Typical load Histogram Presentation
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Table 10 Normalized Fixed System Limit Load Summary
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ABSTRACT

The Boeing Company, under contract to the Electric
Power Research Institute (EPRI), has completed a
test program on the Mod-2 wind turbines at Goodnoe
Hills, Washington. The objectives were to update
fatigue lo2d spectra, discern site and machine
differences, measure vortex generator effects and to
evaluate rotational sampling techniques. This paoer
shows the test setup and loads instrusentation,
loads data comparisons and test/analysis
correlations. Test data is correlated with DYLOSAT
predictions using both the MASA interim turbulence
model ana rotation2lly sampled winds as inputs. The
latter is demonstrated to have the potential to
improve the test/mnalysis correlations. The paper
concludes with an assesssent of the importance of
vortex generators, Site dependence, ard machine
differences on fatigue loads. The ade uacy of
prediction techniques used are evaluated and
recomnendations are made for improvements to the
methodology.

BACKGROUND

The Boeing Company, under contract to the Electric
Power Research institute {EPRI), conducted a loads
development and rotational sampling test program on
the Mod-2 wind turbines located at Goodnoe Hills,
Washington. The test period was from June through
August, 1983. These 300-foot diameter, 2500 kN,
horizontal-axis wind turbines were developed for
DOE/NASA, began operation in January, 1981 and were
integrated into the Bonneville Power Administration
{BPA) utility grid in June, 1932. Identical umits
are owned and operated by the Bureau of Reclamation
{BuRec) in Medicine Bow, Wyoming and Pacific Gas and
Electric Company (PGandE) in Solano County,
California.

Since the completion of Mod-2 acceptance tests in
June, 1982, wind turbine stability and performance
had been improved with 2 new control algorithm and
addition of vortex generators (VG) on the rotor
blades. Little data on the effect of these changes
on fatigue loads were available. Requirements for
additional loads instrumentatior were also
recognized. The objectives of the loads development
test were to collect loads dsta on the major
structural subsystems in order to update the Mod-?
loads data base, to refine the fatigue load spectra
and to update fatigue life projections. Site
dependency was also investigated by comparing test
data from the Goodnoe Hills and Solans units. The
~dequacy of loads and fatigue life methodology was
evaluated, addressing such issues as fatigue cycle
counting methods and load phasing.

Previous tests also revealed that some of the
analytic fatigue load prediction techniques used
during the Mod-2 design needed improvement. The
cyclic loads due to deterministic sources such as
wind shear, upwind tower shadow, yaw error and
gravity loading were reasonably well understood and
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predicted adequately. The most notable shortcoming
was the inability to predict accurately the dynamic
response to turbulence and its variations across the
rotor disk. In conjunction with Pacific Northwest
Laboratories (PML), Boeing also coapleted a
rotational sampling test program funded by EPRI
aimed at improving test/analysis correlations.
#2 at Goodnoe Hills was used to measure wind
velocities at several locations on the rotating
rotor. These were used as input to a computer
simulation ot the wind turbine (DYLOSAT) to predict
structural loads. A comparative analysis of the
predicted loads with actual test data was made, to
develop a better understanding of wind turbulence
and to assess the ability of DYLOSAT to predict
cyclic loads.

Unit

TEST DESCRIPTION
System Description

A photo of the Goodnoe Hills site is shown in Figure
1. Looking west, the Mod-2 wind turbines are
designated (left to right), Unit #1, Unit #3 and
Unit #2. The general arrangement and
characteristics of the Mod-2 configuration are shown
in Figure 2. It is designed for operation at sites
where the annual average wind speed is 14 mph
measured at 30 feet (20 mph @ hub height). The wind
turbine generates electricity when the wind speed at
hud height (200 feet) exceeds 14 mph. For winds
exceeqing 27.5 mph, the system produces rated power
of 2500 kM.

Test Configuration

The loads development tests were performed on Units
#2 and #3. Vortex generators wera instalied to
improve a~rodynamic stability and increase
performance. Unit #2 had vortex generators
installed on the blade midsections (70% VG)
throughout the entire test program. Unit #3 started
the test with no VG and subsequently had VG
installed on the midsection (70% V6) and tip (100%
VG). The vortex generators on the midsection and
tip are iilustrated in Figure 3.

The cont.rol system had been improved considerably
since acceptance *esting, during which the System
occasionally exhibitad dynamic instability due te
aerodynamic nonlinearities at the peak of the
power-blade angle curve. Control system
improvements were incorporated into Units #2 and #3
before the start of loads development testing.

Test results from Units #2 and #3 were compared with
data from a previous test on the PGandt machine
(Unit #5) at Solano, California. This wind turbine
had 70% VG and was identical to the Goodnoe Hills
units except for a ;light difference in nominal
pitch schedule in below rated wind speed.



The rotational sampling tests were performed on Unit
#2 concurrent with the loads development test.

Test Instrumentation

To meet the objectives of the loads test program,
approximately 53 new loads and strain channels were
added. The primary new instrumentation included
additicnal flapwise bending loads in the rotor,
pitch actuator force, nacelle pitch and yaw bending,
upper tower bending and yaw drive torque. Figure 4
shows the location of the critical lcad measurements
monitored in this test program.

Instrumentation for the rotational sampling test
included the existing enginzering instrumentation
and special instrumentation (16 channels) instalied
on the rotor. The special rotor instrumentation
included wind flow probes mounted at the leading
edge of the blades at Stations 360 and 1205, and a
differential pressure probe mounted on the trailing
edge of one blade at Station i120. In addition,
accelerometers were located at Stations 360 and 1209
on one blade and a tesperature transducer at Station
1205 on Blade 2.

Real time evaluation of the wind stability
conditions was made by PNL, derived from an acoustic
sounder located 3 diameters upwind of Unit #2. The
accustic sounder provided aeasuremen® of wind
velgcity over the elevation from 30m to 220m above
the ground at 10m intervals.

A layout of the test data center is shosn in Figure
5. Data from the wind turbines under test and
meteorclogical data from the BPA and PNL towers were
transmitted via the existing intra-site system to
the data center adjacent to Unit #2. The data
center recorded the data on analog tape and also
transmitted the data to the MASA mobile data system
(MDS). A digital data system (DDAS) supplied by
Boeing provided on-site data processing capability
for the calibrations and the load; development
tests. Data was also digitized at the PNL trailer
for the rotational sampling tests.

Wina Observations

Earlier wind turbine testing identified the need to
develop a systematic scheme to sort loads data,
accounting for the changing wind turbulence and
gradient conditions observed during a test. A wind
code defining the turbulence and wind gradient,
similar to that employed by PGandE for performance
evaluation, was used to sort cyclic loads data at
both the Goodnoe Hills and Solano sites (Figure 6).
Although this effort was not completely successful
because of the distance of the met towers from the
wind turbines, it was demonstrated that the Solano
site experienced high shear/low turbulence and the
Goodnoe Hills cite high shear/high turbulence during
their test periods. The higher turbulence levels
appeared to be associated with higher cyclic loads
observed at the Goodnoe Hills site. It was also
demonstrated that the wind conditions observed at
Goodnoe Hills were characteristic of both seasonal
(summer) and annual conditions. The loads
development tests and rotational sampling tests were
run in parailel in winds of opportunity, ranging up
to 38 nph at hub “eight.
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LOADS DATA EVALUATION

Loads data recorded on magnetic tape at the data
center were digitized and processed n real time at
the DDAS. Raw data were monitored in real time on
brush records. Data for each lcad channel was
collected over S-minute intervals and digitized at
10 samples per second. This sample rate was
sufficient to cover responses through 4 per rev,
which included the fundamental frequencies of the
tower (1.26 per rev), drive train (0.45 per rev) and
rotor Tlaowise mode (3.72 per rev). Typical
digitized data traces are shown in Figure 7.

Data were reduced to the form of susmary wind bins
plots and tabular output. A total of 724 8-inch
floppy discs (5 minutes, 9 channels each) were
obtained. Each disc contained the digitized data
for the run, atmospheric temperature and pressure,
wind code and processed fatigue loads corrected to
standard sea level conditions.

Although summary loads data in raw form were
available as an output of the test phase, further
data manipuletion was required to differentiate site
and mchine differences, determine the effect of
vortex generators and to assess the usefulness of
sorting by the wind code. These tasks involved
curve fitting scattered data, extrapolating to
higher winds, cross plotting and sorting.

Site and Unit Differences

Pretest predictions of mean loads with the current
control laws were updated using the DYLOSAT computer
program. Both DYLOSAT predictions and test data
confirmed that loads for Unit #5 tended to be lower
than Units #2 and #3 due to small pitch schedule
differences. Pretest predictions of ¢yclic loads
using DYLOSAT were not made because of inability to
prescribe proper turbulence inputs to the model.

DYLOSAT predictions generally correlated well with
mean flapwise loads data, as shown in Figures 8
through 17. Both predictions and test data show the
effects of pitch scheduling: slightly decreasing
pitch angle up to 20 mph, constant pitch from 20 to
about 27 mph (rated wind speed), and rapidly
increasing pitch angle to hold rated power above
27 mph. The data scatter is typical of that
observed in previous tests and at least partially
due to plotting loads versus met tower wind Speed,
which is known to differ from that at the wind
turbine by aporoximately + 2mph. Flapwise load
data measured at the same station but an opposite
blades were very consistent for Units #2 and #3.
Data from Units #2 and #3 were in good agreement in
below-rated winds, although small variations were
noted in above-rated winds, probably due to small
aerodynamic differences between the rotors. Mean
flapwise loads for Unit #5, shown in Figure 10,
tended to be lower than Units #2 and #3 because of
the difference in pitch schedule.

The pitch control actuator force was measured on
Units #2 and #3 but not on Unit #5. On both Units
#2 and #3 actuator force was deduced by using the
pressure differential from the rod to the head end,
a technique employed during Mod-2 acceptance
testing. In addition, on Unit #3 the actuator rod
eye was instrumented and calivrated to read rod
force directly (01L301)to verify the previous
measurement technique.



The mean actuator rod force for Unit #3 is shown in
Figure 13. The pretest predictions shown were based
on very limited test data obtained during Mod-2
acceptance testing. Very good correlation was
obtained by the two measurement techniques on Unit
#3, validating the previous method.

A comparison of test data and DYLOSAT predictions
for mean quill shaft torque are shown in Figures 14
and 15. These plots are equivalent to performance
plcts (power versus wind speed). The latter are
usually developed from smooth wind data, however, .
minimize data scatter. Neverthless, the ouill shaft
data is in fair agreement w th DYLOSAT orcuictions.
The data suggest that Un'-. #2 performance is
slightly better than Unit #3. Unit #2 appears to .
reach rated torque at 27 aph and Unit #3 at 28 aph.

The mean tower bending moment data is compared to
DYLOSAT predictions in Figures 16 and 17. The data
are the vector sum of bending about tws horizontal
axes at Sta. 600. DYLOSAT predictions appear to be
sumewhat aigher than data, particularly at
near-rated wind speed. Unit #2 data also is
slightly higkher than Unit #3, indicating that the
mean thrust 3n1 pecformance of Unit #2 should be
higher.

Cyclic tlapwis: load data for Unit #2 and #3 with
70% VG were very similar. Curve fits to the cyclic
loads data at Sta. X0 on Unit #Z 2re shown in
Figure 18. The curve fits are based on trends
predicted by the DYLOSAT program, using the NASA
interim turbulence mndel as input, amplitude
adjusted to fit the meas.red data.

Cyclic load data for Unit #5 was curve fitted in a
similar mnner. The mean cyclic flapwise load data
for Units #2, #3 and #5 are compared in Figures 19.
There is good agreement between the recent data for
Units #2 and #3 and acceptance test data. The
differences are mainly due to the type of curve fit
esployed. During acceptance testing a power law fit
with wind speed was assumed; for the loads
development test the curve fits were based on
DYLOSAT trends. There is a clear difference in
cyclic loads between Goodnoe Hills and Solano.
Solano cyclic loads were approximately 20 percent
lower at all wind speeds.

Tower cyclic loads at Sta. 600 are compared in
Figure 20. The recently measured tower cyclic loads
on Units #2 and #3 are higher than acceptance test.
Recent control System changes may have resulted in
control system response more closely coupled to the
tower mode, which would increase the tower response.
Unit #5 cyclic tower loads are approximately 20
percent lower than Units #2 and #3, most likely due
to the lower turbulence at the Solano site.

The cyclic teeter angles during operation for all
units are compared in Figure 21. The teeter data
was similar to acceptance test data indicating

70 percent VG have not adversely affected teeter
response. The expected high teeter response for
Unit #5 due to severe wind gradient characteristic
of the Solano site did not materialize. Severe
gradients occasionally did occur during the test
period at Solano, but did not affect the teeter
response statistics.
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Vortex Generator Effects

The effect of VG was evaluated by comparing mean and
cyclic load data on Unit #3 for three Y6
configurations. Data analysis concentrated on
determining variations in rotor flapwise loads and
drive train loads. Statistical analysis of the mean
and cyclic data for S-minute intarvals was perforwed
on site at the DDAS. To determine the effect of V6
on performance more accurately, 1G minute averages
in smooth wind conditions were later processed in
Seattle.

Curve fits to the meun flapwise loads data at Sta.
370 are compared in Figure 22, Unit #3 with 0% V&
was unable to achieve rated power below 34 mph.
This resulted in a continued increase of flapwise
moment with wind speed because the blade could not
unload to spill power. With the addition of 70
percent V5, however, Unit #3 reached rated power at
a lower wind speed. In above-rated winds, the mean
flapwise loads decreased as the collective pitch
increased significantly to spill power. For
below-rated wind, a slight increase in mean flapwise
loads was noted for 70X VG compared to (% VG, A
small increase was also noted in mean load between
70% and 100% V6.

Unlike the mean loads, the cyclic loads data for
both 5 and 10 winute data samples failed to reveal
any statisticzlly significant difference in cyclic
loads for different VG configurations.

Isproved performance with vortex generators is
discussed in Reference 1. A typical performance
plot is illustrated in Figure 23.

Comparison of Fatigue Counting Methods

Existing fatigue cycle counting procedures include
the method used on Mod-2, NASA wind bins based on !P
sampling, rainflow, and others. The Mod-2 method
was selected for coepatibility with the fatigue lifa
methodology being followed. As part of loads
methodology assesssent, the Mod-2 fatigue counting
method using the DOAS was compared with a rainflow
procedure using the Datamyte 400. This device is 2
solid state, software controlled histogram
processor/recorder used for field recording of
analog data (one channel at a time). A major
advantage of the Datamyte 400 is its ability to
process and store large quantities of data spanning
months of testing.

The Mod-2 fatigue cycle counting method determines
the major cyclic load excursions about 2 mean load,
ignoring minor reversals and a prescribed dead band
(Figure 24). It is believed that addition of these
loads to long period load cycles due to a varying
mean wind and startup/shutdown load cycles fairly
represents the fatigue load damage potential.

The Datamyte rainflow algorithm has the potential to
produce superior fatique life estimates and still is
compatible with current fatigue life methodology.
The rainflow algorithm is a range-pair method but
counts only those cycles which complete a hyteresis
loop, as shown in Figure 25. It produces a
histogram format of cyclic data which can be
correiated with cumilative probability and
exceedance distributions produced by current
methods.



The cumulative distribution of the flapwise cyclic
load at Sta. 370 over a 5 minute interval is shown
in Figure 26. The 50 percentile level by the Mod-2
me “od is consistent with the Datamyte rainflow
algorithm, but the 0.999 percentile level is lower.
The most notable difference in the twn methods is
the shape of the cumulative distributions. The
Datamyte 400 results are clearly non-Gaussian. This
trend persists for 20 minute data samples as well.

The comparison of the two methods of counting load
cycles is presented in a form more useful for
fatigue life analysis in Figure 27. This plot shows
the number of exceedances of a certain load level
and reflects not only the difference in the
distribution but also the difference in the total
nusber of fatigue cycles counted. Although there is
generally good agreement, the tails of the
distributions are different, suggesting the present
method is somewhat unconservative for low
probabilities of occurrence.

ROTATIONAL SAMPLING TEST/ANALYSIS CORRELATION

The rotational wind sampling test was conducted by
Boeing and directed by PNL with the objective of
developing an improved wind model. Following the
test, PNL reduced and analyzed the wind data
(Reference 2); PNL results were used in the Boeing
analysis. The wind model is required as input into
the improved theoretical aeroelastic computer
program (DYLOSAT) that Boeing has developed for
calculating dynamic loads on the wind turbine. This
study assessed the suitability of the wind model and
the DYLOSAT program to predict dynamic loads by
comparing analysis with loads measured in the
rotational wind sampling test.

Analytic Methods

The analytic model of the wind turbine system
consists of a matrix of second order non-linear
differential equations of the form

M(t))q + [c(t)] g + [kl q =F(z)

where the forcing function F(t) is derived from
theoretical aerodynamics and a wind description. A
computer code (DYLOSAT) was developed to calculate
the aerodynamic forcing function from a description
of the wind, to formulate load equations and to
solve the equations of motion and load equations. A
sketch of the DYLOSAT model is shown in Figure 28.

(1)

Equation (1) can be solved in either the time or
the frequency domains. For both of these solutions,
the aerodynamic model is based on a strip momentum
rotor analysis developed on a finite number of
spanwise segments. Finer segments are used near the
tip to increase numerical accuracy because the
aerodynamic forces (resulting in roto- 10ads and hud
torque) are concentrated towards the tip.

Calculating the aerodynamic forces on each segment
requires definition of the wind turbulence at each
segment. Much of this study was devoted to
assessing two wind turbulence models (the NASA
interim turbulence model and the rotationally
sampled wind turbulence model) and two solution
methods (frequenc, response analysis and time
history analysis).
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a) The MASA Interim Turbulence Model

The MASA interim turbulence smodel is based on wind
data collected by PNL at Clayton, New Mexico from a
vertica! plane array of anemometers on several
meteorological towers. The MASA lLewis Research
Center used the wind turbulence spectrum from this
data to develop a non-dimensicnal curve as a
function of rotor speed harmonics (Figure 29). Using
this non-dimensional curve with the empirical
equaticns shown velow, the rms turbulence wind
velocity amplitude can be calculated at specified
steady state wind velocities and rotor Speed
harmonics.

V(.75c,9) = Vo + 8Vg(Vy, 75¢/mg) § Cos(nFig
n + 4

where
V(.750,%) = wind speed at 75% rotor radius r
and rotor azisuth ¢
Vo = V(o,#) = wind speed at hub height
¥j = ¢ for blade 1, v + » for blade 2
8Vg = Vo [1+ .75 r/mg)® (1 -.75 r/mg)e]
a = .35 [1 -.55 1og (Vy)3/(1 -.19 log (ho/10)]
hg = hub elevation
n = harmonic nusber

The cyclic wind velocity is assumed to vary linearly
with rotor racius from zero at the hub to a maximum
at the tip. Froe a large amount of Mod-2 wind
turbine test data, using a = .24 for all wind speeds
produced the best data fit. Consequently, this value
of a was used for this studv. UWtilizing random
harmonic analysis techniques, the wind is assumed to
act sinusoidally on the blade at each harmonic
frequency as shown conceptually in Figure 30. The
sinuscidal wind turbulence is assumed to be
completely in-phase over the total blade. For the
two blades, the sinusoidal wind turbulence is
assumed in-phase on each for the even harmonics and
180° out-of-phase for the odd harmonics. These rms
turbulence wind velocity amplitudes were used in
calculating the turbulence induced aercdynamics of
the forcing function.

b) Rotationally Sampled Wind Turbulence Model

The wind velocity was measured dynamically at four
blade locations, Stations 360 and 1206, on both
blade 1 and 2 as shown conceptually in Figure 31.
Wind spectra as a function of rotor speed harmonics
were calculated by PNL from time segments of the
wind data collected at each of the measurement
stations. This yielded the rms wind turbulence
velocity amplitude spectra at four stations on the
rotor. In addition, cross spectra hotween
measurement stations of the wind di. were
calculated to yield the phase relati~.ship between
the spectra as a function of rotor sp>ed harmonics.

The rotationally sampled wind turbulence model has
in concept refined the NASA interim turbulence wmodel
from one wind turbulence Spectrum used o both
blades to four wind turbulence spectra on the rotor
and the phase angle relationship between each
spectra. The velocity amplitude and phase
relationship at any other station on the rotor is
assumed from linear interpolation or extrapolation
of the spectra data on each blade.



¢) Frequency Response Analysis

Frequency domain analysis of the equations of motion
is similar to the power spectral density technique
that utilizes random harmonic analysis. The
equations are solved for steady state solutions from
a series of sinusoidal forcing functions of w, o +
Aw, « + Au, etc., with pagnitude equal to the
square root of the forcing function spectrum at the
respective frequencies. Be-ause the equations are
nonlinear, classical methads of salving for the
particular solution of the second order differential
equations could not be used. The method used was to
solve the equations as a time history solution with
a sinusoidal forcing function of the correct
magnitude and frequency. From the time history
solution, the steady state cyclic amplitude for the
corresponding forcing function frequency is ottained
and produces one solution point for that frequency.
Solutions over the frequency range of interest for
the wind turbine comprise the frequency domain
analysis. In the case of the load equations, the
10a¢ output Spectrum is also obtaired by this method
and the ras loads are obtained by integrating the
load output spectra. Because, the loads on a wind
turbine are primarily caused at harmonics of the
rotor speed, the equations of motion and load
equations were only solved at the harmonics

{IP + 5P).

d) Time History Analysis

The time history analysis involves numerical
integration of Equation (1) with the actv-i wind
wird turbulence time histories used as input for the
forcing function. Loads and responies as a function
of time are obtained as part of the solution. A
spectral analysis of the resulting time histories
was used for determining the frequency and amplitude
content 0f the load. The response time histories
were also compared to test data.

Results and Discussion

The datz collection and data reduction of the
rotatiorally sampled wind data was performed by PNL
and reported in Reference 2. From the large
quantity of test data recorded, PNL reduced four
cases of data segments of approximately eight
minutes each from which three cases were chosen for
use in this analysis. The three cases analyzed are
shewn in Tabie 1.

a) Rotationally Sampled Wind

The rotacionally sampled wind turbulence spectra for
case 1 (a typical case), for the four blade test
locations. are shown in Figure 32. The rotationally
sampling wind instrumentation measured wind
fluctuations from twe sources, the turbulence in the
wind (including variations due to the blade rotating
through the turbulent eddies), and the variations
due to the blade rotating through wind shear,

This latter source shows up in spectral plots
primarily at the 1° harmonic of the rotor rotational
speed. Examining the spectrum in Figure 32 shows
that the magnitude at 1P is significantly larger
than the higher harmonics. 3Since the instrumeats at
stations 1205 rotate through a larger range of wind
shear than those at stations 360, it would be
expected that the trend of the turbulence spectrum
being highest at the first bharmnonic compared to the
higher harmonics would be more pronounced for
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stations 1205 than 30, but this was not observed.
The instruments on both blades follow the same track
so there is good agreement between the two blades as
shown in Figure 32.

The coherence of two signals is a good indication of
the usefulness of the cross spectrum for use in 2
frequency domain analysis. A low coherence indicates
that the two Signals are uncorrelated and although a
cross spectrum and a phase angle relationship can be
caiculated, the results have little significance.
Figure 33 presents the coherence of the signals 2t
the four test stations referenced to the signal from
the instruments on blade 2 at station 1205. From
Figure 33 it is apparent that the signals are
uncorrelated for most harmonics. The coherence of
the first harmonic is high probably because of the
velocity fluctuations from rotating through the
shear layers, which should produce highly correlated
signals. If the velocity fluctuations from rotating
through shear were removed from the signals, the
coherence for just the turbulence signals would most
likely be very low at all harmonics.

The low coherence indicates that the correlation
between signals is poor and the calculated phase
angles between stations and as a function of
harmonics are not valid. Unfortunately, the phase
angle relationship between wind spectra is important
for frequency domain analyses and greatly affects
the load calculations.

b} Frequency Oomain Loads Analysis

Bending moment loads were calculated at rotor
station 370 and 1164 by DYLOSAT with the NASA
interim turbulence model and the rotationally
sampled turbulence wind model; results were compared
to experimentally measured loads for the three
cases. Because the phase argles from the
rotationally sampled wind were meaningless, only the
wind spectra were used as input to DYLOSAT, The
piase angle relationship of the wind on each blade
a@ ' between blades was assumed to be the same as for
the - 4" interim turbulence wind. That is, the wind
was in-paase at all points on a blade and was in-
phase between blades for the even harmonics and 180°
out-of-phase between blades for the odd harmonics.
Figure 34 presents the bending moments ror case 1.

The total bending moment is also shown in this
figure. The total load is calculated as the root-
sum-square of the first through fifth harmonics. It
is apparent that the rotationally sampled wind model
produces results considerably higher than the NASA
irterim turbulence model or test results. These
Joads can be attributed to the lack of a phase angle
relationship between the wind measurement stations
and that a worst case phase angle relationship was
assumed for the even harmonics from which most of
the load is associated.

The NASA interim turbulence model produces results
that are closer to test in some cases and not as
close in others, compared to the rotationally
sampled wind. There appears to be no consistency in
the results; using either wind turbulence model for
calculating absolute loads for design purposes woulg
be risky. The lack of phase angle relatfonships
between the wind spectra precludes using these
techniques for calculating absoiute loads. Their
use can only be justified when determining trends in
the loads.



¢} Time History Loads Analysis

The time history analysis of DYLOSAT to calculate
structural loads is the most direct approach in the
use of DYLOSAT. The rotationally sampled wind is
directly input ints the computer program to force
the wind turbine model at the appropriate test
locations on the rotor. The time history bending
moment loads from DYLOSAT can be directly compared
to the bending moment loads recorded during testing.
Figures 35 through 37 shows a twenty second segment
for Case 1 of the bending moment test results and
the predictions for rotor stations 370 and 1164 and
tower station 600. Comparing the test and analysis
results shows a definite correlation between the
time history signals. Althaugh the signals do not
match identically, the characteristics are similar.

Comparisons of the spectral conteat of the time
history analyses and data are shown in Figures 38
and 3. From these figures, the frequency content
of the analysis and test agrees very well for the
rotor up to the first blade bending frequency of
approximately 1.2 Hz. For frequencies above 1.2 Hz,
the agreement deteriorates because the theoretical
model of the rotor has only one asymmetric mode
above 1.2 Hz. The amplitudes of the spectra from
the analysis tend to be higher throughout the
spectra. This can be attributed to the lack of
sufficient rotationally sampled wind time series to
define the wind turbulence adequately over the
rotor. With only two test locations on each blade,
the theoretical model required a linear
interpolation and extrapolation of the wind time
history signals to define the wind over the entire
blade. This effectively deiines the wind as being
highly correlated between the test data and the
interpolated data which would produce righer load
predictions.

CONCLUSIONS AND RECOMMENDATIONS

The loads development test program was considered
successful when measured against the primary program
objective. A significant improvement in the Mod-2
fatigue loads data base was accomplished, providing
more accurate Mod-2 fatigue life estimates than
previously available. Although the full matrix of
wind qust and gradient conditions could not be
completed, the data obtained was shown to be typical
of the Goodnoe Hills site. Data gathered during the
test nrogram was adequate for the purpose of
evalu.iing site and machine differences and the
affect of VG on loads and performance.

The most important output of the test program was
refinement of the fatigue load spectra compared to
acceptance test results. Mean i1nads data were shown
to be in good agreement with pred.<tions, validating
use of the DYLOSAT computer program for this
purpose. Cyclic load distributions we.o refined
based on the additional load channels mon.tored in
this program, improved calibration and data
processing methods.

Test data provided insight into machine and site
differences and the effect of VG on loads and
performance. Little difference in loads was noted
between similar machines at the same site.
Variations in turbulence levels and wind grac..nt
were found to be more relevant. Cyclic load levels
between Solano and Goodnoe Hills were found to
differ by approximately 20%, attributable to the
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difference in turbulence levels. The addition of VG
was demonstrated to improve performance, increase
mean loads for below-rated wind speeds, decrease
mean loads for above-rated wind speeds, but have
little effect on cyclic loads.

The analysis explored several loads methodology
concerns including fatigue cycle counting methods,
1nad/strain correlation and load phasing. The
Datamyte 400 (rainflow) algorithm was shown to be
more severe than present methods, which may affect
fatigue life estimates. On the other hand,
load/strain correlations indicate that loads/stress
methodology was otherwise very conservative.

Although the loads development tests met many
program objectives, the data review and methodology
assessment revealed several deficiencies. Some of
these deficiencies may be overcome simply by
extension of the testing program to longer periods
of time. Others were more fundamental in nature,
suggesting a need to modify present methods or to
adopt new approaches yet to be defined. In
particular, sorting of cyclic loads data by a
simplified wind gradient/turbulence code needs to be
developed. To reduce data scatter, improved methods
of averaging data such as disc averaging need to be
developed. Various fatigue cycle counting methods
should be evaluated over the short and long term.

The rotational sampling test results showed that
much work remains to develop an acceptable wind
turbulence model. Based on the cross spectral
analyses and low coherence between the wind time
series, there is much less correlation in the wind
between spatial locations than that used in the NASA
interim turbulence wodel and the similar approach
taken when using the rotationally sampled wind data.
The turbulence of interest appears smaller in length
than the distance between measurements, giving very
little spatial correlation. Utilizing rotationally
sampled wind turbulence spectra is difficult because
of this low coherence.

Using the time series of the rotationally sampled
wind directly with DYLOSAT shows more promise.
Correlation of the spectral analysis of the time
series from test and DYLOSAT was fair and could be
much improved with more closely spaced test stations
or a better interpolation scheme. Only a better
defined wind model is required until design cyclic
loads can be predicted analytically with confidence.
The wind model must be able to define turbulence on
the rotor with the observed spectra characteristics
and low coherence. If possible, this detailed
definition should be derivable from meteorological
tower data using only a few measurements locations.
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ANALYSIS METHOOS FOR WIND TUREINE
OONTROL. AND ELBCTRICAL SYSTEM DYNAMICS

E. N. Hinrichsen

Power Technologies, Inc.
Schenectady, New York

ABSTRACT

The integration of new energy technologies into elec-
tric power systems requires methods whicn recognize the
full range of dynamic events in both the new generating
unit and the power system. Since new energy tech-
nologies are initially perceived as small contributors
to large systems, little attention is generally paid to
system integra‘ion, i.e. dynamic events in the power
system are ignored. As a result, most new energy
soces are only capable of base-load operation,
i.e. they have no load following or cycling capability.
Wind turbines are no exception. Greater awareness of
this implicit (and often umecessary) limatation is
needed. Analysis methods are recomsended which include
very low penetration (infinite bus) as well as very
high penetration (stand-alone) scenarios.

INTRODUCTION

Electric power systems are the largest readily availa-
ble market for new energy sources. Intercomaction
with utility power systems is generally a prerequisite
for economic use. The technical issues of interconnec-
tion can be viewed in different ways. For the purposes
of this paper the two extreme views will be called
*connection' and ‘integration’. Ooonecting a new power
sdurce to an electric power system is analogous to con-
necting an appliance to an outlet. If the appliance is
comg: “iole with the voltage and freguency present at
the outlet and if the current drawn does not exceed the
rating of the wires connecting the outlet, intercomnec-
tion is successful. This view is the one most likely
taken when small sources are comnected to large
systems. It is the classic low penetration
perspective. Implicit in this perspective is the as-
sumption that the power system is an immense, static
reservoir of energy, devoid of any dynamics.

Integrating a new power source into an electric power
system is a very differemt activity. A typical sce-
nario which requires integration rather than comnection
is an isolated 5 MW diesel power plant to which 2 MW of
wind turbines are added. Such a plant may supply power
to an island, with loads varying between 3 MW during
the day and 1.5 MW during the night. Integratior. is
necessary whenever the power system 1s finite with re-
spect to the new source, i.e. it is inherently as-
sociated with high penetration.

This paper examines analysis methods used for wind tur-
bine interconnection studies to detemmine why the con-
nection viewpoint has yenerally been taken, and what
the consequences have been. It is shown that this
viewpoint has not only prevailed in wind turbines but
in many other new energy technologies as well.

The material is organized in six parts:
o Part 1 ic a revie.s of the relevant

features of power system controls
and dynamics
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o Part 2 discusses the relevant
characteristics of wind turbines

.0 Part 3 defines requirements for
integration of new energy sources

o Part 4 identifies the reasons why
new energy sources are often
comnected rather than integrated

o Part S discusses the course taken
in intercomnectino «ind power

o Part 6 ocontains conclusions and
recommendations.

1. CHARACTERISTICS OF ELECTRIC POWER SYSTEMS

Let us recall the characteristics of power systems that
are relevant to integration of new power sources:

o Bguilibrium of Generatior and Load

System frequency oaly remains at
the nominal valve as 1long as
generation and load are equal.
Load is oot controlled by the
utility but by its customers. If
load exceeds generation, sSystem
freguency and generator speeds will
decrease because kinetic energy is
drawr: from the rotating inertias to
make up the generation deficiency.
o Primary (Tu ») Control
Individual ator speed control-
lers (governor., respord to the
decrease in speed and admit more
steam or water to their respective
turbines, This is the initial
(primary) response of the system to
a disturbance. It takes place at
each machine, which has an active
speed controller. The speed
controllers have proportional char-
acteristics, i.e. every new equi-
librium between generation and load
is asgociated with a new system
frequency. The use of proportional
speed controllers with the same
regulation (droop) fram zero to
rated load permits sharing of load
in proportion with generatot
capabi.ities,



Secondary (System) Controls

Ancther control function is needed
to return system frequency to the
desired value. Load freguency con-
trol is a system function with slow
integral characteristics. It oper-
ates by remotely raising the speed
setpoints of participating gener-
ators. In addition to lcad fre-
quency control, secondary control
exercised at the system level :is
also responsible for economic dis-
patch and unit caommitment.
Boconaxic dispatch gives the source
with the lowest incremental cost
preference to supply the next load
increment. Unit occanitment pre-
detemmines a reliable anxd econmmic
generation m@ix for future,
predicted loads,

Load Cycle and Spioning Beserve

Within a 24 hour period the minimm
load in an electric utility system
is typically 40 to 70% of the maxi-
mm level. The secondary (system)
control functions which establish
and maintain economic and reliable
use of System resources must there-
fore change generation mix and
generation levels daily, both in a
predictive and an adaptive mamer.
The dispatch of system resources
exercised at the system control
level must also provide a suitable
reserve of spimning, on-line
generation for ocontingencies,
i.e. there must be generators which
operate below rated power, ready to
increase their generation when a
sudden generation deficiency
occurs. The spimning resexrve must
be distributed to a sufficient num-
ber of generating units sc that the
aggcegate speed of respouse of
generating units is fast enough to
arrest a frequency decay. it
should be noted that most large
stear turbines have rtates of re-

High Turbine Inertia and Low
Torsional Stiffness Between Turbine
and Generator

This causes low freguency torsicnal
modes below 1 Hz and decouples tur-
bine and generator during distur-
bances.

Speed/Torque Characteristics

This can vary from coostant soeed
variable torque for a synchronous
generator to variable speed con-
stant torque for a variable speed
generator. Induction gQenerators
occipy an intermediate position be-
tween these two extremes.

Voltage/Reactive Power Character-
istics

Synchronous generators provide
wavefomm, phase balance, and vari-
able reactive power for wcltaye
control. Induction generators pro-
vide waveform and phase balance,
but absorb reactive power and
cannot provide voltage cootrol.
Frequency oconverters used with
variable speed wind turoines wmay
oejither provide good waveform and
phase balance nor wvoltage control
and may actpally depend on the
presence of a strong power systam
for commutation of their
thyristors.

Turbine Control

If the turbize has variable pitch
blades, energy captuwzre can be
controlled. The choice of the con-
trolled variable (torque, power or
speed), the type of control
{proporticnal or integral or botn),
and the gain of the coatrol loops
detemmine how the turbine operates
in an intercomnected system.

sponse of only 1 to 2% of rating 3. REQUIREMENTS POR SYSTEM INTEGRATION
per minute due to large themmal
time constants of turbines and

From the description of power system characteristics we
Steam generators.

can draw two conclusions:

2. PROCESS CHARACTERISTICS OF WIND TURBINES o New power sources should be able to
follow changes in load, Changes in
generation due to load following
must be associated with changes in
irequency. Load following capabil-
ity should be dispersed throughout
the system to achieve an adequate
rate of response. Dispersal is
also desirable so that parts of a
systen can survive as electrical
islands after a systex breakup.

There are five peculiarities which characterize wind
turbines fram the viewpoint of system integratiou:

o Non-Steady Energy Souxrce

The bandwidth of input enargy
fluctuations ranges £ram nearly
zero to about 1 Hz. This causes
ontput fluctuations reflecting both

the input spectrum and drive train Q

torsional modes excited by the non-
veady energy input.

i54

New power sources shsuld be able to
operate at different levels of
generation in response to cownands



from a system dispatch center.
whether a particular generating
unit will be used for base-load or
cycling duty depends on the re-
source mix of the particular
systam. Since differcnt systews
have different resource amixes, a
particular technology may be used

technology. In the author's opinion, such reasoning 1s
flawec because it overicoks that wind turpines may be
very campetitive in small isolated systems with hign
fuel costs.

The following three examples illustrate now tnese
thoughts have influenced wind turbize analysis and the
resulting wind turbine control and equipment design.

for base-lcad in one system and for
cycling in another system. Any in-
herent restrictions a particular
generation process imposes on
operating flexibility should be
built into the utility dispatch
strategy, not implemented in the
control design of generating umits.

4. TYPICAL DEVELOPMENT OF A NEW ENERGY TBCHNOLOGY

The need for analyzing interconnection issues typically
arises at a time when the new process itself is not
fully understood and the associated equipment is under
development, i.e. when analytical resources are preoc-
cupied with process and equipment issues. Since the
process is new, a low penetration scenario is always
envisioned at the outset {l]. It is not surprising
that the interccnnection viewpoint taken at this time
is that of comnection, not integration. Unfortunately,
this is also the time at which decisions myst be made
about control of the process. In this manner, the
operating characteristics of new utility power sources
are often established before any thought has been given
to system integration. The result of this are sources
only suitable for base-load operation. Examples other
than wind are steam plants with once-through steam gen-
erators (supercritical) and steam plants with nuclear
reactors {l). It is interesting to note that in both
of the latter cases process control was not changed
when the original premise of low penetration was no
longer valid.

Two other factors may aggravate this systematic flaw in
our method for developing new energy technolcgies. The
first is the ever necessary econamic justificatioa.
Proponents of new technologies obviously assune base~
load duty for their econamic calculations because it
minimizes the impact of fixed costs. It may very well
be that after a long process of econamic justification,
organizations find it intolerable to contamplate con-
trol systems which would allow a new source to do any-
thing but maximize energy output. They may feel that
any other mode of operation would invalidate their eco-
namic justification. The second factor is the recently
enacted PURPA Law. Independent power producers selling
power to utilities want to maximize revenue and are
only interested in contributing to the base-load com-
ponent of the utility load. Manufacturers producing
equipment for sale to independent power producers will
find little demand for features necessary for system
integration.

5. DEVELOPMENT OF WIND POWER

The phenomena Just described have strongly influenced
wind power development. Preoccupation with process re-
quirements and low penetration scenarios nhas led to
many wind turpine designs without load following or cy-
cling capability. It may be argued tnat contrary to
Steam plants with supercritical and nuclear steam gen-
erators wind will always pe a low penetration
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Damping of Torsional Modes

A camon method for representing
the electric utility system in wind
turbine analysis is tne so-called
infinite bus. An infinite bus is
dynamically equivalent to a gener-
ator with infinitely large rotating
inertia and infinitely small
electrical resistance, i.e. fre-
quency and voltage of the utility
tie are always constant, This is
low penetration in its purest fomm,
the utility system is always at
steady state.

If torsional oscillations of wind
turbine drive trains are examined
with a simulation system that rep-
resents the utility system with an
infinite bus, it is found that the
best place to introduce damping of
the predaminant torsional mode is
at the turbine. The mude shape re-
veals that the torsionmai amplitude
is much higher at the turbine than
at the genmerator. This is caused
by high system inertia and low tor-
sional stiffness between turbine
and generator. This type of analy-
sis had led to damping by modulat-
ing blade angle., It has been shown
[3] that the mode shape of the
daminant mechanical mode changes
with penetration. If wind turoines
daminate system inertia, as may be
the case in small isolated systems,
the predaminant torsivnal motion
shifts fram tne turbines to the
generators. The effectiveness of
damping by blade angleé movement
decreases. This relationship be-
tween torsional damping and
penetration is not recogrized when
electrical system representation is
based on an infi.uite bus.

Turbine controi

when wind turbine controls are
analyzed in a simulation environ-
ment which does not allow freguency
variations, primary speed control
of individual gener.tors with
proportional controllers and secon-
dary reference adjustment with
integral controllers makes wvery
little sense. In such an environ-
ment the obvious method for con~
trolling a variable pitch wind
turbine is to adjust blade angle to
maintain constant power. This
method provides the necessary



torgue control and maximizes energy
capture. This is what most wind
turbine designers have done. The
result is a resource suitable only
for pase-locad and low penetration.

0  Variable Speed Wind Tuxbines

In the last two years there has
been wmuch interest in variable
speed, constant freguency wind
turbine generators. This type of
wind turbine uses frequency
converters to change variable fre-
Jquency to constant freguency alter-
nating current. Frequency con-
verters are difficult to apply in
high penetration scenarios because
they may need freguency and voltage
references and they may distort
waveshapes. A designer of such a
system has to recognize that the
wind turbine mst be ahle to follow
load with changes in generator fre-
quency in order to participate in
orimary control. There is a simple
test which detemines whether a
variable speed wind turbine with
frequency converters can be in-
tegrated into a power system. If
it can function as a stand-alone
source for a variable load, it can
be integrated. The validity of
this test is not limited to vari-
able speed wind turbines. It can
be applied to any bnew eoergy
technology. It is easv to see why
this test is valid. The historical
basis of utility systems is inter-
conection of autoncmous, stand-
aione sources, Intercomection im-
proves economy and reliability, but
is not a prerequisite for
oferation. A source capable of
stand- alone operation in a variable
load system has all the attributes
necessary for sSystem integration.

6. CONCLUSIONS AND RECCMMENDATIONS

What conclusions .2 one draw after surveying power
system integration of new technologies in general and
of wind turbin~s in particular?

The first conclusion would have to be that any claims
about successful integration of wind turbines should be
very modest. Connection would be a more appropriate
term. Our analysis methods and our control dasign nave
largely ignored dynamics inherent in the power system,
In most actual installations the implicit assumption of
low penetraticn has fortunateiy been justified. The
secord corclu: .on  is that the same situation exists in
almost all other new energy technologies. It exists in
nxlear steamw plants, supercritical steam plants and
there are signs that it may happen in photo-voltaic
power <nurces. The particular scientific and engineer-
ing camwnity always considers its technology to be the
star of the show and assumes without examiv.ation that
other technologies can play supporting roles as needed
{2]. This sanewhat parochial view is one of the main
cavses of a struccural flaw in our method of organizing
energy development efforts.
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Recommendations range from the necessary minimm goal
of increased awareness in the wind turbine cammmity to
the desirable maximum goal of better analysis tools and
improved control design.

Increasad awareness is needed because there are several
potential applications in the United States where the
present analysis methods are unsuitable because the im-
plicic assumption of low penetration is no longer
vaiid. One exaxple are the Hawaiian islands other than
Oalu., These islands have excellent wind resources and
small electrical systems (5-100 MW).

A recent study of controls for variable pitch wind tur-
bines for MaSA-Lewis includes analysis methods and con-
trol designs suitable for high penetration scenarios
{3]. The basic differance between the traditionai and
the recommended analysis method is that with the latter
the candidate system must function not only in an ia-
finite bus but also in a stand-alone enviromment.
StanG-alone Simulation is a necessary complement to in-
finite bus simalation. Bc .1 are abstractions, and both
have the advantage of camputational simplicity. The
actual spolications iie betwean these two extreaas,
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ABSTRACT

Tecnnology

This paper provides descriptions of the requiresents,
analysis, hardware development and software develop-
ment phases of the lontrol System design for the
MOD-SA 7.3 MM Wind Turbirne Generator. The system,
designed by General Electric Company, Advanced Energy
Prograas Oepartment, under contract DEN 3-153 with
NASA Lewis Research Center and OGE, provides real
time regulation of rotor speed by control of both
generator torque and rotor torque. A variable speed
generator system is used to provide both airgap
torque control and reactive power control. The wind
rotor is designed with segmented ailerons which are
positioned to control blade torque. The central
component of the control system, selected early in
the design process, is a programable controller used
tor sequencing, ailarm monitoring, communication, and
real time coniroi. Development of requirements for
use of aileron controlled blades and a variable speed
generator required an analytical simulation that
combined drivetrain, tower and blade elastic modes
with wind distrubances an¢ control behavior. An
orderly two phase plan was used for controller
software development. A microcomputer based turbine
simulator was used to facilitate bardware and
software integration and test.

INTRODUCTION

The MOD-5A Wind Turbine Generator design program was
started in July, 1980. After conceptual design and
preliminary design pnases were compleced, the MOD-S5A
configuration was rated at 7300 KW and featured a
synchronous generator and two-speed rotor operation
through a shiftable gearbox.

When final design and procurement sStarted, it was
found desirable to winimize the gearbox compiexity
and to provide a drivetrain back-torque during
controlled shutdowns. The latter reduced cyclic
loads that were design drivers for the aerodynamic
partial span control. A variable speed generator
subsystem was selected to meet thase needs. The
partial span contrel was subseGuently replaced with
an aileron control, and the variable speed generator

subsystem provides a startup assist by motoring the
rotor.

The MGD-5AR design was performed under Contract OEM
3-153 for NASA Lewis Research Center and DOE by
Gener .1 Electric Company, Advanced Energy Programs
Department.
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MOD-5A SYSTEM

The M0D-5A modei 304.2 system, operating parameters
and features are shown in Figure 1. Control logic is
provided by a programmable controller located in the
nacelle. Operator control terminals are located at
ground level in a separate building and remotely at a
utility dispatch site. Automatic control of the
MOD-5A operation provides for high availability and
good energy capture in the NASA design wind regime
and other wind regimes.

REQUIREMENTS

The control system of the MOD-5A was required by the
design statement of work to:

0 provide automatic unattended failsafe
operation of the wind turbire

o provide ground level wmanual control for
checkout and maintenance

0 provide power quality acceptable to a utility

0 provide remote dispatcher monitoring and
contrcl

Internal requirements were alsc established.

Experience with MOD-1 indicated critical control
multiplexing through sliprings should be avoided. A
purchased controller with sensor and control
interface software and hardware was desirable for
initial units to permit concentration on the
application process control software.

DEVELOPMENT PLAN

The development and conficuration control planning
established a two phase software development. During
the first phase, a target controller hardware, 2
software development unit, and a wind turbine
simulator were used to design, develop, code, debug,
integrate, and checkout 2 full controller software
package. This initial package was based on
preliminary issved control system requirements. In
parailel with the first phase development, control
system analysis and wind turbine hardware design
activities were ongoing. Design change requirements
were accumulated, but not implemented during the
first phase of software developrment.

The second phase of control
iacorporated the final control system requirements
into hardware and software. A large portion of the
first phase software was included and streamlined as
a result of development experience. As major changes
occurred in the MOD-5A configuration prior to the
final requirements, this two phase plan worked well.

system development



CONTROL PLAN

The system control plan for the MOD-5A model 3G4.2 is
shown in Figure 2. This emphasizes the rotor and
drivetrain control functions. Active control
functions and critical sensors are shown in Table 1.
Speed is the primary controlled parameter, using both
ailerons to control wind torque at the rotor and a
cycloconverter in the variable speed generator
subsystem to control generator airgap torque. The
utility reactive power or voltage is also controlled
by the cycloconverter.

AILERON CONTROL

Aileron control of rotor torque was introduced to
MO0-5A in mid-1983 with model 304.2. A 40% chord,
40% span plain aileron arrangement is used. Control
properties were developed from wind tunnel test
data. Three mechanically independent aileron
sections, each driven by a hydraulic actuator, are
used on each blade. An emergency accumulator is
mounted with each actuator. Position servo loop
electronics and valving, position sensing, and a
latch are built into each actuator. The main
hydraulic supply is mounted on the rotor support ycke
with blade isolation check valves. The controller
sends position commands to aileron pairs, such as
both tip sections, and compares feedback positions
signals to detect servo errors. A rotor stopping
brake at the yoke is used to reach a full stop as the
ailerons are not predicted to completely halt the
rotor.

The rotor operating map is shown in Figure 3. These
characteristics are included in the simulation model
which {s described later. Aileron control is used
above 3 rpm to control rotor speed until the
generator is Synchronized. Generator airgap torque
control holds system speed for wind speeds less than
rating, including an automatic speed change from low
range to high range. For wind speeds above rating,
the aileron control holds rotor torque at the rated
leval of 3.38 million foot-pounds.

GENERATOR CONTROL

The MOD-5A variable speed generator susbsystem is a
Scherbiustat type drive comprised of a wound rotor or
doubly fed induction machine and a rotor circuit
cycloconverter. The speed-power envelope for the
subsystem is shown in Figure 4. The rotor circuit is
rated at 1500 KVA, 20% of the total power rating.
This permits generating operation of the wind rotor
from below 12 rpm to about 17.5 rpm. The generator
has 6 pole construction with a 60 Hz synchroneous
speed of 1200 rpm.

The cycloconverter centroller responds to torque and
reactive power reference signals. It provides
quadrature contro! of thyrister firing to maintain
both generator power angle and excitation level.
Feedback signals are supplied from generator speed,
bus voltage, bus current, and stator current. The
wind turbine speed controller drives the torque
reference in proportion to speed error, as shown in
Figure 4, This provides a speed-torque
characteristic similar to a 3.5% slip machine, which
damps the drivetrain oscillatory modes.
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The speea controller reference is slowly moved
automatically between the high and low speed ranges,
depending on average power output. This keeps the
wind rotor in an efficient tip speed range, as
illustrated in Figure 3. The steady aileron position
and output power versus wind speed are shown in
Figure 5.

PFXFORMANCE SIMULATION

An analytical model of the MOD-5A drivetrain control
and tower bending modes is shown in Figure 6. This
is a much simpler mode) than the dynamics model used
to predict system f-equencies and 1loads. The
controls model includes a iwo inertia drivetrain and
models the first blade flap elastic mode and the
tower bending mode.

The bending modes are excited by rotor thrust changes
arising from wind disturbances and aileron control

action. As the MOD-5A aileron control is not used to
provide drivetrain damping, the possibility of
interaction with the tower bending wmode was

minimized, but the degree of freedom was retained in
the model. The drivetrain and tower bending mode
damping coefficients are small and these modes will
oscillate if excited.

ROTOR SPEED CONTROL LOOP

A linearized rotor speed control loop in Z transform
notation is shown in Figure 7 for a 40 mph operatin
condition. The block diagram indicates the digita
and analog parts of the loop. Elements to the left
of the vertical dashed line are carried out in the
wind turbine controller, which has a cycle time of
0.1 seconds. The control algorithm has an integral
gain of 5°sec/rpm and a proportional gain of
30°/rpm, implemented digitally. A deadband of + 0.07
rpm is used with the proportional gain tr avoid
steady oscillation from wind turbulence. The overall
gain is varied with aileron position to keep loop
gain constant. Digital clamps are provided to
prevent integrator wind-up and to limit the aileron
position command, but are not shown in the diagram.

The aileron servo-actuator response is represented as
a 5 rdd/sec. first order characteristic. Rate limits
are used in the time domain representation.
Mechanical elements include the slope of the
aerodynamic torque vs. aileron position curve, system
inertia, and a complex pole-zero from the generator
jnertia outside the control 1loop. This is an
off-line model and does not include the airgap torque
control loop, wnich looks 1ike a viscous damper.

Speed feedback design used a digital sensor that
counts toothed wheel magnetic pickup pulses over 0.05
seconds and periodically updates the value sent to
the controller. The controller's analog to digital
conversion time and memory update time are also
included in the loop model.

The Bode plot in Fiqure 7 shows both the ideal analog
model characteristics and the additional phase shift
introduced by the digital time delays. A bandwidth
of 1 rad/sec. is used for the rotor control loog.
The 58° phase margin and 16 dB gain margin indica’:
the gain could be raised 10dB if necessary. Minfmum
requirements are 30° phase margin and 6 dJB8 gain
margin.



GENERATOR SPEED CONTROL LOOP

The generator linearized speed contral loop
characteristics are shown in Figure 8. This loop has
a bandwidth of 17 rad/sec., which is too fast for
implementation within the controller 0.1 second cycle
time without unacceptable phase shift. The error
suming junction and torque reference are provided by
an analog circuit which obtains its speed reference
from the controller. Operation of the cycloconverter
and the generator rotor electrical dynamics is
modeled as an 80 rad/sec. first order characteristic.

Ample gain and phase margins are evident in the Bode
plot. Interaction with the rotcr Speed control loop
is negligible with the Tlarge bandwidth difference.
The closed loop characteristics of the generator
speed c.ntrol loop are mechanically similar to a high

slip  inductior  generator. By changing the
proportional gain term, the effective slip is
changed, within limits imposed by the mechanical

frequencies of the wind turbine structure.

The cycloconverter torque reference signal is scaled
from 40% of rated torque in a motoring direction to
120% of rated torque in a generating direction. When
the aileron control is operating to maintain steady
state rated torque, the damping effect of the
generator speed-torque slope is active. With the
scaling, maximum transient torque is limited to 120%
of rating on an infrequent basis.

A more complex generator and cycloconverter model was
also prepared as generally described in Reference 2.
This model includes the electrical dynamics of the
generator and the quadrature controller and is used
to determine voltage and reactive power, as well as
real power conditions. It will not be further
described in this paper.

TIME DOMAIN SIMULATION RESULTS

The controls analysis simulation model was used to
examine transient response of the MOD-5A wind
turbine. Response to a 5 mph wind step s
illustrated in Figure 8. Wind steps are not real
phenomenan, but a step wnput excites all response
modes and provides insight into response
characteristics. The lightly damped tower bending
mode is seen in Figure 9, set c. Clamping of the
generator airgap torque is seer. in set b. When the
torque 1is clamped, the damping provided by the
generator control is no longer present and the torque
discontinuity slightly excites a generator inertia
oscillation. Note that the aileron response to the
rotor speed controller, shown in Figure 9, in set d,
is not noticeable until 1.5 seconds after the step.
The proportional control deadband limit was reached
at this point and the proportional gain path became
active,

The response to a sinusoidal wind gust §s shown in
Figure 10. A fully immersed rotor model is used.
The 9 mph, 12 second gust is a far more severe event
than founj in nature. Initial transient response is
similar to that observed for the wind step, but there
is an undershoot when the distrubance returns to the
original steady wind value. The speed swing is more
severe than occurred with the wind step.
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Note in Figure 10, set b, that total output power
follows the speed oscillation as generator rotor
power varies with speed. Stator power represents
airgap torque and is clamped for the initial portion
of the response.

Aileron response is outside the proportional deadband
from 4 to 11 seconds and from 12 to 13 seconds, as
shown in set d of Figure 10. The slower acting
integral aileron contiol returns the system to
initial conditions in less than 60 seconds.

A more realistic steady wind is illustrated in Figure
11. The NASA interim turbulence definition produces
significant excitation at even multiples of the rotor
speed. The sinusoidal gust noted in Figure 10 is
also applied in Figure 11. A twice per revolution
forced response is observed in all but the final
aileron position and rate traces. This illustrates
the beneficial effect of the aileron proportional
deagband. Without the deadband, the aileron control
would respond to the speed oscillation and cause
unacceptable wear and maintenance. The deadband

value would be field adjustable to match site
turbulence characteristics.

A steady drivetrain and output power oscillation of
about 10X peak to peak results from the turbulence
model. Fatigue design of the drivetrain includes
this and larger wind induced stress ranges., If
necessary, the generator controller torgue-speed
slope could be field adjusted to reduce this
amplitude.

Finally, a loss of load transient from a rated wind
condition of 32 mph is illustrated in Figure 12, The
generator airgap torque drops to zero and the
generator iner*ia oscillates in a lightly damped
manner around the rotor inertia. Rotor speed
increases enough to drive the aileron actuators at
their 5°/second limit for almost 7 seconds, as shown
in Figure 12, set d. Maximum rotor speed is about
18.25 rpm. Software and failsafe hardware overspeed
trip points were defined above this transient
overspeed to ivoid nuisance shutdewns to lockout
which would require a site maintenance visit.

The transient response analyses also included down
gusts, as well as up gusts and examined all wind
speed conditions. Time delay effects and controller
gains were defined on the basis of these analyses.

CONTROL SYSTEM ARRANGEMENT

A simplified block diagram of the MOD-5A control
system is shown in Figure 13. The number of command
and sensor signals that each line represents is
noted. An "™5" indicates a digital seria) data
signal. Over 70% of the signals to the controller
are from the nacelle and rotor which is why the main
controller cabinet is located in the nacelle. The
three serial data 1inks are not time- critical to
wind turbine control.

The emergency shutdown panel is a relay loecic circuit
that provides deadman type initiation of aileron
controlled shutdown if the main controller or
critical backup sensors indicate a failure. This
panel also causes a shutdown if control power is lost.



A further backup emergency shutdown (BESD) circuit to
detect overspeed is mounted on the rotor. Each blade
has an acceleration or g-switch that is oriented
radially to respond to speed. The switch circuit is
independent of the emergency shutdown panel. All
aerodynamic control functions are tested automati-
cally before every MOD-5A startup. The aileron servo
actuators are used to move the contrpl surfaces and
each emergency shutdown circuit is operated to assure
return to full aileron deployment. A test circuit is
incluged in the g-switches to check both minimum and
maximum trip levels on each startup.

Ground control equipment is housed in the electrical
equipment building shown in Figure 14, The variable

speed generator  Subsystem cycloconverter  and
isolation transformer are shown at the right, with
the 4160 volt  switchgear. Auxiliary power

distribution and control connection cabinets are to
the left. Batteries are mounted in a separate,
vented area. A small office area contains the system
disply panel, site operator terminal, and engineering
data equipment.

The system di-ulay panel is shown in Figure 15. It
provides a panic button and master key control panel
at the upper left. Two closed circuit video monitors
are included in the first unit design. One camera
observes the interior of the nacelle and the other
views the rotor. The right panel provides :uitch
controlled digital meters for quick observation of
operating conditions and electrical status.

The main controller equipment shown in Figure 16 is
mounted in a double bay cabinet in the nacelle. An
air to air heat exchanger cools the cabinet without a
refrigerant cycle for higher availability. The
cabinet air is internally circulated, but is not
connected to outside air. In addition to the
controller equipment and interface modules, sensor
conditioning circuits are installed in the controls
equipment cabinet.

CONTROLLER DEVELOPMENT

Controller hardware and software development followed
the two phase plan noted in a prior paragraph. The
plan permitted accommodation of the major changes
that occurred when the variable speed generator and
ailerons were introduced into the system design.

Equipment selection was made early and a target
controller hardware assembly was procured for
development use. Controller requirements are shown
in Table 2. A single board computer system meets
most of the requirements, but would have required
more integration effort than planned. A high-end
prograrmable controller, the Eagle Signal Eptak 700,

was selected. It has multiple coding language
capability and a proven industrial reliability
record. With the tremendous growth in microcomputer

based equipment, more equipment choice - are now
available than when the MOD-5A equipment selection
was made. An updated selection was not made for the
first few units because of the software development
investnent.

A wind turbine simulator was developed using another
programmable controller, the Analog Devices MACSYM 2
and a custom analog board. The simulator provided
sensor inputs and simulated operation of the MOD-5A
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to the controller. It was valuable in debugging and
testing the integrated controller software.

Controller development milestones are shown in Table
3. A fully integrated software package was completed
and is ready for wind turbine hardware integration.

Software modes are shown in Figure 17. Vendor
software provides real world signal interfacing with
controller memory, real time clock values, and the
master operating system. Appliication software is
used to initialize outputs and variables on a cold
start, execute on a 0.1 second real time basis and
properly sequence through the main program modules.

The main program modules are as follows:

Input Signal Manager (ISM)
Data Processing

Mode Logic

Data Archive

Power Generation

Manual

Communication

Remote Terminal

Site Terminal

Control Data System (CDS)
Startup

Ramp

Yaw

Alarm

Normal/Emergency Shutdown
Rotor Hydraulic Pump Module
Output Signal Management (0SM)
Hemory Test (background)

OoCcoOCOCOCO

OO0 00000

The data processing modulc computes averages, adds

signal Dbiases, and packs data. Mode logic
establishes flags for the executive to wmine
which other modules to run. The man. module
provides individual command outputs, with overall

~hecking, in response to site terminal inputs.

Data archive uses over half of the random access
memory (RAM) to store both a moving window of sensor
data prior to a shutdown event, and alsc a window
after the event. Lockout events require personnel at
the site to command a restart and the restart
software requires an archive dump. The archive data
will assist in trouble shooting and maintenance. A
memory test module operates in whatever time is not
being used for control functions and sequentially
checks RAM.

OPERATOR INTERFACE

Both the site and remote standard operator devices
are 300 baud printing terminals. They provide a log
of operation on event, demand, or time. A sample
output is shown in Figure 18. Alarm outputs are
noted when states change and command inputs are time
tagged. The controller does not rely on a
continuously active terminal, but may be modified to
require this. If the terminal is shut off, the log
data is senrt out by the controller, but will be lost.

In place of the standard phone line remote terminal
serial link, a parallel control and data interface
may be used at the MOD-5A site. A parallel interface
was planned for the Haweiian Electric Company,
(HECO), with an operator interface through the HECO
dispatch computer using microwave transmission of
data through a HECO muitiplexor.



DEVELOPMENT RESULTS

Con.roller software was successfully integrated and
checked out using the development controller and
simulator. A timing check of the worst condition was
made. It took 89 msec. to execute within the desired
100 msec. executive time cycle. The control
subsystem specification requires less than 200 msec.
so ample margin is evident. A normal cycle takes 83
msec., of which 10 msec. is from the controls data
system, which is not permanently installed.

Application memory was planned at 20K bytes of
programmable read only memory (PROM) and 20K bytes of

RAM. Actual usage was 17.7K PROM and 17.3K RAM. 14K
of the RAM usage is for archive data storage.
Adequate margin exists for changes during hardware
integration and field checkout.

Simulator outputs are shown in Figures 19, 20 a:d
21. A normal startup and power generation in an
increasing v 1d is shown in Figure 19, There are
three ailerc: movements of about 30° at symbol A
during the startup check sequence followed by a
motion to the startup angle. The rotor is motored to
part speed, then the ailerons are active at B %o
control the rotor speed which follows an increasing
reference. Synchronization and power generation
occurs at C and the ailerons continue to their
aligned position for maximum torque.

After the lower speed range is reached at D, wind
speed steps were added at E, which first raise output
power, then enter active aileron control at F. The
poser average causes automatic transition to the
higher speed range at G. Continued wind steps above
rating at H illustrate aileron control response.
Random wind speed fluctuations are simulated and the

power response is, therefore, oscillatory over a
small range.
The yaw drive control sequences the nush-puil

hydraulic actuator and gripper drive system, A
ratchet action occurs if there is a large yaw error
as a full actuator stroke is only 10°. Response to
large initial errors in both directions is shown in

Figure 20. As the drive moves, the error is
reduced. Motion uccurs at 0.50°/second and the
average continuous drive rate is Jjust below
0.25°/second.

Finally, a yaw correction and a transition from
electrical to aerodynamic torque control are
illustrated in Figure 21. Random fluctuations in

wind direction and speed are simulated.
CONCLUSIONS

The MOD-5A system and the control subsystem will
provide well behaved performance in fluctuating
winds. Analytical models are available for site
specific performance analysis.

Software integration was completed successfully with
the development controller and simulator. Timing and
memory goals were met. The two phase development
glan successfully accommodated major configuration
changes.

The control subsystem was defined in detail with
drawirgs and specifications and the software is ready
for hardware integration.
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Table 1- Active Control Functions

ROTOR

AILERONS - 3/BLADE, POSITION CONTROL
SPEED - REGULATED WITH AILERONS

TEETER BRAKES - TWO LEVEL CONTROL, ALARMS
STOPPING BRAKES - OFF/ON CONTROL

ROTOR HYDRAULICS - OFF/ON, ALARMS
G-SWITCH - BACKUP OVERS]EED SENSOR, TEST

NACELLE AND YAW

EMERGENCY SHUTDOWN PANEL - CONTROLLED 3ACKUP
-cARBOX LUBE - OFF/ON, ALARMS

GENERATOR LUBE - OFF/ON, ALARMS

{AW HYDRAULICS - OFF/ON, ALAR**3

ROTOR POSITIONER - OFF/ON

YAW DRIVE - SEQUENCED OFF/ON CONTROL, ALARMS
GENERATOR SPEED - REGULATED WITH CONVERTER

GROUND AND ELECTK ICAL

CYCLOCONVERTER - TORQUE CONTROL, VARNOLT CONTROL
SWITCHGEAR - TRIP/CL.OSE CONTROL, ALARMS

INTRUS ION ALARM

LOCAL OPERATOR CONTROL - ENABLE, SETPOINTS, DATA
REMOTE OPERATOR CONTROL - ENABLE, SETPOINTS, DATA

Table 2- rontroller Hardware Requirements

¢ INPUT SIGNAL - 19 AIALOG
69 D.SCREY.: (20 mA®

* OUTPUT SIGNAL - 6 ANALOG
26 DISCRETE (3A/20A)

* SERIAL COMMUNICATIONS - (2) 20 mA 300 BAUD
- (1) 20 mA 1200 BAUD

* CAPACITY - 64K
- 20, USER PROGRAM
20 K RAM
8K ECL 3 & 7:iid
16K VO

* LANGUAGE - 4 ASSEMBLY
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Table 3- Contrnl Subsyster Devclopment Milestones

COMPLETES CONCEPTUAL DESIGN s
PHASE
COMPLETED REQUIRFMENTS FOR SYNCHRONGUS
GENERATOR PARTIAL SPAN CONTROL 7
COMPLETED COUIPMENT SELECTION FOR
CONTROLLER AND SIMULATOR 12
COMPLETED CODING 7782
COMPLETED SOFTWARE MODULE CHECKOUT 12/82
CONALT ED SYSTEM INTEGRATION s
PHASE &
COMPLETED REVISION A REQUIREMENTS FOR
VARIABLE SPEED GENERATOR 3
COMPLETED SOFTWARE DESIGN WITH
REVISION B REQUIREMENTS FOR AILERONS 183
CONPLE 2D CODING AND MODULER CHECKOUT 284
COMPLET=D SYSTEM INTEGRATION s

OPERATIONAL CHARACTERISTICS

+

® FT RATED PIWER 7300 KW AT 0.90PF
NL RATED WIND SPEED 32 MPH AT 256 FT
9 TEETER - N
- 4 :f&‘;‘oﬁe‘g?ﬂm CUT-IN/CUT-OUT WIND SPEFD 18/60 MPH AT 250 FT
» ’ i MAXIMUM WIND SPEED (SURVIVAL) 130 MPH AT 250 FT
LA POWER CONTROL MULTI-SECTION A'LERONS
NACELLE :
ROTOR RPM-SET SPEED 13.7/16.8 RPM (= 10%)
ENZRCY CAPTURE/YR 21.3 X 16° KWH (NASA SPECIFIED
v WIND SPEED DURATION CURVE,
18 MPH AT 32 FT. 100 1 AVAIL)
TOTAL WT ON FOUNDATION 1908 K-LB
FEATURES

® WGOD LAMINATE BLADES WITH HIGH PERFORMANCE
AIRFOIL - UPWIND, TEETERED

o NON-ROTATING ROTOR SUPPORT

e naYBRID EPICYCLIC/P/ RALLEL SHAFT GEARBOX

® VARIABLE SPEEO/CONSTANT FREQUENCY OPERATION,

50 FT GROUND WITH 2 SET POINTS

CLEARANCE

e - ® SOFT SHELL TOWER, TUNEABLE BELL SECTION

Figure 1- MOD-5A Sy.tem Mode) 304.2
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l ROTOR WIND AIRGAP |AND GENERATOR REAL POWER
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i GEN ’
SPEED Xwg
AILERON HuB ] CONVERTER
CONTROL SPEED [~ > CONTROL ]
‘ o : __j IJ B
L ROTOR GENERATOR REACTIVE
SPEED SPEED POWER XVAR
CONTROL CONTROL CONTROL
(ACTIVE ) (ACTIVE VAR /VOLT Xw
ABOVE PEED SPEED BELOW REFERENCE (RANGE
RATING) | REFERENCE REFERENCE RATING) SWITCH
, ] LOGIC)
SYSTEM CONTROLLER MODES, REFERENCES, COMMUNICATIONS jat—
] i T [} I
YAW CONTROL TEETER BRA-T PUMPS ALARMS

0.5

Figure 2- Systew Control "lan Block Diagram

POWER COEFFICIENT
cP <———— SPEED CHANGES (22-25 MPH)
FROM HIGH TO LOW RANGE
- RATING 32 MPH
.l — A

B \

/ 18 MPH LOW WIND STARTUP

TORQUE REGULATION LOW RPM RANGE

/ CHARACTERISTICS -+ /
| AILERON ANGLE
/ /
12 MPH LOW WIND
" ¥/ SHUTDOWN
HIGH WIND 60 MPH STARTUP
SHUTDOWN =3
I
\
_ 1 ' N i L 1 L | 1 — —J
- 2 . \ 6 10 12 13 16 18
TIP SPEED/WIND SPEED
Figure 3- Rotor Operating Regime
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ROTOR SPEED REFERENCE GENERATOR SPEED
AILERCN CONTROL LOOP cED SPEED CONTROL LOOP TORQUE
POSITION YOKE | SP 5.9 p/s 8.1 CUMMAND ‘
ROTOR ‘ ankl AIRGAP CONVERTER
ROTOR [ torquE ] 1 [ 2 [+ Torque CONTROL AND
KIND D17 SEMERATOR
—_——— SPEED ¢ A )
AERODYNAMICS ‘ VELOCITY S.IGRA;;TRAIN 2.4 R/S 's
ROTOR K3 AV K2 R
THRUST LR SR g 1 P
03 2% }
t .
N \
BLADE AND TOMER BENDING *
31 = Satar leertis @ * %0 Srey-ee?
32 - Gemerater § Wigh Speed Saaft . syl - sem®
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Figure 19- Startup Simulation On Development System
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USE OF BLADE PITCH CONTRUL TO PROVIDE POWER TRAIN

N THE MQU-2Z,

MW WIN T

W, A. Blissell, Jr.

Boeing Aerospace Company
Seattle, Washington

ABSTRACT

The Conirol System for the MOD-2 wind turkine
system is required to provide not only for )
startup, RPM regulation, maximizing or regulating
power, and stepping the rotor, but a]go for load
limiting, especiall’ in the power train. Early
operations with above-rated winds revealed an
instability which was caused primarily by coupling
between the quill shaft and the rotor air loads.
This instability caused the first of several major
Mod-2 Control System changes which are reviewed in
the paper.

INRODUCTION

The need for power train damping on tpe Mad-2 and
Turbine system (WTS) arose from a series of design
choizes, the prinripal ones being

0 Selection of steel for the 300 ft
diameter rotor, resulting in a large
polar momeat of inertia,

o] Use of a two-element rotor shaft
arrangement: a hollow, low-speed shaft
for reacting rotor mass and normal loads
and wmonients, and a central quill shaft
for transmitting rotor torque to the
remainder of the power train,

0 Selection c. a relatively low torsional
stiffness for the quill shaft to reduce
response to two-per-revolution torques
and favor longer fatigue life.

The quill shaft is coupled to a synchronous
generator through a step up gear box and hvgh
speed shaft (Figure 1). In a power-generating
mode, the syncChronous generator rotor is ljocked to
the interfacing power grid frequency tightly
enough that the power train behaves (dxnamlcally)
very nearly as if the generator were flxeq to
ground. The resulting natural frequecy is 0.14Hz
and its motions are lightly damped.

INITIAL COWTROL SYSTEM

The initial system for controlling blade_pitch was
designed to accomplish a number of functions:

o Startup, in which rotor aerodynaric torque is
employec to accelerate the powar train to
synchronous speed,

0 RPM regulation prior to generator
synchronization .

0 Maximizing power in below-rated-pcwer winds

0 Regulating power in above-rated-power winds

o Limiting rotor loaas i. the presence of gusts,
and

o Shutdown {in non-emergency sitvations), in
which the rotor is decelerated to a stop

*Presented &. the DOE/NASA Workshop on Hor1zoqta1
Axis Wind Turbine Technology, May 8-10, 1984 in
Cleveland, Ohio.
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Experience with Mod-2 operations, starting in
early 1981, convincingly -howed that power train
damping was a mandatory addition to the array of
control system functions.

At that point in the Mod-2 development, the
control system had the cuafiguration illustrated
in Figure 2, power train damping having been
provided through hub rate error feedback. Jeveral
other features of this control system are
noteworthy:

0 Blade schedule switching at below-rated
conditions to improve energy capture,

0 Control mode switching between below-and
above-rated conditions,

0 Proportional control for short-term power
regulation an¢ ©  -ra rontrol for long-term
regulation,

o Notch filter to reduce blade activity at the
two-per-revolution (2P) frequency (0.58Hz)

Below-rated-power o.erations empl y>d a blade
pitch schedule desi.- °4 fo, near-maximum energy
capture but maintaium _ positive control
authority; namely, an i-crease in blade pitch
should produce a reduci n in power. This
schedule is shown on Figure 3 which also notes the
blade pitch mechanical limit at -5 deg., As
indicated on the figure, "hysteresis® was also
provides to reduce schegule- and mode-switching
activity. At above-rated conditions control was
effected through the proportional, integral and
hub rat- error loops to regulate power at 2.5 MW.

In use, this control sy tem generally produced
tight pcwer regulation » _ :bove-rated winds but
2d relatively high blade activity at the tower
natural frequency (0.37Hz). Its lea . attractive
quality, however, was that it occasionally allowed

large amplitude, uns »ble oscillations near the
power train natural 1. ~quency to develop at near-
and .bove-rated power c.aditions. As Figure 4
shows, these events developed very rapidly and
were only terminated by entering the shutdown
mode, usually involuntarily. Test data indicated
that blade pitch excursions to low angies - ¢ en
to the mechanical stops - were occurring. It
seemed evident that the resulting runtrol
authority reversals both initiated and sustained
such oscillations. The specific cause for the
initial blade pitch excursions was not pinpointed
but rnise in the hub rate error signal was
susp.cted, Blade pitch limits which prevented
T9ss or reversal of control authority were then
implemented n tie software and effectively
etiminated unstahle coupling between the power
wrain and control wystem. A notch filter to
reduce blade activity at the tower 1reguency was
0 addec



At this stage cr .ty development, the initial
control system haa evolved into one which had
materially improved »vzii-oility of the Mod-2 but
still had ‘our significant orcblems to be solved:

1) Nyise nn the hub rate error simzl,
¢V ras  ts caused by mode switching,
3) Gperation aw2y from maximuwm power blade
- angles with below-rated winds, and,
4) Low stability margins, principally because
of the .ower and 2P notch filters.

T : need to solve these problems set the st ~e for
3 1ew approach to the control system design.

NEW CONTROL SYSTEM

* -i- requirements dictated that certain features
- F .ocrtional and integral control loops and the
tY. . gitch subsystem loop - be retained.

i+ tions for thée *our problems noted were

¢ 'oped as outlined below:

2 "ite Erro

wb rate sigh. s obtained from an encoder on
a ris of the low _peed shaft. The signal is noisy
be.cuse of encoder sampling and because it
rosponds to both shaft vibration and variatior- in
r!~ concentricity. Nominal hub rate is subtracted
f-om the nci-y hub rate to obtain hub rate error,
. process wnich resuits in a low signal to noise
ratio and causes spurious lade activity. It was
observed that hub rate and power rate were highly
correlated. Therefore, a differentiating circuit
was incorperated in the new design and the derived
power rate fiitered and summed witn the
propor mal and integral signals as shown in
Figure 5. By removing the hub ate ervor
measurement noise, the use of power rate allows
higher rate gains and increases system damping.

Mode Switching

With the initial control system, even as modified,
variations in wind speed about the rated power
point caused switching transieats between the
below- and above-rated control modes. This
problem was eliminated by employing the power
control mode both above and below rated power.

The below-rated blade pitch schedule was made to
follow the blade limit so that blade pitch is
commanded to the limit. This approach also
reduces below-rated blade activity substantially.
The 1imit has been shaped to more closely follow
the maximum power curve below 1 MW as indicated on
Figure 6.

Operation Away From Maximum Power Blade Angles

The new blade pitch control law commanding the
blade to the limit when below rated power improves
enerqgy capture to the maximum extent consistent
with maintaining positive control authority.
Additional stability margin has been provided for
WTS #5 so the blade pitch 1imit is set at slightly
higher angles, indicated on Figure 7, than for

WTS #1 to #4 (Figure 6).
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Sestabilization Due to Notch Filters

Analytical studies were performed to improve
stability margins at the power train frequency.
The changes permitted slightly greater blade
activity at tower freguency but increased phase
margin and provided hetter damping of the power
train. The 2P notch filter was revised to allow
higher rate gains without amplifying 2P response.

Proportional, integral and derivative gains and
rate filter time constants were adjusted to
increase system stability and still provide
satisfactory attenuation of tower bending
excitation.

TEST RESULTS

initial testing of the new control system was done
with WIS #2 at Golcendale, Washingtom, beginning
in early September, 1982. The results gave every
indicatior that the goals of the new design had
been achieved, namely,

o The system was well danped - Figures 8 and 9
o Energy capture generally matched

predictions - Figure 10
0 Above-rated power was regulated within

+200 KW - Figure 9

In addition, below-rated blade activity was
lowered by more than 50 per cent and 2P
oscillation amplitudes reduced.

Installation of the new control system in WTS #5
was dor 2 in late October, 1932, and results were
similar to those observed on WiS #2. After almost
two uneventful montihs of operation, WIS #5 entered
2 divergent oscillation which resulted in a
generator overcurrent shutdown in winds described
by site personnel as extremely gusty and over

40 mph. Sxamination cf the data, included in
Figure 11, indicated that the instability occurred
at a frequency of 0.26 Hz and was primarily a
control system mode.

Additional detailing of the simulation
mathematical model and analyses pinpointed the
increase in blade contrg: authority with
increasing wind speed as the culorit.

Accordingly, provisions were incorporated to
reduce the above-rated proportional and derivative
gains in a manner which gradually reduces the
overall system gains as wind speed increases . An
additional conservatism was included by halving
the progortional loop gain {Figure 12). Initially
tested in March, 1983, this version of the new
control system is installed in a1l five Mod-2's
and has demonstraced that the stability problems
have been solved but gust response and power
regulation rave suffered. At this writing, the
development activity is aimed at improving the
balance between stability and power regulation.



CONCLUDING REMARKS

Development of the control system for the Mod-2
wind turbine system has been a learning
experienc:. In the beginning, this system was
conceived as being an uncomplicated means for
controlling a relatively simple device. This
conception dovetailed neatly with the universal
need to keep new project development costs low and
the initial control system design was actomplished
at a modest cost. (Once Mod-2 operations began,
tne need for additional development effort became
evident and, over the succeeding two-nlus years,
the control system ¢-ew to be nearly as complex as
a conterporary launch vehicle or missile. The
development cost, much of it funded by Boeing, has
been much greater than originally projected.

In retrospect, it seems evident that additional
effort put . to developing a more detailed,
coxprehensive simulation could have helped avoid
some of the problems which were encountered.
However, operat’ experience was a!so needed to
identify the reaily significant details and,
especially, to determine the ways in which the
real wind turbine and its environment differed
from the analytical models.

For the present and future, the lesson learned
from the Mcd-2 control system development is

this: the system analysis and design work must be
supported with sophisticated simul-ticn
capabilities and be performed by a staff of
skilled, experienced control system engineers.
This is the approach we have applied to the Mod-S8.

Teeoter beering intsface

Figurs 1 - Power Train
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Figure 4 - WTS+2 Power Oscillation, May 12, 1982
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A _CONCEPTUAL FRAMEWORK FOR EVALUATING VARIABLL

SPEED GENERALOR OPTIONS POR WIND ENERGY APPLICATIONS

T.W. Reddoch
Electrotek Concepts Inc.
Knoxville, Tennessee

T.A.Lipo
University of Wisconsin
Madison, Wisconsin

ABSTRACT

Interest in variable speed generating technology has
accelerated as greater emphasis on overall efficiency
and superior dynamic and control properties in
wvind-electric generating systems are sought. This
paper reviews variable speed technology options
providing advantages and disadvantages of each.
Furthermore, the dynamic properties of variable speed
systems are contrasted with synchronous operation.
Finally, control properties of variable speed systems
are examined.

INTRODUCTION

‘The development of wind energy as a viable electric
generating option for intertie to electric utility
systems dictates total system requirements which
include an effectivc and efficient wind turbine
svstem as well as an acceptable interaction with the
electric utility system. Fulfilling both of these
needs places significant constraints on the turbine
generator design since aeruodynamic needs do not
necessarily correspoad with those of the electric
utility system. As a result, a total system approach
is required in order to capture essential
characteristics to satisfy both needs.

Historically, large horizontal turbiue designs have
sought a constant speed configuation utilizing a
synchronous generator. S ch designs tend to minimize
mechanical resonance problems. Some vertical axis
turbines and many swall horizontal axis machines have
utilized variable speed arrangemerts, usually
inductfon generators. Most of these efforts have
concentrated on rather simple electrical
configurations, 1In an effort to raise the overall
productivity and efficiency of wind turbine systems,
recently, attention has been directed to variable
speed options for large horizontal axis machlines with
emphagis on a total wind turbine/generator/utility
design. The additional degree of freedom that
variable speed provides has to be integrated into a
control concept that considers not only the process
needs, i.e., the wind turbine and its energy source,
but also the total system needs, i.e., the power
system and {ts operation. In the past, most variable
speed efforts have utilized available configurations
out of convenience rather than developing & system
from the "ground floor" for wind energy application,
This paper will focus on a conceptual framework for
assessing variable speed teclinology and its
application to wind energy with a goal of developing
an approach which is an alternative <o a synchronous
interconnection.

E.N. Hinrichsen
Power Technologies Inc.
Schenectady, N.Y.
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CONCEPTUAL FRAMEWORK

The issue of variable speed electric generating
systems must be considered relative to their
application to wind energy. Largely, the choice of
system and the configuration to date has dwelled on
"what’s available.” A key item for best overall
system effectiveness and efficiency is the design of
the turbine/generator/utility interface combination.
Aeroturbine performance requiremsents aust be
coordinated with the design of the variable speed
geanerator. As a result, the turbine generator
system, its dynamic interaction with the electric
utility system, and the overall control system must

be designed as an integrated process. (See Figure
1.)
WIND
TURBINE e~ e~ =~ — — & gymmaox,
GENERATOR
p )
i
{
1
|
]
i
§
DYNAMIC 0
INTERACTION e e o
WITH
UTILYTY
Figure 1. Wind Turbiue/Generator/Utility Process

The three conceptual components showa in Figure 1 are
key elements of the variable speed system. The sgolid
line represents the natural interaction between wind
system and the utility system. The dotted lines
represent the control requirements which must shape

the turbine-generator response as well as the
turbine-generator interaction with the electric
system. In an effort to develop future variable

speed systems as well as evaluate present designs,
the following activities are recommended:

o Evaluate the variety of converter-
variable speed options and assess
them for their shortcomings and es-
tablish target requirements for
new gystems.



o Characterize the dynamic interact.on
between variable apeed systems and
electric utility systems.

o Develop strategy reguirements and
control systems for various conver-
ter-variable speed option for both
the turbine-generator pair and its
interaction with the electric
systeam.

o Develop computer models for various
converter-variable speed options.

o Design field tests for the various
options to validate the computer
models,

VARIABLE SPEED TECHNOLOGY OPTIONS

It is apparent that the number of possible candidate
variable speed systems is very large and it is not
feasible to cover in detail all such systems. In
particular the number of feasible schemes appears to
vary inversely as the power rating of the WIG. For
additional details on the various options, the reader
is directed to Lipo [1].

DC Generator with Line Commutated
Inverter Bridge

Probably the most straightforward variable speed
system utilizes a DC generator with inversion of the
generated DC power to AC by use of a line commutated
rectifier bridge. Current flow is in 120 degree
blocks at the line frequency on the AC side of the
inverter thus requiring filtering at the AC terminals
of the bridge to suppress harmonic current flow into
the power system and to correct the power factor to
unity. Because of the heavy filtering required to
eliminate unwanted harmonics of the simple six pulse
bridge, other bridge configurations are also in
common use. For example, the dual six pulse bridge
arrangement results in the elimination of the lowest
frequencies, the 5th and 7th harmonics components
inherent in simple bridge configurations while
halving the next lowest components, the 1lth and
13th. An advantage of the dual bridge configuration
is that each bridge need only be rated at one-half
the KVA rating of the single bridge. It should be
mentioned that such alternatives are generic to any
of the systems to be discussed which utilize bridge
configurations.

While not strictly necessary, some filtering of the
DC voltage of the bridge is typically employed so as
to minimize stray losses in the generator due to
harmonic currents. The simplest trpe of filter is to
eimply use a DC link inductor to simply smooth the
current. Such systems are said to utilize a DC
current link and when the size of the inductor is
large the converter-generator system operates much
like a current source. An alternative to filtering
is to place a capacitor across the terminals of the
DC machine and employ a much smaller link inductor
which 1is now selected primarily to limit charging
current into the capacitor. In this case the current
into the motor is smoothed by providing a low
impedence path to harmnnic currents, Such a

configuration is said to employ a DC voltage link.
When the capacitance is large the converter-generator
systen appears much like a voltage source to the
power system.

It {s well known that the power factor of a line
commutated bridge varies in direct proportion to the
ratio of DC to AC voltage. HBence, in order to
maintain good power factor at the terminals of the
bridge, the inverter must be controlled such that the
voltage on the DC side of the bdridge must be
maintained constant at its maximum permissible value.
In converter terminology such a control is usually
called constant extinction angle control in which the
inverter 1is commutated such that the inverter
thyristors have just sufficient time to recover
blocking ability before forward voltage is rearrlied.

Special advantages of this system include:
o Minimal torque pulsations.
o Straightforward control algorithm,
Disadvantages of this system are:
0 Maintenance and reliability coacerus.
o DC fault protection.

o Control response limitations.

Synchronous Geaerator with Thyristor
Rectifier and Inverter

Another class of systems suitable for wind power
generation is a synchronous generator supplying power
through a DC current 1link rectifier-inverter.
Commutation of the line gide inverter is accomplished
by taking VARs from the power system. Commutation of
the machine side converter is provided by leading
VARs from the synchronous machine. In this case,
excitation of the machine is by means of a brushless
exciter. Electrical generated power wmust pass
through the rectifier~inverter so that t“e converters
must be rated at the full wmachine Trating.
One-hundred and twenty degree blocks of current now
flow on the AC sides of both the rectifier and
inverter. Again, the harmonic content on either the
machine side or wutility side converters can be
reduced by more elaborate bridge configurations.

Important special advantages of this system includer:
o Wide speed range.
o High frequency torque pulsatioms.
o Strong electrical damping.
o Rapid reclosure after a fault.
Potential disadvantages of this system are:

o Lov frequency torque pulsations near
synchronous speed,

o High harmonic distortion.



Douhly Fed Induction Generator with DC
Current Link Rectifier and Inverter

Another type of system which bears a great similarity
to the synchronous generator scheme is the doubly fed
induction generator. The system again uses a
rectifier-inverter with & DC current link wherein the
machine side converter is connected to three phase
rotor windings by means of slip rings. Current flow
is in 120 degree blocks at slip frequency on the AC
side of the rotor connected converter and 60 ™z on
the AC side of the stator connected
converter. In principle, operation either above or
below synchronous speed is possible. Synchronous
speed in this case is defined as the point at which
the rotor rotates synchronously with respect to the
stator rotating MMF when the slip rings are shorted.
When the machine generates below synchronous speed,
power is supplied to the utility from the stator
windings. However, power must be supplied to the
rotor windings of the machine through the slip rings.
The power required is essentially proportional to the
difference between rotor speed and rotor synchronous
speed (slip frequency) times rated power. Hence, the
rectifier-inverter need only be rated for a fraction
of rated power (slip power). In this mode of
operation the rotor side converter operates as a
variable frequency inverter. Conversely, when the
machine generates power above synchronous speed,
power is also extracted from the rotor via the slip
rings. Again the converters need have a rating equal
only to slip power. The rotor side converter
operates in this case as a vectifier.

Among the particular advantages of this system are:
o Converter ratings based on slip power.
o Control response.
o Harmonics.
o VAR control.

This system has

including:

several particular drawbacks

o Restricted speed range.
o Torque pulsations.
o Slin ciogs.

o Llagging power factor.

Doubly Fed Induction Generator with DC
Voltage Link Rectifier and Inverter

Whereas DC current link converter configurations
obtain commutation volt-amperes from the connected
supply, DC voltage link systems typically (but not
inevitably) rely on commutation energy from special
purpose capacitor circuits or by weans of self
commutating switches (transistors or gate turn on
devices (GT0)). Such converters are inherently more
expensive than DC current link converters. However,
costs of such coaverters are decreasing rapidly with
the development of new high power transistors and
switches., If the diusired speed range is small the
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rotor connected converters need ouly handle s gmall
fraction of rated power and the possibility of using
a DC voltage link may be practical. Such s voltage
link coufiguration has a rotor connected converter
which operates in forced commutation vhile the
stator connected converter commutates nsturally.
Other arrangements are possible in which the stator
side converter (or both) are force comautated.

In general, forced commutated converters can be
operated in either of two modes. In the six step
mode the converter switches are triggersd at the
lowest possible rate to ensure s desirtd o.-iput
frequency. In this case, the converter AC side line
voltage assumes a quasi-rectangular wave shape which
forms the dual of the DC link converter. Harmonics
voltages of 5, 7, 11, 13, etc., times the fundamental
are produced which in turn, induce curreants of these

frequencies in the corresponding AC current. In the
pulse-width-moduiat :d (PWM) mode, the switching
frequency is nodulated to eliminate undesirable

harmonics. The switching frequency is sufficiently
high that harmonic torques of concern in a wind
turbine generator application are effectively
eliminated. The presence of harmonics plus the 1. .ge
DC filter requireaents of the six step mode suggests
that PWM operation would be the preferred triggering
scheme in this application.

Special advantages of a voltage link sys -em ars:

o Smooth tramsition through synchronous
speed.

o High frequency torque pulsations only.

o0 Swmaller per unit rating than equivalent
DC current liok system.

o VAR control.
Important disadvantages of this system are:

o Cost.

o Complexity.

Doubly Fed Induction Generator
and Cycloconverter

An alternative to DC current or voltage link systems
is the cycloconverter which is a device which
transforms line frequency power to adjustable
frequency power without an intermediate DC link.
Numerous cycloconverter configurations have been
proposed but the 36 thyristor arrangemeni 1is most
widely used. This type of converter operaies
essentially as a voltage source. The cycloconverter
is effectively a sampling type of converter vhere the
input frequency is fixed and the sampling frequency
changes with output frequency. In order to construct
an output waveform, samples are taken from the three
phase input. With proper modulation of the
cycloconverter the current is nearly sinusoidal with
superimposed harmonics related line frequency and to
the switching frequency of the cycloconverter
bridges. Because of the 1limits imposed by the
sampling theorer, the output becomes progressively
distorted as the output frequency i{s increased with
about 1/2 the input frequency being the maximum
obtainable with & 36 thyristor configuration.



The wmost pertc..ot
cycloconverter fed,
sche~~ appear to be:

special advantages of the
doubly fed induction generator

o Power factor coatrol.

o Smooth transition through synchronous
speed.

Several important drawbacks exist for this scheme
which restrict somewhat its usefulness. They are:

o Torque pulsations.

o Harmonic structure of the injected
line currents.

o behavior during single phase fault.

Cycloconverters can also potentially replace the dual
converter bridge of a synchronous generator system.
However, because the ratio of input to output
frequency is restricted such an application would
imply that the frequency of the generator would have
to be kept relatively low (below 15 Hz) or relatively
high (above 360 Hz) to provide for low harmonic
distortion. Operation at such low or high
frequencies would probably seriously restrict the
design of the synchronous generator. Also, since
full rated power would now pass through the
cycloconverter, severe filtering problems could
occur. Finally, serious power factor correction
problems would arise, particularly for the Ilow
frequency option in which commutating VARs are
required from the utility side to provide
communtation energy for che cycloconverter.

DYNAMIC INTERACTION WITH THE UTILITY SYSTEM

The dynmamic interaction of wind turbines and electric
utility systems has been the attention of a number of
studies. These studies have largely conce..rated on
wind turbine-generator sy**exs which utilize
synchronous generators [2]. ~ A result of those
studies was the observation of significant dynamic
interaction within the turbine-generator system and
becseen the wind turbine-generator systen and the
electric utility system. The internal oscillation is
the so called first torsional mode which is highly
oscillatory and lightly damped. If a synchronous
generator is used as the electrical converter, these
variations are faithfully reproduced thus producing a
highly variable output pot In general, damping is
provided through blade pitci control.

has accelerated in variable

As interest speed

generating technology, the properties of these sytems -

have been examined more closely [3, 4]. In order to
distinguish between variable speed gererators
(asynchronous ) and synchronous operation two
significant points should be made. In synchronous
operatiou the torsional compliance between the
electric {enerator and the utility system is low. , As
a result wind turbine-generator drive train swings
against the utility. For variable speed systems
(except for low speed slip induction generators), the
compliance between the generator and the utility is
high relative to the turbine-generator and drive
train causing the generator to swing against the
turbine. Hence, synchronous systems use blade pitch
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control most effectively while variable speed systeums
use electric torque control to regulate torsional
oscillation- Clearly, the dynamic properties are
quite diffe.ent.

Variable speed wind turbines also permit programmed
variations of turbine speed as a function of wind
speed, power level, or other process variables. This
addition:l degree of freedom can have important
benefits, such as higher turbine effticiency or
reduced structural loads.

Most of he benefits of variable speed can be
achieved with a relatively small speed range (20-302
of nominal speed). A small speed variation is also
desirable to 1limit rotor exposure to natural
frequencies. If slow turbine blade angle control is
superimposed on fast generator torque ccotrol, the
speea range required for input energy variations can
be reduced significantly.

Dynamic interactions between wind turbine and utility
system can largely be eliminated by variable speed.
Within the onstraints of rotor inertia and speed
range, the aerator can deliver constant energy even
though the turbine is operating in a variable energy
medium.

CONTROL SYSTEM REQUIREMENTS

The fundamental difficulty with control of wind
turbines is the varirzion of input energy caused by
changes in wind speed. In present designs of wind
turbines, the variation in input energy causes
changes in shaft torque because speed is held
constant for syachronous generater operation. The
drive train must be designed for the resulting torque
excursions, both the steady state levels and the
variations which can excite torsional resonances.
There is little torsional compliance between present
wind turbines and power systems.

The successful control of any system depends upon
several key items. These include:

o Specification of the input to which
the system must respond.

o Specification of the desired tran-
sient and steady-state response.

o Some degree of modeling of the plant
to be controlled, including sensors
for measurement of output responses
and control actuators for modification
of the system input.

The control problems associated with variable speed
wind turbines are much the same as those associated
with fixed speazd machines. The major difference
being in the physical conversion process and perhaps
the choice of control variables. Of course there is
floxzibility in what can be achieved with a variable
speel system which is not present in fixed speed
systems. The input specifications are roughly the
same; that i{s, the turbine is to extract some measure
of power from a widely varying source, the wind. The
output specification is the delivery of power to an
electric utility system at constant voltage and
frequency and at as conc*ant a gpower level as is
practical. The problem of (ontrol of both mechanical



and electrical systems to produce saooth power from a
sometimes rapidly varying wind source is both
difficult and formidabie whether fixed or variable
spead is chosen. Botk the fixed and variable speed
systeas requi.: speed and/or torque control systems.
A fixed speed system requires fixing blade rotation
at sose reference speed in the face of sometimes
strong disturbances. A variable speed controller
will probably require maneuvering the speed of the
wind turbine to a poist of asaximum power capture
during norsal wind capture conditions and to some
specified power setting during a power liait mode.

Several problems exist with curreat horizomcal axis
wind turbine systems that can be overcome by
asynchronous operatious:

1) Fixed-speed turbine efficiencies can be optimized
through gearing selectiocns for oaly one wind
velocity. Net power capture is toerefore less than
could t: achieved at wiad speeds other than the
opiimal design speed.

2) A complex rotor-blade pitch-angle control
servomechanism is required to limit pover flow at
average wind velocities above rated. This mechanism
acts to livwit wechanical wind torque by reducing
turbine efficiency.

3) The mechanical shaft system is pronz to very
lightly damped coscillations for average wind
velocities below rated. This behavior is due to the
large rotor blade inertia, quill shaft compliance,
aod large step up gearing to the high speed geaerator
shaft. These oscillarions produce undesired stresses
on the shaft components and make resynchronization of
the generator after fault clearance difficult.

4) With turbine speed fixed, fluctuations in wind
velocity produce corresponding wmechanical torque
fluctuations which pass essentially unattenuated into
electrical power flow producing an undesirably large
variance ian electrical power.

A variable speed control system capable of fast
control of generator torque can be used ad just
turbine efficiency, absorb wind gusting energy, and
provide damping for shaft oscillations “*hus
alleviaticg some of the difficulties encountered with
fixed speed systems. Variable speed systems are of
course, not without pctential prcblems of their owa.

The key control features for variable speed wand
turbines are fast, electrical torque coutrol at the
generator and slow, mechanical speed control at the
tu.bine. The prograsmed variations of turbine speed
‘n response to other process varjiables can be
introduced as changes to the turbine speed setpoint
or the generator torque setpoint.

Turbine~Generator Control

In order to discuss specific trade-offs in control
system design between fixed and variable speed
sysrems, consider Figure 2. This diagram depicts a
sneewhat simplistic but yet generic wind turbine
together with its various inputs and outputs
including wind velocity, the bla.e pitch angle, and
the rotationsl speed. Functionally, the aeroturbine
combines these quantities to produce mechanical
torque. The electrical torque produced by the
electrical conversion process along with the utflicy
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tie and che mechan . shaft torque are drivem to
some particular val. : in steady state. If a mismatch
occurs, the deviation is used through the wmechanical
dynsaics (including shaft complisnces, gear-box, and
inertias) to accelerate or de-accelerate the machine
speed. Note the implicit feedback control loop. In
a fixed speed system, the blade pitch angle is
adjusted so that the difierence between mechanical
and electrical torque is a constant and hence the
speed {s coustant.
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Figure 2. Wind Turbine-Generator System

Blade pitch and electrical torque are regarded as
controllable inputs and wind speed as uncontrollable
input. In a fixed speed synchronous system, the
electrical torque is controllable through the exciter
of a synchronous machine .nd not at all with an
induction machine. Typically the exciter of a
syachronous machine is used to control VAR flow,
power factor, or for the regulation of termipal
voltage.

In a2 real sease, blade pitch and electrical torque
are equivalent speed regulating mechanisas excepting

ttat one is electrical and one is mechanical. In all
cases speed 1is shaped through the sechanical
d'mamics.

In a fixed speed system the desired speed is that
speed which produces a 60 Hez electrical waveform. In
a variable speed system, desirad speed will probably
depend on some filtered version of the wird sgpeed.
Figure 2 shows control through both the electrical
torque and the blade pitch angle. Control through
manipulation of electrical torque is more achievable
in a variable speed system because in introducing the
isolation between grid and wachine, additional
electrical contrc! is available. One of the values
of the variable spead gererating options 1is this
additional degree of freedom of effective control.



In variable speed systems, it is interesting to note
that power can be spilled by either increasing the
speed of the wachine thus allowing the gpilled energy
to go into rotational energy, or by decreasing the
machine speed to a more (but appropriate) inefficient
operating point thus requiring wore wind for the same
output power. Either scheme will work for regulating
pover. Overspeed control would be preferable because
the stored energy could be re~captured. However, the
degree of overspeud will be decermined through
structural requirements. Clearly, there are
trade—offs between turbine design, blade control, and
electrical coantrol that needs examination.

Systems Countrol Strategy

Wind turbine systea control requirements should be
bagsed on the highest credible penetration of
machines. It is well to remember that utility system
needs are often aneglected wvhen aew energy
technologiss are developed [5]. Essential system
requirements of varizble speed wind turbines are:

o Proportional control of line fre-
quency as a fuaction of load. This
is necessary so that generation can
be -djusted in response to changes
in ioad and that load can be shared
with other sources in a controlled
manner. Frequency control cannot be
accomplished by turbine speed control
because line fraqueacy is mo longer
dependent on turbine speed. Converter
equipment used in the variable speed
system cannot depend on line frequency
for commutation.

o Control cf line voitage. This is
necessary to provide voltage support
to the power system. Var generation
as well as var absorptiom should be
possible.

While the feasibility and philosophy of variable
speed control system design have been examined, thece
are additional problems that may occur. Because of
rece~t trends in wind turbine mechanical design to
"floxible™ systems (flexible blades. teetering hubs,
soft shafts, etc.) many modes exist in the structural
and torsional design. These are cause for concern
and the flexible design policy needs tc be
re-examined in light of the possibility of exciting
these modes with variable speed operation. Mode
avoidance can be accomplished to some extent through
control policy but would not be preferable to
designing the troubiesome wmechanical wodes out by
rigid blade and towe: construction ff possible.

In addition, electrical speed control i{s favored over
mechanical control bhecause of fts simplicity. There
are no rotating couplings to leak or pneumatic
actuators to fail. It remains to be seen what
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generator torque Tequirements are aecessary to
accomplish the control. Finally, the specification
of the input and output are an issue. The couatrol
systea designs should de flexidlc enough te follow a
reasoaable variation in the wind while the output
should have the capsacity for arbitrary sacothing (at

the expeuase of loss of wind capture).
CONCLUSIONS

An examination of variable speed electric generating
systess for vind energy has been provided. The three
key elements discussed include variable speed
optioas, dynamics of variable speed svstems, and
coutrol. The merits cof the variable speed systea
include high wind turbine collection efficiency and
superior dynamic properties with the addition of
proper controls. Inefficiency in the variable
generator can be minimized through careful design.
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ABSTRACT
The electrical systermn options for variable speed
operalion of a wind turbine generator is treated in this
paper. The key operating ch..racteristics of cach system
are discussed and the major advantages and disadvantages
of each are identified.

Adjustable speed operation of AC motors by use of fre-
quency converters is making rapid inroads in the DC drive
market. On the other hand, the concept of variable speed
as applied to power generation rather than power utiliza-
tion has, except for several prototype systems, not been
widely exploited. The rapid development of AC adjustable
speed drives has, however, resuited in an array of alterna-
tives which also have potential application for variable
speed power geperztion. This paper will focus on the
options available for variable speed wind turbine genera-
tors (WIGs} together with the advantages and disadvan-
tages of each Iun particular, potential configurations for
large wind turbine generators rated above 1 MW are
emphasized.

CANDIDATE VARIABLE SPEED SYSTEMS
FOR LARGE WIND TURBINE GENERATORS

The field of adjustable speed machine systems is an
active and growing discipline such that a completely
comprehensive treatment of technology options is an
extremely difficult task. In particular the number of feasi-
ble options appears to vary inversely with the power rating
of the WIG. This paper will be concerned primarily with
identifying major technology options primarily at WTGs
rated above 1 MW. A less comprehensive assessment of
technology options for lower power WIGs are suramarized
in the second portion of this paper.

Probably the most straightiorward variable speed sys-
tem for a WIG utilizes a DC generator with inversion of the
generated NC power to AC by use of a line commutated
rectifier tridge as shown ir Fig. 1. Current flow is in 120°
blocks at line frequency on the AC side of the inverter and
filtering at the AC terminals of the bridge is needed to
suppress } monic c.oment flow into the power system and
to correct the power factor to unity. Bec~ use of the heavy
filtering ~equired to eliminate unwanted Liarmonics of the
simple six pulse bridge of Fig. 1, other bridge
configurations are also in common use. For - xample, the
dual six pulse bridge arrangement of Fig. %ﬂ'esults&{\ the
elimination of the lowest frequencies, the 5~ and 7
monic components inherent in the bridge configuration a{
Fig. 1 while halving the next lowest components, the 11

and 13'8. An advantage of the dual bridge coofiguration of
Fig. 2 is that each bridge need only be rated at one-half
the KVA rating of the single bridge of Fig. 1. It should be
“nentioned that such alternatives are generic to any of the
systems to be discussed which ulilize six pulse bridge
configurations.
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Fig. 1 DC Generator with DC Current Link and DC/AC
Inverter.
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Fig. 2 DC Generator vith DC Current Link and Dual DC/AC
Inverters.

While not strictly necessary, some filtering of the DC
voltage of the bridge is typically employed so as to minim-
ize stray losses in the generator due to harmonic currents.
The simplest type of filter is to sim=uly use a DC link induc-
tor as shown in Fig 1 to smooth the current. Such systems
are said to utilize a DC current link and when the size of
the inductor is large, the converter/generator system
operates much like a current source. An alternative to the
filtering problem is the placement of a capeacitor across
the terminals of the machine and employ a much smalier
link inductor which is now selected primarily to limit
charging current into the capacitor as shown in Fig. 3. In
this case the current flow from the machine is smoothed
by providing a low impedance path to harmonic currents.
Such a configuration is said to employ a DC voltage link



arriving from the converter. When the capacitance is large
the converter/generator system appears much like a vol-
tage source o the power system.
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Fig. 3 DC Gra ator with DC Voltage Link and DC/AC
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It is well k1 com that the power factor of a line commy-
tated bridpe var zes in direct proportion to the ratio of DC
to AC woltag=. E+nce, in order to maintain good power fac-
tor at “he tetm.nals of the bridge. the inverter must be
controlied such that the woltage on the "C side of the
bridge must be maintained constant ne. ts maximum
permiss ble walu . In converter terminology such a con
trol is usually ~ led constant extinction angle con'rol in
whick <he ipwn r is commutated such that the inverter
thyristers have ust sufficient time to recover blocking
ability tefore f22:-ard voltage is reapplied.

Oper.: tion: of the DC generator at a variable speed,
however, .mpiie; a variable DC voltage since the internal
generated ENF of the machine varies directly proportional
to speed. U the ipeed range of the WIG is small {10 to
15%) the DC side voltage can be maintained at its rated
value, however, by simply increasing the field excitation of
the DC generatcr as speed decreases. Such a control stra-
tegy irpiies a slight overdesign of the generator in order
to overfiux ‘ te ma:hine and accomodate the extra field
heating. Alte maiively, for larger speed ranges the DC vol-
tage ai the irverter terminals must be reduced to match
the varying D ® generator voltage by contro! of the inverter
extinction an, le. Since the system power factor would then
vary, such a ontrol would imply a larger capacitor bank
for power fact- r corr=ction.

Special advan! age's of this sys*- a include:

1) Minimal Torju: Pulsatioc Since the generator is
DC rather than A( ti:e torque pulsations associated with
harmonic curients due to switching of the machine side
converter is eliminated. Some residual torque pulsations
will remain depending upon the degree of DC side filtering.
However, the frequeicy of these pulsations are 360 Hz and
multiples of 360 Hz which are -mlikely to cause resonance
problems.

2) Straightforwmird Control Algorithm. Whereas the
control of AC macuines in a variable spred application
often beccmes rather complex, th rorresponding control
of 2 DC machine is siiaplicitv itse. and is a long esta-
blished technology.

Several unique disadv lages which could influence
application of this systetn tu a WIG application are:

1) Maintainence .nd Reliability Concerns. The
shortcomings of IXC nachines in these important cata-
gories have been 7~ cited, perhaps overly so. Since most
WTIG installations do not require continuous operation,
brush and co~ .utato maintainence should not be partic-
ularly difficc . Howev. T, reliability ¢'2stions concerning a
large me Lanically cornmutated rr .chine in the envoirn-
ment of a WIG remain L5 be resnlsed.

2) DC Fault Protection. 7is system shares with most
other conflgurations thie advantages of quickly isolating
the machine from th. A. systeny. Rapid control of the
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converter bride can prevent fault current contributions
from the DC machine when faults occur on the AC side of
the converter. However, rapid interruption of faults on
the machine side of the converter necessitates a DC
breaker which is more expensive and requires more main-
tainence than an AC breaker.

3) Control Response Limitations. One of the potential
advantages of variable speed systems over constant speed
systems is the potential ability to damp torsional oscilla-
tions of the WIG. Such an application would however,
require torque control over a wide bandwidth. In com-
parison to many AC systems which will be discussed, the
speed of response of the system of Fig. 1 is relatively slow
since torque control is accomplished by adjustment of the
field current. The inherently large field time constant
would be difficult to overcome if rapid changes in torque
were necessary.

Problems involved with rapid control of torque could
clearly be avoided with armature control However, since
power factor is an important consideration, modulation of
the wvoltage of the converler bridge of Fig. 1 would prob-
ably be impractical. Use of a chopper intermediate stage
would accomplish this task but such a farce commutated
device is considered as impractical for WIGs of large
kilowatt rating. Such configurations are more suitable for
lower power applications which will be addressed later.

Inverter

Another class of system suitable for wind power gen-
eration is a synchronous generator supplying power
through a DC current link rectifer/inverter as illustrated
in Fig. 4. Commutation of the line side inverter is again
accomplished by taking VARs from the power system.
Commutation of the machine side converter is provided by
taking VARs from the synchronous machine. In this case,
excitation of the machine is by means of a brushless
exciter.

DC Corvent Limk
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Fig. 4 Synchronous Generator with DC C t Link
DC/AC Inverter. e and

_I':lectpcal generated power must pass through the
recuﬁer/mve.rter so that the converters must be rated at
the full machine rating. In this case 120° blocks of current
now_ on the AC sides of both the rectifier and inverter.
Aa_a_m. thc harmonic content on either the machine side or
utility side converters can be reduced by more elaborate
bridge gonﬁgurations. In particular, the synchronous gen-
erator is frequently wound as dual three phase winding
groups wherein each group feeds six pulse bridges in much
the same manner as Fig. 2. I the speed range is again nar-
ro_w'(lo-lsz) the line side inverter can be maintained at its
mnimum extinction angle by adjusting the field current of
the synchronous generator with speed in much the same
menner as for the DC generator.

Important special advantages of this system include
1) Wide Speed Range. In general, u’f switching fre-
quency of the machine side converters is limited by the
subtransient reactance of the machine. With typical per
unit numbers, frequencies of 150-200 Hz are readily



obtainable.

2) High Frequency Torque Pulsations. The torque oul-
sations are again multiples of six times the frequency of
the machine side converter. Since a typical frequency
range of the machine side inverter in a wind power appii-
cation is 30-90 Hz the torque pulsations will range form
180 to 540 Hz, whicl. is comjortably above the measured
resonances of the wind generator.

3) Strong Electrical Damping. Again strong damping of
mechanical oscillations can be initiated from the machine
side of the mechanical system. Since the {requercy range
of the rectifier is relatively high (30-90 Hz), effective con-
trol of oscillations can be maintained over the speed

e.

4) Rapid Reclosure After a Fault. Upon a line interrup-
tion following a fault, the inverter is : olated from the line
and hence the commutation energy to switch the inverter
is lost. However, the current flow in the DC link can be
maintained as circulating current by simultaneous firing of
a thyristor in the top and bottom of the inverter bridze.
Upon clearing of the fault, current can be rapidly esta-
blished on the AC side of the converter by suitable control

This systemn has a number of potential disadvantages
among which are:

1) Low Frequency Torque Pulsations Near Synchronous
Speed. The DC side ripple harmonics of the bus side con-
verter is fixed at 360 Hz whereas the ripple DC link har-
monics of the machine side converter are six times tke
inverter frequency. When the machine approaches syn-
chronous speed the superposition of the two frequencies ia
the DC link can produce sum and difference “beating™ fre-
quencies. Since these beat frequencies pass into the
machine, torque harmonics much lower than that pro-
duced by either converter operating independently can
arise. These currents can produce torques which resonate

ith the mechanical system. This beating effect can be
minimized with proper selection of the DC link reactor and
control of the machine side converter.

2) High Harmonic Distortion. Again the current on the
AC side of the converter set is comprised of 120° blocks.
These quasi-rectangular currents are relatively large since
the converter is rated at full rated power of the generator.
The harmonic content injected into the power system can
egain be reduced with the more elaborate bridge
configuration of Fig. 2.

If controlled starting as a motor is not required, it is
possible to replace the machine side thyristor converter
by a simple diode bridge. Torque control of the machine
must now accomplished by field contro!l. Response of the
system is similar to the DC system of Fig. 1 and rapid
control of the armature current is sacrificed.

Doubly Fed Induction Generator with DC Curremt Link
Rectifier and Inverter

Another type of system which bears a great similarity
to the synchronous generator scheme of Fig. 4 is the dou-
bly fed induction generator of Fig. 5. The system again
uses a rectifier/inverter with a DC current link wherein
the machine side converter is connected to three phase
rotor windings by means of slip rings. Current flow is in
120° blocks at slip frequ ‘ncy on the AC side of the rotor
connected converter and 60 Hz on the AC side of the stator
connected converter.

In principle, operation either above or below synchre-
nous speed is possible. Synchronous speed in this case is
defined as the point at which the rotor rotates synchro-
nously with respect to the stator rotating MMF when the
slip rings are shorted. When the machine generates power
belov synchronous speed, power is supplied to the utihity

from the stator windings. However, power must still be
supplied to the rotor windings of the machine through the
slip rings. The power required is essentially proportional
to the difference beiween rotor speed and rotor synchro-
nous speed (slip frequency) times rated power. Hence, if
the speed range is limited the rectifier/inverter need only
be rated for a fraction of rated power (slip power). It can
be noted from Fig. 5 that in this mode of operation the
rotor side converter operates as a variable frequency
inverter. Conversely, when the machine generates power
above synchronous speed, electrical power is also
extracted from the rotor via the slip rings. Again the con-
veriers need have a rating equal only to slip power. The
rotor side converter operates in this case as a reclifier.
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Fig. 5 Doubly Fed Induction Generator with DC Cusrent
Link and AC/DC/AC Rectifier-Inverter.

In addition to the usual step down transformer Irom
the distribution voltage level, another transformer is typi-
cally provided to match the voltage level of the rotor wind-
ings to that of the stator. This transformer provides addi-
tional short circuit protection and helps reduce the ripple
current content in the DC link. The turns ratio is usually
selected so that the extinction angle of the inverter and
retard angle of the rectifier are at their minimum values
when the machine operates at maximurm slip frequency.

Among the particular advantages of this system are:

1) Converter Ratings Based on Slip Power. As noted
above the converters need be rated only at a fraction of
rated power. For example, if the expected speed range is
10-15% then the converters need be rated oaly at 0.1-0.15
per unit pcwer.

2) Control Response. Since the rotor connected brige
must control power at slip frequency the response of this
system is not expected to be as good as the synchronous
motor system of Fig. 4. Nonetheless, the response can be
markedly improved compared with the DC generstor
configuration of Fig. 1.

3) Hearmonics. Since the bridges handle only slip
power, the corresponding current harmonics are also pro-
portional to slip power and are more easily fiitered than
previous systems.

4) VAR Control. While the VAR requirements of this
system are always positive (lagging VARs), a certain
amount of VAR control is possible by coordinating the con-
trol angles of the rectifier and inverter. Hence, unity
power factor operation could be achieved continuously
with a fixed capacitor bank without the need ior swiching
capacitors.

This system has several particular drawbacks includ-
ing:

i) Restricted Speed Range. From the above discussion
it is apparent that the power flow into the rotor reverses
direction as the machine passes through synchrenous
speed. As a result, the rotor side bridge looses commuta-
tion energy and a “dead spot” exists in which control is
lost. One possible solutior to this problem is to provide
forced commutation capability for the rotor side bridge. A
number of such forced commutation circuits are possible
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but a particulary sumple arrangement is shown in Fig. 6.
Since forced commutation is only required near synchro-
nous speed, the size of the ccmmutation capacitor would
not be substantial. Note however that since the circuit
utilizes the neutral connection of the rotor an extra slip
ring must be provided.
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Fig. 6 Doubly Fed Induction Generator Arrangement with
Force-Commutated Rectifier.

Another solution to the loss of control problem is to
simply operate the system only above or below synchro-
nous speed. Continuous operaticn above synchromous
speed appears to be the preferred strategy due to the
difficulty in operating with a bridge in the variable fre-
quency inversion mcde and the size penalties involved in
operating an electrical machine below rather than above
its nominal rated speed. ™ )

2) Torque Pulsations. The recumgﬂar Glirren whﬁx
ﬂow)in t.tl: rotor windings result in 5™, 7, ll‘ﬁ. 137,
-.- harmonics of slip frequency. These harmonic
currents in turn interact with the fundamental componiﬂt
to &rodlﬁe electromagnetic torque pulsations at the 6,
1 18", --. harmonics of slip frequency. Since the
slip frequency spans the range from near zero to, say 20
Hz, the sixth harmonic torque pulsation would vary from
zero to 120 Hz Although the amplitude of these puisations
is rather small, large amplification can occur at the
mechanical resonant frequencies. It has been shown that
by modulating the DC link current the amplitude of these
pulsating torques can be reduced by a factor of ten (1.
Resilient couplings, for example a Holset coupling. can be
used to reduce the amplitude of these injected torques to
a manageable value. Nonetheless, the difficulty of torque
pulsations appears to be a major disadvantage of this sys-
tem.

3) Slip Rings. Presence of slip rings implies a pctential
maintainance issue which is not present with the synchro-
nous generator scheme. Since the rotor current flows in
120° blocks the current in a given phase is zerv over 6C°
mtervals and these intervals can be substantial at low slip
frequency. It is well known that rapid brush wear can
occur under zero current conditions but the severity of
the problem under discontinuous operation with a con-
verter is apparenlly not well understocd. Alse, without
careful design the quasi-rectangular currents can induce
currents in the rotor body itself which could, potentially,
cause deterioratica of the rotor bearings Both effects are
potential concerns which needs to be addressed.

4) Lagging Power Factor Since both the rectifier and
inverter must absorb VARs to effect commutation, the
overall power factor of this system cannot be raised to
unity. A relatively substantial bank of power factor
correcting capacitors would be required to supply the VAR
need of both the induction generator as well as the con-
verters.

As was the case for the synchronous generator
configure tion, the thyristor bridge (rotor connected bridge
in the case of super synchronous operation} can be
replaced by a simple diode bridge. Control of rotor power

is maintained by means of the firing angle of t* inverter
bridge. However, the possibility of starting the machine as
a motor is again lost. The VAR input into the system can-
not be adjusted since the inverter control must be dedi-
cated to control of power.

Doubly Fed Induction Generator with DC Voltage Link
Rectifier and Inverter

Whereas DC current link converter configurations
derive commutation vult-ampere . from the connected sup-
ply. DC voltage link systems typically (but not inevitably}
rely on commutation energy from special purpose capaci-
tor circuits or by means of self commutating switches
(transistors or GTOs). Such converters are inherently
more expensive than DC current link converters. However,
costs of these converters are decreasing rapidly with the
development of new high power transistor and gate turn-
off (GTO) switches. If Lie desired speed range is small the
rotor connected cor.verters need only handle a small frac-
tion of rated power and the possibility ol using a DC vol-
tage link :inay be practical. Such a voltage link
configuration is shown :n Fig. 7 in which the rotor con-
nected converter is operated in forced commutation while
the stator connected converier commutates naturally.
Other arrangements are possible in which the stator side
converter {or both} are force commutated.

Fig. 7 Doubly Fed Induction Generator with DC Voltage
Link and Force- Commutated Rectifier.

In general, forced commutated converters can be
operated in either of two modes. In the six step mode the
converter switches are triggered at the lowest possible
rate to ensure a desired output frequency. In this case the
converter AC side line voltage assumes a quasi-rectangular
waveshape of 120° voltage blocks which, in effect, forms
the dual of the DC link converter. Harmonic voltages of
5,7,11,13. .. times the fundamental are produced which, in
turn, induce currents of these frequencies in the
corresponding AC current. In the pulse-width-modulated
or PWM mode the switching frequency is modulated so as
to eliminate these undesirable harmonics. The switching
frequency is sufficiently high that harmonic torques which
would be of concern in a wind turbine generator applica-
tion are effectively eliminated. The presence of harmonics
Plus the large DC fiiter requirements of the six step mode
suggests that PWM operation would be the preferred
triggering scheme for this application.

Special advanteges of a voltage link system are:

1) Smooth Transition Through Synchronous Speed.
Since commutation of the rotor side converter is now pro-
vided internally, the problem of "dead spots” near syn-
chronous speed is eliminated. Control gamns remain high
throughout a wide speed range including synchronous
speed so that strong damping of mechanical oscillations is
always possible.

2) High Frequency Torque Pulsations Only. In general,
the frequency cf a PWM inverter is readily raised to the
point where the resulting torque harmonics are well above
the resonant frequenc:es of the mechanical system.
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3) Smaller Per Unit Rating than Equivalent DC Current
Link System. Since a PWM converter is equally capable of
rectilying or inverting, operation of the generator above or
below synchronous speed is possble. Hence, for a given
variation in power from maximum to minimum speed, the
rating of the PWMN converter need be rated only at the
difference between maximum and minimum power sug-
gesting a slight saving in rating of the DC voltage link sys-
tem compared to the DC current link.

4) VAR Control. Since the force commutated converter
does not require VARs for successful operation it can actu-
ally supply VARs to the Cenerator thereby permitting the
control of VARs as well as power. Operation of the system
at unity or leading power factor appears possible with
proper attention to the rating of the converters.

Important disadvantages of this system are:

1) Cost. There is a cost penalty for this system due to
the requirements of hig.. grade switches and/or extra
components needed to accomplish forced commutation.
However, the cost of such converters are rapidly dropping
due to the emergence of new high power tramsistors and
GTOs. Of all the configurations under consideration this
svstem is perhaps the most dependent on emerging tech-
nology.

2} Complexity. Successiul implementation of PWN
schemes typically require a considerably more compli-
cated voitage control algorithm which invites questions
concerning reliability. Operation of the PWM converter
both above and below synchronous speed implies an extra
diode bridge to supply power during subsynchronous
operation (shown in Fig. 8)
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Fig. 8 Doubly Fed Induction Generator Scheme Capable of
Operation Above and Below Synchrorous Speed.

Poubly Fed Induction Generator and Cycloconverter

An alternative to DC current or vcltage link systems is
the cycloconverter configuration of Fig. 9. The cyclocon-
verter is a device which transforms line frequency power
to adjustable frequency power directly without use of an
intermediate DC link. Numerous cycloconverter
con“ ,urations have been proposed but the 36 thyristor

ar gement shown in Fig. 9 is ..0st widely used. Th's type
o. onver - operates essentially as a voltage source. The
cyclocenve er is effectively a sampling type of converter

where the input frequency is fixed and the sarnpling fre-
quency changes with output frequency In order to con-
struct an output waveform, samples are taken from the
three phase input. With proper modulation of the cyclo-
converter the current 1s nearly sinusoidal with superim-
posed ha —ionics related line frequency and to the switch-
ing frequency of the cycloconverter bridges. Because of
the limits imposed by the sampling theorem, the output
becomes progressively disturted as the output frequency
is increased with about 1,2 the input frequency being the
maximum cbtainable with a 36 thyristor configuration.
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Conversion.

As was the case for current and voltage DC hnk sys-
tem, numerous types ol cycloconverters are useful. For
example, an 18 thyristor voltage source system can be
employed. In this case the useful frequency range is im-
ited to about 1/3 the input frequency. Current source
cycloconverters are also in use. Such a cycloconverter is
often called a “hidden link" cycloconverter since the
current source mechanism is obtained by use of an AC
inductor on the input side of the cycloconverter.

Since isolatation is needed to prevent short circuits,
cycloconverters are generally accompanied by an input
transformer with three isolated secondaries. T-» turns
ratio is selected to provide maximum output volt *¢2 under
the highest slip power condition. In principle, the
transformer could be omitted if the three rotor phases of
the machine were isolated. However, this option is not
considered practical for a WIG as it would require six slip
rings rather than three.

The most pertinent special advantages ol the cyclo-
converter fed, doubly fed induction generator schem
appear to be:

1) Power Factor Control. With proper control of the
voltage applied to the rotor of the machine, the VARs con-
sumed or supplied by the machine can be adjusted at will.
In particular, by proper adjustment the VARs required to
provide switching of the cycloconverter can be obtained
from the stator of the machine itself so that the entire
system is "self-supporting” and the machine is capable of
supplyir.g power at uruty power factor

2) Smooth Transition Through Synchronous Speed.
This configurations shares with the PWM DC voltage link
the capability of continuous operation at synchronous
speed. The "dead zone” inherent in naturally commutated
DC current link converter systems is not present in this
arrangement. The WTG application appears to be a good
match for the inherent performance capabilities of the
cycioconverter since the speed range of the WIG is rela-
tively narrow, requiring only a limited range of output fre-
quencies from the cycloconverter. Since commutation
takes place at a fixed rate (380 Hz), good contral of the
rotor current is maintained down to DC frequency so that
damping of torsional oscillations can be provided even
when the output frequency is near {(or at} zero

Several important drawbacks exist for this scheme
which restrict somewhat its usefulness. They are:

1) Torque Pulsations. In general, harmonic torques
produced by the switching of the cycloconverter are not of
concern since the predominant Irequencies are integer
multiples of 380 Hz, which are well above the resonant fre-



quencies of the mechanical system. However, because the
switching of the cycloconverter is not synchronously tied
to the output frequency, harmonic components of the out-
put are not rigorously tied to the fundamental frequency
of the input. Low frequency torque puisations could arise
which may induce mechanical oscillations. In particular, a
"beating” phenomenon occurs when the frequency
approaches integer fractions of 60 Hz (23,6.10,12,15,...
Hzj}. Amplitude of these pulsations are very small for high
integer ratios of input to output frequencies (30:1, 20:1,
etc.) but may become appreciable at lower ratios (4:1,3:1
and 2:1}. The most severe (2:1 and 3:1} can be avoided by
restricting the frequency output (rotor slip frequency) to
less than 20 hz. The next most severe conditions for a ¥TG
application are the 12 and 15 Hz cases which would have to
be carefully examined.

2) Harmonic Structure of the injected Line Currents.
One property which distinguishes the cycloconverter from
the DC voltage or current link system is that the harmonic
structure of the voltage output is not an easily prediciable
function. Harmonics are dependent not only upon the
input frequency and switching instant but also upon the
impedance presented to the cycloconverter during com-
mutation (switching of the cycloconverter thyristors). Due
to the asynchronous tie between input and output the har-
monic structure of the output spans a frequency band
rather than consisting of discrete harmonic components of
the input. As a result the filtering problem is somewhat
more complicated. Since tuned filters are inappropriate, a
low pass filter must be used which implies heavy filtering
requirements.

3) Behavior During Single Phase Line Fault. In genera’,
buffering of the machine from the utility by means of a
converter provides an inherent benefit in the event of sys-
tem faults since the line side converter can be rapidly con-
trolled to greatly reduce the fault contribution from the
wind turbine generator. However, the characteristic of a
single phase fault or single phase open circuit is particu-
larly difficult for cycloconverter systems since large har-
monic components including fundamental components of
the line freguency are admtted into the output (ie.
appear on the rotor side of the cycloconverter) upon a sin-
gle phase fault. Whereas six pulse converter bridge
schemes can be equipped to handle such occurances, a
cycloconverter fed machine would probably require
switching off the line resulting in a reliabilty concern rela-
tive to other alternatives.

Cycloconverters can also potentially replace the dual
converter bridge of & synchronous generator system (Fig.
4). However, because the ratio of input to output fre-
quency is restricted, such an application would imply that
the frequency of the generator would have to be kept rela-
tively low (below 15 Hz) or relatively high (above 360 Hz) to
provide for low harmonic distortion. Operation at such low
or high frequencies would probably seriously restrict the
design of the synchronous generator. Also, since full rated
power must now pass through the cycloconverter, severe
filtering problems would occur. Finally, serious power fac-
tor correction problems would also arise, particularly for
the low frequency option in which cormmutating VARs are
required from the utility side to provide commutation
energy for the cycloconverter.

VARIABLE SPEED OPTIONS FOR
SMALLER WIND TURBINE GENERATORS
As the rating of the WIG is reduced the number of
alternatives is enlarged. All of the previously mentioned
schemes remain practical for lower power applications.
However, 1n general, the per unit costs of wound fleld

machines such as the synchronous and wound rotor induc-
tion generator increase as ratings of such systems
decrease, thereby permitting various DC and cage rotor
induction generator configurations utilizing force commu-
tation to become more competitive If variable speed sys-
tems which require connection to passive loads rather
than the utility grid are not considered, the following addi-
tional systems can be identified.

DC Generator with Chopper Based DC Voltage Link

Figure 10 shows a DC WTG scheme in which the genera-
tor is buffered from the output by a DC voltage hink formed
by a step down chopper. The voltage on the output side of
the chopper (utility side) can be maintained constant by
pulse width modulation of the chopper. .‘ence, the
inverter bridge can be maintained at its minimum extine-
tion angle over a wide variation in generator speed. Step
up chopper arrangements are also possible in which the
varying generator DC voltage is increased through the
chopper to a higher constant level. Again current in the
utility side inverter flows in 120° blocks. Filtering require-
ments can again be relaxed by resorting to more complex
converter configurations (Fig. 2).
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Fig. 10 DC Generator with 2 Quadrant DC/DC Step Up
Chopper.

Induction Generator with DC Voltage Link

An AC alternative the chopper/DC generator is the DC
voltage link system of Fig. 11 utilizing a PWM inverter
together with a squirrel cage type induction generator.
Again, the DC link voltage can be maintained constant by
pulse width modulation of the machine side converter.
Because such an induction generator requires lagging
VARSs, the converter must be force commutated. The utility
side converter can again be controlied for best power fac-
tor operation (minimum extinction angle} necessitating
only a minimal amount of power factor correction. The
above comments concerning filtering again apply.

Operation of the machine side converter in the "six
step” mode is again possible. However, since the level of
excitation of a squirrel cage machine cannot be controlled
by independent means as for the cther machine types the
DC link voltage will necessarily change in direct proportion
to frequency. Since the DC link voltage cannot be main-
tained as constant, the utility side inverter control angle
must be adjusted continuously so accomodate this varia-
tion. Hence, the power factor of the converter can not be
kept constant but changes with control angle
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Fig. 11 Induction Generator with DC Voltage Link and
AC/DC/AC Conversion
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Induction Ger erator with DC Current Link

Another induction generator alternative incorpcrates
the use of a DC current link rather than a voltage link.
However, since excitation of the generator must again be
provided by the machine side converter, forced cornmuta-
tion is needed. Figure 12 shows such a configuration utiliz-
ing an auto-sequential type of commutaticn scheme (ASC
inverter). One problem which appears to be inherent in
the operation of this system is that the DC side voltage
varies widely with load and . _proaches zero when the
machine is unloaded. As a result, the line side converter
control angle varies widely resulting in a difficult power
factor correction problem on the utility side of the con-
verter.
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Fig. 12 Induction Generator with DC Current Link and
AC/DC/AC Conversion.

Induction Generator with Cycloconverter

The cycloconverter forms the third clasc of converter
which has been discussed and, indeed, as was the case for
doubly fed inducticn generator and synchronous genera-
tors, this type of converter can also be utilized with a
squirrel cage type of induction generator. However, in
this case the generator frequency must be kept at a frac-
tion of line frequency (60 Hz). VARs must be supplied both
to commutate the cycloconverter and magnetize the
induction generator and the numerous disadvantages
appear to outweigh the benefits in this application.

Induction Generator with High Frequency Link Converter

One type of converter which has not been discussed
heretofore is the high frequency link type of converter, as
shown in idealized form in Fig. 13. In essence, this type of
converter is a double ended cycloconverter which utilizes
resonant type of commutation to step up the input fre-
quency to a large value (10 KHz or more). Another cyclo-
converter is used to then reduce the link frequency power
to a low aive (for example 80 Hz). Numerous types of
high frequency links have been proposed [2,3]. Such con-
verters are in a less developed stage than other circuits
and many important question need to be resolved. For
example, it is not known definitively whether excitation of
a squirrel cage induction generator is possible with such a
converter without power factor correcting capacitors. The

questions concerning power factor and the degree of har-
monic filtering needed to interface with a ulility system
have yet to be addressed One major disadvantage of such
schemes is the high device count which can number 72
thyristors or more, prompting questions concerning relia-
bility. The inherent advantage of these circuits, namely low
weight and compactness do not appear to be relevant in a
WIG application.
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Permanent Magnet Generator Configurations

When ratings reach 10-20 Kw and less, the complexity
of the choices for variable speed operation again becomes
enlarged. In particular, such application ratings become
amenable to the use of permanent magnet generators.
Dual systems to those discussed for synchronous and
induction generators (Figs. 4 and 11-13) become potential
candidates to be examined. The key difference between
permanent magnet gelerators and more conventional syn-
chronous generators is the lack of an independently con-
trollable excitation winding. Hence, the generator termi-
nal voltage varies with speed necessitating control of the
line side converter. As a result, power factor will change
under varying load conditions.

CONCLUSION

The electrical systems options for variable speed
operation of a wind turbine generator are .extepswe and
may even be increasing as a result of emerging high power
transistors and GTOs. This paper has presented a sum-
mary of the techology oplions and trade- offs l_)etween
alternatives for variable speed electrical generating sys-
tems as applied to a wind turbine generator. The paper
should help clarify some of the major issues involved in
this application and assist in the selection of the proper
technology.
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ABSTRACT
This paper describes the application of a
Scherbiustat type variable speed subsystem in the
MOD-5A Wind Turbine Generator. As designed by

General Electric Company, Advanced Energy Programs
Department, under contract DEN 3-153 with NASA Lewis
Research Center and DOE, the MOD-5A utilizes the
subsystem for both starting assistance in a motoring
mode and generation in a controlled airgap torque
mode. Reactive power control is also provided. The
Scherbiustat type arrangement of a wound rotor
machine with a cycloconverter in the rotor circuit
was selected after an evaluation of variable speed
technologies that followed a system evaluation of
drivetrain cost and risk. The paper describes the
evaluation factors considered, the results of the
evaluations and summarizes operating strategy and
performance simulations.

INTRODUCTION

The MOD-5A Wind Turbine Generator design program was
started in July, 1980. After conceptual design and
preliminary design phases were completed, the MOD-5A
configuration was rated at 7300 KW and featured a
synchronous generator and two-speed rotor operation
through a shiftable gearbox. The gearbox also
provided drivetrain dynamics control through torsion
bar springs and dampers as described in Reference 1.

When final design and procurement started, it was
found desirable to minimize the gearbox complexity
and to provide a drivetrain back-torque during
controlled shutdowns. The latter reduced cyclic
loads that were design drivers for the aerodynamic
partial span control. A variaole speed generator
subsystem was selected to meet these needs. The
partial span control was subsequently replaced witn
an aileron control, and the variable speed generator
subsystem provides startup assistance by motoring the
rotor.

The MOD-5A design was performed under Contract DEN
3-153 for NASA Lewis Research Center and DOE by
General Electric Company, Advanced Energy Programs
Department.

MOD-5A SYSTEM

The MOD-5A model 304.2 system is shown in Figure 1.
A static Scherbius or Scherbiustat type variable
speed generator su.system is used. This arrangement
can motor the blades up to above 3 rpm and is capable
of generating with rotor speeds from 12 to 17.5 rpm.
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System requirements for the subsystem were:
1. Reduce gearbox complexity by providing

drivetrain stiffness and damping control.

2. Reduce  aerodynamic  shutdown loads by

providing drivetrain back torque down to

12 rpm.

Motor high inertia rotor to above 3 rpm to
assist aileron rotor starting.

Improve energy capture by changing speed
ranges while delivering power.

Operate over a range from 67% to 100% of
maximum speed while generatiig (system
frequencies prevent using a larger range).

Regulate airgap torque
system reference. This is used to control
system speed, control drivetrain dynamics,
and }imit maximum torque.

in response to a

7. Regulate reactive power or voltage
The major components of the variable speed subsystem
are located as shown in Figure 2.

CONFIGURATION

The four methods shown in Figure 3 were initially
considered to provide variable speed capability. The
mechanical Scherbius system would drive the ring gear
of a planetary gear stage using an induction motor
variable speed drive. he static Kramer system is
limited to speeds above the synchronous speed of the
machinery and, therefore, requires a higher rated
overspeed and higher converter power for the speed
range. A study of A-C drive technology (Reference
2), was reviewed and applications of variable speed
to wina generation (References 3 through 6) were
considered. Either a Scherbiustat or a Lload
Commutated Inverter (LCI) type drive system, operated
as a generator would meet the system requirements and
were studied further.

EVALUATION

A variable speed subsystem specification was prepared
and quotations were obtained to assist in <che
evaluation. Specification functional topics are
shown in Table 1. Major generator requirements are
shown in Table 2, Quotations were received from two
GE components and from Siemens-Allis.



Both .CI and Scherbiustat arrangements met the system

requirements. The GE LCl has an advanced digital
control design and a market position in drive
applications. A lower recurring cost is offered by

the Scherbiustat due to a lower converter rating.
Utility interface compatibility and preferences are
still open issues. A Scherbiustat variable speed
subsystem was selected for the M0D-5A model 304.2
design on subsystem cost.

LCI CONFIGURATION

The main LCI configuration used in the evaluation was
based on a GE ODrive Systems Department 1C,000 hp
drive. Arranged as shown in Figure 4, the major
components of the LCI are a 4160 V salient pole
machine and a dual channel rectifier-inverter. The
arrangement, described in Reference 7, is capable of
continuous speed variation from 2zero to maximum
speed. A digital control is used and fault recovery
logic is implemented in the converter firing
control. Reactive power or voltage control is not
used for drive applications and would require a small
change to the control.

Each channel of the converter is a half-rated 6 pulse
bidirectional rectifier-inverter. Dual machine
windings and transformer connections provide the
equivalent of 12 pulse performance with respect to
harmonics. A wound stator type brushless exciter on
the machine provides zero speed field control. The
individual cells of each channel are shown in Figure
5 with some of the system features. Each bridge leg
has 6 cells, but can operate with 5 cells, so a
single shorted cell does not force an outage. A
costly 4 KV fuse is avoided by providing sufficient
leg impedance to limit fauit currents to reasonable
levels until the main circuit breaker operates to
clear the fault.

Primary protection and switching are provided by a
utility voltage Jlevel circuit breaker. Harmonic
filters and power factor correction capacitance are
also provided at the utility volitage. The capaci-
tance compensates for the inverter stage reactive
power demand. Control of the inverter firing angle
permits operation over the full power range with a
utility power factor near unity. In the generating
mode, the converter operates as a line commutated
device. MWhen motoring for startup, the machine
*load” provides commutation with field control.

SCHERBI:{'STAT CONFIGURATION

The Scherbiustat circuit is shown in Figure 6. This
also has a simplified one-line diagram of the
Hawaiian Electric Company (HECO) distribution system
at Kahuku on the island of Oahu where a MOD-5A
installation was planned. The arrangement is similar
to the GE supplied 15,000 hp drive used on the
Princeton, N. J. pulse power generator described in
Reference 8. A Canadian General Electric unit was
used for evaluation. A wound rctor or doubly-fed
machine is connected to the grid directly at the
stator and through a cycloconverter at the rotor.
Cycloconverters have been used for full power Speed
control of machines as described in Reference 9 and
the Scherbiustat arrangement is an active research
topic for wind turbine and other applications.
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Three 4 KV circuit breakers are used to protect the
cycloconverter {5Z-1), connect the stator to the grid
(52-2), and short circuit the stator for starting
(52-3). Tne cycloconverter rating of 1500 KVA
provides for generator operation from 12 rpm t« 17.5
rpn at the wind rotor and for motoring to 3+ rpm.

The cycloconverter is arranged as three standard
6-pulse reversing DC drives, as shown ir Figure 7.
With a machine turns ratio of near 1:i, the input
voltage to the cycloconverter at maximum slip permits
use of a single series cell with fuse nrotection. A

completely redundant cell arrangement was used to
provide ride-through capability in the event of a
cell failure, similar to the LCI capability. A
multiple winding, balanced impedance transformer is
used to isoiate the cycloconverter bridges and both
sum and step-up their output to 460 V. Power factor
correction capacitance and harmonic filters are
connectad at the 4160 V bus. A hybrid control, the
GE Directomatic 1I, was planned for the intlial
unit. The operating range of the Scherbiustat
arrangement is shown in Figure 8. Mac~ine stator
power is available up to the 6500 kVA stitor thermal

rating. Through the cyclxonvertr Juwer IS
supplied to the rotor below synchre Jeed and
extracted from the rotor asove syn 2 speed.
The planned speed-torque control cha ‘stic is
also shown in high and low ranges. control

characteristic is determined by the wind turbine
generator controller and would be the same for either
a Scherbiustat or an LCI variable speed subsysten.

COMPARISON

Performance comparisons of the two subsystem
arrangements were made and relative weighing factors
were applied to the system criteria as shown in
Table 3. Emphasis was placed on prototype unit
performance, as well as volume production character-
istics. The cost and performance comparisons were
made at the full subsystem level, includina utility

voltage step-up level, housing of converter
equipment, cable sizes, switchgear, and annual
maintenance. For example, the time and cost to

periodically clean the brushk rigging compartment and
replace brushes was included for the Scherbiustat
arrangement. The evaluation details are not describ-
ed in this paper.

An electrical-slanted comparison is shown in Table
4. This ranks the two configurations very close
together.

Harmonic content is an issue for utility acceptance
of static power converters, as used in both arran%e-
merts. I[EEE Guide 519 (Reference 10) is generally
used to establish harmonic contrc] and reactive
compensation levels, subject to utility require-
ments. These guidelines, along with the planned
HECO/GE conditions are shown in Table 5.

As the LCI produces 12 pulse harronic currents and is
effectively DC fed, the filterirg design necessary to
provide a smooth output s not complex, but the
filters have to conten¢ with full power harmonic
emplitudes. The Scherbiustat, with a 6 pulse
cycloconverter, produces higher amplitude, more
complex harmonics tnat vary with slip frequency, but
only with 20% ¢ the system output. An unfiltered,
simplified analysis is shown in Figure 9, based on



Reference 11. The total output waveform distortion
is about 5% prior to filtering. A complete site
specific harmonic analysis was planned for MOD-5A.

Summarizing again, the overall evaluation determined
that both subsystem arrangements met the require-
ments, MWhile the LCI had more flexibility and was
rated slightly higher than the Scherbiustat, it was
also more costly for initial and volume production
wind turbines. A Scherbiustat configuration was,

therefore, selected for the MOD-5A. Utility
preference was being evaluated and is still
considered an open issue.

PERFORMANCE

A simulation model of the MOD-5A is shown in Figure
10. The impertant drivetrain and tower bending modes
are included. Both simple and complex converter and
generator models were developed. The simple model
does not include the electrical dynamics, while the
compiex model does, 3nd permits analysis of the
quadrature real ard reactive power regulator circuits
that drive the Cycloconverter firinj control.

Gust performance of the simplified model is
illustrated in Figures 11 and 12. The basic gust is
a 12 second period, 9 mph, sinusc ’'al shape departing
from an average 45 mph wind. A turbulent harmonic
wind is added in Figure 2, in accordance with the
NASA interim turbulence definition. Trade winds are
not expected to be as turbulent as the NASA
definition.

The generator terque level is clamped at just above
rating by the control logic as shown in Figure 11,
set b. Total output increases slightly above the
clasp plateau as the generator speed continues to
increase. The aileron aerodynamic control slowly
operates to reduce tne gust torque. The gust ends
and the system speed and power slightly undershoots
the initial conditions with a smooth well-behaved
return in about a minute. The gqust is modeled as
fully immersing the rotor, which is a more severe
than could occur in the field.

The effect of wind turbulence is shown in Figure 12,
A steady oscillation of system speed and output power
o about 10% peak to peak is predicted. This could
be reduced by decreasing the slope of the
speed-torque control characteristic.

CONCLUSIONS

A varianle speed generator provides several benefits
for the MOD-5A;

. Back torque for shutdown assistance
Control of drivetrain dynamics

. Starting assistance in low winds

. Operaing speed flexibility

. Reactive power control

Either an LCI or a3 Scherbiustat variab’e speed
subsystem  will meet the MOD-5A technical
requirements. A Scherbiustat was selected on cost.
Utility preference and site specific analysis issues
remain open.

U HW PN -
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3.1

3.2

Table 1- Variable Speed Subsystem Requirements

Subsystem Definition
3.1.0  General Description
3.1.2 Subsystes Configuration
3.1.3 Interface Definition
3.1.3.1 Generator Mechanical Interfaces
3.1.3.2 Generator Electrical Interfaces
3.1.3.3 Converter Mechanical Intervaces
3.1.3.4 Converter Electrical Interfaces
3.1.4 Operational Description
3.1.4.7 Outy Cycle Description
3.1.4.2 Operational Power - Power Description
Characteristics
3.2.1 Cemerator
3.2.1.1 Generator Characteristics
3.2.1.2 Generator Parameters R
3.2.1.3 Gener=tor Envirommental Conditions
3.2.2 Converte-
3.2.2.1 Characteristics
3.2.2.2 Converter Parameters
3.2.2.3 Converter Envirommental Conditions
3.2.2.8 Converter
3.2.2.4.1
3.2.2.4.2 Control Modes
3.2.2.4.2.1 laitialization
3.2.2.4.2.2 Wotoring
3.2.2.4.2.3 Synchronization
3.2.2.4.2.4 Torque
Regulation
3.2.2.4.2.5 Reactive Power
Regulation
3.2.2 4.2.6 Shutdown
3.2.2.4.2.7 Fault Monitoring

Table 2- Generator Requirement Summary
o 5000/7500 KXW @ 960/1440 RPIM

e 38530 FT-LB AIR GAP TORQUE

© CLASS F INSULATION (105°C OVER 40°C)

® 4160V, ; - EXTERNAL WYE

® 7° INCLINATION

o SELF LUBE JOURNAL BEARINGS WITH PROVISION FOR EXTERNAL FLOOD LUB.
e MOTOR 0 TO 300 RPM/GENERATE 960 TO 1440 RPM - 1700 RPM MECH OVERSPEED
e LOSSES 100 KW/300 KW @ NL/FL

© OPERATING TEMP - -20 TO + 4U°C

® NON OPERATING TEMP - 40 TO + 50°C

o 3300 FT ELEV / 7000 FT ELEV WITH DERATING

® SALT AIR



Table 3- Evalvation Criteria And Weight

CRITERION VEIGHTING

1. Etibilitz
~ With Wind Turbine application and control sy.tem. Migh (20%)

2. Quality of Power Output
- Risk or degree of margin ia meeting power quality
requi-ements. High (15%)

3. Relisbility
~ Potential ispact on NTG availability including
effect of single failure sodes. Nigh (15%)

4. Product Materity/Prototype Risk
- Confidence that systea will work and perfora as
advertised on Prototype. High (15X}

- Ease of maintenance and trowble shooting. Med. (10%)

6. Customer Technology Accer ance

~ Perferences/biases of stility customers. Med. (10X)
2. Life
~ Probability of 30 year life. Red. {10%)
8. Schedule
~ Prototype delivery schedule Low gsq
100

Tadble 4- Evaluation Comparison

COMPARISON OF LCU/SYNCHADNOUS MACHINE
WATH CYCLOCONVERTERANOUND ROTOR INDUCTION MACHINE
{1 = POOR_3 = AVERAGE, S = QUTSTANDING)

PERFORMANCE UNDEN SINGLE PHASE FALTS

m
€ COMMENT
QEL;,M _Mp r
PERFORMANCE UNDER THREE PHASE FAULTS [ 5 2
PERFORMANCE UNDER LINE SURGES [ 3 3
CONTF.0L RESPONSE S 3 4
STARTING PERFORMANCE AS MOTOR ] 3 [
POWER SACTOR CONTROL 5 ] [
TOROUE HARMONICS DURING RUNNING 3 ] 7
TOROUE HARMONICS DURING STARTING 4 3 7
HARMONIC FILTER REQUIREMENTS 3 4 ]
MAINTENANCE 4 S 9
CIRCUNT COMPLEXITY M 3
- -3
CONMENTS.
1 COULD RESULT I8 DE-EXCITATION OF MACIHWE W0 (1)
2. GOTH CAN PROVIDE RAPID RECLOSE AFTER THREE PHASE FAULT
3 LowE SURGES COULD RESULT e COMIMR TA TION FATLURES S8 @) CYCLO IS BUFFERED OV AN EXTRA TRAMSFOMMEN
4 CURRENT 0¢ DAMPE A WINDINGS ¥ (2} OFPOSE RAPIO CHANGES Wy TOROUE WITHOUT MORE ELASORATE CONTROL

SCHEMES (F LD ORENTED CONTROL)

MIGHER STARTING TOROUE AVAILABLE FROM CYCLO TWMEN CONNICTED TU THE STATOR o~ ¥ € MACYINE FOR

STARTING WMEN USING (1) AVAILASLE ZTARTING TORQUE 15 PAOPOR TIORAL TO CYCLUCORVERTER RATING,

US(NG 21 1T DEPENDS UPON SIZE OF LINK INDUCTOR AND LIMITED TYPICALLY TO A SMALL FRACTION OF RATED

TORGUE (ASOUT 0 1 PU)

& POWER FACTOR CONTROL IS IHERENT I THE CONTRUL OF THE CYCLO POWER FACTOR CONTROL WITH OT
COMES WiTH CAREFUL PHASE SHIF TING OF THE UTRITY $I0€ SRIDGE 1N CONILINC TION WITH A BANK OF CAPA.
CITORS MOY NEEDED W (11

7 TORQUE NARMGMICS OF (1) ARE MORE SEVERL DURING RUNNING 10 THAT TREY TEND TO 5§ MORE RANDOM AND

THERFFORE LESS PREDICTASLE TORQUE HARMOINCS OF (1) ARE MORE SEVERE DURING STARTING OUE TO THE

MODULATION OF THE OC LINK CURRERT TO ACIHIEVE COMMUTATION OF THE MACHINE S10E SRIDGE AT LOW

ROVATIONAL $PEED

MARMONIC FILTERNG IS MOAE DIFFICULT WITH (1) DUE TO THE MORE AAND NATURE OF THE MARNONICS

9 MANTEMANCE IS 2 SMALL SUT NOTEWORTHY PROBLEM WITH (1}
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Tadle 5- Power Quality

HECO/GE VOLTAGE -
{(UNDER MEASUREMENT
CONDITIONS MUTUALLY

AGREED TO 8Y GE & HECO) SUPERIMPOSED -

VC.JLTAGE
FREQUENCY -
IEE LINE NOTCHING -
{GUIDEI.INES)

HARMONIKCS -

TELEPHONE (TWF) -

FLICKER -

PF CORRECTION -

s FT

L TEETERsL, MULTI-SECTION
AILERON CONTROL

WIND 28 FT
ROTOR NACELLE
- S
200 FT TOWER
84

25¢ FT

$0 £ T GROUND
CLEARANCE

RATED POWER

RATED WIND SPEED
CUT-IN/CUT-OUT WIND SPEED
MAXIMUM WIND SPEED (SURVIVAL)
PORER CONTROL

ROTOR RPM-SET SPEED

ENERCY CAPTURE/YR

TOTAL WT ON FOUNDATION

46KV 5%
34. 60 HZ

NOT TO EXCEED 2V ON 115V SYSTEM
+ 0.1 HZ NORMAL
+ 0.4 HZ ABNORMAL
3PER DAY
17500 VS 5% D.F.
FILTER TO < SX 46KV}
1*T COORDINATION WITH TELEPHONE COMPANY
FIX IF OCCURS

NEAR 10 PF, VAR REGULATE WITH FILTER,
PF CAPS

OPERATIONAL CHARACTERISTICS

7308 KW AT 0. 9PF

32 MPH AT 256 FT

IN/60 MPH AT 259 FT

130 MPH AT 250 FT
MULTI-SECTION AILERONS
13.7/16.8 RPM (= 10%)

2.3 X 10° KWH (NASA SPECIFIED
WIND SPEED DURATION CURVE,
18 MPH AT 32 FT, 100 § AVAIL)

1908 K-LB

FEATURES

o 700D LAMINATE BLADES WITH HICH PERFORMANCE
AIRFOIL - UPWIND, TEETERED

e NON-ROTATING ROTOR SUPPORT

e HYBRID EPICYCLIC/PARALLEL SHAFT GEARBOX

® VARIABLE SPEED/CONSTANT FREQUENCY OPERATION,
WITH 2 SEY POINTS

e SOFT SHELL TOWER, TUNEABLE BELL SECTION

Figure i- MOD-5A System Model 304.2



MAJOR SUBASSEMBLIES

e GENERATOR

® YAWSLIP RING ASSEMBLY

e POWER CABLING

® CONVERTER

® SWITCHGEAR

® STEP-UP TRANSFORMER

e STATION BATTERIES

8
3

Figure 2-

nll

GENERATOR
[ ]
YAW SLIPRINGS

CONVERTER
SWITCHGEAR
STEP-UP TRANSFORMER \
STATION BATTERIES POWER

\ | CABLING

.

Generator Subsystem Equipment Locations

Y hoaaaaAgtt |

o

MECHANICAL SCHERBIUS SYSTEM
AUXILIARY GEAR DRIVE/1.2 MVA/CCI/SCIM -
7.5 MVA SYNCHRONOUS
0-15%, 85-115% OF SYNCHRONOUS SPEED

STATIC SCHERBIUS SYSTEM
6.3 MVA 6-8 POLE WRIM (STATOR)/1.5 MVA (ROTOR)
1.5 MVA 6 PULSE CYCLOCONVERTER ON GROUND
0-20%, 80-120% OF SYNCHRONOUS SPEE)

STATIC KRAMER SYSTEM
5.0 MVA 8 POLE WRL.. [STATOR)/3.0 MVA (ROTOR)
3.0 MVA 6 PULSE LCI CONVERTER ON GROUND
100- 140% OF SYNCHRONOUS SPEED

LCI SYSTEM
7.5 MVA 6 POLE SYNCHRONOUS/DOUBLE WINDING
7.5 MVA 12 PULSE LCI CONVERTER ON GROUND
0-105% OF SYNCHRONOUS SPEED

Figure 3- Variable Speed Configurations
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8080 KVA

DUAL WNOGS
> ,Y BRUSHLE S
o EXCITER
Per Yy

¥ X ¥

|
AN

[
ol 8 U.LZ
T

AdAS

FILVER
arPF. SKV
ocs
'y neuesc ] 40V
-} 2 SERVICE
—3f POWER
200 KVA
Figure 4~ LCI Subsystem Ar.angement
Y —
= INVERTING
RECTIFYING / (GENERATION MODE)
DC LINK
SMOOTHING d sruise
REACYOR INVERSION
1 x
L ?‘
4160V 3 L aeov
—————
, ir_—_
MACHINE GRID
0-72H2 soHz

WILL OPERATE J
WITH 1/6 SHORTED

HEAT SINK
ASSEMBLY
3CELLS

4

CONVERTER 4040 KVA (HALF OF LCI CONFIGURATION)

SHOWN: 24 HEAT SINK ASSEMBLIES, 72 CELLS
TOTALSYSTEM: 48 HEAT SINK ASMS., 144 CELLS

FULL CONVERTER & REACTORS: 50" LONG x 5" DEEP x 7-1/2° HIGH; 20,000# APPROX
REF: GEA 10816

Figure 5- LCI Converter Detail
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@om @ CEeaEd

7500 XVA
4.3646 XV

| sirc maus ux_H_ ‘Mzz I

@@«
641

300 KVA
WAIALUA SUGAR
AUXILIARIES i
GE | HECO (TYPICAL SYSTEM EXAMPLE}
WIERFACE

FILTER

REF: 47E87000

Figure 6- Scherbiustat Subsystem Arrangement

100% REDUNDANT ARRANGEMENT
WILL OPERATE WiTH ONE CELL
SHORTED/BLOWN FUSE

TO ISOLATE.

—op——o 2 ROTOR
I; i 12-0-12H2
[ [ F
Soov.emz | 6 PULSE 3
CONVERTER A
o
Y0 ! \|
4 [
1SOLATION . ) J | )
TRANSFORME
—— = = ' '
- i ; HEAT SINK
' | ASSEMBLY 3
[ 2-CELLS
t i ISOLATION XFM.
' 1
\ ]
2 L
SRR e
< ~ | BRIDGE COMMON

CONVERTER 500 KVA (1/3 CF CYCLOCONVERTER)
CIRCUIT IS STANDARD REVERSING D.C. DRIVE ARRANGEMENT
SHOWN: 6 HEAT SINKS x 2 CELLS x 2 REDUNDANT = 12 HEAT SINKS, 24 CELLS
TOTAL SYSTEM: 36 HEAY SINK ASMS, 72 CELLS
CONVERTER & CONTROL: 18’ LONG, 7" DEEP, 7-1/2° HIGH; 11,000% APPROX,
ISOLATION TRANSFORMER: 5-1/2' LONG, 6° DEEP, 8-1/2° HIGH; 12,070% APPROX.

Figure 7- Scherbiustat Converter Detail
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MVA

l TOTAL |
oF
L |
{
6} A1 | TORQUE - SPEED
] | STATORI CONTROL CHARACTERISTIC
| SLOPE = RATED/0.6 RPM
o} 3.5 § DROOP
| o
| Lo |
2k g |
I ; 0)
0.2 0.8 1. 1.2 pU
0 i 1 i
7 15.7 RPM SYNCHRONOUS
/ SHAFT
/ SPEED
ROTOR
-2} ROTOR
MOTORING

Figure 8- Generator QOperating Regime

TOTAL 80% STATOR, 20% CONVERTER

FUNDAMENTAL 60HZ

6 FULSE HARMONICS

Figure 9- Harmonic Distortion

208



ROTOR SPEED REFERENCE GENERATOR SPEED
AILERON CONTROL LOOP b oEED € CONTROL L0OP TORQUE
POSITION YOKE[S 5‘9 RS 83?: r COMMAND F
|__ROTOR a1 AIRGAP CONVERTER
ROTCR TORQUE A r J2 o TORQUE | CONTROL AND
NIND 013 GENERATOR
—_—] SPEED ¢ ~ J
AERODYNAMICS VELOCITY DRIVETRAIN
- — 5.6 R /S 2.4 R/ S s
RotoR 1 K3 k2__ R
THRUST - Ja H 93 W———
03 02¥ R
[ J
A sl \
BLADE AND TOMER BENCING \

n
g.ll
:
; X
: ;
]
44 4 » mph. 12 20¢
e :“ré"* ;q '\\..- S ——
: g i N
RER RS
HALRLNER
Py 3 |
t 4 1 : 1 _*
‘l—d_"—.""""'""rf""""r""'"j""""ﬁ
. w e - s 1

J1 = Sater lsertia

J2 « Generater § Wigh Speed Sheft |
tnerits reflected ta fotar Slug-e
33 = Tower Mess I."lﬂ'sh,

N = glade Flap My

Z1 = Brivetraia Soriag Constont
K2 = Tewer Spring Canstomt
X3 = glade Flap Spring Camstamt

31 = grivetrata Buping Coefficiont
R = Tower Basping Coefficient
0} = tlade Flap Gumping Coefficient

.'l.‘ﬂ-’-'t‘

6o w? sleg

1.3 » 0% reorwrae
1A % name
5.370 « 1% e

3.0 * 10® -/ (eadrsec)
€38 W/{fe/sec)
IS WIvIteec)

Figure 10- Simulation Model Block Diagram

Figure 11-
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MEASUREMENT AND PREDICTION OF BROADBAND NOISE

N95- 27990

FEOM LARGE HOWIZONTAL AXIS WIND
TURBINE GENERATORD

F. W, Grosveld & K. P. Bhepherd, The Bionetics Corporation

H. H. Hopbard, VARCD

ABSTRACT

& method is presented for predict-
ing the broadband noise spectra of larde wind
turbine generators. It includes contribu-
tions from such nbise sources as the inflow
turbulence to the rotor, the interactions
between the turbulent boundary lavers on the
blede surfaces with their trailing sdges and
the wake due to 3 blunt trailing edge. The
method 15 partly empirical and is based on
acoustic measursments of large wind turbines
and airfoil models. Spectra are predicted
for several large machires including the pro-
posed MOD-5B. Measured data are presented
for the MOD-2, the wWil-=4, the MOD-0&, and she
U.8. Windpower Inc, machines. Good agree«
ment igs shown petween the predicted and mea-
sured far field noise spectra.

INTRODUCTION

Acoustic measurements are pregen-
ted for four different horizontal axis ma-
chines and are compared with the resulis of
an improved method of predicting broadband
noise. This information is considered perti~-
nent for the evaluation of environmental im=-
pact on communities located near wind turbine
generators operated for large scale slectric
power gencration.

Pigure 1. = Photographs of wind turbine ger-
erators for which actustic measurements ave
pregented,

The machings for which data ave
presented here and in References I through &
are shown it the photographs of Figure 1.

They consist of the MOD-2, the MOD-CA, Lhe
WTE~4 and the U.5. Windpower machine. The
first three of these are government sponsored.
Ail are self starting, have 2 or 1 blades,
rotate in the range 17 to 72 rpm, and normal-
ly operate at wind speeds 0f 3 o 16 m/s.

Some dimensions and operational de-
tails are included in the table of Figure 2.
KOD~2 i= noted to be an upwind machine where-
8% the others are downwind machines. BRotor
diameters vange from 17.1 m to 91,4 n, rotor
tip speeds from 65.% to 122.4 m/s, blade
areas from 15 to 236 m?, and rated power out-
puts from S0 to 4200 k¥, Calvulated values
are jincluded for the proposed MOD-5B machine
for which data are listed at the bottom of
Figure 2.
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Fioure 2. = Dimensions and operating condi=
tions for seversl large machines.

HOISE MEASUREMENTS AND OBSERVNTIONS

The machines described in Figures
1and ¢ represent wide ranges of size, output
power vating and configuration. Besulting
differences in their noise production are
presented In Figures 3 through 8. Compari-
sons are made on the basis of one~third oo~
tave band spectra, narrow band spectra, dBLA)
levels, and perceplion distances.

Effects of Bive and
Configuration

The one-third octave bangd specira
of Figure 3 were measured on axis and pormale
i2ed to & distance of 100 & from each machine,
Definite trends arve obssrved. The speckra
exhibit their highest levels at the low fre-
gquencies, with general reductions in level asz
frequency incyesses. Further, the machines
hawing the highest pover output also hkave the




highest noise levels. This latter trend is
particularly evident at the low frequencies.
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Figure 3. - Measured on-axis noise spectra at
approximately rated power for four machines.
(r = 100 m.)

A comparison of the narrow band
noise spectra for large upwind and downwind
machines is given in Figure 4, Data are nar-
row band (Af 0.25 Hz) and are limited to
the frequency range below 100 Hz. The gener-
al reduction in level with frequency is seen
to be about the same for both machines. The
WTS-4 machine has a number of discrete peaks
in its spectrum, particularly below 50 Hz.
These are loading harmonics which occur at
integral multiples of the blade passage
frequency. Their amplitudes are enhanced
because of the tower wake-blade interference
encountered in this downwind configuration.
In the MOD-2 spectrum only a few discrete
peaks are evident and these are believed to
be of electromechanical origin. No loading
noise harmonics are apparent for this upwind
configuration. The relatively lower levels
of the MOD-2 spectrum are due in part to its
lower tip speed.
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Figure 4. - Comparison of narrow band (Af =
0.25 Hz) noise spectra at rated power, on
axis, for the MOD-2 and WTS-4 machines.

(r = 150 m.)
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Effects of OQutput Power

The one-third octave band spectra
of Figure 5 illustrate the differences in the
noise output for the WTS-4 machine at two
different power outputs. Data are for the
on-axis measuring points for power outputs of
1,000 and 4,000 kW respectively. Higher
levels are associated with the higher power
output and are seen to occur at frequencies
below about 1,000 Hz.
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Figure 5. - Effects of power output on noise
spectra measured on axis for the WTS-4
machine. (r 150 m.)

Directivity Effects

Noise measurements for the ma-
chines of Figure 1 indicate that the noise
radiation patterns are not sharply direction-
al. At equal distances on-axis (upwind and
downwind) essentially no differences are
observed in either spectral shapes or sound
levels. There are, however, consistent dif-
ferences bhetween measurements made on-axis
and in the plane of rotation. Figure 6 shows
one-third octave band spectra for the MOD-2
machine. Note that the in-plane data have
relatively lower levels at low frequencies
and higher levels at high frequencies than do
the on-axis data. The result is a cross-over
effect as seen in the figure.

Similar data are presented in Fig-
ure 7 to show a comparison between the MOD-2
and WTS-4 machines. The data points repre-
sent mean Log (dB(A)) levels for a large num-
ber of measurements for both machines. The
noise radiation pattern curves in each case
are estimated. The MOD-2 machine radiates
essentially in a non-directional pattern.

The WTS~4 radiation pattern cn the other hand
shows higher levels on-axis than in-plane.

As suggested in Figure 6 the low frequency
components are known to be relatively strong
on-axis. Thus the skewness of the radiation
pattern of the WTS-4 is due to the influence



of the low frequencies on the Leq values.
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Figure 6. - Comparison of on axis and in
plane noise spectra for MOD-2 machine.
(P = 2500 kW, r = 100 m.)
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Figure 7. - Comparison of a-weighted noise

radi- .on patterns for Wrs-4 aad MOD-2
mach r:s. (Vw = 7.6-13.4 m/s, r = 150 m.)

Perception Distances

Observations of the radiated noise
from a number of different machines and for a
range of weather conditions have established
a wind related directionality which is illus-
trated in Figure 8. The data points for the
MOD-2 and the WrS-4 machines represent loca-
tions at which the noise during steady state
operations is observable intermittently.

Note that the noise is observed at a much
greater distance downwind than upwind, in
spite of the fact that the noise radiation
patterns of Figure 6 are nearly symmetrical.
This skewness is due to refraction effects of
the mean wind speed gradient, resulting in
the formation of shadow zones upwind and pro-
pagation enhancement downwind. The distance
from the machine to the shadow rftne is depen-
dent upon the height of the noise source
above the grcund surface and the wind speed
gradient.

LOCATION OF
MACHINE

Figure 8. - Comparisons o perception dis-
tances for the WTS$-4 and MOuU-2 machines.
(Vw = 7.6-13.4 m/s.)

BROADBAND NOISE PREDICTION

To adequately assess the impact of
the wind turbine noise and to aid in the de-
sign and siting of machines that are accep-
table tc the community (Refs. 7 and 8), a
thorougl. inderstanding of the underlying
noise generation phenomena as well as predic-
tion techniques are highly desirable. Cur-
rent literature on wind turbine noise is
limited. Most publicetions deal with the
impulsive *thumping" noise caused by the
blade cutting the wake behind its supporting
tower, where the rotor is located deownwind
from the tower (Refs. 9-15). A prediction
code for this type of noise is presented in
Reference 16. Other possible sources of wind
turbine noise are discussed in Reference 5§
and some of these noise mechanisms are consi-
dered in References 1, 6, and 17-19. Refer-
ence 19 compares theory with experimental
broadband noise data (Refs. 1 and 2) but re-
sults indicate that better prediction techni-
gques arc needed. In the next sections a
broadband noise prediction scheme for hori-
zon.al avis wind turbine generators is pre-
sented.

Extensive noise measurements on
current, large, hcrizontal axis wind turbine
generators {Refs. 1-6) indicate the presence
of three major aerodynamic source mechanisms
of broadband noise (figure 9):

1. Loading fluctuations due to
inflow turbulence ateracting with the rotat-
ing blades.



2. The turbulent boundary layer
flow over the a.rfoil surface interacting
with the blade trailing edge.

3. Vortex shedding due to trail-
ing edge bluntness.
SOUND PORZR
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¢
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t
u
BLADE TRAILING — c:::==-*—-=- P
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WHERE 1 = LENGTH OF BLADE ELCMENT

Figure 9, - Components of wind turbine broad
band noise.

In coatrast to the limited litera-
ture on wind turbine noise, t~e list of pub-
lications dealing with helicopter rotor noise
is guite extensive. Although the concept of
extracting energy from the flow by a wind
turbine rotor is opposite of that of a heli-
copter rotor, which provides energy to the
flow, the noise generating mechanisms show
many similarities and an analogy between the
two concepts is justified.

Inflow Turbulence

When the wind turbine rotor blades
move through the turbulent air they encounter
atmospheric inhomogeneities cansing effective
angle of attack changes which result in un-
steady airfoil loading. This fluctuating
force mechanism is a well krown source for
airfoil and helicopter rotor noise as decrib-
ed in References 19 and 20-42. To enable
utilization of theoretical analyses from the
literature for turbulent inflow source mech-
anisms applicab’e to helicopter rotors the
contrast with wind turbine rotor mechanisms
has to be discussed. When encountering ia-
flow turbulence a helicopter rotor will in-
gest the turbulent eddy with a convection
speed V¢, while for a wind turbine the eddy
is blown into its rotor disc with a windspeed
Vye Downstream of the rotor plane of the
wind turbine the flow 1s slowed down and the
eddy is compressed. The lif4ing rotor of a
helicopter accelerates the flow and the
eddies are elongated. 1If the eddies are com-
pressed rather than elongated and if the
blade passage frequency is kept constant, the
occurence of blade loading correlation due to
the chopping of a single eddy by more than
one blade is reduced.
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Turbulence Characteristics The leugth scale
and the intensity of the inflow turbulence
are dependent on meteorological conditions
and height above the ground (Ref. 43). A
helicopter flying at different altitudes will
+hus encounter different turbulence conci-
:ions, while for any given wind turbine the
distance above the ground is fixed. For the
wind turbines considered here the turbu.ence
might oe considered isentropic which means
that fluctuations are approximately the same
in all directions (Ref. 44). For horizontal
axis wind rurbine generators the longitudinal
turbulence component is by far most impor-
tant. This longitudinal component is assumed
to be a horizontal sinusoidal gust of the
form:

. x
w 0tV

w = (1)
where W is the squar=s root of the root mean
square turbulence intensity. « 1s the rota-
tional frequency, t is the time. and x corres-
ponds to a chordwise distance. The wind
structure is sirongly dependent on tempera-
ture gradient and turbulence ordinarily is
stronger in the daytime than at night when
the atmosphere is more stable. In this paper
a standard day is assumed with a negative
temperature gradient as a function of height
above the ground. The root mean square turbu-
lence intensity at elevation h is given by

(Ref. 45):
= ./rQX dw

where ¢y is the longitudinal turbulence spec-
trua at that elevation and is expressed in
terms of a reference turbulence intensity wp

=2

w (2)

(Ref. 45):
w 2 r .1lo4 p/n ]
¢ (n,Vv ) = = - n = 573 (3)
X w @ ALY /no) J
vh
where 1 is the reduced frequency Vy and n

has the value of .0144 for a 1ongituainal°
gust. An expression for the reference turbu-
lence intensity w, as used in the struciurai
analysis of the MOD-2 machine can be obtained
from Reference 45: 1

] 1.185-.193 log h (4)

W= .2 [2.18 v h~-3%3
r w

Substitution of Equation (3) in (2) yields,
after integration, the root mean square tur-
bulence intensity as a function of only wind-
speed and height above the ground:

_ 2..1-2/3
w2 = w? [hwr/{vw R(w_-.0L4 w_ )}] /3 (5)

where wy is given by Equation (4). ThLe long-
itudinal turbulence spectrum ¢, has been in-
tegrated between a minimum frequency which
was choosen very close to zero and a maximum
frequency wpayx which was chosen such that
high frequency (small extent) turbulence may
be disregarded (Ref. 45).



Far-Field toise Prediction - The induced
fluctuating force oF per unit span 1s rela-
ac

ted to the horizontai gust by the aerodynamic
transfer function G(Kk):

('é'!'

at
where k = (xco/2Vy) and G(k) is based on
Osborne's asymptotic solution for the com-
prassible extension of the Sears function

2 : x
) R A TS LR L)

(Refs. 28 and 35), which for low frequencies
is approximated by:
= JJplcdr (7)
Gk 1+2ek

Lighthiil has shown that the sound
pressure due to a fluctuatinj torce Fj at a
point with coordinatec x; (i=1,2,3) is given
by the expression (Ref. 46):

Xi
2{t)-p, = 2
Atro
)
3F. (t- /c ) -
& o i it ) o
o o %

where c. is the speed of sound and r, is the
distance between the source and receiver. 1If
the source is considered to be a point dipole
and the wavelength cf the radiated sound is
much smaller than the distance ry to the re-
ceiver the expression for the acoustic pres-
sare in the far fielc formulated by Curle
(Ref. 47) may be usei:

where T is the vector from the origin to the
receiver location (in the y-z plane) and ¢ is
the angle between r,and t.e z-axis. Substi-
tuting Equations (d? and (7) into Equation (9)
yields aftec integration and squaring the
mean square sound pressure in the far field
as being proporticnal to:

)
(R 28
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sing (9)
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(10)
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where B is the number of blades, R is the
radius of the rotor, and Kj(f) is a frequency
dependent scaling factor. To evaluate this
scaling factor, the wind turbine rotor has
been modeled as a dipole point source located
at the hub and Equation (10) is compared with
frequency spectra from the MOD-2 machine for
which the noise was largely due to turbulent
inflow (Refs. 15 and 16). The location of
the peak intensity in the frequency domain is
strongly dependent on blade velocity and lon-
gitudinal scale of turbulence (Ref. 24). The
turbulence is dependent on height above the
ground for non-varying meteorological condi-

tions. To account for different hub heights
as well as different rotor diameters the lo-
cation of the peak intensity in the frequency
domain is given by:

fpeak =S5 U /th - .7R) (11)
where S is the applicable Strouhal number
which is obtained from .omparison with the
measured MOD-2 noise spectra.

Power Output and Windspeed - If the power
generated by the wind turbine is known rather
than the wind speed, which is needed as input
for Equations (4) and (S5), it is necessary to
know their relationship to enable noise pre-
dictions. Reference 48 suggests that for
constant rcotational speed maclines the output
power is linearly proportional to the wird-
speed velocity and pitch angle. Between the
cut-in speed and the rated wind speed the
power output will vary approxisately linearly
with windspeed, which can be expressed by the
equation:

\'J ) +V

(v
w

2 -v
P, ra ci ci (12)

where P, is rated power cutput at the corres-
ponding rated windspeed V,., and V.; is the
cut-in windspeed at which no Jutput power is
produced. Equations (4), (5), (10), (l1l) and
(12) are utilized to predict the noise spec-
tra due to inflow turbulence for other ma-
chines and operating conditions.

Turbulent Boundary Layer-Trailing Edge
Inieraction

Noise is generated when the blade
attached turbulent boundary layer convects
into the wake at the trailing edge. Theoret-
ical models of this trailing edge noise for
helicopter blades are presented in References
20-22 and 48-60. The experimental and theor-
etical study in Reference 53 concludes that
the trailing edge noise radiated from a local
blade segment can be predicted by a first
principles theory, which includes lo-..1 Mach
number, boundary layer thickness, leugth of
the blade segment and observer position. A
scaling law approach then was used for com-
parison with the noise radiation data from a
stationary two-dimensional isolated airfoil
segment. This theory will be utilized to
predict the trailing edge noise generated by
the blades of large horizontai axis wind tur-
bine generacors.

The scaling law precdiction of Ref-
erence 53 gives for the trailing edge noise
spectrum for an i1solated airfoil:

SPL}/3 = 10 log

s 1.5, 0_5]-‘“(13)

§ S 4
2 (=) (——
roz smax [ smax

wiere SPL)/3 is the one-third octave band
sound pressure level, U is the local free
stream velocity, 3 is the number of blades, §
is the local boundary layer thickness, s is

z KZUSBB



the airfoil span, r, the distance to the re-
ceiver, D the directivity, S the Strouhal
number and K3 is a constant which c¢quals 220
when SI units are used. PBEquation 13 is es-
sentially the trailing edge noise prediction
for a two-dimensional lifting surface in a
uniform inflow. To predict the trailing edge
noise from a rotating blade the blade is
divided into small blade segments, with a

1~ ngth s, each experiencing a different local
free stream velocity and each contributing to
the noise at the receiver location. Because
of the rotation this noise spectrum then is
averaged around the azimuth. The local free-
stream velocity Uy, is given by:

U

x = 2x rx n

(14)
where ry is the distance from the local blade
section to the center cf the hub and n de-
notes revolutions pec second. The thickness
of the turbulen: boundary layer at the trail-
ing edge of the airfoil may be approximated
by the turbulent bourncdary layer thickness

of a flat plate which is given by (Ref. 62):

-2
€= .37 ¢, / (Ry) (15}

where cy is the chord at radius ry froa the
hub and Ry, is the local Reynolds number.
Assuming a linearly tapered rotor blade and
neglecting twist, ¢y ctan be expressed ir
cerws of the root chord (cr), tipchcrd (cel,
radius {ry} and blade diameter (D):

2z

{16)
€y = T + (1= 55 (e ~c,}
The local Reynolds number is defined by:
C_c
RE = X X (17)
v

x

where  is the kinematic viscosity. The
directivity pattern o. .he radiated trailing
edge noise, for an observer in the vertical
{(y=0) plane perpendicular to the rotor plane
is given by dipcle like behavior from Refer-

ence 53:
.2
= T, _ sin” §
D(8,.3) = 3 5 (18)
{1+M cos ©) [1+(n-nc) cos 8 )
where 2 is the angle between the source-ob-

server lise and its projection in the ground
plane. The convection Mach number of the
turbulence, M;, is set to an average vaiue of
.8 M as suggested 1n Reference 33. To cor-
rect for the directivi’v of the source out-
side the y=0 plane, the source is assumed to
be a dipole radiator in those directions and
the directivity function is the one proposed
by Fink (Ref. 63):

sinzw 5(91%) (19)

where v is the angle between the source-ob-
server line and its projection in the y=0
plane. The Strouhal number in Eguation 13 is
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defined as the ratio of frequency (f) times

the boundary layer thickness (§) and the un-

disturbed free stream velocity (Uyx):
s=£

x

(29

The peak Strouhal number, Sgax. associated
with trailing edge noise equals .l (Refs. €3-
65 and 53). Although a different value is
reported in Reference 52, in the present
study a value Sp,ay=.1 is adopted.

Trailing Edge Bluntness Vortex
Shedding Noise

Vortex shedding behind the trail-
ing edges of thick struts has been studied in
References 54-56. This phenomenon produces
nuise as the coherent vortex shedding causes
a fluctuating surface pressure differential
across the trailing edge. This was estab-
iished in Reference 52 as being an important
source of self-noise for airfoils with blunt
trailing edges. The vortex shedding frequen-
cles observed in References 54-56 had & peak
Strouhal number of about .24 when based on
the trailing edge thickness apd a velocity
dependence of approximately Uy;. This peak
Strouhal number compares well with the ones
found by other researchers who studied the
vortex shedding behind wings, flat plates and
circular and noncircular bodies (Refs. 23,
49, 52, and 57-60). 1In all cases, the turbu-
lent boundary layer displacement thickness
(4*) is much smaller than the characteristic
dizension (t) from which the vortices are
shed (t/6*>40). Experimental results from
noise measurements on several trailing edage
configurations :n the NASA Langley Quiet-Flow
Facility, however, indicated that for a
trailing edge bluntness of equal t. ickness or
smaller than the displacement thickness of
the boundary layer a Strouhal number of .1 is
applicable (Ref. 52). It was shown that the
overall sound pressure ievel of the noise
gengrgted at the blunt trailing edge follows
a U3°” dependence. Using the directivity
pattern presented in Reference 53, the fol-
lowing scaling laws are derived for the one-
third octave band sound pressure levels in
the acoustic far field:

for t/8* >1:

K,BU 6t s sin2 3] sin2 ¥
SPL, ,, = —3—X (21)
1/3 1 + M cos §
and U
£ = .25 X
max . (22)
t+ 2
4
for t/35* <1:
k,BU >3 ¢ s sin? 6/2 sin® vy
SPL = A4 x 5 > (23)
173 (1+M cosé€) {1+(H-Mc) cose}
and
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where K1 and K4 are scaling constants. The
constant K4 has been obtained by comparing
Equation (23) with the blunt trailing edge
noise measurements from Figure 40 in Pzrer-
ence 52, which were first converted to one-
third octave band data. The constant K3 has
been determined by equating BEquation {21) and
(23) for the case that the trailing edge
bluntness is of the same thickness as the
displacement thickness of the turbulent boun-
dary layer. For most practical purposes the
displacement thickness and the boundary layer
thickness are related by:

. 5 (25)

§* = 8
BEquations (21) through (25) are used to pre-
dict the noise from wind turbine blades with
blunt trailing edges using the same calcula-
tion procedure as for turbulent boundary
ilayer trailing edge interaction noise.

Tc assess the relative importance
of all three major aerodynamic aoise sources
(figure 9) predictions have been made for a
MOD-2 machine at a distance of 100 = on-axis.
The noise contributions due to turbulent in-
flow, trailing edge bluntness and turbulent
boundary layer trailing edge interaction rel-
ative to the total noise is depicted in Fig-
ure 10. The turbulent inflow related noise
dominates the spectrum at the low frequencies
and is broad in character while turbulent
boundary layer trailing edge interaction
noise becomes relatively more and more impor-
tant when moving up the frequency scale.
Noise due to trailing edge bluntness is con-
fined to a more restricted frequency band
with its center frequency related to the
thickness of the trailing edge. All predic-
tions are limited to the acoustic far field,
on-axis and without distinction between up-
wind and downwind directions as no propaga-
tion effects are incorporated.
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Figure 10. - On-axis broad band noise compo-
nent predictions for the MOD~2 machine.
(Vw = 9.8 m/s, P = 1500 kW, r = 100 m.)
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COMPARISONS BETWEEN PREDICTIONS
AND MEASUREMENTS

To show that reasonable agreement
can be obi'{ ed between broadband noise pre-
dictions t far field noise measurements,
coaparisor ave beer. made for four horizon-
tal axis w. 1 turbines with quite different
physical ct.racteristics (Figures 1 and 2).
Also variou: distances, number of blades and
power outputs are shown to give a good com-
parison with actual measured data. Figure 11
shows predictions and measuresents for two
downwind machines, MOD-OA and WTS-4, at di-
fferent distances and different power out-
puts. Only the noise due to turbulent inflow
is dependent on the actual power output (ac-
tually the turbulence intensity) as evidsnced
by the results depicted in Figure 11. Other
noise source mechanisms are only depenaent on
rotational speed. The effect of the trailing
edge bluntness of the three blades of the U.S.
Windpower machine is shown in Figure 12 where
the sharp peak around 2000 Hz in the noise
spectrum disappears after the trailing edges
have been sharpened.

MOD-O0AATE =
P =T0am
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(M =0 1000 4000 & 30 00 000
ONE-THIRD QCTAVE BAND CEXTER REQUENCY, Ht

Figure 1il1. - Comparisons of measured and pre-
dicted on-axis broad band noise spectra for
two downwind machines.
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Figure 12. - Comparisons of measured and pre-
dicted broad band noise spectra for two dif-
ferent blade trailing edge configurations of
the U.S. windpower inc. machine.



The predicte. ise spectrum of a
MOD-2 upwind machine at rated power is depic-
ted in Figure 13 ailong with measured data
points showing good agreement. 1In the same
figure a broadband noise prediction is pre-
sented for a MOD-5B machine, at rated power,
on axis, 200 m away from the hub. The dif-
ference is shown for a machine with sharp
trailing edges and for the case that the
blade trailing edges have the same bluntness
as the MOD-2 machine. The noise signature
of the MOD-5B is predicted to be 2-3 4B high-
er than the MOD-2 over the whole frequency
range, both operating at rated p wer.

MOD-2. P =200 kW MOD 58, P = 300kw
ne
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Tigure 13. - Predicted on-axis broad band
noise spectra for two upwind machines.
{r = 200 m.)

CONCLUDING REMARKS

Noise measurements and observa-
tions have been presented for four large hor-
izcntal axis wind turbine generators with
quite diferent characteristics in size and
configuration. Effects of output power, di-
rectional radiation effects (up-, down-, and
cross wind) and noise perception distances
have been discussed based on field measure-
ments. A method has been presented for pre-
dicting the broadband noise spectra of hori-
zontal-axis, constant rotational speed ma-
chines, based cn contributions from noise due
to inflow turbulence, turbulent boundary
layer-trailing edge interaction noise and
noise due to a blunt trailing edge. Good a-
greement is shown between predictions and far
field noise measurements of the four large
wind turbine generators for rarious operating
conditions. The prediction method includes
the effects of distance from the machine,
output power (windspeed), number of blades
and tower and blade geometry. Broadband
noise is predict~d only on-axis and the
method does not distinguish between upwind
and downwind. Propagation effects other than
distance are not included in the present pre-
diction formulation.
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OBSERVED ACOUSTIC AND ARROELASTIC SPECTRAL RESPONSES
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OF A MOD-2 TURSINE RLADE TO TURBULENCE EXCITATION
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Soiar Energy Research Institute

Golden, Colorado

ABSTRACT

Early results from a recent experiment designed to
directly evaluste the aerocacoustic/elastic spectral
responses of a MOD-2 turbine blade to turbulence-
induced unsteady blade loads are discussed. The ex—
perimental procedure consisted of flying a hot-film
anemopeter from a tethered balloon in the turbine in-
flow and simultaneously measuring the fluctuating air-
load and aerocelastic rTesponse at two blade span
stations (651 and 87X spans) using surface-mounted,
subminiature pressure transducers and standard strain
gage ianstrumentation. The radiated acoustic pressare
field was wmeasured with a triad of very-low-frequency
microphones placed at ground level, 1.5 rotor diam—
eters upwind of the disk. Infitial traasfer function
estimates for acoustic radiation, blade normal forces,
flapwise acceleration/displacement, and chord/flapwise
moments are presented.

Results from a 1982 experiment that examined the
acoustic emission characteristics of a MOD-2 turbine
concluded that knowing the acoustic and aeroelastic
spectral responses of turbine rotor blades to inflow
turbulence would be very iaportant to our under-
standing of the physical processes surrounding the
generation of acoustic noise by large horizontal-axis
wind turbines. Because unsteady blade airloads are
respousible for wuch of the turbine rotor aeroelastic
response and are the source of the serodynamic com—
ponent of the radiated acoustic pressure field, as in-
dicated in Figure 1, understanding the former may
allow us to estimste in situ unsteady aerodynamic,
aeroelastic responses of wminimally instrusented
turbines from properly executed and processed acoustic
measurements. Heaphill (1], for example, showed that
distinct acoustic source regions could be identiffed
within the rotor disk of an operating MOD-2 turbine by
phase-processing signals from a triad of microphones
ingtalled at ground level, upwind of the machine.
Kelley et al. (2] found that substactial and sometimes
violeat dynamic aeroelastic responses (with accompany-
ing high levels of acoustic radiation) can occur with
symmetrically shaped airfoil sections opersted at
incidence angles just below static stall and immersed
in a turbulent flow dominated by perturbation space-
scales near thc chord dimension.

The experiment was therefore designed to directly mea-
sure the aerodynamic, acoustic, aud elastic responses
of a MOD-2 rotor bdlade in order to (1) help develop a
physical understanding of the acoustic generation pro-
cess; (2) help identify unsteady airload magnitudes
or minimally instrumented wind turbines; (3) help
identify unknown sources of both low—~ and high-
amplitude aend low— and high-cycle <fatigue loads;
(4) help evaluate dynamic effects that may be asso-
ciated with vortex generator spoilers installed along
the blade's leading edge snd the inboard 70% of the
span; and (5) help establish the role of the spectral
content of atmospheric turbulence in the earth's
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boundary layer in acoustic noise production and tur-
bine lifetime. This paper discusses a few of the
early results of this experiment.

TEST CONFICURATION

The Boeing MOD-2 Unit No. 2 was the turbine chosen for
this experiment. This turbine is one of three MOD-2
machines at tbe Coodnoe Hills Wind Test Site near
Goldendale, Washington, jointly operated by the RASA
Lewis Research Center and the Bouneville Power Admin-
istration (BPA) for the U.S. Department of Energy.
The Goodnoe Hills Site is well-equipped to perform
such an experiment because 2 variety of detailed tur-
bine operational and site meteorological information
is available and because of the experimental nature of
the site.

Turbine No. 2 was operated for this experiment under
the standard operational sequence using Boeing's
“five—degree control software” procedures. Vortex
generators had been installed near the leading edge of
the rotor covering the inboard 70X of each blade
span. Groups of six subminiature pressure tranducers
were mounted to the upper and lower blade surfaces of
Blade No. 1 at two span stations (65 and 87%, or Sta-
tions 1164 and 1526, respectively) and chordwise dis—
tances >f 15%, 40X, and 85%. Station 1164 is located
on the outer portion of the fixed section of blade
while Station 1562 is located on the movable control
tip slightly less than 8 m outboard of the gap between
the fixed and wmovable sections. An acceleromseter,
with its sensitive zxis parallel to the flapwise or
out-of-plane direction, was wmounted near the inboard
surface pressure transducers at Blade Station 1209
(67X span). Standard messuremaents of strain-gage~
derived chord and flapwise moments were aade at the
locations of the pressure transducers and transmitted
via the turbine data system to SFRI and NASA multi-
channel recording facilities along with the remainder
of available operational data. The turbine engi-
neering data system limited the data bandwidth of the
turbine-related parameters ro 35.2 Hz.

Windfield/Turbulence Instrusentation

A commercially-available tethered balloon system, mod-—
ified by SERI to czarry 2 hot-film anemoneter and its
associated electronics and a radio-telemetry trans-
mitter, was flown in the turbine inflow to acquire the
mean and turbulence spectral characteristics. When
the balloon was operated in a profiling mode, the
details of the inflow vertical structure could also be
examined. The tethered balloon system also carried a
small package that sensed and radio-telemetered height
(pressure), temperature, windspeed, and wind direction
once every 10 s to a ground station located in the
SERI Instrumentation Van. There, the data were
recorded on two tape systems and presented in digital
form .n support of the experimental operations. The
hot=film turbulence measuring system consisted of a
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0.15mn-diameter sensor oriented to measure the vector
sum of the local horizontal and vertical wind com-
ponents, the associated bridge network, and a 50-wmV
digital radio-telemetry transmitter. The receiver,
located in the SERI Van, converted the signal from di-
gital to analog form for final processing by a é4th-
order polynomial linearizer and time-parallel re-
cording, with selected turbine and acoustic parameters
on the sawme mltichannel magnetic tape wedia. The
dynamic range of the hot-film anemometer telemetry
link is better than 70 dB and its data bandwidth is
125 Hz, but the final recording was limited to about
48 dB and 100 Hz.

Acoustic Instrumentation

Three very low-frequency (VLF) microphone systems were
installed in a right-angle array pattern at ground
level upwind of the turbine. The closest microphone
to the rotor planc was placed 122 m upwind of the
rotor axis. The two remaining uwmicrophones ware
located 15 m farther upstream (1.5 rotor diameters
from the disk) and 15 m from each other along a line
parallel to the turbine rotor plane. The low~
frequency cutoff of the VLF systems was set at 0.1 Hz,
and the upper response limit set by the final FM tape
recording at 1250 Hz and available dynawmic range.

The general procedure followed during this experiment
was to choose test conditions based on (1) a windspeed
range (low range, turbine cut-in to 12 ms™" and high,
above 12 ms™'}; (2) a wind direction of 270 %15°; and

(3) rotor disk layer hydrodynamic stability as ex-
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pressed by the gradient or bulk Richardson KNumber
para: .ter. The tethered bzlloon system was flown in
two modes. Vertical profiles of the rotor disk layer
were made before and after each 30-min data run; i.e.,
heights ranging from about 15 to 108 m. During the
actual data runs, the balloon was positioned near hub—
height to provide a contimuous record of the inflow
turbulence for time-parallel recording with the blade
snrface pressures and acoustic data from which the
blade responses could be calculated.

DATA REDUCTION PROCEDURES

The data reduction procedures included (1) data chan-
nel response evaluation and sct_equent equalization;
(2) sampling and Fourier transformestion to rms spe:-
tral estimates; and (3) computation of turbulence re-
sponse function estimates.

Data Chsosel Response/Equalization

The actual traansfer function of the turbine engi-
neering data system channels was experimentally mea-
sured. Figure 2 plots the modulus (magnitude) of the
measured response. As shown, the half-power (-3 dB)
point is 35.2 Hz, From our wind tunnel experimen-
tation and previcus MOD-2 acoustic measurements, we
had good reason to believe there would be considerable
response above this figure. We also knew the pressure
transducers aud strain gage instrumentation were
capable of much wider response, because the available
bandwidth was wholly limited by the low—pass filter in
the telemetry system signal cond tioning cards. From
our actual meagurements of the .ata channel response
characteristics, and knowing the dynamic range of the
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FM recording processes used, we devised an cqualiza-
tion filter which was applied in the frequency domain
after Fourier transformation. This equalization pro-
cess is essentially the ianverse of the response showm
in Figure 2 with the maximum frequeuncy et which it is
applied at 70 Hz. This upper frequency limit was
arrived at by conservatively estimating the dynamic
range of the FM recording processes used by SERI and
NASA at about 40 dB maximum. (We believe, for
example, the actual SERI figure was between 43 and 48
dB.) At 70 Hz the data system analog filter response
was =22 dB, which would allow for sufficient equaliza-
tion and not exceed the assumed 40-dB dynsaic range of
the PM recordings. Thus, a maximum gain of 22 dB at
70 Hz is applied to the recorded data in the equaliza-~
tion process.

Ssapling and Fourier Transformation

The results in this paper are derived from a data rum
recorded on the evening of 16 August 1983 between 2230
and 2300 hours local standard time. Because of the
nonstationary characteristics of the atmospheric
input, each 30-min data run has been divided into six
S5-min segmeats. The final 5-min segment of this
particular series was chosen for detailed response
analysis reported on here because (1) a minimal ver-
tical variation was found in the height of the hot-
film anewometer with respect to the rotor disk (a
standard deviation of 6 m, compared with other S5-min
segments in which variations of more than %15 m were

found); and (2) relatively substantfial turbulent
energy levels were found in the high-frequency
range. Table 1| summarizes pertinent turbine opera-

tional and inflow turbulence values for this 5-min
segment,

We chose a vertical window of 10 m from the mean hot-
fila anemometer height as the region from which we
would extract blade dynaric data needed to calculate
response estimates. This choice resulted in the
definitions of the two segments of the rotor disk pic-
tured in Figure 3. Previous experience indicated that
subtle changes occur in the blade response as it
ascends and descends (driven by gravity, most likely)
and that therefore we should examine the reaponse of
the blade as it passed through the mcasured layer in
both directions. By delaying data conversion and
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Table 1. Sommary of Isportsat Turbuleace Excitatioa
ad Torbine Operation Flow Amgles for

4nalyzed Data Segment

Turbulent Laye: Structure Parsmeters

Mean measurement height (above tower base)

78 £ 6 L}
Mean horizontal wind speed 7.39 us”
Turbulence inteasity 8.02
Turbulence integral scale 2 2.89 u*
Turbine Blade Operating Angles
Indicated mean blade sugle (ref. at +0.62°
Sta. 1260)
Calculated mean angle of attack 11.6°
(Sta. 1164)
Calculated mean angle of attack 9.6°

(Sta. 1562)

21.3 chords referenced at 0% span.

Fourier transformation a fixed amount from the time
the blade was at the bottom of its travel (parallel to
the tower base), we could start the 0.5-second conver-
sion period to coincide with the windows shown in Fig-
ure 3. While some differen:es were noted, the data
presented in this paper are bhased on the averages of
responses found in the ascending and descending
sampling windows. Inflow turbulence data were col-
lected using the same samwpling scheme and delayed to
allow propagation at the 7.4 ms ' wmean windspeed to
reach the disk (employing the frozen turbulence
hypothesis). Similarly, acoustic data were calculated
from the in-phase portfion of the rms cross-spectral
estimate from the two wmicrophone systems parallel to
the rotor disk and 1.5 diameters upstream. An addi-
tional delay of 0.5 seconds was added to account for
the propagation time from the affected disk area to
the microphones. The 5-min data segment resulted in a
total record of 40 seconds containing 80 blade pas-—
sages through the turbulent excitation layer from

which the averaged rms spectral estimates were
derived. A toral of 81,920 data points were
processed. The resulting resolution bandwidth of the

transformation is 2 Hz.
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Respouse Estimate Calculatioms

The response estimates were calculated by taking the
ratio of the equalized blade pressure or other turbine
paraweter rms spectral estimate to the reference tur-
bulence spectrum. Thus, results are referenced in
tesr of the units of the particular parameter per
as .

DESCKIPTION OF TURBULENCE EXCITATION

Figure 4 plots the detailed vertical windspeed profile
measured ismediately at the conclusion of the 5-min
data segment. The minimum vertical resolution of this
profile has been limited to 6 m. The turbulent exci-
tation layer is characterized by the scatter in the
data points. Figure 5 presents the averaged, nor-
malized power spectral density o. the turbulence in
this layer which also served as the reference from
which response estimates have been calculated. The
relatively signif’'.ant high~frequency (short wave~
length) energy content is apparent even in this
averaged spectrum. The location of the correlated
turbulent eddy region, defined by frequencies higher
than the integral scale &, is shown at right., Some
differences in the spectral characteristics above this
frequency may be noted.

TEST RESULYS

Kepresentative examples of response estimates have
been divided into three groups: acoustic, aero~
dynamic, and aeroelastic. While it would be
interesting and perhaps significant in some cases, we
have not attempted to combine these categories in this
paper.

VERTICAL INFLOW STRUCTURE AT 1.5 ROTOR DIAM UPSTREAM
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Figure 4. Details of wertical inflow structure
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Figure 5. Averaged normalized power spectral deasity

of turbulent excitatiom layer at 78 m.
Low-Frequency Acoustic Respoase Estimates

Figure 6 plots thf low-frequency acoustic radiation
response in Pa/ms™ " over a range of 2 to 100 Hz (the
acoustic data were not limited by the turbine engi-
oeering data system low-pass filters 2nd so camn be
presented to 100 Hz). The abscissa has also been cal-~
ibrated in terms of the reduced frequency parameter k
(shown in italics) as referenced to the chord
dimensions and relative blade speed at 80X span. The
k parameter is defined by k = xcf/U, where ¢ is the
chord dimension; £, the cyclic frequeacy; and U, the
relative blade speed.

Blade Aerodynamic Respouse Estimates

Two examples of the blade aerodynamic response are
given in Figures 7 and 8. !-‘igurel 7 plots the normal
force response in units of kPa/ms = as measured at the
402 chord position at both the inboard (65X span or
Blade Station 1164) and outbourd (871 span or Blade
Station 1562) span locations. Figure 8 indicates the
differences in response seen at the 15X and 40X chord
positions at the cuter span station (1562).

Blade Aercelastic Respouse Estimates

Figures 9, 10, 11, and 12 are a representative look at
the aeroelastic response of the blade. Figures 9 and
10 plot, the chord and flapvise moment responses in
N-m/ms™* at the inboard (Station 1164) and outboard
(Station 1562) span locations. Figures 11 and 12 pre-
sent the fhp\i'tse _rcceleratioh and displacement
responses in ms “/ms and m/ms ~, respectively, at
Blade Station 1209 on the fixed-pitched portion of the

blade.
RESPONSE IN TERMS OF TURBULENCE SPACE SCALE

I evious SERI wind tunnel experiments with symmet-
rically shaped airfoil sections [2] showed that strong
and occasionally violent buffet-type responses could
develop at incidence angles approaching tut remaining
below static stall. In terms of the reduced frequency
paraneter k, the buffet onset was generally found to
be near k = 0.5 and extended to at least k ¥ x. The
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Figure 7. Measured mormal pressure force response

functions at 40T chord and Blade Statioms
1164 (65%) and 1562 (87%) span.

response shown on most of the previmus figures seems
to extend higher than that figure. However, these
tests agreed with the wind tunnel results in that the
buffet response also increases as the flow perturba-
tions or turbulent eddy size approaches the dimensions
of the section chord. Figures 13, 14, and 15 have
been replotted using the acoustic, 40%-chord normal
force and chord moment response data of Figures 6, 7,
and 9 of the turbulent eddy size or perturbation wave-
length normalized by the chord dimension at 80%
span. The wavelengths defined by tne integral turbu-
lent length scale L are aleo shown. As previously
mentioned, the turbulent integral scale roughly refers
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response
functions at Blade Station 1562 (871) at
152 and 40 choxd statioms.
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Figure 9. Measured blade chord moment

respouse
functions at Blade Stations 1164 and 1562.

to the largest correlated eddy size or, 1in other
words, the upper limit on correlated turbulence space
gscales.

This prelimirary assessment of ti. uunsteady response
of MOD-2 turbine blade, from one rather well-behaved
case, indicates that unste-dy blade loads are very
sengitive to the spectral content of the turbulence
encountered around the swept area of the rotor disk.
The greatest sensitivity appears to be tou turbulent
eddy sizes on the corder of the blade chord or less. A
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Figure 11. Measured flapwise acceleration response

function at Blade Station 1209.

correlation also seems to exist between the turbulence
integral scale and the resulting unsteady blade
response as indicated by the acoustic, aerodynamic,
and aeroelastic respouse estimates.

The outboard blade station (1562) on the movable tip
is noticably less sensitive to the turbulence until
the turbulence scales become less than the section
chord length., One possible explanation for this is
that the mean attack or incidence angle of the flow
with respect to the outer span station is about i°
less than the inboard station and thus slightly far-
ther away from the static stall coadition, a situation
that we know from our wind tunnel experience usually
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Figure 13. Measured low-frequency acoustic radiation
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indicates a reduced unsteady response. Also, the in-
board section was fitted with vortex generators whose
function is to delay separation and increase the maxi-
munm section lift,

The data-system-imposed maximum bandwidth limitation
of an equalized 70 Hz prevents us from deternining
when the curves begin to fall. However, Figure 6,
which contains the acoustic vradiation response esti-
mate, seems to indicate that a peak may exist at
around 80 Hz, and it hints at one even higher.
Additional measurements with wider data bandwidths are
needed to confirm the effective upper 1limits of
turbulence sensitivity, but gome clues may be gathered
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from the: SERI acoustic data se which has been
analyzed statisticaliy up to 160 Hz in 1/3-octave
bands.
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ANECHOIC WIND TUNNEL STUDY OF TURBULENCE

EFFECTS ON WIND TURBINE BROADBAND NOiSE*

B. Loyd and W.L. Harris

Massachusetts Institute of Techmolcgy
Cambridge, Massachusetts 02139

ABSTRACT

This paper describes recent results obrained at MIT
or the experimental and theoretical modelling of
aerodynamic brecadband noise generated by e dowmnwind
rotor horizoztal axis wind turbine. The azrodynamic
broadband ncise generated by the wind turbine rotor
is attributed to the interaction of ingested zurbu-
lence vwith the rotor blades. The turbulence was
Zenerated in the MIT anechoic wirnd tunmel facility
with the aid of biplanar grids of various sizes. The
speccra and the intensity of the aerodynsmic broad-
band noise have been studied as a function of paraw-
eters which characterize the turbulence and of wind
turbine performance parameters. Spacifically, the
longitudinal integral scale of turbulence, rhe size
scale of turbulence, the number of turbine blades,
and free stream velocity were varied. Simultazneous
measurements of aco:stac and turbulecce signals were
made. The sound pressure leve]l was found to vary
directly with the integral scale of the ingested
turbulence but not with its intensity ievel. A theo-
retical model based on unsteady aerodynamics is
proposed.

ROMERCLATURE

B Number of rotor blades

b Rotor blade span

3 Rotor blade chord

o Ambient speed of sound

D.(3,f) Power spectral demsity of the dipole
radistion

i Frequency

x component of turbulent wavenumber
vector

] Rotational harmomnic

M, Rotational Mach number at radial
position R,

Po Ambient density

R, Radial location of the effective
velocity

r Radial position

<Spp (x,t)> Radiation spectra

Co Velocicy

x Vector coordinate

A Integral scale of turbulence

re Longitudinal integral scale of
turbulence

é Azimcthal angle

Q Rotational speed

I. INTRODUCTION

The potential advantages cderived from wind power as
a source of world energy needs are =ct independent
of their environmental impact. The essential factor
in such an euvironment impact is the negative aspects
associated with the cerodynamic noise generated by

*Presented at the DOE/NASA Wind Turbine Technology
Workshop, ay 8-10, 1984 in Cleveland, Ohio.
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wind turbinesl‘z':"". The aerodynamic noise generated
by wind loading on the blades of wvind turbine may be
classified as: (1) Gutin noise resulting from Doppler
modulation oY the steady blade loads, (¢) blade tower
wake interaction noise generated by continued blade
passage through the downwind wake of the wind turbine
suppo.t touver, and (3) broadband noise due to blade
interaction with incident turbulence. Previous
research at MIT bhas addressed Gutin noise and blade
tower wake interaction ngize from a theoretical and
experimental perspective~? This paper presents
results of our investigatior of the effects of ruriu-
lence on wind turbine broaaband noise.

I1I. EXPERIMENTAL APPARAIUS
The MIT anechoic wind tunnel facility was used to
investigate the effects of controlled free-stream
turbulence on the broadband noise generated by a
scaled model vind turbine. Turbulence of varying
intensity and scale wvas generated in the wind cunnel
test section by inserting biplanar grids of different
sizes in the tummel _c~acraction section. The experi-
mental apparatus used in obtaiting and analyzirg both
turbulence and acoustic data is described.

Ix.A. THE M.I.T. ANECHOIC TUNNEL
The wind tunnel has a 1.52x2.29-m inlet open-jet test
section which is eaclosed in a 3.65x3.65x7.3-w
anechoic chamber. The sides of the chamber were
covered vith Cremer blocks and the floor of the
chaxber was covered with 15-cm-thick pelyurethene
foam. The anechoic properties of the Zunnel were
measured and the acoustic cutoff frequency above waich
free-field conditions prevail was fouad to be 160 Hz.
The effects of the shear layer of the open jet on
re‘racrtion anc scattering of acoustic waves were
studied by using aeolia: tomes as sound source and
were found ro be insignificant under the present test
conditions. The details of the aerodynamic and
acoustic calibrations of *“he wind tunnel facility are
aescribed in Harris and ‘e.s

II1.B. WIND TURBINF. MODEL

Experiments were conducted on a 1/53 scale model of
the NASA-DOE MOD-1 wind cturbine. NAtA 0012 model rotor
blades were used. The blades have a 5.08 cm chord,
-8° linear cwist, and a radius of 59.6 cm.

IXI.C. TURBULENRCE GENERATION
The grids employed in this study were designed based
on the data of Baines and Peterson.” The grids were
biplanar consisting of bars of 1.91 cm with a mesh
size of 15 cm and bars of 8.9 cm with a mesh size of
50.8 cm. The grfd solidity were 0.23 and 0.32 respec-
tively. The grida Reynolds number based on the lowest
tunnel velocity were 9x10% and 3x10°, respectively.
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The longitudinal and vertical integral scales Ay and
"‘8 of the grid generated turbulence were determined
near the axis of rotor. For convenience, we
estimated ¢ from the Eulariaa integral time scale
Te- The values of I, were determined from the extra-
polated zero intercept of the power spectra of lomgi-
tudinal and vertical veloncities. The length scales,
then atre given by

z\f = Lotef; AS = Uokes )
The measured longitudinal and vertical integral
scales of grid generated turbulence were observed te
be independent of free-streax velocity. In absence
of grids, the Eularian time scales were very iarge
and fluctvating. This resulted in large length
scales that vary considerably with free-stream
velocity, but do not follow any definite pattera.

The biplanar grids used to generate the contrelled
turbulence were located 2.08 m from the plane of the
rotor. This correspords to approximately 15 mesh
iengths for the small grid and 4.6 zesh lengths for
the larger grid. The controlled turbulence is
assumed isotropic at the rotor plare. <Characteristic
turbulence data are given in Table 1.

II.D. INSTRUMENTATION

Data flow for all the experimeats was from microphones
and hot wire sensors to a magnetic tape and later
from the magnetic tape to a spectrum analyzer.

The acoustic measurements were made on axis and in
the plane of the rotor as shown in Fig. 1. Acoustic
signals wvere measured using two 1/2 inch B&K micro-
phoaes type 4133. Wind screens were used on both
microphones. The ou axis microphone was amplified
with a B&K 2107 frequency analyzer, while the off
axis microphcene was amplified by a B&K 2604 micro-
phone analyzer. The microphones were calibrated
using a2 B&K piston phone type 4220.

The fluctuating velocityv signals were measured with
a DISA 55H24 S-type hot wire sensor. The probe was
caliorated over the anticipated test velocities and
the responses of both wires were found to be roughly
linear. The probe was placed at 91.62 span 12 ca
upstream of the blade of the rotor. DISA 55D05
constant temperature anemometers were used in conjunc-
tion with a DISA 55D15 linearizer. Both signals were
wonitored constantly with two (true) ras voltmeters
type HP 3400 A. The gain control on one of the
linearizers was used to achieve uniform sensitivity
of both wires.

The X-wire signals were fed into a home~built sum and
difference unit to yield the longitudinal and vertical
components of the velocity. The signal from the
summing unit was passed through a Krohn Hite model
3340 filte- to eiiminate the offset voltage inherent
in the l._.ucarizer output signal. Acoustic, turbu-
lence, rpm and flow speed measurements were made
simultaneously. A schematic of instrumentation used
in the acquisition of turbulence, acoustic, and rpm
data is showm in Fig. 2.

The measured acoustic, turbulence, and rpm sigaals
were recorded on magnetic tape with an Ampex FR1300
14 channel recorder. The recorded signals were

subsequently analyzed with a Nicolet 660B dual channel
FFT analyzer and plotted on a Tektronix 4662 digital
plotter. All of the asta wvas analyzed by taking the
averages of 50 time windows of the taped signsl.

III. EXPEPIMENTAL RESULTS

To investigate the effects of ingested turbulence

on the emitted troadband noise, the turbine blade
pitch, flow speed, and number Jf blades were fixed a2t
15°, 10.1 m/sec and 2 respectively while the control-
led turbulence was varied. Typical results are shown
in Figs. 3 and 4. Comparing Figs. 3 and 4 we observe
that an increase in length scales along with a
decrease in turbulence intensity, has a cignificant
effect on the broadband noise spectirum. The smaller
scale a2nd higher intensity turbulence dominates the
spectiam at the lower frequencies vhile the larger
scale and lower intensity turbulence dominates at the
higher frequencies. The longer length eddies tend

to produce a more pronounced blade-to-blade correla-
tion effect and leads to more positive and negative
interfersnce between acoustic waves generated by the
wind turbine blades.

Figures 5 and 6 show the influence of free strean
velocity on the radiated broadband noise. The
observed increase in sound pressure level with
increasing forward speed is attributed to the
corresponding increase in the rms value of the
turbulence in the tunnel with increased forwvard speed.
Note the difference in rpm between Figs. 5 and 6.
This difference is a result of both cases correspond-
ing to a fixed blade pitch of 15°.

The relatively negligible effect of number of wind
terbine rotor blades on the generated broadband noise
is shown in Figs. 7 and 8. The main difference being
an increase width of peak centered at approximately
3,000 Hz with increasing number of bladas.

The off axis wmicrophone verified the abuve results.
The off axis wicrophome sound pressure level was
always less than that of the on axis microphone
confirming the dipole nature of the broadband noise.
A typical comparison between on axis and off axis
mnicrophone readings is shown in Figs. 7 and 9.

IV. BROADBAND NOISE TAEORY

When there is no significagt blade-to-blade correla-
tion Aravamudan and Harris’ have shown that the
spectrum of low-frequency broadband noise mav be
expressed as

"
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The two-dimensional model of rotor blade-turbulence
interacticn developed above is equivalent to exploit-
ing the effective radius approach at 802 spam, to
assumiag chordwise and spanwise compactness, and to
a neglect of retarded time considerations associated
with the sweep of the skewed gusts in the spanwvise
direction. Qur objective in developirg this model
is to correlate the measured data. Additional experi-
ments and calculations are in progress with a goal of
correlating theory and experiment.

V. CONCLUSIOSNS
Measurements in the M.I.T. snechoic wind tunnel of
broadband noise generated by a 1/53 scale model of
the NASA-DOE MOD-1 wind turbine have been made.
experiaents and related aralytical development
described in this paper are conceraned with the effects
of turbulence on broadband noise generated by a model
wind turbine. Our measurements suggest the following:

The

1. The smaller scale and higher intensity turbulence
dominates the broadband noise spectrum at the
lower frequeccies while the larger scale and
lower intensity turbulence dominates at the

higher f{requencies.

The sound pressure level of the broadband noise
spectrum increases with increasing forward speed
due to the corresponding increase in the ras
value of the turbulence in the tunnel.

Increasing the number of blade: from two to
three has a negligible effect on the sound
rressure level of the broadband noise spectrum.

Off-axis microphone measureaents coanfirm the
dipole nature of the broadband noise generated
by the wmodel wind turbine.

A broadband noise model has been developed and
is to be compared with experimental results.
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Table 1:

Characteristics of Turbulence Uo = 10.1 m/sec

Grid #0 Grid £1 Grid #2
{free stream) 1.92x15.38cm 8.97x51.28cm
Longitudinal Scale (cm) 3.4 9.6 14.6
Vertical Scale (cm) 20.4 5.8 9.3
Ratio of A /Ay Q9 0.61 0.64
Intensity 1.72 6.25% 112
Solidity 0 0.23 0.32
Grid Reynolds Rumber - 9x10% 3x10%
Uo —1.32m—f
—
Sm
.32 m
\ On oxis microphone
¥
.5m

Off axis microphone

FIGURE 1 - POSITION OF MICROPHONES
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FIGURE 2 - SCHEMATIC OF INSTRU?ENTATION
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100
GRID #1 960 RPM 10.1 m/sec
- ON AXIS MICROPHONE
-
(dBA)

SOL-

[

S 1 3 - 1 L L i 1

400 2 4 6 8 10KHz

FIGURE 3 - SOUND PRESSURE LEVEL WITH GRID #1
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|
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FIGURE 4 - SOUND PRESSURE LEVEL WITH NO GRID
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100
GRID#2 GIORPM 101 m/sec
- ON AXIS MICROPHONE
(dBA)
60
1 | S 1 4 ] 1 1 1 1
405 2 a 3 8 10KHz

FIGURE 5 - EFFECT OF FREE STREAM VELOCITY ON SOUND PRESSURE LEVEL, Uo = 10.1 w/s
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FIGURE ~ 6 EFFECT OF FREE STREAM VELOCITY ON SOUND PRESSURE LEVEL, Uo = 13.4 m/s
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100
1 1040 RPM 10.1 m/sec
GRID #0 2 BLADES
80t ON AXIS MICROPHONE
@A) |
60 L
400 4q 8 12 16 20KHz

FIGURE 7 - EFFECT OF NUMBER OF BLADES ON SOUND PRESSURE LEVEL, B = 2
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80
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FIGUKE 8 - EFFECT OF NUMBER OF BLADES ON SOUND PRESSURE LEVEL, B = 3
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100

i 1040 RPM 10.1 m/sec
GRID #0 2 BLADES
8ok OFF AXIS MICROPHONE
(dBA)
60

o a 8 2 16 20 KHz

FIGURE 9 - SOUND PRESSURE LEVEL, NO GRID, B = 2, OFF AXIS MICROPHONES
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