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

As part of these technology transfer activities, a tom! of 22 previously 
mpublished manuscripts have been assembled and ax presented here in order to 
s:are the results of valuable research on wind turbines with the wind energy 
cc.mmunity. A wide variety of Wind turbine technology topics are discussed, 
including the following: 

.. Wind and wake models ...... 3 Papers 
Airfoil properties 5 Papers 

Conool systems 3 Papers 
.. Variable-speed generators ..... 3 Papers 

Acoustic noise 3 Papers 

.. ........... 
-- Stru~nnral analysis and testing . . 5  paper^ 
.. ............ 

.. ... . . . . . . . . . .  

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

Wind energy activities sponsored under or related to the NASADOE wind 
turbinc 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 
saund NASADOE 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 af NASA-Related Publications on Wind 
Turbine TechnoloRy, 1973 - 1995, NASA CR-195462, DOWNASN5776-3, 
Cleveland, Ohio: NASA Lewis Research Center. 

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

N95- 27971 James R. Connell 

Paci f ic  Northwest Laboratory 
R i  chl  and, Washington 99352 

ABSTRACT 

The concept o f  ro ta t iona l l y  sampled wind speed i s  
described. The unusual wind character ist ics that  
resu l t  from ro ta t iona l l y  sampling the wind are shown 
f i r s t  f o r  ear ly measurements made using an 8-point 
r i n g  of anemometers on a ver t i ca l  plane array of 
meteorological towers. Quantitative characterization 
o f  the ro ta t iona l l y  sampled wind i s  mde i n  terms o f  
the power spectral density function o f  the wind 
speed. 
concept i s  demonstrated w i th  spectral analyses o f  the 
response o f  the HOD-OA blade flapwise m o t  bending 
moment and the corresponding rotat ional  analysis o f  
the wind measured imnediately upwind o f  the MOD-OA 
using a 12-point r i n g  o f  anennnneters on a 7-tower 
ver t i ca l  plane array. 

The Paci f ic  Northwest Laboratory (PNL) theory of the 
ro ta t iona l l y  sampled wind speed power spect;al 
density function i s  tested successfully against the 
wind spectrum measured a t  the MOD-OA ver t i ca l  Dlane 
array. A single-tower empirical model o f  the 
ro ta t iona l l y  sampled wind speed i s  also successfully 
tested against the measurements from the f u l l  
ver t i ca l  plane array. 

Rotational measurements of the wind ve loc i ty  wi th 
h o t f i l n  anemometers attached t o  ro ta t ing  blades are 
shown t o  be accurate and pract ical  for  research on 
winds a t  the blades o f  wind turbines. Some measure- 
ments a t  the ro to r  blade o f  a MOD-2 turbine using the 
ho t f i lm  technique i n  a p i l o t  research program are 
shown. 
expectations basc? upon appl icat ion of the PNL theory 
c f  r c ta t i ona l l y  sampled wind t o  the MOD-2 size and 
ro ta t ion  ra te  but without teeter, blade bending, o r  
ro to r  induction accounted for. 

Final ly,  t4e importance o f  temperature layering and 
o f  wind modifications due t o  f low over complex 
te r ra in  i s  demnstrated by the use o f  ho t f i lm  anemom- 
e te r  data, and meteorological tower and acoustic 
doppler sounder data from the NDD-2 s i t e  a t  Goodnoe 
H i l l s ,  Washington. 

Ver i f i ca t ion  o f  the importance o f  the new 

Thcy are compared and contrasted t o  the 

INTRODUCTION 

Rotational sampling i s  a method o f  determining the 
character o f  the wind encountered by a segment of a 
ro ta t ing  wind turbine blade. The concept o f  rota- 
t iona l  sampling has undergone extensions i n  theory 
and observations and has been applied t o  wind turbine 
tes t  and design. 
sampling and some o f  our recevt rotat ional  rneasure- 
ments o f  the wind are presentd i n  t h i s  paper. 

Early i n  the development o f  the rotat ional  sampling 
concept, wind measurements using ver t i ca l  plane 
arrays o f  propeller anemometers i n  c i r c les  were 
analyzed t o  simulate the wind veloci ty experienced 
j u s t  ahead of a chordwise s l i ce  o f  a ro ta t ing  ro to r  
blade. Figure 1 i s  a sketch of the larger o f  those 

The basic pr inciples o f  rotat ional  

MOI e 

MOD 2 
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Mm 
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12m 

Figure 1--Sketch o f  the 37-171 diameter ver t i ca l  
plane array a t  Hanford. Washington 
s i t e  

isolated ver t i ca l  plane arrays, w i th  c i r c les  of 
rotat iov,  wind turbine blades and a height scale 
superimposed upon it. 

Figure 2 shows graphs o f  the cross-disk ( sx ia l )  wind 
speed as a function o f  time a t  each anemometer 
locat ion on the ver t i ca l  plane array (VPA) f o r  an 
8-minute period. The wind speed t i n e  series were 
smoothed s! i g h t l y  t o  remove the high-frequency 
f luctuations. D is t i nc t  s im i l a r i t i es  and dif ferences 
between winds a t  d i f fe ren t  locations but a t  iden t ica l  
times can be seen a t  each o f  the eight locations 
around the c i rc le .  
experienced by a point  ro ta t ing  around the c i r c l e  o f  
anemometers a t  the speed of a point  on a ro to r  blade 
are obtained by sampling wind speed values from graph 
t o  graph around the c i r c l e  and incrementing t i m e  wi th 
each change o f  graph (o r  locat ion around the c i r c le ) .  
This comtruct ion o f  a new time series of the wind 
speed f luctuations i s  cal led rotat ional  sampling. 

A time series o f  ro ta t iona l l y  sampled axial  wind 
speed i s  shown along with a t i ne  series of the axia 
wind speed measured a t  a s ingle nonmoving point  i n  
the top graph i n  F iguw 3. The substantial d i f f e r -  
ences i n  character o f  these two t i m e  series are 
discussed i n  the next section. 

CHARACTERISTiCS OF ROTATIONALLY SAMPLED WIND VELOCITY 

The wind speed f luctuat ions 

The t i m e  series o f  the wind speed i n  Fioure 3 indicato 
qua l i t z t i ve l y  how d i f fe ren t ly  the wind i s  seen by a 
stat ionary point  and by a point  revolving around a 
c i r c l e  i n  a ver t i ca l  plane set a t  r i g h t  angles t o  the 
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Figure 2--Graphs of ax ia l  wind speed as a function o f  time a t  each 
anemometer on the 3 7 4  diameter ver t i ca l  plane array 
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Seconds 
Figure 3-4chematic o f  wind a t  a wind turbine along w i th  sample 

time series o f  real  ro ta t iona l l y  sampled wind speed 

mean direct ion o f  the wind i n  the atmospheric 
boundary layer. To characterize a complicated t i m e  
series o f  ro ta t iona l l y  sampied wind speed 
f luctuations quant i tat ively,  i t  i s  possible t o  

separate the time series i n t o  a la rge  set o f  long 
time series of simple sine waves, each w i th  a 
d i s t i n c t  sfngle frequency o f  f luc tua t ion  and eacb 
with a specif ic constant amplitude o f  f luctuation. 
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I f  the values of a l l  of these sine waves are added 
together a t  each instant the resul t ing s ingle time 
series I s  exactly the or ig ina l  complicated t i m e  
series. 

It i s  re la t i ve l y  easy t o  see the contr ibut ion o f  the 
sine wave components t o  the t o t a l  turbulence because 
the frequency and amplitude o f  osc i l l a t i on  of each 
t i m e  series are easi ly and unambiguously quantified. 
The amplitude associated wi th  each frequency i s  often 
given as the amount o f  f luc tuat ing wind energy per 
u n i t  mass o f  a!r per u n i t  span o f  frequency-of- 
f luctuation. This i s  ca l led the parer spectral 
density o f  the wind speed. A single curve of the 
power spectral density of the wind, covering a l l  
frequencies o f  sinusoidal components, characterizes 
the or ig ina l  wind t i m e  series i n  a d i s t i n c t  and 
quant i tat ive manner. Schematic examples o f  the power 
spectral density p lo ts  f o r  wind a t  a s ingle po int  a t  
the hub height o f  a wind turbine and f o r  the rotat ion- 
a l l y  sampled wind a t  a po int  mv ing  i n  a ver t i ca l  
c i r c l e  around the hub are s h m  by the so l id  cuwe i n  
Figure 4. 

FREOUENCY.n. Hz 

Figure 4--Schematic example o f  power spectral 
density graphs o f  s ingle point  wind 
speed (dashed curve) and ro ta t i ona l l y  
sampled wind speed (so l id  curve) 

The high-frequency region o f  the spectrum extends 
from hal f  the frequevcy of rotat ion,  0.5 n(O), t o  the 
highest frequencies. 
t ion, a midfrequency region surrounding the d ip  a t  
the boundary between the l o w  and high frequency 
regions o f  the spectrum i s  included. The regular se t  
o f  spikes i n  the high frequency region i s  often 
labeled according t o  t h e i r  center frequency, non- 
dimeosionalized by the frequency o f  the rotat ion rate 
o f  the rotor .  These frequencies are cal led the 1-P, 
2-P, . . . [n(i)/n(O)]-P frequencies corresponding t o  
the nondimensional ized frequencies marked and labeled 
i n  the lower r i g h t  port ion o f  the graph i n  Figure 4. 

The main difference between the spectra f o r  nonmoving 
and rotat ional  sampling points i s  that  the rotat ional  
spectrum has much more energy throughout the high 
frequency region. For rotat ional  sampling, additional 
energy i s  concentrated i n  narrow bands, producing 
spikes a t  character ist ic frequencies i n  the spectrum. 
Since rotat ional  sampling does not produce turbulence, 
the to ta l  energy represented by the spectrum must not 
be d i f ferent  than the average of the energy of 
turbulence a t  the nonlnov,;ng points on the c i rc le .  
This means that  the fluctuations that  a re  experienced 
a t  lower frequencies by nonmoving points are "shi f ted" 
to  higher frequencies i n  specific ways by the rota- 

I n  a more detai led c lass i f ica-  

t ional  sampling. O f  course the rotat ional  sampling 
does incorporate energy of f luctuat ion re la t i ve  t o  
the blade due t o  movement through the mean wind 
shear, but, as we shal l  see, even the rotat ional  
spectrum f o r  turbulence and no wind shear looks l i k e  
that  shown i n  Figure 4. 

The drawing o f  the wind turbine ro to r  i n  Figure 3 
indicates the complex wind d i s t r i bu t i on  the ro to r  
experiences. The demnstrated character o f  the 
ro ta t i ona l l y  sampled wind l e d  us t o  assert that  
measured response o f  a wind turbine was qui te  d i f f e r -  
ent than previously supposed and would correlate wel l  
w i th  ro ta t i ona l l y  sampled wind, whereas i t  would not 
correlate wel l  w i th  wind measured a t  nonmoving 
points. An experlolent set  up a t  the 1100-OA turbinp 
s i t e  i n  Clayton, New k x i c o ,  confirmed the 
expectation and placed the concept o f  ro ta t i ona l l y  
sampled wind on a f im foundation o f  observation anc; 
theory. 

CORRELATION OF ROTATIONALLY SAMPLED 
WIND TO MEASURED W-OA RESPONSE 

A ver t i ca l  plane array of propel ler  anemometers on 
seven towers was ins ta l l ed  two r o t o r  diameters upwind 
o f  the MOD-OA wind turbine as shown i n  Figure 5. The 
c i r c l e  of anemmters was centered on hub height w i th  
a radius equal t o  the r o t o r  radius. E lect r ica l  
signals representing time ser ies o f  a few ro to r  
response variables and generator power output were 
provided by NASA t o  be recorded d i g i t a l l y  a t  f a s t  
sampling rates by PNL. The wind ve loc i ty  data from 
the VPA were also recorded d i g i t a l l y  a t  sui table 
rates on the sane magnetic tape. 

The flatwise roo t  bending was expected t o  re f l ec t  
most d i r e c t l y  the f luctuat ions o f  the ax ia l  wind. 
( In  f a c t  we suggested the idea tha t  the wind turbine 
should be i t s  own best anemometer through f la twise 
root bending o f  the blades, torque o f  the rotor, and 
power out of the generatar.) The spectra of the 
f la twise root bending nunnept fo r  three d i f f e ren t  wind 
conditions are shown i n  the top row o f  Figure 6. The 
corresponding spectra for  the power out o f  the 
generator are shown i n  the bottom row o f  Figure 6. 
The detai led s i m i l a r i t y  o f  the bending moment spectra 
t o  the ro ta t i ona l l y  sampled wind speed spectra 
previously discussed i s  strong. Figure 7 contains 
the spectra for  the ro ta t i ona l l y  sampled wind corre- 
sponding t o  the three cases of Figure 6. The upper 
row of graphs i s  f o r  the wind as measured; the lower 
row o f  spectra have the ef fect  o f  man wind shear 
removed. If one were t o  overlay the ;pper row o f  
wind spectra on the f la twise root be l ing m w n t  
spectra o f  Figure 6, the two would appear t o  be 
nearly ident ica l  out t o  a t  least  four  times - x  
ro tat ion frequency o f  the rotor ,  avd +?  be s imi lar  a t  
higher frequencies. In  the lower set  If wind graphs, 
the mean wind shear appears t o  have the greatest 
ef fect  fo r  the case wi th  a stably s t r a t i f i e d  atmo- 
sphere. I n  the neutral and unstable cases, the mean 
wind shear apparently has a much more moderate r o l e  
i n  wind f luctuat ion ef fects  on the iurb ine rotor.  

This d i rec t  correlat ion between turbine and wind, 
without benef i t  o f  a transformation o f  the wind i n t o  
turbine rotor  response through an aerodynamic model 
and a mechanical model of the KOD-OA, i s  qu i te  
instruct ive,  but less complete than desired. E f fo r t s  
fn f t i a ted  by PNL to compute a sui table transfonnatfon 
f rom the wind have not yet been brought t o  a sat is-  
factory completion. However, we have brought 
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Figure 6--Power spectral density grzphs o f  MOD-OA response t o  wind f o r  three wind conditions. 
Top row: flapwise roo t  bending moment. Bottom row: generator power output. 

1 - BLADE SIMULATION 

STABLE NEUTRAL UNSTABLE 

mean wind 
included included 

0 
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Figure ?--Power spectral density graphs of ro ta t iona l l y  sampled axial  wind speed corresponCing t o  the MOD-OA 
response graphs i n  Figure 6. Top row: complete dnd.  Bottom row: mean wind shear effect removsd. 

tha t  i t  does not give the phase re la t ion  between the 
wiild a t  several radial  locat'ons. 

An example o f  the theoret ical  spectral density of the 
axial wind speed comparpl t o  the spectrun calculated 
from measurements ot  J x + a l  wind using the VPA a t  

O f  the three theoretical corlstructs, a t  t h i s  time the 
simplest one resul ts i n  the most accurate and complete 
spectrum. 
using a d i g i t a l  computer. 
cy l indr ica l  coordinates w i th  economy and accuracy for 
ro to r  problems i n  mind. 

It i s  also the least  cost ly t o  calculate 
I t was formulated i n  

I t has the present res t r i c t i on  
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Clayton i s  shown i n  Figure 8. The goodness o f  t h i s  
caqar ison i s  taken t o  c o n f i m  the concept of the 
r o t - t i o n a l l y  -led wind  and t o  indicate the accuracy 
o f  the theory f o r  n o m 1  wfnd conditions. A quantita- 
t i v e  cmparison between measurement arrd thcory i s  
conveniently made using integrals o f  the spectra over 
small bands o f  frequency surrounding indiv idual  
spikes of the spectra. The magnitudes of energy cf 
f l u c t u c t i m  that  resul t ,  ca l led p a r t i a l  varianLes, 
are plot ted as a function o f  center frequencies i n  
Figure 9. Coqmrisons f o r  the three di f ferent 
atmospheric s t a b i l i t y  cases are s h w .  i n  the three 
graphs. Theory deviates the nost from measurement 
f o r  the case o f  stable s t ra t i f i ca t i on ,  f o r  d i c n  the 
basic assupt ions o f  the theory are least  suited. 

0.001 0.01 01  1 10 

n. Hz 

Figure 8--taaparison o f  theoret ical  power spectral 
density function o f  ro ta t i ona l l y  sanpled 
nind speed f o r  a IIOD-OA wind turbine 
w i t h  ro ta t i ona l l y  sarpled wind speed 
m a s u r d  a t  the MOD-OA ver t ica l  plane 
array. Nearly neutrz l  case. 
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1 
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Figure 9--Theoretical variance of ro ta t i ona l l y  
sanpled nind s?eed f o r  each spectral 
spike compared wi th  the correspmdina 
variance of wind speed measured a t  th: 
MI)-OA ver t ica l  plane array. Nearly 
neutri%l case. 

k 5iNGLE TOWER HODEL OF 
ROTATIONALLY MEASURE: WIND SPEED 

F o r  ccndftions o f  te r ra in  o r  atmospheric s tab i l i ?y  i n  
uhi:h the present theory i s  unsuitable a. I a f u l l  
ro ta t io ra l  measurwnent o f  the wind is not possible, 

i t  would ,e helpfu l  i f  turbulence data from several 
heights on a siTg1e tower could be analyzed t o  g ive a 
useful approximation. A nodel, STRS-2, was developed 
using w i n d  measurements from the center tmr of the 
VPA a t  Clayton. 

The wind speeds a t  the VPA center tauer were cm-  
posited i n t o  the STRS-2 node1 o f  a ro ta t i ona l l y  
aeasured ti- series using a special type o f  rota- 
t ioea l  saapling o f  the data frm anemxters,  with 
appropriate lead t i a c s  and lag  times a t  d i f ferent  
heights. The resul t .  capared t o  the spectra derived 
usino the f u l l  VPA, i s  shown f o r  three s t a b i l i t y  
cowi i t ions i n  the spectra i n  Figure 10. The model i s  
su i tab le f o r  soae purposes without correction; 
correct icn factors were also aeveloped f o r  the I o - O A  
r o t o r  diameter and hub height and the wind conditions 
a t  Clayton. However, the app l i cab i l i t y  o f  the model 
and correct ion factors  t o  other sizes o f  turbines and 
other wind conditions i s  unknown. 

1 
0.001 001 0.1 1 10 

a FREQUENCY. Hz 

Figure 1 0 - - m - 2  model ro ta t i ona l l y  sampled r ind 
spectra derived from anemmeters on a 
s ing le meteorological tauer compared t o  
f u l l  ve r t i ca l  plane array rotat ional  
spectra 

The need t o  t e s t  ex i s t i ng  models o f  ro ta t i ona l l y  
sampled wind ch jcacter is t ics  scaled up f o r  turbines 
larger  than the MOO-OA l e d  t o  addi t ional  neasureaient 
programs using wind ve loc i ty  sensors whose use f o r  
the larger  turbine geometries i s  more economical than 
use o f  pror: l ler  anenmeters on arrays o f  towers. 
The remainder o f  t h i s  pa?er discusses resul ts  from 
the use of fast-responding h o t f i l n  anemometers placed 
on ro ta t i ng  booms and on a mw)-2 rotor,  300 feet  i n  
diameter. 

HOTFILM A N M E T E R  ROTATIONAL 
NASURMEN‘TS OF THE WINO 

To make rotat ional  measurements o f  the wind a t  a 
locat ion very near a ro ta t i ng  blade w i th  acceptable 
economy and accuracy, the hot f i lm anewianetp was 
specialized and tested using a ro ta t i ng  boL7 apparatus 
s im i la r  t o  the one shown i n  Figure 11. The t i n y  wind 
ve loc i ty  sensor i s  placed on a probe extending ahead 
of the leading edge o f  the boom, which i s  rotated a t  
known speed using ar; e l e c t r i c  motor. The three 
coAlpoiients o f  the wind re la t i ve  t o  the moving sensor, 
which were measured under l i a h t  wind conditions, are 
characterized by the three spectra shom i n  
Figure 12. These spectra are f o r  the horizontal axis 
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Figure 13--Conparison o f  t i m e  series and spectra of wind ve loc i ty  components rotationall:. -. 

two side-by-side hot f i lm anemometers on a ver t ica l  ax is  ro ta t i ng  boon. Top twc a .phs: 
tangential wind speed. Bottan bro graphs, ax ia l  (cross disk) wind speed. 

: -zed by 

o f  h o t f i l n  anammeter booas on the ro to r  i s  shown i n  
Figure 14. One probe was placed a t  the 0.7 radius 
pos i t ion on each blade. Another p a i r  o f  probes was 
placed a t  the 0.2 radius positions on the rotor. 
(These locat ions were dictated by :he a v a i l a b i l i t y  o f  
attachment structures f o r  use i n  t t e  p f l o t  program.) 
The w i n d  ve loc i ty  was thus measured re la t i ve  t o  the 
motion o f  the rotor. Thrt not ion included rotation, 
teeter  and blade bending. 

As we expected, re observed ro ta t i ona l l y  measur-! 
wind spec:ra t n z +  look somewhat l i k e  the spectra f o r  
r i g i d  r o t o n  discussed previously, bu t  wi th  some 
deviations i r  spectral e n e r j  d i s t r i bu t i on  due t G  the 
teeter and f i a p  notions. Also, re expected fron 
theory t o  observe spectral shapes a t  an 0.7 R 
locat ion d i s t i n c t l y  d i f f e r e n t  fm those a t  an 0.2 R 
location. 
Figure 15, which contains p lo t s  o f  the theoret ical  
ro tat ional ly  sanpled wind speed spectrun. They were 
calculated for 10 rad ia l  locat ions along a blade o f  a 
HO0-2 f o r  typ ica l  turbu-srtt wind conCitions ir, s iaple 
terrain. The rotat ional  sampling e f f e c t  i s  
diminished a t  the 0.1 R and 0.2 R locat ions 
especially because the l i nea r  speed o f  ro ta t i on  o f  
the sensor a t  these small r a d i i  i s  small. 

This l a t t e r  expection i s  demonstrated i n  

ucu- b e  example o f  the actual spectral density functions 
of the ax ia l  or cross-disk wind measured ro ta t i ona l l y  
fm each o f  the four  locat ions on the ro to r  i s  shown 
i n  Figure 16. The expection tha t  the inner rad ia l  
locat ion would experience diminished rotat ional  
effect a t  frequencies higher than the rotat ion 

LOO.rrCr*mro.rrrOI M-UR -0UIDI 

Figure 14--Location o f  hotf i lm anemometers on the 
ro to r  blade for  the 1984 p i l o t  study a t  
the MOD-2 12 wind turbine a t  Goodnoe H i l l s  
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ro ta t i ona l l y  siupled ax ia l  r i n d  speed derived fm PNL theory. Neutral case. 

Case 1 Hafilm 34Vb. 61 1 Our Case1 Hotfilm33Vb.61 20ut  
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Frequency Hz Frequency Hz 
16--Pawer spectral density functions o f  ro ta t i ona l l y  measured ax ia l  wind speed 

a t  four dianetral  locations, f o r  HOD-2 #2 wind turbine. Neutral case. 
Figu: 

frequency 0’ :he ro to r  i s  c lea r l y  ver i f ied.  The 
large spi ‘s i n  the spectra a t  0.2 R a t  the frequency 
o f  rota+<on 0:’ the ro to r  were not predicted by the 
theo. HowelJer, the theory d id  not include modified 
ma; *ind sherr caused by f?m induced by the nacelle, 
t! 2 tower and the inner s.;tions o f  the blades o f  the 
turbine. 

The spectra fr);. ‘he wind a t  the 0.7 R locations on 
each blade a:% nearly ident ica l  t o  each other. The 

differences may be due t o  differences i n  motion and 
or ientat ion o f  the two blades. 
spectra obtained from the VPA, r o ta t i ng  boom, and 
theory, the HOD-2 wind spectra a t  0.7 R have substan- 
t i a l  differences i n  the high frequency spikes. 
reason f o r  the differences i s  that  the VPA and 
ro ta t i ng  boa;! whds were measured and analyzed 
re la t i ve  t o  coordinate systems that  were r i g i d l y  
fixed i n  a s ing le plane. Simi lar ly,  the theoret ical  
model was applied t o  the r i g i d  ro to r  case. However, 

Compared t o  the 

!he 
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the sensors of wind for the MOO-2 were attached t o  a 
teetering and bending ro to r  blade. This may be the 
reason why the spectra for the 1100-2 have re la t i ve l y  
smaller spikes a t  1P (teeter), 3P and 4P (flapwise or 
ax ia l  blade bending). Nevertheless. the sensors 
measure the wind experienced imed ia te l y  ahead o f  the 
ro to r  blades, which i s  the correct locat ion t o  
describe the wind used i n  a time-domain aerodynamic 
d e l  of the rotor. 

A b r i e f  look a t  the HOD-2 flapwise blade bending 
-fit spectra i n  Figure 17. corresponding t o  the 
wind spectra i n  Figure 15, i s  instruct ive.  The root 
bending moments f o r  the .w blades a m  shom i n  the 
bottaa two graphs. They are identical,  perhaps due 
t o  the ef fect  o f  ro to r  teetering i n  forcing a sharing 
of the effect of the bending forces on each whole 
blade. The rollents f o r  the t i p  sections are not 
qu i te  ident ical  t o  each other; but  they are not 
d i r e c t l y  coupled t o  each other through the teetering 
mxhanisn. The spikes o f  the spectra around 1P 
and 2P are approximately o f  the same re la t i ve  sagni- 
tude as they are i n  the w i n d  spectra a t  the 0.7 R 
locations. The 3P response i s  l i gh t .  re f l ec t i ng  the 
slal lness o f  the wind spectrum spike and the lack o f  
resonance a t  tha t  frequency. The 4P blade spike i s  
substant ia l ly  larger than the correspondino wind 
spike. ref lect ing the first f lavdise symet r ic  
bending laode near tha t  frequency. 

These preliminary e f fo r t s  a t  describing the re la t ion  
o f  the blade bending spectra t o  the ro ta t iona l l y  

measured wind spectra need t o  be replaced by accurate 
dynamic modeling o f  the response of the turbine using 
a d e l  tha t  has been tested f o r  a simpler w i n d  
turbine and simpler conditions for  ro ta t iona l l y  
sanpled wind measuremnts. The wind and turbine data 
t h a t  seem t o  be required for t h i s  f irst phase are 
avai lable fm the VPA expcrinents a t  the Clayton 
M)O-OA s i te.  Some modeling of the MOD-2 case has 
begun a t  other laboratories. 

EFFECTS OF ATMOSPHERIC TEMPERATURE LAYERING 

The impact o f  atmospheric temperature s t ra t i f i ca t i on  
and of the attendant -an wind and turbulence s t r a t i -  
f i ca t ion  on the character of ra ta t iona l l y  measured 
wind ve loc i ty  i s  substantial. We would be neg:igent 
i n  not including a t  leas t  an exarple o f  the e f fec t  i n  
t h i s  paper. 
voltage signals froa a h o t f i l a  anemmeter on the 
blade o f  the Kw)-2 f o r  four  d i f f e ren t  exaoples o f  
tenperature layer ing i n  tb.'l atmosphere. In each case 
the voltage fm f i l m  2 i s  c losely proportional t o  
the wind veloci ty crossing the disk o f  the rotor. 

In the strong inversion case a t  the top of Figure 18. 
the wind speed f luctuates w i t h  a h i n a n t  period 
equal t o  tha t  of the ro ta t ion  of the rotor. The 
amplitude i s  rather constant from cycle-to-cycle. 
Sometimes the var ia t ion  i s  so smoothly sinusoidal 
tha t  there appears t o  be no turbulence. A t  other 
t ines  the turbulence and nonl inear i ty o f  wind shear 
are so great tha t  the waveform i s  ragged or even 

USE 1 ~ m ~ m s ~ .  m 2 1 iw 

Figure 18 shows t i m e  series o f  the 
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Figure 17--Power spectral density functions o f  blade flapwise root bending 
moment corresponding t o  the wind spectra i n  Figure 16. 
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Figure 18--Hotfilm anewneter signals representing the d i f ferent  character of tim ser ies 
of ro ta t i ona l l y  measured ax ia l  wind speed f o r  f cu r  d i f f e ren t  conditicns o f  
atmospheric s t a t i c  s t a b i l i t y  (teaperature layering) a t  the MOD-2 Ir2 wind turbine 

tr iangular.  A mre nearly neutral  s t a b i l i t y  o f  the 
atmosphere resul ts  i n  turbulence that  causes substan- 
t i a l  random var iat ions i n  the shape and amplitude o f  
the cyc l i c  wind time series. 
second graph, case 2. As the a i r  becones f i l l e d  wi th  
buoyant motions during the heat o f  the day, the a i r  
i s  unstable. The character of the ro ta t i ona l l y  
sampled wind then indicates the strong influence o f  
the passage of large turbulent structures t h a t  
nodi.!ate the wind f luctuat ions a t  the blade i n  a 
regrrlar way. The l a s t  two graphs show that  i n  
unstable conditions the amplitude o f  the cyc l i c  
var iat ions o f  the wind may occur i n  e i t he r  o f  two 
.Wdes. One simply appears t o  tu rn  on and o f f  the 
large constant amplitude fluctuations. The other 
produces a smoothly varying modulation o f  the cyc l i c  
amplitude. 

Another factor t h a t  may strongly influence the 
character o f  the ro ta t i ona l l y  sampled wind i s  a i r f l ow  
over complex terrain.  This i s  discussed b r i e f l y  i n  
the next section. 

This i s  shown i n  the 

COMPLEX TERRAIN 

'here a i r f l o w  conditions are not simple (see topo- 
graphic map o f  Goodnoe H i l l s  i n  Figure 19). there i s  
l i t t l e  information from theory o r  empirical models by 
which t o  estimate the character o f  the turbulent 
wind. It i s  not yet known how the changes i n  
?.haracter o f  the wind modify the rotat ional  l y  sampled 
wind. What can be shown are the differences i n  
prof i les  o f  the mean wind speed and wind speed 

variapce about the mean a t  d i f f e ren t  loczt ions i n  the 
carplex te r ra in  a t  M n o e  H i l l s ,  Washington. F m  
the differences one can conclude that  there i s  a need 
for  fur ther research on both complex t e r r a i n  wind 
character ist ics and ro ta t i ona l l y  sampled w i n d  a t  
turbine rotors i n  camplex terrain.  

I n  support o f  t h i s  conclusion, consider the ver t i ca l  
p r o f i l e s  of wind a t  Goodnoe H i l l s  shown i n  Figure 20. 
The measurements were made a t  the three s i t e s  ident i -  
f i e d  as PNL, BPA and Acoustic Sounder i n  the map i n  
Figure 19. Substantial differences are indicated t o  
be due t o  the separation of the measurement locations 
by horizontal distances o f  a few ro to r  diameters and 
by ver t i ca l  distances o f  a few tens o f  feet. The 
meaning o f  these spat ia l  differences f o r  the character 
o f  the rotat ional ly  sampled wind i s  indicated by the 
theoret ical  spectra plot ted i n  Figure 21. 

The p lo t ted rotat ional  spectra are for  a s ingle 
turbine rotor  a t  the same man wind speed and same 
ver t i ca l  p ro f i l es  o f  mean wind and variance. The 
difference i n  wind f o r  each spectrum i s  the length 
scale characterizing the turbulence elements comprised 
i n  the flow. 
might not have been expected. Complex t e r r a i n  can 
modify length scales o f  turbulence t o  create such 
deviations i n  character. 

Clearly, substantial e f fects  occur that  

CONCLUDING REMARKS 

The objective o f  t h i s  paper has been t o  provide some 
ins ight  i n t o  the basic pr incfples of describing the 
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Figure 19--Topographic map of the HOD-2 s i t e  a t  Gocdnoe H i l l s ,  Washington, showing 
the location o f  PNL and BPA meteorological towers and of the acoustic 
doppler wind velocity pro f i le r  r e l a t i v e  t o  MDD-2 2.2 location 

DRY: 216 tlOU11: 2100 
tfiairs v i  III CYLX COUNT LESS TIW B H PK rmcn unrn Q m TOYER mro 

Figure 20--Examples of 10-minute average ver t ica l  prof i les o f  wind speed measured a t  three di f ferent  
locations (PNL, BPA and Acoustic) i n  the topography o f  Goodnoe H i l l s ,  Washington 
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due so le ly  t o  changes i n  length scales o f  turbulent  wind, s inu lat ing one e f f e c t  o f  topography 

wind f luctuat ions as they are experienced by a po int  
on a ro tat ing wind turbine blade. 
the previous sections was t o  ou t l i ne  the h is to r ica l  
developlnent o f  an understanding o f  the rotat ional ly  
sampled wind and i t s  re ia t i on  t o  wind turbine response. 
Over the years, we have taken a rather wide-ranging, 
though 1 imited because o f  p r o g r a m t i c  constraints, 
approach t o  research into rotat ional  l y  sampled wind 
and corresponding response o f  wind turbines (1,2). 
Those e f f o r t s  are b r i e f l y  recapitulated here. 

The research a t  the MOD-OA i n  Clayton, New Mexico 
using a ver t ica l  plane array conclusively demonstrates 
the importance o f  ro ta t i ona l l y  sampled wind ve loc i ty  
i n  explaining the response o f  a wind turbine t o  the 
wind. The p i l o t  research a t  the MOD-2 i n  Goodnoe 
H i l l s ,  Washington, using ho t f i lm  anemometers attached 
t o  the rotor  blades shows that  a re la t i ve l y  
economical set o f  rotat ional  measurements o f  the wind 
ve loc i ty  a t  the rotor o f  a large wind turbine can be 
made. The tests o f  the ho t f i lm  anemometers a t  the 
PNL rotat ing boom apparatus demonstrate that  the 
accuracy o f  the ho t f i lm  measurements o f  wind ve loc i ty  
required f o r  design and test ing o f  wind turbines can 
be achieved and maintained. 

We conclude t h a t  the PNL theory i s  s u f f i c i e n t l y  
accurate a t  a l l  frequencies o f  wind f l uc tua t i on  of 
importance tha t  i t s  extension i n t o  the t i m e  donain 
from the frequency domain i s  warranted. That e f f o r t  
i s  i n  progress. 

A f i n a l  conclusion i s  t ha t  the ef fects  o f  ver t i ca l  
var ia t ion o f  temperature and of c a p l e x  t e r r a i n  
a i r f low on the character of ro ta t i ona l l y  sampled wind 
ve loc i ty  are substantial, bu t  a r e  not w e l l  k n m  
qua l i t a t i ve l y  and are nearly unknown a t  the quantita- 
t i v e  level. Our understanding of the character o f  
the Wind i n  S iWle  t e r r a i n  i s  substantial, requi r ing 
s ign i f i can t  improvement pr imar i ly  i n  understanding o f  
radfa l  var ia t ion of the wind ve loc i ty  along the blade 
a t  each instant. Thus, pract ica l  use o f  theory and 
empirical models of ro ta t i ona l l y  sampled wind can be 
made a t  the present time. On the other hand, rad ia l  
d is t r ibut ions of Wind along the blade, including 
phase relationships or complex a i r f l ow  cases, can be 
handled a t  the present time only by d i r e c t  Masure- 
ments o f  ro ta t i ona l l y  sampled wind ve loc i t y  using the 
method described i n  t h i s  Paper. 

The w thod  used i n  
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As illustrated in Figure 3 fVerbolek 19781. tbe p0wa Specmrm 
of rotatidy-sampled (R-S) turbulence, line (a), is higha at 
higher fnquencies than that h m  a starimary ancmometcr. l i  (b). 
Mortovcr, R-S power is concentrated in "spikes" at frequencies 
which arc integer rmltiples of the rotational speed. nus, u n s d y  
wind loading on a roCating HAW bladc may be harmonic in 
nature, with 6qucncies qual to multiples of the =tor speed. If 
so. rhese wind harmDnics c d d  produce a fomd harmonic fhpwiSe 
response in a HAW blade and increased bending loads. 

poses of this study. which arc (1) to detamine if the harmonic 
content of R-S turbulence is of sufficient sizc to 8ccount for the 
unda-pndiction of Mod-2 HAW cyclic loads and (2) to develop 

for wind input to sanmddynamic computer codes, rtsdting in 
greater aauracy of load predictions. 

h W h g  tog&% dKSC two PhtnOmCM brings US to the PUr- 

apnct ica lmatbmd . modelofR-SMbulenctthatCaDbtused 

RmATlONALLY-SAMPLED TURBULENCE DATA 

Tbe R-S ~&J&MX-II& in this SIKIY wczt measllredby 
r e s e a r c b e r s f r o m ~ s P a c i f ~ ~  Northwest- (PNL) 
using the VPA located near Clayton, New MacicO [connell and 
George 1983a and 1983b. aad Gemge and Connell 19841. The 
dimusions of this amy w a t H  = 30.5 m and R = 19.0 m. and the 
rotational frequency was 0.667 Hz Power specid densities 
(PSDs) of 85-mio segments of the syntbesiztd wind speed w ~ t  
creatul using a Fast Fopria Transfomr (FIT) technique. 
Integration of a PSD OVCT a selcctcd fnquency band then gave the 

MbuleMx by tbe steady wind speed at elevation H then gives the 
R-S turbulence intensity for the selecoed frequency baud 

Table 1 presents typical data reponed by PNL rtscarchas for 
one data segment A total of 17 data scgmcnts form the basis of 
the R-S turbulencz model developad in this study. taken from the 
following references 3 from Cowell and Gtcrge [1983a and 
1983b], 12 fnm George and Connell (19841. and 2 from Powell, 
Conmll. and George [19851. Of these, 10 WCIC for annospheric 
stability conditions ranging from neutral to unstable, while 7 were 
for stable conditions Stable armo~hcrcs typically nsult in larger 
vertical gradients in wind spud and smaller mixing between winds 

varianct Of speed within this band R-S Mbul~n~e  in the 
fresualq band is the s q ~ - m t  of this variance. Dividing the 

1 

G 
d 
E - 10' 

u) 1 10-2 

LL I 
L 
a 
X 

10-4 

TABLE 1. TYPICAL CLAYTON VPA WIND DATA 
rGeargt and coaaell. 19841 

DataScgmntNmbcr = C2c 
Date; Starting Tim = 06/j0/82; 1 ;40 

Test Scgmnt h n g h  = 8.5 min 
Rotational Sampling Speed. P = 0.67 Ht 

W i n d ~ h e a r ~ - ~ i s k . ~ Q  = 1.506mls 

Center Mean Wind Speed, Uo = 10.71 m/s 
Center Turtulence, = 0.856 m/s 

Fnquency Mid-band Variance Tur'~uknce Tixbhxc 
B a d  Fresacncy P Q Intasily 
(Hz) f lp  (mls? (ds) duo 
< 0.33 0.498 0.706 0.066 

0.33 - 1.00 I C.431 0.656 0.061 
1.00 - 1.67 2 0.146 0.382 0.036 
1.67 - 2.33 3 0.070 0.264 0.025 
2.33 - 3.00 4 0.037 0.7.92 0.018 
3.00 - 3.67 5 0.032 5.175 0.017 

at different elevations. For a discussion f f l ~ O f a r m 0 -  
sphaic SlAbility on wind sbeu. see Frol :~wcn[1994, pp. 
392-3961. 

MODEL OF RO?ATIONALL.Y-SAMPLED TURBULENCE 

Modeling the CIayDon VPA Data 

To develop a general modef of the Clayton VPA resultff turbu- 
lence inunsities for each hannoaic number (i.c. mid-band 

Fig~re4. It can be satnfrom tbe trend lines in IIICSC plots that :1) 

wind shear ticross thc disk, and its variation is linear, (3) tduknce 
intensities for each harmonic above the first an roughly qual for 
all data segments, and (3) ahllosphaic stabili:y has little, if any, 
effect on harmonic turbulence intensities. 

fnsucncyirotational speed) wcrt ploaed vs the llomI&d - w i u d  
shear mcasurcd verrically across the disk, AtJ/u, as shown in 

onlythefirsthamronic~~intcnsitiesvarysignifiandywirtl 

Figure 3. Sample power spectra measured at a VPA, illustrating 
typical characteristics of both rotationally-sampled and stationary 
time series of wind spcta. (a) Rotationally-sampled wkd speals 
synthesized into a continuodc time series. showing charafteristic 
spikts at multiples of the 7 2  Ws rotation raw. (b) Stationary 
time serics from the Center anemometer in the VPA. [Verholek 
19781 
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Figure 5. Measured and model harmonic turbulence intensities 
from the Clayton W A  data. [data from PNL] 

Figure 5 pnsents these same data io another format Each h 
h this fig n represents the average turbulence inmsity fora given 
hannonic and atmospheric condition. Again we see that for her- 
monics above the first, atmospheric stability has lide effect For 
the first harmonic, the difference bctwcen the namal-to-stable 
and stable intcusities is a result of me largo wind shear across the 
disk for the stable condition. 

The trend line in Figure 5 illustrates the model crtatedhere to 
represent the relationship between R-S nntdence intensity and 
harmonic number, as defined by the Clayton W A  data Th_j? 
model is as follows: 

( 61 lU0 )c 0.031 1 + 0.297 AUIYO 

w h a t  
on = rotationally-sampled nubulmce in the frequency 

range from (n - 1n)p to (n  + 1R)p (ds) 
P = mtatiord sampling frequency (rd/s) 
C = subscript denoting Clayton VPA parameters 
U, = steady free-stream wind speed at hub elevation ( d s )  
AU = total steady wind shear from top m h a o m  of rotor 

swept area (m's) 

We can calculate the steady wind shear ac..mss rhc disk, ALI, 
from the well-known logarithmic/lineat model of the vertical 
gradient in the steady wind speed, which is as follows [Frost and 
Aspliden 1994. pp. 392-3951: 
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(4) 
- *ax - 0.22 - -  

u~ tn(H/sg)(O.l77 + 0.00139H)~+~ 

Codining a linarcffect of sampling radius with the dfxt of 
center elrvation gi-m in E-ption 4. m obtPi,) 

a,/Uo R [In(H/b)(O.l77+ 0.00139H)0.4]c Spatial Distribution Along a HAW Blade - - 
(%/uO)C R~ In(Hl%)(O.l77 + 0.00139H)'" (5a) The fmal step in thr deVe1O-t Of M R-S turbula~x modtl 

of the quasi-steady wind speed within the swcpt area of h dAWT 
mtor is defining the wind speed disuibutior! from hub to tip. 

monics varied linearly with the sampling radius. Howcva. this 
assumption a l a e  is not sufficient w &fine the simultaneous wind 

Once again, the subscript C b o r e s  paramttas of the Ua.yton 

QayDDn plvamtas into Equation f5a), the 
following scaling equation is daived for the R-S turbulae 
intensities along the tip path of a general H A W  mor 

W?I? s ~ h . i ~ ~ T ~ l  9.0 m. H, = 30.5 m. and zoVc = 0.024 m. Earlier the assumption w a ~  mde that siZt Of R-S nabuleMx hm- 

I i. 
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CONCLUSIONS 

1. R o m t i d  sampling of the wind &:d entering the swept area 
of a HAW rotor has shown that mbulcnce ~ c t s  as a saies of 
quasi-static hannonic forcing functions on the rotof Madts. and that 
these forcing functions act at frequencies which are integer 
multiples of bK rotor spad 

2. Strwtumldynamic computa models of HAWT sysrun~ should 

evaluate the dynamic response of rotor blades to these h m n i c  
forcing functions and the sigruficance of nsulting fatigue damage. 

3. Equations am derived hmin which define a practical model ot 
a wind Field containing R-S turbulence for HAWT structural- 
dynamic analysis. Thm equations, I- A on rotationally-sampled 
turbulence masufcd by PNL persoo:.,l at the Clayton vertical- 
plane-array, am in a general fonn which p i t s  scaling ?o different 
rotor diamtas. tower elevations, and surface roughnesscs. 

include R-S turbulence in their wind input moduks to &qUatCly 

15. Ropostd modtl Of tht R-S 
nabaknce l o d  factor wilil whi& rhe 
sptctnrm of cyclic flatwise kpding loads on 
a HAWT blrdt can be cakukd  hnn the 
50th paccntile kvd of load The model is 
based on a log-nomral protabi i  
dishbnion. 

4. The R-S turbukn~e m u r e d  at the Qaytoa VPA. scaled UP 
to the Mad-2 HAW rotor dre, is sufficient to account for the 
discrtpancies obsaved p i o u s l y  between Mod-2 design and 
mtasufcd cyclic loads at the 50th percentile level. without resoning 
to any otha load factors. 

5. An empirical load factor model is derived with which the 
spccrmm of cyclic flatwise bending loads on a HAWT mtor blade 
can be calculated from the 50th percentile load level. based on a 
l o g - n o d  probability distribution typical of many HAW load 
spec= 

6. The first harmonic of R-S turbulence intensity is proportional 
to the steady vertical wind shcar across the rotor disk area, but all 
other harmonics are insensitive to venical wind shear. 

7. Harmonics of R-S turbulence intensity above the first are 
rougkly constant for all wind test conditions. 
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LARGE HdWT WAKE MEASUREMEHT AND ANALYSIS 

A. H. M i l l e r  
H. L. Uegley 
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Paci f ic  Northwest Laboratory 
Richland. Washington 99352 

ABSTRACT 

F m  the theoretical f l u i d  dynamics point  o f  view, the 
wake region of a large horizontal-axis wind turbine 
has been defined and described, and numerical models 
o f  wake behavior have been developed. Wind tunnel 
studies o f  single turbine wakes and turbine array 
rrzkes have been used t o  veri fy the theory and fu r ther  
refine the numerical mdels. However, the effects o f  
scaling, ro to r  so l id i ty ,  ana topography on wake 
behavior are questions tha t  remain unanswered. 

I n  the w i n d  tunnel studies, turbines were represented 
by anything from scaled models t o  tea strainers or 
w i r e  a s h  disks whose s o l i d i t y  was equivalent t o  tha t  
of a typical  wind turbine. The scale factor compensa- 
t i on  f o r  the difference i n  Reynolds nlanber between the 
scale model and an actual turbine i s  complex, and not 
typ ica l l y  accounted for. Though i t  i s  wise t o  study 
the sinpler case o f  wakes i n  f l a t  topography, which 
can be easi ly duplicated i n  the wind tunnel, current 
indications are tha t  wind turbine farm development i s  
actual ly occurring i n  somewhat more coaplex terrain. 

Empirical wake studies using large horizontal-Exis 
wind turbines have not been thoroughly coolposited, 
and, therefore, the resul ts have not been applied t o  
the well-developed theory o f  wake structure. The 
measurement programs have made use o f  both i n  s i t u  
sensor systems, such as instrumented towers, and 
m t e  sensors, such as k i tes  and tethered, balloon- 
borne anemometers. 

We present a concise overview o f  the work that  has 
been performed, including our own, which i s  based on 
the philosophy that the MOD-2 turbines are probably 
t h e i r  own best detector o f  both the momentum de f i c i t  
and the induced turbulence e f fec t  downwind. Only the 
mmentum d e f i c i t  aspects c f  the wake/machine i n te r -  
actions have been addressed. Both turbine power out- 
put de f i c i t s  and wind energy de f i c i t s  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 operation 
of spa t ia l l y  diverse wind turbines. 

INTRODUCTION 

For wind turbines t o  make up a s igni f icant part  o f  the 
world's energy generation capabil i ty, large clusters 
of turbines w i l l  have t o  be instal led. Since the land 
area available f o r  such ins ta l l a t i on  i s  l imited, not 
necessarily by the ava i l ab i l i t y  o f  wind but rather by 
physical, social, economic and operational constraints, 
future wind turbine clusters w i l l  have t o  be s i ted sp 
that  maximum u t i l i z a t i o n  o f  the avai lable land i s  
achieved. The distances between turbines w i l l  be 
governed by fcctors that include the complexity and 
geomorphology o f  the local te r ra in  and the relat ion- 
ship o f  t h i s  t o  the prevai l ing energy-producing wind. 
I n  a steep-side< val ley through which the wind blows 
prac t ica l l y  unidirect ional ly, rows of turbines noma1 

t o  the prevai l ing wind nay be erected with l a te ra l  
separations of only a few diamters. Longitudinally, 
however, there w i l l  be many more rigorous constraints. 
The second echelon of turbines m s t  be placed s u f f i -  
c i en t l y  downstream so that wake effects are minimized. 
Wakes have two effects on turbine operation. F i rs t ,  
the wake created by an upwind turbine manifests i t s e l f  
ES a momentum de f i c i t  t o  domwind turbines, thereby 
af fect ing the apparent energy capture o f  the dowmind 
turbines. Second, the induced turbulence created by 
the upwind turbine my have a s igni f icant e f fec t  on 
the long-tern structural  and aerodynamic loads a t  dorm- 
wind turbines and hence increase maintenance o r  reduce 
turbine l i f e .  

Previous wind turbine wake studies have concentrated 
on case studies where the f i e l d  progran i s  speci f i -  
ca l l y  set up t o  make measurements during re la t i ve l y  
short periods of time. These measurements actual ly 
provide only a quick snapshot of the wake. A tech- 
nique of data anzlysis referred t o  as "binning" was 
applied t o  the Goodvoe H i l l s  t es t  s i t e  data. 
lneteorological cmmunity, the process i s  cal led 
compositing *nore a l l  the appropriate cases are 
binned according t o  a (or several) dependent 
parameters. 

I n  the 

CURRENT STUDIES 

Data col lect ion a t  the Goodnoe H i l l s  Candidate S i te  
begar: long before the actual ins ta l la t ion  o f  the MOD-2 
turbines. Since then, the PNL Distr ibuted Data 
System (DDS), a minicomputer-based data acquisit ion 
system. was developed and has evolved and rout inely 
col lects meteorological data and turbine operating 
data. 
which data have been collected. 
f iguration, the system i s  l i m i t e d  t o  col lect ing a 
maxinum of e ight  turbine paramters f ran  each turbine. 
(This capabi l i ty  i s  soon t o  be expanded t o  64 parame- 
ters.) These data and the i r  standard deviations are 
collected a t  a rate of once every 2 minutes. The 
standard deviation i s  based on 120 one-second samples. 
The DDS i s  capable of sampling data f rom a l l  these 
channels a t  a rate o f  several samples per second i f  
needed. 

The Goodnoe H i l l s  t es t  s i t e  i s  located adjacent t o  the 
Columbia River gorge on the south-central border o f  
Washington State. The s i t e  elevation i s  about 
2600 ft MSL. I n  general terms the s i t e  appears t o  be 
on a broad, gently r o l l i n g  plane. Figure 1 i s  a 
computer-generated, three-dimensional, isometric p l o t  
o f  the s i t e  topography looking from a l o f t  t o  the 
northeast. As can be seen, the s i t e  te r ra in  i s  
actual ly far from simple. Figure 2 shows the s i t e  i n  
plan view and on a much smaller scale. The s i t e  was 
l a i d  out wi th the turbines placed i n  an array wi th 
separation distances of 5, 7 and 10 diameters. The 
a x i s  between any pa i r  of turbine, was determined t o  
be a cl imatological ly high wind azimuth so that there 
would intent ional ly be s m  poss ib i l i t y  c f  the wake 

Table 1 presents a l i s t  o f  the parameters f o r  
I n  the current con- 
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Figure 4--Same as Figure 3 but f r o m  the 195-ft 
level a t  the BPA tower 

Interpretat ion o f  Figures 3 and 4 should be approached 
with caution. The increased turbulence intensi ty a t  
the PNL tower between 45" and 90" and the marked reduc- 
t i on  i n  wind speed are a r t i f ac ts  associated with the 
wind shadow cast by the tower. Similarly, i n  Figure 4, 
the increased turbulence intensi ty and reduced wind 
speed a t  about 110" show the s m  ef fec t  a t  the BPA 
tower, which was ins ta l led  wi th a d i f fe ren t  rotat ion 
than the PNL tower. Figure 5 i l l us t ra tes  the e f fec t  
o f  tower shadow on the measurement o f  wind speed. I n  
the quadrant between approximately 45" and 135". any 
canparison o f  the winds a: the two towers should be 
viewed w i th  caution. The first major dip i n  the data 
i s  the e f fec t  o f  the PNL tower shadow on i t s  aneman- 
eter while the large peak fol lowing represents the 
effect o f  the BPA tower shadow on i t s  anemometer. 
Regardless of these discrepancies, ?he reader can 
easi ly see that f o r  e i ther  tower, the average turbu- 
lence intensi ty a t  hub height i s  on the order o f  0.1. 
The climatological mean wind speed a t  the s i t e  i s  
15.3 mph. The Zo i s  roughly 0.05 m, which i s  expected 
i n  open, ro l l ing ,  brushy or crop land. The turbulence 
intensi ty i s  an indication o f  a physical phenomenon 
that plays an important ro le  i n  thc la te ra l  reentrain- 
ment o f  momentum as well  as the spread o f  a turbine 
wake. 

Data collected by the DDS i n  the period from August 
through mid-November 1982 were used i n  th i s  study. 
The period was res t r i c ted  because mult ip le turbine 
data as w e l l  as meteorological data were not available 
u n t i l  then. Turbine 12 parameters were not connected 
u n t i l  mid-October. The data were cleaned up and 
screened and a special Jata set was created specifi- 
ca l l y  f o r  t h i s  wake s t  tdy. 
three c r i t e r i a  were used t o  qua l i f y  the data f o r  inclu- 
sion. F i rs t ,  a t  least one turbine had to  be running. 
This was determined by discriminating on the basis o f  
ro to r  rpm, nacelle direct ion and power out. Second, 
the wind, as measured a t  the PNL tower, had t o  be from 
a direct ion that would cause the turbine wake t o  f a l l  
on either another turbine or one o f  the meteorological 
towers. Data from each azimuth angle f r o m  one turbine 
t o  each o f  the others or the towers *30° were incorpo- 
rated. Third, single values that were judged t o  be 
noise rather than data and periods that esc:Ded ear- 
l i e r  detection but were actual ly times when the tu r -  
bine parameter sensors were being cal ibrated were 
eliminated. 

I n  screening the data 

O 6  t 
051 I I I 1 I 

0 60.0 120.0 180.0 240.0 300.0 34 
PNL200HDlnctNXl 

Fioure 5--Time-consistent Dlot  o f  the wind sDeed 

0 

ra t ios  measured a t  the two towers- i lear ly 
showing the ef fects o f  tower shadow on 
wind speed 

Since the HOD-2 turbines are actual ly huge a m m e t e r s  
i n  themselves, our concept was t o  use the turbines as 
the primary sensors. To check that the transfer func- 
t ions o f  wind speed t o  power were the same f o r  both 
turbines. a l l  turbine power-out data fm both 
turbines #l and 13 were bimed i n t o  50 power classes 
f o r  camparison t o  the wind speeds measured sinul ta-  
neously a t  each tower. Figures 6 and 7 show the 
resul ts of that  exercise. I n  both czses, turbine tl 
appears t o  out-produce turbine #3 a t  up t o  about 
design speed. Then, the reverse occurs. Whether th i s  
phenomenon i s  r e a l  or whether i t  i s  a cal ibrat ion 
er ro r  has ye t  t o  be determined. I n  analyzing the can- 
posite data, power ra t ios  were the calculated indica- 
t o r  of the sought-after wake effects. The turbine 
power transfer function cross-over a t  about design 
speed may consequently be the cause o f  some o f  
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Figure 6--FIOD-2 #1 and W3 wind speed t o  power 
transfer function using the wind 
speed measured a t  the PNL tower 
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the variance noticed i n  the various cases. Further 
analyses based on s tab i l i t y ,  wind direct ion, etc. i s  
current ly being pursued and the resul ts w i l l  soon be 
available. 

RESULTS 

When the f i r s t  graphs of the screened data uere p lo t -  
ted, the resu l t  we had anticipated was not realized. 
Figure 8 sh%s the individual data points f o r  the 
power r a t i o  o f  upwind turbine power t o  downwind tu r -  
bine power versus azimuth angle. 
moderate h i n t  o f  an effect, no f im conclusion could 
be drawn. These data were then subjected t o  further 
averaging, or binning, by azimuth angle. 
they were averaged by 1' azimuth bins wi th the resu l t  
show i n  Figure 9. The individual data points i n  t h i s  
p l o t  are now the averzge of the data shown i n  Figure 8. 
The curved-fit l i n e  i s  a cubic spl ine fit t o  the data. 
It w i l l  be noticed tha t  the minimum i n  the p e r  i s  
both above the power r a t i o  = 1 l i n e  and o f f se t  t o  the 
l e f t .  The ver t i ca l  o f fse t  simply implies tha t  f o r  an 

speeds measured a t  the 8PA tower 

Although there i s  a 

That i s ,  
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Figure 8--Turbine 11 and turbine #3 power r a t i o  for 
a l l  cases when the axis of the wake o f  
turbine #3 was i n  l i n e  w i th  turbine #1 

0.2 "4 
I I I I I I  I 1 

-a0 -240 -10.0 -12.0 6.0 0 6.0 12.0 18.0 24.0 Y 
PNL 200 R. b a n o n  r25m 

Figure 9--Same as Figure 8 but with a l l  data i n  each 
1' b i n  averaged. The so l i d  l i n e  i s  a cubic 
spl ine f i t  t o  the data. 

assumed uni forn wind f i e l d  over the en t i re  tes t  s i te,  
turbine 81 was out-producing turbine 13. The 200-ft 
or hub-height wind a t  the LL tower was the reference 
wind i n  these studies. Since there i s  nr s t ra t i f i ca -  
t i d n  based on power classes, the o f f se t  implies tha t  
the baseline should be near the turbine power r a t i o  
o f  1.2 rather than 1. The horizontal o f f s e t  t o  the 
l e f t  might be taken l i g h t l y  as the actual t rue  angle 
between turbines #l and 13 was not accurately measured 
before the analysis. We w i l l  discuss t h i s  fur ther 
later.  Thinking tha t  the scatter o f  the data about 
the cubic spl ine fit might be explained i f  the data 
were s t ra t i f i ed  by power class, we subdivided the data 
i n t o  as mny  500-kW bins as was pract ical  and per- 
formed fu r ther  analyses. Figures 10 through 13 show 
the resul ts o f  t ha t  strat i f icat ion.  It should be 
pointed out t ha t  the data were screened fu r ther  f o r  
these analyses and the minimum acceptable power was 
500 kW. 

Figure 10 i s  the same as Figure 9 but w i th  the 500-kW 
cutoff and some other i den t i f i ed  spurious data removed 
Le f t  of the -10' point on the graph, the data repre- 
sent the average o f  less than 10 data points and might 
thereby be discounted. On the right-hand slde of the 
graph, the data are a l l  averages of more than ten 
values and frequently the average o f  40 t o  50 2-nin 
avetage data. The resu l t  reinforces ;he po in t  that  
a t  10 diameters an average 15% power d e f i c i t  can be 
expected. 

Figure 11 i s  the composite or average data f o r  a l l  
cases i n  the wake data set when the power out o f  
turbine 13 was between 500 kW and 1 MU. Signi f icant ly 
more scatter i s  evident i n  the data but i s  a t t r i bu t -  
able pr imari ly pr imari ly t o  fewer primary data points. 
I n  only one 1" data bin were there mre than 10 data 
points t o  be averaged. This suggests tha t  the promi- 
nent d ip  o f  the spl ine f i t  l i n e  out a t  -8' t o  -10" i s ,  
i n  f a c t ,  a r t i f i c i a l  and tha t  the real wake d e f i c i t  may 
be exemplified by the adjacent plateau t o  the r i g h t  
o f  the nu l l .  Based on the number o f  data points aver- 
aged, the baseline power r a t i o  f o r  t h i s  power class 
might best be assigned to  about 1.27, o r  turbine I1 
producing about 20% m r e  power than turbine W3. 
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Figure IO--Same as F i g u r e  9 with the minimum 
pouer set t o  0.5 clk 
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Figure 11--Same as Figure 9 bu t  orily for time when 
the power out  of turbine ii3 was between 
0.5 and 1.0 MW 

Figure 12 i s  the result for  t h ?  da t a  in the power 
class 1.0 t o  1.5 W:. In this case there were about 
25% more da ta  f o r  the entire set and for the most part 
there were bore data in the bins of most importance. 
The nearly straight line in the 15" t o  24" area on the 
right side of the graph i s  probably a reasonable 
approxi:rwtion of the baselirle for comparison. If this 
i s  $0 ,  then the deficit a t  the center i s  close to  20%. 
The lerge inc-ease i n  the power ratio imrsdiately t o  
the right o f  the wake centerline i s  not f e l t  t o  be the 
result of lateral reentrainment of momentum but rather 
a decrease in the number of d i t a  points averaged 
(higher variance). 

The final power class had t o  include da ta  from 1.5 t o  
2.5 MIJ t o  provide sufticient da ta  for  meaningful analy- 
sis.  Figure 13 shows this data. In this power clws 
we estimate the power ratio baseline t o  t o  about 1.1 
and, therefore, the wake deficit for this high power 
class has been reduced t o  11 or  12%. 
through 13 were superimposed, one would observe an 

If Figures 10 
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Figure I?--Same as Figure 9 bu t  for those cases 
when the power ou t  o f  turbine F 3  was 
between 1.0 and 1.5 Mw 
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Figure 15--Same as Figure 9 except the power ou t  
of turbine 63 was anything greater t h a n  
1.5 EM 

interesting, and a t  this point unexplained, shift  or 
migration of the region of maximum wake deficit t o  the 
right or northward, nearer the assumed centerline 
azimuth. Similarly, with increased power ou t  the 
effect of the wake i s  a p l .  -6ntly reduced. The lateral 
migration may be caused by the flow separating from 
the surface boundary layer a t  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 t o  25% a t  turbine separation distances of 
10 diameters i s  shown by Figures 9 through ?3. one 
must keep in mind Fiqlrre 8, which showed that the 
standard deviation about t h a t  average was very high 
indeed and t h a t  such a deficit i s  m t  constant by any 
means. 

To i1lustr.-+e any effect t h a t  can be discerned a t  
closer sep,rations, a small amount of da t a  was 
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obtained w i t h  tu rb ine  12 running and, ostensibly, 
producing a wake t h a t  was impscting turb ine 11. 
These data were included i n  the wake data set  and 
were analyzed s im i la r  t o  the previously discussed 
data. Because there were n o t  enough data points, no 
power c lass s t r a t i f i c a t i c n  could be accomplished. 
The r e s u l t i n g  analysis i s  depicted i n  Figure 14. In 
t h i s  graph, un l i ke  thc others, the cen te r l i ne  was 
f i x e d  a t  an a r b i t r a r y  azimuth t h a t  roughly s p l i t s  the 
angle between tu rb ine  12 and t 3  with the ver ter  a t  
t u rb ine  P1. 
appears t o  be j u s t  below 1.0. 
r a t i o  o f  l ess  than 1 i n f e r s  t h a t  t u rb ine  t 2  i s  
producing more power a t  the reference wind speed than 
i s  t u rb ine  #1. The data a t  the r i g h t  end o f  the 
graph (where the 276 i s  marked on t h e  abscissa) 
represept the wake d e f i c i t  o f  t u rb ine  82 as seen by 
tu rb ine  63. The magnitude o f  t h e  d e f i c i t  i s  about 11 
o r  12%, and the distance between the  two turbines i s  
7 diameters. 

F m ,  th i s ,  the basel ine power r a t i o  
In th is  case a power 
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Figure 14--The power r a t i o  o f  turb ines t 2  and %1 
w i t h  the wake o f  t u rb ine  62 depicted 
a t  about 12" t o  14". Some o f  the data 
used occurred w i t h  a1 1 three turb ines 
r u m i n q  and some s l i g h t  e f f e c t  o f  
turb ine X3's operation can be fn fer red 
from the le f thand p a r t  o f  the p lo t .  

In  performing these snalyses we have attempted t o  
u t i l i z e  as much data as possible from the Goodnoe 
H i l l s  t e s t  s i t e .  
t o  use the ROD-2 wind turbines as the primary sensors 
fo r  t he  wakes analysis does n o t  preclude us from 
looking a t  other data. There are periods o f  t ime when 
the turbines were running and producing wakes t h a t  
impacted t h r  meteorological towers. When the  wind 
blows from the WSW t o  WNW the wake o f  t u rb ine  #3 
should be nonitored by the instrumented PNL toh- ,  . 
By screening our data i n  the appropriate manner, we 
were & l e  t o  p i ck  out  the. wake. Figure 15 i s  a cubic- 
sp!ine f i t  t o  the bin-averaged wind speed data f o r  
periods when tu rb ine  t 3  was running and the wind was 
from 260' 230". On t h i s  graph we have p lo t ted  the 
r a t i o  o f  the measured wind speeds on the ordinate as 
opposed t o  the power r a t i o .  The wind speed d e f i c i t  
a t  the distance o f  8 .3  diameters ( tu rb ine  #3 t o  the 
PNL tower) i s  about 20%. 

Figure 16 i s  another example of a tu rb ine  wake i n t e r -  
act ing w i t h  the PNL tower. 

As mentioned ear:ier, the decision 

In t h i s  instance, the wake- 
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Figure 15--The r a t i o  o f  *asured wind speeds a t  
the PNL and BPA towers w i t h  the PNL 
tower i n  the wake o f  t u rb ine  13 
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Figure 16--Witd speed r a t i o  oe the PNL and BPA 
measured wind speds  during the 
occurrewe o f  a wake fro61 tu rb ine  ll 
s t  t i i e  PNL toner 

producing tu rb ine  i s  Ul and the s q a r a t i o n  distance 
i s  only 2.2 diameters. 
tak ing i n t o  account the d i f ference i n  measured wind 
a t  the two ?owers, appears t o  be approximately 45 
t o  50%. 

How we l l  do these observations compare w i t h  other  mea- 
sured wake data? Several researchers have made wake 
measurements a t  t he  MOD-OA a t  Claytan, New Mexico. 
Wind speeds i n  the  wake o f  t he  t r r b i n e  were monitored 
a t  a v e r t i c a l  plane array two diameters downwind ?l). 
The array consisted of seven 200-ft  towers w i t h  12 
fast-response anemometers arranged i n  a c i r c l e  whose 
diameter equalled the tu rb ine  r o t o r  diameter. Ins ide 
t h i r  c i r c l e  was a hor izonta l  l i n e  o f  5 addi t ional  ane- 
mometers a t  hub height .  The maximum d e f i c i t  measured 
if the case analyzed was 25%. Later, the researchers 
added a p a i r  o f  towers t o  the Clayton s i t e  approxi- 

The wind speed d e f i c i t ,  ageir, 
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w t e l y  two d i e t e r s  awy fm the noD-OA on the s m e  
azimith but cn the other side o f  the turbine re la t i ve  
to  tne seven-tmr array (2). Although the authors 
do not sumarize the i r  data. i t  appears that i n  the 
transit ion rcgion o f  the wake outside the potential 
core, the typical def ic i ts that rcrc leasured ranged 
fra 25 to  SO%. w i t h  the greater def ic i ts occurring 
a t  the 1-r m n  wind speeds. I n  ident i f iable far-  
wake instances. the def ic i t  measured ranged from M 
t o  3M. 
occurred a t  the high wind speeds. 

I n  these cases also. the larger de f i c i t s  

SUmARI AWD comLusIoNs 

CoqMrison of these study results t o  current nwer ica l  
wake models (3.4,5.6) have not been coepleted. 
R s u l t s  are of such ? prel iainary nature i ha t  report- 
ing them k r e  niqht serve mly ts do a disservice t o  
both the data ana:jses and the models. The authors 
are resolved t o  coq le te  th is  work and believe that 
the data base created w i l l  prove t o  k ult imately 
useful 

To the best o f  our krvlrledge. t h i s  i s  the f i rs t  oppor- 
tunity anyone has haY to  gather. process and anal j re 
wind turbine wake data i n  th i s  oanner. One o f  t h i s  
study's l a j o r  shcrtcoaings i s  the fact  that  we cur- 
rently suffer fraa a paucity 3 f  data when we sb.ould 
have an abundance. This should no: be construed as 
an excuse. The ~ C I C  o f  data fNa a prograa depending 
on prototypical equi 
w e l l  as the t u r b i n e s E  mnel. Since the data w l d  
be collected n o m l l y .  the project becoaes time- 
dependent a d  ir, s- ways time-intensive but not 
1 abor-i n t w r  ive. 

Since the wind i s  stochastic i n  nature, attempting to  
define the strur2t-P o f  a turbine wake with spat ia l ly  
and teqmrkl ly s a l 1  s-les required by labor- 
intensive methods i s  not only tedious but potent ia l ly  
quite inaccurate. The u t i l i t y  o f  the more labor- 
intensive aethods i s  potential ly i n  verifying measure- 
nents such as we have rade a t  the site. Ver i f icat ion 
o f  the possible boundary layer effects on tne curva- 
ture o f  the wake as a function o f  wind speed and/or 
power extraction uoult' be most d i f f i c u l t  and expensive 
as well as frustrat ing were it t o  be a t t w t e d  with a 
1 abor-i ntensi ve method. 

As mentioned above. the nature o f  the wind i s  stochas- 
t i c  i n  both speed and direction. Many observers or 
researchers have coanented that the wakes and hence 
the f l o w  a t  the Goodnoe H i l l s  Test Site do not wces- 
sa r i l y  go i n  a straight line. In analyzing the wake 
data sei. indications o f  t h i s  anastomosing F%noRenon 
do riot leap out but conversely there are indications 
of flow veering or backing under sme, as yet unde- 
fined, circumstances. The wake research program a t  
PNL i s  part o f  a larger program involvea with ateno- 
spheric and topographic influences on wine f low. 
i s  our intention t o  proceed w i t h  both o f  these 
research tasks as quickly as Po.-sible. 

Finall). i t  would appear from the nature of the data 
collected a t  the test  s i t e  that s ta t i s t i ca l  studies 
o f  the power-producing wind speeds and the i r  direc- 
tions are i n  order. The three l lL9-2~ a t  the tes t  s i t e  
were l a i d  aut such that there was some probabil i ty of 
wake interaction between any pair  o f  the turbiqes or 
even a i l  three. If the number of occurrences o f  wakes 
impacting dmmind turbines as screened by our analy- 
s is i s  any indication. then the impact of wakes ma)' 
not be signif icant with proper array design. The per- 

t both the data system as 

It 

cent of t i m e  that  wakes appeared to  iapact other 
turbines was a -11 percentage of the to ta l  t ine. 
After raking :uch a s ta ten ' . .  ye hasten t o  add that 
the s i t e  i s  a test  s i t e  a f te r  a l l .  Under those 
conditions. as opposed t o  the more typical  u t i l i t y  
conditions. the opportunity for wake interactions my 
have been signi f icant ly reduced due t o  human 
i n  tenent  ion ar.d test ing . 
This i s  a p rc l im inay  report of ongoing work; consid- 
erably m r e  analysis i s  l e f t  t o  be done. Besides the 
r i l t i v a r i a t e  analysis that  we have outlined here. 
there i s  a!so considerable ver i f icat ion t o  be done. 
Sop of t h i s  can be dw.e re la t i ve ly  soon, s a  w i l l  
have t 3  wai t  for the return t o  s e r v i e  Jf the -in- 
ing two turbines a t  6oodnoe Hi l l s .  tie anticipate that  
t h i s  work w i l l  continue f o r  several -re years. 
Although i t  i s  t c q t i n g  t o  propose that tne question 
o f  wake .ommtua def ic i t s  could i p  f ac t  pract ical ly 
be p,t t o  res t  a t  t h i s  .oaent. there is saae question 
i n  ow minds i f  tha t  i s  so. A t  the current state-of- 
the-art o f  turbine design and construction where large 
mrqins are bui l t  i n  f o r  self-protection, the state- 
aent that  we can calculate wake de f i c i t s  now my be 
true if a worst-case condition i s  a l l  that  i s  desired. 
Conversely. i n  the future whw Csigns becore .ore 
f i ne l y  tuned and the margins designed and bu i l t  i n t o  
turbines are reduced t o  a bare minina. we are not c o ,  
fortable w i t h  our current capabilities. 

The currept state o f  the wake turbulence-induced 
stress loads i s  an unknam. 
potential f o r  Considerable work i n  t h i s  area i n  the 
future. 
a t  wake def ic i ts using the ODs data may be apropos f o r  
turbulence studies; however. the instnnentatiorr and 
data rate ww ld  both hzve t o  be sbppleam\ed and/or 
changed. 
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MSTRACT 

81 ade-element/mmentm performance predict ion codes 
are rout inely used fo r  wind turbine design and 
analysis. A weakness o f  these codes i s  t h e i r  
i n a b i l i t y  t o  consistent;y predict peak power upon 
which the machine stralctural design and cost a e  
strongly dependent. The pvpose o f  t h i s  study was t o  
compare post-stal l  a i r f o i l  characterist ics synthesi- 
zation theory t o  E s y s t e a t i c a l l y  acquired wind 
tunnel data set i n  rhict!  the effects o f  aspect rat io,  
a i r f o i l  thickness, s id  Reynolds number were invest i -  
gated. The resul ts o f  t h i s  cclaparison i den t i f i ed  
discrepancies b e t r - m  current theory and the wind 
tunnel data whid could not be resolved. Other 
factors not p r w i w s l y  investigated may account f o r  
these discrepancies and have a s igni f icant effect on 
peak pouer prediztion. 

1. XNTRONJCTIC’ 

The cost o f  a w i n d  turbine i s  influenced by the 
designer’s ahi l i ty  t o  pvedict peak power. Uncertain- 
ty i n  the performance predict ion codes f o r  predict ing 
peak power iorces the designer t o  be conservative and 
oversize tne generator and other mechanical ccapo- 
nents. Tnis practice leads t o  higher machine cost 
which in turn increases the resul t ing energy cost. 
The a b i l i t y  t o  predict peak power i s  dependent on an 
accurate description o f  the a i r f o i l  l i f t  and drag 
characterist ics inkneciately af ter  s ta l l .  As a ro to r  
apprqaches pea.; power, aerodynaaic s t a l l  progressive- 
l y  evelopes the blade fran root t o  t ip .  A t  peak 
poww the root end o f  the blade i s  deeply s ta l led  and 
the t i p  region, her& m s t  of the peer i s  being 
de?loped, i s  passing through the angle o f  attack 
range o f  15 t o  25 degrees. Peak power i s  m s t  sensi- 
t i v e  t o  the a i r f o i l  characterist ics over th i s  angle 
o f  attack range. 

61 ade-element/mmentun perfomanct predict ion codes 
provide the pr inciple medns fo r  rotor design and 
analysis. With the use o f  reasonable a i r f o i l  data, 
these codes have been able t o  provide good estimates 
o f  rotor perfonnance provided a substantial port ion 
of the blade i s  not stal led. Past experience has 
shown that, for  a f i xed  p i tch  rotor, when a large 
pwt ion  of the blade i s  s ta l led  the use of two-dimen- 
sional (2-0) a i r f o i l  data under-predicts peak pwer 
and shot6 a rapid drop o f f  thereafter re la t i ve  t o  
measured power. A detai led discussion o f  t h i s  
problem i s  contaiped i n  References 1 and 2. The 
under-prediction o f  peak power has motivated the 
deve?opnent of 3-0 post s t a l l  a i r f o i l  data synthesi- 
zation routines (Refwences 3 and 4). Of these tm, 
routines, that of Reference 3 i s  more widely used 
because o f  i t s  user f r iend ly  nature. Without any 
user interaction the routine autanatiral1.r y ~ : ” 2 z  : 
smooth curve f i t  front were  the 2-0 a i r f o i l  data 

leaves o f f  up through the highest a g l e  of attack 
experienced by the blade during s ta l l .  The approach 
o f  Reference 4 i s  m r e  subjective and requires the 
use- t o  provide discrete a i r f o i l  data i n  the l i g h t  
star! region. Both of these routines i r e  based on 
pas+ studies which show that af ter  s t a l l  the a i r f o i l  
cha ~ t e r i s t i c s  o f  l ift and drag are strongly 
governed by blade aspect r a t i o  and are r e l a t i v e l y  
independent o f  the a i r f o i l  I po le t r y  and Reynolds 
n e .  A f t e r  s ta l l ,  louer aspect ra t i os  resu l t  i n  
lower values o f  lift and t a g  coeff ic ients due t o  
greater f l o w  leakage around the t i p  that  re l ieves the  
pressure d i f f e ren t i a l  across the blade. 

Although the 3 4  post-stal l  a i r f o i l  dat& synthesiza- 
t i on  routines provided the needed d i rec t ion  t o  help 
solve the peak and pcst-stal l  power predict ion 
prob lm an adequate post-stal l  a i r f o i l  data base was 
not avai lable at the time of t he i r  developnent. 
Consequently, these methods were ta i l c red  t o  predict 
peak power based on carp.airYns f o r  d i m  machinzs. 
Applied t o  other macbines these rpethkij were suspect 
when predicted ana measured peak power e r e  not i n  
agrement. For t h i s  reason, it was widely held that  
the 3-3 post-stal l  synthesization routines needed 
further ve r i f i ca t i on  against a ccmprehensive post- 
s t a l l  a i r f o i l  data base. I n  an e f f o r t  t o  sa t is fy  
th i s  need, post-stal l  a i r f c i l  data were acquired in 
the Texas &3l University wind tunnel. 

2. POST STALL kIN3 TUNNEL TEST 

To establ ish the data base t o  better ve r i f y  the post 
s t a l l  synthesization theory, nonrotating w i n g  
sections were tested i n  the Texas &M 7 x 10 ft n n d  
tunnel. Post s t a l l  performance character ist ics were 
established as a function o f  aspect ra t io .  a i r f o i l  
thickness. and Reynolds nunbet. For t h i s  purpose the 
test  models had a one foot chord and =re o f  the HACA 
44XX fan i l?  o f  a i r f o i l s .  Blade aspect ra t ios  of 6, 
9, and 12 and - w r e  tested fo r  a i r f o i l  thicknesses 
of 9, 12, 15, and 18 percent at Reynolds nunbers of 
250,OOG. 500,OOO, 750,000 and i,OOO,OOO. The resul ts 
f ran t h i s  study showed that the post sta!l a i r f o i l  
Characteristics o f  CL and Cg are a strong 
function of aspect r a t i o  as expected and a weak 
function of a i r f o i l  thickness. I n  the post s t a l l  
region the influence of Reynolds nunber was 
negl ig ib le for  the range tested. A report 
(Reference 5) containing the resul ts from th i s  study 
and can be obtained fran Rocky Flats i l ind Energy 
Research Center (WERC). 

Two plots extracted from th is  report which i l l u s t r a t e  
the influence o f  aspect r a t i o  on CL and Cg are 
sham i n  Figures 1 and 2. Figure 1 shows Cg versus 
angle o f  attack fo r  the four aspect rat ios. For 
u i x o s s l o n  purposes the f igure can be DroKen ~ W I I  

i n to  three dist’nct angle o f  attack regions. I n  the 
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Fig. 1. Effect  o f  Aspect Ratio on Drag Coeff icients 
o f  the NACA 4418 A i r f o i l  a t  RN = 0.25 x 10 

Fig. 2. Ef fect  o f  Aspect Ratio on L i f t  Coeff icients 
of tho NACA 4418 A i r f o i l  a t  RN = 0.25 x 10'. 

TABLE 1. POST STALL k. CD EQUdT!ONS 

Equations of Ikference 3 Equations Dwired fra Texas lyll Data - 
C k a x  = 1.11 + 3.018 AR @ ( a = W )  (1 1 ChnaX = 1.00 + 0.065 AR @ (a=%') (2 )  

(0.9 + VC) 

CD = 81 sin2a + 82 cos0 (a=15*to9oo) (3)  Cg = 81 sim + B2 cow (a=27.5'to90') (4) 

where: 
81 = C h a x  

where: a Cn 
01 = C h a X  

82 = Cos - C b a X  sim, 

cosa 5 
0.275 

CL = A1 sin2a + A2 cos's (a=lS't090') ( 5 )  Sane as equation 5. however  the use o f  the n e w  
for evaluating A1 and A2 resu l ts  i n  a 

ger AR influence. 
s1m 

al*ernate: CL = C% (a=30'to90') (6) 

with: CL4.9 @ a=30' - 
AR - aspect r a t i o  - drag coeff ic ient  - l i f t  coeff ic ient  - non-dimensional d i r f o i  1 thickness 
a - angle of attack 
as - angle c f  attack at s ta l l ,  usually 15' 

Eo 
t i c  
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f i r s t  region up t o  15 degrees, the wings are 
unstalled and for performance predict ion purposes 
sini1;r 2-0 a i r f o i l  data fo r  t h i s  region i s  normally 
acquired frcm one of many a i r f o i l  data catalogs for a 
desired Reynolds nunber. However, f o r  t h i s  3-0 
test ing induced drag effects steadi ly increase with 
angle o f  attack wi th the magnitude being gea te r  f o r  
l o w  aspect rat ios. This subtle trend i s  masked by 
the accuracy o f  the data over t h i s  angle of attack 
range. The second angle of attack region fran 15 t o  
27.5 degrees i s  wrthy o f  special attention since i t  
has the dorainant effect on peak power pw l i c t i on .  An 
important characterist ic o f  t h i s  region i s  that 
aspect r a t i o  effects cannot be discerned. I n  t h i s  
region the higher induced drag associated with lower 
aspect r a t i o  i s  neutralized by the lowet pressure 
drag associated with lower aspect rat io.  Aspect 
r a t i o  ef fects are not seen t o  have a net influence on 
drag coeff ic ient  unti l  the angle o f  attack exceeds 
27.5 degrees. Above t h i s  angle the pressure force 
across the wing increases as the t i p  r e l i e f  
diminishes with aspect rat io.  

For cwparative purposes the post s t a l l  synthesiza- 
t i o n  equations of Reference 3 were used t o  generate 
corresponding values o f  CL and CD. The calculat- 
ed va lws  a e  compared t o  the tes t  data over the 
angle o f  attack range of 20 t o  90 degrees as shorn by 
the large open symbols f o r  aspect ra t i os  of 6 and 
12. For both aspect ra t i os  the calculated values 
f a l l  w e l l  below masured values. I n  addition, the 
equations lack the strong sens i t i v i t y  t o  aspect r a t i o  
as shorn by the data above a 30 degree angle o f  
attack. To better re f l ec t  the measured f i r s t  order 
aspect r a t i o  and second order a i r f o i l  thickness 
effects, equations 2 and 4 are presented fo r  
C h  and CD, respectively. These equations 
we@ used t o  generate the shaded symbols and show 
good agreement with test  resul ts over the angle o f  
attack range o f  27.5 t o  90 degrees. The new maximun 
drag coeff ic ient  equation has three times greater 
sens i t i v i t y  t o  aspect rat io.  I n  addit ion fur ther 
aspect r a t i 3  sens i t i v i t y  w a s  acquired by using a 
firrt order (Sin) te rn  i n  the drag coeff ic ient  
equation. The new appraximation (Equation 4) only 
applies over the angle of attack range o f  27.5 t o  
90 degrees versus 15 t o  90 dEgrees used i n  the 
or ig ina l  approximation (Equation 3) .  The discrete 
values o f  drag shorn i n  Table 1 for the angle o f  
attack range o f  16 t o  27.5 degrees are f o r  a i r f o i l s  
having thickness o f  12 percent or greater. The wind 
tunnel test  resul ts show that f o r  thinner a i r f o i l s  a 
more rapid increase i n  drag can be anticipated over 
t h i s  local mgle of attack range. A step junp i n  
drag i s  needed t o  t rans i t ion  from 2-0 data t o  
discrete 3-D data. An increase t o  a value o f  0.10 
appears reasonable i n  going from 15 t o  16 degrees. 

A canparison o f  the calculated measured l ift coeff i -  
c ient  versus angle o f  attack i s  shown i n  Figure 2 f o r  
the various aspect rat ios. Pr ior  t o  S ta l l  a reduc- 
t i on  i n  aspect r a t i o  reduces the slope of the CL 
curve. I n  blade-elementfmomentun type analyses t h i s  
trend i s  approximated through the use o f  the t i p  loss 
f a c t o r .  I n  the post s t a l l  region the measured l i f t  
coeff ic ient  undergoes a rapid i n i t i a l  drop o f f  
followed by a mderate reduction i n  CL up u n t i l  the 
angle o f  attack region o f  60 degrees. An approxima- 
t ion  o f  t h i s  post s t a l l  behavior i s  obtained using 

Equation 5 from Reference 2.  The equation provides a 
continuous drop o f f  from peak CL t o  zero a t  
90 degrees i n  a manner character ist ic o f  the tes t  
data. The equation makes fm attempt t o  approximate 
the i n i t i a l  drop and recovery the CL experiences 
for the highe? aspect r a t i o  bladcs. However, t h i s  
s impl i f icat ion does not appear t o  resu l t  i n  s i g n i f i -  
cant error. Calculated values o f  CL me shown by 
the large open symbols using t h i s  equation wi th the 
values o f  A1 and A2 based on t i le o ld  C 
(Equation 1) as given in  Reference 3. Calcul%& 

t o  determine A1 and A2 are sh % by (Equation the so l id  2, 
values o f  C, using the new 

synbols. Stronger aspect r a t i o  dependency and 
somewhat better agreement i s  achieved using the new 
approximation f o r  C . This equation provides 
good resu l ts  from p?!p CL throughout m s t  o f  the 
post s t a l l  region which t yp i ca l l y  begins around 
15 degrees fo r  most a i r f o i l s .  

Two interest ing characterist ics of these data i n  
Figures 1 and 2 i s  that although the magnitude o f  
CL and CD are a function o f  aspect rat io,  the 
r a t i o  o f  $/CD for a given angle o f  attack i s  
found t o  be independent of aspect r a t i o  throughout 
the deep s t a l l  angle o f  attack range over 
30 degrees. I n  addition, ~ / C I ,  or more appro- 
p r i a t e l y  L/D, pass% exactly through a value of 1.0 
at an angle of attack of 45 degrees as m u l d  a f l a t  
plate. These characterist ics are shown by the square 
synbals i n  Figure 3. For collparison f l a t  p la te  
theory i s  represented by the so l id  l i n e  as calculated 
by the equation L/D = cosa/sim. The data points o f  
L/D a e  seen io ?pproxinate the r a t i o  o f  cosa/sina 
over the angle o f  attack range of 30 through 
60 degrees. Beyond t h i s  point the data points f a l l  
above f l a t  p late theory d w  t o  the suction debeloped 
by the leading edge curvature. Based on t h i s  trend 
e,Jation 5 can be replaced by the f l a t  p late theory 
alternate of  equation 6. Using equation 5, the r a t i o  
o f  L/D w i l l  be sanewhat on the high side throughout 
the angle of attack range and w i l l  not qui te sa t is fy  
the observation that L/O = 1 at  an angle sf attack o f  
45 degrees as does equation 6. 
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Fig. 3 Effect o f  Aspect Ratio on Lift/Drag Ratio i n  
Deep Sta l l  
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3. PEAK POYR PREDICTIONS 

Predicted performance was calculated for three fixed 
p i t ch  wind turbines using Rocky Flats blade-elenent/ 
maentu i  analysis (PROPSH) which i s  described i n  
Reference 2. Using both the post s t a l l  a i r f o i l  data 
synthesirat ion method o f  Reference 3 and the modified 
equations based on the Texas AW wind tunnel data 
predicted peak power was caapcred t o  neasured peak 
powr. The machines analyzed were the Jay Carter 25. 
€SI-54. and the MIU-0. I n  each case predicted peak 
pouer was calculated on the low side o f  measurenents 
by 3 t o  15 percent using the d i f i e d  equations based 
on the Texas AM wind tunnel data. Better agreement 
was achieved using the synthesization method of 
Reference 3. Calculated peak power re la t i ve  t o  
measured wwer varied from being 2 percent on the low 
side t o  d percent on the high side. Overall the 
modified equations based on the wind tunnel data 
predicted peak power 3 t s  12 percent lower than the 
equations o f  Psference 3 uhich e r e  developed by 
t a i l o r i n g  the equations t o  correlate w i t h  actual peak 
power reasurement 5. 

The better agreement achieved using the equations of 
Reference 3 i s  at t r ibuted mainly t o  the higher L/D 
resu l t ing  i n  the angle o f  attack range o f  15 t o  
30 degrees. As previously indicated t h i s  port ion of 
t h e  post s t a l l  region has the qeates t  impact on peak 
power prediction. Another factor not t o  be overlook- 
ed i s  the accura:y o f  % associated with the 
2-0 data tahles used i n  the 8 lcu la t ions .  Any e r r o r  
i n  the C u t i l i z e d  translates i n to  a s imi lar  
e r ro r  i n  t h 3 a l u e  o f  peak power. 

Speculation as t c  the difference i n  L/o resu1tir.g 
from the l i f t  and drag equations o f  Reference 3 
versus the l o w r  L/D resu l t ing  from the nmdified 
equations based on tk Texas AW wind tunnel data 
y ie lds  saae potent ia l  explanations. The Texas M 
wind tunnel tes ts  were nonrotational. 
krodynanic ists over the p a r s  have speculated that 
f o r  ro ta t ing  wings centr i fugal force effects are 
present i n  the boundary layer that  resu l t  i n  spanwise 
f l o w  toward the blade t i p .  Spanwise flow i s  thought 
t o  enhance performawe by delaying sefaration o f  the 
boundary layer. h o t h e r  source o f  spanwise f l o w  i s  
the spanwise suction gradient that resul ts from the 
ro ta t ing  blades local oncoming veloci ty being 
proportional t o  the blade radius. For both o f  the 
these causes, the spanwise flow i s  from blade root t o  
blade t ip .  

A second scenario that  warrants serious consideration 
when t ry ing  t o  account fo r  low peak power predictions 
deals with e las t i c  tw is t  o f  the blade. Pr io r  t o  
s t a l l  many a i r f o i l s  have l i t t l e  or no nose down 
(negative) pi tching narnent. h e n  s t a l l  occurs i n  the 
angle o f  attack range of fi t o  30 degrees. the manent 
coef f i c ien t  rap id ly  diverges. The resul t ing large 
increase i n  nose dom pitching mment can resu l t  i n  
e las t i c  tw is t  toward feather rrhich would enhance the 
power output and delay s ta l l .  The tw is t  effect would 
becane greater with windspeed as the s t a l l  enveloped 
the blade while propagated outward toward the t i p .  
The Occurrence o f  jus t  a couple of degrees of e last ic 

enhance peak power and post peak power. Elast ic 
tw is t  i s  a real consideration the manufacturer should 
be aware o f  because o f  i t s  strong influence on 

c..;ct with illcreasing windspeed would substantial ly 

measured post s t a l l  powr. The degree of e las t i c  
tw is t  can be expected t o  vary f ran  one machine t o  
another depending on the m u n t  of  blade torsional  
s t  i f  fness. 

4. CONCLUDILG REllARKS 

The Texas Aw post s t a l l  wind tunnel tes t  of the NACA 
44XX series a i r f o i l s  as influenced by a i r f o i l  
thickness, Reynolds nunber, and aspect r a t i o  yielded 
the fol lowing findings. 

Reynolds nunber was found t o  have m i ns ign i f i -  
cant influence on the a i r f o i l  character ist ics 
over the range o f  250,oOO t o  1,OOO.~. 

A i r f o i l  thickness was found t o  have l i t t l e  
e f fec t  on post s t a l l  although it does 
influence C which i s  normally acquired 
from a 2-0 9~ f o i  . 1 ciata catalog. Increased 
thickness d id  provide sane reduction i n  drag 
throughout the post sta:l region. 

Aspect r a t i o  was the daninant influence on the 
post s t a l l  a i r f o i l  characterist ics. However, 
t h i s  influence was not read i l y  discerned over 
the angle o f  attack range of 15 t o  30 degrees 
where the lower induced b a g  associated with 
high aspect ra t ios  i s  being neutral ized by a 
corresponding increase i n  pressure bag. Above 
30 degrees both drag coef f i c ien t  and l ift 
coef f i c ien t  increased with aspect r a t i o  such 
that the resu l t ing  r a t i o  o f  L/D was independent 
o f  aspect rat io.  

Applying these tes t  resul ts the post s t a l l  synthesi- 
zation equations of Reference 3 were modified. Peak 
power predictions using the newly d i f i e d  equations 
and those o f  Reference 3 showed that: 

the modified equations underpredicted peak power 
by 3 t o  15 percent 

the eouations o f  Reference 3, because o f  t h e i r  
more opt imist ic post s t a l l  L/D rat io,  provided a 
better approximation o f  peak power. 

Potential causes of the differences between neasured 
peak power and that predicted using the modif ied 
equations based on the Texas MM data are: 

the i n a b i l i t y  o f  nonrotating wind tunnel t es t  t o  
represent the influence o f  rad ia l  f l o w  e f fec ts  

e las t i c  tw is t s  ef fects resu l t ing  from the 
divergence of the post s t a l l  mment Coeff icient. 
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PRaIIUNARY ANALYSlS OF DYNMKC STALL EFFECTS 
ON A 91-HETW UIhP TURBINE ROTOR 

Robert E. Wilson 

Oregon Sttte University 
Cowallis, Oregon 97331 

ABSTRACT 

Analytical invest igat ion of dynamic s t a l l  on ?lAUT 
ro tor  loads was conducted. Dynauic s ta l l  was modeled 
using the Corwnc approach on the  mD-2 rotor ,  t reat-  
ing the blade as a r ig id  body teeter ing about a fixed 
axis. Blade flapwise bending loments at s t a t i o n  370 
were determined with and without dynamic s ta l l  f o r  
s p a t i a l  var ia t ions in loca l  wind speed due t o  wind 
shear and yaw. zhc predicted mean flapwise bending 
momfnts =re found t o  be in good a g r e u e n t  with test 
results. Bcsults obtained with and without dynaric 
s ta l l  shwed no s igni f icant  difference for  the r a n  
flapwise bending -nt. 'Ihe cyc l ic  bending w e n t s  
calculated with and without Iynamic s ta l l  e f f e c t s  =re 
substant ia l ly  the same. None of the  calculated cyc l ic  
loads reached the  leve l  of the cyc;i- loads measured 
on the 113D-2 using the b e i n g  f ivednute-average  
technique. 
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IOUENCLATURE 

Speed of sound 
L i f t  coeff ic ient  
Blade chord 
Teeter moment of inertia 
Flapwise bending moment 
llach nmber 
Mstanc i  along blade 
Blade radius 
Mstance Peasured n o m 1  t o  axis  of ro ta t ion  
Blade of def lect ion 
Wind speed 
kerodynadc load per un i t  span 
Local re la t ive  veLocity 
T i m e  rate of change  if angle of a t tack 
krgle of a t tack 
Dynamic s c a l l  parameter 
Yaw a q l e  
Teeter axis tilt 
Teetcr angle 
Blade mass per uni t  span 
Umster blade position angle 
Rotor angular veloci ty  

INTRODUCTION 

Large horizontal a is wind turbine rotors  experience 
01; the order of 10 stress cycles during a projected 
30-year l i fe t ime.  Cyclic loads due t o  gravi ty ,  tower 
shadow, wind shear, and yaw contribute t o  stress 
cycling as w e l l  a s  wind turbulence which can be viewcd 
a s  a cycl ic  disturbance i n  the reference s y s t m  of the 
blade. With the exception of gravi ty ,  the loads 
mentioned above 3re aerodynamic i n  nature and. since 
dynamic s t a l l  has been ident i f ied  a s  playfng a s ignif-  
icant  role  i n  1nf:uencing the performance and fat igue 
l i f e  of the ver t ica l  axis  wind turbine [ l ] ,  i t  has 
been conjectured t h a t  dynamic s t a l l  plays a s imilar  
r o l e  in influencing cycl ic  loads of horizontal ax is  
wind turbines. 

The primary charac te r i s t ics  of dynamic s ta l l  a r e  the 
occurrence of s t a l l  beyond the angle of a t tack associ- 
ated with the s t a t i c  s t a l l ,  the dependence of the 

3 

N95= 27975 

loads on the  time r a t e  of change of the angle of 
a t tack  as w e l l  as the  angle of a t tack,  and hysteresis  
i n  the l i f t ,  drag, and pitching wDent. Ihcse charac- 
teristics vould be expected t o  increase both mean and 
cyc l ic  loadings. No11 and lfar [ 2 )  in their investiga- 
t ion  of the e f f e c t s  of dynamic s t a l l  on 68811 a n d  
systems concluded tha t  dynamic stall could increure 
fixed pi tch horizontal axis wind turbine noma1 loads 
and Porents by "about 10 percent." Accordingly, t h i s  
study was undertaken : c  exlr ine the possible e f f e c t s  
of dynamic s t a l l  on the MLhZ wind turbine. Rtens ive  
data  on nean and cyclic flapwise loads have been 
obtained f o r  the MID-2 [SI. 

ANALY SI s 
Geometry 

'Ibe ana ly t ica l  d e l  used t o  invest igate  the  e f f e c t  of 
dynamic stall on the  mean and cycl ic  f lapvise  benr'ing 
mOPents consisted of A r i g i d  two-bladed ro tor  :cet: .r-  
ing about a fixed point. An exis t ing program I41 vas 
modified t o  treat a teeter ing rotor. Figure 1 a h d s  a 
blade element. the wind, Vu, and the coordinate 
system. Looking upwind, the ro ta t ion  of the rotor  is 
counterclockvise with the ro tor  teeter angle 
designated as +. The axis of rotat ion,  x, is fixed i n  
space so that ro tor  yaw, represented by the angle 6 .  
is due t o  sh i f t ing  of the wind rather  than lo t ion  of 
the yaw axis. Pach blade of the tuo-bladed rotor  l ies  
in the  same plane so t h a t  there is no precone t o  the 
rotor .  

'Ihe blade positions d i f f e r  by an angle of 180° and the 
teeter angles of t h e  tm blades d i f f e r  in algebraic  
sign. One blade is designated as the maeter bJ.ade and 
the position angle, 6, and the t e e t e r  angle, #, are 
given f o r  the  master blade. 

Blade Bending Wment 

The blade element i l l u s t r a t e d  i n  Figure I is shown in 
Figure 2 a s  par t  of a blade sec t ion  which extends from 
r, t o  the blade t ip .  Loadings due t o  the aerodynadc 
forces  and the centr i fugal  accelerat ions are  i l l u s -  
trated in Figure 2 .  For a blade element of mass per 
uni t  span, v, ro ta t ing  a t  a constant angular veloci ty ,  
n, the cont r ik . t ion  of the above loadings on the  
element t o  the i la twise  bending moment a t  position 8 ,  

is 

(1) 
dMl - (s-s l ) (w-~v)dr  - WQ 2 (v-vl)dr 

&re w is the aerodynamic load per un i t  span. Rlgid 
body motion of the ro tor  blade due t o  teeter motion 
y ie lds  v = r s i n v  = rv so that the conetiburion t o  the 
flapwise bending moment becolles 

i 

Ihe motion of the rotor(,,about the t e e t e r  axis when (I 
is small and the t e e t e r  axis  is perpendicular t o  the 
blade span (63 - 0) is described by 
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where 

R 
I = 2 1 r 2 d r  

0 

and the  net t e e t e r  -Dent is 

xnet = J r d r  - 1 r d r  
Blade 1 Blade 2 

Substitucion of &. (3) i n t o  Q. (2) yields  an e x p r e s  
sion f o r  the d i f f e r e n t i a l  flapwise contributions of 
the aerodynamic forces  and the accelerat ions (both 
centr i fugal  and teeter ing)  t o  the flapwise bending 
moment. 

dn, = (r-rl]vdr - 7 %et (r-rl)rpdr (5) 

PeasurePeots of t h e  flapwise bending moment of the 
mD-2 wind turbine were prde a t  s t a t i o n  370. At t h i s  
s t a t i o n ,  the contrioutions given in Q. (6) can be 
wr i t ten  as 

- 0.352 Hnet 
5 1 aero 

Gravitational contributions mst e lso  be included. 
Including the blade twist  a t  s t a t i o n  370 ( twist  = 6 = 
2.5") the  bending B a t s  due t o  gravi ty  are 

R 
g 1 ( r r l )  udr [ s i n ~ o s 6 s i n 8  + sin6cos8] (6) 

rl 

For the  WD-2 with s m a l l  li, the above contribution is 

3,219,000 w i n 8  + 142,900 cos@ K-m 

Ihe t o t a l  of the gravi ta t ional ,  aerodynamic. and 
acceAeration contributions t o  the f lapvise  bending 
moment at  s t a t i o n  370 is 

(7) 5 + 1.43 i o  case 
The gravi ty  term play a large ro le  in determining the 
cyc l ic  bending moments. 

Wind Input 

The wind input used t o  model the e f f e c t s  of dynamic 
s t a l l  consisted of a steady wind with a yaw angle of 
15' and with wind shear. 'Ihe surface roughness used 
was 0.32 m which y ie lds  a peak wind speed of 1.107 

when the blade t i p  is a t  i ts  highest position and 
>ani- wind speed of 0.736 Vhub when the blade top 
is a t  i t s  lowest position. k a d n a t i o n  of Coldendale 
test s i t e  wind measurement records indicated tha t  the 
mean shear corresponds to a surface roughnes- of 
0.32 m. 'Ihis surface roughness yields  a wind prof i le  
tha t  is close t o  a power law prof i le  exponent of 0.2. 

The yaw angle of 15' was selected a f t e r  examination of 
the  P a €  HDD-2 wind turbine data. It was observed 
that yaw angles of 15" were sustained for  periods i n  
excess of 30 seconds, which is  the length of time 

necessary for  the MID-2 ro tor  t o  f u l l y  respond t o  a 
s t e p  change in wind conditions. Both the wind shear 
and the yaw produce cyclic changes in the angle of 
attack. Wind shear changes the veloci ty  corponent 
normal t o  the blades, while the yaw produces cyc l ic  
changes in the  component of the r e l a t i v e  veloci ty  
p a r a l l e l  t o  the blade. Ihus. shear induced changes in 
angle of a t tack a r e  grea tes t  a t  the blade t i p s  while 
yaw cyclic angles of a t tack are grea tes t  near the 
blade roots. 

Aerodynamics 

The aerodynamic forces  on the  blades were obtained 
from integrat ion of the loca l  forces  obtained from 
s t r i p  theory. Quat ing the blade forces  on a blade 
element t o  the moment- change i n  d i f f e r e n t i a l  ele- 
e a t ,  the induced axla1 veloci ty  was calculated a t  
each angular posi t ion at stations along the blade 
radius. Ihe net aerodynamic moment causing the ro tor  
t o  teeter was calculated and used t o  determine the 
teeter angular vel?city. Zntegration of tbc teeter 
angular velocity, 9. yielded the teeter angle. The 
blade forces were determined using the  veloci ty  of the 
air re la t ive  t o  t t e  blades so that the  loca l  teeter 
veloci ty ,  r cos w4, (the mD-2 has no 6 j nlayed a 
s igni f icant  ro le  i n  determining the iniuced axial 
veloci ty  of the  air. Ihc tangent ia l  inductd veloci ty  
vas neglected. 

S t r i p  theory uses the concept of a f u l l y  developed 
wake in the  calculat ion of the  induced a x f a l  veloci ty  
so that there  is an implici t  assmption that an equi- 
librium-wake ex is t s .  That is. the  wake is always i n  
e q u i l i b r i m  with conditions on the  blade. 

S t a t i c  aerodynamic data  f o r  the NACA 23000 series 
a i r f o i l  used on :he MD-2 were obtained from reference 
[SI. No correction was included i n  t h e  calculat ions 
f o r  the gap between the movable t i p s  and the fixed 
portion of the blade and the Prandtl t i p  108s fac tor  
was  used t o  account f o r  decay of the c i rcu la t ion  a t  
the  blade t ips .  

Dynamic S t a l l  %del 

The Coraont approach [6 ]  was selected t o  d e l  the 
e f f e c t s  of dynamic s ta l l  based on the s i . p l i c i t y  of 
the method and success i n  t rea t ing  dynamlc s ta l l  in 
v e r t i c a l  axis wind turbine appl icat ions [71. In the  
Gormont method 

where 

and y I s  a dynamic s t a l l  parameter t h a t  depends upon 
the  a t r f o i l  shape and %ch number. Since the K)D-2 
blade var ies  considerably Ln thickness r a t i o  along the 
span, varying from 12% thickness r a t h  a t  the t i p s  t o  
27.2% thickness r a t i o  a t  r - 0.38, there  was l i t t l e  
da ta  available on the parameter yL. Using ertrapola- 
t ion  of the data given in Cormont's report [SI. the  
following form of yL was obtahed  and used f o r  t h i s  
study: 
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Table I below g ives  the v a r i a t i o n  of y 
blade using a l o c a l  Mmch number, M - &/a. 

over the WD-2 

Table 1. Tor ia t ion  of yL with b d i a l  S t a t ion  

r/R t i c  YL 
1 .oo .I 2 1.21 

.8 5 .17 -98 
-70 .2 2 -74 
.so -24 .68 
.30 -27 -60 

~ 

The ex t r apo la t ion  used to  cha rac t e r i ze  t h e  dynamic 
stall parameter does not warrant t he  d i sp lay  of two- 
d i g i t  accuracy s h a m  i n  Table 1; t h e  values  are sham 
t o  i n d i c a t e  the  magnitudes used in this srudy. 

Cases mamined 

lhe e f f e c t  of dynamic s ta l l  on t he  mean f Apwise and 
c y c l i c  bending moments vas examined ar t h r e e  wind 
speeds,  9, 11.5. and 14 ds. Cases e r e  run with and 
without dynamic stall. 'Ihe ca l cu la t ions  were s t a r t e d  
with the  r o t o r  i n  ho r i zon ta l  p o s i t i o n  with zero teeter 
angle  and the h i s t o r y  was determined f o r  s i x  revolu- 
t i ons .  Calculat ions a t  14 m / s  were made f o r  e i g h t  
revolut ions.  The l a r g e s t  c y c l i c  loads were obtained 
a t  the  f i n a l  r evo lu t ion  with no appreciable  
d i f f e rences  being observed between the s i x t h  and 
e igh th  revolut ion.  In t eg ra t ion  increments of 0 .OS R 
and 0.10 R were used and i t  was found t h a t  t h e  smaller 
i n t e g r a t i o n  increment r e su l t ed  in an 8.7% increase i n  
mean f l a t w i s e  bending moment and an increase of 0.8% 
in t h e  c y c l i c  bending -ut. 

The results reported are f o r  t h e  0.10 R i n t eg ra t ion  
increment. the l a r g e r  i n t e g r a t i o n  increment having a 
s i g n i f i c a n t  e f f e c t  on t he  computation costs, approxi- 
mately cu t t i ng  the  c o s t s  i n  h a l f .  

A l l  t h e  reported runs were made with f ixed p i t c h  of 2 O  
on t h e  p a r t i a l  span con t ro l  surfaces .  In t e rac t ion  
between t h e  wind condi t ions and the  control  system was 
not  included i n  t h i s  study. 

RESULTS 

The r e s u l t s  obtained f o r  t he  MX+2 wind tu rb ine  are 
shown i n  Figures 3 and 4. Figure 3 shows the w a n  
f lapwise bending moment measured at  t h e  Goldendale, UA 
test s i te  as a funct ion of the mean wind speed meas- 
ured a t  thc  BPA tower. Also shown i n  Figure 3 is che 
mean flapwise bending momrnt calculated in t h i s  
study. "here is good agreement betreen the  calculated 
mean flapwise bending momant and the  measured value. 
The mean f lapwise bending moment is almost exclusively 
due t o  aerodynamic con t r ibu t ions  s ince the net 
con t r ibu t ion  from g r a v i t y  and teeter is zero.  

Figure 5 shows the  c y c l i c  f l a p v i s e  bending moment da t a  
f o r  Goldendale Unit 1 3 .  'Ihe d a t a  shown f o r  50% occur- 
rence are based on measurements, and the 99.9% case is 
based on ca lcu la t ions  using the  50% data .  

The c y c l i c  moments shown as t h e  50% occurrence vere 
obtained by s t n t i s t i c a l  a n a l y s i s  of the amplitudes of 
bending moment va r i a t ions  from the mean taken over 
many cycles .  Another method of represent ing the 

Cfc i i c  v a r i a t i o n s  is to  t ake  t h e  c y c l i c  amplitude as 
1/2 (kx - %,,) where kX is the maximrn value i n  a 
cyc l i c  and un is t he  minimum value of t he  cycle.  
Table 2, shown below, gives  t h e  r e s u l t s  i n  t a b u l a r  
form. Cycl ic  f lapwise bendings ca l cu la t ed  using t h e  
1/2 (L - Qn) method are given along with (kx - 
@ and &e test r e s u l t s .  Using e i t h e r  approach, t h e  
calculated c y c l i c  bending moment is b e l o w  t he  Peasured 
value. 

Dynamic s t a l l  f o r  t h e  cases considered is obserlved t o  
have a small e f f e c t .  A t  the  lowest wind speed consid- 
ered, 9 d s ,  t he re  w a s  v i r t u a l l y  no e f f e c t  of dynamic 
s ta l l ,  due K O  t he  f a c t  t h a t  angles  of a t t a c k  were 
below static s ta l l  over most of t he  blade. As t h e  
wind ve loc i ty  was increased,  dynamic s ta l l  e f f e c t s  on 
the  bending moment increase.  but  t h e  magnitudes of 
these inc reases  uere modest. The r e s u l t s  a t  14 d s  
show t h a t  dynamic s t a l l  increased &he mean bending 
moment by 2.5% and the  c y c l i c  bending moment increased 
by 3.3% t o  9.0% depending upon t h e  method used t o  
ca l cu la t e  t h e  c y c l i c  be J i n g  moment. Regardless of  
the  Peehod used t o  c a l c u l a t e  t he  c y c l i c  bending PO- 

ment. t h e  ca l cu la t ed  values  Vere less than t h e  measur- 
ed values  a t  t h e  c y c l i c  bending moment obtained from 
reference [31. 

Table 2. Calculated Wan and Cyclic Flapwise 
Bending mments a t  S ta t ion  370 

Wind - +ma*- A%ycl ic** 
Speed Dynamic X kn)* kX-% (Data) 
m / s  Stall N*m N-m N-m N *m 

9 .Q th 1929*103 172317 202730 241000 
9 .o Yes 1 9 3 2 0 1 0 ~  173656 205033 

11.5 No 2455-103 193661 232386 299000 
11.5 Yes 2481-1C1~ 198066 248431 

14.0 No 2848-103 229265 274480 357Qoo 
14.0 Yes 2918*103 236758 299075 

* Plot ted in Figure 3 
**Cyclic f lapwise bending moment data, 50% occarrence 

from Figure 4 

CONCLUSIONS 

The r e s u l t s  obtained f o r  c y c l i c  and mean f lapwise 
bending moment f o r  cases with and without dynamic 
s t a l l  show no s u b s t a n t i a l  change due t o  the  inc lus ion  
of dynamic s t a l l .  Furthcr  comparisc.is of ca l cu la t ed  
and measured bending moments show good agreement for 
the  mean bending moments and poor agreement Cor t h e  
cyc l i c  bending moments. The c y c l i c  bending moments 
calculated were f o r  a 15' yaw angle  which is R 
frequent,  but not  the usual ,  case f o r  the WD-2. It 
is concluded t h a t  s p a z i a l  v a r i a t i o n s  i n  vind speed due 
t o  wiad shear  and yaw 3re not the primary d r i v e r s  of 
c y c l i c  loading. Further.  t he  e f f e c t  of dynamic s t a l l  
on t he  mCdn and c y c l t c  bending moments is  small. Wind 
turbulence and r o t o r  f l e x i b i l i t y  were omitted in t h i s  
preliminary s tudy of t h e  e f f e c t s  of dynamic s t a l l  and, 
of these omissions,  wind turbulence is f e l t  t o  play 8 
s i g n i f i c a n t  r o l e  i t 1  determrning the  magnitude of t h e  
cyc l i c  loads.  Tk.e r o l e  of dynamic s t a l l  in i n t e rac t -  
ing with vind turl ,Aence remains unknown with t h e  
major b a r r i e r  t o  understanding being t he  inc lus ion  of 
wind turbulence i n  the  lcadfng ana lys i s .  
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i n t e r e s t  t o  WIrr developers.  

APPENDIX A 

WAKE =PANSION EI)DEL 

A simple a n a l y t i c a l  model f o r  t he  wake and flow f i e l d  
of a horizontal  a x i s  wind turbine can be developed 
from ac tua to r  d i s k  theory. *Let t h e  mean a x i a l  velo- 
c i t y  a t  the  r o t o r  by u = V(1-a) and the mean axial 
ve loc i ty  i n  the f a r  wake by upw = V(1-A:). lhe a x i a l  
ve loc i ty  along t h e  a x i s  of a ro to r  is approximated by 

(A-1) 

where q = x/R. R is the  ro to r  radius  and the r o t o r  is 
a t  the  origin with x measured dtwwtream. The above 
r e l a t i o n  i s  exact f o r  t he  ve loc i ty  along the  a x i s  of a 
r o t o r  with a c y l i n d r i c a l  vortex sheet  wake when A = 
2. Using t he  above equation f o r  vx throughout t he  
flow f i e l d  one ob ta ins  from the con t inu i ty  equation 

(A-2) 

which y i e lds  a l i n e a r  v a r i a t i o n  with r for the  r a d i a l  
ve loc i ty ,  vr. h e  l i n e a r  v a r i a t i o n  i n  r a d i a l  ve loc i ty  
is i n  q u a l i t a t i v e  agreement with the r e s u l t s  of a f r e e  
wake ana lys i s .  

Streamlines i n  the flow may be obtained from the  
r e l a t i o n :  

In t eg ra t ion  of t h i s  equat ion y i e l d s  

Rwake A -= 
R 

(A-3) 

( A-4; 

w h e r e  E E i (a - l ) / ( l - i ) .  m u a t i o n  (A-4) may a l s o  ' ~ e  
used f o r  any s x e a m l i n e  that starts a t  the rotor .  

In  order  t o  use the above approximation r e l a t i o n ,  
va lues  of a and X are required.  h e  value of a is a 
mean value of t h e  induct ion a t  the  rotor and can be 
approximated from the  t h r u s t  coe f f i c i en t .  

For CT < 0.64, X = 2 and 

which 

w h i l e  

is a quadra t i c  equation. 

For CT > 0.64 

CT = 0.16 + 2.4; 

X can be obtained from 

cT a=- 
2a1-;) 

(A-5) 

(A-6) 

(A-7) 

lhe equation f o r  the wake boundary is an approximation 
and although it s a t i s f i e s  con t inu i ty ,  Eq. ( k 4 )  has 
pos i t i ve  curvature  f o r  the s t r eaml ines  a t  the  ro to r .  
lhe point of  zero curvature  f o r  t h e  s t reamlines  is 
defined by 

h e  point of zero s t reamline curvature  v a r i e s  from the  
r o t o r  a t  Fro (no w a k e  expansion) t o  q 1.47 f o r  E-1 
( i n f i n i t e  w a k e  diameter).  

APPENDIX B 

FREE YAW OF R I G I D  HUB ROTORS 

The s t a b i l i t y  of r i g i d  hub r o t o r s  i n  f r e e  yaw may be 
described by examination of the change in yaw moment 
with the yaw angle ,  6. 

an 
k E - 2  

a 6  
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Other yaw moments can cause yaw tracking e r r o r s  but 
the yaw s t a b i l i t y  :s determined by magnitude and the  
a lgeb ra i c  s ign  of k. While yaw t r r ck ing  errcprs are 
mostly due t o  the  imbalance of in-plane aerodynamic 
forces  due t o  wind shea r  and tower shadow, the  sp r ing  
constant ,  k,  is due t o  the  normal aerodynamic fo- 
ces. Figure B1 i l l u s t r a t e s  the r o l e  of the coning 
angle # i n  t he  s t a b i l i t y  of r i g i d  hub ro to r s  in f r e e  
yaw- 

A r o t o r  with bladc horizontal  is shown sche?raLically 
when viewed from above. 'he ve loc i ty  normal t o  the  
blade; is shown f o r  h k d e  elements on the  r i g h t  hand 
s i d e  and t h e  l e f t  hand s i d e  of t he  ro to r .  lhe veloci-  
t y  normal t o  the  blade determines the  angle of a t t ack ;  
t h a t  ?s 

a - VI 
Ihe induci ion may be d i f f e r e n t  on opposi te  s i d e s  of 
the ro to r ;  however, t he  primary dependence is due t o  
th, mal veloci ty .  It may be observed that 

% >  vk 
hence the  ang le s  of a t t a c k  f o r  t h e  i l l u s t r a t e d  blade 
w i l l  obey 

f o r  the i l l u s t r a t e d  f igure.  

The normal fo rces  on t h e  r i g h t  hand and l e f t  hand 
s i d e s  are proport ional  t o  a CL , hence the moment 
about po in t  0 tending t o  yaw 'the r o t o r  in t h e  6- 
dl-rection is proport ional  t o  

The spring constant ,  k,  is  the  r e s u l t  of i n t e g r a t i o n  
of the d i f f e r e n t i a l  yaw moment due t o  yac over t h e  
rotor .  I f  CL > 0 the  i l l u s t r a t e d  r o t o r  w i l l  be 
s t a b l e  i n  yaw knee the  coning angle  produces a 
grea te r  normal force on t he  blade occupying the  r i g h t  
hand s i d e  of t he  r o t o r  than on t he  Teft. &sever,  
beyond s ta l l  f o r  many a i r f o i l  s ec t ions ,  CL, < 0 , and 
the r o t o r  yaw moment w i l l  increase with inc reas ing  
yaw. In such a case the  r o t o r  w i l l  operate  in s t a b l e  
mode a t  an upwind pos i t i on  where the coning angle is 
regat ive.  l hus  the s t a b i l i t y  of r i g i d  r o t o r s  horizon- 
t a l  a x i s  wind t u rb ines  in yaw can be character ized by 
t h e  in t eg ra t ed  contr ibut ion of CL $ over the rotor .  
For a r o t o r  with th ree  or more blgdes (B - number of 
blades) t he  dominant term i n  the yaw "spring constant" 
is 

where 

rl = r / R  

Rn x - -  V 

@ is t he  l o c a l  flow angle with respect  t o  the 
ro to r  disk.  

Figure 1. Rotor Geometry and Coordinates 

Figure 2. Blade Stsction with Aerodynamic 
and Cen - i fuga l  Loading 
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Figure 3. 1L.c Flapwise rending hbmt at Station 
370. Data from Reference [ 3 ] .  

Figure 4. Cyclic Flapwise Bending Homent a t  Station 

Figure B-1. Xind Turbine i n  P a w .  

3 j O .  Data- from Reference [ 3 ] .  Calculated 
Cyclic Bending Moment is !5(Mmx - Mdn). 
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CWARATIVE YIND TUNNEL TESTS OF W 23024 AIRFOILS WITH N95 27976 
SEVERAL AILEW)W AND SWILER COWFIGURATIOIYS* 

Y.H. Wentz. Jr., and M.H. Snyder 
W i c h i t a  S t a t e  University 
Wichita, Kansas 67208 

ABsTucT 

l b i a  paper r e v i m  reaearch effort. rt Wichita S t a t e  
Uoiwrai ty  a p a o r e d  by =A Levis Rerearch Center t o  
d e a i p  m d  evaluate r r o d m c  braking device. uhich 
w i l l  be auller m d  l igh ter  thm fdl-chord blade 
pi tch coatrol. 

Device. evaluated inelode a variety of rilema 
coafiguratioor. md apoilers located at both truliw 
&:e a d  war the led- edge. Tbc paper diacussea 
aor ly t ica l  a d c l i n g ,  wind tunnei L ~ s : : .  ad for a- 
configuratioas, full-acale rotor teats. hrremt 
d e s i p  have mt provided d e p c u t e  cootrol  porcr at 
high 4 l e a  of at tack (IOU tip-apeed-ratios). lbe 
reasom for theae l b i t a t i a  u e  diacuaaed. 
AnA1yaia .ad uind tunnel test da ta  indicate  that 
aoveral optiona u e  railable to the des*er to 
provide r r o d w c  a l a d o m  rhthaat  full-ebord pitch 
coatrol. Tbree o p t i m a  are mggestd; dding venting 
i n  h o o t  of the cwtrol surface hingeline, w i n g  
spoi lera  located mar the I e d i a g  edge, rd ruing a 
suo-piece c w t r o l  combining dourward deflect ion 
inboud u i t h  uprard deflect ion mtboard. 

latEncuIuRE 

E sectia chord 
cd aectiom drag coeff ic ient  (drag/qc) 
cI  a e c t i w  l i f t  coeff ic ient  ( l i f t / q c )  
c 
en aectioc! auctioa force coeff ic ient  ( 
q8 
r local blade rdiw 
R b l d e  h r d i r u  
Re 
TSP t i p  a p e d  ratio. (biR/Vlid) 
V re la t ive  mud apeed 

mngle of at tack 
4 re la t ive  vid angle 
v kinamatic viacoaity 
PI angular velocity 

sectiom I I O N ~  force coeff ic ient  ( 0 0 ~ 1  force/qc) 
ction/qc) 

local d+c presaure (I/2* p .$; 

blade chord Reynolda number, Wc/e 

IIPTPODaCnOI 

One of the c r i t i c a l  deai- requirement. for  vimd 
turbine. ia t o  provide re l iab le  Pcthoda for  l i d t i u g  
rpm owerapeed in  the event of loas of l o d .  or during 
high wind apeeda. I l c e h i c a l  brakes f o r  thia  purpoae 
b e c a  unacceptably large rrd heavy for large-acale 
hor i roa ta l -u ia  vcbinea.  Aerodynpric control of 
ro tor  overapeed M J  be wcolpliahed by pitching the 
e n t i r e  blade. in  the unuer c m n l y  wed f o r  
a i r p '  -e propellera. The r c h m i a m  a d  s t ructure  
required to  r c a p l i a h  thia control b e c a  
prohibitive OD large rotors ,  buwevcr. As an 
alterna:ive, a portion of t h e  outboard span u y  be 
pitched t o  e f fec t  the deaired control. Thia result. 
i n  canriderable ueight aaving, even though it  
require. locating actuators rather fa r  f r a  the u i a  
*Presented 4t DOEftiASA Horizontal Axil Wind Turbiae 
Technology Workahop. Cleveland, Ohio, May 8-10, 1984. 

of rotatiom. since rotor torqme v u i e a  approxiu te1 j  
v i t a  the cube of the .pan. the mter portiow of tbe 
blade produce m a t  of the torque. .od are therefore 
the  portioms aloag d i s h  c w t r o l  611 be m a t  
effect ive.  Vir tual ly  dl cmrreot large acale 
Mchinea u t i l i z e  p.rt-sp.n pitch control, with the 
rieter 302 being typical. Them &ai* h e  bwo 
denmatrated t o  be quite effective. With tb ia  r t h o d  
of coatrol ,  the arable aectioa operate. a t  d e r a t e  
-lea of at tack.  ao that typical a i r f o i l  coatrol 
d a t a  =e adequate for deaign. Even thoo$h mtboafd 
pmel pitch control baa prorro effect ive.  it i a  
desirable t o  fur ther  redace the airc .  r i g h t  d coot 
of tbe control s y a t a .  

Lirplaea b.n 1- osed mable put-chord device. 
u e f f e c t i r e  r m s  of cootrol l ing r r o d e c  forces. 
Trailing dy 'flaps" for producing d d e d  l i f t ,  or 
"uletolu" for d u l a t i a g  l i f t  e i ther  poa i t i re ly  or 
ocgat i rc ly  for roll control, m "spoilera" f o r  
reducing l i f t  to e f fec t  deacent or ?all control  h r e  
a11 been rued in  thia  yay. 

Thia paper reporta aalyaes od remlta of t e s t a  of a 
variety of cwtrol devices for  uind turbbCS.  Teat. 
uere coducted in the US0 7' x 10' Walter Beech 
Llaorial W i n d  -1. W e 1  for therz teaca uas the 
UCA 23024 a i r f o i l .  A 9" cbord YIC rued so tha t  large 
aoglea of a t t r k  (0" to 360°) could be t e a t d  t i t h o a t  
d r e r a e  wall i n t  rferencc. Reynolds m&er for  m a t  
IUM uaa 0.6 x 1 . g 

AERODnIAnIc AnALYSIS 

S t r i p  Theory 

The urodynlrics of the vi& turbine rotor blade are 
analyzed by w i o g  a t r i p  theory, uhich coaaidera tBc 
r e l a t i v e  rid at each apmmiae acari- on the  b l d c .  
d reaolvea the r r o d p u i c  force. produced a e u b  
airfoi l -aect ion a t r i p  of the b l d e .  Tbia technique 
f o l l o w  the a- l iue  of malyaia  u t rd i t iwa l  wing 
l i f t ing- l iae  tteory, and fa rcasooably val id  ao loag 
u aubataotial sp.nviae flow ia oot preaent. I h i a  
approach permit. the uae of m a t e n a i v e  data  base of 
a i r f o i l  deaiga theory md data  f r a  2 d i r n a i o n a L  
w i d  tunnel teat. t o  d e a i p  rotor.. m h  as 
tw-diwnsional wind tunnel teat. a d  a t r i p  theory 
were rued by Orvi l le  d Wilbur Vrigbt for  t h e i r  
f i r a t  propeller de8igo. Figure i illustrates the 
a t r i p  = t h d  applied to a rotor, with per t inent  
velocities, force caponant. md aglea .  I h i a  
figure, which lua been s i l p l i f i e d  by meglecting 
i d a c e d  veloci ty  effect.. i l l u a t r a t r a  the 
r e l a t i m a h i p  betvcea re la t ive  wind .ogle. w i d  a p e d  
and rotor  mga.lar velocity. Figure 2 ahow the 
var ia t ion of f lou a g l e  vi th  apmwire poaition md 
ISSR for .D untwisted rotor. A0 ah-, a t  high 
tip-apeed-ratio (TSR), the flow PgLe vi11 be 
re la t ive ly  a u l l ,  md eouveraely for  low T S R  the 
angler vi11 be large. Therefore, during the i o i t i a l  
phaaer of rotor  alovdoun, the angler w i l l  be amall, 
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but as the mtor rpm ia decreaacd. the local f lar  
.ogles w i l l  b e c a  large. 

Airfoi l  S r t i o o  Propertie. 

m i c a 1  airplme v i n p  operate wer a a g l ;  of 
at tack raage from near zero t o  feu degree. b t y d  
stall.  ubich is urually belw 20 degree.. Wind 
turbioe rotors. by c o o t r u t ,  operate at e g l e a  of 
attack raogioe from 90° during a t u t - u p  to to oear 
zero degrees at oorul operati- rpl ad uiod speed. 
th ia  -808 that a a i r f o i l  da ta  b u r  ubich u y  be 
qui te  deqtute for airpime desigo, is often 
i o d e q u t e  for  mad turbioe w r a d w c  brakiw 
malys is .  For t b i s  re880, high a g l e  of at tack wind 
tunoel t e s t s  &n bcco cocrductd at Wichita State 
Uoivercity for  a mmber of a i r f o i l s .  v i t h  .od u i t h w t  
control surfaces (Refa. 1 od 2) .  

at wted earlier. during no-1 operation. e f f i c i e n t  
vid turbine mtora  u e  at re la t ive ly  hi#d TSI, n t b  
cortts&b& -11 h b d e  4 1 e a  over cbc h r t m t  
outer  portions of the b l d e .  Bemy luge-scale rid 
turbine rotors are drsigad 6 t h  xero &st ad zero 
b l d e  4 I e  omt of tbe ~ 1 . 0 ~  of mtatioa (beta) for 
ease of r m t l f u t u r e  ad 8 C r U C t U r d  o i q l i c i t y .  ?or 
these reuaru, tbe prcreot s d y  i a  res t r ic ted  to 
rotor. u i t h  zero twist a d  zero beta. The n l o = i t y  
d force mctora io F i p n  1 ahow that the p r t i o c n t  
r r o d p a i c  force caqmaent uhich produces torque is 
the forward choedviae torpoprot. or nledi;rg-cdfc 
auctiou” force. Zhia force capmoat ad i t8  
c-on coqoueoc (normal force). are derived f r a  
l i f t  .ad drag c-mta by the coordioate 
t r a a s f o m t i o n  equ~cioos  below: 

For a-tric U K f O i h ,  ct d cd u e  8 p p r o r i u t e l y  
repr:seoted by the familiar r e ~ a r i o w h i p s  bel-: 

do Cd - c 

Subrt i tut iag (5) md (41 io to  ( I ) ,  the follovio& 
re la t imahip  reaulta: 

cs = 2 * PI aim2 (alpha) - cdo * coa(a1pha) ( 5 )  

M i l e  c is lea. familiar t h m  e l  md cd, i t  ia  the 
.ingle hr- te r  which govern, b l d e  torque. Since 
t h e  function of aerodyuhc brakiog devicea i a  t o  
produce zero or negative torque, these devices Ult 
provide rero or negative c over the required .ogle 
o€ at tack rauS*. 

Typical Airfoi l  C, Data 

A typical  c vcraus alpha plot is shovo in  Figure 3. 
T h i s  plot atowa t h a t  there CWJ regions of po8itiVe 

c * md therefore four aaglca of a t tack  for  uhich c 
it zero. Thia -ma that  there u e  oeveraf 
e q u i l i b r i a  s t a t e s  for vbich the rotor  torque i a  
zero. Io fac t ,  cooaideration of the excesa torque 
required to accelerate tbe  rotor w i l ’  i l l u a t r a t e  that  
only the tvo states for uhich c a  is i n c r e u i n g  u 
alpha iocreases u e  io otable  equilibrium. .nd tbeae 
are the pcaaihle operatiooal “ m o - a ~ . ~ ”  state.. 
These c h a r r t e r i a t i c r  were ident i f ied d d i s c u a s d  
i n  refereoce 1. ?hc f i r a t  rqiw of p o i t i v e  c i8 io 
the l o r c o d c r a t e  mgle of at tack rage,%efore 
separation m d  c . & r e d  regime of poai t ive 
c occurs at a s  of at tack &ore b t  6oo. -8 

.-&ad re$& is p r i u r i l y  a r e a u l t  of the -e 
rditu of the s i r f o i l ,  a d  6 1 1  be prereot 
i r respec t ive  of trailiag edy coatto1 device, since 
the €1- mer the aft portio0 of tbe a i r f o i l  i a  
separated for theat  c g l e a .  Fortua8ctly, the 
equilibriam l y l e  of at tack for t h i a  state is ao high 
that the rp., will  be rcept8bly lor, -eo for  
tmrrlcaoe mod a p e d .  Ibo8 the  deaigo reqrriraeot 
for a control device is that the c renin megatire 
for dl mgtca of at tack belau8.boot 60’. Tbc 
r c P i n d e r  of t h i s  study focasses on r t h o d s  for 
acbievily chis -1. 

F b r e  b .barn e r s u a  alpha carves for a a i r f o i l  
without control  ‘ a d  tbe  um a i r f o i l  6 t h  202 chord 
ailera, a d  202 chord trailin( d g c  spoiler. Both 
ailera0 4 ~poilcr produce d c q u t e  -atire ca a t  
la -lea of attack. Ao i a t e c e a t i q  e h u r t c r ~ s t i c  
of these ~ ( ( 1 ~ e s  is that  JS 4 l e  of a t r k  is 
i o c r e u e d ,  the .barn a parabolic kcteaat. u 
iodicated by equatioo ( 6 ) .  This trend b u  kea 
obaerved fcr v i r t u a l l y  a11 c o o f i ~ r a t i o w .  The 
iocreue in c u i t h  alpha is marly i r respect ive of 
a i r f o i l  od ‘truliog edge eoptrol  device, d 
cootiouea -til a t a l l i n g  =cars, .I evideocd by 
.imltaocoer attainment of rri- values for c sod 
c . Mile u o y  coofiwrat iona -re tested L i c h  
p&uc~d megatire cs for a11 mgies belor ~ca11,  811 
coofiguratiooa of ailcrow or aft monted spoi le rs  
elrhibited the ateep ca veroro alpha rclat iop.hi>.  
with c approaching zero or becoming poai t ive before 
sect iog staiiiw accorrd. 

Rqnolda Uuaber Effects  

mile a aadcr of control device. tested graoidcd 
Iregatire c for a l l  mgIea of a t tack  below 60 * m y  
of them &bit  a sharp ped io the c curve at the 
s c a l l i a g  angle of attack ( typical ly  Bo t o  30’). I t  
is ut11 knam tha t  iocrcase i o  Reynold. OLJHr 6 1 1  
i u c r e u e  the s t a l l i n &  m g h  md c- of m a t  
airfoil.. Since large scale rotor. u ~ l l  typical ly  
operate at Reyuolda nuhers bigher t h m  the h o d  
tunnel t e a t s ,  full sc8le tmrdvare c8n be expected t o  
hare higher ota l l ing  aoglea. a d  coorequently have 
poai t ive c, for  acne mgles b e l a ,  the 60° 
r e q u i r a a t .  The ooo-liaeat character .nd bigh alOpc 
of the cs Curwe u k e a  the  per fo tvoce  p.rticular1y 
aaosi t ive t o  Ueyoolda ouder. Pi lure  5 shows d8:a 
vhich i l l u a t r a t e  bov i o c r e u i o g  Repold8 d e r  
results i o  posi t ive c for J l i m i t &  d p b a  range 
be!m 60’. Rorora v i t h  d i s  t y p e  coatrol  device vi11 
exhibir aIovdovn mly t o  the  zero e a g l c  of at tack,  
uhich may be a t  m unacceptably b i g t  rpm. Alternative 
r t h o d s  for  kproviog cootrol effeet iveoesr  ac high 
.rrtIea of attack are give0 in  the aect ioas  which 
follou. 
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Effec t s  of Venting 

The problem i den t i f i ed  uith respect to the 
p e r f o r u n c e  of t r a i l i n g  edge devices  f o r  aerodyoamic 
con t ro l  is that  at mgles of a t t ~ c k  i n  the range of 
20 t o  30 degrees,  the suc t ion  force tends touard 
xero. a d  m y  b e c o r  pos i t i ve  f o r  a limited angle of 
a t t a c k  rmge before again becoming negative.  Thus, 
uhat is needed is 8 lechanism t o  l iu t  the  c 
the a i r f o i l  u i t h  u p a d  de f l ec t ed  aileron. 
possible  means t o  limit c is t o  c'lw a i r  LO 

"leak" from the lover surf. e up to the loper su r face  
at high mgIe8. This is t c c a p l i s h e d  rather e a s i l y  
by providing a slot or gap near the d e f l e c t o r  
hingel ine.  A configurat ion can be designed with such 
a gap. uhich uould be closed uhen the control su r face  
is  at zero def l ec t ion .  .8d open f o r  large d e f l e c t i o n  
angles. Figure 6 s h w r  uind tunnel tes ts  of the 
e f f e c t s  of h inge l ine  gaps. .nd i l l u s t r a t e s  that the 
gap is e f f e c t i v e  i n  the cr i t ical  agle  o f  attack 
range, wi:hoat penalty to con t ro l  e f f e c t i r e n e s s  at 
IOU angles. mile s o L  perfo-ce penalty is noted 
at very klqk  P g l e s  of attark, venting does provide 
irproved p r f o z u n c e  at aglcs  of a t t a c k  near s ta l l .  
Tunnel f lou  s t !d i e s  reveal that the f l o u  chrougb the 
slot is fr- upper t o  lover s u r f r e  at lw angles. 
A t  about 20 dc;rees. the  f l a r  d i r e c t i o n  chrages. and 
f l o u  is f r a  1-r t o  upper su r face  f o r  a g l c s  of  
a t t a c k  s ea ter  thm 20 degrees. This leak f l o u  
ev iden t ly  rcduces c ani t he re fo re  l i m i t s  peak c . 
Liriced higher Reyno%P nuder t e s t s  i n d i c a t e  t h f t  
t h e  gap f h u  Vi11 reduce the s e n s i t i v i t y  of the  p e d  
c t o  Reynolds nuder. 

Vind tunnel tests  by I a p l i n  md R a g i  (Ref. 4 and 
Fig. 7)  sbov s iu l a r  trends, md i n d i c a t e  t h a t  
v e o t i q  is e f f e c t i v e  i n  reduciog tbe suc t ion  peak i n  
t he  20 t o  30' alpha range. Their d a t a  n r e  obtained 
us ing  PL W A  a i r f o i l ,  4 arc presented using a 
c o e f f i c i e n t  b u d  on v r o b r r l r e  chord rather thm 
a i r f o i l  chord. Evtn though these r e s u l t s  do not shou 
p o s i t i v e  suct ion i n  t h i s  regime, it is possiblg that 
increase in  Reynolds nuder above the 1.7 x 10 test  
value or chmge of a i r f o i l  s ec t ion  could r e s u l t  i n  
p o s i t i v e  suction. Data f r o l  VSU tests  f o r  a similar 
double spoiler urangern: are shovrr aa t h i s  p l o t  f o r  
reference.  TIbe trend of the VSlJ d a t a  is s t r i k i n g l y  
similar to the IWC da ta ,  and i l l u s t r a t e s  that  vbile 
t he  WC d a t a  do not rhos p o s i t i v e  cs i n  this alpha 
range, higher Reynolds nuder u g h t  r e s u l t  i n  
pos i t i ve  c . The corpariroa serves t o  point  out the 
terrency for p o s i t i v e  suction force f o r  unvented 
con t ro l  devices ,  and the  advantage of venting. 

IN Of 

E f fec t s  of Bingeline Location 

As 01 a l t e r n a t i v t  t o  large chord t r a i l i n g  +ge 
control, s p o i l e r s  u i t h  foruard hingel ine loca t ions  
hovz been studied.  A r d y t i c a l  s tud ie s  have k e n  
cor.ducted using a corpu ta t ioaa l  procedure developed 
by Dr. Alan ELcr4t. professor  of mathematics at 
Vich i t a  State Uu:versity, t o  analyze the e f f e c t s  of 
l oca t iog  s p o i l e r s  at vario-ss pos i t i ons  along the 
a i r f o i l  sbord. A computer code has been developed 
f o r  t h i s  purpose. This atIJlpSiS uses a conformal 
u p p i a g  technique from potentis1 f lov  a e r o d y n a i c  
theory t o  e s t a b l i s h  the  inviscid f lov  pa t t e rn .  then 
t h e o r e t i c a l  a e r o d p a i c  forces  associated u i t h  m 
a i r f o i l  p l u s  spoiler are calculated.  While the  
r t h o d  cu r ren t ly  treats the a i r f o i l  urd s p o i l e r  u 
t h i n  f l a t  p1JteS. the results are expected t o  
rearonably prediccl trend8 for thick,  cambered 

u r f o i l s  with spoi1ers . just  M c l a s s i c a l  t h i n  a i r f o i l  
theory is knavcr t o  properly p red ic t  trends of l i f t  
versus  a g l e  ot attack f o r  a i r f o i l s  v i t h  thickness  
f o r  angles below s ta l l .  Tbc ana lys i s  r e s u l t s  show 
i n t e r + s t i n g  t rends f o r  spoiler effectivemess.  The 
l i f t  i n c r e u n t s  f o r  given spo;Aer chord ad 
d e f l e c t i o n  u e  relatively i n sens i t i ve  to hingel ine 
location f o r  zero a g l e  of attack. 00 t h t  other 
brad, u s p o i l t r  bingeline is mved forward, the  c1 
versus  alpha slope is reduced an a r e s u l t  of t h t  loss 
UZ w c t i o n  pressures  aft of the s p u i l e r  t r a i l i n g  
edge. This should h v e  the imporc.nt coosequeace of 
reduciag the sharp rise of cS vemus alpha, which 
should reduce the  tendency f o r  c t o  b e c a r  p o s i t i v e  
f o r  agles  of a t t ack  belav bo. Ibis latter 
consideratioa is e spec ia l ly  kportaut f o r  the c u e  of  
large-scale uiad turbine rotor design. Based upon 
these t h e o r e t i c a l  consideratioos.  vind hlnntl tests  
e r e  d u c t e d  to evaluate  s p o i l e r s  at forrard 
hingel ine pos i t i ons ,  at high angles of attack. The 
r e s u l t s  of those t e s t s  are s h  i n  Figare 8. 

Tbese t e s t  d a t a  s t a r  that the trends predicted by the  
t h e o r e t i c a l  a a l y s i s  have been dclonstrated.  In 
par t i cu la r .  the negat ive c f o r  a given spoiler chord 
md def l ec t ion  at xero &le of a t t r k  is e s s e n t i a l l y  
independent of hingel ine f o r  xero mgle of attack.  
Uouever, the foruard h b g e l i n e  c o n f i t p r a t i m  are 
shou mch more e f f e c t i v e  at hlgbr  .ogles of attack. 
It r e u i n s  to deroortrate that this p e r f o t r m c e  can 
be w h i e v d  at the larger Reynoldc audcrs of  hrll 
scale operat ion,  a d  in the real c o r i r o r r r n t  of a 
r o t a t i n g  b l d e .  It l u ~ t  be noted that l oca t ing  
spoilers near the Leading d g e  of m a i r f o i l  poses 
specid problems t o  insure  t h a t  the povcr e n c r a t i n g  
p e r f o r u n c e  of the a i r f o i l  is not capraised due t o  
gaps,  hinges,  poor f i t .  etc. Further, s t r u c t u r a l  
designers  do not f-or t h i s  l oca t ion  because of 
i n t rus ions  i n t o  the t o r s ion  carrying skin.  

C o d b e d  Up and Down Caatrols 

T k  undesirable  c h a r a c t e r i s t i c  of the upward 
de f l ec t ed  spoiler or aileron is that the mctioa 
b e c o r s  nearly zero or pos i t i ve  a t  high a g l e r  of 
attack. These high mglts of atrrck occur over the 
port ion of the span r o r u h ~ t  rewved f r a  the t i p ,  
that is, over cbe region f r a  #)I to 602 s p a  (see 
Figure 2.) J u t  u upuard control su r face  d e f l e c t i o n  
de lays  s t * l l i n g  -le, damuard d e f l e c t i o o  r e n u l t r  i n  
early s t a l l i n g  m d  consequently in  negative suc t ion  
at high mglcs of a t t ack .  Thus, a damward d e f l e c t d  
a i l e r o n  on the  inboard span vi11 be f u l l y  s t a l l e d  at 
the 1.- t i p - c v e d - r a t i o t  necessary f o r  shutdown. 
Therefore,  upward cootrol d e f l e c t i o n  over the outer 
span could be c a b i n t d  w i t h  donnr.rd control 
d e f l e c t i o n  over the 302 t o  602 span regior.  Tbe 
cdcborrd control w u l d  provide dequate control at 
high rSR values. As TSR is reduced for sbu tdom,  the 
inboard con t ro l  w u l d  be dcflected dounward t o  
provide pos i t i ve  aerodynamic braking over t h i s  
port ion of the blade. This concept, While wre 
complex than a s ing le  control su r face ,  is promising 
enough t o  merit f u r t h e r  consideration. 

ROTOR TESTS 

Large-scale t e s t s  of aileron-type con t ro l  device8 
have been cooductd by NASA L e v i s  researchers  at the  
Plum Brook site, using the 12s f t .  di8meter IIID-OA 
u c h i n e .  These r e s u l t s  are reported in  mre d e t a i l  
i n  J separate paper. but selecced resul t .  are shown 

49 



here. l igure  9 shorn equilibrium rpm versus uiad 
speed f r a  ful l -scale  test. of the NASA rrOD-OA 
turbine with MX chord aileron with 60° deflect ion,  a 
simulated 302 chord ai leron 6 t h  90° deflect ion,  .ad 
approximate resu l t s  for  a 382 chord ai leron with Wo 
deflection. Increasing the chord and def lect ion of 
the ai leron tcsolts in d d i t i o n a l  8loudcwo. but the 
equilibrium TSI is still not u low u desired. The 
chord d i r m i o n  of the control device u g h c  be 
fur ther  increued .  but the d i s d v m t a g e  of Chi8 
appr-h is that the cost of the control device, both 
i n  term of sixe md m i g h t .  i r  increued .  A t  s a e  
point, the control device u y  k c o r  u erpnsive .I 
the full-chord pi tch control it is desimed to 
rep lace ! 

PCSEARCB m mocmss 
160 h.8 a -11 (ZO-inch d i e t e r )  tOtot test 
f i t t e d  vi th  d y n o r o r t e r  for  torque and Ch~ust  

d f lou v isoa l i ra t ioa  s tudies ,  m d  is carneatly 
being wed for  evalortiop of spoi ler  hingeliue 
Locatioo effects .  While the mull ua le  prwides  
oply =v l ow Remolds muber data, the rig is u s t f o l  

ICa8UTClnt- This n s  h8 k t n  Prcd for  KOtOK d e  

6. Iemplia. R . J . ,  ad 14i. P.S.: " S a w  Recent Vlysr 
Aerodynamics at Cmada," Paper prereated at 4th 
Amual V l y s r  Aerodynnric Seminar, S a d i a  Laboratorits. 
Jc. 1984. 

T h i s  research u u  sponrored by NASA Lnir Reoearch 
Center under Grant llSC-3277. 

;\ t. 
\ I  

Reflection-plane w i d  tunnel tests  are planned at US0 
to w a l u a t e  the sect ion c h a r u t e r i s t i c r  of a 3 2  
control device with large (5-101 chord) weatlog. It 
is beliewed that chis design 611 protide dequrte 
control througbopt the a g l e  of attack range. with 
aerodynaic balance to reduce control u t u a t o r  
K e c l p i r - l l t 8 .  ~ D t ~ - h C h  KOCOK te8t8 U e  p l m e d  
f o r  this device to fur ther  ewaluate it in a ro ta t ing  
envir-at. 

coI IcL~Ions  

1. Wind trrnncl tests, full-scale tests, md analysis 
hawe revealed problem8 usoc ia ted  w i t h  the design of 
part-chord control devices at high angle of attack. 

2. Three concepts €OK -raring control effectiveness 
have a r i d  from the prcseot studies: 

(a) Bingeline weacing d d e d  t o  o upward 
def lec t ing  301 chord control dewice. 

Spoilers u i t h  foruard hingeline locations. 
(e )  A N o z o n t r o l  system vi th  outboard ai leron 

deflected upuard ad inboard aileron deflected 
damwrrd. 

3. E r a h a t i o n  is continuing for  a11 three concepts 
above. 
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COMPARATIVE WIND TUNNEL TEbTS AT HIGH REYNOLS NUFIBERS 

OF NACA 64 621 AIRFOILS WITH TWO AILERON CONFIGUR4TIONS* 

G. M. Gregorek 

The Ohio State Univers i ty  
Columbus, Ohio 43220 

ABSTRACT 

An experimental program t o  measure the  aerodynamic 
character is t ics  of t h e  NACA 64-621 a i r f o i l  when equip- 
ped wi th p l a i n  a i lerons of 0.38 chord and 0.30 chord 
and w i t h  0.38 chord balanced a i l e ron  has been conducted 
i n  the pressurized O.S.U. 6" x 12" High Reynolds 
Number Yind Tunnel. Surface pressures were measured 
and in tegrated t o  y i e l d  l i f t  and pressure dra coef- 

selected a i l e ron  def lect ions from 0' t o  -90' t nominal 

resolved i n t o  t h r u s t  a t e f f i c i e n t  f o r  wind tu rb ine  aero- 
dynamic contro l  appl icat ions, the data ind icated the 
ant ic ipated decrease i n  t h r u s t  c o e f f i c i e n t  w i t h  nega- 
t i v e  a i l e ron  def lect ion a t  low angles of attack; haw- 
ever, as angle o f  a t tack increased, t h r u s t  c o e f f i -  
c ients  eventual ly became posi t ive.  A l l  a i l e ron  con- 
f igurations, even a t  -90' def lect ions showed t h i s  
trend. Hinge moments for  each configuration complete 
the data set. 

f i c i en ts  f o r  angles o f  a t tack f r o m  -$ t o  4 2  8 and f o r  

Mach and Reynolds numbers o f  0.25 and 5 x 10 B . When 

NOWCLATURE 

Drag coe f f i c i en t ,  D/qc(l) 
Hinge manent coe f f i c i en t ,  ti/qcA (1) 
L i f t  coe f f i c i en t ,  L /qc( l )  
Pressure coe f f i c i en t ,  P - P J q  
Thrust coe f f i c i en t ,  CT = CLsina - CDcOsa 
A i  r f o i  1 chord 
Ai leron chord 
Mach number 
Surface pressure 
Free stream pressure 
Dynamic pressure, q = b v 2  
Reynolds number, Re = pVc/u 

Angle of a t tack 
Ai leron de f l ec t i on  
A i r  density 

Nondimensional chordwise coordinate 
Nondimensional normal coordinate 

INTRODUCTION 

Aerodynamic controls have been used on wind turb ine 
machines, both t o  modulate power and t o  brake t h e r o t o r  
during high wind condit ions. As wind turbines increase 
i n  size, an a i l e r o n  type o f  cont ro l  becomes a t t rac t i ve .  
Although ai lerons have been e f fec t i ve l y  used on a i r -  
c r a f t  f o r  many years, the technical 1 i terature appl i- 
cable t o  the wind turb ine and upon which t o  base an 

*Presented a t  the Horizontal-Axis Wind Turbine Tech- 
nology Workshop, May 2-10, 1984 i n  Cleveland, Ohio. 
Supported by NASA Lewis Rsch Cntr. Grant NAG 3-330. 

a i l e r o n  contro? system i s  sparse. The specia l ized wind 
tu rb ine  needs for data on t h i c k  a i r f o i l s  operating a t  
angles of a t tack above s t a l l  and w i t h  large negative 
a i l e r o n  deflect ions are z;i ii;.:ilable. This paper 
presents the resu l t s  of an exper'mental program t o  
expand the data base fo r  a i l e r o n  c3ntro l  of wina t u r -  
bines. 

A t h i c k  a i r f o i l  t h a t  i s  a candidate f o r  wind tu rb ine  
appl icat ion i s  the NACA 64-621 section. The present 
pmgram used t h i s  a i r f o i l  and fabricated, f o r  test ing, 
two dimensional models w i t h  p l a i n  a i lerons o f  0.38 
chord and 0.30 chord and an aerodynamically balanced 
a i l e r o n  o f  0.38 chord. The models were evaluated i n  
The Ohio State Univers i ty  6" x 12" pressurized wind 
tunnel a t  naninal Mach number o f  0.25 and Reynolds 
rider, based on the  4" model chord, o f  5 x 106. 
face pressures were measured, which when integrated, 
produced lift, pressure drag and moment coe f f i c i en ts .  
The angle of a t tack ranged from -3O t o  +42O and t h e  
a i l e r o n  deflections were 00, -100, -150, -300, -450 
and -90' f o r  t he  0.35~ p l a i n  a i l e ron  and Oo, -1!~~, -30°, 
and -90° f o r  the other two ai lerons. The surface pres- 
sures of each a i l e ron  configuration were in tegrated t o  
y i e l d  the hinge moment as a funct ion o f  angle o f  a t tack  
and deflection. 

Sur- 

EXPERIMENTAL FACILITIES 

The O.S.U. 6" x 12" High Reynolds Number Wind Tunnel 
shown i n  Figure 1 i s  a two-dimensional f a c i l i t y  
designed s p e c i f i c a l l y  t o  t e s t  a i r f o i l s  near fu l l  scale 
Reynolds numbers. It is a pressurized, blow down, wind 
tunnel equipped w i th  an advanced data processing system, 
and capable of operating a t  stagnation pressures near 
500 ps ia and a t  Mach numbers from 0.2 t o  1.1. 

pressures are ohtained a t  one angle of attack, one 
Reynolds number 2nd one Mach number. An on- l ine c m -  
puter cont ro ls  the t e s t  sequence once the a i r  supply 
valve i s  opened, actuating pressure ,,+-off valves a t  
the desired t e s t  condit ion, i n i t i a t i n g  a p i t o t  probe 
traverse of the wake one chord duwnstream of the model, 
and closing the a i r  supply valve on completion of the 
wake traverse. The 48 p o r t  scannivalve/cut-off valves 
shown i n  Figure 2 t rap  the surface pressures for  sanp- 
l i n g  a f te r  tunnel shut down. A Harr is  Slash 6 computer 
processes the e l e c t r i c a l  signal from the trapped pres- 
sures t o  engineering format, and the t e s t  resu l t s  i n  
the form of Cp vs x/c, in tegrated lift, drag, and 
p i t ch ing  moment coef f ic ients  are displayed on the data 
operator 's CRT. The raw data i s  stored on magnetic 
tape f o r  a permanent record and the processed informa- 
t i o n  made i n t o  hard copy p lo t s  and pr in touts .  
t e s t  cycle can be s e t  up; depending upon the required 
a i r  supply, 40 or more such t e s t  runs can be made per  
day. 

In a t yp i ca l  t e s t  run o f  15 seconds duration, surface 

The next  
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The models are mounted t o  c i rcu la r  plates that fit 
flush i n to  the wind tunnel side walls as i l l us t ra ted  
i n  Figure 3 .  With multi-element models, the main ele- 
ment mounts to  a rectangular cut-out i n  th i s  disc; 
model angle of attack i s  changed by rotat ing th i s  disc. 
The ai leron i s  f i t t e d  i n to  a small disc that  sets i n t o  
the main c i rcu la r  plate. The small disc has i t s  center 
a t  the hinge location so that the ai leron can be 
rotated about the hinge l i n e  independent of the main 
element angle of attack. With these two separate 
mounting discs, model main element angle o f  attack can 
be varied from Oo t o  3600 and ai leron deflection can 
be varied s imi lar ly.  For the present model tests. 
wi th the hinge located on the upper surface o f  the a i r -  
fo i l ,  ai leron deflections of Oo to  -looo are possible. 

The model a i r f o i l s  are presented i n  Figure 4. They 
have a 4 inch chord and 6 inch span and are cast from 
precision molds of alminum-epoxy material. To sus- 
t a i n  the high airloads when deflected -90°, the ailerons 
had graphite roving distr ibuted internal ly.  The pres- 
sure taps were formed in to  the main element and flap 
during the molding process. 

sented i n  Figure 5. The location of the hinge l ines 
are  given i n  t e r n  of non-dimensional coordinates as 
x/c = 0.635, y/c = 0.0825 for both 0.38 chord m221s 
and as x/c = 0.712 and y/c = 0.0677 fo r  the 0.30 chord 
a i  7 eron . 

The a i r f o i l  ard the three ai leron contours are pre- 

RESULTS AND DISCUSSIW 

The wind tunnel t es t  program consisted of more than 
100 runs a t  n m i  a1 Hach number of 0.25 and Reynolds 
number o f  5 x IO6, with the major par t  of the program 
focussed upcn the 0.38~ p la in  aileron. Angles o f  
attack f r o m  -go to  +45" were examined f o r  t h i s  configw 
ra t ion  a t  f i v e  ai leron deflections ranging f r o m  Oo t o  
-goG. Limited tests of the other two ai leron configu- 
rat ions - the 0.38~ balanced afleron and the 0 .30~  
p la in  ai leron - were made a t  selected tes t  conditions; 
the purpose of these tests were t o  evaluate the effects 
of aerodynamic balance and changing chord length by 
comparing the resul ts with the 0 . 3 8 ~  p la in  ai leron 
baseline. A l l  models had two dimensional t r i p  s t r ips  
of 0.002 inch ( -0005~)  located a t  .05c on the upper 
and loner surfaces t o  assure a turbulent moQl boundary 
layer. 

Pressure Distr ibutions 

Three pressure distr ibut ions typical of those mea- 
sured on the 0.38~ plain ai leron are presented i n  
Figure 6 tc, i l l u s t r a t e  the change i n  pressure d i s t r i -  
bution with angle of attack when ai leron deflect ion i s  
fixed a t  zero degrees. The square symbols represent 
the pressure coefficients on the upper surface, the 
diamond symbols, the loner surface pressure coeffi- 
cients. The main element pressures are plot ted from 
x/c = 0 t o  0.60 while the ai leron pressure are dis-  
played from x/c = 1.00 to  1.40; t h i s  displacement of 
the ai leron pressure d is t r ibu t ion  has been performed 
t o  distinguish between the pressures on the a f t  face 
of the main element and on the forward face of the 
aileron. 

attack increases f r o m  00 t o  18O l i f t  coeff ic ient  
increases from Ce = 0.38 t o  CL = 1.18. The plateau i n  

The distr ibut ions o f  Figure 6 show that as angle of 

the ai leron pressures i n  Figure 6b indicates the flow 
has separated en t i re l y  on the upper ai leron surface 
and the l i f t  coeff icient has reached C,  = 1.0 a t  go 
angle of attack. When the angle o f  attack i s  doubled 
t o  180, the l ift has increased only t o  Ca = 1.18 while 
the separated zone has moved forward t o  the main ele- 
ment and has reached x/c = 0.40 

obtained on the 0.38~ p la in  ai leron a t  a fixed angle 
o f  attack when the ai leron i s  deflected t r a i l i n g  edge 
up. As the ai leron i s  deflected fm 00 t o  -15O and 
then t o  -ao, l i f t  coeff icient a t  fixed angle of 
attack of 90 decreases from Ce = 1.00 t o  0.35 and 
f i n a l l y  t o  C = -0.02. Of in te res t  i s  the conplete 
change b f  pressure d is t r ibu t ion  on the ai leron as i t  
i s  deflected. 
o f  the separated upper ai leron surface increase to 
posi t ive values as the ai leron deflects, while the 
lower surface pressure coefficients, i n i t i a l l y  posi t ive 
becolne negztivst. The pressure plateau o f  Figure 7c 
shorn that  the lower surface of t h e  ai leron has now 
separated. These pressure changes, o f  course. resu l t  
i n  the loss 3f lift measured. but also an increase i n  
drag and a chartie i n  the ai leron hinge moment. 
fact, the hinge moment changes from a negative value- 
an aerodynamic mnent tha t  tends t o  move the ai leron 
t r a i l i n g  edge up - t o  a posi t ive hinge moment a t  the 
-No deflection. 

The pressure distr ibut ions obtained fmn the 0 . 3 8 ~  
balanced and 0.30~ p la in  ai leron are conpared w i th  
the baseline 0.38~ p la in  ai leron a t  180 angle of 
attack and -30° ai leron deflection. A t  180. the base- 
l i n e  ai leron l i f t  has increased t o  C t  = 0.89 fm the 
-0.02 shcun a t  angie o f  attack 9 i n  Figure 7c. The 
0 .38~  balanced ai leron has a higher lift, Ce = 1.03, 
than the baseline, mainly due t o  the a b i l i t y  of the 
balanced ai leron t o  influence the main element surface 
pressures, spreading the upper and lower pressures t o  
increase l ift. In the same manner, the smaller chord 
0 .30~  p la in  ai leron has the lowest lift, Cn = 0.71, 
due to  the i n a b i l i t y  o f  th? ai leron to  a l t e r  the main 
element pressures. 

These pressure distr ibut ions and the integrated lift 
coeff ic ients fo l low trends established by ear l i e r  a i r -  
f o i l  tests a t  modest angles o f  attack. Even when the 
ai leron i s  deflected a t  extreme angles, -goo, for 
exanple, the distr ibut ions,  though i r regular i n  
appearance, a r e  rat ional. Figure 9 i l l us t ra tes  the 
pressure d is t r ibu t ion  f o r  the 0.38 p la in  and balanced 
ailerons a t  180 angle o f  attack and -900 a'leron 
deflection. The large negative deflection has 
accelerated the flow on the lower surface so that i t  
has l o w  pressure surface (the square symbols are the 
upper surface Cp). Further, the ai leron i s  carrying 
a high posi t ive hinge moment w i th  high pressure on 
the fomard (upper) surface and a low pressure on the 
a f t  (lower) surface. These extreme conditions a t  
angle of attack lead t o  large negative l i f t  coeffi- 
cients f o r  both ai leron configurtfons, Ca = -0.89 and 
C e  = -0.57 for the p la in  and balanced configurations, 
respec ti ve 1 y . 

When the angle o f  attack i s  increased from 1$ t o  
360 f o r  th is  extreme negative ai leron deflect ion of 
-goo, the pressure distr ibut ions proceed through a 
drastic chanye. 
measured a t  these two angles o f  attack f o r  the base- 
l i n e  0.38~ p la in  aileron. 

Figure 7 indicates the pressure distr ibut ions 

The low negative pressure coefficients 

I n  

Figure 10 compares the distr ibut ions 
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As shown i n  Figure 10b fo r  36O angle of attack, the 
upper surface of the main element i s  now the low pres- 
sur  surface; i t  i s  essen t ia l l y  f l a t ,  i nd i ca t i ng  i t  
l i e s  i n  a separated zone. The lower surface, a t  18O 
angle of a t tach the l o w  pressure region, now i s  the 
high pressure surface. S imi lar ly ,  the upper e i l e ron  
surface has low pt'essure coeff icients and of ,.e same 
order as the main element pressure coeff icients, whi le  
the lower a i l e ron  surface has a higher (though s t i l l  
negative) pressure coef f ic ient .  
t h i s  pressure d i s t r i b u t i o n  i s  t h a t  the l i f t coeff i-  
c i e n t  has increased f r o m  CQ = -0.89 t o  CQ = +0.70 as 
angle of a t tack changed fnm 180 t o  36O. 

a i r f o i l  w i t h  a i lerons deflected t o  large neqatir:: 
deflect ions producing substant ia l  w s ' t i v e  lift when 
a t  angles of a t tack abovf s t a l l  was duplicated by a l l  
three a i l e ron  configurations tested. 
t h i s  post -s ta l l  behavior on the other  aerodynamic 
character is t ics  o f  the a i l e ron  configurations i s  
t reated next. 

Aerodynamic Characterist ics 

i n  the t e s t  program WF in tegrated t o  determine a 
normal and an a x i a l  coe l l i c i en t  f o r  t he  main element 
and a i leron.  These component coef f ic ients  were then 
resolved i n t o  a t o t a l  two dimensional l i f t  and drag 
coeff icient based on a i r f o i l  chord. An ax ia l  t h rus t  
coeff icient, CT defined as 

The net  r e s u l t  of 

This somewhat surpr is ing behavior o f  the NACA 64-621 

The impact of 

Each of the surface pressure d i s t r i b u t i o n s  obtained 

CT = Cesina - Cdoosa (1) 

was formulated from tke r e s u l t i n g  l i f t and drag coef- 
f ic ients .  

These three aerodynamic character is t ics  are d i r -  
played as a function of angle of a t tack fo r  the 0 . 3 8 ~  
p la in  a i l e ron  i n  Figure 11. The maximum l i f t  coef- 
f i c i e n t  i s  observed t o  decrease from CQ = 1.22 when 
6~ = 00 t o  Cp = 1.0 and cp = 0.83 as a i l e ron  deflec- 
t i o n  increases t o  - loo and -150. A t  6~ = -450, the 
msximua, l i f t  has recovered t o  C 1.0 when angle of 
a t tack has i nxeased  t o  2P whi$e=an a i l e ron  deflec- 
t i o n  of -90° leads t o  a maximum C t  = 0.7 a t  36O angle 
o f  attack. The l i f t  curve slopes f o r  a i l e ron  deflec- 
t i ons  less than 300 are noted t o  be l i n e a r  below 

A t  a i l e ron  deflect ions below -30°, the drag coef- 
f i c i e n t s  shw a general ly parabolic form, increasing 
from cd = 0.01 near zero angle o f  attack t o  Cd = 0.43 
a t  angles near 24O. When the a i l e r o n  i s  deflected t o  
-45' and above, the drag decreases i n i t i a l l y  w i t h  
angle o f  a t tack before s t a r t i n g  t o  fo l l ow  the para- 
b o l i c  upward trend. A t  -goo, f o r  example, drag coef- 
f i c i e n t  f a l l s  from Cg = 0.60 a t  zero t o  u.*2 a t  33O 
angle of a t tack before s t a r t i n g  t o  r i se .  
behavior i s  caused by the d i s t r i b u t i o n  of pressure 
noted e a r l i e r  a t  h igh angles of a t tack and f l ap  
deflect ions; h igh pressures on the upper surface of 
the deflected a i l e ron  drop due t o  massive flow separa- 
t i o n  a t  high at tack angles and the ax ia l  force on the 
a i l e ron  i s  reduced. 

When these l i f t  and drag character is t ics  are com- 
bined according t o  Equation ( I ) ,  Figure I l c  resu l t s .  
The pos i t i ve  values o f  C t  a t  low angles of a t tack 
and def lect ion are desirable and iecessary t o  d r i v e  
the r o t o r  t o  produce power, however, for  the r o t o r  t o  

cL = 0.8. 

This 

decelerate i n  high wind conditions, the a i l e r o n  deflec- 
t i o n s  must generate negative t h r u s t  coe f f i c i en ts .  For 
modest angles of attack, the large a i l e r o n  deflect ions 
do, indeee, create substant ia l  negative values as 
shown i n  Figure l l c .  
fm Ct = -0.30 and C -0.8 fo r  the -450 and -90° 
deflect ions t o  zero a t  i ng les  o f  a t tack  o f  19O and 334 
respectively. Above these angles, a region of pos i t i ve  
th ruz t  coef f ic ients  ex i s t .  The -J50 def lect ion shows 
a peak C t  = 0.24 a t  24O before decreasing t o  zero a t  
340 angle o f  attack; the -90° de f lec t i on  has a maximum 
C t  0.14 a t  360 angle of a t tack t h a t  decreases t o  
zero beyond 45O angle of dttack. These p o s i t i v e  zones 
o f  t h r u s t  c o e f f i c i e n t  m y  r e f l e c t  adversely upon the  
a b i l i t y  of t h i s  a i l e ron  configuration t o  brake the  
m t o r .  

balanced a i l e ron  ate presented i n  Figure 12. 
symbols are the experimental data; t he  broken l i n e s  
represent the resu l t s  a t  corresponding a i l e ron  def lec-  
t i o n s  of tne 0 . 3 8 ~  p l a i n  a i leron.  
p o i n t  of Figure 12a i s  the large l i f t  coeff icient 
measured a t  the -900 a i l e r o n  def lect ion,  above CQ = 1.2 
a t  320 angle o f  attack. 
coef f ic ient  f o r  the p l a i n  a i l e ron  was CI1 = 5.7 a t  360. 
Further, the balanced a i l e r o n  appears t o  decrease the 
angle of zero l i f t  about 4O. The t h r u s t  coeff icients 
displayed i n  Figure 12b ind i ca tk  t h a t  the low a i l e r o n  
deflect ions produce low values o f  C t  than the corre- 
sponding C t  of the p l a i n  a i leron,  bu t  the high l i f t of 
the -90° def 1 e c t i  on decreases the e f  f e c t f  reness o f  
the balanced a i leron.  Thrust c e f f i c i e n t  becomes 
p o s i t i v e  a t  28O and peaks a t  C t  = 0.Zi a t  33O angle of 
attack. 

Performance of the 0 . 3 0 ~  p l a i n  a i l e r o n  i s  s h w n  i n  
Figure 13. 
becomes p o s i t i v e  a t  240 angle o i  attack, reaching a 
maximum of CQ = 0.9 a t  330 angle of attack. 
m a l l e r  chord p l a i n  a i l e r o n  exh ib i t s  pos i t i ve  t h r u s t  
coeff icients a t  the -90° def lect ion as do the  other  
two a i l e ron  confipurations, crossing C t  = 0 a t  270 
angle of a t tack and peaking near Ct = 0.20 a t  33O 
angle. The 0.30 p l a i n  a i l e ron  has l ess  a b i l i t y  t o  
generate negative t h r u s t  coef f ic ients ,  C t  = -.4 com- 
pared t o  Ct = -0.75 o f  the 0.38 p l a i n  ai leron, and can 
s h i f t  the angle of a t tack for  zero th rus t  t o  270 i n  
cont rast  t o  the 33O angle fo r  zero t h r u s t  of the 
l a rge r  chord p l a i n  a i leron.  

Thrust coe f f i c i en ts  increase 

The aerodyl imic character is t ics  o f  the 0 . 3 8 ~  
The 

The imst s t r i k i n g  

I n  contrast, the peak l i f t  

For the -900 a i l e ron  & f lec t i on ,  l i f t  

The 

Hinge Moments 

The pressures d i s t r i b u t e d  on the  a i l e r o n  surfaces 
produce an aerodynamic moment about the hinge l i ne ,  
and knowledge o f  t h i s  moment i s  important when design- 
i ng  an a i l e r o n  contro l  system. By in teg ra t i ng  the 
pressures measured on the a i l e ron  w i t h  respect t o  the 
hinge l i n e ,  t h i s  aerodynamic hinge moment can be 
obtained. This moment i s  shown i n  coe f f i c i en t  form i n  
Figure 14 f o r  the 0 . 3 8 ~  p l a i n  a i l e r o n  where the hinge 
moment c o e f f i c i e n t  i s  defined by equation (2) below, 

wi th a p o s i t i v e  hinge moment defined as a moment tend- 
ing t o  r o t a t e  the a i l e ron  t r a i l i n ?  edge down. A t  low 
angles of a t tack and a i l e ron  def lect ion the hinge 
moment va r ia t i ons  with increasing angle o f  a t tack and 
deflect ion. A t  high def lect ion angles the p o s i t i v e  
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FIGURE 10. Pressurp Oist%ution of 0.3% Plain Aileron a t  180 
and 360 Pigle o f  Attack and -900 Aileron Deflection. 
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FIGc i 11. Aerodynamic Characteristics o f  the 0 . 3 8 ~  Plain Aileron a t  !4 = 0.2- and Re = 5 x IO6. 
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a) L i f t  Coefficient vs Angle of Attack 

b) Thrust Coefficient vf Angle of Attack 

FIGURE 12. L i f t  and Thrust Coetficicnts o f  the 0 . 3 8 ~  Balanced Aileron. 
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FIGURE 13. L i f t  u d  Thrust Coefficients of the 0 . 3 0 ~  Plain Aileron. 
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FI6URE 14. Hinge Manent Coefficient vs. Angle o f  Attack for the 0.38c Plain Aileron. 

r 
L 

” A  

-- -900 

SOLID SYneOLS ARE 0 . 3 8 ~  
BAUNCED AILERON 

- - O.* PLAIN 

FIGURE 15. dinge Munent Comparisons for the 0.30~ Plain and 0 . 3 8 ~  Balanced Aileron. 

65 



FIGURE 15. Angle for Zem Hinge Writ 
vs Angle o f  Attack 
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COHPARATIYE PERFORMANCE TESTS ON THE 1400-2, 
2.5-HN YIMI RIRBINE YITH AND WITHOUT VCRTEX GENERATORS 

G. E. H i l l e r  

Boeing Aerospace Corpany 
Seattle, Uashington 98124 

ABSTRACT 

A tes t  program was conducted on the t h i r d  Hod-2 un i t  
a t  Goldendale. Washington. t o  systematically study 
the ef fect  of vortex generators (VG's) on power 
perfomncc. The subject un i t  was f i r s t  tested 
without VG's t o  obtain baseline data. Vortex 
generators were then ins ta l led  on the mid-blade 
assenblies, and the result ing 70% VG configuration 
was tested. Final ly, vortex generators were mounted 
on the t i p  a s s d l i e s ,  and data was recorded for the 
looX VG configuration. This test  program and i t s  
resul ts are discussed i n  th i s  paper. The 
developlaent of vortex generators i s  also presented. 

ROMXLATURE 
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INTRODUCTION 

Analytical studies using wind tunnel data as input 
indicated that vortex generators could be used t o  
increase Hod-2 power performance i n  below-rated 
operation. Subsequent tests conducted on the PGandE 
Mod-2 un i t  located i n  Solano County, California. 
demonstrated that power performance was improved 
substantial ly by i ns ta l l i ng  VG's on the mid-blade 
assenblies. The Solano tes t  results w i l l  be 
published by PGandE through the Electr ic Power 
Research Inst i tute.  

Later, i n  support of the Hod-58 program, it became 
necessary t o  confirm that a larger improvement i n  
power performance could be obtained i f  VG's were 
mounted on both the mid-blade and t i p  assemblies. 
Therefore, a tes t  program was planned and conducted 
t o  systematically study the effect of VG spanwise 
extent on Mod-2 power performance. 
program and i t s  results are presented i n  th i s  paper. 
F i rs t ,  however, the development of  vortex generators 
w i l l  be discussed. 

VORTEX GENERATOR DEVELOPMENT 

This test  

A variety of vortex gendrating devices have been 
developed fo r  boundary layer control Over the past 
35 years or so. I n  Reference 1, Pearcey describes 
several type? of vortex generators and discusses 
t h e i r  application t o  the prevention of shock-induced 
boundary layer separation. When th i s  phenomenon 

*Presented at the DOEINASA WO rkshop on Horizontal 
Axis Wind Turbine Technology, May 8-10, 1984 i n  
Cleveland, Ohio. 

occurs on the wings of high speed aircraf t ,  
addit ional drag i s  produced and the a l r c ra f t ' s  
s t a b i l i t y  and control my be adversely affected. 
Vortex senerators are often munted on the wings of 
j e t  transports t o  delay f l o w  separation and prevent 
the Occurrence of control problems. 

The majori ty of wind turbine rotors do not encounter 
shock-induced boundary layer separation becauce they 
operate i n  the incompressible f l o w  regime. The 
Hod-2 rotors, however, experience another type of 
boundary layer separation that begins a t  the 
t r a i l i n g  edge and progressively mves 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 rrhich an adverse 
pressure gradient i s  inposed by the external flow. 
Yith increasing angle of attack below s ta l l ,  t h i s  
separation process results i n  gradual loss of l i f t  
and an additional, undesirable drag increment. 
separation process also resul ts i n  the gentle 
t r a i l i n g  edge s t a l l  that  i s  characterist ic of m s t  
th ick a i r f o i l s .  

The f ixed pi tch Hod-2 mid-blade assemblies u t i l i z e  
th ick  a i r f o i l s  that  are required t o  function a t  
large angles of attack throughout nuch of the 
operational wind soeed range. Therefore, the power 
production of the mid-blade assenblies i s  l imi ted 
pr imari ly by t h i s  separation process. The power 
production capabi l i ty  of the mid-blade asseablies 
could be improved i f  the s t a l l  angle and maximin 
l i f t  of these a i r f o i l s  could be increased by 
delaying the boundary layer separation process. 

To achieve th i s  goal, W i n g  conducted a series of 
wind tunnel tests t o  explore the use o f  vane-type 
vortex generators as high l i f t  devices on th ick 
a i r f o i l s  operating i n  flow conditions appropriate t o  
large horizontal axis wind turbines. I n i t i a l l y ,  
corotational and counterrotational VG patterns were 
studied. These two patterns are i l l us t ra ted  i n  
Figure 1. For the same vane size and spacing, 
counterrotational VG's Were s l i gh t l y  more effective 
i n  generating maximum l i f t  than corotational VG's. 
Therefore, most of the tes t ing  was directed toward 
optimizing the counterrotational configuration. 

The VG pattern found t o  be most ef fect ive i n  
producing maximum l i f t  i s  i l l us t ra ted  i n  Figure 2. 
This high l i f t  VG pattern dses the larger of the two 
vane sizes shown and was used t o  design the 
mid-blade VG's. The ef fect  of t h i s  high l i f t  VG 
pattern on the l i f t  and drag characterist ics of a 24 
X th ick a i r f o i l  i s  presented i n  Figure 3. Note that 
the vortex generators increased the l i f t  over che 
en t i re  angle of attack range shown. Also note that 
the s t a l l  angle i s  increased by 6 degrees and the 
maximum l i f t  i s  increased by 90%. The minimum drag 
penalty for  t h i s  VG ins ta l la t ion  i s  only 20 coun:s. 
For l i f t  coeff icients greater than 0.7, however, the 
drag i s  lower with the VG's instal led. 

This 
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The second, smaller vane shown i n  Figure 2 was also 
developed i n  the wind tunnel. Relative t o  the 
resul ts obtained with the larger VG's. the smaller 
VG's produced 5% less maxinum l i f t ;  but the minimum 
drag penalty i s  reduced by 70%. The smaller VG's 
were developed fo r  application t o  the blade t i ps  
which always operate below s ta l l .  Consequently, 
maximum l i f t  i s  of secondary importance; however. 
any additional drag result ing from premature 
boundary layer separation i s  undesirable. Premature 
boundary layer separation could be tr iggered by 
distr ibuted roughness or manufacturing contour 
imperfections, especially when located near the 
leading edge. 
the smaller VG's would produce a net drag reduction 
and some additional l i f t  so that the power 
contr ibution from the t i p  assenblies i s  increased. 

Before proceeding i n to  the discussion of the Hod-2 
test, a b r i e f  discussion of vortex generator physics 
w i l l  be presented. I n  the l i terature,  the 
interact ion of the VG's with the boundary layer m 
the munting surface i s  described as a mixing 
process between the high energy external flow and 
the low energy bound:-y layer f luid. This mixing 
process reenergizes the boundary layer ,llowing it 
t o  follow the a i r f o i l  surface for a greater distance 
i n t o  a region with an adverse pressure gradient 
before separation occurs. 

Flow visual izat ion studies were included i n  the 
J d n g  wind tunnel tests t o  examine th i s  interact ion 
process. The observed f low f i e ld  for a well 
designed counterrotational VG pattern i s  i l l us t ra ted  
i n  Figure 4. The observed f l o w  f i e l d  i s  very 
s imi lar  t o  that presented i n  Reference 1. As 
indicated i n  Figure 4, each vane produces a discrete 
vortex jus t  outside the local boundary layer. As 
these vortices t r a i l  downstream, the vort ices from 
toed-out vane pairs (looking toward the leading 
edge) gradually approach one another. The result ing 
vortex pairs generate a secondary f:ow which 
evacuates low energy f l u i d  from the adjacent 
portions of the boundary layer. This low energy 
f l u i d  i s  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 f l u i d  i s  
also entrained by the vortex cores. The ef fect  of  
t h i s  secondary flow i s  to  confine separation effects 
t o  the a f t  port icn of the suction surface beneath 
the vortex pairs. As a result, l ift capabil i ty i s  
increased and form, or pressure, drag i s  reduced. 
A t  the higher angles of attack, wake surveys show a 
dramatic reduction i n  low energy wake f l u i d  
corresponding t o  a net drag reduction. 

For a given operating pi tch schedule, 

TEST DESCRIPTION 

The subject test  was conducted on the t h i r d  Mod-2 
uni t .  which i s  located on a s i t e  approximately 17 
miles east of Goldendale, Washington. The f i r s t  .and 
second Hod-2 uni ts are also located at t h i s  site. A 
general arrangement of the Goldendale s i t e  i s  
i l l us t ra ted  i n  Figure 5. The tes t  uni t  i s  situated 
near the southwest corner of the s i te.  The two 
meteorological towers at the Goldendale s i t e  are 
a l s o  indicated i n  th i s  figure. 

A brief description of the test  un i t  i s  presented i n  
Figure 6. A detailed description of the Mod-2 UTS 

i s  contained i n  Reference 2. Except for  the vortex 
generator instal lat ions described below, the 
configuration o f  Unit 1.3 was not altered during the 
test .  

The subject test  was conducted during July and 
August, 1983. This test  was conducted i n  paral le l  
wi th another tes t  which studied the effect o f  vortex 
generators on loads. The results of that test  are 
presented i n  Reference 3. 

A t  the beginning of the test, Unit 3 d id  not have 
vortex generators. This i n i t i a l  configuration was 
optrated from July 8 through July 13. 1983. t o  
obtain baseline data. Vortex generators were then 
ins ta l led  on the mid-blade assemblies as i l l us t ra ted  
i n  Figure 7. The resul t ing 70% VG configuration was 
operated from July 19 through July 28, 1983. Vortex 
generators were then ins ta l led  on the t i p  asseablies 
as i l l us t ra ted  i n  Figure 8. The result ing looX VG 
configuration was then operated fran August 1 t o  
September 1. 1983. However. m s t  of the operational 
hours f o r  the t h i r d  configuration occurred during 
the f i r s t  eight days of August. 

DATh PROCESSING 

During the test  period, data from Unit t 3  and the 
meteorological towers was recorded on magnetic tape 
f o r  posttest processing. The various stages o f  the 
data processing sequence are discussed i n  th is 
sect ion. 

The data tapes were first used t o  generate analog 
traces sharing the beginning and end of each &ta 
run. These traces *re used t o  determine s ta r t  and 
stop times fo r  power production. These traces also 
included the a i r  pressure and temperature tecor ?d 
from the BPA met tower. An average a i r  dens' 
r a t i o  fo r  each data run was determined fra e 
atmospheric pataneters. The a i r  density rat i ,  was 
used t? refer the reasured generator power t o  
standard sea level anbient conditions. 

The power production interval  of each run was then 
divided in to  convenient 10 minute intervals f o r  
d i g i t a l  processing. Smooth wind conditions were not 
considered i n  selecting the time intervals. A t  the 
beginning and end of each run. one minute intervals 
were also ident i f ied  t o  provide a zero power check. 

The appropriate data channels were then digi t tzed 
during the 1 minute and 10 minute intervals. The 
d i g i t i z i n g  rate was 10 samples Der second. Next the 
mean value of each channel was calculated fo r  each 
t i m e  interval.  A zem power correction derived from 
the 1 minute intervals was then applied t o  the 10 
ainute average power levels. Flnal ly. the 10 ainute 
power levels were referred t o  standard sea level 
conditions using the following formula: 

Referred Power = Measured Power/Air Density Ratio . 
During the test  period. the a i r  density r a t i o  at the 
s i t e  was approximately 0.90. Therefore. the 
referred power i s  approximately 11% greater than the 
measured power. For measured power levels greater 
than approximately 2250 kW. th i s  procedure w i l l  
generate referred power levels greater than rated 
power. If the test  un i t  were operating a t  a s i t e  
wi th standard sea level ambient conditions, however, 
the control system would have trimned the power 
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output f o r  these data points  t o  the rated level. 
Therefore, -ince the purpose o f  the power r e f e r r a l  
step i s  t o  .erive the power-velocit, curve for a sea 
leve l  standard s i te ,  the refer red power cannot be 
greater than rated power. 

TEST RESULTS 

The measured var ia t ions o f  power output with wind 
speed f o r  the three configurations are f i r s t  
discussed separately. 
three power-velocity curves i s  presented. Standard 
sea level  ambient conditions are assumed i n  t h i s  
discussion. The power output was measured i n  the 
nacel le  a t  the generator terminals. The wind speed 
was measured a t  the 195 ft. leve l  on the BPA met 
tower. 

A t o t a l  o f  72 power-velocity data po ints  were 
obtained f o r  the baseline configuration without 
VG's. These data points presented i n  Figure 9. 
Most o f  these data points  occur i n  the wind speed 
i n t e r v a l  from 3 t o  34 mph. Only a few data points 
were obtained at  wind speeds less than 20 nph. The 
highest wind speed at  which data was obtainea i s  
34.8 nph. The d i s t r i b u t i o n  o f  data points wi th  wind 
spes,: i s  shown i n  Figure 10. 

Because o f  the noticeable data scatter, a 
least-squares polynomial curve fit was used t o  
obta in  the power va r ia t i on  wi th  wind speed. A t h i r d  
order polynomial was selected as the best f i t  based 
upon minimization of the standard error. This curve 
f i t  and i t s  f o m l a  are also shown i n  Figure 9. 

The rated wind speed f o r  t he  zerc VG configuration 
i s  approximately 32 rnph f o r  standard sea level  
conditions. Note tha t  the average generator power 
measured during rated power operation i s  only 2460 
kW. The observed deviat ion of the measured rated 
power l eve l  from the 2500 kW power setpoint can be 
a t t r i b u t e d  t o  data system ca l i b ra t i on  e r ro r  and 
p i t c h  control dynamics. 

A t o t a l  o f  78 power-velocity data po ints  were 
obtained f o r  the 70% VG configuration. These data 
points  are p lo t ted  i n  Figure 11. Most of the data 
po ints  occur w i t h i n  two wind speed intervals. The 
f i r s t  i n te rva l  i s  frm 16 t o  23 nph, and the second 
i n t e r v a l  i s  from 29 t o  36 mph. The data point  
d i s t r i b u t i o n  wi th  wind speed i s  shown i n  Figure 12. 
The highest wind speed a t  which data was obtained i s  
37.3 mph. 

The below-rated power data for the 70% VG 
configuration was approximated by applying a 
least-squares l i nea r  curve fit. A higher order 
curve f i t  could not be j u s t i f i e d  because of the 
small number o f  data po ints  for wind speeds from 23 
t o  29 mph. The resu l t i ng  curve f i t  and i t s  formula 
are shown i n  Figure 11. From t h i s  curve fit, a 
rated wind speed of approximately 28.5 mph can be 
i n fe r red  fo r  standard sea level  conditions. 

Several hours af rated power operation were recorded 
whi le  t e s t i n g  the 70% VG configuration. The data 
points  obtained from t h i s  data c lea r l y  show that the 
mean power output during rated power operation i s  
2460 kW. 

Then a comparison between the 

A t o t a l  o f  49 power-velocity data po ints  were 
obtained f o r  t he  100% VG configuration. These data 
points  are presented i n  Figure 13. A l l  of these data 
points  occur i n  the wind speed i n t e r v a l  fm 16 t o  
30 mph. The data po in t  d i s t r i b u t i o n  i n  Figure 14 
shows tha t  these data points  are distr 'buted f a i r l y  
un i formly across t h i s  wind speed in te rva l .  

The below-rated power data for  t he  100% VG 
conf igurat ion was approximated by applying a 
least-squares polynomial curve fit. A l i n e a r  curye 
f i t  was selected based upon minimization o f  the 
standard error. This curve f i t and i t s  f o m l a  are 
a l so  shown i n  Figure 13. 

The rated wind speed f o r  t he  100% V; conf igurat ion 
i s  approximately 27 nph. As nated for t he  other two 
configurations, the average power l eve l  for  rated 
power operation i s  2460 kW. 

The curve f i t s  t o  t h e  power-velocity data for the 
three configurations are conpared i n  Figure 15. 
When operating below-rated p e r ,  the 100% VG 
conf igurat ion produces the most power, r rh i ie  the no 
VG conf igurat ion produces t h e  least  power. The 
power output o f  the 70% VG conf igurat ion i s  
approximately halfway between tha t  o f  the other two 
configurations. The i n s t a l l a t i o n  o f  the 70% VG's 
reduced the rated Kind speed fm approximately 32 
mph t o  28.5 mph. With the  addi t ion of t he  t i p  VG's, 
t h e  rated wind speed was reduced fu r the r  t o  
approximately 27 nph. The m i n i m m  operating wind 
speed of approximately 13.8 mph i s  not affected by 
t h e  VG i ns ta l l a t i on .  

The annual energy production (AEP) was a l so  
ca lcu lated f o r  the three measured power-velocity 
curves. These AEP resu l t s  are shown on Pqr-e 15 
r e l a t i v e  t o  the baseline conf igurat ion wi thodl  VG's. 
Note t h a t  the 100% VG conf igurat ion increased the 
AEP by 15.2%, while the 70% VG conf igurat ion 
resul ted i n  an &.6% AEP increase. The Mod-5B 
Weibull wind speed d i s t r i b u t i o n  shown i n  Figure 16 
was used i n  these calculat ions. 

Analy t ica l  studies using wind tunnel data as input  
suppc-', t he  AEP increment obtained f o r  t he  100% VG 
configuration. However, these studies i nd i ca te  t h a t  
t h e  AEP increment f o r  t he  70% VG conf igurat ion 
should be approximately 2% greater. The discrepancy 
i r  believed t o  r e s u l t  from the  lack o f  data f o r  the 
70% VG configuration f o r  wind speeds from 23 t o  29 
mph. The few data points  obtained i n  t h i s  wind 
speed i n t e r v a l  agree qu i te  well  w i th  predict ions. 
Furthermore, excel lent  agreement between analysis 
and data was obtained f o r  the 70% VG conf igurat ion 
tested a t  Solano. 

SUMMARY 

The resu l t s  of t h i s  t e s t  program can be sumnarized 
as fol lows: 

1) The Mod-2 power production i n  belob. -ated 
operation i s  maximized by i n s t a l l i n g  vortex 
generators on both the mid-blade and t i p  
assemblies. 
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2) For the Hod-SB Weibull wind speed distr ibut ion,  
the 100% VG configuration increased the annual 
energy production by 15.2%, while the 70% VG 
configuration resulted i n  an 8.6% AEP fncrease. 
Because of insu f f i c ien t  data, the AEP increment 
for the 70% VG configuration my be too low. 
Analytical studies indicate that the AEP 
increase fo r  the 70% VG configuration i s  
approxi mate1 y 10 .5%. This anal y t i  ca 1 
predict ion i s  consistent with the Solano data. 

The results of  t h i s  test  program confirmed the 
design decision t o  i ns ta l l  vortex generators on both 
the mid-blade and t i p  assemblies o f  the Hod-5B 
rotor. 
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Unit 2 

Figure 5. 6enml Anamaent Of Goldendale Site.  

Figure 6. Otrcrip;+an O f  Ibd-2 WTS. 
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DESIGN OF A REAL-TME WIND TlJRBIRH SIMJUIOR USING A 
amm PARALLEL Au5lmcTau --- 

N95- 27979 
John A. Hoffman. Paragon Pacific, Inc., 

el SCyadO,  CalifO- 

and 

R. Cluck and S. Sridlur. RIY Space and TechPology Croup. 
Redondo Beach, California 

Thc design of a new pnra~lel-processing 
digit81 simulator is desc r l td .  Ihc ncw simulator hu 
been developed specifically fo r  aadys is  of dd 
energy systems in real time. T& new processor has 
been d: tbe Wind Energy !System Time-domin 
sfmalator, version 3 (kE!X-3). 

Like previous VEST versions. VEST 3 perforrs 
many cc~pu ta t ioas  in parallel, l'be modules in I&s1 3 
are pure d ig i t a l  processors, however. %ese digtt.1 
processors can be prour r r rd  indirtdually and operated 
in concert t o  achierc real-rime sfulation of wind 
turbine systems. Because of tbis p r o g m b i l i t y ,  bBSI 
3 is very u c h  more flexible and general thn its tun 
predecuoors. 

The desi- features of UEST-3 are &scribed t o  
s h w  how the system produces high-speed so la t iom of 
nonlinear t i w d o m i n  equations. FRsT 3 hu two very 
f u c  Comput8~iOf181 tinits (ms) that use dnicaputer 
technology plus special architectural  features that 
ulce t h a  many tirr f a s t e r  than a microcaputer. 
These CTI u n i t s  are needed t o  perforr the c o q l e x  
computations associated v i th  the vid tu rb lm rotor 
system in real time. The parallel architecture of the 
t3l causes several tasks t o  be done in each cycle, 
including an IO operation and the combination of a 
multiply, add, and store. 

The WEST 3 sirrlator can be up.ded at any 
time for  additional corpltatlorrrl poucr. This is 
>ossible bepiuse the computational u n i t s  are 
interfaced t o  each other and t o  other portions of the 
sfulatim using special serial tuses. These buses can 
be "patched" together in essentially any configuration 
( i n  a ranner very similar t o  he programing methods 
used in analog camputation) t o  balance the input/ 
output requirements. CUs can be added i n  any mmkr t o  
share a given coquta t iona l  load. This flexfble bus 
feature is very different from many other parallel 
processors vhlch Uruaily have a throughput limit 
because of rigid bus architecture. 

ImowmoIQ 

The need for  real-time s l u l a t i o n  arises 
during many phases of the developvnt and operation of 
spstcurr with  --lex dyuuica l  characteristics. The 
vind energy system represents such a c o r p l a  system 
with u n y  components whose dynaaicrl characterist ics 
couple and interact. 

Slulat ion tools are indicated for such systemt, to- 

-mapport tbe i n i t i a l  desi@ effort; for n a  
.J.t-. 

-analyze the perforunce of system designs 
under tbe mny variatlom i n  environnrt 
they sill upcrlcacc during their l i f e  
cycles. 

-evaluate fa i lure  modes and effects. 

Iht r tbat iul  d e l s  fo r  a high-fideuty 
wind turbinc sirrl.cio9 are very complex, especl.lly 
if the signfficant aerodpamlc nonlinearities are 

processor i f  real-the rol~tiw speeds are t o  k 
attained. Recent experiences d t h  the control of wind 
energy systems, for CIPIple, h. again underscored the 
need f o r  good .irrlrtion tools to  support the der- 
a d  evaluatiom of control s y a t c r  befort theme are 
placed in the actual o p e r a t i d  c n v i m a t .  

~adodcd, M S  -1adtJ r t q d n 8  8 witd 

n-t past sirul.tio= have been aonreal-tiw, 
d w  h w y  t O  tbt la8deq\ute e a p r t 8 t i O d  
throu@puts of available caputers in a l v i -  the 
complicated d p s d c a l  P t h  models associated d t h  wlnd 
energy systems. These sloucr simuhcions have provided 
valua .le design support, but lmve been very limited in 
t he i r  u8e because of the i r  cast a d  complexity. 

real t h e  f a c i l i t y  is very desirable if 
the shahtion Ls to produce significant output within 
reasonable periods of ti- and at modest cost .  Such 
f a s t  slmdatiom can prooicl invaluable support for  
the design process. Tbe real-the capabili ty is 
essentl.1 if the sfrmlator Is t o  be used i n  a mixed 
mode, where actual f ie ld  hardware is validated in a 
s ia r la t ion  enviro-nt before kisg Integrated into 
the f i a a l  vind energy eystu.  This validation process 
can reduce the risk of operating v i th  n w  control 
systems, fo r  example, by proving the systems i n  a 
simulation enviroornt before risklug operation wfth a 
red system. 

W i n d  mergy System T i r r d o u i n  (VEST) 
series of simulation systarr has been developed over 
the past few years t o  meet the n e d s  for poucrful 
real-tir simulation tools to support future 
developent of vind s y 8 t . u .  The next section of this 
paper presents a background dcrrcriptlon of the IBST 
systea develaprcats that havc preceded the current 
developant of the UF.ST-3 ar t ic le .  



A descr ipt ion of the  MST-3 h r d t m n  sy8trr 
concept f o l l w s  the b a e d  presentation. The 

.software tools a v a i h b l e  t o  support d e v e l o p r n t  of 
programs t o  run on VEST-3 are then described. Finally, 
SOY of the plans f o r  fu ture  r e f i n a c n t  of -3 are 
presented. 

BAQXXOUND 

The orginal WEST uni t  uas derived f r a  a 
r o t o r c r a f t  s i u l a t i o n  system. The c g u a t i O M  =re 
mdifitd f o r  t h e  wind turbine. a d  addi t iona l  
u thaat ieal  d e l s  wen added f o r  components not found 
in rotorcraf t :  the  wind, tower:, uind turbine c o n t r o h ,  
p w e r  g e ~ e r a t i n g  equipment and the  m e r  t r a i n  
connecting the r o t o r  t o  the  generation systcn. The 
YEST-1 article is a hybrid system Incorporating both 
d i g i t a l  and anahg hrduare. Because of the f 8 s t  
throughput needs, the harduare p e r f o r d n g  the 

d i g i t a l  systeaa in place to  act as executive 
cont ro l le rs  over the d o g  processes. 

Mt&utiCd C d C d 8 t i O U E  IS B U b t a n t i d l ~  U U l o g ,  d t h  

The UeST-2 system is a180 hybrid. It received 
expanded and refined mathematical models that were 
added to  t h e  baseline models of WEST-1. Neu f u t u r e s  in 
HEST-2 included statistical p t h  models for tbc d a d  
and p r o g r r v b l e  genera l -puqm~e hybrid lubqstm for 
use in deslgnfng and evaluating neu systas such 8s 
w i n d  tur3ine controls. 

The i a f t l a l  e f f o r t  t a m r d  developvnt  of YEST-3 
uas directed tasrd the addi t ion of spec i f ic  addi t iona l  
coaputational f a c i l i t i e s .  Needed were math models f o r  
the ro tor  gipbal ( teeter ing)  system, higher-freqoancy 
blade aeroclastic degrees of freedom, expanded mnbers 
of modes f o r  the tQucr a d  supports a d  more ref ined 
d e l s  f o r  the and environment. Ihe initial plans 
called f o r  the refinement of WEST-2 to add these and 
stmz other  needed iqmnwments. 

Before work in updating UEST-2 began, a new 
technology was emerging frm a proiect  supported by TRU 
Incorporated. This e f f o r t  was directed taward 
simalacfao of large spacecraft s t ruc tures ,  and produced 
an a l ld ig i t a l  parallel processing concept pror is ing 
orders- of- magnitude increases  in d i g i t a l  system 
colputat ional  throughput. In  t h e  face of t h i s  new and 
propising technology, the decision uas made to red i rec t  
the  wEsLc2 refinement e f f o r t  toward a t o t a l l y  new 
s y s t a ,  WEST-3. 

The generic  technology incorporated in VEST-3 
has been given the name: "Custm-Arcnitectured P a r a l l e l  
Processing System", W P S .  The W P S  concept r'cMves 
many of the objections raised in the  past regarding 
arch i tec tures  such as the  WST-1 and -2 systems. f i e  
primary l i i i t a t i o n  i n  these systems is seen i n  t h e i r  
analog i e p l u c n t a t i o n s  which are "hardwired" and which 
possess the l imi ta t ions  in s igni f icant  f igure  accuracy 
associated with 8 M l O g  embodiments. The primary 
advantage of the analog archicture  is, of course, i ts 
parallelism; t h i s  feature  gives  analog systems 
s igni f icant  speed advantages over d i g i t a l  prucessors. 

The CAPPS concept e s s e n t i a l l y  borrovs from the 
analog technology its best feature: its parallolism and 
therefore  i ts  speed. U P S  a l s o  r e t a i n s  t h e  primary 
advantages of the d i g i t a l  techaologp: progr.ppubl1ity 
and accuracy. A special 

interconnecting coacapt uas developed for W P S  
dlodq th. camputatlonal units (individual d i f l t a l  
processors) to  be configured i n t o  any overall system 
a r r a r y a r n t  ta i lo red  t o  the  s p e c i f i c  ap,,iication. 

f i e  m x t  sec t ion  of this paper describes the 
rpecific hardure archi tec ture  of the CAPS i n  detail. 

UEST-3 r e p n a c n t s  the  most advanced s i m l a t i o n  
technology avai lable  i n  the I&= serieu of systems. 
thc Mrlier units still have considerable u t i l i t y ;  
these can provide moy of the frmctioas needed in 
supporting fu ture  dnd energy system U h d 8 t I O n  
programs. fbc Wesr-3 is a much more general systa, 
however, d t b r n f o r e  bu ~ s y  appl icat ion areas 
other than d o d  systr simdatiao. CAPE units with 
hrudrcd. of c o q u t a t i o o l l  d t s  u e  envisaged, vhich 
p r a i s e  sirul.tiaa speeds orders of nmgnitudt. futer 
than those cumentry ava i lab le  even with the f a s t e s t  
c a p u t e r s  ever constructed. 

m capps ARctamcnm 

Figure 1 is a log ica l  block d l y l r r  of tbe 
ClPPS concept. A series of "Coqmtationrl U n i t s "  (CUs) 
are interfaced w i t h  a patch panel systr tir a .cries 
of # r i d  " b p u t l  Output (10)" data ports. lbtre por ts  
can be coPffgured in any rand- mmnncr connectiw the  
CUs together in opt- configurations dependiq  on 
the p r o b l a  bel- solved. Each port is represented 
p h y s i d l j  in the system by a single wire. 

sped d i g i t a l  
computer. The current  CU design has a 270 nanosecond 
(about 1/4 microsecond) i ru t ruc t lon  encatiw t i r .  A 

~ a c h  cu is i n  iteu a rev 

cmplete series of opeiatioao is performed in a s i n g l e  
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ins t ruc t ion ,  including: 

-iMtNCtiOn fe tch  

-instruction decode 

-t-m operand fetches 

-a resu l t  s t o r e  

-b f u l l  uord u l t i p l y  of tuo a r b i t r a r y  
operads 

-an a r i t h e t i c  logic  operation on tvo 
operands, including add, subtract ,  s h i f t  or 
boolean operation (OR, AND, Exclusive OR, 
etc.? 

-a f d l l  word I O  operation ( e i t h e r  input or 
output under sof tuare control)  

I 

The perfonhnce of a l l  of these operations i n  one 
ins t ruc t ton  cycle makes the design of a CU a vew f a s t  
processor, dven i n  s ingular  ope ition. 

The ; IO operation performed duriug each 
ins t ruc t ion  cycle is automatic and enables as many CUI 
as desired !to be connected together i n  r n y  random 
configuration f o r  parallel processing operations. This 
feature  mak& the overal l  CAPPS design t r u l y  unique; 
there  are no. longer any real limlts placed on the  time 
frame or speed associated with the solut ion of any 
technical  problem. The n u b e r  of CUs can be increased 
without bound u n t i l  adequate computational resources 
are avai lable  t o  perfozm the problem at  hand. 

Figure 2 presents a more detai led def in i t ion  of 
t h e  CU a r c h i  ecture. Note that separate ins t ruc t ion  and 

new ins t ruc t ion  (and a l l  associated operand addresses) 
can be fetched a d  decoded while the '.ast ins t ruc t ion  
is being executed. Additionally, the  CU ?.ncorporates a 
parallel mult ipl ier  which is A dedicated arithmetic 
subsystem that a u l t i p l i e s  two operands together i n  
about 100ns. The rest of the Ari thnet lc  Logic Unit 
(ALIJ) is a lso  depicted by Figure 2, along with the 
accumulator and loop back t o  processing RILY f o r  s tor ing  
t h e  resul t ing calculation. 

pocess ing  s, ories (-1 a r e  incorporated so that a 

The archi2ecture presented by Figure 2 is often 
referred t o  as  a "pipe1ine.l" system, i n  thdt  multiple 
computational s tages  a r e  connected i n  a st rhag and 
perform "added value" computations on a data  flow as i t  
moves down the imaginary computational pipeline. 

1 

Figure 2 a l s o  shows the I O  Que; t h i s  is the  
subsystem that enables the lnterfaciqg of the as i n  
any random configuration, a u p a b i l i t y  that is unique 
t o  the CAPS architecture. The I O  Quc in thc present 
de8ign incorporates 16 IO ports, although t h i s  mrber 
could u s i l y  be increased or decreased f o r  fu ture  
special ized designs. The Que has 32 reg is te rs ,  m c h  
with a 16-bit capacity. The Que is separated i n t o  two 
"banks" (SAY bank A and bank E), u c h  with 16 
regis ters .  Figure 3 shovh the r e g i s t e r  a r r a n g e r n t  i n  
the  IO Que design. 

u 
0 
0 

0 

0 

0 . 
n- 

During operations, one bank is i n  parallel 
mode Vhile the other  is i n  serial mode. The parallel 
bank experin-nces parallel data  operations between its 
r e g i s t e r s  a d  the CU p r o c e s s i q  m a w r y .  A f u l l  word is 
moved i n t o  or  out from a r e g i s t e r  i n  the parallel bank 
during each ins t ruc t ion  execution. 

No parallel accesses occur i n  the serial bank, 
because t h i s  bank perfoms as a series of 16 shifL 
r e g i s t e r s  during operations. During each CU 
ins t ruc t ion  cycle, each of t h e  16 reg is te rs  s h i f t s  i n  
o r  s h i f t s  out one b i t  from or t o  the serial port 
(s ingle  wire) connected to  it. 

The I O  Que "toggles" every 16 instruct ions.  A t  
the end of each group of 16 instruct ions,  a l l  16 
r e g i s t e r s  i n  the parallel bank have been interfaced to  
processing BAn (via  a procedure orten cal led CPU for  
Direct Memory Access) and a l l  b i t s  have been sh i f ted  
i n t o  or out frcrm a l l  of the reg is te rs  i n  the serial 
bank. After the set of 16 cycles ,  the serial bank is 
witched  t o  p a r a l l e l  mode ah: the parallel bank i o  
toggled t o  s e r i a l  mode. The process continues 
indef in i te ly ,  as  long as the  CUs arc  i n  operation. 
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Figure 1 shous the "Central Controller/ 
Sequencer" (CCS) subsystem uhich rynchronizes the 
operations of all the CUE. The e n t i r e  CAPPS unit has 
only one clock ( i n  the CCS) which clocks a l l  of the COS 
i n  phase. I n  t h i s  way, all at8 receive or translit data 
b i t s  over their serial por t s  synchronized together. 
Each uni t  ha8 an i n t e r n a l  s t robe that advises when to  
send or receive bi ts .  

Figure 4 shows a n  example of how a series of 
CUs might be connected together to solve a p8rticul.r 
problem. Note that there  are no cons t ra in ts  on the  
arrangements of the  hses or ports  among the CUE; also, 
of course, there  is no l i m i t  on t h e  nmber cf  CUs that 
can be connected to share i n  the  execution of a 
problem. 

Became t h e  W P S  has been designed 
spec i f ica l ly  f o r  the s i r u l a t i o n  of large numbers of 
t i a e - d o u i n  equations possessing s igni f icant  
nonl inear i t ics ,  the ins t ruc t ions  i n  the CO h a w  been 
heavily biased t o  perform operation8 c o u d s t e n t  with 
these types of equations. For u u p l e ,  the CO 
ins t ruc t ion  has a th ree  operand f o r u t .  Two operands 
are fetched, processed (including rml t ip l ied) ,  added or 
subtracted from an accumulating sitp ( i f  desired)  and 
then stored. M o s t  processors have tup operand 
instructfons,  so more ins t ruc t ions  are required t o  do 
operations such as s- of products. 

Ir simulations of s t r u c t u r a l  dyuamics, controls  
and many other  appl icat ions,  t h e  q u a t i o x  appear 
subs tan t ia l ly  as SIPS of products. This is the primary 
f o r r  of processing associated with oath models In 
u t r i x  or tensor  form. For these types of equations, 
the threeoperand ins t ruc t ion  is s i g n i f i c a n t l y  more 
powerful than the tvo-operand systems. Hence, the  
computational throughput is enhanced accordingly, f o r  
these types of problems. 

FIQURE 4 TYPICAL SlYULATlON CONFIQURATION 

In this and other  ways, the CAPPS u c h f t e c t u r e  
ha8 been biased spec i f ica l ly  f o r  the appl icat ion;  the 
system therefore  achieves u c h  f a s t e r  rpeedr t h o  
processors that are designed f o r  more ~cocral 
8ppliCatiOM. 

Bcuuse  the  CU archi tec ture  is a c c e s ~ b h  
(Le., it is not b u i l t  i n t o  a chip where it cannot bc 
changed t o  r a t c h  8peci.l needs), it -%a always be 
enhanced in special ways f o r  special  2 roblas .  lor 
exacple, addi t ional  rarory banks may be added for 
parallel fetches i f  large t ab les  of data are t o  be 
processed. The COS CUI be altered at any time t o  match 
the need8 of the  a p p l i u t i o n .  

Figure 1 also 8havO the I n i t i a l i z a t i o n  and 
Control Module (ICX). The IQl is respoasible f o r  
loading d a t a  i n t o  the CUs at i n i t i a l i z a t i o n  time, 
usually f r a  the dfsb also depicted by Figure 1. The 
IM loads code. data  tables ,  flag., etc. i n t o  t h e  
processors. It then clears the program counters in all 
CUE at once, and then instigates p a r a l l e l  execution. 

"he WE=-3 IM incorporates a lfj-bit 
microcomputer system, the M g i t a l  Equipment 
Corporation (DBC) LSI 11. This processor vas chosen 
beuuse of the very large body of proven software that 
exfsts for this system, including a r e l i a b l e  Fortran 
compiler. 

Although t h e  IQI p t r f o m s  oany sophis t icated 
tasks a s s o d a t e d  wlth CU m n a m n t ,  i t  is i t s e l f  too 
slow t o  contr ibute  s ign i f icant ly  to the actual 
C d C U h t i O M  -de by thc SyStem. 

The Cos incorporate bui l t - in  log ic  analyzers 
which allow the  IM to "single step*' through programs 
and read the data  on the  many in te rna l  CU buses. Ihc 
data  is displayed on a terrinal or printed to a i d  
programers  i n  developing codes f o r  CU execut im.  

A t  i n i t i a l i z a t i o n  time, the IBI loads I O  
t a b l e s  i n t o  a l l  of the CUs. These t ab les  t e l l  u c h  CU ' 
which parameters are t o  be c-niuted over which IO 
ports. Ubether t h e  c,xratiorrs are t o  be input or 
output is a l s o  specif ied for. each port. Data can be 
cormnicated i n  blocks, sc each port can transait 
blocks of par-tric data CF any size. A s ingle  pc-t 
can connect t o  many Cos and transmit the  same blocwcl 
to  all of them. Additionally, ports can be connected 
together so t h a t  a nm'ber of CUs transmit data  Over 
them i n  t i m e -  sul t iplexed fashion. The ports can be 
shorted vi thout  damage, and can drive l i n e s  et least 
10 f e e t  long. 

The port data  rate is 0 megabits per port. All 
ports on a C l  :-unicate wlth the outside world a t  64 
megabit rates. 

Figure 1 also shows a "System I O  Data 
Interface (SIDI)". Th nterface W i l l  change f r m  
u n i t  t o  un i t  dependink en the  needs t o  cannect the  
W P S  t o  other computer devices. Large mainframe 
computers, disk dr ives  snd graphics tarmlnals are 
candid8tcs f o r  the SIDI peripheral data bus. The SIDI 
Vil' enable the  c ~ n i c a t i o n s  of o u s i v e  amounts of 
data in various fomat r .  The SIDI can also incorporate 
an81og interfacns,  digital-to-rynchro converters or 
other special devices depending on the appl ics t ion.  
The SIDI incorporated i n  WEST-3 is a pura 8MlOg 
in te r face  a t  t h i r  time. It converts in te rna l  d i g i t a l  
s igculs  t o  

82 



analog f o r  up t o  64 independent charnels f o r  display on 
standard devices such as strip-chrt recorders and 
memory o8cillo8copeS. Thc WST-3 SIDI a160 h.8 
provision f o r  64 channels of analog input i n f o r u t i o n ,  
so t h a t  the simulator can be connected to real wind 
turbine control  hardu-re, wind measurement signmls, 
etc., t o  a c t  as a component within an overall 
simulation envl--.ment. 

THE UEST-3 DEVELOPMENT PROCESS 

UEST-3 was ac tua l ly  fabr icated twice during t h e  
f u l l  developent  process. Ibe f i r s t  u n i t  p e r f o n d  its 
calculat ions cor rec t ly  but unreliably. Also, it was 
unable t o  a t t a i n  full-speed operation. 

There vere a number of problems with this f i r s t  
CAPPS prototype, including: 

-Logic Errors i n  th design, par t icu lar ly  i n  
the cont ro l le rs  (e.8.. the c a  a d  I M  
interfaces) .  Tbere were also 8- major items 
needed, however, (such as a special IO 
counter) t h a t  were not included i n  the f i r s t  
design. 

-The system w i r i n g  computer program vas not 
directed t o  place spec i f ic  modules i n  
spec i f ic  places in the  system when the  f i r s t  
prototype uas fabricated. A l t h e  this 
program attempts to  optimize wire lengths, 
its built- i t  d g 0 r i t h . s  vtm Sirp ly  
inadequate. The result was e x c e s s i v e ~ y  long 
buses which developed "cross-talk" probless  
(spurious c m n i c a t i o n s  between proximate 
l i n e s  i n  a bus due t o  electromagnetic and/or 
capaci ta t ive coupling a t  high frequencies). 

-The grou~lding system which has vorltcd 
acceptably i n  the past was inadequate f o r  the 
high speed CU. It developed large t rans ien ts  
which uere able t o  fa l se ly  clock and clear 
reg is te rs  i n  the system. 

-Excessive delays appeared i n  the  system due 
to tbe choice of ( re la t ive ly  t i iou)  "LS" 
d i g i t a l  logic  f o r  implementation of the  as. 

-Unbalanced trming appeared, especial ly  i n  a 
n u k r  of t h e  control  functions, due t o  
excessive log:!c s tages  i n  cer ta in  critical 
s igna l  paths, and due t o  unequal numtters of 
logic  stages i n  areas requiring balance. 

-2xcessive noise on the bus between the IQI 
and the  CJs caused er rors  i n  data loaded i n  
t h e  CUs a t  i n i t i a l i z a t i o n  time and da ta  
measured using ths built-in log ic  analyzers. 

Beuluse of these many problems, the  or ig ina l  
WEST-3 was completely reconstructed. Major design 
changes vere made t o  e l i a i n a t e  t h e  problems observed 
with the f i r s t  system. The changes made are suamarized 
bclow: 

s Special log ic  functions, especial ly  the  
control lers ,  were isolated t o  s ing le  boar& 
enabling convenient changing of the log ic  t o  
correct  e r rors ,  and 110.m ioportant ly ,  
enabling "f ine tuning" of the system timing 
to get maximum perfomnce .  

0 Modules i n  the system a r e  ca :fully 

automatic-placement rode vu preempted by 
designer loca t ion  choices) to a i n i l i z e  bus 
lengths. Compromises -re u d e  favoring 
bum% d t h  critical t i d w  over those v i t h  
less s t r ingent  requirements. 

0 A new grouadisg syaten yu developed and 
i n s t a l l e d  incorporating l a r g e  gold-plated 
strip. and lil spec connectors on the s t r i p s  
and boards to engage the grouadl. 

0 The "LS" log ic  technology TU discarded 
and new integrated c i r c u i t s  were purchased 
of the "F" lTL l ine  (for  "fast"). The F fh 
technology is b r d  new. It features  the low 
povu consrnptioa of Is, a d  is f a s t e r  than 
"S" m. Indeed, P logic rivals the very 
fast E a  technology uhile enjoy?% 
s i g o i f i u n t l y  lower energy requirements and 
involving the mu& simrler IIZ k.sigp d e s .  

0 The cmtrol l o g i c  VUI carefu l ly  ta i lored  
and bal8nced wiql d i g i t a l  delay networks on 
critical timing modules. Ibe networks 
enabled the adjust ing of pulae timi- i n  
increments of 5 ns, t o  f i n e  tune the system 
f o r  aulmm speed. 

0 A special IN Interface w i n g  the latest 
(low noise) m s  technology urs incorporated 
to el iminate  data c o r u n i c a t i o n  errors 
bet--en the IQI and as. 

located (the wire list program 

0 Because of the very high speeds 8qsociated 
with the P logic ,  control  ics i n  the Qls 
begin t o  behave as t ransr i ss ion  lines. To 
avoid large pulses  caused by ref lected waves 
on these limes, they were terminated with 
resistors chosen to  Patch t h e i r  
characteristic impedances. These terminators 
reduced the noise  signatures on the control 
l i n e s  t o  acceptable levels. 

0 Much of the CCS pulse-aaapiq logic  was 
moved from the CCS t o  local cont ro l le r  
modules, thus reducing line lengths for  
critical t i r i n g  signals. Now only fo 
twisted-pair l i n e s  camunicate  the c lc - l  Id 
a synchronizing s ignal  between the 5-5 and 
the me. 

As r n t i o n e d  previously, the nev system 
performed re l iab ly  and accurately a t  ~ x h r p r  speed. 

THE IQ( DEVELOPWWT 

A number of d i f f i c u l t i e s  =re encountered with 
the  IQI i n  reducing it t o  practice. A poorly taped 
printed c i r c u i t  board packagiq the  LSI 11 processor 
developed cross ta lk  problems and bad to  be 
refabricated. Additionally, problems r l t h  the standard 
software ava i lab le  f o r  the ?DP1103 (par t icb ls t ly  
associated with the disk and system port h a d l e n )  
required developcut  of new hand1.r programs and a 
special in te r rupt  cont ro l le r  not or iginal ly  . 'anned 
for the IQI system. 

These problems hare now been solved so tha t  
the compatible IQI modules are noL avai lable  for  
in tegra t ion  i n t o  *he WEST 3 a r t i c l e .  A t  the present 
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t h e ,  the  IM resides  i n  an enclosure separate  f rcmfhe 
a s p 3  C ~ U t 8 t i O M l  U d t S .  

TIE HARE2ARJi VALIDATION 

The WEST-3 design uas proven a t  the maxircna 
ant ic ipated speed of 27011s per ins t ruc t ion  cycle. l k o  
program were aeveloped and executed. The f i r s t  vas 

.ed vi?t t h e  i n t e r n a l  log ic  analyzer to  exercise  each 
Instruct ion i n  the  f u l l  CU set and p r i n t  the resul ts .  
The results were examlned t o  prove proper static 
operation of a l l  elements of the system. 

A looping function generation program which 
exercised most ins t ruc t ions  i n  the set vas then 
developed and executed. The generated traces, l i n e a r  
and parabolic s8wtcroth functions, uen output througk 
t h e  analog SIDI system and displayed on a memon 
oscilloscope. These exercises  proved correct  dynamic 
operation of t h e  CII a t  f u l l  speed. 

TAE TRU DWONaXR4TION 

TRW Inc. ?as developed a demonstration code f o r  
the pSPS uni t  u s l q  a benchpark math sodel  w t k h  bears 
considerablz s l n u l a r t t y  t o  the types of spscecraf t  
dynamics 2roblems they wish t G  solve a t  high speed. The 
benchark  problem is f o r  a f l e x i f , l e  whirling beam 
undergoing a despin maneuver i n  space. 

The whirling beam benchnark was run on a single 
CU f i r s t ,  and then on both CU? i n  WEST-3, demonstrating 
f u l l  p a r a l l e l  operation. Figure 5 compares the 
theore t ica l  response of the beam derived by a separate 
simulation t o  that achieved qdth WEST-3. Clearly the 
WE=-3 solut ion dupl icates  the baseline, proving the  
accuracy of WE--? and i v  a b i l i t y  t o  solve complicated 
dynamics problems using CLIS vired i n  paral le l .  

The next sec t ion  discusses the performance 
comparisons -de f o r  the  CWPS technology and other  
comnercially ava i lab le  processors. 

P E R F O W  

APPLIED DYNAMICS 
INTL 

BOEING COMPUTER 
SERVICE 

IEM 

IBM 

F!.OATING POINT 
SYSIWS.  INC. 

DENELCOR. INC 

CRAY 1 i_ 
HEP H l r n  

12 PROCESSORSI 

In the  course of searching f o r  an advanced 
processor or concept t o  use for  fu ture  shulatCons of 
spacecraft systems, TRW Inc. ran  the whirling beam 
benchmark problem on a number of commercially avai lable  
advanced processors. Figure 6 presents the r e s u l t s  f o r  
the whirling beam problem. The performance of WEST-3 is 
seen t o  exceed t h e  best of a i ;  t h e  avai lable  :rocessors 
d t h  only two CUs. Note tha t  the AD-10 performed the 
best  of the comerc ia l ly  avai lable  processors, 
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Figure 6 Simulation Results f o r  the  Whirling 
Flexible  Beam B e n c h &  P r o b l a .  

better than the Cray super computer. Figure 7 present8 
another perforrance c c q a r l m  .y)x the Latest 
avai lable  computer. ' P projected CAPPS 
configuration. Note esp tc ia i ly  the coat f o r  ru.lniag a 
typ ica l  spacecraft problem: $49,000 for a single cam 
(100 seconds of real t h z  Ln the simulation of a 
complex o r b i t e r  specrcraf t )  m?ng the  TRU IBn 
computer. The CAPPS COR? is project& a t  only $23 f o r  
the s a z ~  case, inc l r  '3 reasonable acquisitior?, 
maintenance and o p e r a t t o n e  costs. 

Of course, Figure 7 does compare "service" 
Drocessors v i t h  a C U P S  uni t  operating as a dedicated 
processor. An attempt was made to make a v a l i d  
cmpa- 'son 9.n this case, however, by assessing all 
cos ts  needed t o  run CAPPS i n  dedicated mode Over its 
estimeted l i f e  cycle. The weekly useable production 
t i m e  of CAPPS vas conservatively estimated at only 18 
hours t o  =',e the comparison. 

Figures 6 and 7 - ~ - g w l  the  very powerful 
p r w * x  of the C U P S  technoi%: i n  genera; for  fu ture  
s h i a t i o n  needs. Applications other  than simulation 
are, of course, indicated for t h i s  concept. Included 
among these a r e  s i g y l l  processing, controi  and 
a u t a a t i o n  tasks. 

-0 4 

J 

5 10 
nr. ac 

Figure 5 Demonstrator's Simulation of the  VIlirling Flexiblr  Seam ?rc.\lsm 
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SOFWWE  sop^ 

Figure 8 depicts the software rodules currently 
availabln- for suppor t iq  the development of code for  
CAPE a:. T%RJ genera) :pabillties are 8v8ilable: t k  
sys. .I t: I: produce= for 8 c t d  CU residency, and 
ch* s -1 or. 

T L  nave developed a translator d assembler 
for the CC. The translator receives eqrvtiorn prepared 
in accordance with Fortran rules, and decaposes t h a  
into assembler form. Plgure 8 sh.,,a examples of 
eqlutioas inpc' t o  th t n a r h t u r ,  and tk assembler 
synrr- tha t  energes. The 8 s s a b l e r  than converts the 
r c a d t s  produced by the t r n s l a t o r ,  and other 
assably-langwp code supplied by the p r o g r r w r  (it 
any) in to  machine code. The machine code f i l e s  are 
ready for direct  loading inco the CU for execution. 

In addition to  these developrcnt tools, 
~ar idcrable  roftuare hs been developed fo r  IQC 

residency vhich supports the operation of the WEST-3 
and aids in validatisg programs prepared for thrr unit. 
ICH- resident codes load the CUs. provide f o r  "sinele 
stepping" the CU through code for  dcbuggiog purposes, 
and allow other convenient f a c i l i t i e s  such u "peeking'- 
a d  "poking" CE Meory t o  Oiev interrcdi8te 
corputational resu l t s  and to set up test scenarios used 
during progra v~ l ida t ion .  

A special s t a s l a to r  program bu also been 
developed, which u i l l  execute pros- preprd for 
the CU 00 a PUP I1 rictocorpoter, Ibc IQI a n  execute 
the simulator. llm? user UIL inbed d e w  code (su& as 
debug p r ln tmts ,  breakpoint logic, etc.) -to the 
progrwr red hy the s i ru l r tor .  Ibt siroktor w i l l  
duplicate the actions of the Ul .nd produce 
in t c rwd i . t c  results to .Id tbe p r o g r r r r  i n  
debugging program chrtloped for the a. 

Ihc tools currently .watlablt for a p r o g r a  
d e v e l o p t  .ad debugging are =c as sophlstierted u 
8 systa incorpora t ig  a u c m  assembler, linker and 
Fortran compiler, but they do provide very s l g a i f i u n t  
Serviccr which approrch the commltemce OF a f u l l  
system, It i. mcb firpler t o  develop CU code wfth the 
currently available tools than it  is to develop 
prograss in pare a s s a b l y  haguage. 

The next rc t ia r  d i . ~ u s e a  current Ilrftatiolu 
and future p h n s  now king implacaced for  the CAPPS 
technology; contiauFq development of ooftuare tools 
is slated t o  be a major element in these future 

ZUde8VOn. 
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I FlQURL 8 SOFTWARE TOOLS AVAILABLE FOR CAPPS/ WE8T-S PROQRAN DEVELOPMENT 
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The current CkPS CU architecture incorporates 
a 16 b i t  data bus a d  integer arithctic. tqumtigg. 

as integer expcessioor. M i c f d l y .  the system does 
not current ly  have standard softvue W e s  avai lab le  
for it, tbe most pressingly needed being a Fortran 
corpiler, l iaLer  and f u l l  ucfo usd ler .  

prepared f o r  tk co mast tbereforc be maled rad a t  

These l lnitatiau are oot precluding the 
dewlopnt of a complete utbrstiul d e l  f o r  the  
uind energy system appliutioa of WP!3 in the -3 
e+dfment. but they do maLC the p-w task more 
spcciallzed and tiw coasming. Accordiqly, I plber 
of u j o r  development. are curren t ly  d e n r a f  ahlcb 
vi11 elhialte mny of the ltdtatioar in the present 
UEST-3 system. hre spcc i f ic r l ly ,  the f o l l a i g  are 
now under developent :  

-A 32-bit hrdu8re f l o a t i q  point processor 
tbrt dll operate at the .EL sped u the 
current  WE instraetioa cycle (270 IIS per 
iastrPction). 

-A b.rdurr~ t-mhtor tht dll rccCI..C d 
execute code prepared ioiti .Lly in  Portrnn, 
ucro assembly, or u o y  other f o t r  ( P a s u l .  
Basic, etc.). A tramlator w i l l  reside io 
each CU lad act 8s an executive host 
processor. It uill lod directives for the 
CU eo that the 3l vi11 perfoa the heavy 
processing tub using l i b r a r y  routines 
u r f t t e n  f o r  e f f i c i e n t  CU operations. 'Lbe 
resident t r a n s l a t o r  w i l l  make the CU 
"transparent" to the user. Ibe operating 
system planned f o r  tNs neu cou:ept is the 
f8mlli.r rill s f s t a  offered by Mgltr l  
Eqguipmnt Corporation, uhich lu btm 
8 v a i l I b h  for 88 I tc l i .b la  d -Cure 
system for use in t h e  PIP 11 l i ne  of 
r r inicaputers .  

-Ibn n f i n d  IQI resident  sof tvare  modules 
for use par t icu lar ly  f n  dec.ugging pro@-. 

-A vfnchester disk d r h e  to  augment t*.c 
floppy disks  now used with t h e  ICH. 

There and other refiocwnts should be ap.ilaL?e f o r  
che CAPPS technology v i t h i n  the next fur. 

omolpbl ARciIITECEvBeS 

Architectures o ther  than the  puce C A P E  
arraagawnc of Figure  1 have been designed for t h e  
WEST-3 application. P i g w e  9 l e  the o r f g i i u l  
conflgurat ian propored for WEST-3. This system 
incorporates CAPPS subsystems. i n c l u d i ~  the two 
devices cal led 'cast  Processors" in Figure 1. 'Ibese 
a n  essenclally c w y u x t l o n d  units that haw? been 
interfaced t o  an ar ray  of dcrocooputer r  t o  sh-re the 
e n t i r e  WEST-3 corputat lonal  load. 

Che rlcrocompuLer% are vcry slaw compared t o  
the CAPPS copputational uni ta ,  but they do have k a m e  
softvare support. In the  original WEST-3 concept, the  
microcomputers were t o  exccute u c h  d e l .  associated 
v l t h  relatively slow elements of the  system such as 

Figure 9 O p t i d  UEST-3 Design 

the tower, control  s y s c s  a d  d u d  -1s. The f u r  
pracessors were t o  80he the complex equations 

store" or shared mmory is incorporated i n  the d1~8ign 
to f a c i l i t a t e  cmicat fon  l r o q g  tbe m i c r ~ ~ a p u t e r s ,  
the IQI and the f u t  processors. 

Since the inception of the orlgind m - 3  
architecture of Figure 9 ,  considerable e f f o r t  has been 
expended torrod developing sofcuare tools  f o r  
p r o g r d o g  the computational unlts. Ibe a v a f l a b i l i t p  
of the translatar a d  assembler modules discussed 
above h v c  u d e  progr-ing of the computational unfts 
~ c b  more convenient a d  e f f i c i e n t  than i f  pure 
a s s a b l y  language programing were to be used. The 
d e s i r a b i l i t y  of the ar ray  of alc-rocamputam hac 
therefore  diminished. 

888OChtcd v i t h  the roto? 8y8ta. A "Centrd &t. 

Figurer 1 and 9 represent blends of proccrsorr 
that can be d s f i n d  for UI appl icat ion deprtdirrg on 
the  spec i f ic  charac te r i s t ics  of rhe equrtions king 
solved. The present thinking prefers  larger nu~bem of 
computational un i t s  and fever of the slower 
a l c r o c a p u t e r r  f o r  the UES.-3 application. 
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The VEsf-3 system bas d a o o s t r a t e d  the 
technical f e a s i b i l i t y  of the overall CAPPS concept. It 

p8nllel copfiguratioac. d t h  8 f lex ib le  bus 

Since ccruaiuciom probl- 8moq individual  
processors h s  k c ~  a ujor limitation 00 p a r a l l e l  
processors of the  past. t te  CAPPS promises to o f f e r  

8 f f O C d t  the  Utflft*tlOa J f  processors ill mSSiVCly 

8 r c h f t l E C t U t c  that UQ bc t 8 i l O t t d  for tht 8ppliC8tiOQ. 

Sigfkf.fiC8Qt increases i U  C a p U C 8 C i O f d  t h w h p l t  
b- ly  &8u# Of its f lex ib le  COnfigu~tiOQ& I u n s .  

A deta i led  r t b t i c c l  rodel for the  total 
wind e n e w  system b.s ken developed for UEST-3, a d  
is c u m o t l y  being validated OQ t h e  systa. The models 
der ive f r a  those of UEST-1 and -2. but have been 
r e f o r u l a t e d  for d i g i t a l  solution. M d i t i o d l y ,  
s igu i f iunt  addi t ional  madelliug f i d e l i ~  hr been 
added. includiag a rotor girbrl, tvo more blade 
aeroehstic d e s  (for a tot81 of three d s )  md 
more geaera l i ty  in the control system, electrical 
power s y s t a  ami mppor t iq l  s t ruc ture  models. 
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ABslRAcf 

This paper describes a raputer progrr  developed for 
structural d p m i c  analysis of horizontal axis w i n d  
turbines (HARTS). It is based OD the finite elewnt 
r t h o d  through its reliance on WASraAw for the devel- 
oprct of mass. stiffness. and d q i n g  =trices of the 
tower and rotor. rhich are treated in XASfRAN as 
separate structures. the t a r  is lodeled in a s t t  
tionary fr- a d  the rotor in one rotating at a 
constant aagular velocity. t h e  tw structures are 
subsequently joined together (external t o  nnsnUn) 
using a tir-dependent traerforrtion consistent with 
the hub configuration. Aerodynnic loads are caputed 
with an established f l a  d e l  based on strip theory. 
Aeroelastic effects are included by incorporating the 
local velocity and twisting defomtion of the blade 
in the load coqutation. The turbulent nature of the 
wind.  both in space and t i r .  it rodelad by adding in 
stochastic wind in'rewnts. The resulting equations 
of motion are ~ 0 1 ~ t - l  in the t i r  darain using the 
iqlicit Ncrrark-Beta integrator. Preliminary 
caparisons with data f r a  the BMing/?USA UB2 HAWT 
indicate that the code is capable of accurately and 
efficientl? predicting the response of HAms driven by 
turbulent winds. 

IwfaoDucTIow 

Throughout the history of the =-sponsored horizontal 
u i 8  and turbine (HART) progrr efforts have been 
undertaken t o  develop tools for the structural dynmic 
analysis of WITS. A nmber of capabilities have 
emweed, inclading natural rode and frequency calcu- 
lations with WASlltllN. rigid-rotor aerodynamic load 
codes. dynamic flexible-rotor codes fixed in space at 
the hub. and full dynamic rodels of the rotor turning 
on the torar. 

The WASTBAW mde end frequency -lysis is capable of 
trackiq same of the frequencies as they increase with 
increasing rotor speed due to centrifugal stiffening 
but is not adequate for those which are sensitive t o  
other rotating coordinate system effects. 

Th= rigid-rotor codes require the rigid body motion of 
the rotor as input and tben compute the aerodparic 
loads along a blade as it m v e s  through one revolution 
for steady atrospheric conditions. The calculated 
loads are integrated to obtain stntic section loads 
and wnents at  any station. Even with this simple 
model. i f  a reasonable rigid bo4y lotion i s  pre- 
scribed. man loads are predicted with good accuracy. 
However. the vibratory flapwise loads are generally. 
substantially rmderpredicted An exslple of a rigid- 
rotor aerodynmic load code is the PROP software [Ref. 
I ] .  developed at Oregon SLate Unirersity. 

'This rork performed at Srndia Nstional Laboratories 
supporten by the U. S .  Department of Energy under 
Contract Nmber DE-AC04-76Do0789. - 

The flexibltrotor codes use aerod-c load models 
which are siriliar to those used in the rieid-rotor 
case. but motion of the rotor relative t o  the hub is 
permitted. Thus the motion of the rotor as -11 as 
the applied loads are caputed. Through the inter- 
3ependence of rotor motions and the aerodynmic loads. 
this software accolmts for aeroclastic effects. Tith 
these codes. as before. the =an response of the rotor 
is accurately predicted. but the vibratory response is 
underpredicted. Probably the .pst widely lued of 
these codes is YOSTAB [Ref. 2). which is derivative 
of a code developed by Fareon Pacific for the dynmic 
analysis of helicopters. 

The full d-mmic models add the interactrons between 
the tower aud the rotor to the flexible-rotor software 
described above. Within the confiner of p a l l  dis- 
placement theory. the rotor is d e l e d  in a rotating 
f r e .  the tower in a fixed one. and the two struc- 
tures are conuected wing tidependent constraints 
or forces. Generally a transient integration tech- 
nique is used to solve the resulting equations of 
motion. Even w i t h  the increased level of sophis- 
tication. these codes still underpredict the vibratory 
respmue. 'It0 e q l e s  are the =AS code [Ref. 31. 
rhich is frar the SIC i d l y  as -AB. .pd m T  
[Ref. 41. a proprietary code developed by the being 
Aerospace Capany. 

The roftrve described here. n w d  H A m .  is of the 
full d m c  m e 1  class. hro features d i c h  set it 
apart I r a  other codes in this class are its use of 
NASTRAN for mass, stiffness and d w i n g  rtrices. and 
output processing. aud the inclusion of stochastic 
wind increments in the aerodynnic load coqutation. 
Timedependent constraints. which produces time- 
varying coefficients in the equations of motion. are 
used t o  connect the rotor to the tower. A e r o d p n i c  
loads are copputed using interference factors pre- 
dicted by the PROP code 1Ref.  11 for a pre-ertablished 
rotor orientation. Aeroelastic effects arc included by 
incorporating the local relocity and twisting defor- 
ration of the blade in the load ccpputation. The 
stochastic wind increvents are computed by the method 
outlined in  R e f .  5. The resulting equations of lotion 
are solved in the time danain using the iglicit 
N w r k - B e t a  integrator. 

Results are presented for a rode1 of the MOD2 rind 
turbine which was desiined and fabricated by the 
Boeing Aerospace Comprny (BAC). 
plot, which s h m  how the natural frequencies of tLa 
turbine vary with operatinl speed. structural load 
time series hate been obtained for two stochastic 
winds. one with a w a n  of 20 mph. and the other 27 
Pph. These ti= xeries are reduced .nd compared with 
field measurements In order to determine the effect 
of the tower on the structural respome. the lode1 was 
modified to fix the rotor hub With this alteration. 
HAITDyN is consistent w i t h  the codes of the flcrible- 
rotor class except for its inclusion of stochastic 

In addition to a fan- 
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wind effects. 
aodel. 

The following sections contain a description of the 
mathematical model upon which HAUTDYN is based. the 
details of the MDD2 finite elcwnt model. presentetion 
and discussion of results. and concluding rerarks. 

Results are also presented for this 

HAmYN Y A R I W T i U L  m D E L  

Due t o  its pmer and versatility in nodeling struc- 
tures. the finite elaent rthod has k e n  chosen as a 
frurork for the derivation of the equations of 
motion for the HAm. For this derivation. two coor- 
dinate s y s t c u  are cqloyed in order to represent 
motions throughout the structure as mall relative t o  
the appropriate I r e .  Thus the tower is d e l e d  in a 
fixed f r w  and the rotor in one which rotates at the 
operational speed of the turhine about an axis which 
is fixed in space. The origins of both coordinate 
systerr are fixed at the initial hub location. For 
the latter case. rotati- f r r c  effects. mch u 
Coriolis md centrifryal forces. llut be included. 
Consideria the tower and rotor as separate strue 
tures. the equations of =tion for each are repre- 
sented below: 

Here the subscripts T and R refer t o  the t a r  and 
rctor respectively. The quantities. C and S,. which 

Q derive f r a  rotating coordinate systa'effects. are 
the Coriolis rpd softening mtrices. The softening 
ratrix accounts for c h q e s  in the centrifugal force 
that result fror tbe structural dcfommtions. These 
ratrices are developed in detail in Ref. 6. C h  the 
right hand sides of the equations are the applied 
forces. with the subscripts c. g and a referring to 
the centrifugal. gravitational end aerodynmic forces, 
respectively. 

These equations can be cmbined into one ratrix equa- 
tion as follows: 

I FT 1 
= Fe+F +F I 4. 

Denoting the tire-dependent constraint relation which 
connects the rotor t o  the tower. consistent with the 
hub configuration. as A .  the final set o! dispiace- 
mcnts. relocities and accelerations, U. U and U. can 
be derived from. 

I f  the u'ricer of &pL (2) are r a r u d  g. e d i, 
and the force rector. F. the following equation Is 
obtained I r a  the &inat+on of E w .  (2) .nd (3). 
and praultiplication by A : 

Thc truuforrtioo rtrix. A .  only d i f i e s  term in 
the rtrices asmociated with t a r  or rotor calmactla 
nodes. and. by judiciolla selection of the physical 
mdeling at these points. certain term in m. (4) 
can be simplified. For exaqle. i f  the tower conuec- 
tion node pof~esse)-?nly lrqed translational -15. 
the Le-. .I Kt. .I MI. and 3 2<. are rendered inde- 
pendent of time and need only be caquted once. Yore- 
over. i f  the tower connection node @ not directly 
inrolved in any dwinfi-the terr .i CA also bccaws 
time-indepepdent ami .\ CA vanishes. Tbe rcrainimg 
quantity. A Kt. will normally be a function of t i r  
and rust be recomputed at  each time step. 

Replaciu the coefficient matrices of gqn. (4) by Y. C 
and K. the system equations of mtion are obtained and 
presented below: 

Eqn (5) is coqlicated by the fact that centrifugal 
stiffening. which arises due to the rpamise 
stretching of the blade under the actio1 B f  the cen- 
trifugal loads. rmst be taken into account. This 
stretching causes tt- siiffness to be a function of 
the delomtion [ R e f .  61. necessitating more caqlex 
solution procedures. To avoid this coqlexity. the 
stiffness ratrix. , in Eqn. (1) is modified to be 

associated with the centrifugal loads. This is acca- 
plished through iteiative solution of the following 
equation : 

c-nsurate with  5 t e quasi-static displaccwnt field 

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

The aerodynnic forces of Eqn. (1) are ctmputed. 
taking into account blade velocities and deforutions 
relative t o  the rotating coordinate system. This 
provides for the representation of aerodynaic stiff- 
ness and d-ing in the equations of mtion. In order 
t o  c w u t e  these forces, a local blade coordinate 
s y r t a  i s  defined using instantaneous unit chord and 
span vectors. e and e , which account for initial 
blade position b prcfwist. and the local blade 
deformations. The positive senses are frar leading t o  , 

trailing edge for chord, and I r a  hub t o  tip for the 
span. The third instantaneous uuit direction is 
identified as the f l a p  vector. cf, and defined by the 
cross product of the chord and span rectors The 
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relative wind velocity rector. W .is given by the 
following expression. 

Here. U is the mean axial wind. which can include 
variati%s due t o  wind shear and tower shador; L is 
the velocity reduction factor corresponding t o  a trim 
solution for the mean rind; Wsi is the axial stochas- 
tic wind increment coquted using the methods des- 
cribed in R e f .  5; C is the operating speed of the 
turbine; and. is the initiai local position vector. 
The direction 5 lift, e,,, is obtained by taking the 
cross product of W and e . and then adjusting the 
s i p  of the resu1t:ng vecfor so that its dot product 
with e is negative. The direction of drag. e is 
subseqsently coquted t o  be perpendicular t o  t% 
direction of l i f t  sad e , this time adjusting the sign 
so that the dot product'of the resulting vector with 
e i s  positive. With these directions defined. the 
&le of attack. and the lift and drag forces per unit 
length are given by. 

In E-. (8). p is the air density. a IS the length of 
the chord aud C and C are the coefficients of lift 
nnd drag respeckively.D The quantity. Wn, is the 
-it&e of the caqonent of the relative rind vector 
normal to the span vect -, ccquted as follows: 

The lift and drag forces ate codined with the gravity 
forces to obtain the total force vector per unit 
length. This vector is nuwrically integrated along 
the length of each blade element. using a Salerkin 
formulation to obtain concentrated nodal forces. 

Timc-dcmain solutions t o  Eqn (5) are obtained n m r i -  
cally using an implicit integration technique. For 
equations with constant coefficients implicit methods 
are unconditionally stable, which mesas that the size 
of the tin+ step is only limited by the desired fre- 
quency resolution. The option for larger time steps 
provides a means t o  analyze structural response to 
stochastic loading. which requires long-time solu- 
tions. The equations of motion for the HAW contain 
time-dependent coefficients. and therefore, uncon- 
ditional stability i s  not guaranteed. However. cer- 
tain "ad hoc" procedures cnn be implemented which 
improve the stability and permit reasonably large tine 
steps. 

The first implicit scheme Iaplerented. the Hilber- 
Hughes algorithm [Ref 71. exhibited unstable growth 
in the high-frequency response, even though i t  is 

advertised t o  nwrically dnpen these modes. This 
MJ have been caused by the fact that the a l g o r i t h  I S  
not entirely consistent with the Newton method of 
equation solution. Experience has indicated that 
efforts t o  raLe the solution procedure conform to this 
method usually produce a 8tabiliting effect For 
example. the stability of the response m a  sisnifi- 
cantly iqroved by changing the evaluation of the 
damping t e r n  in Eqn (5) from the beginning to the end 
of the time step. Because of its confornity to the 
Newton method. the :'erark-Beta implicit integration 
scheme [ R e f .  81 was the final choice for the solution 
procedure. 

Eqn. (5). discretired in time according to the this 
algorith. is presented below: 

The final form of the equation is obtainel by d i n g  
the substitutions indicated in E-. (10) e- reu- 
ranging so that -only 
appear on the left  hand side. as follows. 

s : n s  associated wi*> Ut+At 

+ [%+At 1 "t + Ft+Jt 

Even with the provisions described above to stabilize 
the solution procedures. a small awuut of growth 
still occurs for s a y  of the HA- models that h v e  
been created. Although the origin of this growth. be 
it :hysical or nlvrical. has not yet been determined. 
it can be eliminated by the incorporation of struc- 
tural damping (of the ordei of 5% of critical). 

In order t o  avoid duplication of such things as devel- 
oprcnt of finite elemerrt ratrice.. solution proce- 
dures. and input and output processing. the MncNeal- 
Schuendler version of NASIRAN was selected as the 
bas18 for this deveioprcnt. This particular code was 
chosen for several reasons. First, NASTRAN is a 
general purpose finite element code which colrtains the 
necessary input options required for producing reason- 
ably accurate models of HAWTs. Solution procedures 
are available which provide for iocluiion of Centri- 
fugal stiffening effects in the rotor. 
progrclring feature of NASTRU?. which allows the u8er 
to rodify the code without d?aling with the PORTRAN 
coding. proved t o  be very helpful even though i t  was 
not heavily w e d .  The direct matrix input (ml) 
option, by which matrices can be modified through the 
input data deck was also invaluable. And fiMlly. 
becauae of NASfRAN'r widespread use, familiarity with 
its EllRx DATA input lends a degree of user-friend- 
liness t o  the present software. 

The DYAP 
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Fieure 1. XAUTD'I?J dynamic analysis method. 

The rclatlonships between NASTRAN and HAWIDYN are 
displayed in the block diagram of Fig. 1. The tower 
mass. stiffness and d q i n g  matrices are developed in 
NASlRAN relative t o  a fixed coordinate system. The 
rotor is modeled in a rotating f r a w  with the stiff- 
ness matrix reflecting the effects of centrifugal 
stiflcniia. The Coriolis and softening matrices are 
ccmputed cxtrrnal to  NASTRAB and included through the 
M11 input optioa. These two sets of rstrices are thcn 
supplied to HAWTDYN wherc they arc tied together w i t h  
a rotorjtower connection matrix. which models the 
particular hub configurat&on Aerodyna81c loads are 
obtained using the mean rindspeed. the stochastic rind 
increaents. urd the local blade mtion. AJthoVh an 
active control system bas Uot yet been incorporated 
into the €UWTDYN softnore. i t  would also provide an 
input to the aerodynamic load computation. The 
rerult~n~: equations of motion arc solved using imli- 
CI: I i r e c : t  t ime inlvgrslion. Computed displacement 
tine hio1,oric.s can be printed. plotted. snd. in some 
c u e . ; .  sjwctrel lg a i i a I y z ~ * d .  The NASTRAN code is re- 
en! err6 f o r  r ompu?w! 103 o f  siruclurel loads and 
st re iscs  

The PROP code [Ref. 11 hus been incorporated into the 
HAUTDYN softrare t o  supply thc local free stream rind. 
interference factors associated with a prescribed 
orientation of the rotor. and l i f t  and drag coef- 
ficients This relationship is shorn in Fig. 2, mlonp 
with details of the load computation. After the 
relative wind is obtained using the free stream rind 
modified by the interference factor, the S t O c h ~ t i C  
wind incrcnents, and the local blade motion, the -le 
of attock i s  computr;. and tran8nitted t o  PROP for the 
determination of the coefficients of l i f t  and drag. 

I 

Figure 2. Aerodynamic load caqutation in HAUTDYN. 

DESCRIPTION OF T l E  mD2 FINITE ELFI&NT YObEL 

For an initial test  of the perforrancc of HAWTDYN 0 
finite element model of the MOD2 woo created. The 
Yo32 was chosen because of the general interest In 
that turbine and the availability of experiwntal 
data. The model was actually developed u s 1 4  a 
NASTRAN BULK DATA deck assembled at the Bieing 
Aerospace Cappanp (UC) in Jtme of 1981. The BAC 
model c o n s i s t s  of 15 nodes per blade and 14 tower 
nodes. For HAWTDYN this model was reduced using the 
NASTRAN ASET option t o  5 tower nodes aud 5 node8 per 
blade. This reduced model is s h o m  in Fig. 3. Blade 
stations 370 and 1164 are indicated in this figure for 
future reference. 
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Figure 3. MOD2 finite element model. 

The tip pitch control is not modeled in an active 
sense in HAUTDYN. but rather the tip pitch is preset 
for use in the aerodynnfnic load computation. For 
structural purposes the nainal pitch configuration is 
used in all cases. The drive train is modeled with a 
spring and d w e r  attached between the hub and 
nacelle. The damping in the actual hardware. provided 
by the tip control. is not included in HAWTDYN. but 
approximated by setting the drive train dlllper at 16% 
of critical. The model includes a yaw spring and 
lateral tower damping. The ralues for the tower 
d m i n g  nre set at 4% of critical for side-to-aide 
motion. and 1X for fore-aft, consistent with measured 
results [ R e f .  91. 

The rotor/tmer connection matrix for the MOD2 is 
s h o m  in Eqn. (12) .  In this equation. sn represents 
sin(fit) and cs, cos(nt). The upper case XYZ subscripts 
correspond to the fired coordinate system, the 
orientation of which is shom in Fig. 3. and the lower 
case ones. the rotating frame Initially. for the 
blade in the vertical position. these two systems 
coincide. with the origius of each fixed at the hub 
Thr rotating system turns In a poritire senae about 
the 2 axis. The U ’ s  and 0’s represent displacements 
along and rotations about the respective axes 

Coasistent with the YOD2 hardware, this matrix M d C l S  

a teetered hub. Retained degrees of freedom can be 
identified by 1 ‘ s  on the diagonal. 

To examine the adequacy of this model .  predicted 
natural frequencies for the rotor parked in the ver- 
tic61 position are compared to measured results taken 
from Ref. 9. The table below shows frequencies pre- 
dicted US ID^ the originel BAC model and the reduced 
HAUTDYN model. and experimental results for several o f  
the lower frequency modes. These frequencies are 
normalized by the operating speed of the rotor. which 
is 17.5 rpo. W e  columu labeled percentage error 
corresponds to the HAIl l lyN model predictions relative 
to data. 

Generally. when experivntal data is available. rea- 
sonably accurnte models can be created by rpdifying 
system parameters in a logical fashion such that the 
errors in the frequency predictions are 5% or less 
Host of the errors In Table 1 are of t h i s  order. 
However. Inr two of the modes, the sgrctric flap and 
the s m t r i c  chord, the errors are particularly high. 
especially considering their importance in the sltuc- 
tural response of the rotor. Although not pursued 
here, s o y  effort at fine tuning is definitely indi- 
cated for a more accurate YOD2 model. 

A fanplot for the MID2 has been constructed by taking 
fast Fourier transforms OD predicted displacement 
histories associated w i t h  the free-vibrations of the 
turbine “he natural Ircquencies in this fanplot. 
which is presented in Fig 4 .  are normalized to t h e  
operating speed of the rotor ( 1 7  5 rpm) This f igure  
demonstrates bcw the frequencies vary with rpm. and 
indicates their -slues at the operating speed. The 
frequency corresponding t o  the symmetric flapwise 
bending node is of special signrficance because of its 
proximity to 4/rev. Tbe nearness of this frequency to 
that excitation indicates a possibility for larger- 
than-expected response due to dynamic amplification 
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Table 1. Caparison of Predicted cud Measured 
Frequencies for tbe Parked -2 Rotor 

Mode Freq (/rev) 
Meas. 

Drive .45 
Train 

Tower 1.23 
Fore/Af t 

Tower 1.28 
Lateral 

Spmctric 3 30 
Flap 

Symmetric 6.17 
Chord 

Antisym 6.55 
Flap 

Nacelle 8.23 
Pitch 

2nd syn 9 60 
F1 ap 

Freq (/rev) 
BAC Model 

.42 

1.23 

1 25 

3.77 

6 79 

7 03 

8 71 

10.01 

Freq (/rev) 
HAmw 

.42 

1.24 

1 25 

3.76 

6.69 

7 . 0 3  

8.74 

10.01 

X Error 

6.6 

. 8  

2.3 

13.9 

8.4 

7.3 

6.2 

4.s 

HAUTDYN s e a  to be correctly predicting the response 
of the rotor to rind shear in that computed displace- 
ments indicate a slieht turning of the rotor out of 
the wind about a vertical axis T h i s  motion produces 
a more uniform relative velocity rector with respect 
to the angular position of the rotor. and tends to 
neutralize the effect of rind shear. mere results 
are qualitatively consistent with observed behavior. 

For the forced response of the turbine. gravity and 
wind loading are applied. The rind loads correspond 
to a wind shear resulting frfm a surface roughness 
factor of .25. a ralue consistent with the YODZ site 
at Goodnoe Hills. In addition. the turbulence inten- 
sity is set at eo!%. also representative of the site. 
Tower shadow for a width of 15 feet is included 
through an option in the PROP code. 
nent of the rclatioe wind velocity rector is computed 
at each Gaussian integration point along the blade 
(two integration points per elaunt). n e  stochastic 
increments are calculated at three stations per blade 
(stations 874. 1329. and 1655) and linearly int5r- 
polated or extrapolated to the Gaurs points. Fig. 5 
shorn the stochastic wind increments for a11 six 
stations on the rotor, correaponding t o  the YUI 
rindspeed of 27 g h .  At any particular tin? the width 
of this band of curves is an indication of the varia- 
bility of the rind across the rotor 

The steady c-0- 

lmoa WEED CRPW> 

Frgure 4 Predicted fanplot for the MOD2 

PRESENTATION AND DISCVSSlON OF RESULTS 

In this section t o  some qualitative observations are 
discussed, and the predicted response of the WL3 is 
presented for windspeeds of 20 and 27 mph. In both 
cases a turbulent rind increment history is included. 
For purposes of comparison. rerults are shorn for 
steady rinds at the same windspeeds. Cqitations are 
also presented for a configuration of the MOD2 where 
the hub is fixed in space. 

Iko qualitatJve aspects of the results are mentioned 
here to promote confidence in the HAWTDYN software. 
First. the aerodynamic darnpiny in the fore-aft direc- 
tion is definitely present in the solutions and sccas 
t o  bo on the order 0 ;  57. of critical And second. 

.O 

Figure 5. Stochastic wind increments for a 27 mph 
IMM wind at the six MOD2 rotor stations, 
three per blade 

The predicted edgewise response to this rind at sta- 
tion 370 is presented in Fig, 6 For the first three 
revolutions on the curve, only gravity and ster.dy wind 
loads nre acting Thus these three cycles represent 
the steady response of the turbine. Over the forth 
cycle the stochastic rind incrementa are gradually 
included The total response of the rotor to all 
loadings is shom from revolution 5 through 23. For 
all sections of the curve the response is prcdmin- 
ntely l/rev with only slight variations in amplitude. 
This indicates that the edgewise noaenLs are dainated 
by the gravity loading. an4 are not significantly 
affected by the turbulence in the wind 
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F i g w e  6. Predicted chordwise bending moment for a 
turbulent wind with a 27 mph mean at 
station 370 of the yoD2 blade. 

The flapwise response at station 370 is shown in 
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 between 
the steady and total responses are quite dreatic. In 
addition t o  a roughly four-fold increase in the cycllc 
amplitude. the frequency content changes frcm 2/rev t o  
predominately 4/rev. Thus, for the flapwise moments. 
the stochastic wind loading dominates the response. in 
contrast tu the edgewise case. 

Figure 7 Predicted flapwise bending moment for e 
turbulent wind with a 27 mph mean at 
station 370 of the WD2 blade. 

In order to compare with experimental data. the same 
types of data reduction that are done on the field 
measurements must be done OD the predicted results. To 
this end, the curve of Fig. 7 is first truncated to 
delete the first four cyclas, filtered with highpass 
filter to eliminate frequencies below .25/rev and 
finally truncated again t o  delete spurious results 
near the end of the record caused by eno-eff,xt pro- 
blems associated w i t h  the filtering. The end product 
i s  presented i n  Fig. 8 

Figure 8. Predicted flaprise bend14 -ut 1 i l  lrrrd 
using a highpass filter w i t h  a cut-r.;t 
frequency of .25/rer. 

Two additional forms of data reduction are dune on the 
curve of Fig. 8. First it is transformed t o  determine 
its frequency content using the fast Fourier trans- 
form. The transformed curve. which is shown in Fig. 
9, clearly indicates the dminance of the 4/rev c-0- 
nent of the respmre This doainance i s  the rrr.ilt of 
the nearness of the frequency of the s m t r i c  flap- 
wise bending mode to 4/rev at the operating speed. 
Consistent with the steady wind response. e rigni- 
ficant 2/rev canponent is also present in th total 
response. 

Figure 9 Fast Fourier trans-om of the filtered 
flapwise bending merit predictions 

The second forn of data reduction consists of cycle 
counting t o  obtain a 50 percentile cyclic value. The 
first step of this procedure involves tabulating a11 
the maximum and minimm values between the zero 
crossings o f  Fig 8 The 50 percentile cyclic value 
I S  ther obtained by averaging the absolute values of 
each of tbc tabulated results 
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In Fig. 1O(b) the 50 percentile cyclic flapwise nopent 
at station 370 is displayed as a function of wind- 
speed The experimental data denoted in this figure 
by the "plus" signs was collected f r m  the y1D2 
cluster at (iorldnoe Hills in July of 1983. Redictions 
for two mean windrpeeds, 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 t o  the predicted value 

Figure 10. Cooparison of predictions. denoted by the 
solid circles and triangle. t o  data. 
denoted by the plus signs. cat station 370 
of the MOD2 blade, (a) wan flapwise bend- 
ing moment, (b) cyclic flapwise bending 
moment. 

for a steady 27 mph wind. The importance of including 
turbulent wind effects in the structural dynamic 
analysis of HAWS is clearly demonstrated by this 
f igure 

Fig. lO(a) shows the corresponding mebn value of the 
flapwise 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 
qteady rind prediction at 27 mph coincides with the 
mlue shown for the total response This indicates 

that the in-lusion of stochastic wind effects does not 
seem to be critical for accurate:y computing mean 
flapwise moments. 

For station 1164. results similar t o  those of Fig. 10 
are s h o m  in Fie. 11. Again the predictions are 
generally within the data scatter band. with the neon 
flapwise rarent at the high ria of the band. This 
slight overprediction is probably caused by the fact 
that the continuous blade loads are integrated t o  form 
concentrated nodal forces. In the static case for 6 
uniform load. this discretization of the lod produces 
wrents which are correct a i  the node points. but 
overpredicted everywhere in between 
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Figure 11. CuPparison of predictionr. denoted by the 
solid circles and triangle. t o  data. 
denoted by the plus sip,ns. at station 1164 
of the MOD2 blade. (a) mean flapwire bend- 
ing w w n t .  (b) cyclic flapwise bending 
Porcnt. 

To examine the role that the tower plays in the 
response of the MOD2. the hub of the rotor m s  
constrained IO that i t  could not tranrlate. This did 
not c w r a a i r e  its ability t o  teeter however. For the 
rape turbulent wind with the 27 Iph man. rerultr ahor 
a reduction in the 50 percentile cyclic flapire 
o a a n t  of approximately 10 percent. Thus. for the 



W 2 .  it v.-y be possible to eliminate the tonr frco 
the analysis without significantly degrading the 
accuracy of the results. This elimination 
considerably simplified the analysis procedures. 
However. this observation for the MOD2 cannot be 
generalized to all HAWTs. The critical issue in 
excluding the t a r  is the degree to which its pres- 
ence modifies the natural frequencies of the rotor. 

The computer resowces required by HAWTDYN are modest. 
The MOD2 model. which contains degrees of freedom. 
requires 240 cp seconds on the CRAY ccmputer t o  obtain 
solutions out to 80 seconds. The relatively large 
time step of .008 seconds. made possible by the use of 
M implicit integration method, wns used for  these 
calcu1at:ons. Although tests were conducted to estab- 
lish the accuracy of this time step, no atteqts were 
made to find the largest possible tire step consistent 
with accuracy and stability restrictions. Thus, i t  
MY be possible to reduce the cp time below the value 
reported here. 

coNcLusIoNs 

In the design and analysis of dynamic systems three 
areas of concern are routinely addressed. the natural 
frequencies of the system, the excitation frequencies. 
and the ability of the distributed forces to excite 
tLe natural modes. For HAWTs. the task of addressing 
these areas of concern is not routine. The identi- 
fication of thc natural frequencies of the system is 
complicated by the fact that the frequencies pUst be 
obtained for the turbine in its operational config- 
uration. From the analysis point of view, this en- 
tails connecting the rotor, which moves relative to a 
rotating frame. to the tower which moves relative to a 
stationary one. This precludes the use of standard 
solution techniques for obtaining the natural frequen- 
cies and modes of the structure. The determination of 
the excitation frequencies and the spatial distri- 
bution of the forces is more involved because of the 
turbulent nature 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 attrntion to crenting 
structural and aerodyaxnic load m o d e ~ s  that contain 
the major physical aspacts af the problem. reasonably 
accurate results can be obtained. 

In the present case, the HAWTDYN scftware has produced 
accurate predictions for the MOD2 turbine. for two 
windspeeds. These results are of a preliminary nature 
and should be viewed as such unt,il more of the 
validation process has been caapleted. 
includes making predictions for several existing 
turbines at a n M  . of wind conditions. and capparing 
the results with ar..iIable experimental data. In 
order to Renerate more confidence in the present YOJZ 
finite element model. i t  should be upgraded so that 
the coaputed natural frequencies are in better agree- 
Pent with measured ones and sopc developnent effort 
should be expended in HAWTDYN to properly model the 
tip control rchanism. 

kven though some aspects of the modeling are crude, 
K ' m Y N  has produced some promising results The 
inclusion of turbulent wind effects has dramatically 
influenced the NOD2 rrjponse predictions, bringing 
them into agreement with measured data. The use of 
implicit integration methods has posed no insur- 
rountable problems and has made i t  possible to obtain 
the long-time solutions required to analyze HAWTs 
driven by turbulent winds. After the validation pro- 

This process 

cess has been corpleted. it is eIpected that HAWTDYN 
will be suitable for accurately evalua'ing the struc- 
tural response of alternate HAWT designs. 

The work reported here wns made possible throwh the 
contributions of a ntmber of individuals. R. H. 
Eraasch of Sandia National Laboratories provided the 
impetus f o r  the project through his  early inquiries to 
NASA-Lewis and DOE. Valuable assistance was received 
from D. C. Janetzke and T. L. Sullivan of NASA-Lewis 
through general consultation and the provision of MOD2 
information. Valuable consultation m s  also forth- 
cooing froo S. A .  Shipley of the Boeing Aerospace 
Company on observed behavior of the W 2 .  R. E. 
Wilson of Oregon State University provided the 
software for the PROP code rhich Dr developed. And 
finally, P. S. Veers of Sandia National Laboratories 
mGdified software he generated to c w u t e  turbulent 
wind fields for VAWTs. for calculation of the 
stochastic rind increments. The inclusion of these 
increments proved to be crucial to the good agreement 
that was obtained between the predictions and measured 
da 
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AEROELASTIC STABILITY OF YXWO TWIM N95 27981 
BLADL/AILERON SISTMS 

J. C. Strain, Gcneral Electric Co. 
C. Hirandy, General Electric Co. 

k r o c l r s t i c  s t a b i l i t y  analyses have been p c r f a w d  
for the UUL5A bl.dc/ailcron system. Various 
configurations having di f ferent a i l u w  torsional 
stiffness, mass unbalance, .nd control system 
amping have been investigated. The analysis was 
conducted u s i q  a code recently develogcd by the 

General Electric w y  - AILSTAB. The code 
extracts eigenvalues fo r  a tnree degree o f  freedm 
s y s t a ,  consisting of: (1) a blade flapwise ode, 
(2) a blade torsional .ode, alld (3) an aileron 
torsional mock. node shapes are supplied as input 
and thz aileron can be specified over an arbi t rary 
length o f  the blade span. Quasi-steady aeroamr ic  
s t r i p  thcory i s  used t o  capute acrodyndc d e r i v b  
tives o f  the wing-aileron ccmbination as a function 
o f  spawise position. Equations of motion are 

s-ized herein. The program provides rotat ing 
blade s tab i l i t y  bouncaries for torsional divergence, 
classical f l u t t e r  (benaing/torsion) i n 4  wing/aileron 
f lut ter .  It has D e e n  checked out a g a i i d  fixed-wing 
results pub1 ished by Theodorsen and Garrick. 

f ie W0-U system i z  stable with respect t o  d i v e -  
gence and classical f l u t t e r  f o r  a l l  practical ro tor  

speeas. A i l e r o n  torsiunal stiffness oust exceed a 
ainhum c r f t i c a l  value t o  prevent aileron f l u t te r .  
The nominal contrc; system stiffness greatly exceeds 
t h i s  minima during noma1 operation. The tasic 
system, however. i s  unstable f o r  the case o f  a free 
(or floating) ailercp. The ins tab i l i t y  can be 
r-ved either by the addition o f  torsional damping 
or mass-balancing the ailerons. 
The MOD-SA design was perfomel by the General 

Electric Cmpany, Advanced Energy Progranr Dcparbn t  
under Contract DEN3-153 with NASA Lewis Research 

Center and sponsored by the Department o f  Energy. 

Although a i l e r o n  systar hart widespread use on 
f ixed-wing a i rcraf t  very feu rotors have been 
designed r i t h  aileron controls. Lust Wind 
turbines, i n  particular, have used p i t c h r b k  blade 
sections f o r  pwer regulation and t o  start-up a d  
thut-aom. Electric's 100 ft. d i r c t c r ,  
7.- 1(00-5A was or ig ina l ly  dSiW w i t h  1 pitch- 
able t i p  spanning the outer 25% of  blade radius. As 

tne design progressed, further stwlies detemined 

that substantial weight and cost savings C o u l d  be 
obtained by swi'aing t o  an aileron control Sfit-. 

This provided the i.pctus f o r  the work described in 
t h i s  work. 
I n  t h i s  paper M f i r s t  describe the developoent o f  
AILSTAB, a three degree o f  freeda s t a b i l i t y  
analysis p r w s .  The resul ts of the U0O-S rotor 
blade s t a b i l i t y  analysis are then presented. Also 

includco are the results o f  investigations, which 

are F u a e t r i c  i n  nature and show trends which 
snoula be similar for otne; WTG's. 

a -  

- 
a -  

b -  

c -  

distance, midcnord t o  elast ic axis. as 
percent o f  chord 

lift curve slope; litt c o c f f i c i m t  per 
radian 

semichord 

distance, aidchord t o  aileron hinge, as 
percent o f  chord 

Theodorsen's cacff ic icnt  

elemental aerodynmic danping matrix 

integrate0 a% -0dynmic daping matrix 

elemental structural d m i n g  matrix 



integrated structural dmping matrix Q 

distance. mib-5mr-d to leading edge of uf 
aileron, as percent of chad 

Oh b l r k  flap bending degree of fmdacl 

torsional m3nent of inertia of blade, less 
aileron, about elastic axis; per unit 
length 

torsional mm?nt of inertia of aileron, 
about hinge; per unit length 

oa 

wa 

- rotor sped. rdims/rccard 

- flutter frequency. radians/sccond 

- blade bending frequency, radians/ 

- blade tcrsional frequency. radimsl 

- aileron torsional frequency. radians/ 

second 

secand 

S c C d  

elemental aerodynamic stiffness Mtri x 

integrated aemdynrlc stiffness matrix 

eiantal centrifugal stiffness matru 

integrated centrifugal stiffness matrix 

elenental structural stiffness matrix 

integrated structural stiffness matrix 

blade =ass, lesa aileron; per unit length 

ail- mass; per unit length 

t l m t s l  aerodynric mass matrix 

integrated aedynmic mass 3atrix 

elemental structural uss matrix 

integrated structural MSS aatrix 

blade radial station. dilensional 

Southwell coefficient. blade bending 

local velocity 

blade torsion degree of freedor 

aileron torsion degree of freedom 

critical dimping ratio, blade bend- 
ing 
critical daping ratio, blade torsion 

critical daping ratio, ailem 
torsion 

air mass density; per unit length 

StatSC Mlent of blade, less ailem, 
about elastic axis; per unit length 

static ament of aileron, about hinge; 
per unit length 

flaprise deflection node shape 

blade torsion atode shape 

afleron torslon laode shape 

flapwise rotation mode shape 

The AILSTAB rotor blade stability aM1f i iS  p m g r a  was 
developed in a nmner very similar to that which auld 
be used for a fixed wing.  The differences between 
rotor and fixed ring lnrlyser are the variation of 
local velocity bi th  span on a rotor blnk. and the 
variation of stiffness with rctor rpn due to the 
centrifugal fwcs. The AILSfAB caputCr code can be 
used to predict divergence and classical blade bending/ 
torsion flutter. as well as aileron torsion/blade 
bending flutter. 

SYSEH DESCRIPTIO)( 
The three degrees of fteedoll (WF) i n  the analysis are 
blade flapwise W i n g  (h), blade torsion (a), and 
aileron torsion (B). Figure 1 depicts these D(y and 
tJeir sign conventions. The conventions are such that 
h i S  negative for a bending deflection tatard the 
suction side of the airfoil. a i s  positive for a 
=nose upn rotation, and 6 i s  positive for an 'aileron 
dan' rotation and i s  measured relative to a. 

Three o : m  parmeters required for the analysis are 
depictel in t h i s  figure. All three are measured from 
the airt3i;'s aidchord, are positive toward the trail- 
ing edge. and are expressed as a percentage of the 
seaichord. The distance to the elastic axis i s  
denoted =arn, the distance to t3e aileron leading edge 
i s  'e', and the distance to the aileron hinge i s  
denotea .c=. 

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

A S S W T I  ONS 
The  follming set of assmptions, all of which a r e  
believed to be reasonable, were made in developing the 
computer code. 



1. 

2. 

3. 

4. 

5. 

6. 

The quatims of =tion mc lincarizd. 

Three aegrees of freeda at a time. one 
flapwise, plus tin blade and ail- torsion 
modes. am sufficient to d e t e d n  the 
stability- 

krodynmic strip theory with no stall was 
used. i.e. the rcrodynric derivatives are 
indepxdent of a- 

The local velocity i s  equal to Rr2 the 
rotational velocity ties the radial 
distance. i.e. the free wind velocity i s  
neglected. 

The Theada'ren coefficient. c(k), is cqrial 
to 1.0. i.e, Quasi-steady rtrodynaics are 
used. This should give conservative results 
for both blade-be-ding/torsion 'lutter and 

Aem~ynric derivatives for an unsealed gap 
(ref- 1) are used if c#e. 

blrdc-bending/ailaon torsfon flmlcca. 

EQWTIWS OF NOTION 
The equations of motion were developed for a 
representative airfoil elaent o f  leJqth .dP and 
integratal along the span of blade with wetghting as 
determined by the lode s h e s .  The aemdynric 
equations incorporated in this analysis were those 
of SIilg and Masserran (ref. 1). Inertial equations 
of wtion wcre derived w i t h  centrifugal stiffening 
tars added, The final fora of the equations is: 

there the matrices subscripted S (structural) and A 
(aerodynanic) are colposed of elemental mas.  
dwing. and stiffnes terms integrated along the 
blade span with aodal weighting. 

The stiffness contribution due to centrifugal 
stiffening, tF. is foimed similarly with a mode 
shape of flapwise rotations substituted for the 
flapwise deflection m d e  shape. 

A detailed description df the terns in the e l a n t a l  
matrices i s  presented in the appendix. 

SYSTER STAGILiTV 
In order to determine the blade's f l u t t e r  rt8bil:ty. 
the integrated mass. rtiffncss and drping mtrices 
are forrd into a six by six dynrical matrix frrn 
which c a p l u  cigcnvalues and eigenvatas are 
determined. The fora of the dynrical matrix is: 

p;1c T1j 

Where 

- n 1-4 + 5 
c = -q + rs 
I( = -KA + rs + &F 

I = 3 x 3 unit aatrix 

The critical d w i n g  ratios (c). and the 
frequencies in hz (ff), are determined f n n  the 
eigenvalue (R) as follows. 

The output of the AILSTAB stability analysis progrr 
i s  eigenvalues. and eigenvectors if desired. The 
progrm is organized so that a series of cases m3y 

be run for a particular configura: A. with rpa 
varied. The critical dapitq ratio and coupled 
frequencies are deterrind o. the coaplex eigen- 
values. and the dlrping i n  x h  mode CM be plotted 
vs. rpa to illustrate system stability. In the case 
of blade bendinglaileron tension flutter there is a 
-age uf rpa between which the instability exists. 
BJ plotting the range of unstable rpa vs. a design 
parareter such as aileron con'rol system stiffness. 
aileron d-r. or mass balance. a stability 
boundary may be constructed. 

DESrRIPTION OF ANALVZED SYSTEM 

The HOD-SA i s  a 7.mY 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 40% of the chord width. 

Three blade flapwise mode shapes were used in the 
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analysis. They were 1) the r a t e r  .ode with a 
frequency o f  1 per rev, 2)  the 1st collective w i t h  a 
frequency o f  7 radians/second. and 3) the 1st cycl ic 
with a frequency o f  13.8 radins/secord. Thcse mode 
shapes were calculated f o r  an isolated blade (i.e., 
not attached t o  the wind turbine). The collective 
no& o f  the isolated blade i s  found by providing a 
c?ntilevered mot condition i n  the f l r p r i se  
I. rection. The cycl ic =ode i s  determined by 
: oviding a pinned root condition i n  the flapuise 
iirection. A p l o t  o f  these three flagwise mdes i s  
presented i n  Figure 3. Southwell u k f f i c i e n t s  may 
3e input t o  the p r o g r r  SO that both the collective 
.and c-yclic frequencies may be varied with rpm t o  
uxount for the varying centrifugal stiffening. For 
*he IW-SA analysis e iaportant instab i l i ty  
ccurred a t  low enough rp so that the centrifugal 
t i f fening was not i q o r t a n t  t o  the results. 

ihe thrte a f m t i o n e d  f lapr ise .odes *ae each i n  
urn analyzed i n  cabinat ion with the blade torsion 
snde shape am an aileron torsion wde. High% 

r;des than these rere also analyzed. but were not 

found t o  be cr i t ica l .  The blade torsion .ode had a 
frequency o f  51 radians/sccond. By coqmrison, the 
ailerons are essentially r i g i d  i n  torsion w i t h  
cantilevered frequencies above 400 radians/second. 
For a l l  practical purposes, the aileron natural 
fnquencies are daainated by the control system 
st i f fness and osci l late as a r i g i d  body. Rather 
ttiarj a t tap t i n9  C.2 .ode1 the actual aileron tor -  
s-;mitl naturc' lode, the frequency, or equivalently 

t h e  actuator stiffness was varied, t o  dettraine the 
m i n i m  requirements. I n  th i s  w a y  fa i lure modes, 
s w h  as loss o f  actuator hydraulic stiffness. are 
fall-outs of  the analysis. I n  additlon t o  aileron 
frequency sweeps, variations i n  aileron torsional 
dkpirg.  aass-balancii.g, and aileron spanwise length 
were considered. 'h t  ailerons center o f  gravity i s  
a f t  of  the 63% chord hinge line. The a f t  center o f  
5ravity t. L de-stabilizing effect. 

ANALYSIS RESULTS 

The iiost c r i t i c a l  cwidition w i l l  be discussed f i r s t .  
It occurs when t'.c roo t  torsional stiffness provided 
by t h e  actlators i s  los t  and the aileron i s  free to 
rotst(! - b u t  i t s  hinges. This cannot happen under 

normal c i rcr rs tmes,  so It represents a syskr 
failure. Stability boundaries are presented I n  
tars o f  control Systea stiffness, control s y s t m  
drping. and the degree o f  mass-balance. A f ina l  
case considers the s t a b i l i t y  o f  an aileron spanning 
only the outer 27.5% o f  the blade. 

FREE AILERON 
Figures 4a-c show daping VS. rotor speed for the 
baseline b l d e  with a fre, unbalanced aileron (the 
a i l e r m  torsion frequency o f  1 per m or  lP ,  i s  due 
t o  centrifugal stlffening). Below w h  d q i n g  
curve. the natural frequencies are plot ted vs. rp. 
Both coupled (dashed lines) a d  (sol id 
lines) frquencies are sham. A t  rp's where 
uncarpled frequencies coincide, a decrease i n  sta- 
b i l i t y  i s  noted i n  the corresponding dwing  curve. 
The Figures 4a. b, and c, i l l u s t r a t e  the s t a b i l i t y  

w i t h  the teeter, f l ap  collective. and flap cyclic 
.odes, respectively. Aileron torsion carpling i s  
seen t o  cause an i ns tab i l i t y  only w i t h  the f l ap  
collective wde. The ailerons are unstable i n  the 
region o f  low rotor speed, 3-12 rpa, which i s  
typical o f  wing and aileron systms w i t h  an unbal- 
anced eass. I n  particular, there i s  the possib i l i ty  
o f  instab i l i ty  when the aileron torsional freqwncy 
i s  less than the flapvise frequency. The systea i n  
Figure 2 b e c a s  stable again a t  12 rpm, because the 
torsional aerodynaric spring increases the aileron 
freqwncy beyond that o f  the f i r s t  f lapr ise lode. 
The instabi l i t ies,  which are seen i n  a l l  plots 
between 55 and 60 rp. are classical bending-torsion 
f l u t t e r  o f  the blade. 

STABILITY BWNMRIES 
A f l u t te r  boundary fo r  the IYID-SA blade w l t h  
unbalanced aileron i s  given i n  Figure 5. To 
generate the boundary. the aileron root torsion 
spring was increased i n  i n c r a n t s  t o  f i n d  the 

stiffness a t  which the torsion mode becane stable. 
A t  any value o f  st i f fness h e r e  an i n s t t b i l i t y  
occurred, the values o f  rpa between which the mode 
was unstable were found and plotted. This figure 
sham that an aileron torsional frequency of 7.5 
radians/second i s  needed t o  provide neutral s tab i l -  
ity. This s 1 w  procedure was followed fo r  the 
addition o f  aileron torslonal daaping rather than a 
spring. The resulting f l u t t e r  boundary i s  presented 
i n  F'igure 6. 
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The caoarison o f  stiffness and daping requirements which had a f l u t t e r  frequency o f  approximately 7 
i s  an interesting sidelight t o  the s tab i l i t y  problem. 
If the d r p i n g  rate i s  multiplied by the f i u t te r  
frequency. the effective impedance, i n  stiffness 
uni ts o f  the d r p e r  i s  found. Figure 7 contains 
plots o f  i l lpcdme vs. f l u t t e r  darping r a t i o  a t  
6 rpa f o r  both spring and d q c r  systems. The 

system's s tab i l i t y  i s  largely a function o f  the 
aileron torsional iqedame whether i t  be derived 
from a spring or  a daper. This conclusion i s  
further s t reng thed  by Figure8 which shows the 
s tab i l i t y  boundaries i n  tems o f  iqcdanccs. The 
approximate equivalence of spring and d m  
iwedance effects i s  an i w m t  consideration 
during d w i c  conditions, such as pi tch change i n  
which the hydraulic actuator i-e has both 
spring and d e r  characteristics. 

To pmvent f l u t t e r  w i t h a r t  Mcd fa a m i a i a m  
aileron torsional stiffness or daper, balance 
weights wwld have t o  be added to  the ailerons. 
With the ailerons unbalanced, the m i n i u  daping 
r a t i o  calculated i n  the AILSTAB rpm sweep w a s  
approximately -la, as can be discerned from Figure 
4b. The variation o f  llodal daping w i t h  RPH i s  
shom fo r  a fu l l y  (1001) mass-balanced aileron i n  
Figure 9. The systea i s  stable. The variation of 
mini- daaping i n  the aileron mod3 i s  shown for 
varying degrees o f  mass-balance i n  Figure 10. 
Neutral s tab i l i t y  can be obtained with an 85% 

mass-balanced system. 

EFFECT OF AILERON LENGTH 
Similar analyses t o  those discussed above were 
performed with the f ree aileron section extending 
from .725 raaius t o  the tip. rather than fmn .60 
radius. I n  th i s  configuration the different modal 
weighting caused an instab i l i ty  o f  the aileron 

coupling with the blade cycl ic bending mode. Aileron 
torsion coupling with the blade collective bending 
aode also produced an instabi l i ty ,  as it had wlth 
the longer aileron. 

Since the shorter aileron was unstable i n  coupling 
r i t h  the higher frequency cyclic flapwise mode with 
a f lu t ter  frequency o f  approximately 14 radians/ 
Second, a higher dfntensional damping coefficient was 
required t o  stabil ize it. The longer aileron had 
unstable coupling only r i t h  the collective mode, 

rdiitnslsecond . 
The daPlping VS. rp plots for the 27.5% S p m ,  free. 
unbalanced aileron analysis are presented i n  Figure 
11. 

S t a b i l i t y  boundaries o f  rp vs. ail- frequency 
are plotted i n  Figure 12 t o  show the ef fect  o f  added 
root torsional stiffness. Boundaries fo r  the addi- 
t i on  o f  torsional d m i n g  are shown i n  Figure 13. 
To again demonstrate the s i r i l a r i t y  o f  results fnu 
adding impedance, whether from s t i f i n s s  or d-ing. 
rp vs. iapedance s tab i l i t y  btnmdaries are shan i n  
Figure 14. 

C0)ICLUDIffi REmRKS 

The free unbalanced aileron caused the system t o  
become unstable ei ther w i t h  a length o f  40% o r  o f  
27.5% o f  blade radius. 

These instab i l i t ies  can be removed w i t h  the addition 
o f  iqedance to  the aileron torsion degree o f  
freedom. The actuator stiffness normally supplies 
an impedance well i n  excess o f  that required. but on 
the W 5 A  torsional dapcrs have been added t o  
protect the system i n  the event o f  an actuator 
system failure. These dapers are passive elements 
which w i l l  always be operative. The darper forces 
f a r  enough b e i w  those which are present due t o  the 
aerodynaaic forces i n  normal operation so that t he i r  

presence w i l l  not penalize control system design. 

An alternate method o f  stabi l iz ing the s y s m  would 
be through the addition o f  balance weights t o  the 
aileron. This method was deemed unwieldy and tor- 
sional dampers chosen instead. 
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APPEWOIX 

Equations o f  k t i o n  

STRUCTURAL (Left  Hand Side) 

Other structural aass t e r n  are syretric. 

O t h e r  d r p i n g  terns are zero. 

m e r  st i f fness terms are zero. 
The above structural mass. st i f fness. and danping 
matrices are a l l  mul t ip l ied by mode shapes a t  each 
r d d i a l  stat ion and integrated. 

I .e. 

southwell coefficient for the f l ap r i se  mode. It i s  
an approximation used t o  re la te  the  ro ta t ing  and 
non-rotating blade natural frequencies. 

 ROT W*NON-ROT + Sh n' 

Diagonal terns are zero. 

This centr i fugal st i f fness matrix i s  mult ip l ied by 
Inode shapes a t  each radial s ta t ion  and integrated. 
Unlike the structural  stiffness matrix, the f i r s t  
r o w  and column are a r l t i p l i e d  by the aodrl ro ta t ion  
rather than deflection. 

i.e 

A E R O D Y W I C  (Right Hand Side) 

Other mass terms are rynmtrtc.  

CA (1.1) = -p ? a  r b c (k) 

Sh i n  the above st i f fness equation, i s  the 
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CA (1.3) - 1/2 0, xT* Q r bZ + b [(C-e) @I - 1/2 1111 Q r bz c (k) 
m 1 

CA (2.1) p b (a + 1/2) $2 r br C (k) 

CA (2.3) = Q b [P - 1/2 (a - 1/21 TI + 1/2 (c-e) fls] p r b3 
1 

+<a [(a + 1/21 Ti1 - (a + 1/2) (c-e) @I] Q r b3 c (k) 
1 2 

+ E  a [1/2 (a  - 1/2) Tit + (1/2 - a) (c-e) @ I ]  P r b' c (k) 
1 

+ 1/2 P a [-1/2 Ti1 T i r  + (c-e) (6, psi  + pi  br) 
;;z 

-2 (c-e)z Pi P r 1 1 0  r b' c (k) 

KA (1.1) = 0 

KA (1.2) = -p a (0 rPb c ( k )  

KI\ (1.3)) = - - P b T i e  (a rPb c (k) 
H 

KA (2,2) 

4 (2.3) = -1/2 h [TI + T i e ]  (n r) lbZ + - P 
I n 

= p a ( a  + 1/2) [a r)zbz c (k)  

(a  + 1/2) Ti0 (n r)'b2 c ( k )  

KA (3.1) = 0 

KA (3.2) + - h ( (c -e )  0 9 1  - 1/2 T L Z )  (Q r)'b* C (k) 
H 

q, (3.3) = 1/2 P h [ (c -e )  f i 5  - (Ts - TI T i o ) ]  (n r)2ba 
;;z 
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= -1/3 s i n  (cos-IC) (2+C2) + C C0S''C 

-(1/8+C2) (COS'C)' + 1/4 C SIN (COS'C) COS'C (7+2C') 

-COS"C + C SIN (COS-'C) 

= -1 + Ca -(COP'C)L + 2C SIN (COT 'CJ  COS'C 

= -(1/8+Cz) COY'C + 1/8 C :IN (COY'C) (7+2C') 

= SIN (COS'C) + COS'C 

* (COS'C) C (1-2C) + SIN (C09'C) (2-C) 

SIN (COS'C) ( 2K)  - CW'C (2c+1) 

-( SIN (COT'C) )' 1/3 5 

= v - CO!?'(-e) + SIN ( COS1(-e) 

= ( n-COS-l(-e) ) (1-24 + SIN ( COS-'(-e) ) (2-e) 

= t - COS-l(-e) - SIN ( COS-l(-e) ) e 

= SIN ( ) (l+e) 

= 2 ( r-COS-l(-e) ) + SIN ( COS-'(-e) ) 2/3 (2+e) (1-2e) 

= ( m-COS-l(-e) ) (-1-2e) + SIN ( COS-'(-e) ) (2+e) 

= v -COS-'(-e) - SIN ( COS-' (-e) 

= A1 P s  

= b32 + rSIN (COS-l(-e)]' 

= u -COS-I(-e) + SIN ( COS-' -e) ) (1+2e) 

= 2 iSIN ( COS-I(-e) )]2 

= b3r 0, + 2 [SIN (COS-l(-e) )I* 
= P1 (a - 0 3 )  

The aerodynaaic mass. danping, and s t i f fness  matrices 
are a l l  laul t ip l ied by t h e i r  w e  shapes a t  each 

rad ia l  stat ion and integrated. 

i .e. 

DIVERGENCE 

Torsional divergence, i f  present. w i l l  show up i n  
the roots o f  the s t a b i l i t y  equations. The fol lowing 
has been added so that  the divergence speed, which 
often l i e s  beyond the RPM range o f  interest. may be 
computed direct ly. 

To determine the blade's divergence speed the square 
of the rotat ional  ro to r  velocity, n2, must be 
factored out of the lower-right-hand 2 x 2 pa r t i t i on  
o f  the integrated aerodynanlc s t i f fness  matrix, 

- 
KA. The same pa r t i t i on  i r  factored out o f  the 

coefficient terms were igrtored here). The two 
resu l t ing  par t i t ions  are then set equal t o  each 
other and the characteristfc equation solved as 

S h m  below. 

structural  Stiffness matrix - 5 ( the Southwell 
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Expanded, the resul t ing equation i s :  

which i s  easi ly solved f o r  Q. the f l u t te r  speed i n  radians/second. - 

-1 
LEAD1 NG 

a = DISTANCE - WIMHORD TO ELASTIC AXIS 
e = DISTANCE - MIDCHORD TO AILERON L/E 
c * DISTANCE - MIDCHORD TO AILERON HINGE 

= BLADE FLARlISE DEFLECTIOW 
a = BLADETORSION ANGLE 
8 = AILERON TORSION ANGLE w.r.t. 

i 
I 

L' - RUNNING LIFT FCXE 
- POSITIVE POINTING FROM SUCTION 

SIDE TWARD PRESSURE SIDE AS DEFINED 
IN REFERENCE 1 

M'y 
W'H = 

RUNNING HWENT ABWT ELASTIC A X I S  
RUNNING AILERON HINGE m N T  

+1 
EDGE 

Figure 1. Sign Convcntfons and Teminolow 
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DEGREES OF FREEDOM 1 
. 1 BUM F U P  BENDING NODE 

. 1 B U D €  TORSION MODE 

. 1 AILERON TORSION MODE 

h (x)  

a(x) 

B ( x 1  

AERODYwAnIts 

. LINEAR CL. C HD GI 

. c(k) = 1. QUASI-STEAm . ARBITRARY TAPER, AILERON 

. V=nr 
LENGTH, HINGE AXIS LOCATION 

Y 

Figure 2.  AILSTAE Code Description 

1 s t  FLAP CVQlC (13.8 t l s )  
1 s t  F U P  COLLECTIVE (7 rlr) 

T -  - - .6  .8 1 .o 

NOW-DIMERSIRUL 
RADIUS TEETER I1 PW ~ C V )  .. - 2  

.. .I 

.I 

Figure 3 .  t100-5A Blade f laprise  tbdes Figure 3 .  t100-5A Blade f laprise  tbdes 
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- UNCOUPLED FREOUENCIES ____  #)UPLED FREQUENCIES 

Fipure 4a. f lap Teeter tbde S t a b i l i t y  
Free Unbalanced Aileron 

1 .o 
0 

c = u. 
* 

* .6 E 

i 
4 
J .z 
t, 
- 
LT U 

- .2 

- WCOUPLEO FREOUENCIES 
AILEROH 
TORSION ( 3 )  

BLADE 
TORSIOR ( a )  

12- ---I COUPLED FREQUENCIES 

4- 

FLAP 
COLLECTIVE ( h )  

0 i- 
0 10 20 30 40 50 60 

nm 

1 1 I 

F i y r e  4b. 1 s t  f l a p  Col lect ive  tbde S t a b i l i t y  
Free Unbalanced Aileron 
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Figure 4c. Flap Cyclic !!ode S t a b i l i t y  
Free Unbalanced Aileron 
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v'igure 5 .  t!O@-5A f l u t t e r  Boundary - Shown i n  
Terms o f  Aileron Torsional Frequency 
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fn = 7 v i s  
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Figure 6. mb5A F l u t t e r  Boundary - Shown i n  
Terms o f  Ai leron Htnge Damping 
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r i m r e  10. Flutter Daaping Coefficient vs.  
!?ass Galance 
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Figure 1 1 .  Sta'"'ty o f  Free Unbalance< Aileron 
EX:, i g  f r o m  .7251! - 1.OP 
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Ficure 12. .TD-SA f l u t t e r  Boundaries 
Unbalanced Ai!eron ,725R - 1-01! 
S h o w  as a Function o f  Aileron 
Torsional Frequency 
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Finure 13 .  POD-SA l u t t e r  Boundatles 
Unbalanced Aileron .725R - 1.OP 
Shown as a function o f  Aileroll 
Danping 
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Fiwre 14. !!QP-5A Flutter Boundaria 
Unbalanced Ailerons -72% - 1-01! 
Shown as a Function o f  Aileron 
Torsional I.ptdance 
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N95- 27982 
CALCUUTIOn OF MSIW LOADS FOR THE H00-M 

7.3 HU YIWC TURBIE SYSTEN 

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

Oesign lords are presented for the 6eneral Electr ic 
WOO-SA w i n d  turbine. The 11Oo-S s y s t a  c n s i s t s  of 
a 4r)o ft. d i a r t a ,  uprina, two-bladed, teetered 
ro to r  comectcb t o  a ?-3 #I variablespeed gemr- 
at-. Fatigue loads are s w S f i e d  i n  the form o f  
histcgr- for thc 30 l i f e  O f  the -if=, 

d i l e  l i m i t  (or -ha) loads have been derived 
from transient dynmic analysis a t  c r i t i c a l  
operating ,onlitions. Loads prediction was 
accomiisWd using state of the a r t  aeroelastk 
analyses developed a t  Genua1 Electric. Features o f  
the p r t w y  predictive too l  - the I ransient gotor 
- Analysis &ode (TRAC) are described in  the paper. 

Key t o  the load predictions are the following r i n d  
models: (1) yearly mean wind distribution, (2) mern 

wind variations during operation, (3) nuber o f  
StarlYshiitdom cycles, (4) spat ia l ly  large gusts, 
ana i S j  spat ia l ly  small gusts (local turbulence). 
The pethods used t o  develop s ta t i s t i ca l  
d istr ibut ions fra load calculations represent an 
extension o f  procedures used i n  past wind program 
a m  i s  Delieved t o  be L s i F i f i c a n t  contribution t o  

Yind Turbine Generator analysiz. Tesvtheory 

correlations are pre>mted t o  demonstrate code load 
predictive capabi l i ty  and t o  support the wind models 
used in the analysis. I n  addition. WOO-SA loads are 
compared with those of exist ing machines. 

The U0CJ-U design was perfomed by the General 
E lect r ic  Coopany, Advanced Energy Prograa Department 
under Contract OEN3-153 w i t h  NASA Lewis Research 
Center and sponsored by the Department o f  Energy. 

IWTRCIOOLICTION 

The fUJO-5A was designed by the General Electr ic 
Company as part of  the Departmeat o f  Energy 
sponsored progrm t o  develop m u l t  iinegawatt, 
ut i l i ty-c lass.  wind turbine generators. It i s  a 
tuO-bladed,. horizontal-axis,. 400 foot diameter, 

w i n d  design. The W)D-SA features a teetering 
rotor  and l ininated wood blades rith ailerons over 
the outboard 40% o f  the blades t o  regulate pouer ana 
t o  shut dam. It incorporates a 7.3 m a t t  
variable- speed generator. However. :- li 1 

resonmas. there are only tw n a i n a l  rotor speeds 
- 13.8 and 16.8 X?!4* Additional aspects and further 
discussion o f  the IX!!-%? m e  containea i n  Reference 
1. 

This paper s u r i z e s  the loads analysis conducted 
f o r  the n0o-M. m e  anal l t ical  techniques are 
described, fo l lared by caqarison o f  theoretical 
predictions with test  data t o  support the aethods 
and models used. Test data were taken fnn the 
b n e r a l  Electr ic mY, 200 ft. d i a e t e r  rm0-i, the 
b e i n g  2.W, 300 ft. d iae te r  1100-2. and the 
qamilton Standard W ,  256 ft. diameter SVU-UTS 4. 
The 1100-5A design loads presented herein, are 15% 
t o  251 higher t tan the theoretical predictions t o  
allow f o r  uncertainties. The aachine has been 

designed t o  these loads. 

WEMOOS OF AWLISIS 

The YT6 loads analysis began w i t h  the construction 
o f  a dynaic  lode1 t o  deternine the natural d e s  
and frequencies of  the system. State-of-the a r t  
f i n i t e  e lewnt  and mddl-synthesis techniques were 
applied. Since these methods are accepted standards 
i n  the aerospace industry. they d i l l  not be 

addressed here. Rather, we w i l l  focus on the 
aeroelastic and wind models used for  the wind 

turbine loads -nalysis. 

The experience gained, and methods developed during 
the MOO-1 program served as a cornerstone fo r  the 
HOD-SA analysis. Extensive correlation studies and 
code ver i f icat ion exerclses were conducted before 
the W0-5A program. Our loads prediction 
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capabi l i t ies were enhanced during the 1130-5A 
progrim, par t i cu la r ly  i n  the areas of  transient 
analysis, wind modelling and load stat ist ics.  These 
topics are discussed i n  the fol lowing paragraphs. 

Aeroe lc t i c  Codes 

Two aeroelastic codes were used t o  predict design 
loads for the HOD-5A: GETSS, General E lec t r i c  
- Turbine Aystea zwthes is  and TRAC, Lransient Rotor 
- Analysis Lode. 

CETSS - CETSS was develaped during the MOD-1 program 
and was used t o  predict  the  WOD-Y's fatigue loads 
during tbe preliminary design phase. The code w a s  
ver i f ied  by NASA during the HOD-l progra. by 
correlat ing i t s  predictimnc with rm0-0 t es t  data. 
It provided eacellent load estimates for HOD-1 and 
was ver i f ied  f o r  so f t  tower and teetering ro to r  
amfigurations during the ClOPSA contract. 

- 

The 6ETSS analysis f low i s  shown i n  Figure 1. The 
system's s t n c t u r a l  dynaaics are approxisate0 by 
piecewise l inear models o f  the en t i re  system; 
wherein natural modes are input f o r  discrete totor 
Positions. As the blades rotate, the dynimical 
equations switch f roa  one d e l  t o  the next. A time 
history solut ion i s  determined over as many 
revolutions as are required t o  produce a 
steady-state response; the l as t  rotor Cycle i s  then 
used t o  compute steady-state fat igue loads. 
Aerodynamic and gravitat ional forces are caaputed as 
a function o f  the ro to r  posi t ion by the computer 
code, YINDLD, before the time history calculations, 
and are applied t o  the r i g h t  side o f  the d a l  
equations. Aeroelastic coupling comes from 

aerodynaraic molal damping coeff ic ient  calculations 
colputed by the cafputer code, QAERO, before the 
time history calculations. Finally. interface 
design loads are computed from the nodal response. 
The code can handle a large number o f  system ta les  
a t  re la t i ve ly  low computational cost, because the 
m a 1  equations are decoupled linear, second-order 
equations, f o r  which there are very e f f i c ien t  
nunerical integration algorithms. More detai led 

code descriptions r a "  be found i n  the MOD-1 f i n a l  
design report (Ref. &,. 

- TRAC - TRAC bias developed during the HOD-% p r o g r r  
t o  predict transient bmis.The program nas checked, 
using steady-state loads calculated by the GETSS 
code as a benchark. The ver i f i ca t ion  provided - 
confidence i n  the calculations made by both 
program. I n  t h i s  paper. -L show correlat ion 
between TRAC fat igue and l i m i t  load predictions w i t h  

no0-1 data. TRAC also agreed qua l i ta t i ve ly  wi th 
HOD-2 on the subject o f  interactions betnem the 
structure and the control cysten. TRAC was used t o  

c-te a l l  the  mw)-SA's f i n a l  design loads. 

The self-siplanator-y features o f  the code are 
i l l us t ra ted  i n  Figure 2. It does not use 
piecewise-linear m a l  inputs. as 6ETSS docs. 
Rather, separate Inputs are provided f o r  ro ta t ing  
and f i xed  system poder. Complete i n e r t i a l  and 
aerodynaic coupling between the degrees o f  freedom 
has been retained i n  the developent. Furthermore, 
non-linear i n e r t i a  terms, caused by f i n i t e  e las t i c  
deflect ions o f  the blade, are included. As such. 
the equations are hignly coupled. A Runge-Kutta 

w m r i c a l  integration has been used t o  obtain 
solutions. Loads are calculated a f te r  each time 

step using the 'modal acceleration' technique. which 
i s  superior t o  basing loads on e las t i c  deflect ions 
(modal deflect ion technique). When the ro to r  speed 
varies during a transient solution. the blade 
s t i f fness  terns are adjusted using %uth*el1 
coefficients, which are computed w i th in  the 
program. The NASA interim turbulence lnodel was 
incorporated i n to  the code f o r  fattgue load 
computation, however, the capabi l i ty  o f  analyZing 
only wind shear o r  tower shadow, or booth. was 

retained. 

Wind Models 

The wind models used t o  compute design loads are 
c lass i f ied  i n  Table 1. wind models used f o r  l i m i t  
and fat igue load calculations appear separately. 
The same large gust model i s  used i n  each case (1.2 
and 11.3). Models 11.2, 11.3 and 11.4 w l l l  be 
described i n  th i s  sectim. The other models 
appearing i n  the table are self-explanatory. 

MEAN WIND VARIATIONS - These variat ions produce 
s h i f t s  i n  mean load levels which must be considered 
as fat igue cycles. For example, i f  the machine i s  

116 



operating i n  a 20 mph wind and during 10 minutes the 
wind shift.s t o  30 aph and retunis t o  20 mph, a 
fat igue cycle resul ts from the dif ference in  load 
levels a t  20 and 30 aph. The load s i i i f t .  which can 
be viewed as a 'DC' phenorenon. nas dubbed a Type 

I I A  load. I n  order t o  quanti fy the var iat ion i n  
mean wind speed, 4 months o f  data taken a t  h a r i l l o .  
TX by PNL-Battelle was s t a t i s t i c a l l y  analyzed. 
Figure 3 out l ines the analysis and the results. I n  
additfon t o  w a n  wind s h i f t  statisti:s, the data was 
used t o  compute the n d e r  o f  start-stop cycles tha t  
would be experienced by a HOD-%. It might be added 

tha t  the year ly w i n d  speed d is t r ibu t ion  a t  b r i l l 0  

i s  qu i te  s imi la r  t o  the speci f icat ion t n  the CM)-5A 

Statement of Work. 

LAQSE CUSTS - Figure 4 s m r i z e s  the large gust 
.ode1 used f o r  the MOD-!% design. The WOD-5A 
S t a m t  o f  York wind PSD specif icat ion was 
integrated t o  u.eternine the roo t  mean square gust 
value. The cut-off frequency o f  .02 Hz. used i n  the 
integration, was based on a spat ia l  coherence model 
developed during l400-2. and used i n  conjunction wi th 
the HOD-5A ro to r  
appears below: 

COH = 
where : 
f t 

X I 

d = 
Ky 

L O W  TURBULENCE - Gusts s m l l e f  than thc ro to r  
diaaeter produce variat ions i n  the apparent wlnd 
speed experienced by the ro ta t ing  blades a t  
harmonics o f  the ro to r  speed. The s i tua t ion  i s  
i l l us t ra ted  i n  Figure 5. This h-nic forc ing 
produces fat igue loads which occur every ro to r  
cycle. Measurements and data analysis conducted by 
PNL-Battelle ident i f ied  and began t o  quanti fy the 
magnitodes o f  these turbulent inputs. )(MA 

developed an 'Interim Turbulence Model' fm t h i s  
data, which conveniently express& the roo t  mean 
square values of the h m i c  fo rc ing  f o r  m t @ t s  of 
d i f f e ren t  sizes. 6E adopted NASA's model and 
extended i t  t o  include gust probabilities. The 
fomulas are s u w r i z e d  i n  Table 2. 6€ assued the 

Probability d is t r ibu t ion  o f  the randar harmonic 
coefficients was Rayleigh, as would he the case f o r  
a narrow-band process. The Rayleigh assmption also 
seems t o  be supported by the ra t i os  o f  99.9th 
percenti le t o  50th percenti le loads generally found 
i n  f l a p  bending moment t e s t  data. Correlation o f  
t h i s  turbulence model w i th  HOD-1 loads appears i n  

the ver i f i ca t ion  section o f  t h i s  paper. 

d iae te r .  The relevant formula 
Load S ta t i s t i cs  

exp-(fxdKv) 

cut-of f  frequency (Hr)  
f rac t ion  o f  ro to r  disc f o r  which 
the coherence i s  sought. A value 
of 1.0 (or the whole disc) was 
used. 
ro to r  d i a e t e r  (neters) 
.37 - .005V. V = wind speed ( 1 4 s )  

Gusts having a coherence equal t o  o r  greater than 

0.50 were conservatively treated 6s ro'or 
encompassing gusts. This formula leads f~ a cu t -o f f  
frequency of .018 Hz a t  25 mph and .022 Hz a t  50 
mph. An average o f  .02 Hz was used f o r  a l l  wind 
speeds. This cut-of f  frequency implies an average 
gust period o f  50 seconds, which i s  supported by 
MOO-2 res t  measurements discussed i n  the ver i fcat ion 
section o f  t h i s  paper. A Rayleigh d is t r ibu t ion  was 

selected f o r  the gust amp1itu:os on the basis of 
PNL-Battelle's 'Gust-0" measurements reported i n  PdL 

3138. The gust model i n  Figure 4 i s  used t o  compute 
both fa t i gu t  ioads and l i m i t  loads. I t w i l l  be 
Shown that MOO-2 loads data supports the gust 
ampl~tudes we have used. 

fat igue loads f o r  the M0-5A were expressed as 
probabi l i ty  d istr ibut ions ( o r  histograns) t o  be 
applied f o r  the 30-year l i f e  o f  the machine. This 
section describes the methodology used i n  der iv ing 
the fat igue load s ta t i s t i cs .  Fatigue loads were 
segregated i n t o  three categories. shown i n  Figure 6; 

the same categories used i n  previous wind turbine 
wnerator programs. The Type I loads represent the  
al ternat ing loads, which occur a t  1 o r  2P (where P 

stands fo r  'per revolution"). For design purposes. 
a l l  load components were conservatively assigned a 
2P occurrence rate. The local  turbulence mode1 was 
used t o  derive Type I loads. The Type I I  loads stem 
from gusts, tha t  cause a s h i f t  i n  mean load during 
the gust. This mean sh i f t ,  and the normally 
occurring al ternat ing loads were used t o  compute a 
cycle o f  fatigue loading for each gust occurrence. 
The large gust model was used t o  compute Type I 1  

loads. S i m i l a r  Type IIA loads, which stem from 
longer mesn wind speed variations, are not shown i n  

the figure. The Type 111 loads represent the 
"ground t o  a i r  t o  ground" cycle and have a frequency 
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o f  occurrence equal t o  the nuPber of start-stop 
cycles. Type 111 loads were caPptted from the del ta 
l a d s  between normal operation, through shutdan, t o  
the  parked state. dote tha t  shutdom transients can 
produce wider deltas i n  some load coaponents than 
simply considering the n o m 1  operating and parked 
conditions. The number o f  Type I ,  11, IIA,  and 111 

tr les  expected over 30 years are 3.5 X le, 1.4 X 

lo7, 1.5 X 1oC and 35,000, respectively. 

The f i r s t  step i n  determining the l i f e  cycle fatigue 
loads was t o  obtain the mean wind s t a t i s t i c s  o f  the 
site. The wind specif icat ion i n  the Statement of 
York was used f o r  MOD-SA. The operatiam o f  the wind 
turbine was separated i n t o  discrete wind bins, as 
i l l us t ra ted  i n  Figure 7. The t o t a l  nraber o f  Type I 
cycles, which was based on the n-r o f  ro to r  
cycles, and Type I 1  cycles, which was based on the 
m & e r  o f  gusts, were computed f o r  each bin. 

I n  the second step, mean and alternating 
steady-state loads were computed from cut- in t o  
cut-out speeds, using TRAC. The ~ i n d  speeds 
analyzed did not necessarily cor'espond t o  the b i n  
mean wind speeds; instead a su f f i c ien t  number o f  
wind speeds was chosen t o  construct smoth curves o f  
load versus wind velocity. I n  t h i s  way, the data 
could be applied t o  wind s i tes  other than the one 
selected. The steady-state loads were compute4 
using the roo t  mean square wind speed harmonic 
variat ions given by the lulyl inter im Turbulence 
Model. The t h i r d  step dtrtermined the d is t r ibu t ion  
o f  Type I loads f o r  each bin. F i r s t  the 
steady-state loads data were converted t o  50th 
percenti le values on the basis of a Rayleigh 
distr ibution. Data measurements from ex is t ing  wind 
turbines indicated tha t  Type I loads were well  
f i t t e d  by a log-noma1 d is t r ibu t ion  and so t h i s  
d is t r ibu t ion  was used t o  cmpute loads a t  other 

percentiles. The s?ope o f  the d is t r ibu t ion  was 
based on exist ing teetered ro to r  t es t  data. It i s  
believed that the log-noma1 d is t r ibu t ion  stems from 
the sum o f  a constant (or deterministic) load level 
and stochastic loads with a Rayleigh distr ibut ion.  
This premise was supported b j  the MOD-1 fat igue load 
correlat ion study reported i n  the subsequent 
section, wherein loads were computed f o r  various 
turbulence amplitude percentiles and were ccmpared 

t o  medsured values. Both the measurements and 

p r t d c t i o n s  appearred t o  be log-norral. 

I n  the fourth step, of Figure 7, the P r d m  used 
t o  obtain Type I1  and Type IIA lards are 
surar lzed.  A probab i l i t y  d is t r rbu t ion  of gust 
aPplitude was constructed on the basis of the wind 
turbulence d e l .  Hean and al ternat ing loads were 
used t o  determine the Type I '  loads comspcnding t o  

a su f f i c ien t  n l d e r  o f  d iscrete gust -1ItudcS. 
The load probab i l i t ies  were equal t o  the gust 
p robab i l i t ies  fma which they were derived. The 
zeroth percent i le load (no gust) was equal t o  the 
steady-state, 50th Percenti le load. Mote t ha t  the 
Type 11 load d is t r ibu t ion  was not assumed t o  fo l low 
any prescribed probab l l i t y  law; instead i t  w a s  
constructed d i r e c t l y  from the wind turbulence d e l  

and associated response load. Type I1 calculat ions 
were further n i i n e d  t o  account t o r  load 
appl i f icat ion dur i rg  a gust, which i s  caused by the 
dynaaics o f  the control  system. 

Type I11 loads were detemined fran the d i f f e ren t i a l  
load encountered i n  the t rans i t ion  between normal 
operation and the  parked state. 

Final ly, i n  the s i x th  step, composite fa t igue 
histograms were constructed fran a l l  the data. 
These histograms define the t o t a l  fat igue loading 
t h a t  i s  projected t o  occur over 30 years. The 
cyc l i c  loads are presented i n  the form o f  a 
histogran as shown, o r  equivalently as a cumulative 
probabil i ty. These loads, along with s t a t i s t i c s  o f  
the  corresponding mean loads, were supplied t o  the 
designers. The procedure was computerized, f o r  
rap id  turnaround and t o  c l l w  l i f e  cycle loading f o r  

various wind s i t es  t o  be generated with l i t t l e  

e f fo r t .  

VERIFICATION OF CODES AND HOMLS 

The GETSS code was correlated w i th  MOO-0 data 
supplied by NASA during the HOD-1 program and during 
the conceptual design o f  the NOD-SA. These 
val idation resul ts w i l l  not  be repeated here. 
Rather, t h i s  section focuses on substantiating the 
wind models tha t  have been adopted and the loads 
predicted by the TRAC code, Specif ical ly, I t  w i l l  
cover shutdown transients, Type I load probabi 14 t 4  
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distr ibut ions and Type I1 loads i n  the subsequent 
paragraphs. 

Shutdown test ing performed during the HOD-1 
check-out was simulated using the TRAC code. 
Figure 8 shows a typical  simulation, i n  which ro to r  

speed, pitch angle, and blade f l a p  bending moment a t  
.35R are plot ted versus time. F o l l w i n g  about 3 
seconds of steady-state operation a t  25 rim, the 
blades were feathered a t  8'/sec for 1.5 seconds 
followed by a Z0/sec p i t ch  ra te  for the remainder of 
the shutdom. (The dual feather ra te  was used on 
MIID-1 t o  guard against high loads). The time 
h is to r ies  shar tha t  the ro to r  speed decreased 
continuously a f te r  feather, while the f l a p  bending 

moment reached a peak a t  about 5 seconds. Similar 

analyses were conducted f o r  shutdowns fi.m other 
i n i t i a l  ro to r  speeds and the peak f l a p  bending loads 
were recorded. Figure 9 canpares theore t ica l l y  
predicted loads w i t h  t es t  measurements made a t  two 
blade stations. Here, peak na#nts were p lo t ted  
against the ro to r  speed a t  which the shutdown was 
in i t iated. There was excel lent agreement between 
the t e s t  and the theory. 

Probabi l i ty  d istr ibut ions o f  MKI-1 flap-bending 
moments measured a t  three blade rad ia l  stat ions are 
compared w i th  theoretical predictions i n  Figure 10. 
These represent Type I cyc l i c  (1/2 peak-peak) 
loads, A band o f  measured data i s  shown along w i th  
discrete tes t  points taken on a typical  day o f  
operation. The theoretical loads were computed 
using NASA's Inter im Turbulence Model wi th the TRAC 
code. Points a t  three percenti les were generated by 

ascribing turbulence disturbance amp1 itudes 
according t o  a Rayleigh dtstr ibution. Tower shadow 
was also included i n  the model. The resul ts 
indicated excellent agreement bet-een tes t  and 
theory a t  mid-span, while predictions were a t  the 
top and oottom o f  t es t  scatter for  outboard and 
inboard locations, respectively. I n  view o f  the 
contingency factors of 15-253. which were applied t o  
a1 1 MOD-5A load predictions, the turbulence mode' 
was considered t o  be satisfactory f o r  design 

purposes. 

Type I 1  loads were extracted from NOD-2 data tapes 
sdpplied by NASA. Occurrances were counted 
according t o  Posit ive slope crossings o f  the mean 

load versus time. Figure 3 shows the s imi la r  
procedure, used f o r  wind data. Figure 11 contains a 
table o f  the frequency o f  Type I 1  load occurrances 
along with the nunber o f  wind spetd shifts. Note 

tha t  there are more cycles o f  the wind spced point  
measurement (81.9/hr.) than o f  the loads 
(55-61/hr.), which makes sense because a l l  the  
shi f ts i n  wind speed may not be spat ia l l y  large 
enough t o  cause a change i o  mean ro to r  loads. Below 

the table, a scattergran o f  Type I1 load mawitude 
i s  plot ted against load period. Higher loads 
correspond t o  higher periods, as would be expected 

because the large ro to r  enveloping gusts have longer 
periods. About a 50 second period, or -re, was 
needed t o  produce peak load levels. The average 
frequency o f  MOD-2 loads (55-61/hr.) agreed well 
w i t h  what was modelled f o r  the PKH)-SA (65/hr.). If 
anything, the PIOD-5A would be expected t o  have a 
lower frequency because o f  i t s  increased size, so 
t h i s  analysis was s l f g h t l y  conservative. 

Type I I load probab i l i t y  d istr ibut ions dre p lo t ted  
i n  f igure  12. MOD-SA predictions f o r  s imi lar  wind 
conditions are also shown. The WD-SA predict ions 
were i n  l i n e  w i t h  the  scaled tes t  data, i f  not 
sanewhat conservative. This analysis provided 
confidence i n  the modelling o f  Type I1 loads on the 
MCI)-SA. 

HOD-SA DESIGN LOADS 

System Dynamic Model 

The natural modes and frequencies were calculated 
f r o m  a model o f  the MOD-SA system. The dynamic 
mathematical model was made up o f  models of each 
substructure, which were un i f ied  by the stiffness 
coupling method a f  modal synthesis. The MOO-SA wind 
turbine substructures and t h e i r  coupling interfaces 

are shown i n  Figure 13. The substructures were the 
rotor, the yoke and ro to r  support, the bedplate and 

nacelle and t h e i r  associated hardware, and the tower. 

The natural modes and frequencies o f  each 
substructure, except the blade, were calculated 
using NASTRAN o r  a s imi la r  f i n i t e  element program. 
The blade modes and frequencies were determined 
using a proprietary GE program cal led STRAP (Stat ic 
Row Analysis Program). STRAP i s  a f l n i t e  element 
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bean nodell ing program tha t  includes the s t l f f en ing  

effects o f  centr i fugal  forces. 

The st i f fness l i nks  used t o  m i f y  the substructures 
were derived as follows: 

0 

0 

0 

SCAMP 

Rotor t o  Yoke - The l i nks  were derived from 
st i f fness data obtained from the 
manufacturer of the tee*.er bearing. The 
teeter bearing i s  elastoae-ic and has 
st i f fness i n  a l l  6 degrees o f  freedom. 

Low Speed Shaft t o  Bedplate - The l i nks  were 
calculated by invert ing a bedplate 
f l e x i b i l i t y  matrix obtained from detai led 
NASTRAN load cases. 

Bedplate t o  Tower - The l i n k  was derived 
frola manufacturer's data on the yaw bearing 
and yaw hydraulics, and from the structural  
design o f  the upper yaw housing (the lower 
yaw housing was included i n  the tower f i n i t e  
el-t model). A scaler spring element was 
created from yaw bearing st i f fnesses i n  5 
degrees o f  freedom and yaw brake s t i f fness  
(o r  yaw hydraulic s t i f fness  depending on the 
case investigated) i n  the yaw degree o f  
freedoa. This scalar spring was then added 
i n  series w i t h  a beam nodel o f  the upper yaw 
housing . 

(Stif fness Coupling Approach Modal-synthesis 
Progrim), a proprietary 6E canputer program, unif ied 
the  substructures. This modal synthesis method has 
been used extensively a t  the General E lec t r i c  Space 
Division for spacecraft analysis and was also 
successfully used i n  the MOO-1 progrm. The methcd 
uses the f ree  substructure v ib ra t ion  modes and 
frequencies t o  detemine the modes of the en t i re  
system. These substructures, as defined by the 
st i f fness coupling method, have no comon degrees o f  
freedom and are coupled tagether by the s t i f fness  
1 inks that re la te  the free attachment coordinates o f  
the substructures. Oetai ls o f  the method are 
documented i n  Reference 3. 

The system modes and frequencies were calculated 
w i th  the blades i n  both the ve r t i ca l  and horizontal 
positions. Typical mode shapes w i th  the ro to r  i n  a 
ver t i ca l  pos i t ion  are shown i n  Figure 14. The dr ive  
t r a i n  and teetering modes are simply r i g i d  body 
rotat ions o f  the ro to r  about the dr ive  shaft and 
teeter pin, wi th l i t t l e  or no motion o f  the 
remaining system elements. The fundamental tower 
bending mode, Show for the direct ion normal t o  the 
axis o f  rotat ion, exhibi ts a small amount o f  yaw 
ro ta t ion  caused by the o f f se t  center o f  gravi ty o f  

the nacelle. The tanr bending mde i n  the 
d i rec t ion  o f  the dr ive  shaft axis i s  not shown, bu t  
it has nearly the same natural frequency, and 

considerably more blade e las t i c  def lect ion i n  the . 
softer flapwise direction. The f i n a l  e las t i c  mode 
shape displays co l lec t i ve  f lapr ise  bending o f  the 
blades. The mde shape p lo ts  are used t o  provide 
ins igh t  i n t o  the response o f  the systeg. 

Table 3 contains a suplDary o f  the system natural 
frequencies f o r  the baseline design. The 
calculat ions were made with the blades i n  ve r t i ca l  
and horizontal posit ions a t  13.8 and 16.8 rpl. 
Frequencies are shown i n  Hz and P. The nubera i n  
parentheses denote P values a t  the 13.8 rpp. The 
l a s t  column eawarks the harmonics tha t  should be 
avoiaed i n  each mode. E stands f o r  even, and 0, 
f o r  odd. For example, f i xed  s y s t m  modes o f  the 
tower must avoid even integers o f  ro to r  speed w i t h  a 
t-m bladed rotor, while ro to r  cyc l i c  modes must 
avoid odd integers. Figure 15 depicts frequency 
placement o f  the HOD-5A graphically. The hatched 
areas indicate frequmcy ranges tha t  should be 
avoided, t o  preclude resunant exciration. symbols 
connected by horizontal l ines  indicate tha t  t he  
frequency changes i n  going from a ver t i ca l  t o  
horizontal blade posi t  ion. 

A l l  system frequencies are well  placed with the 
possible exception o f  the f i r s t  f l a p  co l lec t i ve  
which i s  a t  4.2P. The blade design, however, i s  
compatible w i th  the loads predicted f o r  t h i s  blade. 
Furthermore, daninant blade fat igue stresses were 
due t o  chord bending loads which are not effected by 
t h i s  frequency. There i s  s t i l l  reason f o r  concern, 
though, because o f  the uncertainty i n  some variables 

used i n  the load calculations. The variable most i n  
question i s  the amount o f  4P turbulence i n  the  wind 
a t  the chosen site. The loads would be sensit ive t o  
t h i s  turbulence, since the blade resonance i s  near 
the exci tat ion frequency. To el iminate t h i s  r i sk ,  

methods t o  ra ise  o r  lower the fla?uise frequency 
were ii:vestigated near the end o f  f i na l  design. 
Three feasible avenues were identified: 

1. Structural modif icat ion - (blade thickness 
and/or chord). 

2. Addition of ba l las t  weight t o  the outboard 
blade ( the ear l ier ,  heavier, 
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par t ia  1-span-control configuration had a 
desirable 3P frequency, which increased t o  
the present 4.2P when l i gh te r  weight 
ai lerons were substi tuted i n  t h e i r  place). 

3. Change o f  operating RPH ( t h i s  coulti be done 
in  the f i e l d  on the WOD-SA because o f  the 
va r i  ab1 e-speed-gnerator ) . 

Uere the HOD-SA t o  be b u i l t ,  i t  i s  l i k e l y  tha t  one 
o f  the above modifications would be implemented t o  
minioize r i sk .  

Desiqn Operatinq Conditio: 

The HOD-% loads were based on cut- in and cut-out 

Wind speeds o f  14 mph and 60 mph, respectively, a t  
the hub height . Fatigue cycles f o r  30 years o f  
operation were computed for the MDD-5A Statement o f  
Work Wind Duration Curve. The wind bins used t o  
generate the  fatigue data are sumaarized i n  T a b l e  4, 
along w i t h  the nunbers of Type I, 11, and I I A  cycles 

for each bin. Gust and mean wind s h i f t  amplitudes 
a t  the b in  mean wind speeds are containe2 i n  
Table 5. h s t  anplitudes up t o  and including the 
99.9th percent i le were used t o  predict  the fatigue 
loads. The 99.99th percenti le gust was used t o  
compute 1 i r n i  t loads. 

C r i t i c a l  operating conditions used t o  Compute l i m i t  
loads are sumnarized i n  Table 6. The system was 
designed t o  withstand the f i r s t  four conditions 
without damage. The l a s t  case represented an 
extreme condition, which the MOD-SA could withstand 
without catastrophic f a i l u r e  such as losing a 
blade. Table 7 swnarizes additional events which 
were analyzed, but were not c r i t i c a l l y  important 
for  the MOD-SA. 

Interfaces Loads 

The design loads were calculated a t  the locations 
l i s t e d  i n  Table 8. A f u l l  set o f  shear and moment 
loads (Vx, Vy, V,, M,, My, Mz) were 
supplied a t  these points. The sign conventions f o r  
the main blade and the f ixed system are shown i n  
Figure 16. The coordinate dfrect ions l i e  on 
pr incipal  axes and tw is t  wi th the cross-sections of 
the blade a i r f o i l .  The dimensions o f  ;he system and 
the locations o f  the non-blade interfaces are shown 

i n  Figure 17. 

The interface design loads were specified i n  3 sets 
of  tables: 

( 1 )  hirtograns combining Type I ,  Tdie 11, and 
T pe IIA fat igue loads (359x10 cycles i n  
33 years) 

(2) Type 111 fat igue loads (35,000 cycles i n  30 
years) 

(3 )  l i m i t  loads f o r  each c r i t i c a l  Operating 
condition 
Because o f  the  volune o f  t h i s  data, only highl ights 
are presented herein. 

A saople histogram i s  displayed i n  Table 9. i .:h 
row corresponds t o  a bar o f  the histogrim. Co:usns 
1 and 2 provide the nurber o f  cycles i n  and the 
cumulative probab i l i t y  associated w i th  each bar. 
The range o f  cyc l i c  loads f o r  each bat, the bar 
width, i s  defined i n  c o l m s  3 and 4. C o l r a s  5 and 

6 are these s a  dimensional loads divided by the 
maximum cyc l i c  value, while columns 7 and 8 are 
s imi la r ly  non-dimensionalized by the  50th percentf l e  
cyc l i c  load a t  the rated wind speed. The remaining 
colunns provide s ta t i s t i cs  o f  the mean, o r  
mid-range, load f o r  each bar o f  the histogram. 
Included below the tab le  are the rootnean-cubed 
value of a l l  cyc l i c  load occurrences and the average 
mean load f o r  30 years o f  operation. 

Probabi l i ty  d istr ibut ions o f  a l ternat ing blade f l a p  

bending moments are shown i n  Figure 18 f o r  three 
rad ia l  stations. The load magnitudes have been 
divided by the mean flap-bending moment a t  tho rated 
wind speed, 32 mph, t o  allow cortiparison with data 
frm other wind turbines. The curves display a 
s l i gh t  increase i n  ,lope above the 99.9th percent i le 
that  i s  caused by Type 11 load occurrences. Type 
I11 fat igue levels, Indicated by cor izon f i l  l ines.  
are s l i g h t l y  greater than the maximum Type I and 11 

values. To lend credence t o  the predictions, scaled 
tes t  data from the Boeing MOD-2 and Hamilton 
Standard SVUZ wind turbines are included on the 
plot .  This data sugsests that  MOD-SA predictions 
are appropriate, and even som.?what conservative. 
Figure 19 contains p robab i l i t y  d is t r ibu t ions  o f  the 
alternating blade chord bending moment, normalized 

by the one-g moments. Here the loads are dominated 
by gravity, so there i s  only a s l i g h t  fncrease 

between the 50th and 99.99th percentile. This ti-end 
was also t rue  f o r  HOD-2 t es t  results, which are not 
shown. 
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Tower fat igue bending rntnnent distr ibut ions are are specified separately, so tha t  the  i n e r t i a  loads 
p lo t ted  i n  Figure 20. I n  t h i s  case the al ternat ing could be made Consistent w i th  the actual f i na l  
merits a t  the base o f  the toner have been 
normalized by the mean bending moment created by the 
ro to r  aerodynamic th rus t  a t  rated wind speed. The 
alternating .,hrust moment (My) i s  f a r  more sensit ive 
t o  gusts than Mz, which accounts f o r  the differences 
i n  the probab i l i t y  distr ibutions. The NOD-5A 
predictions appear t o  be consistent wi th HOD-2 data, 
which i s  also included i n  the figure. The ea r l i e r  
MOD-2 data, i n  the upper curve, was taken before 
improvements were made t o  the control system. so i t  
exhibi ts higher loads. 

Vibratory ro to r  torques are plot ted i n  Figure 21. 
Alternating torque levels, and likewise power 

levels, are below 10% o f  rated torque f o r  over 90% 
o f  the operating time. The pronourrced increase i n  
load above the 98th percenti le i s  due t o  Type 11 
gusts and s h i f t s  i n  man wind speed. Curves o f  yaw 

bearing moments and dr ive torque are inc?uded i n  

Figure 22. 

Normalized blade l i m i t  loads are s m a r i t e d  i n  
Figure 23. The f l a p  bending moments are from 2.25-3 
times the mean moment a t  rated wind speed. Chord 
bending rnoments are about 2 g 's a t  the root, where 
gravi t ional  e f fec ts  are greatest. They increase t o  
about 9 g's a t  the t ip ,  where the ai leron drag 
forces f a r  exceed the one g loads. Normalized f i xed  

system l i m i t  loads are reported a t  selected 

interfaces i n  Table 10. 

Selected Component Loads 

Ailerons 
The coordinate system used t o  define loads on the 
ai leron i s  i l l us t ra ted  i n  Figure 24. Again, the 
axes are f i xed  t o  the structure and rotate wi th the 

aileron. Unlike other load components, local  
ai leron loads are defined by run,..,ig shears (Vx, 

V, i n  l b / f t )  and a running hinge moment 

(% i n  f t - l b / f t )  as a function o f  the blade span, 
from the s t a r t  o f  the ai leron a t  .60R t o  the outmost 
section a t  .99R. Load/unit span rather than stress 
resultants were used, because t h i s  allowed the hinge 
locations and t h e i r  end conditions t o  be varied 
during the design without changlng the external 
loads. Furthenore, aerodynamic and i n e r t i a l  lodds 

"Y' 

design weight by using appropriate g factors. 

Operational l i m i t  loads appear i n  Figures 25 and 
26. The air loads were based on an ai leron 
def lect ion o f  -45O, which i s  greater than would be 

needed t o  stop the machine. Thus, these loads are 
solnewhat greater than would be experienced w i t h  the 
PUD-5A, which has force-l imited actuators t o  prevent 
excessive ai leron angles during c r i t i c a l  
conditions. I n  addit ion t o  the overspeed-shutdown, 
the ai lerons were also designed t o  withstand a 
130 mph hurricane wind while parked. Yi th the  
exception o f  inboard pi tching moments, the  hurricane 
condit ion i s  less c r i t i c a l .  

Fatigue loads have been defined by mean and 
al ternat ing load components. The aerodynamic man  
loads are shown i n  Figure 27. These loads were 

applied f o r  a l l  fatigue cycles, while the  
al ternat ing loads noted i n  the  f i gu re  caption were 
assigned probab i l i t y  d istr ibut ions s imi la r  t o  the 
main blade. Alternating i ne r t i a  loads (not shown) 
are on the order o f  one g, while the dominant steady 
load i s  due t o  centr i fugal force. 

Because the design f o r  the ai lerons wa% not  as 
mature as other system components, these structural  
loads were developed conservatively. This approach 
was adopted t o  ensure a safe configuration on the 
f i r s t  design i terat ion.  

Blades 
Stress resultants acting on t9e  main blade structure 
were defined a t  the interfares quoted i n  Table 8. 
These loads, which were discussed ear l ier ,  were used 
t o  size the primary structure of the  blade. I n  t h i s  
section, blade internal  and external pressure 
d is t r ibu t ions  are addressed. These produce membrane 
and p la te  bending stresses. 

The pressure loads on the blade are c losely re la ted  
t o  blade venting, because venting influences the 
internal pressure. A blade sealed against the 
atmosphere would experience excessive pressure 
loads. Therefore, a vented de;lgn was adopted. 
Inboard and outboard vents ware incorporated, 
because they minimize pressure loads and promote a 
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sanitary environment inside the blade. The t r a i l i n g  
edge section, which extends from the blade roo t  t o  
the ailerons a t  .6OR, i s  vented a t  .10R and .60R. 
The two forward c e l l s  o f  the blade cross-section are 
vented a t  .10R and the t i p  (1.OR). 

The internal  pressure i n  the cavi t ies o f  the blade 
a t  the non-dinrensiorxl spanwise station, x, i s  given 
by: 

2 
Pg = P i  - Po = qt (x2 - ; (x21 + x 2))  

he re ,  

p = a i r  density 
Vt = t i p  speed 
x1 and 9 are the non-dimensional 

pi = absolute pressure i n  the cav i ty  

po = vent pressure (taken t o  he 

pg = gage pressure wi th in the cav i ty  

spanwise locations o f  the vents 

a t  s ta t ion  x 

atmospheric ) 

The external pressures on the blade surface are 
obtained from the a i r f o i  1 pressure distr ibut ion.  
Figure 28 contains plots of a i r f o i l  pressure 
coeff ic ient  (Cp) vs the chordwise location f o r  
c r i t i c a l  operating conditions. This data ' 
furnished a t  three spanwise locations, x = -25, .55, 
and .95. Dimensional gage pressures on the exter ior  
surfaces are given by 

The external pressures were used with the previously 
defined internal pressures i n  the blade structural  
analysi;. The fol lowfng pressures fo r  the parked 
blade i n  hurricane conditions were dlso analyzed: 

internal  gage pressure = 0 
external gage pressure = 1/2 pV Cph 

Ahere: 
P = a i r  density 
V 

2 

= wind speed (130 mph) 
= 1.0 windward side (constant across 

= .40 leeward side (constant across 
s iir f ace) 

surface 1 

These values o f  Cph correspond t c  a d r i g  
coeff icient of 1.4. I n  al l  the analyses, the 
pressures defined i n  t h i s  section were m l t i p l i e d  by 
a contingency factor o f  1.15. 

Teeter Brakes 
Some form o f  teeter res t ra in t  i s  necessary t o  
prevent impact i n t o  hard stops during abnormal 
operating conditions. Conditions are par t i cu la r ly  
severe during e : - i  wind shutdowns. v i t h  a jaw 
error. Comprehensive parametric studies led t o  the 
selection o f  a two-stage, f r i c t i o n  brake system as 
protection f o r  the rotor, because i t  introduced the 
minimum load i n t o  the system. The brake schedule i s  
i l l us t ra ted  i n  Figure 29. During most o f  the 
oper tion, the teeter angle w i l l  be less than 2.5". 
and the brakes w i l l  be t o t a l l y  disengaged. I f  f o r  

any reason the teeter angle exceeds k 2.5" the 
f i r s t  set o f  brakes w i l l  engage. This brake level  
can handle a l l  but the most severe conditions. I n  
the very few instances i n  which the teeter angle 
exceeds 5". the f v l l  brake force w i l l  be applied and 
maintained and the system w i l l  be shut down. 
Transient dynamic analyses have shown tha t  t h i s  
brake system w i l l  keep operational teeter angles 
below 6". When parked, the brakes are set a t  t he i r  
highest level, t o  protect the system from 
dissymnetries i n  the oncoming wind. During startup, 
the high brake level  i s  maintained u n t i l  the ro to r  
speed rxceeas 6 rpm, then the schedule i l l us t ra ted  
i n  Figure 29 i s  adopted f o r  the remaining operation. 

The supporting structure fo r  the brake system i s  
designed t o  1.15 times the maximum brake level, o r  

2.76 X IOs f t .- lb. 

Gearbox/Dr i vetrai n 
Special considerations were necessary i n  developing 
the fat igue spectrum for the gearbox design. 
Because the gear teeth are continual ly cycl inp 
between f u l l  load and no load, the absolute value o f  
the torque governs t.ie fat igue design. Therefore, a 
probabi l i ty  d is t r ibu t ion  o f  the sum o f  mean plus 
alternating ro to r  torques was developed. This 
d is t r ibu t ion  i s  referred t o  as the gearbox torque 

duty cycle. 

The qearbox torque duty cycle i s  I l l us t ra ted  i n  
Figur,: 30. Torque levels were normalized by the 
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rated value. The curves depict the load level 
prot.abi l i ty o f  a simple taken a t  rariom during the 
30 years of operation. Because certain o f  the 

fat igue loads, such as tha t  caused by wind shear, 

reach a peak magnitude a t  a preferred rotor i z imth ,  
the  gears tha t  are always i n  contact a t  a given 
ro to r  posi t ion (upper curve) must be distinguished 
from those tha t  are not. I n  the f i r s t  case the 
design i s  driven by the most h igh ly  loaded tooth, 
whi le i n  the second case the design takes advantage 
o f  the fact tha t  load peaks are distr ibuted among 

the  many teeth. 

The operation o f  the cycloconvwter l i m i t s  the 
maximum torque during n o m 1  operation t o  less than 
1.3 times the rated value. Hence, the probab i l i t y  
d i s t r i bu t i o t x  may be truncated a t  t h i s  leve l  for the 
purposes o f  gearbox fat igue design. The gearbox can 
withstand two times the rated torque as an extreme 
overload. This torque i s  much greater than the 
maximum anticipated torque f o r  the system. 

Other dr ive t r a i n  coarpcnents, such as shafting, used 
the interface torque loads which were presented i n  
Figure 21 and Table 10. 

STATISTICAL ANALYSIS JF EASURED LOADS 

In Past NASUDOE wind turbine programs, fat igue load 
tes t  data has been reduced using a Type I 
s t a t  i s  i t  i c a l  analysis. Specif  i c a l  ly. d ig i t i zed  
w3VefOrinS are scanned and a maximum and minimum 
value are found during each ro to r  cycle. The 
maximum/minimum pairs :re then used t o  compute mean 

and alternating loads f o r  each ro to r  cycle. The 
al ternat ing loads, i n  turn, are ordered from lowest 
t o  highest, and a probabi l i ty  d is t r ibu t ion  i s  
thereby established. Since each ro to r  Cycle i S  

analjzed independently, the distr ibut ions found are 
consistent wi th the de f i n i t i on  of Type J loads given 

ear 1 i e r  . 
It i s  generally agreed tha t  a Type I ani lysis alone 
i s  insu f f i c ien t  t o  predict  fat igue damage f o r  
complex stress-st-ain time histories. Dowling 
(Reference 4) accesses various methods for counting 
fat igue cycles from irregular waveforms. He 
concludea tha t  the "rainf low" o r  closely related 
"range-pair" method provides the best estimate of 

fat igue dmrge. lm t t  ra inf low technique, the 
maximum from one ro to r  cycle may cwd ine  with the 
minimum o f  another t o  y i e l d  a fat igue Occurrence. 
The rainf low method, detai led i n  Reference 4, has 
been coded a t  General E lec t r i c  f o r  appl icat ion t o  
WTG ddta tapes. 

Figure 31 compares MOD-2 blade f l a p  bendfng data 
which has been processed by both the rainf low and 
standard Type I analysis techniques. Also shown are 
the s h i f t s  i n  mean loads assigned t o  Type I1  gust 

response. It i s  interest ing t o  note tha t  a t  the 
high probabil i t ies, the rainf low loads are 
approximately equal t o  the Type I plus Type I 1  
aaplitude*.. I n  any event, i t  i s  clear tha t  loads 

evaluation from TYPE I data alone can lead t@ 

Lnconservati ve concl us ions. Whi 1 e exist ing wind 
s ta t i s t i cs  are insu f f i c ien t  t o  enable rainf low 
counting of theoret ical ly predicted loads, the 
problem has been addressed a t  least  i n  par t  on the 
MOD-M by including Type 11, T ~ p e  IIA, and Type 111 
CyCles i n  the fati;ue design load histograms. 
Reference t o  the combined Type 1, 11, and I I A  
distr ibutions, i n  Figure 18, indicates a trend 
simi lar  t o  the  rainf low data. 

CONCLUDiNC REMARKS 

The following :cncl'Jsiolii are drawn from t h i s  work: 

1. 

2. 

3. 

Methocs fc.  the accurate predict ion of 
t .:nsient l i m i t  ;oads are i n  place. 

Test data supports the methods iised f o r  
fat igue load predict ion on the Mr,D-5A. It 
i s  important combint fat igue cycles due 
lcca l  turbulence with those due t o  ylobal 
Changes i n  mean wind speed. S ta t i s t i ca l  
techniques t o  arcomplish t h i s  have been 
presented and demonstrated i n  t h i s  paper. 
Additional recearch on local turbulence 
would be beneficial t o  increase confidence 
i n  and further quantify the model used. I n  
pa r t i  cul (ir, s i  te-to-si t e  differences, the 
spat ia l  d is t r ibu t ion  L F  turbulence, and the 
phasing of turbulence harmonics could be 
pro f i tab ly  explored. 

The rainf low method should be used t o  
analyze wind turbine fatigue loads tes t  
data, i n  favor o f  current techniques. 
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Table 4 M0O-S Wind Bin and Fatigue Cycle Summary 

Table 5 1  Ibplitude of L a r g e  Rotor Enveloping Gists 
Used for Type I1 and Limit Loads 

1U 
2 1 5  
2 1 0  
31 5 
a 0  
I 2 5  

3.co 
4 4 9  
5.67 
6.87 
8.73 

11-45 

SA1 
7.M 
8A8 

Io5 
13.4 
1 7 5  

b.?S 
7 . n  
1O.b 
12s 
lb.4 
21 .s 

Table 5b Amplitudes o f  Mean Yfnd S h i f t s  
Used for Type IIA Loads 

L U  AV - : WIF: U & ~ ~ I M  (n) FQ a ' t d  
99.n m- I 1  - tml! 4m n a  

1 I L L  I .u 2.1 a.01 4.91 

- -  

Table 6 Cri t ica l  L i m i t  Load Conditions 
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Table 7 AWITIOML TRANSIENT EVfllTS AWYZEO TABLE 8 S Y S m  INTERFACES 

__ 

T a l e  9 Typical Load Hlstogm Presmtatioa 

ROUT e r n  Cum IS O.322E 07 A V E R A a  I C A M  IS -0.172E 07 
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Table 10 Normlized Fixed System Liait Load k u r Y  

QIP 

m------- Fl 
l n t s  - 

I I 

Figure 1. G m S  Analysis clow 

fl 

Figure 3. Development o f  rean I!ind Variation 
h a e l  

Figure 3.  Developatent of Large Rotor-Enveloping 
B s t  Fbdel 

F i g r e  2.  Features o f  the TPAC Code 
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Figure 6 .  Fatigue Load Types 

Figure 7 .  Procedure for Determining L i f e  Cycle 
Fat i g e  Loads 
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Figure 22. Yaw Bearing Bending bment  and Drive 
Torque Probabi l i ty  Dist r ibut ions 
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0 .  K. Z i r r m n .  5. A. Shipley and R. 0. Mi l l e r  

Bocing Aerospace Capany 
Seattle, Lu 98124 

ABSTRACT 

The b e i n g  -ny, mder contract t o  the Electr ic 
Pouer Rescrtcl! I ns t i t u te  (EPRI), has caq le ted  a 
tes t  progtm on the 1W-2 uind turbines at b d n o e  
H i l l s ,  Washington. The objectives *re t o  update 
fatigue load spectra, discern s i t e  md s c h i n c  
differences, pasure  vortex gmerator effects and t o  
eMaluate rotat ional s a p l i n g  techniques. This parter 
shows the tes t  setup and loads instrumentation, 
loads data coqarisons ani test/analysis 
correlations. 
predictioas using both the Mu inter im turbulence 
a d e l  ana rotat ianal ly -led winds as inputs. 
l a t t e r  i s  -strated t o  have the potential t o  
i q m v e  the t a t / m a l y s i s  correlations. The paper 
concludes with a a s s e s s ~ ~ t  of the i qor tance o f  
vortex Ocnerators. s i t e  dependence. a r j  machine 
differences a! fatigue loads. The ade,uacy of 
predict ion techniques used are evaluated and 
recoaxendations are made for iaproraents t o  the 
rethodology. 

T e s t  Q t a  i s  correlated with WLOSAT 

The 

6AcKGRouIQ 

The W i n g  Cqany. under contract t o  the E lec t r i c  
Parer  Research i ns t i t u te  (EPRI), conducted a loads 
developant and rotat ional s a p l i n g  tes t  program on 
the rW-2 wind turbines located at Goodme Hil ls.  
Washington. The test period a s  fma June through 
August. 1983. These 300-foot d iYeter ,  2500 kW* 
horizontal-axis wind turbines ere developed fo r  
W/W,  began operation i n  January, 1981 and were 
integrated i n to  the Bonneville Power b i n i s t r a t i o n  
@PA) u t i l i t y  w i d  i n  June. 1982. Identical un i ts  
are ORtd and operated by the Wlreau of Reclamation 
(BuRK) i n  M i c i n e  Bar, tfycming and Pacific Gas wd 
Elec t r i c  Company (PGandEl i n  Solano County, 
Cal i forn i  a. 

Since the conpletion of (w-2 acceptance tests i n  
Ju;le. 1982. wind turbine s t a b i l i t y  and performance 
had beem improved with a m control algorithm and 
addit ion of vortex generators (K) on the rotor 
blades. L i t t i e  data on the effect of these changes 
on fatigue loads were available. R e q u i r m t s  fo r  
addit ional loads instrunentatior: were also 
recognized. The objectives of the loads developaent 
tes t  ere  t o  col lect  loads ddta QI the major 
Structural subsysteus i n  order t o  update the Hod-2 
loads data base, t o  ref ine the fatigue load spectra 
and t o  update fat igue l i f e  projections. S i te  
dependency was also investigated by conparing test  
data from the Goodnoe H i l l s  and Solan3 units. The 
’dequacy of lodds and fat igue l i f e  methodology was 
evaluated, addressing such issues as fatigue cycle 
counting nethods and load phasing. 

Previous tests also revealed that some of the 
analyt ic fatigue load prediction techniques used 
during the nod-2 design needed iaprovewent. The 
cyc l i c  loads due t o  deterministic sources such as 
wind shear, upwind tower shadow, yaw error and 
gravi ty loading were reasonably well understood dnd 
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Predicted adequately. The m s t  notable shortcoming 
was the i n a b i l i t y  t o  predict accurately the Qruaic 
response t o  turbulence and i t s  variat ions a c m s  the 
ro to r  disk. In conjunction w i t h  Pac i f i c  Northwest 
Laboratories (PW). b e i n g  also ampleted a 
rotat ional sampling test p r o g r u  funded by EPRI 
a i a  a t  irproving test lanalysis correlations. Unit 
#2 at  6oodnoe H i l l s  ms used t o  pasure  wind 
veloci t ies at several locations on the rotat ing 
rotor, These were used as input t o  a c a p r t e r  
s i u l a t i o n  at the wind turbine (DYLOSAT) t o  predict 
structural loads. A coqarat ive analysis of me 
predicted loads with actual test data was -de, t o  
develop a be t te r  understanding of wind turbulence 
and t o  assess the a b i l i t y  of OYLOSAT to  predict 
cyc l i c  loads. 

TEST a s i x 1 P T r o N  

S y s t a  Descr’ption 

A photo of the 6oodnoe H i l l s  s i t e  i s  sham i n  Figure 
I .  Lookfq  test. the Mod-2 wind turbines are 
designated ( l e f t  t o  right). Unit tl. Unit 13 and 
Unit 42. The general a r r a n m t  and 
characterist ics of the M - 2  configuration are sham 
i n  Figure 2. It i s  designed for operat im a t  s i tes 
where the annual average wind speed i s  I4 sph 
aeasured a t  30 feet (20 q h  e hub height). The wind 
twbiw generates e l e c t r i c i t y  h e n  the wind speed at 
hub height (200 feet) exceeds 14 mh. for winds 
exceeoing 27.5 rph, the system p&uces rated power 
of 2500 kU. 

Test h f  iguration 

The loads development tests -re perforred on Units 
12 and 13. Vortex generators wer+ i ns ta l led  t o  
taprove acrodynanic s t a b i l i t y  and increase 
perforsince. Unit 12 had vortex gcnerators 
ins ta l led  on the blade midsections (702 VG: 
throughout the en t i re  tes t  program. Unit t 3  started 
the test with no V6 and subsquently had VG 
ins ta l led  on the midsection (70% V6) and t i p  (1ooX 
V6). m e  vortex generators on the aidsection and 
t i p  are i i l us t ra ted  i n  Figure 3. 

The con*.ml system had been inproved considerably 
since acceptance testing, b r i n g  which the system 
occasionally exhibited dynamic i n s t a b i l i t y  &e t c  
aerodynamic nonl inear i t ies at the peak of the 
paer-bladr! angle curve. Ccntrol system 
imroveswnts were lncorporated in to  Units 12 and #3 
before the s ta r t  of loads development testing. 

Test results from Units I2 and 13 *ere compared with 
data from a previous tes t  on the PGandE machine 
(Unit EI) at Solano, California. This wind turbine 
had 702 VG and was ident ical  t o  the Goodnoe H i l l s  
unfts except for a s l ight  difference i n  m i n a l  
p i tch  schedule i n  below rated wind speed. 
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The rotat ional smpl ing  tests *ere p e r f o m  on Unit 
12 concurrent with the loads developant test. 

Test Instrumentation 

To meet the objectives of the loads tat program. 
approxiaately 53 new loads and strain channels *ere 
added. The primary new instrulentat ion included 
additional f l a p i s e  W i n g  loads i n  the rotor. 
p i tch  actuator force. nacelle pi tch a d  yaw bending. 
upper towr bending and yaw dr ive torque. 
shars the location of the c r i t i c a l  load RasureRnts 
monitored i n  t h i s  test  program. 

InstruPntat ion fo r  the rotat io; lal  s a q l i n g  tes t  
included the exist ing engineering instrumentation 
and special insttunentation (16 channels) ins ta l led  
on the rotor. The special rotor instrumentation 
included wind flow probes auunted a t  the leading 
edge of the blades at Stations 360 and 1205. and a 
d i f fe ren t ia l  pressure probe ounted  on the t r a i l i n g  
edge of me blade a t  Station il20. I n  addition. 
acceleraetcrs uere located a t  Stations 360 anG 1209 
on one blade and a temperature transducer a t  Ra t ion  
1205 on Blade 2. 

Real time evaluation of the wind s t a b i l i t y  
conditions was r d e  by PK. derived fror: an acoustic 
sounder located 3 diameters m i n d  of Unit t 2 .  
acoustic sounder provided sasuremn: of wind 
velocity Over the elevation fran 3I1. t o  2 2 b  above 
the ground a t  l(1. intervals. 

A layout of the test data center i s  shorn i n  Figure 
5. Data f ran the wind turbines under test  and 
meteorological data from the BPA and PWL towers *re 
transmitted via the exist ing in t ra -s i te  system t o  
the data center adjacent t o  hit 12. The data 
center recorded the data on analog tape and also 
transaitted the data t o  the MSA n b i l e  data system 
(nos). A d ig i t a l  data systecl (OOAS) supplied by 
Boeing provided on-site data processing capabi l i ty  
f o r  the ca l ib ra t ims and the load; developent 
tests. Data was also d ig i t i zed  at the PNL t r a i l e r  
f o r  the rotat ional saapling tests. 

Y i  na Observations 

Ear l ie r  wind turbine tes t ing  ident i f ied  the need t o  
develop a systematic scheae t o  sort loads data. 
accounting fo r  the changing wind turbulence and 
gradient Conditions observed during a test. A wind 
code defining the turbulence and wind gradient. 
s imi lar  t o  that  aaployed by PGandE for performance 
evaluation, was used t o  sort cyc l i c  loads data a t  
both the Goodnoe H i l l s  and Solano sites (Figure 6). 
Although th i s  ef for t  was not w l e t e l y  successful 
because of the distance of the met towers from the 
wind turbines. it was deaonstrated that the Solano 
s i t e  experienced high shear/low turbulence and the 
Goodnoe H i l l s  s i t e  high shear/high turbulence during 
t h e i r  test  periods. The higher turbulence levels 
appeared t o  be associated with higher cyc l i c  loads 
observed at the Goodnoe H i l l s  si te. It was also 
denonstrated that the wind conditions observed a t  
Goodnoe H i l l s  were characterist ic of both seasonal 
(sunmer) and annual conditions. The loads 
development tests and rotat ional sampling tests were 
run i n  paral le l  i n  winds of opportunitj. ranging up 
t o  38 nph a t  hub ?eight. 

Figure 4 

The 
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Loads data recorded on mgnet ic tape at the data 
center uere d ig i t i zed  and processed i n  mal ti= at 
the  OOAS. Raw data were s n i t o r e 4  i n  real tire on 
brush records. Data fo r  each lead channel mas 
col lected over h i n u t e  intervals and d ig i t i zed  a t  
10 saaples per second. This s a q l e  rate was 
suff ic ient  t o  cover responses thnwgh 4 per rev. 
which 'ncluded the fundamental frequencies of the 
tower (1.2% per rev), dr ive t r a i n  (0.45 per rev) and 
r o t o r  f l a p i s e  aode (3.72 per rev). Typical 
d ig i t i zed  data traces are shan i n  Figure 7. 

Data were reduced t o  the form of summary wind bins 
p lo ts  and tabular mtput. A to ta l  of 724 &inch 
floppy discs (5 minutes. 9 channels each) were 
obtained. Each disc contained thr d ig i t i zed  data 
fo r  the run. atmspheric tcrperature and pressure. 
wind code and processed fatigue hads corrected t o  
standard sea l e w l  conditions. 

Althoush wllary loads data i n  ram form uere 
avai lable as an output of the tes t  phase. further 
data s n i p u l z t i o n  *Is required t o  d i f fe ren t ia te  s i t e  
and machine differences. detetnine the e f fec t  of 
vortex generators and t o  assess the usefulness of 
sor t ing  by the wind code. These tasks involved 
curve f i t t i n g  scattered data, extrapolating t o  
higher winds, cross p lo t t i ng  and sorting. 

S i te  and Unit Differences 

Pretest predictions of P a n  loads with the arrent 
control  laws *ere updated using the DYLOSAT corputer 
program. Both DYLOSAT predictions and test data 
confirred that loads for Unit #5 tended to be later 
than Units 12 and 13 due t o  small p i tch  schedule 
differences. Pretest predictions of g c l i c  loads 
using DYLOSAT were not s d e  because of i n a b i l i t y  t o  
prescribe proper turbulence inputs to  the meel. 

OYLOSAT predictions generally correlated *ell with 
lean flapwise loads data. as shown i n  Figures 8 
through 17, Both predictions and tes t  data show the 
effects of p i tch  scheduling: s l i gh t l y  decreasing 
p i t c h  angle up t o  20 Irgh. constant pi tch from 20 t o  
about rph (rated wind speed), and rapidly 
increasing p i tch  angle t o  hold rated p e r  above 
27 Iph. The data scatter i s  typical  of that  
observed i n  previous tests and at least p a r t i a l l y  
due t o  p lo t t i ng  loads v e r s ~ i s  aet t w e r  wind speed, 
which I S  known t o  d i f f e r  from that at the wind 
turbine by apsroximately 2 2 nph. F l a p i s e  load 
data masured a t  the same stat ion but m wposi te 
blades were very consistent f o r  Units 12 and 13. 
Data fm Units 12  and 13 were i n  good agreerent i n  
below-rated winds. although small variations *re 
noted i n  above-rated winds. probably b e  t o  sa11  
aerodynamic differences between the rotors. Mean 
flapwise loads for Unit 1 5 ,  shown i n  Figure 10, 
tended t o  be lower than Units 12 and 13 because of 
the difference i n  pi tch schedule. 

The pi tch control actuator force ws neasured on 
Units 12and 13 but not on Unit 15. on both Units 
12 and 13 actuator force was deduced by using the 
pressure d i f fe ren t ia l  from the rod t o  the head end, 
a technique arployed during Uod-2 acceptance 
test ing. I n  addition. on Unit 13 the actuator rod 
eye Was instrumented and cal ibrated t o  read rod 
force d i rec t l y  (01L301)to verify the previous 
measiirement technique. 



T h e  man actrrator rod force f o r  Unit 13 i s  Sham i n  
Figure 13. The pretest predictions shown were based 
on very l imited tes t  data obtained &r ing  )led-2 
acceptance testing. 
obtained by the two RasureQent techniques on Unit 
13. validating the previous r t h o d .  

A caparison of test  data and DYLOSAT predictions 
f o r  rean q u i l l  shaft torque are shOm i n  Figurer 14 
and IS. These plots are equivalent t o  performance 
p lo ts  (power versus wind speed). The l a t t e r  are 
usually developed from m t h  wind data. haever. . 
minimize data scatter. Weverthless. the mi l l  shaft 
data i s  i n  f a i r  agrement w th DYLOSAT of iuict ions. 
The data suggest that h-: b2 performance i s  
s l i g h t l y  better than Unit 13. Unit 12 a p w r s  t o  . 
reach rated torque a t  W g h  and Unit 13 a t  28 aph. 

The e a n  tower bending merit data i s  copared t o  
DYLOSAT predictions i n  Figures 16 and 17. The data 
are the vector s u m  o f  bending about two hortzontal 
axes at Sta. 600. DYLWT predictions appear t o  be 
s 4 a t  Vgher than data. par t i cu la r ly  at 
near-rated wind speed. Lh i t  12data  also i S  
s l i g h t l y  hiqhkor than Unit f3. indicat ing that the 
Dean thrust a f ~ l  p r f o r m n c e  of Unit 12 should be 
higher. 

Cycl ic tlapuisr load data for Unit f 2  and 13 with 
70% W; *re very s ia i lar .  Curve f i t s  t o  the cyc l i c  
loads data at Sta. 370 on Unit 12 are shown in  
Figure 18. The curve f i t s  are based m trends 
predicted by the DYLOSAT program. using the NASA 
inter im turbu?ence adel as input, a p l i t u d e  
adjusted t o  fit the meas-red data. 

Cycl ic load data for Unit 15-s a r v e  f i t t e d  i n  a 
s i d l a r  aanner. The R a n  cyc l i c  f laprise load data 
f o r  Units 12, 13 and 15 are conpared i n  Figures 19. 
There i s  good agreement between the recent data fo r  
Units 12 and 13 and acceptance tes t  data. The 
differences are aainly C e  t o  the type of curve f i t 
w l o y e d .  k i n g  acceptance tes t ing  a power law f i t  
w i th  *ind s p e d  as assuaed; for the loads 
devel-nt tes t  the curve f i t s  were based on 
DYLOSAT trends. There i s  a clear difference in  
cyc l i c  loads between bodnoe H i l l s  and Solano. 
Solano cycl ic loads #re approximately 20 percent 
lower at a l l  wind speeds. 

Twer  cycl ic loads at Sta. 600 are coqared i n  
Figure 20. The recently neasured tower cycl ic loads 
on b i t s  12 and 13 are higher than acceptance test. 
Recent control system changes aay have resulted i n  
control system response =re closely coupled t o  the 
tower mxk. which would increase the tower respmse. 
Unit 15 cyc l i c  tower loads are approximtely 20 
percent lower than Units 12 aed J3. m s t  l i k e l y  due 
t o  the lower turbulence at the Solano site. 

The cycl ic teeter angles C r i n g  cperation for a l l  
un i ts  are corpared i n  Figure 21. The teeter data 
was similar t o  acceptance test  data indicating 
70 percent VG have not adversely affected teeter 
response. The expected high teeter response for 
Unit 15  due t o  severe wind gradient characterist ic 
of the Solano s i t e  did not materialize. Severe 
gradients occasionally did occur during the test  
period a t  Solano, but did not af fect  the teeter 
resDonse s ta t i s t i cs .  

Very good correlat ion was 

Vortex Generator Effects 

The ef fect  o f  V6 was evaluated by comparing wan and 
cyc l i c  load data an hit 13 f o r  three Y6 
configurations. Data analysis concentrattd on 
determining variations i n  m o r  f lapuise loads md 
dr ive t r a i n  loads. S ta t i s t i ca l  analysis of the N n  
and cyc l i c  data fo r  k i n u t e  i n t r n a l s  was pcrforrrd 
on s i t e  a t  the 006 .  To determine the effect of V6 
on prfotnance c r e  accurately. lG minute averages 
i n  smooth r i n d  conditions ere l a te r  processed i n  
Seattle. 

Curve f i t s  t o  the R u n  flapwise loads data at S t r .  
370 are coqtared i n  Figure 22. Unit 13 with OI V6 
was unrble t o  achieve rated po#r below 34 rph. 
This resulted in  a continued increase of flapuise 
arsrent with wind speed because the blade could not 
unload t o  spi l l  power. With the addition of 70 
percent VS, however. hit I 3  reached rated panr at 
a lower wind speed. I n  above-rated rinds, the man 
f l a p i s e  loads Qcreased as the col lect ive pitch 
increased s icp i f i can t ly  to s p i l l  pouer. For 
below-rated wind, a s l i gh t  incnase i n  rean f lapr ise  
loads was noted for  7 a  v6 -red to 0 V6. A 
small increase was also noted i n  m n  load bet- 
7OZ and loDI v6- 

Unlike the man loads. the cyc l i c  loads data for 
both 5 and 10 minute data saq les  fa i l ed  to reveal 
any s t a t i s t i c a l l y  s igni f icant difference i n  cyc l i c  
loads f o r  d i f ferent VG configurations. 

Iq roved perfomance with vortex generators i s  
discussed i n  P!ference 1. A typical  perfornance 
p lo t  i s  i l l us t ra ted  i n  Figure 23. 

Caparison of Fatigue Counting nethods 

Exist ing fat igre cycle counting procedures include 
the lethod used on nod-2, N W  wind bins based on !p 
saql ing.  rainflow. and others. The W - 2 e t h o d  
was selected for coapat ib i l i t y  wi th the fatigue l i f s  
methodology being followed. As part of loads 
methodology assesr.ent, the ?bd-2 fat igue Counting 
aethod using the OOAS was coapared with a rainflow 
procedure using the Datarprte 400. n i s  device i s  a 
so l i d  state, software control led  histogram 
processor/recorder used for f i e l d  recording of 
analog data (one channel a t  a time). A mjor 
advantaw of the Datamyte 400 i s  i t s  a b i l i t y  t o  
process and store large quanti t ies o f  data spanning 
aonths of testing. 

The Hod-2 fatigue cycle counting a t h o d  Qteraines 
the major cycl ic load excursions about a wan load, 
ignoring minor reversals and a prescribed dead band 
(Figure 24). It i s  believed that addition of these 
loads t o  long period load cycles C e  t o  a varying 
mean wind and startup/shutdom load cyc!es f a i r l y  
represents the fatigue load damage potential. 

The Datamyte rainf low algorithm has the potential t o  
produce superior fatique l i f e  estimates and s t i l l  i s  
coapatible with current fat igue l i f e  ethodology. 
The rainflow algorithm i s  a range-pair rethod but 
counts only those cycles which coaplete a hyteresis 
loop, as shown i n  Figure 25. 
histogram format of cycl ic data which can be 
correlated with cumlat ive probabi l i ty  and 
exceedance distr ibut ions produced By Current 
methods. 

It produces a 
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The cuaulative d is t r ibu t ion  of the f lapr ise  cyc l i c  
load at Sta. 370 over a 5 minute interval  i s  shown 
i n  Figure 26. The 50 percenti le level by the nod-2 
me '-0d i s  consirtent wi th the Oataqfte rainflow 
algorithm, krt the 0.999 percenti le level i s  lomr. 
The m s t  notable difference i n  the hrrl c thods  i s  
the shape of the cunulative distr ibutions. The 
Dataqte 400 resul ts are c lear ly m-buss ian .  Th is  
trend persists fo r  20 minute data ranples as w e l l .  

The corparison of the two methods o f  counting load 
cycles i s  presented i n  a form =re useful for 
fat igue l i f e  analysis i n  Figure 27. This p lo t  shows 
the nulber of exceedances o f  a certain load level 
and re f lec ts  not only the difference in  the 
d is t r ibu t ion  htt also the dif ference in  the t o t a l  
nuder  of fat igue cycles counted. Although there i s  
generally gpod a g m t ,  the t a i l s  of the 
distr ibut ions are di f ferent,  suggesting the preSent 
method i s  m a t  unconservative for low 
probabi l i t ies of Occurrence. 

ROTATIONAL SAnPLIffi TEST/AMLYSIS CCRREU.TIOW 

The rotat ional  wind - l ing tes t  was conducted &y 
k i n g  and directed by PNL with the objective of 
developing an i q roved  wind m i e l .  Following the 
test. PK reduced and analyzed the wind data 
(Reference 2); PM results *ere used i n  the k i n g  
analysis. The wind mdel  i s  required as input i n to  
the improved theoretical aeroelastic co lp l te r  
program (OYLOST) that Boeing has developed f o r  
calculat ing dynadc loads on the wind turbine. fhiS 
study assessed the su i tab i l i t y  of the wind m i e l  and 
the DYLOSAT program t o  predict dynamic loads by 
coraparing analysis wi th loads aeasured i n  the 
rotat ional  wind s a q l i n g  test. 

Analytic Pkthods 

The analyt ic Qde l  of the wind turbine system 
consists o f  a r e t r i x  o f  second order nan-linear 
d i f f e ren t i a l  equations of the form 

where the forcing function F ( t )  i s  derived fm 
theoretical aerodynamics and a wind description. A 
computer code (DYLOSAT) was developed t o  calculate 
the aerodynamic forcing function from a description 
o f  the wind. t o  fornulate load equations and t o  
solve the equations of a t i o n  and load equations. A 
sketch of the OYLOSAT mde l  i s  sham i n  Figure 28. 

Equation (1) can be solved i n  e i ther  the t i m e  or 
the frequency dorains. 
the aerodynamic d e l  i s  based on a s t r i p  mentum 
rotor analysis develaped on a f i n i t e  nuaber o f  
spamise segments. Finer sep;lents are used near the 
t i p  t o  increase rumr i ca l  accuracy because the 
aerodynamic forces (result ing i n  rotor Iodds and hub 
torque) are concentrated towards the t ip.  

Calculating the aerodynamic forces on each segment 
requires def in i t ion of the wind turbulence a t  each 
se-nt. Much of t h i s  study was devoted t o  
assessing two wind turbulence nodels (the MSA 
inter im turbulence nodel and the rotat ional ly 
sanpled wind turbulence nndel) and two solut ion 
methods (frequenc; response analysis and t i m e  
history analysis). 

For both of these solutions, 

a j  The M S A  Interim Turbulence W e 1  

The WMA inter im turbulence -1 i s  based on wind 
data col lected by PNL st Clayton, llcw nCxiC0 from a 
vertica! plane array of - ten  on several 
meteorological towers. The MSA Lewis Research 
Center used the wind turbulence s p e c t r u m  from t h i s  
data t o  develop a non-dimsional  curve as a 
function of rotor speed harmnics (Figure 29). Using 
t h i s  non-diamsional curve with the c q i r i c a l  
equations shom blow. the ms turbulence wind 
velocity a p l i t u d e  can be calculated at specified 
steady state wind velocit ies and rotor speed 
harmnics. 

where 
V(.75r&) = wind speed at  751 ro to r  radius r 

Vo = V(o,*) =wind speed a t  hub height 
$i - $ fo r  blade 1. + s f o r  blade 2 
6Vs = Vo [l + -35  r/ho)a -(1 -.75 rho)*] 
a = .35 [I -.55 l og  (Vo)]/[l -.l9 l og  (ho/lO)] 
ho = hub elevation 
n = h a m i c m t a b e r  

and rotor a z i u t h  e 

fhe cyc l i c  wind velocity i s  assumed t o  vary l inear ly  
wi th rotor radius from zero a t  the hub to a e x i u m  
a t  the t ip .  F m r  a large a w n t  of Nod-2 wind 
turbine tes t  data, using a = .24 fo r  a l l  wind speeds 
produced the best data fit. Consequently, t h i s  value 
o f  a was used f o r  t h i s  study. U t i? i z ing  randam 
harrrmic analysis techniques, the wind i s  assumed t o  
act sinusoidally m the blade a t  each h a m n i c  
frequency as shown conceptually i n  F i e r e  30. The 
sinusaidal wind turbulmce i s  assuaed t o  be 
c o q l e t e l y  in-phase Over the t o ta l  blade. For the 
two blades, the sinusoidal wind turbulence i s  
assuaed in-phase on each fo r  the even harmonics and 
180" art-of-phase f o r  the odd h a m i c s .  These ms 
turbulence wind velocity ap l i t udes  e r e  used i n  
calculat ing the turbulence induced aerodynamics of 
the forcing function. 

b )  Rotational ly *led Uind Turbulence )we1 

The wind velocity was masured dynamically at four 
blade locations, Stations 360 and 1206, on both 
blade 1 and 2 as shown conceptually i n  Figure 31. 
Yind spectra as a function o f  m t o r  spf!ed harmonics 
were calculated by P N  frol tire seprents of the 
wind data collected a t  each of the reasureaent 
stations. This yielded the ns wind turbulence 
velocity aaplitude spectra a t  four stat ions on the 
rotor. I n  addition. cross spectra hotween 
measurement stations of the wind d i .  we- 
calculated t o  y ie ld  the phase relati?.lship between 
the spectra as a function of rotor sb?ed harmonics. 

The rotat ional ly sallpled wind turbulence a e l  has 
i n  concept refined the WA inter im turbulence mde l  
from one wind turbulence SpectrJa used 'x. both 
blades t o  four wind turbulence spectra ar the rotor 
and the phase angle relationship between each 
spectra. The velocity implitude and phase 
relat ionship at any other stat ion on the ro to r  i s  
assumed from l inear interpolat ion or extrapolation 
o f  the spectra data on each blade. 
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c) Frequency Response Analysis 

Frequency w i n  analysis of the equations of m t i o n  
i s  similar t o  the power spectral density technique 
tha t  u t i l i zes  random harmonic analysis. The 
equations are solved for steady state solutions from 
a series of sinusoidal forcing functions Of Y, Y + 
A@, e + &I, etc.. with magnitude equal t o  the 
square root of the forcing function spectrum a t  the 
respective frequencies. Bezause the equations are 
nonlinear, classical laethods of solving for the 
par t i cu la r  solut ion of the second order d i f fe ren t ia l  
equations could not be used. The rethod used was t o  
solve the equations is a t i m e  history solut ion with 
a sinusoidal forcing function o f  the correct 
magnitude and frequency. From the tie history 
solution, the steady state cyc l i c  a q l i t u d e  fo r  the 
corresponding forcing function frequency i s  d ta ined  
arid protiuces are solut ion point for that  frequency. 
Solutions over the frequency range of interest  for 
the wind turbine c o q r i s e  the frequency doaain 
analysis. I n  the case o f  the load equations. the 
lose output spectrum i s  also obtaired by th is  r t h o d  
and the rms loads are obtained by integrating the 
load output spectra. Because. the loads on a wind 
turbine are pr imari ly caused a t  harrmics of the 
ro to r  Speed. the equations o f  m t i o n  and load 
equations were only solved a t  the hamn ics  
i lP+ 9). 

d) Time Hrstory Analysis 

The t i m e  histo:y analysis involver nuerica: 
integration of Equation (1) with the ac t i c i  wind 
wicd turtulence tie histor ies used ds input f o r  the 
forcing function. Loads and responses as a function 
of tie are obtained as part of the solution. A 
spectral anelysis of the resu!tinq time hister ies 
uas used for determining the frequency and aaplitude 
content oc the load. The response time histor ies 
were also colpared to  tes t  data. 

Results and Discussion 

The data col lect ion and data reduction o f  the 
rotat ional ly -led mod data was performed by PNL 
and reported i n  Reference 2. F m  the large 
quanti ty of test  data recorGed, PNL reduced four 
cases of data segpeots o f  p p r o x i m t e l y  eight 
minutes each frola which three cases were chosen fo r  
use i n  this analysis. The three cases analyzed are 
Shawn i n  Tabie 1. 

a) Rotationally Sacpled Wind 

The rota;ionally sampled wind turbulence spectra for  
case 1 (a Kypical case). fo r  the four blade test 
locations. are shorn i n  Figure 32. The rotat ional ly 
sanpling wind instrcmentation neasured wind 
f l x t u a t i m s  frcm twc sources. the turbulence i n  the 
Wind (including variations due t o  the blade ratat ing 
tt'rough the  turbulent eddies 1, and the variations 
due t o  the blade rotat ing through wind shear. 
This i a t te r  source shows up i n  spectral p lots 
pr imari ly ut the ID harmonic o f  the rotor rotat ional  
speed. Examining the spectrum i n  Figure 32 shows 
that the mPnitude at 1P i s  s igni f icant ly larger 
than the higher harmonia. Since the instruments a t  
stat ions 1205 rotate through a larger ratige of wind 
shear tnan those at stations 360, it would be 
expected that the trend o f  the turbalence spectrum 
being highest at the f f r s t  hanmnic compared t o  the 
higher harnonics m u l d  k m r e  pronounced fo r  

stations 1205 than 360. but th i s  was not observed. 
The ins t ruen ts  on both blades follow the same track 
so there i s  good agreement betwcen the two b l a h s  as 
sham i n  Figure 32. 

Thc coherence of two signals i s  a pod indication of 
the usefulness of the cross spect rum for use i n  a 
frequency domain analysis. A low coherence indicates 
that the bru signals are uncorrelated and although a 
cross spectrum and a phase angle relat ionship a n  be 
cai:ulated. the resul ts have l i t t l e  significance. 
Figure 33 presents the coherence of the signals C t  
the four tes t  stat ions refennced t o  the signal from 
the instrulents on blade 2 a t  stat ion 1205. From 
Figure 33 it i s  apparent that  the signals are 
uncorrelated for m s t  harmnics. The coherence of 
the f i r s t  h a m i c  i s  high probably because of the 
velocity f luctuations from ro ta t ing  through the 
shear layers. which should produce highly correlated 
signals. I f  the velocity f luctuations from rotat ing 
t h m @  shear *ere removed from the signals, the 
coherence fcr jus t  the turbulence signals would mst 
l i k e l y  be very low a t  a l l  harmnics. 

The la coherence indicates that the correlat ion 
between signals i s  poor and the calculated phase 
angles betmen stat ions and as a function of 
harmonics are not valid. Unfortunately. the phase 
angle relat ionship between wind spectra i s  i .portant 
f o r  frequency domain analyses and greatly affects 
the load calculations. 

b! Frequency Donain Loads Analysis 

Bending llDment loads were calculated a t  rotor 
stat ion 370 and 1164 by DYLOSAT with the W 
i n te r im turbulence PDdel and the ratationall:' 
sanpied turbulence wind -1; resul ts #re orpared 
t o  experiaentally measured loads fo r  the three 
cases. Because the phase angles from the 
ro ta t iona l l y  -led wind were aeaningless. only the 
wind spectra were used as input t o  DYLOSAT. The 
p.iase angle relat ionship of the wind on each blade 
a ' between blades was assuned t o  be the s a e  as for 
the 4F' i n t e r i a  turbulence wind. That is. the wind 
was inq..iase a t  a l l  points an a blade and was in -  
phase betueen blades fo r  the even harnonics and l8ff 
out-of-phase between blades fo r  the odd harmonics. 
Figure 34 presents the bending aments to r  case 1. 

The to ta l  bending mment i s  also shown i n  t h i s  
figure. The to ta l  load i s  calculated as the root- 
sum-square of the f i r s t  through f i f t h  harmonics. It 
i s  apparent that  the rotat ional ly sanpled wind d e l  
produces results considerably higher than the N W  
i c te r im turbulence mde l  or test-resul ts.  These 
loads c a ~  be at t r ibuted to  the lack of a phase ang 
relat ionship between the wind neazurement stations 
and that a worst case phase angle relat ionship was 
assumed fo r  the even harmonics fm which m s t  of 
the load i s  associated. 

The NASA inter im turbulence mdel produces results 
that  arb closer to  tes t  i n  some cases and not as 
close i n  others, compared t o  the ro ta t iona l l y  
sanpled wind. There appears to  be no consistency 
t h e  results; using e i ther  wind twbulence mdel fo r  
calculat ing absolute loads fo r  deslgn purposes would 
be risky. The lack o f  phase angle relationships 
between the wind spectra precludes using these 
technique$ for calculat ing absoiute loads. Their 
use can Only be j u s t i f i e d  when determining trends i n  
the loads. 
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c )  Time History Loads Analysis 

The t i m e  history analysis of DYLOSAT t o  calculate 
structural  loads i s  the m s t  direct  approach i n  the 
use of DYLOSAT. The ro ta t iona l l y  saapled wind i s  
d i rec t l y  input i n t o  the aonputer program t o  force 
the wind turbine d e l  at the appropriate tes t  
locations on the rotor. The tile history bending 
moment loads from DYL0Ul.T can be d i rec t l y  coqared 
t o  the bending aaonmnt loads recorded during testing. 
Figures 35 through 37 shows a twenty second segment 
f o r  Case 1 o f  the bending moment tes t  resul ts and 
the predictions for rotor stat ions 370 and 1164 and 
tower stat ion 600. Caparing the tes t  and analysis 
resul ts shows a de f i n i t e  correlat ion between the 
t i m e  history signals. Althaugh the signals do not 
match identical ly. the characterist ics are similar. 

Caparisons of the spectral conteit  of the tile 
h is to ry  analyses and data are s h m  i n  Figures 38 
and 39. From these figures, the frequency content 
o f  the analysis and tes t  agrees very well  for the 
ro to r  up t o  the first blade bending frequency of 
approximately 1.2 tlz. For frequencies above 1.2 Hz, 
the agreerPent deteriorates because the theoretical 
RDdel of the rotor has only one asymetr ic aDde 
above 1.2 Hz. The q l i t u d e s  of the spectra frm 
the analysis tend t o  be higher throughout the 
spectra. This can be at t r ibuted t o  the lack of 
su f f i c ien t  rotat ional ly -led wind time series t o  
define the wind turbulence adequately over the 
rotor. With only two t es t  locations on each blade, 
the theoretical -1 required a l inear  
interpolat ion and extrapolation of the wind ti- 
history signals t o  define the wind over the entire 
blade. This e f fec t i ve ly  deFines the wind as being 
highly correlated between the test data and the 
interpolated data which m i l d  produce Pigher load 
predictions. 

CONCLUSIONS AND RECOmENDATIONS 

The loads developlnent test  program was considered 
successful when neasured against the primary program 
objective. A s igni f icant improvement i n  the nod-2 
fat igue loads data base was accomplished, providing 
m r e  accurate Mod-2 fat igue l i f e  es:imates than 
previously available. Although the f u l l  matrix of 
wind gust and gradient conditions could not be 
completed. tCe data obtained was shown t o  be typical  
o f  the 6oodnoe H i l l s  si te. Data gathered during the 
t e s t  qrogram was adequate for the purpose o f  
evalc-Ling s i t e  and machine differences and the 
J f fec t  of VG on loads and performance. 

The m s t  important output of the tes t  program was 
refinement of the fatigue load spectra conpared t o  
acceptance tes t  results. &an nads data were shown 
t o  be i n  good agreement with pred,ctions. val idating 
use of the DYLOSAT computer program fo r  t h i s  
purpose - Cyclic load distr ibut ions *;e refined 
based on the additional load channels monitored i n  
t h i s  program. improved cal ibrat ion and data 
procesring methods. 

Test data provided insight in to  machine and s i t e  
differences and the ef fect  of VG on loads and 
performance. L i t t l e  difference i n  loads was noted 
between simi lar  machines a t  the same site. 
Variations i n  turbulence levels and wind graL. -nt 
were found t o  be m r e  relevant. 
between Solano and Goodnoe H i l l s  were fcund t o  
d i f f e r  by approximately 20%, attr ibutable t o  the 

Cyclic load levels 

dif ference i n  turbulence levels. The addit ion of YG 
was demonstrated t o  improve performance, increase 
*an loads fo r  below-rated wind speeds, decrease 
mean loads fo r  above-rated wind speeds, but have 
l i t t l e  ef fect  on cyc l i c  loads. 

The analysis explored several loads wthodology 
concerns including fat igue cycle counting methods, 
lsad/strain correlat ion and load phasing. The 
Datallyte 400 (rainflow) algorithm was shorn t o  be 
more severe than present apthods. which may af fect  
fat igue l i f e  estimates. On the other hand, 
load/strain correlat ions indicate that  loads/stress 
methodology was otherwise very conservative. 

Although the loads developllent tests at mny 
program objectives, the data review and ethodology 
assessnent revealed several deficiencies. Sane of 
these deficiencies my be overcome s i r p l y  by 
extension of the tes t ing  program t o  longer periods 
o f  tile. Others were -re fundamntal i n  na+ure. 
suggesting a need t o  m d i f y  present mthods or t o  
adopt new approaches yet t o  be defined. 
part icular, sort ing of cyc l i c  loads data by a 
s i r p l i f i e d  wind gradient/turbulence code needs t o  be 
developed. To reduce data scatter. improved methods 
o f  averaging data such as disc averaging need t o  be 
developed. Various fat igue cycle W n t i n g  a thods  
should be evaluated over the short and long tern. 

The rotat ional sanpling tes t  results showed that 
mch work remains t o  develop an acceptable wind 
turbulence e e l .  Based on the cross spectral 
analyses and low coherence between the wind ti- 
series. there i s  nuch less correlat ion i n  the wind 
between spatial locations than that used i n  the NASA 
i n te r im turbulence mde l  and the simi lar  approach 
taken when using the mta t i ona l l y  saflpled wind data. 
The turbulence of interest  appears smaller i n  length 
than the distance between measurenents. giving very 
l i t t l e  spatial correlation. U t i l i z i n g  ro ta t iona l l y  
salapled wind turbulence spectra i s  d i f f i c u l t  because 
o f  t h i s  low coherence. 

Using the t i a m  series of the ro ta t iona l l y  sapled 
wind d i rec t l y  with DYLOSAT shows mre pra ise .  
Correlation of the spectral analysis of the tile 
series fm test  and DYLOSAT was f a i r  and could be 
much iaproved with m r e  closely spaced tes t  stations 
o r  a better interpolat ion scheme. Only a better 
defined wind mde l  i s  required u n t i l  design cyc l i c  
loads can be predicted analyt ical ly wi th confidence. 
The wind mdel rust  be able t o  define turbulence 011 
the rotor with the observed spectra characterist ics 
and low coherence. 
de f i n i t i on  should be derivable from apteorological 
tower data using only a few aeasuren ts  locations. 
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Figure 3. Vortex Generator I n s t a l l a t i o n  
0n lbd-2 Blade 

Figure 4. C r i t i c a l  Load Measurements 

Figure 5. I a v w t  of Test Data Center 
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Figure 7. Typical Data Traces 
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Figure 24. M - 2  Fatigue Load Cycle Counting 
Procedure 

Figure 25. Rainflow Fatigue Load Cycle Counting 
Procedure 
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Figure 26. Cumulative D is t r i bu t i on  of Cycl ic 
Flapwise Moment at Sta. 370 for 
Datawte and Present Method (5 min. sample) 

Figure 27. Exceedance Plot  o f  Cycl ic Flapwise 
Moment a t  Sta. 370 
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Figure 28. DYLOSAT Model of a Two-Bladed 
Wind Turbine 
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Figure 39, Spectral Analysis of Bending mt T i e  
T i m  His'lory a t  Rubr Station 1164 

Table 1 
Rotationally *led Wind Test Conditions 
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%e integratian of ney e m q y  technologies into elec- 
tric parer systems mires mzthals rrbim r e s  the 
fu l l  range of dynaic errents in  both the IPV gemrating 
mit  ad t!! m. Sirre ney erryqy 
nolagies are init ially peroeied as sail cmtributon 
to large system, little at ts l t ioa is generally m d  m 
system integra'ian, i.e. dymmic eueGts in the p m x  
m a r e  i-ed. As a result, mast new- 
s ~ ~ c e s a c e  only capable of basehad  operattar, 
i.e. timy have IIO load follaving or cyclw capability- 
W i d  mines are ID excepticn. Qeater wfeneps of 
this implicit (and oftar liutatim is 
needed. Amlysis are which include 
vgy lau penetratioa (infinite buo) as vel1 as very 
high perrtratioa istaad-alme) m i a s .  - 
BLecnic parer s y n s ~  are tbe largest reslily avail+ 
b l e m r t e t  for aeu ~DLQY stnues. In- -an 
with ut i l i ty  pap - is -ally a prvisite 
for -ic use. %e beehaical issaes of in- 
tion can be viamd i n  d i f€gea t  ways. For the purposes 
of this caper the tw extrsle vierswil l  becalled 
9- 

uufoe to an electric pmez is analogars to am- 
necting an applianoe to au outlet. If the appliance is 
q z i b l e  vith the voltage aad frepmacy present a t  
the outlet an3 i f  tk current dramdoes not emxed ttze 
ra t iq  of the wires the outlet, inter- 
tim is znrxlesshrl. 'Ibis view is the one mst l i m y  
takeadxm small soumes are QIlloecbed to large 
systes. It is tbe classic 1w penetratiar 
perspa-tive. -licit i n  this p e r q e t i v e  is the as- 
q t i m  that the pmer s-tea is an kense, static 
reservoir of emrgy, demid of ay dymmics. 

Integzating a oew pow s~ucoe into an electric parer 
systm is a very differeat activity. A t y p i a 1  sa+ 
nario which requires integration ratber than caneceim 
is an isolated 5 tW diesel pouer plant to which 2 rW of 
wind ttxbines are addsl. tbzh a p l a t  nrsy sapply parer 
to an island, with loads Varying bemeen 3 fS3 during 
the day am3 1.5 W during the night. Integratia. is 
necessary wknever the pcmx system is f in i te  with r e  
spec= t o  the oew some, i.e. it is irbxently as- 
sociated w i t h  high penetration. 

This paper exaaines analysis methods used for wind tur- 
bine intezcamection studies to determine vhy the can- 
nection viewpoint has -ally been taken, and &it 
the have hen. It is shown that this  
viewpoint has mt only pzewailed i n  wind turbines ht 
i n  m y  0'- nev energy tedwlogies as ell. 

'on' aad 'integratiar', - -nga-parer  

material is organized in s i x  parts: 

o Part 1 is a revio.1 of the relevant 
features of parer systen controls 
and dynaniol 

0 

.O 

0 

0 

0 

1. 

P a r t 2  di- the rcrwant 
&mractexistics of wind trnbiaar 

part3 & f k  replirarnts for 
integratian of DRI energy - 

f m t  us recall t !  &aracteristics of parer systems that 
are relerrant t o  integratiaa of ae, pae r  socares: 

eprilibriu of -atia; ad M 

s V s t p l f ~ e g u e r ~  oniy r d n s  a t  
t h e d m l  d u e  8s long as 
gsaeratiar ad load are equal. 
Loadis D D ~  cmtrollad by tbe 
ut i l i ty -  by its-s. If 
loadexoeeds generati-, system 
freqmncy and w a t a r  w i l l  
decreae becase kilretic energy is 
drarrr. from the rotating inertias t o  
make up the generatiar deficiency. 

Rim3ZyCIL -!oDnuol  

Individual ator amtrol- 
lers ( g o v y n o ~ ,  respond t o  the 
*easein spes;l and e t n m r e  
sterrm or water to their respective 
turbines. mis is the in i t ia l  

a distur-. I t  takes plaee a t  
each-ine, which hasanact ive 
speed controller. speed 
controllers have proportional char- 
acteristics, i.e. euery. new q u i -  
libriun teetween generaam and load 
isassociated with a IEW systan 
frequtncy. Tbe~ use of proportiara1 
speed controllers with the m 
regulatian (droop) fmm zero to 
rated losd permits sharing of load 
i n  proportion w i t h  generator 
capabi 3 ties. 

(w-1 K- Of the SySbea t0 
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0 s a c o n a a t v ~ s u s t Q ) ~ ~  

A a o t h e r o o n t r o l f u r t i m i s  nede3 
torebun sysixm frequmcytotbc 
desi- valrp. &ad frequenq ux+ 
trol is a f\aaim vi& tlav 
integral characteristics. It apu- 
ates by m l y  raising the @ 
setpointsof paaicipating gener- 
at-. In .ddi t ian to lcnd fre- 

execcisedat the e level 2s 
also respasible for -c dis- 
pa- e -it d l i f P O l l t .  
w c  diqtatch gives the - 
withthe laverr i-tal cost 

ilrraent. [Init a;.pim 
demsmhsa r e l i a b l e a a d p r a r r l c  

pedictd W. 

qraryamtrol. sgmdary -1 

pe€eremce to s q p l y  ttre mt I d  

gBleratian mix €OK fubue. 

o cplla~~eard~piraiagpcagoe 

Within a 24 W period the  minim^ 
load ic an electric utility systm 
is typically 40 to 70% of tbe mxi- 
-level- meseoDnaary(systaz) 
o~ntrol~curtianr &tic31 establish 

-&reliable 
u s e o f s y s ~ ~ ~ ~ e -  
forechange Qeaeratioo mix  and 
generation lerrels daily, both i n  a 
peedictiweardandafkive mmmer. 

-irradat the syste cuntml 
leuelmast a l sopmvideasui tab le  

generation for amtingencies. 
Le. there ust be -tozs 
operate below ratai pouec, ready to 
iaaeasetbeir gmeration vhen c 
srdden gerreratim deficiency 
OQN~S. ~ s p i m h q r e s e m e  ust 
be distributed to a sufficient - 
ber of Qeneratiiq wits so that  the 
aggrw- speed of of 
W a t i n g  wits is fas t  emugh to 
an~ert a -decay. it 
shouldbe -bed thar PDSt large 
m.hnbiaes  have rates of re- 
spome of o d y  1 t o  28 of rating 
permimte due to large t h e d  
timeaxstants of taxbiaes a d  
steam generators. 

nledispatdr of system K e Q w I C e s  

reserve of spiming. n-liae 

2. ~ ~ s r I c s < w ~ ~ m E s  

There are f ive  pemliarities uhich characterize w i d  
turbines frcm Me viewpoint of systm igtegratioli: 

0 N o n s t e a d y ~ s o u r a e  

'Ihebarlduidth of input enugy 
flrrtuatiom rarrges frm rmrly 
zero toabout 1 m. lhis c a w  
mqut fluctrYItions reflecting both 
the input spectrun and drive train 
tocsional modes excited by the mn- 
*Sady energy lrplt. 

3. ~ ~ p o R m s w l ~ I o s l  

Rarp the description of 
can draw tu0 conclusiars: 

ctmcactafistics we 

0 bkwpGlersapceosbGlldbeasLeto 
follcv in lo&. in 
generationdue to load foll&ng 
mastbe a3saciatedwithchangesin 
freguency. coad followirrg mil- 
itybhouldkdisgezsed thraqhout 
thesystep to bchievean-te 
ra teof  r-. D i s p e r s a l  is 
alsodesirable so that parts of a 
systaacan rwrvive as electrical 
islands after a systae breakup. 

New parer ~QUIO~B Shxlld be able to 
operate at  different levels of 
generation in  respmse to ccmaxds 

o 



f m a  systm dispntcti umatr. 
a particular gmerating 

l n i t w i l l b e r r s e d f o r ~ l o &  or 
cycliugduty &pads on the m 
saure m i x  of t3e particular 
systm. Sinr, differmt systsas 
hiwediff-t - mixes, a 

for hase-lud in ollc systm ard for 
cycling in e sycrt& Any in- 
tm?rartrestrictiaap a particulat 
wera t ion  irqasco 
o~erati4 f lenbi l i ty  should be 
built into the ut i l i ty  dispmtch 
strategy.rnt iplerartea in the 
amtml  desi- of geremting miti. 

pm5mlaK lx!dmolq may b used 

he phezmma j u s t  described have strongly infltxnced 
wind panr deueloppent. Preoccupation wth process r e  
quirerents and low peoetcatioii senarms tms led to 
many w i n d  tcmine desi- without load followiry or cy- 
cling aqability. I t  may be argwd t M t  contrary t o  
stean plants w i t h  supercritical Md nuclear stem gen- 
erators w i r d  W i l l  almys oe a low pene+zation 

TkfollGling thme illustrate nw tnese 
have i n f l m  bind W r r e  aaalysis d the 

resulting w i n d  turbioe control a& q u i p m t  &sign. 

4. T m l m L ~ O p A ~ ~ ~  

me d for anal~icrg in- '00 isaps typically 
arisesat a time &ea t h e m m i t o e l f  s m t  
fully and the associated equipmt is rmder 
dapsloIpnt, i.e. rrbea malytical are pceoc 
c r p i d u i t h p m c e s s a n d e q u ~ t  i-. Sirme the 
pmes is rm. a lau pcnetratim -io is almys 
enoisimed at tbe outset PI. I t  is not surprising 
ttntthe in- v i q i n t  taLen a t  this tke 
i s t b a t o f r r r r p r r l  'a, not integratiao. m a y ,  
this is also tfm -at uhichdecisiars mst be 
abautamtrol  of the pooess. In this-, the 
aperating &arac&ristics of I L ~ Y  uti l i ty  panr sources 
are ofben establisbFdbefore a q  tbaqht has bEerr given 
to systm integratim. % r d t  of tbis are 8oufc~s 
ai- suitable for baseload cperatian. maples other 
tlmviaaaresteamplmts with-tkaoqh -ga+ 
erzltDn ( m i t i o a l )  a d  plants w i a  d e a r  
reactors p]- it is interesting to note that in both 
of the latter cases prooess a n t m l u a s  not cirarged 
&mtheoriginaXpcaisecef lou pmetratiot was no 
1- valid. 

Two other factors m y  -awate this -tic f l#  in 
our rethod for develqping mzu energor tedmlogies. The 
f i r s t  is t k  ever -c jwif icat ioc.  
pmearents of new te&mlogxs obviously assme base- 
loadduty for their ecuxmic calculations because it 
minimi- tk irrpact of fixed costs. I t  may vgy vel1 
be that after a 1- paess of ecomnic justification, 
organizations find it intolerable to  --la& 
trol systms nhi& would allow a ney source t o  do ary- 
tbing but mimiae energy output. may feel that 
any other moQ of operation vould invalidate their ecc- 
mic jrrrtification. second factor is the recgltly 
enacted Law. 1-t panr producers selliog 
p~ler  to  ut i l i t ies  mt to  maximize revenue and are 
only interested in contributing to ths base-load cam- 
pamnt of the util i ty load. Wacturers  producing 
equipent for sale to inaependent power praiuoers w i l l  

H b m  wind turbine controls are find little deaad for feaa-es rpcrgsary for system 
integration. analyad in a sirmlation anviron- 

ment which does not allou freplency 
variatiom, primary speed control 
of individual gener-tors with 
?roportiaMl controllers and secon- 
d a r y  refer- adjustment w i t h  
integral controllers nrakes very 
1it:lc sense. In such an environ- 
ment w O D V 1 ~  method for coI1- 
trolling a variable pitch wind 
turbine is to adjust blade angle to 
maintain constant power. %is 
methcd provides the neaeosaty 

0 hrrbinecontml 

o m i n q  of Tcusionml nodes 

A- rtw for represmting 
the electric uti l i ty  systa in  w i n d  
turbiae analysis is tne m-called 
infinite bus. a infinite bus is 
-llyequivalent magenex- 
atot with iafinitely laxge rotati- 
invtia ad infinitely m a l l  
electrical res- , Le. fre- 
~ u a r y  and voltage of tbe uti l i ty  
tieare always ~~lsbmt. T h i s  is 
lw penetration in its pneot fom, 
the u t i l i ty  systm is aluays at 

If torsional oscillatiam of viad 
hrrbinedrivetrairrs are ex- 
w i t h  a simulation - that r e p  
resents the uti l i ty  with an 
infinite hmi, it is faauj tht the 
best place to intrd- aapias of 
thcpc-t torsional mde is 
at the turbiae. The mde shape re- 
veals that tbe t a r s i d  4 i t a 8 3 e  
ism& h i g b e r a t t k n n b i n e t b a n  
at  the generator. This  is caused 
by high qstm iaertia and lau tor- 
sional stiffmss betueen turbine 
aodaerrpratar. This  type of analy- 
sis had led to damp@ by PPdulat- 
ing blade -le. It bas been sham 
[3] tbat the mode shape of the 
d a r i n a n t m i c a l  mde chaages 
with penetration. If wind turoines 
damirate system i w t i a ,  as be 
the case in d l  isolated susteps, 

shif ts  fra, the turbines to the 
genexators. T%e effectimmess of 
wing by blade angk mx-t 
decmass. This ~ e l a t i a s h i p  b 
t u e n  torsional W i r q  and 
penetration is not recogr.ized when 
electrical system repzesentatiim is 
based on an infi.rite kb. 

state. 

thepedaninm torsiam1 e o n  
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torque C * t l  and imxirairza enargy 
capture. *is is &at mst w i n d  
turbinekiqnmshiwe dme. 
result is u resouIce suiLWxle o n l y  
fir basebad d lw pamraticm. 

o Variable speea W i n d  Rubinea 

I n t h e l a s t  tuo years there has 
bcea llplccl in te res t  i n  variable 
speed. constant f r T q  w i d  
turbioe generators. Ttxs e m  of 
wind turbine uses fipsuarv 
-to cbmgevariablefre- 
qusq to constant frfquemy alter- 
mtingccaent. Rep;reocy co- 
w are difficult to qply in 
high pmetfatiaa m i a s  because 

refer- and they aqy distort -. A d e s i w o f  sucb a 

viadtmbineustbeabk?to€ollor 
loai w i t h  changes in garrratru fre- 
quesqinozderto participate in 
p z k y  cmtrol. m e  is a sirple 
tat u!lieh -Imines Ubther 1 
variablespeed WiDd turbine w i t h  
f n q u e n c y m m e r t e s c a n b e i *  
tegrate3 innto a parer system. If 
i t c a n  fmction as as- - for a miable load, it can 
be integrated. 'Ihe validity of 
this test is not limited to vari- 
ablespeed uird turbines. It-. 
&*lied to any aew energy 
technolagy. It i s e a J l r t o s e e *  
t h i s  test is valid. The historical 
basis of uti l i ty  is inter- 
CDIyleCtion of a u t O a r a r r r s , ~ -  
aimesources. fntemmwxuonm- 
prows edm~ly and reliability, b u t  
i s  not a pcsrequisite for 
opkrahon. A somu? oepable of 
s+Ma-dlone operatio3 in a variable 
load SySteD has a l l  the attributes 
mozisaq for system integratian. 

they msy Deerl frewe=y axi voltage 

systerm to recfJ@ae tbatetre 

6. C U W ! f A S I ~ W D ~ T I o l r L s  

Watcoaclusions ...I one draw afftersurveyingpocar 
system integration of ney technologies i n  general and 
of w i d  turbirrs i n  particular? 

The f i r s t  comltisim awld have to be that any claims 
about srPcessful integration of uind turbines s h u l d  be 
verym3est. Connection vjuld be a mre appropriate 
ten. Our analysis ~~=thals and our mtrol cissign nave 
larg&y ignored dynamics inherent in the paes systen. 
I n  most achul installations t'lc Wlicit tssmption of 
low paretratim has fortunateLy been justified. The 
second rorclv;.;on is that the sane situation exists in 
almost a11 other new energy technologies. It exists i n  
nuclear steap plants, spercritical stean plants 
there aze signs that it may happen i n  photcrvol%uc 
pouer sou1(380. me pnrticular scientific and ergineer- 
ing CsmMlity always considers its *yechnology to  be the 
star of tile show and assums v ' r t imt  exaniqation that 
other tprhnologies can play srpporting roles as needed 
[2]. "his satwhat parochial view is one of the main 
mcses of a strucwral flaw i n  our method cif organizing 
energy dewlopent efforts. 

- -- 
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CWTROL SYSTEM DESIGN FOR THE m-5A 
7.3 W WIND TURBINE GEN€?ATOR 

Rcbert S. Barton. Theodore J. rksp. George P. khanzenbach 

6meral Electric Caapany. AEPD 
King o f  Prussia, Pa., 1?4M 

OOE/IIAsA Horizontal-Axis Yind Turbine Tecnnology 
Yorkshop, May 6-10. 1W. Cleveland, Ohio. 

ASTRACT 

This paper provides descriptions o f  the requir-ts, 
analysis. bardvue development and software dtvclop- 
meat phases of the Control Systcp design f o r  the 
nOD-5A 7.3 I1y Yind Turbine Generator. The systa,  
designed by h e a l  Electric Company, Advanced Energy 
P q r a n s  Oepartwnt. under contract D E W  3-153 with 
NASA L w i s  Research Center urd OOE. provides real 
t f ae  regulation of rotor speed by control o f  both 
generator torque and rotor torque. A variable swed 
generator system i s  used t o  proride both airgap 
torque control and reactive parcr control. Tbe r i nd  
rotor i s  designed with scpmted ailerons uhic'r are 
positioned t o  control blade torque. The central 
component o f  the control system. selected early i n  
the design process, i s  a progransable conf.roller used 
tor sequencing, alarm amitoring, caaunication. and 
rea l  t ime  conrrol. Develcqment o f  rquirenents fo r  
use o f  aileron controlled blades and a variable speed 
generator reqr;ired an analytical simulation that 
cod!ned drivetrain, tower and blade elast ic lpodes 
with wind distrubances and control behavior. An 
orderly two phase plan *as used f o r  controllsr 
software developent. A mictcrcaputer based turbine 
simulator was used t o  fac i l i t a te  hardware and 
software integration and test. 

I#TROlM;TION 

The llOD-5A Wind Turbine Generator d e s i p  program was 
started i n  July, 1980. After conceptual design and 
preliminary design pnascs were coqleced. the mw)-5A 
configuration uas rated a t  7300 Kil  and featured a 
synchronous generator and two-speed rotor operation 
through a shiftable gearbox. 

Nhen f i n a l  design and procurgent started. i t  was 
found desirable t o  mtniaize the gearbox coaplexity 
and t o  provide a drivetrain back-torque during 
controlled shutdams. The l a t t e r  reduced cycl ic 
loads that were design drivers fo r  the aerodynaic 
par t ia l  span control. A variable speed generator 
subsystem was selected t o  m e t  these needs. The 
par t ia l  span control was subsequently replaced with 
an aileron Control, and the variable speed generator 
subsystem provides a startup assist by motoring the 
rotor. 

The HGD-SA design was performed under Contract OEb! 
3-153 fo r  NASA L w i s  Research Center and I N E  by 
6ener -1 Electric Company, Advanced Energy P r o g r w  
Department. 

WD-5A SYSTEM 

The MKb5A model 305.2 system, operating parameters 
and features are shown i n  Figure 1. Control logic i s  
provided by a progrmmable controller located i n  the 
nacelle. Operator control terminals are located a t  
ground level i n  a separate building and remotely a t  a 
u t i l i t y  dispatch site. Automatic control o f  the 
-5A operation pmvides f o r  high avai lab i l i ty  and 
good energy capture i n  the NASA design wind regime 
and other wind regimes. 

R€QUIREUEWTS 

The control system o f  the IUN)-SA was required by the 
design statcaent o f  work to: 

o provide automatic unattended fai?safe 

o provide ground level manual control f o r  

o 
o provide ra jo te dispatcher m i t o r i n g  and 

Internal requirements were also established. 
Experience with WO-1 indicated c r i t i c a l  control 
multiplexing thrwgh sliprings should be avoided. A 
purchased controller w i t h  sensor and control 
interface software and hardware was desirable for 
i n i t i a l  units t o  petmit concentration on the 
application process control software. 

DEVELO-NT PLAN 

operation o f  tRe w i n d  turbine 

checkout an6 maintenance 
provide power qual i ty acceptable t o  a u t i l i t y  

control 

The developrent and conficuration control planning 
established (1 two phase software development. During 
the f i r s t  phase, a target controller hardware. a 
software development unit, and a uind turbine 
simulator were used t o  design. develop, code, debug, 
integrate. and checkout a f u l l  controller software 
package. This i n i t i a l  package was based on 
pre:iminary :ssued control system require¶rients. I n  
paral le l  with the f i r s t  phase development. control 
system analysis and wind turbine hardware design 
act iv i t ies  were ongoing. Design change requirements 
were accumulated, But not Implemented during the 
f i r s t  phase o f  software developcent. 

The second phase o f  control system developrent 
i .Icorporated the f i n a l  control system requirements 
in to  hardware and software. A large portion o f  the 
f i r s t  phase software was included and streamlined as 
a result o f  development experience. As major  changes 
occurred i n  the MOD-SA configuration pr ior  t o  the 
f i na l  requirements, t h i s  two phase plan worked well. 
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CONTROL PLAN 

The system control plan f o r  the MOD-SA model 3G4.2 i s  
shown i n  Figure 2. This emphasizes the ro to r  and 
dr ive t ra in  control functions. Active control 
functions and c r i t i c a l  sensors are shown i n  Table 1. 
Speed i s  the primary control led parameter, using both 
ai lerons t o  control wind torque a t  the ro to r  and a 
cycloconverter i n  the variable speed generator 
subsystem t o  control generator airgap torque. The 
u t i l i t y  reactive power or voltage i s  also control led 
by the cycloconverter. 

AILERON CONTROL 

Ai leron control o f  ro to r  torque was introduced t o  
MID-SA i n  mid-1983 w i th  model 304-2. A 40% chord, 
401c span p la in  ai leron arrangement i s  used. Control 
properties were developed from wind tunnel t es t  
data. Three mechanically independent ai leron 
sections, each driven by a hydraulic actuator, are 
used on each blade. An emergency accumulator i s  
mounted with each actuator. Posit ion servo loop 
electronics and valving, posit ion sensing, and a 
latch are b u i l t  i n t o  each actuator. The main 
hydraulic supply i s  mounted on the ro to r  support yoke 
with blade isolat ion check valves. The control ler  
sends posit ion collsands t o  ai leron pairs, such as 
both t i p  sections, and caapares feedback positions 
signals t o  detect servo errors. A ro to r  stopping 
brake a t  the yoke i s  used t o  reach a f u l l  stop as the 
ailWOnS are not predicted t o  completely h a l t  the 
rotor. 

The ro to r  operating map i s  shown i n  Figure 3. These 
Characteristics are included i n  the simulation mde l  
which i s  described later. Aileron control i s  used 
above 3 rpa t o  control ro to r  speed unt i l  the 
generator i s  synchronized. Generator airgap torque 
control  holds system speed f o r  wind speeds less than 
rating, including an automatic speed change frm low 
range t o  high range. For wind speeds above rating, 
the  ai leron control holds ro to r  torque a t  the rated 
leva1 o f  3.38 m i l l i o n  foot-pounds. 

GENERATOR CONTROL 

The MOD-SA variable speed generator susbsystem i s  a 
Scherbiustat type dr ive comprised o f  a wound ro to r  o r  
doubly fed induction trachine and a ro to r  c i r c u i t  
cqrloconverter. The speed-power envelope f o r  the 
subsystem i s  shown i n  Figure 4. The ro to r  c i r c u i t  i s  
rated a t  1500 KVA, 20% o f  the t o t a l  power rating. 
This permits generating operation o f  the wind ro to r  
frm below 12 rpn t o  about 17.5 rpm. The generator 
has 6 pole construction wi th a 60 Hz synchroneous 
speed o f  1200 rpm. 

The cycloconverter ccntrol  l e r  responds to  torque and 
reactive poker reference signals. It provides 
quadrature control o f  thy r is te r  f i r i n g  t o  maintain 
both generator power angle and exci tat ion level. 
Feedback signals are supplied from generator speed, 
bus voltage. bus current, and stator current. The 
wind turbine speed control ler drives the torque 
reference i n  proportion t o  speed error, as shown i n  
Figure 4. This provides a speed-torque 
characterist ic similar t o  a 3.5% s l i p  machine, which 
damps the dr ivetrain osci l latory modes. 

The s m a  control ler  reference i s  slowly aoved 
automatically between the high and l o w  speed ranges, 
depending on average p e r  output. This keeps the 
wind ro to r  i n  an e f f i c ien t  t i p  speed range, as 
i l l us t ra ted  i n  Figure 3. The steady ai leron posi t ion 
and output power versus wind speed are shown i n  
Figure 5. 

PFPFORHANCE SIHULATION 

An analyt ical  rodel  o f  the CIOD-SA d r ive t ra in  control 
and tower bending modes i s  shown i n  Figure 6. This 
i s  a ouch simpler model than the dynamics nodel used 
t o  predict system f-equencies and loads. The 
controls d e l  includes a two i n e r t i a  d r ive t ra in  and 
Plodels the f i r s t  blade f lap e las t i c  inode and the 
tower bending -de. 

The bending modes are excited by ro to r  th rus t  changes 
ar is ing from wind disturbances and ai leron control 
action. As the MOD-SA ai leron control  i s  not used t o  
provide dr ive t ra in  dmping. the poss ib i l i t y  o f  
interact ion wi th the tauer bending mode was 
minimized, bu t  the degree o f  freedm was retained i n  
the  model. The dr ive t ra in  and tower bending code 
dimping coeff ic ients are m a l 1  and these modes w i l l  
osc i l l a te  i f  excited. 

ROTOR SPEED CONTROL LOOP 

A l inearized ro to r  speed control loop i n  2 transform 
notation i s  shown i n  Figure 7 f o r  a 40 mph operatin 
condition. The block diagram indicates the d i g i t a l  
and analog parts o f  the loop. El-nts t o  the l e f t  
o f  the ver t i ca l  dashed l i n e  are carr ied out i n  the 
wind turbine control ler, which has a cycle tine o f  
0.1 seconds. The control algorithm has an integral 
gain o f  5'/sec/rpm and a proportional gain o f  
3Oo/rpm. implemented d ig i t a l l y .  A deadband o f  2 0.07 
rpm i s  used with the proportional gain t c  avoid 
steady osc i l l a t i on  from wind turbulence. The overal l  
gain i s  varied u i t h  ai leron posi t ion t o  keep loop 
gain constant. D ig i t a l  c lmps are provided t o  
prevent integrator wind-up and t o  l i m i t  the ai leron 
posi t ion Comand, but are not Shown i n  the diagrm. 

The ai leron servo-actuator response i s  represented as 
a 5 r&/sec. f i r s t  order characteristic. Rate l i m i t s  
are used i n  the time domain representation. 
Mechanical elements include the slope o f  the 
aerodynamic torque vs. a i leron posi t ion curve, cystem 
inert ia.  and a complex pole-zero from the generator 
i ne r t i a  outside the control loop. This i s  an 
o f f - l i n e  model and does not include the airgap torque 
control loop, which looks l i k e  a viscous damper. 

Speed feedback design used a d i g i t a l  sensor that  
counts toothed wheel magnetic pickup pulses over 0.05 
seconds and per iodical ly updates the value sent t o  
the control ler. The control ler 's analog t o  d i g i t a l  
conversion time and memory update t ime  are also 
included i n  the loop mdel. 

The Bode p l o t  i n  Figure 7 shws both the ideal analog 
model characterist!cs and the addit ional phase s h i f t  
introduced by the d i g i t a l  time delays. A bandwidth 
of 1 rad/sec. i s  used f o r  the ro to r  control loop. 
The 58" phase margin and 16 d8 gain narpin indica' ! 
the gain could be raised lodB i f  necessary. Minimum 
requirements are 30' phase margin and 6 JB galn 
margin. 
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GENERATOR SPEED CONTROL LOOP 

The gmerator l inearized speed control loop 
characterist ics are sham i n  Figure 8. This loop has 
a bandwidth o f  17 rad/sec., which i s  too fas t  f o r  
ilaplenentation wi th in the control ler  0.1 second cycle 
time without unacceptable phase sh i f t .  The error 
suaain junction and torque reference are provided by 
an analog c i r c u i t  which obtains i t s  speed reference 
frm the control ler. Operation o f  the cycloconvertrr 
and the generator ro to r  e lec t r i ca l  dynwics i s  
modeled as an 80 rad/sec. f i r s t  order characteristic. 

Ample gain and phase margins are evident i n  the Bode 
plot .  Interaction wi th the ro tc r  speed control loop 
i s  negl igible wi th the large bandwidth difference. 
The closed loop characterist ics o f  the generator 
speed c-ntrol  loop are mechanically s imi lar  t o  a high 
s l i p  induction generator. By changing the 
proportional gain tern, the effect ive s l i p  i s  
changed, wi th in l im i t s  imposed by the mechanical 
frequencies o f  the wind turbine structure. 

m e  cycloconverter torque reference signal i s  scaled 
from 40% o f  rated t o q u e  i n  a motoring direct ion t o  
120% o f  rated torque i n  a generating direction. Yhen 
the  ai leron control i s  operating t o  maintain steady 
state rated torque, the damping e f fec t  o f  the 
generator speed-torque Slope i s  active. Y i th  the 
scaling, maximum transient torque i s  l im i ted  t o  120% 
o f  ra t ing  on an infrequent basis. 

A more colrplex generator and cycloconverter model was 
also prepared as generally described i n  Reference 2. 
This model includes the electr'cal dynaraics o f  the 
generator and the quadrature control ler  and i s  used 
t o  deternine voltage and reactive power, as well  as 
rea l  power conditions. It w i l l  not be further 
described i n  t h i s  paper. 

TIME W W A I N  SIMULATION RESULTS 

The controls analysis simulation nodel was used t o  
exanine transient response o f  the R b 5 A  wind 
turbine. Response t o  a 5 mph wind step i s  
i l l us t ra ted  i n  Figure 9. Yind steps are not rea l  
phenanenon, but a step Input excites a l l  response 
aodes and provides insight i n to  response 
characteristics. The 1f  ht ly  damped tower bending 
d e  i s  seen i n  Figure 8 ,  set c. Clamping of the 
generator airgap torque i s  seec i n  set b. Yhen the 
torque i s  clamped, the damping provided by the 
generator control i s  no longer present and the torque 
discontinuity s l i g h t l y  excites a generator i ne r t i a  
osci l lat ion.  Note tha t  the ai leron response t o  the 
ro to r  speed control ler, shown i n  Figure 9, i n  set d, 
i s  not noticeable u n t i l  1.5 seconds a f te r  the Step. 
The proportional control deadband l i m i t  was reached 
a t  t h i s  point and the proportional gain path becme 
active. 

The response t o  a sinusoidal wind gust i s  shown i n  
Figure 10. A f u l l y  innersed ro to r  model i s  used. 
The 9 mph, 12 second gust i s  a f a r  more severe event 
than found i n  nature. I n i t i a l  transient response i s  
similar t o  that  observed fo r  the wind step, but there 
i s  an undershoot when the distrubance returns t o  the 
or ig ina l  steady wind value. The speed swing i s  more 
severe than occurred with the wind Step. 

Note i n  Figure 10, set b, that  t o t a l  output power 
follows the spwd osc i l la t ion  as generator ro to r  
powcr varies wi th speed. Stator power represents 
airgap torque and i s  c lawed f o r  the i f i f t i a l  port ion 
o f  the response. 

Ai leron response i s  outside the proportional deadband 
from 4 t o  11 seconds and from 12 t o  13 seconds, as 
Shown i n  set  d o f  Figure 10. The slower acting 
integral ai leron control returns the system t o  
i n i t i a l  conditions i n  less than 60 seconds. 

A more r e a l i s t i c  steady wind i s  i l l us t ra ted  i n  Figure 
11. The NASA inter im turbulence de f in i t ion  produces 
signi f icant exci tat ion a t  even w l t i p l e s  o f  the ro to r  
speed. The sinusoidal gust noted i n  Figure 10 i s  
also applied i n  Figure 11. A twice per revolut ion 
forced response i s  observed i n  a l l  but the f ina l  
a i leron posit ion and ra te  traces. This i l l us t ra tes  
the beneficial effect o f  the ai leron proportional 
deadband. Yithout the deadband, the ai leron control  
would respond t o  the speed osc i l la t ion  and cause 
unacceptable wear and maintenance. The deadband 
value would be f i e l d  adjustable t o  match s i t e  
turbulence characteristics. 

A steady dr ive t ra in  and output power osc i l la t ion  o f  
about 10% peak t o  peak resul ts from the turbulence 
d e l .  Fatigue design o f  the dr ivetrain includes 
t h i s  and larger wind induced stress ranges. I f  
necessary, the generator control ler  torque-speed 
slope could be f i e l d  adjusted t o  reduce t h i s  
amp1 i tude. 

Finally, a loss of load transient fran a rated wind 
condition o f  32 mph i s  i l l us t ra ted  i n  Figure 12. The 
generator airgap torque drops t o  zero and the 
generator iner*.ia osci l lates i n  a l i g h t l y  daaped 
manner around the ro to r  inert ia.  Rotor speed 
increases enough t o  dr ive the ai leron actuators a t  
t h e i r  So/second l i m i t  f o r  almost 7 seconds, as shown 
i n  Figure 12, set d. Maximum ro tor  speed i s  about 
18.25 rpm. Software and fa i l sa fe  hardware overspeed 
t r i p  points were defined above t h i s  transient 
overspeed t o  3 0 i d  nuisance shutdowns t o  lockout 
which would require a s j t e  maintenance v is i t .  

The transient response analyses also included down 
gusts, as well  as up gusts and examined a l l  wind 
speed conditions. Time delay effects and control ler  
gains were defined on the basis o f  these analyses. 

CONTROL SYSTEM ARRANGEMENT 

A s impl i f ied block diagram o f  the HOD-SA control 
system i s  shown i n  Figure 13. The number of connand 
and sensor signals that each l i n e  represents i s  
noted. An 3' indicates a d i g i t a l  ser ia l  data 
signal. Over 70% o f  the signals t o  the control ler  
are from the nacelle and ro to r  which i s  why the main 
control ler  cabinet i s  located i n  the nacelle. The 
three ser ia l  data l i nks  are not time- c r i t i c a l  t o  
wind turbine control. 

The emergency shirtdown panel i s  a relay locric c i r c u i t  
that  provides deadman type i n i t i a t i o n  a f  a i leron 
control led shutdown i f  the main control ler  o r  
c r i t i c a l  backup sensors indicate a failure. Thls 
panel also causes a shutdown i f  control power i s  lost. 
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A fu r ther  backup emergency shutdown (IIESD) c i r c u i t  t o  
detect overspeed i s  mounted on the rotor. Each blade 
has an acceleration o r  g-switch tha t  i s  oriented 
r a d i a l l y  t o  respond t o  speed. The switch c i r c u i t  i s  
independent o f  the emergency shutdown panel. A l l  
aerodynamic control functions are tested automati- 
c a l l y  before every WD-SA startup. The ai leron servo 
actuators are used t o  move the control surfaces and 
each emergency shutdown c i r c u i t  i s  operated t o  assure 
re tu rn  t o  f u l l  a i leron deployment. A t e s t  c i r c u i t  i s  
incluoed i n  the g-switches t o  check both minimum and 
maximum t r i p  levels on each startup. 

Ground control equipment i s  housed i n  the e lec t r i ca l  
epu ipent  bu i ld ing  shown i n  Figure 14. The variable 
speed generator subsystem cycloconverter and 
iso la t ion  transforaer are shom a t  the r ight ,  wi th 
the 4160 v o l t  switchgear. Auxi l iary power 
d is t r ibu t ion  and control connection cabinets are t o  
the l e f t .  Batteries are mounted i n  a separate, 
vented area. A small o f f i c e  area contains the system 
d isp ly  panel , s i t e  operator terminal, and engineering 
data equipment. 

The system di-olay panel i s  shom i n  Figure 15. It 
provides a panic button and master key control panel 
a t  the upper l e f t .  Two closed c i r c u i t  video monitors 
are included i n  the f i r s t  u n i t  desigri. One camera 
Observes the  i n t e r i o r  o f  the nacel le and the other 
views the rotor. The r i g h t  panel provides :%itch 
control led d i g i t a l  meters fo r .  quick observation of 
operating conditions and e lec t r l ca l  status. 

The main control ler  equipment shown I n  Figure 16 i s  
mounted i n  a double bay cabinet i n  the nacelle. An 
a i r  t o  a i r  heat exchanger cools the cabinet without a 
refr igerant cycle f o r  higher avai labi l i ty .  The 
cabinet a i r  i s  in te rna l l y  circulated, but i s  not 
connected t o  outside air .  I n  addit ion t o  the 
control ler  equipwnt and interface modules. sensor 
condit ioning c i r c u i t s  are i r ,stal led i n  the controls 
equipment cabinet. 

CONTROLLER DEVELOPMENT 

Control ler hardware and software development followed 
the two phase plan noted i n  a p r i o r  paragraph. The 
plan permitted accwnodation o f  the major changes 
tha t  occurred when the varlable speed generator and 
ailerons were introduced in to  the system design. 

Equipment selection was made ear ly and a target 
control ler  hardware assembly was procured for 
development use. Control ler requirements are shown 
i n  Table 2. A single board computer system meets 
most of the requirements, but  would have required 
laore integration e f f o r t  than planned. A hfgh-end 
programable control ler, the Eagle Signal Eptak 700, 
was selected. It has ml i l t ip le coding langudge 
capabi l i ty  and a proven indus t r ia l  r e l i a b i l i t y  
record. i l i t h  the tremendous growth i n  m;crocomputer 
based equipment. more equipment choice . are now 
available than when the MD-5A equipment selection 
was made. An updated selection was not made for the 
f i r s t  few un i ts  because o f  the software developmnt 
i nvestritent. 

A wind turbine sirnulator was developed uslng another 
programable control ler, the Analog Devices MACSYM 2 
and a cus tm analog board. The simulator provided 
sensor inputs and simulated operation o f  the MOD-SA 

1 

t o  the control ler. I t  was valuable i n  debugging and 
test ing the integrated cont ro l le r  Software. 

Control ler development milestones are shown i n  Table 
3. A f u l l y  integrated software package was completed 
and i s  ready f o r  w i n d  turbine hardware integratlon. 

Software modes are shown i n  Figure 17. Vendor A. 

software provides rea l  world signal interfacing with 
control ler  memory, rea l  time clock values, and the  
master operating system. Application software is  
used t o  i n i t i a l i z e  outputs and variables on a cold 
start ,  execute on a 0.1 second rea l  time basis and 
properly sequence through the main program modules. 

The main program modules are as follows: 
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Input Signal nanager (ISM) 
Data Processing 
W e  Logic 
Data Archive 
Power Generation 
Manual 
Conmtunication - Refnote Terminal - S i te  Terminal - Control Data System (COS) 
Startup 
Raap 
Yaw 
A1 a m  
Nomal/Emergency Shutdown 
Rotor Hydraulic P u p  M u l e  
Output Signal Management (OW) 
Hemory Test (background) 

The data processing d u k  conmutes averages, adds 
signal biases, and packs data. IbdP l o g i c  
establishes f lags f o r  the executive t o  mi ne 
which other laodules t o  run. The man. raodule 
provides individual camand Outputs, wi th overal l  
checking, i n  response t o  s i t e  terminal inputs. 

Data archive uses over hal f  o f  the random access 
memory ( R M )  t o  store both a moving window o f  sensor 
data p r io r  t o  a shutdown event. and also a windou 
af ter  the event. Lockout events require personnel a t  
the  s i t e  t o  comaand a res ta r t  and the res ta r t  
software requires an archive dump. The archive data 
w i l l  assist  i n  trouble shooting and maintenance. A 
memory tes t  nodule operates i n  whatever ti= i s  no t  
being used f o r  control functions and s q u c n t l a l l y  
checks RAM. 

OPERATOR X NTERFACE 

Both the s i t e  and remote standard operator devices 
are 300 baud p r in t i ng  terminals. They provlde a log 
o f  operation on event, dunand, o r  time. A smple  
output i s  show i n  Figure 18. Alarm outputs are 
noted when states change and comnand inputs are time 
tagged. The cont ro l le r  does not r e l y  on a 
continuously act ive terminal, but  may be modified t o  
require this. I f  the terminal i s  shut o f f .  the log  
data i s  sent out by the control ler, but w i l l  be lost .  

I n  place o f  the standard phone l i n e  remote terminal 
se r ia l  l ink,  a para l le l  control  and data Interface 
may be used a t  the H00-5A s i te .  A para l le l  interface 
was planned f o r  the Hawriian E lec t r i c  Company, 
(HECO), wi th an operator interface through the HECO 
dispatch computer using microwave transmlssion o f  
data through a HECO muitiplexor. 



DEVELOPMENT RESULTS 

Conbroller software was successfully integrated and 
checked out using the development control ler  and 
s imla tor .  A t iming check o f  the worst condition was 
made. It took 89 msec. t o  execute w i th in  the desired 
100 msec. executive t ime  cycle. The control 
subsystem speci f icat ion requires less than 200 msec. 
so ample margin i s  evident. A n o m 1  cycle takes 83 
msec., o f  which 10 msec. i s  from the controls data 
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system, which i s  not permanently instal led. 

Application memory was planned a t  20K bytes of 1. 
Progranmable read only memory (PROM) and 20K bytes o f  
W. Actual usage was 17.7K PROM and 17.3K RAM. 14K 
o f  the RAM usage i s  f o r  archive data storage. 
Adequate margin ex is ts  for changes during hardware 

Simulator outputs are shown ii Figures 19, 20 a.rd 
21. A normal startup and power generation In an 
increasing C"id i s  shown i n  Figure 19. There are 
three a i l e rc ;  movements o f  about 39' a t  symbol A 
during the startup check sequence followed by a 
motion t o  the startup angle. The ro to r  Is motored t o  
par t  speed, then the ailerons are active a t  6 30 
control the ro to r  speed which follows an increasing 
reference. Synchronization and power generation 
occurs a t  C and the ailerons continue t o  the i r  
aligned posit ion f o r  maximum torque. 

After the lower speed range i s  reached a t  D, wind 
speed steps were added a t  E. which f i r s t  ra ise  output 
power, then enter act ive ai leron control a t  F. The 
poder average causes automatic t rans i t ion  t o  the 
higher speed rmge  a t  6. Continued wind steps above 
ra t i ng  a t  H i l l u s t r a t e  ai leron control response. 
Random wind speed f luctuat ions are simulated and the 
power response is, therefore, osc i l la to ry  over a 
small range. 

The yaw dr ive control sequences the push-puil 
hydraulic actuator and gripper dr ive system. A 
ratchet action occurs i f  there i s  a large yaw error 
as a f u l l  actuator stroke i s  only 10'. Response t o  
large i n i t i a l  errors i n  both direct ions i s  shown i n  
Figure 20. As the dr ive moves, the error i s  
reduced. Motion bccurs a t  0.5O0/second and the 
average continuous dr ive ra te  i s  j u s t  below 
0.2 S'/second. 

Final ly, a yaw correction and a t rans i t ion  from 
elec t r i ca l  t o  aerodynamic torque control are 
i l l us t ra ted  i n  Figure 21. Random fluctuations !n 
wind direct ion and speed are simulated. 

CONCLUSIONS 

The MOD-5A system and the control subsystem W i l l  
provide we1 l behaved performance i n  f 1UCtUatfng 
winds. Analytical models are available f o r  S i t e  
speci f ic  performance analysis. 

Software integration was completed successfully w i th  
the development control ler  and simulator. Timing and 
memory goals were met. The two phase development 
plan successfully accolanodated major configuration 
changes. 

The control subsystem nas defined i n  de ta i l  with 
drawlrgs and specif icat ions and the software i s  ready 
f o r  hardware integration. 

integration and f i e l d  checkout. 2. 
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Table 1- Active Control Functions 

ROTOR - 
AILERONS - UBLADE, POSITION CONTROL 
SPEED - REGULATED V'ITH AILERONS 
TEETER BRAKES - TWO LEVEL CONTROL, AlARMS 
STOPPING BRAKES - 0FFK)N CONTROL 
ROTOR HYDRAULICS - OFFIW AL4RMS 
G-SW ITCH - BACKUP 0VERS.XED SENSOR, TEST 

NACELLE AND YAW 

EMERGENCY SHUTDOWN PANEL - CONTROLLED 3ACKUP 
A R B O X  LUBE - ORION, ALARMS 
GENERATOR LUBE - OFFION, ALARMS 
/AW HYDRAULiCS - OFFION, ALAP"'S 
ROTOR POSlTlONER - OFFlON 
YAW DR IVE - SEQUENCED OFFION CONTROL, ALARMS 
GENERATOR SPEED - REGULATED WITH CGNVERTER 

GROUND AND ELECTfi ICAL 

CYCLOCONVERTER - TORQUE CONTROL, VARNOLT CONTROL 
SW ITCHGfAR - TR IPICLOSE CmTROL, ALARMS 
lNTRI!S loFl ALARM 
LOCAL OPERATOR CONTROL - ENABLE, SETPOINTS, DATA 
REMOTE OPERATOR CONTROL - ENABLE, SETPOINTS, DATA 

Table 2- rmtroller Hardware Requirements 

INPUT SIGNAL 

OUTPUT SIGNAL - 6ANALOG - 26 MSCRETE (3N20A) 

SERIAL COMMUNICATIONS - (2)20mA 300BAUD 
(1) 20 mA 1200 BAUD - 

CAPACITY M K  - 2 W  USER PROQRAM - 20KRAM 
OK ECL 3 & 3;id 

l6K UO 

LANGUAGE t ASSEMWY 
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M 1  

YULT 1- SECTION 
AllERON CONTROL 

OPERATIONAL CHARACTERISTICS 

7- KW AT 0.- RATEO w w E a  

P wn AT z n  FT RATE0 WIND SPEED 

CUT-INICUT-OUT WINO SPEm 

YAXlUJll WIND SPEEO ISURVIVAL) 

W E R  CONTROL MULTI-S€CTION A'LERONS 

ROTOR RPY-SEf SPEEo 

IWCI YPH A T  250 FT 

130 YPH A T  250 Fs 

13.7/16.8 Rm (f 10%) 

CNESCY CAPTURENR 21- 3 X 18' KWH (NASA SPECIFIED 
WIND SEED DURATION CURVE. 
i e  YPH AT u FT. roo a AVAIL) 

TOTAL 117 ON FOUNDATION 1m a-LB 

FEATURES 

0 WGOD LAMINATE BLADES WITH HIGH PERFORMANCE 
AIRFOIL - U;31ND. TEETERED 

WON-ROTATING ROTOR SUPeORT 

0 

0 VARIABLE SPELOICONSTAMT FREQUENCY OPERATION, 

nYBRID EPlCYCLlCPt HALLEL SHAFT GEARBOX 
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Figure 9- Response To Step Wind Change 
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Figure 10- Response To I-Cosine Wind Change 

Figure 11- Response To 1-Cosine Hind Change Plus Turbulence 
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Figure 17- Software Control %de Interaction 
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Figure 19- Startup Simulation On Development Systm 

Figure 20- Yaw Drive Simulation On Development Sptm 

ORiGlNAL PAGE Is 
OFPOORQUAuly 

173 
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USE OF BLADE PITCH CONTROL TO PROVIDE POWER T R A I N  

DAMpfNG FOR T K  MOO-2, 2.5-MW WINO T U m N E *  

W. A. B l i s s e l l ,  Jr. 

Boeing Aerospace Company 
Seattle, Washingtan 

ABSTRACT 

The Control System f o r  the MOO-2 wind turb ine 
system i s  required t o  provide not  on ly  f o r  
startup, RPM regulat ion, maximizing or regulat ing 
power, and stopping the rotor, but also f o r  load 
l i m i t i n g ,  especial1-i i n  the power t r a i n .  Ear ly  
operations wi th  above-rated winds revealed an 
i n s t a b i l i t y  which was caused p r i m a r i l y  by couplfng 
between the q u i l l  shaf t  and the r o t o r  a i r  loads. 
This i n s t a b i l i t y  caused the f i r s t  o f  several major 
Mod-2 Control System changes which are reviewed i n  
the paper. 

I E; RODUCTION 

The need f o r  p?wer t r a i n  danlping on the M9d-2 Wind 
Turbine system (WTS) arose from a series o f  design 
choices, the p r inc ipa l  ones being 

o Selection o f  s tee l  f o r  the 300 f t  
diameter ro tor ,  resu l t i ng  i n  a large 
polar  momc,it o f  i ne r t i a ,  

arrangement: a hollow, low-speed shaft 
f o r  react ing r o t w  mass and normal loads 
and wments, and a centra l  q u i l l  shaft 
f o r  t ransmi t t ing r o t o r  torque t o  the 
remainder o f  the power t ra in ,  

o Selection c. a r e l a t i v e l y  low tors ional  
s t i f f n e s s  f o r  the w i l l  sha f t  t o  reduce 
response t o  two-per-revolution torques 
and favor longer fa t igue l i f e .  

o Use o f  a two-element r o t o r  sha f t  

The q u i l l  shaf t  i s  coupled t o  a synchronous 
generator through a step up gear box and high 
speed shaf t  (Figure 1). 
vode, the synchronous generator r o t o r  i s  locked t o  
the i n te r fac inq  power g r i d  frequency t i g h t l y  
enough t h a t  the power t r a i n  behaves (dynamically) 
very near ly  as i f  the  generator were f i x e d  t o  
ground. 
and i t s  motions are l i g h t l y  damped. 

I n  a power-generating 

The r e s u l t i n g  natura l  f r e q u e x y  i s  0.14Hz 

INITIAL COdTROL SYSTEM 

The i n i t i a l  system f o r  c o n t r o l l i n g  blade p i t c h  was 
designed t o  accmpl ish a number of functions: 

o Startup, irl which r o t o r  aerodynavic torque i s  
employed t o  accelerate the p o w "  t r a i n  t o  
synchronous speed, 
RPM regulat ion p r i o r  t o  qenerator 
synchronization 
Maximizing power i n  below-rated-pcder winds 
Regulating power i n  above-rated-power hinds 
L imi t ing r o t o r  loaos i t  the presence o f  gusts, 
and 
Shutdown ( i n  non-emergency s i tuat ions) ,  i n  
which the r o t o r  i s  decelerated t o  a ;top 

o 

o 
o 
o 

o 

Experience w i th  Pod-2 operations, s t a r t i n g  i n  
e a r l y  1981, convincingly :bowed tha t  power t r a i n  
damping was a mandatory add i t 'm  t o  the array o f  
cont ro l  system functions. 

A t  t ha t  po in t  i n  the Mod-2 development, the 
contro l  system had the c w f  igurat ion i l l u s t r a t e d  
i n  Figure 2, power t r a i n  dampin5 having been 
provided through hub r a t e  e r r o r  feedback. Several 
other features o f  t h i s  con t ro l  system are 
noteworthy: 

o 

o 

o 

Blade schedule switching a t  below-rated 
condit ions t o  improve energy capture, 
Control mode switching between below-and 
above-rated conditions, 
Proport ional contrcil frr short-term power 
regulat ion ant! ' -W contro l  f o r  long-term 
regulat ion, 
Notch f i l t e r  t o  reduce blade a c t i v i t y  a t  the 
two-per-revolution (ZP) freqtlency (0.58Hz) 

Below-rated-power o2erations empl y'd a blade 
p i t c h  schedule desi; - 4  fol near-maximum energy 
capture but  maintailt i t - p o s i t i v e  contro l  
authority; namely, an i -crease i n  blade p i t c h  
should produce a reduci Jn i n  power. This 
schedule i s  shown on Figure 3 which also notes the  
blade p i t c h  mechanical l i m i t  a t  -5 deg. 
indicated on the figure, "hysteresiso was also 
pi Jvideo t o  reduce scheoule- and mode-switching 
a c t i v i t y .  A t  above-rated condit ions contro l  was 
effected through the proport ional, i n teg ra l  and 
hub r a t -  e r r o r  loops t o  regulate power a t  2.5 MW. 

I n  use, t h i s  contro l  s!' ~ P Z  general ly produced 
t i g h t  pcwer regulat ion bt . ,:bove-rata' winds bu t  
ACI r e l a t i v e l y  high blade d c t i v i t y  a t  the tower 

natura l  frequency (0.37Hz). I t s  l ea  : a t t r a c t i v e  
qual i ty ,  however, was tha t  it occasional ly allowed 
la rge  amplitude, uns able o s c i l l a t i o n s  rtear the 
power t r a i n  natura l  1 .  'quency t o  develoD at  near- 
and .bove-rated power cc:lditions. As Figure 4 
shows, these events developed very r a b i d l y  and 
iwere only terminated by  enter ing the shutdown 
node, usual ly  i nvo lun ta r i l y .  Test data indicated 
that  blade p i t c h  excursions t o  low ang:es - c en 
t o  the mechanical stops - were occurring. I t  
seemed ef ident  t ha t  the r e s u l t i n g  w n t t - o l  
authoi.ity reversals both i n i t i a t e d  end slrstained 
such osc i l l a t i ons .  The s p e c i f i c  cause f o r  the 
i n i t i a l  blade p i t c h  excursions was no t  pinpointed 
but  m i s e  i n  t'le :lub r a t e  e r r o r  signal was 
susb.ittd. Blade L i t c h  l i m i t s  which prevented 
' 35s  or reversal of cont ro l  au tho r i t y  were then 
implemented i n  software and e f f e c t i v e l y  
e l  iminat.ed unstahlc coup1 i n g  between the power 
brain and contro l  system. 
reduce blade a c t i v i t y  a t  the tower irequency was 

o 

As 

A notch f i l t e r  t o  

o add& 
*Presented i: tne DOE/NASA rlorkshop on Por i zon ta l  
Axis Wind Tcrbine Technology, May 8-10, 1984 i n  
Cleveland, Ohio. 
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2 t h i s  stage or , t b  development, the i n i t i a l  
control system haa evolved in to  m e  which had 
material ly inproved -v;ii.aility o f  the Wod-2 but 
s t i l l  had :'ow signi f icant orrblens tc, be solved: 

1) b i s e  nn the hub ra te  error sigrl ,  
( 1  l rJls , ts caused by mode switching, 
3 )  Gpwation awzy from amxinun power blade 

- wgles wi th below-rated winds. and, 
Low s t a b i l i t y  margins, p r inc ipa l l y  because 
o f  the &mer and 2P notch f i l t e r s .  

T : need t o  solve tsese problem set the s t  'e for 
3 i e w  approach t o  the control s-ysten design. 

NEW CONTROL SYSTEM 

> -;.- rauirements dictated that certain features 
- F .pcrt ional and integral control loops and the 
t ! .  . ;itch subsystem loop - be retained. 
ir t ions f o r  t h i  tour problems noted were 
c !oped as out:Ined below: 

. iub ra te  s i q :  I S  obtained from an encoder rn 
a r i a  o f  the low -& shaft. The signal i s  noisy 
be.x.use o f  encoder saepling ard because it 
r,qmds t o  both shaft vibratior, and var iat ior-  i n  
r:'. cmcentr ic i ty.  Nominal hub ra te  i s  subtracted 
f-w the neicy hub rate t o  obtain hub ra te  error, 
. 6rocesq h n k h  results i n  a lo* s i g a l  t o  noise 

r a t i o  a d  causes spurious lade act iv i ty.  It was 
observed that hub ra te  and power ra te  were highly 
cormlated. Therefore, a d i f fe ren t ia t ing  c i r c u i t  
was incorporated i n  the new design and the derived 
power ra te  f i i t e r e d  arid s u e d  w i t h  the 
propor m a l  and integral signals as shown i n  
Figure 3. 
mezsurenent noise, the use o f  power ra te  allows 
h is ie r  ra te  gains and increases system danping. 

By removing the hub :-ate error 

Mode Sui tch ing 

Y i t h  the i n i t i a l  control system, even as modified, 
variations i n  wind speed about t i e  rated power 
point caused switching transients between the 
below- and above-rated control modes. This 
problem was eliminated by enploying the power 
control mode both above and below rated power. 
The below-rated blade p i tch  schedule was made t o  
fol low the blade l i m i t  so that blade p i tch  i s  
comnanded t o  the l i m i t .  
reduces below-rated blade a c t i v i t y  substantially. 
The l i m i t  has been shaped t o  more closely follow 
the maximum power curve below 1 W as fndicated on 
Figure 6. 

This approach also 

Operation Away From Maximum Power Blade Angles 

The new blade pi tch control law conmanding the 
blade t o  the l i m i t  when below rated power improves 
energy capture t o  the maximum extent consistent 
with maintaining posi t ive control authority. 
Additional s t a b i l i t y  margin has been provided fo r  
WTS 15 SO the blade pi tch l j m i t  i s  set at s l i gh t l y  
higher angles, indicated on Figure 7, than f o r  
WTS 91 to  #4 (Figure 6). 

>stabi l izat ion Due to Notch F i l t e r s  

Analyt ical studies were performed t o  iapmw 
s t a b i l i t y  margins a t  the paer t r a i n  fregumcy. 
The changes permitted s l i g h t l y  greater blade 
a c t i v i t y  a t  tower freuuency but incnased phase 
margin a d  provided better daaping o f  the parer 
t ra in.  The 2P notch f i l t e r  was revised t o  allow 
higher ra te  gains Nithout m l i f y i n g  2P response. 

Proportional, integral and der ivat ive gains and 
ra te  f i l t e r  time cons ta ts  were adjusted t o  
increase system s t a b i l i t y  and s t i l l  provide 
sa:isfactory attenuation o f  tower bending 
excitation. 

TEST RESULTS 

I n i t i a l  test ing of the new control systen was done 
with UTS ?i2 z t  GolSendale, Washington, befinning 
i n  ear ly  Septenber, 1982. 
indicat ior  that  the goals of the new design had 
been achieved, n m l y ,  

The resul ts gave every 

o The system was ell 6a"ged - Figures 8 and 9 
0 Energy capture gmera l l y  matched 

predictions - Figure 13 
0 Above-fated pmer was reyulated within - +200 KY - Fiqure 9 

In addition, below-rated blade a c t i v i t y  was 
lowered by nore than 50 per cent and 2P 
osc i l l a t i on  w l i t u d e s  reduced. 

Ins ta l la t ion  o f  the new control sys tm in UTS t 5  
was der? i n  l a te  October, 1992, and resul ts were 
s imi lar  t o  those observed on WTS C2. After rlmst 
two uneventful months of operation, U i S  15 entered 
a divergent osc i l la t ion  which resulted in a 
generator overcurrent s h u t d m  i n  winds described 
by s i t e  personnel as extremely gusty and over 
40 mh. Examination c f  the data, included in 
Figure 11. indicated that the i n s t a b i l i t y  occurred 
a t  a frequmcy o f  0.2h HZ and was pr imari ly a 
control system mode. 

Additional de ta i l ing  o f  the sinulat ion 
faathematical Rode1 and analyses pinpointed the 
increase i n  blade cantro: author i ty with 
increasing wind speed as the cu lp r i t .  
Accordingly, provisions were incorporated t o  
reduce the above-rated proportional and derivative 
gains i n  a manner whish gradually reduces the 
overal l  system gains as wind spoea increases . An 
additional conservatism was included by halving 
the proportional loop gain (Figure 12). I n + t i a l l y  
tested i n  March, 1983, t h i s  version o f  the new 
control system i s  instal led in a l l  f i v e  nod-2's 
and has demonsttared that the s t a b i l i t y  problems 
have been solved but gust response and power 
regulation Pave suffered. A t  t h i s  writing, the 
development a c t i v i t y  i s  aimed a t  inproving the 
balance between s t a b i l i t y  and power regulation. 
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amfLUOIffi REWGKS 

Oeveiopent o f  the control system f o r  the nod-2 
wind turbine system has been a learning 
expcrimc+. In the beginning, t h i s  systea was 
cmceived as being an uncoqlicated e m s  for 
control l ing a re la t i ve ly  simple device. This 
cmception dovetailed neatly with the miversal  
need to  k e e p  ne* project d e v e l o m t  costs la and 
the i n i t i a l  control systea d e s i p  was acrorplished 
a t  a lodest cost. b c e  hd -2  operations began, 
tne need for additional developnent e f fo r t  becm 
evident ad ,  over the succeeding two-plus years, 
the control system s:e* t o  be nearly as c m l e x  as 
a contenporary launch vehicle or missile. The 
developllent cost, mch o f  it frnded by being, has 
been auch greater than or ig ina l l y  projected. 

In retrospect, it seems evident that  additional 
e f f o r t  put , i t0  developing a mre detailed, 
cmprehensive simulation could have helped avoid 
sane of the problem which were encountered. 
However, operat: experience was also needed t o  
identi fy the real ly s i 9 i f i c - t  detai!s and, 
especially. t o  deternine the ways i n  which the 
real r i nd  turbine and i t s  environment differed 
from the analyt ical Isdels. 

For the present and future, the lesson learned 
froa the Mcd-2 crmtrol system developaent i s  
this: 
supported w i t h  sophisticated siml -+ion 
capabi l i t ies and be wrfomci by a s ta f f  o f  
ski1 led, experienced cmtrol system engineers. 
This i s  the approach we have applied to  the Wod-56. 

the system analysis and design *or* m s t  be 

Figur9 1 - Powor Train 
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Figuro 2 - Initial Control Syatea FonctIon81 Diagram 
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Figura 3 - Original Pltch FJchodulr 
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Figuro 4 - WTS#2 Powor Oscillation, May 12, 1982 

Figure 6 .. Now Control Systom Functional Diagram 
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Figure 12 - Yodifiod Uew Control Syatom Functional Diagram 
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ABSTBACT CONCEPTUAL FRlvIAldaK 

In te res t  i n  variable speed generating technology has 
accelerated as greater  emphasis on overal l  eff ic iency 
and superior d w c  and control  propert ies  i n  
wind-electric generating systems a r e  sought. This 
paper reviews var iable  speed technology options 
providing advantages and disadvantages of each. 
Furthermore, the d y a a d c  propert ics  of var iable  speed 
systems are contrasted with synchronous operation. 
Finally, control  propert ies  of var iable  speed systems 
are examined. 

INTRODUCTION 

Tbe development of wind energy as a viable  e l e c t r i c  
generating option f o r  i n t e r t i e  t o  e l e c t r i c  u t i l i t y  
systems d i c t a t e s  t o t a l  system requirements which 
include an effectivc and e f f i c i e n t  wind turbine 
system as w e l l  as a n  acceptable in te rac t ion  with the  
electric u t i l i t y  system. Ful f i l l ing  both of these 
needs places s ign i f icant  constraints  on the  turbine 
generator design s ince aerJdpnadc needs do not 
necessarily corresporrd with those of the electric 
u t i l i t y  system. As a result, a t o t a l  system approach 
is required i n  order t o  capture e s s e n t i a l  
charac te r i s t ics  t o  s a t i s f y  both needs. 

Histor ical ly ,  l a rge  horizontal turbiGe designs have 
sought a constant speed c o n f i y a t i o n  u t i l i z i n g  a 
synchronous generator. S ch designs tend t o  minimize 
mechanical resonance problems. solae vertical axis 
turbines and MUY mall horlsoncal a x i s  machines have 
u t i l i zed  variable speed arrang-ets, usual ly  
induction generators. Host of thene e f f o r t s  have 
concentrated on rather  simple e l e c t r i c a l  
configurations. In an e f f o r t  t o  r a i s e  the overa l l  
productivity and eff ic iency of wind turbine systems, 
recently, a t ten t ion  has been directed t o  variable 
speed options f o r  large horizontal axis macLines with 
emphasis on a t o t a l  wind turbine/generator/utility 
design. The additional degree of freedom tha t  
variable speed provides has t o  be integrated i n t o  a 
control concept that  considers not only the process 
needs, i.e., the wind turbine and i ts  energy source, 
but 8 l S O  the t o t a l  system needs, i.e., the power 
system and its operation. In the past, most var iable  
speed e f f o r t s  have ut i l ized  avai lable  configurations 
out of convenience rather  than developing a system 
from the "ground floor" f o r  wind energy application. 
This paper w i l l  focus on a conceptual framework for  
assessing variable speed tec!inology and i ts  
application t o  wind energy with a goal of developing 
an approach which is an a l te rna t ive  70 a eyxhronous 
interconnection. 

The issue of var iable  speed electric generating 
systems m s t  be considered relative t o  t h e i r  
appl icat ion t o  wind energy. Largely, the  choice of 
system and the configuration to date  has dwelled 011 

%hat's available." A key i t e m  f o r  best overal l  
system effectiveness and eff ic iency is the design of 
the turbine/generator/utility interface cabina t ion .  
k r o t u r b i n e  performance requirewnts  mmt be 
coordinated with the design of the  var iable  speed 
generator. As a result, the turbine generator 
system, its dynamic interact ion with the e l e c t r i c  
u t i l i t y  system, and the overal l  control system must 
be designed as an integrated process. (See Figure 
1.1 

Figure 1. wind Turbirre/Gcnera~r/Vtility Process 

The three conceptual components showd i n  Figure 1 a r e  
key elements of the variable speed system. The so l id  
l i n e  represents the natural interact ion between wind 
system and the u t i l i t y  r y s t s .  The dotted lines 
represent the control requirements which must  shape 
the turbine-generator response a s  well as the 
turbine-generator interact ion with the e l e c t r i c  
system. In an e f f o r t  t o  develop fu ture  var iable  
speed systems as well as evaluate present designs, 
the following a c t i v i t i e s  are recorcnded: 

o Evaluate the variety of converter- 
variable speed options 8nd assess 
them f o r  t h e i r  shortcomings and es- 
tabl ish ta rge t  requirements f o r  
new s j a t a ~ l s .  
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Charac terire the dynamic in te rac t  -01 
between var iable  -peed systems and 
electric u t i l i t y  systems. 

Develop s t ra tegy requirements and 
control s y s t e m  f o r  various conver- 
ter-variable speed option f o r  both 
the turbine-generator pair and i ts  
interact ion with the e l e c t r i c  
system. 

Dcvelop computer models f o r  various 
converter-variable speed options. 

Design f i e l d  tests f o r  the various 
options t o  val idate  the computer 
models. 

VARIABLE SPEED TECBNOLOGY OPTIONS 

It is apparent t h a t  the number of possible candidate 
var iable  speed systems is very la rge  and i t  is not 
feas ib le  t o  cover i n  d e t a i l  a l l  such systems. I n  
par t icu lar  the number of feas ib le  schemes appears t o  
vary inversely as the power r a t i n g  of the UTC. For 
addi t ional  d e t a i l s  on the various options, the reader 
is directed t o  Lip0 [ I ] .  

configuration is said t o  employ a DC voltage link. 
When the capacitance is large the converter-generator 
system appears arch l i k e  a voltage source to the  
power system. 

It is well Lrnovn that the power fac tor  of a l i n e  
c o r u t a t e d  bridge var ies  i n  d i r e c t  proportion t o  t h e  
r a t i o  of DC t o  AC voltage. Iknce, i n  order t o  
maintain good power fac tor  a t  the terminals of the  
bridge, the inver te r  must be controlled auch that the 
voltage on the DC s ide  of the bridge mst be 
raintained constant a t  its mimum permissible vrluc. 
In converter terminology such a control  is usually 
cal led constant ext inct ion angle control  i n  which the 
inverter  is c-tated such that the inverter  
thyris tors  have just suf f ic ien t  time to recover 
blocking a b i l i t y  before forward voltage is  r u r p l i e d .  

Special advantages of t h i s  s y s t e m  include: 

o Minimal torque pulsations. 

o Straightforward control algorithm. 

Disadvantages of t h i s  system are: 

o Maintenance and r e l i a b i l i t y  concerns. 

o DC f a u l t  protection. 

o Cantrol response l imitat ions.  
DC Generator with Line Commutated 

Inve;-ter Bridge 

Probably the most straightforward var iable  speed 
system u t i l i z e s  a DC generator with inversion of the  
generated DC power t o  AC by use of a l i n e  commutated 
r e c t i f i e r  bridge. Current flow is i n  120 degree 
blocks a t  the l i n e  frequency on the AC s ide  of the 
inver te r  thus requiring f i l t e r i n g  a t  the AC terminals 
of the bridge LO suppress harmonic current flow i n t o  
the power sys tem and t o  correct  the power fac tor  t o  
unity. Because of the heavy f i l t e r i n g  required t o  
eliminate unwanted harmonics of the simple s i x  pulse 
bridge, other bridge configurations a r e  a l so  i n  
c o m n  use. For exaaple, the dual s i x  pulse bridge 
arrangement r e s u l t s  i n  the elimination of the lowest 
frequencies, t h e  5th and 7th harmonics components 
inherent i n  simple bridge configurations while 
halving the next lowest components, the 11th and 
13th. An advantage of the dual bridge configuration 
is tha t  each bridge need only be ra ted a t  one-half 
the KVA ra t ing of the s ingle  bridge. It should be 
mentioned that  such a l te rna t ives  a r e  generic t o  any 
of the systems to  be dlscusscd which u t i l i z e  bridge 
configurations. 

While not s t r i c t l y  uecessary, some f i l t e r i n g  of the 
DC voltage of the bridge i o  typical ly  employed so a s  
t o  minimire s t r a y  losses  i n  the generator due t o  
harmonic currents. The simplest type of f i l t e r  i s  t o  
elmply use a DC l ink  inductor to  simply omoath the 
current. Such systems a t e  said t o  u t i l i z e  a DC 
current  l ink  and when the s i z e  of the inductor is 
large the converter-generator system operates u c h  
l i k e  a current source. An a l te rna t ive  t o  f i l t e r i n g  
is t o  place a capacitor across the terminals of the  
DC machtne and employ a much smaller l i n k  inductor 
which is  now selected p r i m a r i l y  t o  l i m i t  charging 
current into the capacitor. In t h i s  case the current 
i n t o  the motor is  smoothed by providing a low 
impedence path t o  harmonic currcnts. Such a 

Synchronous Ceaerator with m y r i s t o r  
Rect i f ier  and Inverter 

Another class of systems su i tab le  f o r  vind paer 
generation is a synchronous generator supplying power 
through a DC current l i n k  rect i f ier- inverter .  
Commutation of the l i n e  s ide inverter  is accomplished 
by taking VARs from the power system. Coruta t ion  of 
the machine s ide  converter is provided by leading 
VARs from the synchronous machine. In t h i s  case, 
exci ta t ion of the machine is by means of a brubhleSS 
exciter. Elec t r ica l  generated power munt pasr 
zhrough the rectifier-inverter so that t < e  converters 
must be ra ted a t  the f u l l  machine rating. 
One-hundred and twenty degree blocks of current now 
flow on the AC s ides  of both t h e  r e c t i f i e r  and 
inverter. Again, the harmonic content on e i t h e r  the 
machine s ide or  u t i l i t y  s ide  convertera can be 
reduced by a r e  elaborate bridge configurat.iona. 

Important special advantages of t h i s  system includ-: 

o Wide speed range. 

0 Ugh frequency torque pulsations. 

o Strong e l r c t r i c a l  damping. 

o Rapid reclosure a f t e r  a fau l t .  

Potent ia l  disadvantages of t h i s  system are: 

Low frequency torque pulsationa near 
ryuchronous speed. 

o 

0 u g h  harmonic dirtorcion. 
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Doubly Fed Induction Generator with DC 
Current Link R e c t i f i e r  and Inve r t e r  

Another type of system which bears  a g r e a t  s i m i l a r i t y  
to  the  synchronous g e n u a t o r  scheme is  the  doubly fed 
induct ion generator.  The system again uses a 
r ec t i f i e r - inve r t e r  with E DC cur ren t  link. wherein t h e  
Mch ine  s i d e  converter  is connected t o  t h r e e  phase 
rotor wlndings by means of s l i p  rings.  Current flow 
is i n  120 degree blocks a t  s l i p  frequency on the  AC 
s i d e  of t he  r o t o r  connected converter  and 60 * on 
t h e  AC s i d e  of t h e  s t a t o r  connected 
converter.  In  p r inc ip l e ,  ope ra t ion  e i t h e r  above o r  
below synchronous speed is possible.  Synchronous 
speed i n  t h i s  case is defined as t he  point  a t  which 
the r o t o r  r o t a t e s  synchronously with respect to  the 
s t a t o r  r o t a t i n g  IWF when the  s l i p  r ings  are shorted. 
When the machine generates  below synchronous speed, 
power is  supplied to  the  u t i l i t y  from the s t a t o r  
windings. bwever ,  pouer must be supplied to the 
r o t o r  windings of t h e  machine through the s l i p  rings.  
'he power requfred is e s s e n t i a l l y  proport ional  t o  the 
d i f f e rence  between r o t o r  speed and r o t o r  synchronous 
speed ( s l i p  frequency) times ra t ed  power. i f n c e ,  the 
r e c t i f i e r - i n v e r t e r  need only be r a t ed  f o r  a f r a c t i o n  
of ra ted rower ( s l i p  power). In  t h i s  mode of 
operat ion the r o t o r  s i d e  converter  ope ra t e s  as a 
va r i ab le  frequency inverter .  Conversely, when the 
machine generates  power above synchronous speed, 
power is a l s o  ex t r ac t ed  from the rotor v i a  the  s l i p  
rings.  Again t h e  converters  need have a r a t i n g  equal  
only t o  s l i p  power. The r o t o r  s i d e  converter  
ope ra t e s  i n  t h i s  case as a . r ec t i f i e r .  

Among the particular advantages of t h i s  system are: 

Converter r a t i n g s  based on s l i p  power. o 

o Control response. 

o Harmonics. 

o VAR control .  

This system haw seve ra l  p a r t i c u l a r  
including: 

drawbacks 

Restr ic tcd speed range. 

Torque pulsat ions.  

Sl la  cings. 

Lagging power f ac to r .  

Doubly Ped Induction Generator with DC 
Voltage Link R e c t i f i e r  and Inve r t e r  

Whereas DC cu r ren t  l i n k  converter  configurat ions 
ob ta in  cammutation volt-amperes from the connected 
supply,  DC voltage l i n k  systems t y p i c a l l y  (but not  
i nev i t ab ly )  r e l y  on commutation energy from special 
purpose capac i to r  c i r c u i t s  or by means of s e l f  
commutating switches ( t r a n s i s t o r s  o r  g a t e  tu rn  on 
devices  ( C T O ) ) .  Such converters  are inhe ren t ly  more 
expensive than DC cur ren t  l i n k  Converters. However, 
c o s t s  of such converters  are decreasing r ap id ly  with 
the development of new high power t r a n s i s t o r s  and 
switches. I f  the &sized speed range is small the  

rotor connected converters  need only handle a 0 4 1  
f r a c t i o n  of  r a t ed  power and the p o o r i b t l i t y  of wing 
a DC voltage l i n k  may be p rac t i ca l .  Such a vo l t age  
l i n k  configurat ion has a rotor connected conve r t e r  
which operates  in forced commutation uhlle t h e  
s t a t o r  connected converter  commutates na tu ra l ly .  
Other arrangements are possible  i n  which the stator 
s i d e  converter  ( o r  both)  are fo rce  comutated.  

In general ,  forced cmmutated converters  can be 
operated i n  e i t h e r  of tvo +?odes. In t h t  s i x  s t e p  
mode the converter  switches are t r iggered a t  the 
louest  possible  rate t o  ensure a d e s i r t d  O.*tput 
frequency. In t h i s  case, the  converter  AC s i d e  l i n e  
voltage assumes a quasi-rectangular wave shape which 
forms the  dual  of the DC l i n k  converter.  Harmonics 
vol tages  of 5, 7, 11. 13, etc., times the fundamental 
are produced which i n  tu rn ,  induce c u r r e n t s  of these 
frequencies i n  t h e  corresponding AC current .  In t h e  
pulse-vidth-oodu;at :d (PUP!) d e ,  the switching 
frequency is nodulated t o  eliminate undesirable  
harmonics. The switching f requencp is su f  f i c i e n t l y  
high that harmonic torques of  concern i n  a a n d  
turbine generator  a p p l i c a t i o n  are e f f e c t i v e l y  
eliminated. The presence of  harmonics p lus  the  1 . q e  
DC f i l t e r  requireaents  of t h e  six  s t e p  mode suggests  
that Rnr operat ion would be the  preferred t r i g g e r i n g  
scheme i n  t h i s  appl icat ion.  

Special  advantages of a voltage l i n k  sys-em ar?: 

o Smooth t r a n s i t i o n  throueh synchronous 
speed. 

High frequency torque pulsat ions only. 

Smaller per u n i t  r a t i n g  than equivalent  
DC cur ren t  l i n k  system. 

o 

o 

o QAR control .  

Important disadvantages of t h i s  system are: 

0 Cost. 

o Complexity. 

Doubly Fed Induction Generator 
and Cycloconverter 

An a l t e r n a t i v e  t o  DC cur ren t  or vo l t age  link systems 
is t h e  cycloconverter which is a device which 
transforms l i n e  frequency power to  ad j u s t a b l e  
frequency power without an intermediate  DC l i n k .  
Numerous cycl.oconvertcr configurat ions have been 
proposed but  t h e  36 t h y r i s t o r  arrangcmenr i s  most 
widely used. This type of Converter ope ra t e s  
e s s e n t i a l l y  as a vol tage source. The cjrcloconverter 
i s  e f f e c t i v e l y  a sampling type of converter  where the  
i q i u t  frequency is f ixed and the sampling frequency 
changes with output frequency. In order  t o  cons t ruc t  
an output waveform, samples are taken from the t h r e e  
phase input.  With proper modulation of the  
cycloconverter t h e  cu r ren t  is nea r ly  sinumoidal w i th  
superimposed harmonics r e l a t ed  l i n e  frequency and t o  
the switching frequency of t h e  cycloconverter  
bridges. Because of t he  limits imposed by t h e  
sampling theoreu. t he  output becomes progressively 
d i s to r t ed  as the output frequencv is increased v i t h  
about 1 /2  the  input  frequency being the  asximum 
obtainable  with a 36 t h y r i s t o r  configurat ion.  
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The most pertt’.Lnt s p e c i a l  advantages of the 
cycloconverter fed,  doubly fed induct ion generator  
sche-.” appear t o  be: 

o Power f a c t o r  con t ro l .  

o Smooth t r a n s i t i o n  through synchronous 
speed. 

Several  important drawbacks e x i s t  f o r  t h i s  scheme 
which restrict somewhat i ts  usefulness.  ’Ihey are: 

o Torque pulsat ions.  

o Barmonic s t r u c t u r e  of t he  in j ec t ed  
l i n e  currents .  

o k h a v i o r  during s i n g l e  phase f a u l t .  

Cycloconverters can also p o t e n t i a l l y  replace t h e  dual  
converter  bridge D f  a synchronous generator  system. 
However, because t h e  r a t i o  of i npu t  to  output 
frequency is r e s t r i c t e d  such an a p p l i c a t i o n  would 
imply t h a t  t h e  frequency of t h e  generator  would have 
to  be kept r e l a t i v e l y  low ( b e l o w  15 As) o r  r e l a t i v e l y  
high (above 360 et) t o  provide f o r  low harmonic 
d i s t o r t i o n .  Operation a t  such low o r  high 
frequencies  would probably s e r i o u s l y  restrict the  
design of t he  synchronous generator.  Also, s ince  
f u l l  ra ted power would now pass  through the  
cycloconverter,  severe  f i l t e r i n g  problems could 
occur. F ina l ly ,  s e r ious  power f a c t o r  co r rec t ion  
problems would arise, p a r t i c u l a r l y  f o r  t he  low 
frequency opt ion i n  which cammutating VARs are 
required from the u t i l i t y  s i d e  t o  provide 
comunta t ion  eqergy f o r  i h e  cycloconverter.  

DYNAMIC WRACTION W I T H  THE UTILITY SYSTM 

The dynamic i n t e r a c t i o n  of wind tu rb ines  and e l e c t r i c  
u t i l i t y  systems has been the  a t t e n t i o n  of a number of 
s tud ie s .  These s t u d i e s  have l a r g e l y  conce,.,rated on 
wind turbine-generator syz-ess which u t i l i z e  
synchronous generators  [2 ] .  2. r e s u l t  of those 
s t u d i e s  was the  observation of s i g n i f i c a n t  dynamic 
i n t e r a c t i o n  within the turbine-generator  system and 
b e r e e n  the wind turbine-generator systecl and the 
e l e c t r i c  u t i l i t y  system. The i n t e r n a l  o s c i l l a t i o n  i s  
the so ca l l ed  f i r s t  t o r s iona l  mode which is highly 
o s c i l l a t o r y  and l i g h t l y  damped. If a synchronous 
generator  i s  used a s  the electrical converter ,  these 
v a r i a t i o n s  are f a i t h f u l l y  reproduced thus produciug a 
highly va r i ab le  output pot In general ,  damping is 
provided through blade pi tc :  control .  

As i n t e r e s t  has acce le ra t ed  in var i ab le  speed 
generat ing technology, the p rope r t i e s  of these sytems. 
have been examined more c l o s e l y  (3, 41. In order  t o  
d i s t i n g u i s h  between va r i ab le  speed geeerators  
(asynchronous ) and synchronous operat ion two 
s i g n i f i c a n t  po in t s  should be made. In Synchronous 
operatio.& the  to r s iona l  compliance between the 
e l e c t r i c  [ ene ra to r  and the  u t i l i t y  system is  low. , As 
a r e s u l t  wind turbine-generator d r i v e  t r a i n  swings 
a g a i n s t  the u t i l i t y .  For v a r i a b l e  speed systems 
(except f o r  l o w  speed s l i p  induction gene ra to r s ) ,  the  
compliance between t h e  generator  and the u t i l i t y  i s  
high r e l a t i v e  t o  the  turbine-generator and d r ive  
t r a i n  causing t h e  generator  t o  swing aga ins t  the 
turbine.  Rencc, synchronous systems use blade p i t ch  

con t ro l  most e f f e c t i v e l y  while v a r i a b l e  speed systems 
use electric torque con t ro l  t o  regulate  t o r s iona l  
o s c i l l a t i o n .  Clear ly ,  t he  dynamic p rope r t i e s  are 
q u i t e  d i f f e - m t .  

Variable speed wind tu rb ines  also p e r m i t  progra-d 
v a r i a t i o n s  of t u rb ine  speed as a func t ion  of wind 
speed, power l e v e l ,  or o t h e r  process va r i ab le s .  This 
add i t ions1  degree of freedom can have important 
bene f i t s ,  such as higher  t u rb ine  e f f i c i e n c y  o r  
reduced s t r u c t u r a l  loads. 

Xost of he b e n e f i t s  of va r i ab le  speed can be 
achieved with a r e l a t i v e l y  small speed range (20-30% 
of nominal speed). A sllall speed v a r i a t i o n  is a l s o  
d e s i r a b l e  to  limit rotor exposure t o  n a t u r a l  
frequencies.  Lf slow t u r b i n e  blade angle  con t ro l  is 
superimposed on f a s t  gene ra to r  torque cmtrol ,  t h e  
speeo range required f o r  i npu t  energy a r i a t i o n s  can 
be reduced s i g n i f i c a n t l y .  

Dynamic i n t e r a c t i o n s  between wind tu rb ine  and u t i l i t y  
system can l a r g e l y  be el iminated by v a r i a b l e  speed. 
Wi:hin the o n s t r a i n t s  of r o t o r  i n e r t i a  and speed 
range, t he  a e r a t o r  can d e l i v e r  constant  energy even 
though the tu rb ine  is  ope ra t ing  i n  a v a r i a b l e  energy 
m e d i u m .  

CONTROL S Y S r n  REQUIREMENTS 

The fundamental d i f f i c u l t y  with c o n t r o l  of wind 
tu rb ines  is  the v a r i r - i o n  of i npu t  energy caused by 
changes i n  wind speed. In  present  des igns  of wind 
turbines ,  t h e  v a r i a t i o n  i n  input  energy causes 
changes i n  s h a f t  torque because speed is he ld  
constant  f o r  synchronous generator  operat ion.  The 
d r i v e  t r a i n  must be designed f o r  the r e s u l t i n g  torque 
excursions,  both t h e  s t eady  state l e v e l s  and the 
v a r i a t i o n s  which can e x c i t e  t o r s i o n a l  resonances. 
There is l i t t l e  t o r s i o n a l  compliance between present  
wind tu rb ines  and power systems. 

The successful  con t ro l  of any system depends upon 
several key items. These include: 

o Spec i f i ca t ion  of t he  input  t o  which 
the system must respond. 

o Spec i f i ca t ion  of the des i r ed  t ran-  
s i e n t  and s teady-state  response. 

o Some degree of modeling of the p l a n t  
t o  be con t ro l l ed ,  including sensors  
f o r  measurement of output responses 
and Zontrol actuators f o r  modif icat ion 
of t h e  system input .  

The con t ro l  problems associated vit!: -.-ariable speed 
wind tu rb ines  are much the  same as those a s soc ia t ed  
with f lxed speid -chines. The major d i f f e rence  
being i n  the  physical  conversion process and perhaps 
t h e  choice of con t ro l  va r i ab le s .  Of course there is 
f l a x i b i l i t y  i n  w h a t  can be achieved with a v a r i a b l e  
spec: sys tem which is  not prclsent i n  f ixed  speed 
systems. The input  s p e c i f i c a t i o n s  are roughly t h e  
s a w ;  that is, the tu rb ine  i s  t o  e x t r a c t  nome measure 
of power from a widely varying source, the wind. The 
output s p e c i f i c a t i o n  is the  de l ive ry  of power t o  nn 
electric u t i l i t y  system a t  constant  vol tage end 
frequency and a t  as conr-ant a Fower l e v e l  as is 
p r a c t i c a l .  The problem of con t ro l  of both mechanical 
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.od electrical systems t o  produce M t h  parcr f r o r  a 
S a t h e r  r rpidly varylog Wrod source is both 
d i f f i c u l t  Ird forridabie wbecher fixed or Tari8bla 
S m  is cb-. h t h  the f i r c d  .nd Variable speed 
system requf-, speed andfor torque control system. 
A fixed speed system requires f ix ing  blrde rotation 
at s a e  reference speed in the face of sortirs 
strong d i s t u r b c e s .  A v8riable 5pced controller 
vi11 probably require rurcurcring the speed of the  
wind turbine to a poiet of maxim power capture 
during norul  uind capture conditions lad t o  sow 
specified powr se t t ing  during a power limit d e .  

%vera1 problclt exist wlth current horitonral axis 
viod turbine systems that can be overcoue by 
aspchtooour operations: 

1) Flxed-spced turbine e f f ic ienc ies  can be optimized 
througb paring selections f o r  only DM vind 
velocity. kt m r  capture is therefore  less than 
could bc achieved ai vivi speeds other than the  
opcip.1 design speed. 

2) A complex mtor-blade pitch-aagle control 
servaechaain is required t o  l imi t  paver f l w  at 
average vind velocities above rated. lhis mechanism 
acts t o  lidt rchnical wind torque by redwing 
turbine efficiency. 

3) Ihc K h n i c a l  shaft system is prone to very 
l Q h t l y  damped osc i l la t ions  for average vind 
velocities below rated. lhis behavior is due to the 
large rotor blade iner t ia .  q u i l l  shaf t  compliance, 
and large step up gearing to the high sped geaerator 
s tuf t .  lbese oscillations produce undesired stresses 
on tbe shaft components and mke resynchronization of 
the generator a f t e r  fau l t  clearance d i f f i c u l t .  

4 )  With turbine speed fixed, f luctuat ions i n  wind 
veiocity produce corresponding mechnical torque 
f l u c r r v c i c v  which pass cssentiaL1.y unattenuated in to  
electrical pwer f lou producing an undesirably la rge  
variance in  e lec t r ica l  pouer. 

A variable speed control system capable of f a s t  
control of generator tor- can be used . adjust  
turbine efficiency. absorb vind gusting energy, and 
provide damping for  shaf t  osc i l la t ions  'hus 
alledaticg come of the d i f f i c u l t i e s  encountered with 
fixed speed systems. Variable speed systems are of 
coxrse. nat without potential problems of t h e i r  om. 

'Ihe key control features for variable speed wind 
turbines are f a s t ,  e l e c t r i c a l  torque coutrol at  the  
genetitor and slow, mechanical speed control at the 
tu.bine. The programed v a r l a t i w s  of turbine speed 
'.n response t o  other process variables can be 
introduced a6 changes to the turbine speed setpoint 
or  the generator torque setpoint. 

TurbiaeSenerator Control 

In order t o  d i s c u s s  specif ic  trade-offs in  control 
system design between fixed and variable speed 
syscems. consider Figure 2. lhis tiiagram depicts a 
smevhat s implis t ic  but yet  generic wind turbine 
together with its various inputs and outputs 
including wind velocity, the bla-e p i t c h  angle, and 
the r o h t i o n r l  speed. Functionally. the aeroturbine 
combines these quant i t ies  t o  produce mechanical 
torque. lhe  e lec t r ica l  torque produced by t9e 
e lec t r ica l  conversion process along with the u t i l i t y  

tie and ihe m a c i n a  . s b f c  torque are driven to 
SOI par t icu lar  v.1. - in steady state. If a J m n t c h  
occurs, the deviation is used through Clrc ~ b . n i c 8 l  
dynamics (inchding s h a f t  compliances. ge8r-bo.. a d  
inertias) to rcelerate or de-accelerate the MChhe 
sped.  Note tbe implicit feedback control loop. In 
a fixed speed system, the blade p i tch  a l e  is 
adjusted so that the difzcrence betma ucb.nica1 
and electrical torque is a constant and hence the 
speed is constant. 

:I, 7 :  

Figure 2 .  W i n d  Turbine-Generator System 

Blade pi tch and electrical torque a r e  regarded as 
control lable  inputs and vind speed a s  uncontrollable 
fnpLt. In a fixed speed synchronous system, the 
electrical torque is control lable  through the exciter 
of a spnchronorls u c n i n e  &ad not a t  a11 with an 
induction machine. Typically the exciter of a 
synchronous machine is used t o  control VNt  flow, 
powcr factor ,  or f o r  the regulation of terminal 
voltage. 

In a real sense, blade pi tch and electrical torqa 
are equivalent speed regulating eechanisms excepting 
t t a t  one Ls e l e c t r i c a l  and one i s  mechanical. In a l l  
cases speed is shaped through the aechanical 
d,arnics. 

In a fixed speed sys tem the desired speed is that 
speed which produces a 60 HZ e l e c t r i c a l  waveform. In 
a variable speed system, desired speed wi l l  probably 
depend on some f i l t e r e d  version of the wird  speed. 
Figure 2 shows control  through both the e l e c t r i c a l  
torque and the blade pi tch angle. Control through 
lunipulation of e l e c t r i c a l  torque is  more schtcvable 
i n  a variable speed s y s t a  because i n  Introducing the  
i so la t ion  between gr id  and machine, addi t ional  
e l e c t r i c a l  control  is  available. One of the values 
of the variable speed generating options is  t h i s  
a d d i t i o n d  degree of freedom of e f fec t ive  control. 
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In variable  speed systems. it is i n t e r e s t i q  to note 
tlut pouer can be s p i l l e d  by e i t h e r  increasing t h e  
speed of the  u c h i n e  thus a l l o d n g  the s p i l l e d  cacrgy 
t o  g0 i n t o  r o t a t i d  enere, or by d c e r e 8 s i q  the 
v c b i n e  speed to a lore (but appropriate) inef f ic ien t  
OpeC8tIag point thus n q u i r i q  more vind f o r  the  same 
output power. Efther .cba w i l l  uork f o r  rwulatiq 
pousr. Ovenpeed control uould be preferable  because 
the  s tored energy could be rc rap tured .  tlDycver, tbe 
degree of overspccd vi11 be determined through 
s t r u c t u r a l  requireumts. Clearly, thue are 
trade-offs betwen turbine des-, blade control ,  and 
electrical control that needs e m t i o n .  

S p t a  b t r o l  !%ratem 

Wind turbine systes control  cequiremmts should be 
based on the  highest credible  penetration of 
ucblnes. It is vlll to - that u t i l i t y  s y s t e m  
needs are of ten  neglected vhco a e c y  energy 
technologies are developed [5]. 5 m t L o l  systcl 
n q u i r a c n t s  of vuhble  speed wind torbiocs  are: 

o Roportion81 control of l i n e  fre- 
quency as a fuacrfon of load. lbis 
is necessary so tht generation u n  
be -djusted in response to  changes 
in ;ad and tbrt load CM be sbtcd 
with other sources in a control led 
-r. Frequency cmtrol cannot be 
8ccapl i shed  by turbine aped control  
because line frcqucncy is no longer 
dependent on turbin- speed. tbnverter  
equiprcnt used in the  var iable  speed 
system cannot deped on lfae frequency 
f o r  coc.rutr;ion. 

o Control cf l i n e  roitage. I b i s  is 
necessary to prdvide voltage support 
to the power system. V i r  generation 
as e11 as var absorption s h o d d  k 
possible. 

V h i h  th f e a s i b i l i t y  & pbi lOSOphp Of variable  
speed control  system des- have been examined, there 
are rddi t ioaa l  problems t h a t  u y  occur. Because of 
recc-t trends in vind turbine pcch8nical d e s q n  co 
" f l a i b l e "  systems ( f lex ib le  blades. teetering hubs, 
sof t  shaf ts .  etc.) -7 d e s  exist i n  the r t roc turo l  
and tors ional  design. l h s e  are cause f o r  concern 
and the f lex ib le  design policy needs t o  be 
re-examined in l i g h t  of the poss ib i l i ty  of exci t ing 
these modes v i t h  var iable  sped operation. W e  
avoidance can be occamplished to s o w  extent  through 
control policy but would not be preferable t o  
designing the troubiesome mechanical modes out by 
r igfd  blade and tower construction i f  possible. 

In addition, elcctricd. speed Control is f8vored over 
mechanical control  because of its simplicity. There 
are no rotat ing couplings to l e a k  or pncmatic  
actuators  t o .  f a i l .  It remains t o  be sten what 

generator tor- rcqulracats are ncctrury t o  
8CCapliSh the control. F i d l y ,  tbc s p e c i f l u t i o a  
of the input rod outpat are m is-. l lbe control  
s y s t a  des- s W d  be f lex ib le  coooBh te foallau a 
r u r o v b l e  ru ia t ioa  in the viad -le the output 
should have the u p s e i t y  for a r b i t r a r y  .roothing (at 
tbc expense of loss of Wind u p t o n ) .  

ba exadnat ion  of v 8 r i a b h  speed electric generating 
systems f o r  vind energy tus been provided. Ibc three 
key elements discussed indude variable  speed 
optloor, dynamics of ruiable speed s ~ t e n ,  d 
control. '2bc merits of the var iable  speed system 
include high dnd turblne colleetloa ef f ic iency  rad 
superior dynamic properlies d t h  tbc ddltion of 
proper contmls. Inefficiency in the rulable 
generator CUI be ripirircd thro-h careful des-. 
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The electrical s p t a a  options for variable speed 
operation of a wind turbine generator is treated in Lhis 
paper- Ihe key operaw ch..~~teristics of rxh system 
arc discussed and the major advanwes and disadvantages 
d each are idmti&d. 

A d j l ! e  speed operation of AC motors by use of f r t  
quency CmFCftQs is making rapid imoads in the DC drive 
market On the other hand, the comept of variable speed 
as applied to F e r  generation rather than power utilka- 
tion has. except for several pratotppe systems. not been 
widely exploited. The rapit2 development of AC adjustable 
speed d r i ~ e s  has. horcvu. resuited in an army of altema- 
Wes rhich also have poteatid application for variable 
speed p a r  gelacR5On. This paper rill focus on the 
options available for varia5le speed wind turbine genera- 
tors (WKsj tugether with the advantages a d  disadvarr 
tag- of each In particular. potential contlgurations for  
large rind turbine generators rated above 1 YW are 
aItphi&Rd. 

c b w D r m y I g V . g g g D S X S I l W S  
m R I A X G E . M D T u m N E ~  

The field of adjustable speed machine systems is an 
acute and gmw discipline such that a completely 
comprehensive treatment of technology options is an 
extremely dirrdt  task. In particular the number of feast 
ble options appears to vary inversely with the power rating 
d the WTG. This paper rill be concerned primarily with 
identifying major technology options primarily a t  WTCs 
rated a h  1 W. A less comprehensive assessment of 
technology options for h e r  power UlCs are summarked 
m the second portion of this paper. 

D c ~ a a t Q r i t h I i w c a n m p h M l n r r r L e r ~  
Probably the mosL straightforward variable speed SYS- 

tem for a WIG utilizes a DC generator with inversion of the 
generated DC power to AC by use d a line commutated 
rectifier bnQe as sbnm ic Fig. 1. Current now is in 1W 
blocks at line frequency on the AC side of the inverter and 
atering a t  the AC 'ccrminals of the bridge is needed to 
suppress ? mkic  cL?tnt now into the pawer system and 
to correct the power factor to unity. Bec? use of the heavy 
atering -=equired to eliminate unwanted kwmonics of the 
simple six puke bridge of Fig. 1. other bridge 
conflgurationr are also in common use. For * xample. the 
dud six pula bridge arrangement of Fig. W"u'ts# the 
elimination of the lowest frequen=ies. the 5 and 7 har 
monic components inherent in the bridge configuration & 
Fig. 1 r M e  halving the next  lowest components. the 11 

and l3tfi An advantage of thc dual bridge caa4qurstian d 
Fa 2 is that each bridge need o d y  be rated at 0ne-W 
theKVAra~ofthesinglebridpofFig.  1. I tsbDpldk  
'IyptiQMd that s~ch alternatives are generic to any d the 
systemstokdiscussd which utilize si. p u b  bridge 
con6gurati-. 

M-L* 

M 

k 

Fu. 1 DC Generator w i t h  DC Current Link and DCdAC 
Irtpertcr. 

FQ. 2 EC Generator with DC Current Link and Dual DCiAC 
Inverters. 

While not strictly necessary. some filtering of the DC 
voltage of the bridge is typically employed so as to minim- 
ize stray losscs in the generator due to harmonic currents. 
The simplest type of fllter is to s i ~ ~ l y  use a DC Iink induc- 
tor as shorn 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 convertcr/generator system 
operates much like a current source. An dternative to the 
iutering problem is the placement of a capcutor across 
the terminals of the machine and employ a much SMUer 
link inductor which is now selected primarily to limit 
charging current into the capacitor as shorn il Fig. 3. In 
this case the current now from the machine is smoothed 
by providing a lor impedance path to harmonic currents. 
Such a codlgwation is said to employ a DC voltage link 



Mninp from the converter. When the capacitance is large 
the convcrter/generator system appears much like a vol- 
tage source to tbt pcrcr system 

It is well kr cwn that the poRr facta of a line ca??mw 
tated bziw mats in direct propatian to the ratio of 
to AC wlt8,gt. H*.-ncc. in order to maintain good power f a e  
tor at 'he tclmt.& of the bridge. the imrtv rmutbe 
C O X I ~ ~ M  such that the voltage OII the "K side of the 
bridge must  be maintained canstant ne< ts maximum 
permSpr ble mlu - In converter termiuoiw such a con- 
M is usually F 3ed constant extinction angle con'a1 in 

the imm r is commutated such that the imata 
thyrkkrs haw ust sulTicjent time to recover blocking 
ability krom f a  I .ard voltage is reapplied. 

O p e n ~ c w  ai the Dc generator at a variable speed, 
bwwer. .mpk; a variable DC voltage since the internal 
qcncrited E Y F  d Lbc mrhine varies directly proportioaal 
to speed. i r  the ;peed range d the FIG is small (10 to 
1 s )  the I)al: ode ml-e can be maintained at ita rated 
value, horrper. by simply i n c m  thc 6eM exatation Jf 
the DC eemratcr as speed decreases. Such a control stra- 
tegy imp'k a thghr uverdesign ai the generator in order 
to ovedux ' le maAine and accomudate the extra field 
heating. Altc.paxivcly. for larger speed raqocs the DC ~ l -  
tage at ch bvecrter terminals must be reduced to match 
the varying D gctvrator pollage by control of the invatu 
extinction aq le. .5inru the system parer factnr rould then 
vary. eich a ontrol would imply a larger capacitor bank 
for power fact- r correction 

Special a&vanl ws af this ws'- Q include: 
1) Minimal Torque Pulsatio- Since th generator is 

DC rather than Af. tke tow pulsatims asoociatd with 
harmonic cunents d ie  to switching of the machine side 
converter is eliminattd. Some residual tarquc pulsations 
rin rcrmriL) depcndiw upon the degree of DC side filtering. 
m r .  the freqwicy of these pulsations are 380 Hz and 
multiples of 980 ?Iz which are -rllikely to cause resonance 
problems 

2) St ta ight fomd Control Algorithm. Whereas the 
control of AC m a c h e s  in a variable aped  application 
often k m e s  rathc complex. th rxresponding control 
of a DC machine is ou.?plicity itst. and is a long esta- 
blished technology- 

Several uniqu? d h d b  Laga which could innuence 
application of this system h a W K  application are: 

1) Yaintaincnce a d  Reliability Concerns. The 
shortcomings of IX nschines in these important cata- 
gories have been ~ - 7 8  cited. perhaps overly so. Since most 
W K  installatioas do not require continuous operation, 
brush and cbp .utatol. rraintainence should not be partic 
ularlv dillic, . rtowev-*r. reliability qwAions concerning a 
large me tanically coinmutated IT ,chine in the envoirn- 
ment of a WlC remain b be ns+ed. 

2) DC Fault Protection. T ' ~ s  system shares with most 
other ConQurationS *lie dvantages of quickly isolatlnp 
the machine from th, AL system Rapid control of the 

converter bride can prevent fault current contributiom 
from the DC machir~ when faults occur on the AC side d 
the converter. However. rapid interruption of faults on 
the machine side d the converter nmgitaks a DC 
breaker which is more expensive and nquim more main- 
tainence than an AC breaker. 

3) Copltrol Rcspons Limitations. One of the potential 
adoantages of pariable speed system mer constant speed 
systems is the potential abibt? to damp torsional osciUu- 
tiom of the W K .  Such an application muld however. 
rcguin torque control mer a ride bardwidth. In corn 
paripon to many AC systems which wi l l  be discussed, the 
speed of msponse of the system of Fig. 1 is relatively slow 
since torque control is accomplished by adjustment of the 
drld current. The inherently large 6eld time constant 
would be diiIicult to over~xme if rapid changes in 
wen mnsEarg. 

Pmbkms invoived with rapid cantml d torpuc could 
dearly be avoided with  armature contml Horever. skce 
porrrr factor is an imporhnt consideraha modulation - d  
the poltage of the caaverter bridge d Fi- 1 would pmb- 
ably be impraCticaL Use of a chopper ~ 

uuuld thistaskbutsuchafarctcanmutatcd 
device is considered as impractical for W K k  of large 
kilowatt ratii. Such c~nbipurations are rmon suitabk for 
h r  power applicatiom which w i l l  be addressed later. 

Jmetter 
Another dass d system suitable for rind power gen- 

eration is a Synchrmolls generator sl?pplying parer 
through a DC current link rectXer/inve.iter as illustrated 
in F&. 4. Commutation of the line side inverter is again 
accomplished by taking VARs from the power systuu 
Commutation of the machine side converter is provided by 
takingVARsfrosnthesynchmnousmarhinr. Inthiscase. 
excitaiion of the machine is by means of a brushless 
exciter. 

m - B  ritb ' I h m  Rlatida 8 d  

Fig. 4 Synchnous Generator rith DC Current linlr and 
E / A C  Inverter. 

Eiectrical generated power must pass through the 
rectifler/inverter so that the converters must be rated at 
the full machine rating. In this case 1- blocks of current 
ilor on the AC sides of both the rectifkr and inverter. 
Again. the harmonic content on either the machine side or 
utility side converters can be reduced by more elaborate 
bridge configurations. In particular, the s y n c h o ~ ~  gen- 
erator is frequently wound as dual three phase winding 
groups wherein each grwp feeds six pulse bridges in much 
the same manner as Fig. 2. If  the speed range is again nar- 
row (lCr15X) the line side inrerter can be maintain4 at its 
minimum utinction -le by adjusting wle fleld current of 
the synchronous generator with speed in much the same 
manner as for the DC generator. 

Imporhnt specid adoantages of this system include. 
1) Wide Speed Range. In general. the switching fre- 

quency of the machine side converten is limited by the 
subtranslent reactance of the machine. With typical per 
unit numbers. frequencies of 150.200 Hz are readily 
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obtainable. 
2) High Frequency Torque Pulsations. ?he torqm oul- 

sations are again multiples of six times the frequency of 
the umchim side converter. S i c  a typical frequency 
range of the machine side inverter in a wind power appli- 
cation is 30-90 Ht the torque pulsations dl range form 
180 to 590 €it. rhicl. is comfortably above the measured 
resonanc~s of the rind generator. 

3) Strung Electrical Damping. Again strong damping of 
mechanical 0aciUatiolrt can be initiated from the machine 
side of the mechanical system. Sinct the frequency range 
d the rectitlcr is relatively high (30-90 Hz). eEective con- 
trol d oscillations can be maintained over the speed 
range. 

4) Rapid Reclosure After a Fault Upon a line interrup- 

and hence the CommutatiOIl energy to JIlirch the invatn 
is lost H o r n r .  the current l\ar in the DC link can be 
maintained as circuht@ current by simultsntous cf 
a thyridor in the top and bottom d the inverter bridge. 
Uponctcariqo d the fault. current am bc rapidly esta- 
blished OIL the AC side of the converter by suitable control 

Thir system has a number of potential disadvantages 
~ r h i c h a r e :  

1) Ipr Frquencg Torque Pulsations Near Synchronous 
Speed. The DC side ripple harmonics of the bus side con- 
verter is Lnnd a t  360 Hz whereas the ripple DC link bar 
monics of the machine side converter arc six times tt.2 
mverler frequency. When the machine approaches syn- 
duonow speed the supvposition d the tro frequencies LI 
the DC link can produce sum and difference "beating" fre- 
quencies. Since these beat frequencies pass mto the 
machine, torque harmonics much lower than that p r o  
d d  by either converter -rating independently can 
a r k .  Tbcs currents can produce torques rhich nsonate 
with the mechanical system. This beating cdect can be 

d w i t h  proper selection of the DC link reactor and 
control of the -him side conouter. 

2) High Harmonic Distortioa. Again the current on the 
AC side of the converter set is comprised of 1m blocks. 
These q u a s i a u l a r  currents are relatively large rince 
the converter is ratcd at full rated power of the generator. 
The harm~nic content injected into the power q&em can 
egain be r e d d  with  the more e-te bridge 

X controlled startbg as a motor is not required, it is 
possible to replace the machim side thJrristor converter 
by a simple diode bridge. Torque control of the machine 
must now accomplished by field conuo!. Response of the 
v t e m  is similar to the DC system of Ti .  1 and rapid 
control d the armature current is sacridced. 

tion folbmng a fault. the invvtcr i s L o l a t c d € m m t h e l i n e  

. .  . 

cox&guration of Fig. 2. 

Doubly Ped Indpdrm - ~ W i t h D c C U r m n t I i n k  
-andInmta 

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 wain 
uses a recMcr/inverkr with a M: current link wherein 
the machine side converter is connected to ?bee phase 
rotor windings by means of slip rings. Current !low is in 
120" blocks at slip frequ mcy on the AC side of the rotor 
connected converter and 80 Hz on the AC side of the stator 
connected converter. 

In principle, operation either above or below synchro- 
nous speed is possible. S y n c h r m o ~  speed in this case is 
defined as the point st which the rotor rotates synchre 
nously with respect to the stator rotating YMF when the 
slip rings are shorted. When the machine generates power 
belm ~ynchronous speed, power is supplied to the utillty 

from the stator windings. Homer. parer must still be 
supplied to the ro ta  windings of the machine through th 

ta the difkrence between rutor speed and rotor s ~ m c b  
nous speed (slip frequency) times rated power. Hence. if 
the s p r d  range is limited the rcctider/inverter need only 
be rated for a fraction of rated power (slip 7). It can 
be noted from Fu. 5 that in this made of operation the 
rotor side converter operates as a variable frequency 
iuvertu. Conversely. when the machine generates p a -  
a h  synclronow speed, electrical power is also 
artracted from the rotor via the slip ringr. Again the con- 
verters need have a rating equal cmly to slip power. The 
rotor side converter operates in this case as a recliber. 

slip m s .  Tbe p r  rcquircd is . praportioPal 

Fig. 5 Doubly Fed Induction Generator with  Dc Current 
Link and AC/DC/AC Rectifiex-Inwxter. 

la addition to thc usual step dom transfcmmr from 
the distribution voltqe level, another transformer is tmi- 
Csup proolded to match the voltage level of the rotor rind- 
btgs 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 4 y  
sclccted so that the extinction angle of the inverter aad 
retard angle of the redi&r arc at their minimum values 
when the machine operates at maximum slip frequency. 

the particular adbntages of this systcm am: 
1) Converter Ratings Based on Slip Power. As noted 

&POVIE the converters need be rated only at a fraction ob 
rated power. For example. if the expccttd wed range is 
10-15% then the converters need be rated d y  at 0.1-0.15 
per unit pcrer. 

2) Control m?onse. Since the rotor connected brke 
must contrd power at  slip frequency thc response of this 
system is not expected to be as good as the synchronous 
motor system of Fig. 4. Nonethrless. the response can be 
markedly improved compared with the DC generator 
configuration of Fig- 1. 

3) Harmonics. Since the bridges handle only slip 
power. the corresponding current harmonies are also pre  
portianal to slip power and are more easily Wtered than 
previous systems. 

4) VAR Control. Wbile the V f i  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 acseved continuously 
with a 6xed capacitor bank without the need ior Jlriching 
capacitors. 

Thjs 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 synchranous 
speed. As a result. the rotor side bridge looses commuta- 
tion energy and a "dead spot" emists in which control is 
Lost. One possible solution to this problem is to provide 
forced cammutation capability for the rotor side bridge. A 
number of such forced committation circuits are possible 
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but a particulary simple arrangement is shorn in Fig. 6. 
Sine  forced commutation is only required near synchro- 
nous speed. the size of the ccmnutation capacitor would 
not be substantial. Note however that since the circuit 
utilizes the neutral connection of the rotor an extra slip 
ring must be prwided. 

DC c r m r  c i  
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Fie. 6 Doubly Fed Induction Generator Arrangement with 

h & e r  solution to the loss of control problem is to 
simply operate the system only above or below ~ynch-0- 
no- speed. Continuous op-ti~n above synchronous 
speed appears to be the preferred s t r a w  due to the 
diiFiculty in operating with a bridge in the variable t r t  
quency inversion mcde and the size penalties invalved IXI 
operating an electrical machine bel- rather than above 
its nominal rated speed. 

ilor in the  rotor rindings resultin 5 , . 11 . 13 , 
_ . _  harmonics of slip frequency. These harmonic 
currents in turn interact with the fundamental componRt 
to md electromagnetic torque pulsations at the 6 , 
12'. la? - f .  manics 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 pukahons 
is rather small. large amplincation can occur a t  the 
mechecal  resonant frequencies. I t  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 couplingo. for example a Holset coupliry. can be 
used to reduce the amplitude of these injected torques to 
a manageable value. Nonetheless. the Miculty of torque 
pulsations appears to be a major disadvantage of this sys- 
tem. 

3) Slip Rings. Presence of s!ip r;hgs implies a pckntial 
maintajnance issue which is not present w i t h  the synchro 
nous generator scheme. Since the rotor current flows in 
120" blocks the current in a given phase is zero over 6C" 
intervals and these intervals can be slzbstanti at  low slip 
frequency. I t  is well known that rapid brush wear can 
occur under zerd current conditions but the seventy of 
the problem under discontinuous operation with a con- 
verter is apparently not well ;mderstood. &e. uithout 
careful design the quasi-rectangular currents can induce 
currents in the rotor body itself which could. potentially. 
cause deterioratic.1 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 bc raised to 
unity. A relatively substantial bank of power factor 
correctizq 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 Lion. the thyristor bridge (rotor connected bridge 
in the case of super synchronous operation: can be 
replaced by a simple diode bndge. Control of rotor power 

Forctcammutated Rectifier. 

2) Torque Pulsations. The rectangdprtm!g 

is maintained by means of the firing angle al tL ~ inverter 
bridge. However. the porsibihty of starting the machine as 
a motor is wain lost. "he VAR input into the system can- 
not be adjusted since the inverter control must be dedi- 
cated to control of power. 

Rdiikrandbwuter 
Wkereas DC current link converter configurations 

derive commutation volt-ampere- from the conaccted sup- 
ply, M: 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 G-). Such converters are inherently 
more expensive than DC current link converters. Harmer. 
costs of these converten are decreasing rapidly with the 
development of new &h power trarsistar and gate turn- 
& (GTO) switches. If the desired speed ranqe is small the 
mtor c o ~ e ~ t e i I  cor.ve&n need only handle a small €me 
tion of rated power and the possibility of rrsiqg a DC vol- we link -sap be practical. Such a voltage link 
~ansgmt ion  b shorn m Ti. 7 in which the rotor con- 
meted converter is operated in forced commutation while 
the stator connected comrter commutates MtUdb. 
mer arrangements are possible in *hich the stator side 
converter (or both; are force commutated. 

bum PaI hduction ccpada rith Dc vdtye Iinlr 

- 
Tis. 7 Doubly Fed Induction Generator with DC Voltage 

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 t r i e r e d  at the h e s t  posslble 
rate to ensure a desired output frequency. In this case the 
converter AC side line voltaQe asscmes a quasi-redangular 
waveshape of 12(r voltage blocks which, in ebect, forms 
the dual of the DC link converter. Harmonic voltsges oi 
5.7.1 1.13. .. times the fundamental are produced which, in 
turn. induce currents of these frequencies in the 
corresponding AC current. In the pulse-width-modulated 
oi PKM mode the switchi~a frequency is modulated so as 
to eliminate these undesirable harmonics. The switchim 
frequency is SUttiCiently hgh 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 Aiter requirements of the six step mode 
suggests that PWM operation would be the preferred 
tregering scheme for this application. 

Special advantsges of a voltage link system are: 
1 )  Smooth Transition Through Synchronous Speed. 

Smce commutation of the rotor side converter is now p r o  
vided internally. the problem of "dead spots" near syn- 
chronous speed is eliminated. Control gams r e m b  h@ 
throughout a wide speed range includmg synchronous 
speed so that strong damping of mechanical oscillations is 
always possible. 

2) High Frequency Torque Pulsations Only. In general, 
the frequency cf a PWbl 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 
nctifying or inverhg. 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 PIY converter need be rated only at the 
diifcrence between maximum and minimum power sug- 
gesting a slight saving in rating of the DC voltage lvlk 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 Qnerator thereby permitting the 
contml of VARs as we3 u 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 big;. grade switches andlor extra 
components needed to accomplish forced commutation. 
However. the cost d such converters are rapidly dropping 
due to the emergence of new high power transistors and 
GTOs. Of all the configurations under consideration this 
system is perhaps the most dependent on emerging tech- 
nology. 

2) Complexity. Successiul mplementation of PWM 
schemes typically require a considerably more compli- 
cated valtage control algorithm whch invites qufftions 
concerning reliability. Operation of the PWM converter 
both above and belor synchronous speed implies an extra 
diode bridge to supply power during subsynchronous 
operation (shorn in Fig. 8) 

AC 
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Fe. 8 Doubly Fed Induction Generator Scheme Capable of 
Operation Above and Below Synchro~ous Speed. 

Dautdy Fat Induction Generator and 
An alternative to DC current or vcltage link system is 

the cycloconverter configuration of Fig. 9. 'Ihe cyclocon- 
verter is a device which transforms line frequency power 
LO adjustable frequency power directly without use of an 
intermediate DC link. Numerous cycloconverter 
conc ,.,rations have been proposed but the 38 thyristor 
&r q?ment shown in Fig. 9 is ,nost widely used. Th;s type 
0. :onver - operates essentially as a voltage source. The 
cycloccnvr. or is effectively a sampling type of converter 
where the liiput frequency is Axed and the samphng fre- 
quency changes mth output frequency In order to con- 
struct an output waveform, samples are taken from the 
three phase input. With proper mcdulabon of the cycle 
converter the current IS nearly sinusoidal with superim- 
posed ha -10nics related line frequency and to the switch- 
ing frequency of the cycloconverter bridges. Because of 
the limits imposed by the sainphng theorem. the output 
becomes progressively disbrted as the output frequency 
is increased with about i t '2  the input frequency being the 
maximum obtainable mth a 36 thyristor configuration. 

naaaeit 
FDhr 

Fig. 9 Doubly Fed Induction Generator with Direct AC/AC 
Conversion. 

As was the case for current and voltage DC lmk sys- 
tCm. numerous types d cychconverters are useful. For 
=ample. an 18 thyristor voltage source system can be 
employed. In this case the useful frequency range is hm- 
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 cycloconvutcr. 

Since isolatation is needed to prevent short circuits. 
cycloconverters are generally accompanied by an input 
transformer with three isolated secondaries. TF.? turns 
ratio is selected to provide maximum output volt '52 under 
the hlghest 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 W E  as it would require six slip 
rings rather than three. 

The most pertinent special advantages of the cycle 
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 a t  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 "selfsupportiug" and the machine is capable of 
supplyir4 power a t  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 t b  
arrangement. The WTG application appears to be a g d  
match for the inherent performance capabilities of the 
cycioconverter since the speed range o! the 'IIITC is rela- 
hvely narrow, requiring only a limited range of output fre- 
quencies from the cycloconverter. Since commutation 
takes place at  a fixed rate (380 Hz). good control of the 
rotor current is marntained down to DC frequency so that 
damping of torsional oscillations can be provided even 
when U.e output frequency is near (or at) zero 

Several important drawbacks exist for th~s scheme 
which restrict somewhat its usefulness. They are: 

1) Torque Pulsations. In general, harmonic torques 
produced by the switching of the cycloconverter an! not of 
concern since the predominant frequencies are integer 
multiples of 380 Hz. whch are well above the resonant fre- -. 
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quencies of the mechanical system. Howwer. because Lhe 
sritching of the cycloconverter is not synchronously ti& 
to UK 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 Ht (2.3.6.10.12.15 .._. 
Hz;. Amplitude of these pulsations are very small for high 
integer ratios of input to output frequencies (m1. ZO:I. 
etc.) but may become appreciable at  lower ratios (4:131 
and 21). The most severe (21 and 3:l) can be avoided by 
restricting the frequency output (rotor slip frequency) 50 
less than 20 hz. The next mast severe conditions for a WTC 
application are the 12 and I5 Hz cases which =odd have to 
be carefully examined. 

2) Harmonic Structure of the injected h e  Currents. 
One property which distinguishes the cycloconverter from 
the DC voltage or current link system is that the harmonic 
Ftrycture of the voltage output is not an easily predictable 
function. Hmonics  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 structue of the output spans a frequency band 
rather than consisting of discrete harmonic components of 
the input. As a result the Altering problem is somewhat 
more complicated. Since tuned filters are inappropriate. a 
law pass filtcr must be used which implies heavy filtering 
requirements. 

3) Behavior During S i l e  Phase Line Fault. In genera'. 
bdering 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 ha r  
monic components inclucSng fundamcntal components of 
the line frequency are admtted into the output (i.e. 
appear on the rotor side of the cycloconverter; upon a sin- 
gle phase fault. Whereas six pulse convener bridge 
schemes can be equipped to handle such occurances, a 
cycloconverter fed machine would probably require 
switching otl the line resul- in a reliabiky concern rela- 
tive to other alternatives. 

Cycloconverters can also potentially replace the dual 
converter bridge of a 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 relatiely high (above 360 Hz) to 
provide for low harmonic distortion. Operation at  such low 
or high trequencies 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 commutating VARs are  
required from the utility side to provide commutation 
energy for the cycloconverter. 

VARuBlESJeEDWTIONSFoR 
SYAIIERWINDTllRBINEGEXERU'O~ 

As the rating of the HTC is reduced the number of 
alternatives i s  enlarged. All of the previously mentioned 
schemes remain practical for lower power applications. 
However. 111 general, the per unit costs of wound fleld 

machines such as the synchronous and round rotor induc- 
tion generator increase as r a w s  of such systems 
decrease, thereby permit- various Dc and cage rotor 
induction generator configurations utiliung force COIILII~U- 
htion to become more competitive If variable s p e d  
term wluch require comection to passlve loads rather 
thw the utility grid are not considered. the follaning addi- 
tional systems can be identined. 

M: Genaabr with choppr Hacd DCVdme Link 
Figure 10 shows a DC WTG scheme in which the gcnera- 

tor is bdered from the output by a DC voltage llnk 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. ;'ace. the 
inverter bridge can be mainbined a t  its minimum extinc- 
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 rtquire 
ments can again be relaxed by resorting to more complex 
converter configurations (F-I. 2). 

Fg. 10 DC Generator with 2 Quadrant DC/DC Step Up 
:hopper. 

h ~ ~ G e n u a t a K w i t b D c v ~ L i n k  
An AC alternative the chopper/DC generator is the DC 

voltage link system of Fq. 11 u t i  a PUM inverter 
together with a squirrel cage type induction generator. 
Again the DC link voltage can be maiatained constant by 
pulse width modulation of the machine side converter. 
Because such an induction generator requires lagging 
VARs. the converter must be force commutated. The utility 
side converter can again be controlled for best power fac 
tor operation (minimum extinction angle) necessitating 
only a minimal amount of power factor correction. The 
above comments concerning Rltering 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 controIIed 
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 utiiity 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 

AC 
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Inductim Cuerator w i t h  DC Current link 
Another induction generator alternative incorporates 

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 commuta- 
tion is needed. Figure 12 shows such a confiRuration utiliz- 
ing an autojequential type of commutation scheme (ASC 
inverter). One problem which appears to be inherent in 
?he operation of this system is that the DC side voltage 
varies widely with load and ,dproaches zero when Lhe 
machine is unloaded. As a result. the h e  side ronverter 
control angle varies widely resulting in a difficult power 
factor correction problem on the utility side of the con- 
verter. 

lbqirta ocwlmg8 FmaQlr*rcolrs 

Fie. 12 Induction Generator with DC Current Link and 

Lbk conrh. 

AC/DC/AC Conversion. 

Lnductiolp cunratoruith CFlOCoamta 
The cycloconverter forms the third class of converter 

which has been discussed and, indeed, as was the case for 
doubly fed induction generator and synchronous genera- 
tors. this type of converter can also be utiiized with a 
squirrel cage type of induction generator. Huwever. in 
this case the generator frequency must be kept at a frac  
tion of line frequency (60 Hz). VARs must be suppiied both 
to commutate the cycloconverter and magnetize the 
induction generator and the numerous disadvantages 
appear to outweigh the benefits in this application. 

Inducti~ctneratar~thHighprequenc!yfLinkc4a.erter 
One t,ype 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 f r e  
quency to a large value (10 KHz or more). Another cyclo- 
converter is used to  then reduce the link frequency power 
?o a low d u e  (for example 60 Hz). Numerous types of 
iugh 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 cor rec tq  capacitors. The 
questions concerning power factor and the degree of bar- 
monic filtering needed to interface with a utility system 
haTe 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 
WTG application. 

DC- 

'is- l3 High Frequency Link Self-commutated Inverter 
(One Phase). 

P a m a n m t x a g n d C e n & ~  
When ratis reach 10-20 Kv and less, the complexity 

of the choices for variable speed operation again becomes 
enlarged. In particular, such application raws 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 dinennce between 
permanent magnet gei.arators and more conventional syn- 
chronous generators is the lack of an independently con 
trollable excitation winding. Hence, the generator t e e -  
nal voltage varies with speed necessitating control of the 
line side converter. As a result, power factor rill change 
under varying load conditions. 

COWCURION 
The electrical systems options for variable speed 

operation of a wind turbine generator are extensive and 
may wen be increasing as a result of emerging high power 
transistors and 0 s .  This paper has presented a sum- 
mary of the techology options and trade- o!k between 
alternatives for variable speed electrical generating sys- 
term 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 

l?mmmc€s 
technology. 
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ABSTRACT 

This paper describes the application o f  a 
Scherbiustat type variable speed subsystem i n  the 
MOO-% Wind Turbine Generator. As designed by 
General E lec t r i c  Company, Advanced Energy Programs 
Department, under contract DEN 3-153 with NASA Lewis 
Research Center and DOE, the nOD-5A u t i l i z e s  the 
subsystem f o r  both s ta r t ing  assistance i n  a motoring 
mode and generation i n  a control led airgap torque 
mode. Reactive pouer control i s  also provided. The 
Scherbiustat type arrangement o f  a wound ro to r  
machine with a cycloconverter i n  the ro to r  c i r c u i t  
was selected a f te r  an evaluation o f  variable speed 
technologies that  followed a system evaluation of 
d r ive t ra in  cost and r isk.  The paper describes the 
evaluation factors considered, the resu l ts  o f  the 
evaluations and sramtarizes operating strategy and 
performance simulations. 

INTRODUCTION 

The MOD-5A Wind Turbine Generator design program was 
started i n  July, 1980. After conceptual design and 
preliminary design phases were canpleted, the HOD-5A 
configuration was rated a t  7300 KY and featured- a 
synchronous generator and two-speed ro to r  operatlon 
through a shi f table gearbox. The gearbox also 
provided dr ive t ra in  dynamics control through torsion 
bar springs and dampers as described i n  Reference 1. 

When f i n a l  design and procurement started, i t  was 
found desirable t o  minimize the gearbox complexity 
and t o  provide a dr ivetrain back-torque during 
control led shutdowns. The l a t t e r  reduced Cycl ic 
loads tha t  were design drivers for  the aerodynamic 
pa r t i a l  span control. A variaole speed generator 
subsystem was selected t o  meet these needs. The 
pa r t i a l  span control was subsequently replaced w i t h  
an ai leron control, and the variable speed generator 
subsystem provides startup assistance by motoring the 
rotor. 

The MOD-SA design was performed under Contract DEN 
3-153 f o r  NASA Lewis Research Center and DOE by 
General E lec t r i c  Company, Advanced Energy Programs 
Department. 

MOO-SA SYSTEM 

The PIOD-5A model 304.2 system i s  shown i n  Figure 1. 
A s ta t i c  Scherbius o r  Scherbiustat type variable 
speed generator suL';ystem i s  used. This arrangement 
can motor the blades up t o  above 3 rpm and i s  capable 
o f  generating with ro to r  speeds f r o m  12 t o  17.5 rpm. 

System requirements f o r  the subsystem were: 

1 - Reduce gearbox complexity by providing 
dr ivetrain s t i f fness  and damping control. 

2. Reduce aerodynanic shutdown loads by 
providing dr ive t ra in  back torque dorm t o  
12 rpm. 

3. Hotor high i n e r t i a  ro to r  t o  above 3 rpn t o  
assist  ai leron ro to r  start ing. 

4. Improve energy capture by changing speed 
ranges while del iver ing power. 

5. Operate over a range from 67% t o  looX o f  
maximum speed while generatilig (system 
frequencies prevent using a larger range). 

ti. Regulate airgap torque i n  response t o  a 
system reference. This i s  used t o  control 
system speed, control  d r ive t ra in  dynamics, 
and l i m i t  maximum torque. 

7. Regulate reactive power o r  voltage 

The major components o f  the variable speed subsystem 
are located as shown i n  Figure 2. 

CONFIGURATION 

The four methods shown i n  Figure 3 were i n i t i a l l y  
considered t o  provide variable speed capabil i ty. The 
mechanical Scherbius system would d r ive  the r i n g  gear 
o f  a planetary gear s ta  e using an induction motor 
variable speed drive. 3he s ta t i c  Warner system i s  
l i m i t e d  t o  speeds above the synchronous speed o f  the 
machinery and, therefore, requires a higher rated 
overspeed and higher converter power for  the speed 
range. A study of A-C d r ive  technology (Reference 
Z ) ,  was reviewed and applications o f  variable speed 
t o  wino generation (References 3 through 6) were 
considered. Ei ther a Scherbiustat o r  a Load 
Comnutated Inverter (LCI) type dr ive system, operated 
as a generator would meet the system requirements and 
were Studied further. 

EVALUATION 

A variable speed subsystem speci f icat ion was prepared 
and quotations were obtained t o  assist I n  rhe 
evaluation. Specification functional topics are 
shown i n  Tab!e 1. Major generator requirements are 
shown i n  Table 2. Quotations were received from two 
GE components and frun Simens-Allis. 
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Both & C I  and Scherbiustat arrangements met the system 
requirements. The GE LCI has an advanced d i g i t a l  
control design and a market posi t ion i n  dr ive 
applications. A lower recurring cost i s  offered by 
the Scherbiustat due t o  a lower converter rat iog. 
U t i l i t y  interface compat ib i l i ty  and preferences are 
s t i l l  open issues. A Scherbiustat variable speed 
subsystem was selected f o r  the MOD-SA model 304.2 
design on subsystem cost. 

LCI  CONFIGURATION 

The main LCI configuration used i n  the evaluation was 
based on a GE Drive Systems Department 10,OOO hp 
drive. Arranged as shown i n  Figure 4, the major 
components o f  the LCI are a 4160 V sal ient  pole 
machine and a dual channel rec t i f ie r - inver te r .  The 
arrangement, described i n  Reference 7, i s  capable o f  
continuous speed var iat ion from zero t o  maximum 
speed. A d i g i t a l  control i s  used and f a u l t  recovery 
log ic  i s  implemented i n  the converter f i r i n g  
control. Reactive power or voltage control i s  not 
used for d r ive  applications and would require a m a l l  
change t o  the control. 

Each channel o f  the converter i s  a half-rated 6 pulse 
bidirect ional  rect i f ier- inverter.  Dual machine 
windings and transformer connections provide the 
equivalent of 12 pulse performance w i th  respect t o  
harmonics. A wound stator type brushless exci ter  on 
the machine provides zero speed f i e l d  control. The 
indiv idual  cell: o f  each channel arb shown i n  Figure 
5 wi th  some o f  the system features. Each bridge leg  
has 6 cel ls,  but can operate wi th 5 cel ls, so a 
single shorted c e l l  does not force an outage. A 
cos t ly  4 KV fuse i s  avoided by providing su f f i c ien t  
l eg  impedance t o  l i m i t  f a u l t  currents t o  reasonable 
levels u n t i l  the nain c i r c u i t  breaker operdtes t o  
clear the fau l t .  

Primary protection and switching are provided by a 
l r t i l i t y  vo?tage level  c i r c u i t  breaker. Harmonic 
f i l t e r s  and power factor correction capacitance are 
also provided a t  the u t i l i t y  voltage. The capaci- 
tance compensates f o r  the inverter stage reactive 
power demand. Control o f  t h t  inverter f i r i n g  angle 
permits operation over the f u l l  power range with a 
u t i l i t y  power factor near unity. I n  the generating 
mode, the converter operates as a l i n e  cwnutated 
device. When motoring f o r  startup, the machine 
"load" provides conmutation wi th f i e l d  control. 

SCHERB: CSTAT CONF IGlRATION 

The Scherbiustat c i r c u i t  i s  shown i n  Figure 6. This 
also has a s impl i f ied one-line diagram o f  the 
Hawaiian E lec t r i c  Company (HECO) d is t r ibu t ion  system 
a t  Kahuku Gn the island o f  Oahu where a MOD-SA 
i ns ta l la t ion  was planned. The arrangement i s  s imi lar  
t o  the GE supplied 15,000 hp dr ive used on the 
Princeton, N. J. pulse power generator described i n  
Reference 8. A Canadian General E lec t r i c  u n i t  was 
used f o r  evaluation. A wound rctor or doubly-fed 
machine i s  connected t 3  the g r id  d i r e c t l y  a t  the 
stator and through a cycloconverter a t  the rotor. 
Cycloconverters have been used f o r  f u l l  power speed 
control o f  machines as described i n  Reference 9 and 
the ScherbiustAt arrangement i s  an act ive research 
topic for wind turbine and other applications. 

Three 4 KV c i r c u i t  breakers are used t o  protect the 
cycloconverter (52-1). connect the stator t o  the g r id  
(52-2). and short c i r c u i t  the s ta to r  f o r  s ta r t i ng  
(52-3). The cycloconverter ra t ing  o f  l5On KVA 
provides for generator operation from 12 rpm t r  17.5 
rrnn a t  the wind ro to r  and for motoring t o  3t rp. 

The cycloconverter i s  arranged as three standard 
6-pulse reversing DC drives, as shown i c  Figure 7. 
Y i th  a machine turns r a t i o  o f  near I:i, the input 
VOlta e t o  the cycloconverter a t  maximum s l i p  permits 

completely redundant c e l l  arrangement was used t o  
provide ride-through capabi l i ty  i n  the event of a 
c e l l  fa i lure,  s im i la r  t o  the LCI capabil i ty. A 
mu l t ip le  winding, balanced impedance transformer is 
used t o  i so ia te  the cycloconverter bridges and both 
sum and step-up t h e i r  output t o  4!60 V. Power factor 
correction capacitance and harmonic f i l t e r s  are 
connected a t  the 4160 V bus. A hybr id control, :he 
CE Directmat ic 11, was planned f o r  the in*:ial 
unit. The operating range o f  the Sc:terbiustat 
arrangement i s  shown i r i  Figure 8. Rac:?nc s ta to r  
power i s  avai lable up t o  the 650u RY4 st4;tor thermal 
rat ing. Through the cyclxonvertr  2-r i s  
supplied t o  the ro to r  below synchro $zed and 
extracted from the ro to r  aDove syn . c  spee?. 
The planned speed-torque control cha ' s t i c  1s 
also shown i n  high and low ranges. control 
characterist ic i s  de*,ermined by the Nina turbine 
generator cont ro l le r  and would be the satne f o r  e i ther  
a Scherbiustat or an LCI variable speed subsystan. 

use 0 3 a single series c e l l  wi th fuse nrotection. A 

C W A R I S O N  

Performance comparisons o f  the two subsystem 
arrangements were made and re la t i ve  weighing factors 
were applied t o  the system c r i t e r i a  as shown i n  
Table 3. Emphasis was placed on prototype u n i t  
performance, as well as volume production character- 
i s t i c s .  The c3st and perfonnance comparisons were 
made a t  the f u l l  subsystem level, includino U t i l i t y  
voltage step-up level, housing o f  converter 
equipment, cable sizes, switchgear, and annual 
maintenance. For example, the t i m e  and cost t o  
per iodical ly clean the brush r igg ing  canpartment and 
replace brushes was included f o r  the Scherbiustat 
arrangement. The evaluation de ta i l s  are not desir ib- 
ed i n  t h i s  paper. 

An electr ical-slanted camparison i s  s h m  i n  Table 
4. This ranks the two configurations very Close 
together. 

Harmonic content i s  an issue f o r  u t i l i t y  acceptance 
of s ta t i c  power converters, as used i n  both arran e- 
ments. IEEE Guide 513 (Reference 10) i s  generally 
used t o  establ ish harmonic control and react ive 
compensation levels, subject t o  u t i l i t y  require- 
ments. These guidelines, along with the planned 
HECO/GE cmdi t ions  are shown i n  Table 5. 

As the LCI  produces 12 pulse hanronic currents and i s  
e f fec t i ve ly  DC fed, the f i1 te r i r .g  design necessary t o  
provide a smoth output !s not Complex, but the 
f i l t e r s  have t o  contenc' wi th f u l l  power harmonic 
trsplitudes. The Scherbiustat. with a 6 pulse 
cycloconverter, produces higher -1 itudc, more 
complex harmonics tnat  vary wi th s l i p  frequency, but 
only with 20% c the system output. An unfiltered, 
s impl i f ied analysis i s  shown i n  Figure 9, based on 



Reference 11. The t o t a l  output waveform d is to r t ion  
i s  about 5% p r i o r  t o  f i l t e r i ng .  A complete s i t e  
speci f ic  harmonic analysis was planned f o r  MOD-5A. 

SumParizing again, the overal l  evaluation determined 
tha t  both subsystem arrangements net the require- 
Rents. While the LCI had more f l e x i b i l i t y  and was 
rated s l i gh t l y  higher than the Scherbiustat, i t  was 
also more cost ly f o r  i n i t i a l  and volune production 
wind turbines. A Scherbiustat confjguration was, 
therefore, selected f o r  the WD-5A. U t i l i t y  
preference was being evaluated and i s  s t i l l  
considered an open issue. 

PERFORHANCE 

A simulation model o f  the MOD-5A i s  shown i n  Figure 
10. The impwtant d r ive t ra in  and tower bending modes 
are included. Both s i rp le  and complex converter and 
generator models were developed. The simple nodel 
does not include the e lec t r i ca l  dynamics, w9ile the 
complex model does, 3nd permits analysis .If the 
quadrature real  acd reactive power regulator c i r c u i t s  
t ha t  dr ive the cycloconverter f i 7 i . i ~  control. 

Gust performance o f  the s impl i f ied model i s  
i l l us t ra ted  i n  Figures 1 1  and 12. The basic gust i s  
a 12 seand period, 9 mph, sinusc"a1 shape departing 
frm an average 45 mph wind. A turbulent harmonic 
wind i s  added i n  Figure ', i n  accordance w i th  the 
NASA inter im turbulence def in i t ion.  Trade winds are 
not expected t o  be as turbulent as the NASA 
def in i t ion.  

The generator torque level  i s  clamped a t  j u s t  above 
ra t ing  by the control log ic  as shown i n  Figure 11, 
set b. Total output increases s l i g h t l y  above the 
clasp plateau as the generator speed continues t o  
increase. The ai leron aerodynamic control slowly 
operates t o  reduce tne gust torque. The gust ends 
and the system speed and power s l i g h t l y  undershoots 
the i n i t i a l  conditions wi th a smooth well-behaved 
return i n  about a minute. The gust i s  modeled as 
f u l l y  imnersing the rotor, which i s  a more severe 
than could occur i n  the f i e ld .  

The e f fec t  o f  wind turbulence i s  shown i n  Figure 12. 
A steady osc i l la t ion  o f  system speed and output power 
o f  about 10% peak t o  peak i s  predicted. This could 
be reduced by decreasing the slope of the 
speed-torque control characterist ic. 

CO G . U S  IONS 

A variaole speed generator provides several benefi ts 
f o r  the MOD-SA; 

1. Back torque f o r  shutdown assistance 
2. Control o f  d r ive t ra in  dynamics 
3. Start ing assistance i n  low winds 
4. Operafing speed f l e x i b i l i t y  
5. Reactive power control 

Either an LCI o r  J Scherbiustat variable speed 
subsystem w i l l  meet the MOD-SA technical 
requirements. A Scherbiustat was selected on cost. 
U t i l i t y  weference and s i t e  specific analysis issues 
remain open. 
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Table 1- Varirble Speed Subsystem Rcguiracnts 

3.1 subryta Lfinitim 
3.1.: 6ener8l Descr ip t ion 
3.1.2 Subsstem Configuration 
3.1.3 In te r fua  Ocf in i t lm 

3.1.3.1 bnerrtor Wcchnicrl Interfaces 
3.1.3.2 Cacrrtot E l e c t r k r l  Interfaces 
3.1.3.3 Cmvwter Ikcbmicr l  Interraces 
3.1.3.4 Canrerter Elcct r lc r l  Interfaces 

3.1.4.: Duty Cycle Ocrrrlption 
3.1.4.2 

3.2 Cburctcristics 

3.2.1.1 berator  Ckruterlstfcs 
3.2.1.2 6eneratx ? a r m  
3.2.1.3 GCncr3tor E n v i r o r a t r l  Conditions 

3.2.2.1 C h u u t e r i s t i o  
3.2.2.2 canvata ?urcLas 
3.2.2.3 tocmrttr ~ i r o n e n t a l  Canditlms 
3.2.2.4 tmrrrta coatrol 

3.2.2.4.1 6eneral 
3.2.2.4.2 colltrol mdes 

3.1.4 @eratiom1 Description 

Opartiarl P a r a  - Poccr Dtrcrietim 

3.2.1 ccvrrtor 

3.2.2 Conmtc: 

3.2.2.4.2.1 In i t ia l izat ion 
3.2.2.4.2.2 mtorfng 
3.2.2.4.2.3 Synduonization 
3.2.2.4.2.4 Toque 

3.2.2.4.2.5 Reactive Porcr 

3.2.2 4.2.6 Butdarn 
3.2.2.1.2.7 F w l t  Ibnitorimg 

 lat ti on 
Rcgulrtion 

Table 2- Senerator R q u i r a c n t  su#ry 

0 38,530 FT-LB AiR GAP TORQUE 

0 CLASS F INSULATION (105% OVER 10°C) 

4160 VLA - EXTERNAL W E  

0 SELF LUBE W3URNAh BEARINGS WITH PROVISION FOR EXTERNAL FLOOO LUB. 

0 MOTOR 0 TO 300 RPMIGENERATE 960 TO 1440 RPM - 1700 RW M E W  OVERSPEED 

0 LOSSES 100 KWI#W) KW 8 NLIFL 

0 OPERATING TEMP - -M TO + 4U'C 

0 NON OPERATING TEMP - 40 TO + 60°C 

0 3300 FT ELEV I 7000 FT ELEV WITH DERATING 

0 SALTAIR 



Table 3- Errlurtion Criteria krd Weight 

I .  cosr t ib i l i ty  - M i t h  M i d  Turbine eppllcrtia ud control syAem. Mi* 

3. R e l i a i l i t y  
- ?otmtial i w  Q. arr i I& i l i tp  including 

effect of s i q l c  fail- OQI. (151) 

5. k i n t i i l u 5 i l i t Z  
- Ease of wintenmce ..p tnable shooting. hd. (la, 

I *  Llfc - Prob.bility o f  30 year l ife. 

8. Sdcdule - Prototype deliwry sclcble 

hd. iW) 

L a  

IOQ 

Table 4- Evaluation Comparism 
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Table 5- Pam 

H E W E  
(UND€R YEASJRlEYENT 
CONDITlows YOTUALLY 
AGREED TO BY GE & H W )  

IEE 519 
--7E&=i 

VrYTAGE 

LINE NOTCHING 

HA;IYONICS 

MULTI-KCTION 
AILERON CONTROL 

OPERATlOWAL CHARACTERISTICS 

RATE0 P M E R  7 3 U  KU AT 0.- 

RATED WIND SPEED 32 YPH AT m FT 

IWCI YPH A T  259 FT CUT-INICUT-OUT WIND SPEED 

N A U Y W  WIND SPEED (SURVIVAL) 1B LIPM AT 25) FT 

POWER CONTROL MULTI-SECTION AILERONS 

ROTOR R R I - 3 3  SPEED 13.7116.8 RPM (? I O U  

ENERGY CAPTUREIYR 21.3 X IOc KWH (NASA SF€CIFIED 
WINO SPEED DURATION CURVE. 
14 YPH A T  32 Fl. 100 I AVAIL) 

TOTAL UT ON FOUNDATION t a g  K-LB 

FEATURES -- 
e 700D LAMINATE B U M S  UITH HIGH PERFORMANCE 

AIRFOIL - UPIIIND. TEETERED 

NON-ROTATING ROTOR SUPPORT 

e HYBRID EPICYCLlCIPARAUEL SHAFT GEARBOX 

e VARIABLE SPEEDICONSTANT FRMUENCY OPERATION. 
WITH 1 9 3  POINTS 

SOFT SHELL TOWER. TUNEABLE BELL SECTION 0 

Figure ;- ?4OD-SA system llodcl 304.2 



I 
GENERATOR 

YAW SLIP RING ASSWBLV 

KmERCABLlNG 

CONVERTER 

SITITCHGEAR 

SI”-UPTRANSHW#ER 

STATION BAlTERIES 

// ,GENERATOR 

K 
YAW SLPRINGS 

POlllER 
CABLING 

CONVERTER 
SlllllTQlGEAR 
STEP-llPTR(ULSMIIYER 
STATlON MlTERlES 

\ 

Figure 2- GMcrator Subsystem Equiptnt  Locations 

0 MECHANICAL SCHERBWS SVSIEM 
AUXlLlARV GEAR DRIVE112 YVAlCCUSClM - 
7.5 W A  SYNCHRONOUS 
0-15x. 85-11s OF SYNCHROhlOUS SEED 

0 STATIC SWER61US SVSTW 
6.3 W A  6-8 POLE WRW (WATOR)/l.S MVA (ROTOR) 
1.5 W A  6 PULSE CYCLOCONVERTER ON GROUND 
020%. 80-12096 OF SYNCHRONOUS SPEEJ 

0 STATIC KHAMER SVSTEM 
5.0 MVA 8 POLE WRL. fSTATOR)/3.O MVA (ROTOR) 
20 YVA 6 PULSE LCI CONVEqTER ON GROUND 
10&140% OF SVNCHRONOUS SPEED 

0 LCISYSTEM 
7.5 MVA 6 POLE SVNCHRONOUWDOUBLE WINDING 
7.5 MVA 12 PULSE LCI COMERTER ON GROUND 
0105% OF SYNCHRONOUS SPEED 

Figure 3- Variable Speed Configupations 
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Figure 4- LCI Subs-rstem Ar.--t 

WVERfl lc  

tG€aERA- RECTlFYWG 

W.LL CmRAlE 
WITH IBSHORTED 

CONVERTER 4WO KVA [HALF OF LCI C(WIIFIGURATlOlS) 

$MOWN: 24 HEAT UNK ASIWBLIES. 72 CELLS 
TOTLL SYSTEM: U HEAT SINK ASMS.. 144 CELLS 

REF: GEAlOgl6 
FULL CONVERTER & REACTORS: 5O'LWG I I'DEEP X 7-1M H I M :  2WOD#*PPROX 

Figure 5- LCI Converter Detsll 
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I L I 
I 

REF: 4- 
‘’ 8 FILTER 

= I -  
WlEAFIQ 

Figure 6- Schubiustat Subsystem Arrangcrcnt 

(;OWVERTER 500 KVA W3OF CYCU)COIMRTER) 
CIRCUIT It STANDARD REVERSING O.C. DRIVE ARRANGEMENT 
tmrrrW: 6 HEATSlNKS x 2CELI.S I 2 REDUNDANT - 12 HEAT SINKS. W CELLO 

CONVERTER L. COUTROL: 1 0  LONG, I’DEEP. 7.112’HIGH; 11- -OX. 
I L O U ~ O N  TRANSFORMER: 5-lL?’ LONG, S’DEEP. 8-1R’HIGH: 12.dAPPROX. 

TOTAL SYSTEM: JS YLAT SINU m. 72 CLLfS 

Figure 7- Schetbiustat Converter Detail 
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MVA 

TORQUE - SPEED 

CONTROL CHARACTERISTIC 

SLOPE = RATEDIO.6 RPM 
3.5 0 DROOP 

PO 

SYNCHRONOUS 
SHAFT 
SPEED 

ROTOR 
- 2  t MOTORING 

Figure 8- &merator Operating Regime 

Figure 9- Harmonic Dfstortion 
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ROTOR SPEED REFEREWE GENERATOR SPEED 
ConTROL LOOP COlrmoL LOOP 

ROTOR + Kl A I R W  , CONVERTER 

YINO MIERATOP 
ROTCR ToRPllE J1 , J2 TORQE C o m a  AWD .a 

ROTOR 
THRUST 

BUDE M D  TONER 8EIIoIwG 

Figure 10- S iu la t ion  lbdcl Block Diagram 

Figure 11- Response To 1-Cosine Wind Change 
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Figure 12- Response To 1-Cosine Wind Change With Turbulence 
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dB 50 

70 

F i g u r e  3. - Measured on-axis noise spectra a t  
approx ima te ly  rated power  f o r  f o u r  nach ines .  
(r = 100  m.) 

0 l W O k W  

-nu, 0 4000kW 
0 

A comparison o f  t h e  narrow band 
n o i s e  s p e c t r a  for l a r g e  upwind and downwind 
machines is g i v e n  i n  F i g u r e  4.  Data are na r -  
row band (Af = 0.25 Hz) and are l b i t e d  to 
t h e  f requency  range  below 100 Ez. The gener-.  
a1  reduc t ion  i n  l e v e l  w i t h  f requency  is s e e n  
to be a b o u t  t h e  same =or b o t h  machines. Thr. 
WTS-4 machine h a s  a number o f  d jscrete  peaks  
i n  its spectrum, p a r t i c u l a r l y  below 50  Ez. 
These  are loadir?g harmonics which occur a t  
i n t e g r a l  m u l t i p l e s  o f  t h e  blade passage  
frequency. T h e i r  amplitudes are enhanced 
because o f  t h e  tower wake-blade i n t e r f e r e n c e  
encountered  i n  t h i s  downwind c o n f i g u r a t i o n .  
I n  t h e  M O D 2  spec t rum o n l y  a few d i s c r e t e  
peaks  are e v i d e n t  and these are b e l i e v e d  to 
be of e l ec t romechan ica l  o r i g i n .  No l o a d i n g  
n o i s e  harmonics are a p p a r e n t  for t h i s  upwind 
c o n f i g u r a t i o n .  The r e l a t i v e l y  lower l e v e l s  
o f  t h e  MOD-2 spectrum are due i n  p a r t  to  its 
lower t i p  speed. 

10- 

L '  

m Po M m I@ 
3 3 0 1  

0 
REWNCY. HI 

F i g u r e  4 .  - Comparison o f  narrow band ( A €  = 
0.25 Hz) n o i s e  s p e c t r a  a t  rated power, on 
axis, for t h e  M O P 2  and WS-4 machines. 
(r = 150 m.) 

4 o L  

O f f  -TPIRD OCTAVE BAND CENTER FREQUENCY, HZ 

I I 1 
63 250 loo0 4#K) 

'C 
F i g u r e  5. - Effects of power o u t p u t  on  noise 
spectra measured on ax is  for  the WTS-4 
machine. (r = 150 m.) 

D i r e c t i v i t y  E f f e c t s  

Noise measurements f o r  t h e  ma- 
c h i n e s  o f  F i g u r e  l i n d i c a t e  t h a t  t h e  n o i s e  
r a d i a t i o n  p a t t e r n s  are n o t  s h a r p l y  d i r e c t i o n -  
al .  A t  e q u a l  d i s t a n c e s  on -ax i s  (upwind and 
downwind) e s s e n t i a l l y  no  d i f f e r e n c e s  are 
observed  i n  e i t h e r  spectral s h a p e s  or sound 
l e v e l s .  There are, however, c o n s i s t e n t  d i f -  
f e r e n c e s  between measurements made on-axis  
and  i n  t h e  p l a n e  o f  r o t a t i o n .  F igu re  6 shows 
one - th i rd  o c t a v e  band s p e c t r a  f o r  t h e  M O D 2  
machine. Note t h a t  t h e  in -p lane  d a t a  have 
r e l a t i v e l y  lover l e v e l s  a t  low f r e q u e n c i e s  
and h i g h e r  l e v e l s  a t  h igh  f r e q u e n c i e s  than  do 
t h e  on-axis  data. The r e s u l t  is a c r o s s - o v e r  
e f f e c t  as s e e n  i n  t h e  f i g u r e .  

S i m i l a r  data  are p resen ted  i n  Fig- 
u r e  7 to  show a comparison between t h e  M O P 2  
and WTS-4 machines. The d a t a  p o i n t s  r e p r e -  
s e n t  mean Les ( d B ( A ) )  l e v e l s  f o r  a l a r g e  num- 
ber  of measurements for bo th  machines. The 
n o i s e  r a d i a t i o n  p a t t e r n  curves i n  e a c h  case 
are e s t i m a t e d .  The MOW2 machine r a d i a t e s  
e s s e n t i a l l y  i n  a 3 o n - d i r e c t i o n a l  p a t t e r n .  
The WTS-4 r a d i a t i o n  p a t t e r n  an  t h e  o t h e r  hand 
shows h i g h e r  l e v e l s  on-axis  t han  in -p lane .  
As sugges ted  in Figure  6 t h e  l o w  f requency  
components are known to  be r e l a t i v e l y  s t r o n g  
on-axFs. Thus t h e  skewness of t h e  r a d i a t i o n  
p a t t e r n  of t h e  WTS-4 is due  t o  t h e  i n f l u e n c e  
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of  t h e  l o w  f r e q u e n c i e s  on  t h e  ks va lues .  

0 ON-AXIS 

40- s 
I 1 I 

250 loo0 4ooo 
ONE-THIRD OCTAVE BAND QMER FREQUENCY. Hz 

F i g u r e  6 .  - Comparison o f  on axis and i n  
p l a n e  n o i s e  spectra f o r  MOD-2 machine. 
(P = 2500 kW, r = 1 0 0  m.) 

V - 

\PRESSURE LEVEL, dB(A) 1 

701 

F i g u r e  7. - Comparison o f  a-weighted n o i s e  
radi: . o n  p a t t e r n s  far iJTS-4 arid MOD-2 
mach V J S .  (Vw -- 7.6-13.4 m / s ,  r 5: 150 m.) 

p e r c e p t i o n  Di s t ances  

Obse rva t ions  o f  t h e  r a d i a t e d  n o i s e  
from a number of d i f f e r e n t  machines and f o r  a 
range  o f  weather  c o n d i t i o n s  have e s t a b l i s h e d  
a wind r e l a t e d  d i r e c t i o n a l i t y  which is i l l u s -  
t r a t e d  i n  F igu re  8 .  The d a t a  p o i n t s  f o r  t h e  
MOD-2 and t h e  WS-4 machines r e p r e s e n t  l oca -  
t i o n s  a t  which t h e  noise dur ing  s t e a d y  s ta te  
o p e r a t i o n s  is obse rvab le  i n t e r m i t t e n t l y .  

Note t h a t  t h e  n o i s e  is observed  a t  a much 
g r e a t e r  d i s t a n c e  downwind t h a n  upwind, i n  
s p i t e  of t h e  f a c t  t h a t  t h e  n o i s e  r a d i a t i o n  
p a t t e r n s  o f  F i g u r e  6 a r e  n e a r l y  symmetrical. 
T h i s  skewness is due  to  r e f r a c t i o n  e f f e c t s  o f  
t h e  mean wind speed g r a d i e n t ,  r e s u l t i n g  i n  
t h e  fo rma t ion  o f  shadow zones  upwind and pro- 
p a g a t i o n  enhancement downwind. The d i s t a n c e  
from t h e  machine to  t h e  shadow r c n e  is depen- 
d e n t  upon t h e  h e i g h t  o f  t h e  noise source 
above t h e  grcund s u r f a c e  and t h e  wind speed  
g r a d i e n t .  

V - 

F i g u r e  8 .  - Comparisons or p e r c e p t i o n  d i s -  
t a n c e s  f o r  the WTS-4 and MOL-2 machines.  
(Vw = 7.6-13.4 m / s . )  

BROADBAND N O I S E  PREDICTION 

To a d e q u a t e l y  assess t h e  impact o f  
t h e  wind t u r b i n e  n o i s e  and to  a i d  i n  t h e  de- 
s i g n  and s i t i n g  o f  machines  t h a t  are accep- 
t a b l e  t o  t h e  community (Refs .  7 and 81,  a 
tho roug t  inders tanding  o f  t h e  unde r ly ing  
n o i s e  g e n e r a t i o n  phenomena as w e l l  as p r e d i c -  
t i o n  t e c h n i q u e s  are h i g h l y  d e s i r a b l e .  C u r -  
r e n t  l i t e r a t u r e  o n  wind t u r b i n e  n o i s e  is 
l i m i t e d .  Most p u b l i c e t i m s  d e a l  w i t h  t h e  
impu l s ive  "thumping" n o i s e  caused  by t h e  
b l a d e  c u t t i n g  t h e  wake behind  its s u p p o r t i n g  
tower, where t h e  rotor is l o c a t e d  dcwnwind 
from t h e  tower (Refs .  9-15). A p r e d i c t i o n  
code  f o r  t h i s  type  o f  n o i s e  is p r e s e n t e d  i n  
Reference  16. Other  p o s s i b l e  sources o f  wind 
t u r b i n e  n o i s e  are d i s c u s s e d  i n  Refe rence  5 
and some of  t h e s e  n o i s e  mechanisms are cons i -  
de red  i n  Refe rences  1, 6 ,  and 17-19. Refer -  
e n c e  1 9  compares t h e o r y  4 t h  experimental 
broadband n o i s e  data (Refs .  1 and 2 )  b u t  re- 
s u l t s  i n d i c a t e  t h a t  better p r e d i c t i o n  t e c h n i -  
q u e s  arc needed. In  t h e  n e x t  s e c t i o n s  a 
broadband n o i s e  p r e d i c t i o n  scheme f o r  h o r i -  
zonca l  a r i s  wind t u r b i n e  g e n e r a t o r s  is pre-  
s en ted .  

Ex tens ive  n o i s e  meas-Jrements on 
c u r r e n t ,  l a r g e ,  h o r i z o n t a l  a x i s  wind t u r b i n e  
g e n e r a t o r s  (Ref s .  1-6) i n d i c a t e  t h e  p re sence  
o f  t h r e e  major  aerodynamic source mechanisms 
o f  broadband n o i s e  ( f i g u r e  9 ) :  

1. Loading f l u c t u a t i o n s  due t o  
i n f l o w  t u r b u l e n c e  a t e r a c t i n g  w i t h  t h e  rotat-  
i ng b l ades .  
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2. The t u r b u l e n t  boundary l a y e r  
f low o v e r  t h e  a r r f o i l  s u r f a c e  i n t e r a c t i n g  
wi th  t h e  b l a d e  t r a i l i n g  edge. 

3. Vortex  shedding  due to  t r a i l -  
i n g  edge b l u n t n e s s .  

COMPONNT S W R E  

IN  FLOW 
TURBULENCE 

6 

4 TURBULENTBOUNDARY U 
LAYER BLADE TRAILING EDGE - 

INTERACTION 

SOUND POKER 
DEPENDENCE 

U4"Z1C 

u5ti 

BLADE lRAlLlNG 
EDGE BlUNTNSS 

W E R E  1 = LENGTH OF BLADE E W N T  

F i g u r e  9. - Components o f  wind t u r b i n e  broad  
band noise. 

In  coatrast to t h e  l i m i t e d  l i t e ra -  
t u r e  on wind t u r b i n e  no i se ,  t ? e  list o f  pub- 
l i c a t i o n s  d e a l i n g  w i t h  h e l i c o p t e r  rotor n o i s e  
is q u i t e  e x t e n s i v e .  Although the c o n c e p t  o f  
e x t r a c t i n g  energy  from t h e  f l o w  by a wind 
t u r b i n e  rotor is opposite o f  t h a t  o f  a h e l i -  
copter rotor, which p r o v i d e s  ene rgy  to  t h e  
f l aw ,  t h e  n o i s e  g e n e r a t i n g  mechanisms show 
many similari t ies and an  a n a l o g y  between t h e  
two concep t s  is j u s t i f i e d .  

In f low Turbulence  

When t h e  wind t u r b i n e  rotor b l a d e s  
move through t h e  t u r b u l e n t  a i r  t h e y  e n c o u n t e r  
a tmosphe r i c  inhomogenei t ies  callsing e f f e c t i v e  
a n g l e  o f  a t t a c k  changes  which result  i n  un- 
s t e a d y  a i r f o i l  loading .  T h i s  f l u c t u a t i n g  
f o r c e  mechanism is a w e l l  known source  f o r  
a i r f o i l  and h e l i c o p t e r  rotor n o i s e  as d e c r i b -  
ed  i n  References  19 and 20-42. To e n a b l e  
u t i l i z a t i o n  o f  t h e o r e t i c a l  a n a l y s e s  from t h e  
l i terature  f o r  t u r b u l e n t  i n f low s o u r c e  mech- 
anisms applicab! e t o  h e l i c o p t e r  rotors t h e  
c o n t r a s t  wi th  wind t u r b i n e  rotor mechanisms 
h a s  to be d i scussed .  When e n c o u n t e r i n g  ii- 
f low t u r b u l e n c e  a h e l i c o p t e r  rotor w i l l  i n -  
g e s t  t h e  t u r b u l e n t  eddy wi th  a convec t ion  
speed  vc. wh i l e  f o r  a wind t u r b i n e  t h e  eddy 
is  blown i n t o  its rotor d i s c  w i t h  a windspeed 
Vu. Downstream o f  t h e  rotor p l ane  o f  t h e  
wind t u r b i n e  t h e  flow is slowed down and t h e  
eddy is compressed. The l i f ' . ing  rotor o f  a 
h e l i c o p t e r  accelerates t h e  f low and t h e  
e d d i e s  are e longa ted .  I f  t h e  e d d i e s  are com- 
p res sed  ratber than  e longa ted  and i f  t h e  
b l a d e  passage  f requency  is k e p t  c o n s t a n t ,  t h e  
occurence  of b l a d e  load ing  c o r r e l a t i o n  due to  
t h e  chopping o f  a s i n g l e  eddy by more t h a n  
one  b l a d e  is reduced. 

Turbulence  C h a r a c t e r i s t i c s  The le l ig th  scale 
and t h e  i n t e n s i t y  o f  t h e  i n f l o w  t u r b u l e n c e  
are dependent  on-me teorological c o n d i t i o n s  
and h e i g h t  above t h e  ground (Ref .  4 3 ) .  A 
h e l i c o p t e r  f l y i n g  a t  d i f f e r e n t  a l t i t u d e s  w i l l  
+hus  encoun te r  d i f f e r e n t  t u r b u l e n c e  concli- 
l i o n s ,  w h i l e  f o r  any g i v e n  wind t u r b i n e  t h e  
d i s t a n c e  above t h e  ground is f i x e d .  For t h e  
wind t u r b i n e s  c o n s i d e r e d  h e r e  t h e  turbu:.ence 
might  oe cons ide red  i s e n t r o p i c  which meirns 
t h a t  f l u c t u a t i o n s  are approx ima te ly  t h e  same 
i n  a l l  d i r e c t i o n s  (Ref.  4 4 ) .  For h o r i z o n t a l  
a x i s  wind + u r b i n e  g e n e r a t a r s  the l o n g i t u d i n a l  
t u r b u l e n c e  component is  by f a r  most impor- 
t a n t .  T h i s  l o n g i t u d i n a l  component is assumed 
to b e  a h o r i z o n t a l  s j n u s o i d d  g u s t  of t h e  
form: 

w = w e  - i w ( t - X / V w )  
(1) 

where k is t h e  squar?  root of t h e  root mean 
s q u a r e  t u r b u l e n c e  i n t e n s i t y .  w is t h e  rota- 
t i o n a l  f r equency ,  t is t h e  time and x corres- 
ponds to a chordwise  d i s t a n c e .  The wind 
s t r u c t u r e  is si rong ly  dependent  o n  tempera- 
t u r e  g r a d i e n t  and t u r b u l e n c e  o r d i n a r i l y  is 
s t r o n g e r  i n  t h e  dayt ime t h a n  a t  n i g h t  when 
t h e  a tmosphere  is more stable. I n  t h i s  paper 
a s t a n d a r d  d a y  is assumed w i t h  a n e g a t i v e  
t empera tu re  g r a d i e n t  as a f u n c t i o n  of h e i g h t  
above  t h e  ground. The root mean square turbu-  
l e n c e  i n t e n s i t y  a t  e l e v a t i o n  h is g iven  by 
(Ref .  45): 

z2 = f@.- dw 

where O x  is t h e  l o n g i t u d i n a l  t u r b u l e n c e  spec- 
t r u . a  a t  t h a t  e l e v a t i o n  and is expres sed  i n  
t e rms  of a r e f e r e n c e  t u r b u l e n c e  i n t e n s i t y  wr 
(Ref. 45): 

1 
0 

(Px(F,Vw) = ---- 5/3 j ( 3 )  
L 

Lth 
where 7, is t h e  reduced  f r equency  vG and n 
h a s  t h e  v a l u e  o f  .0i44 f o r  a l o n q . i t w i n a 1 °  
g u s t .  An e x p r e s s i o n  f o r  t h e  r e f e r c z - e  turbu- 
l e n c e  i n t e n s i t y  wr  a s  used i n  t h e  s t rucLur<: i  
a n a l y s i s  o f  t h e  MOW2 machine can  be o b t a i n e d  
from Reference  45: 

1 
1.185-.193 l o g  h (4) 

w r = .2 [2.18 Vwh--353] 

S u b s t i t u t i o a  o f  Equat ion  ( 3 )  i n  ( 2 )  y i e l d s ,  
a f t e r  i n t e g r a t i o n ,  t h e  root mean s q u a r e  t u r -  
bu lence  i n t e n s i t y  a s  a f u n c t i o n  o f  on ly  wind- 
speed  and h e i g h t  above t h e  ground: 

[ hwr/( Vw R(wr- .014 wr2) I] -2'3 ( 5 )  w2 - 2 
- "r 

where W r  is g i v e n  by Equation ( 4 ) .  TLe long- 
i t u d i n a l  t u r b u l e n c e  spectrum ( P X  h a s  been i n -  
t e g r a t e d  between a minimum f requency  which 
was choosen v e r y  close to  zero and a maximum 
f requency  a,,,ax which was chosen  such  t h a t  
h igh  f requency  (small e x t e n t )  t u r b u l e n c e  may 
be d i s r e g a r d e d  ( R e f ,  45). 
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Far-Field t:oise P r e d i c t i o n  - The induced 
f l u c t w t i n g  f o r c e  pcr u n i t  span is rela- 

a c  
ted to t h e  h o r i z o n t a i  g u s t  by t h e  a e r o d p n a r i c  
t r a n s f e r  f u n c t i a n  Gtk):  

where k = ( ~ c , , / 2 V ~ )  and G(k) is based on 
OsbOrne*s asymptotic s o l u t i o n  f o r  t h e  com-  
p r a s s i b l e  e x t e n s i o n  o f  t h e  Sears f u n c t i o n  
(Refs. 28 and 35). which f o r  ~ a v  f r e q u e n c i e s  
is approximated by: 

L i g h t h i i l  h a s  shown t h a t  
p r e s s u r e  due  to a t l u c t u a t i n 3  torce 
p o i n t  wi th  c o o r d i n a t e =  X i  (1-1.2.3) 
by the e x p r e s s i o n  (Ref. 46):  

c - 

t h e  s w n d  
F i  a t  a 
is g i v e n  

where cc is t h e  speed o f  sound and ro is t h e  
d i s t a n c e  be tueen  the s o u r c e  and receiver. If 
t h e  sou rce  is cons ide red  to be a p o i n t  dipole 
and the wavelength cf the radiated sound is 
much sraller than  the d i s t a n c o  ro to t h e  re- 
c e i v e r  the e x p r e s s i o n  for the a c o u s t i c  p re s -  
safe i n  t h e  f a r  f i e l c  fo rmula t ed  by C u r l e  
(Ref. 47) may be use3: 

Where f is the v e c t o r  from t h e  o r i g i n  to t h e  
r e c e i v e r  l o c a t i o n  ( i n  t h e  y-z plan-) and 6 is 
t h e  a n g l e  between r and t r e  z-axis.  S u b s t i -  
t u t i n g  Equat ions  (67 and ( 7 )  i n t o  Equat ion  ( 3 )  
y i e l d s  a f t e r  i n t e g r a t i o n  and s q u a r i n g  t h e  
mean squa re  sound p r e s s u r e  i n  t h e  f a r  f i e l d  
as be ing  p r o p o r t i c n a l  to: 

where B is t h e  n m b e r  o f  b l a d e s ,  R is  t h e  
r a d i u s  o f  t h e  rotor, and d l ( f )  is a f requency  
dependent s c a l i n g  f a c t o r .  To e v a l u a t e  t h i s  
s c a l i n g  f a c t o r ,  t h e  wind t u r b i n e  rotor h a s  
been modeled as  a d i p o l e  p o i n t  soL‘ce l o c a t e d  
a t  t h e  hub and Equat ion  ( 1 0 )  is compared wi th  
frequency spectra from t h e  MOW2 machine f o r  
which t h e  n o i s e  was l a r g e l y  due  to t u r b u l e n t  
in f low (Refs.  1 5  and 16). The l o c a t i o n  o f  
t h e  peak i n t e n s i t y  i n  t h e  f requency  domain is 
s t r o n g l y  dependent on b l a d e  v e l o c i t y  and lon-  
g i t u d i n a l  s c a l e  of t u rbu lence  (Ref.  2 4 ) .  The 
tu rbu lence  is dependent on h e i g h t  above t h e  
ground f o r  non-varying me teo ro log ica l  condi- 

t i o n s .  To account f o r  d i f f e r e n t  hub h e i g h t s  
as vel1 as d i f f e r e n t  rotor d i a m e t e r s  t h e  lo- 
c a t i o n  o f  the peak i n t e n s i t y  i n  the  f requency  
domain is g i v e n  by: 

Where S is t h e  a p p l i c a b l e  S t r o u h a l  n u k r  
which is o b t a i n e d  f r a  comparison wi th  the 
measured IIoD-2 n o i s e  spectra. 

Powr Outpu t  and W i n d s p e e d  - I f  t h e  power 
generated by the wind t u r b i n e  is known r a t h e r  
t han  t h e  wind speed, which is needed as i n p u t  
for Equat ions  (4 )  and ( 5 ) .  it is necessary to 
know t h e i r  r e l a t i o n s h i p  to e n a b l e  n o i s e  pre- 
d i c t i o n s .  ne fe rence  48  s u g g e s t s  t h a t  f o r  
c o n s t a n t  r o t a t i o n a l  speed mact ines  t h e  o u t p u t  
power is l i iear ly  p r o p o r t i o n a l  to t h e  w i d -  
speed v e l o c i t y  and p i t c h  angle. Betueen the 
c u t - i n  sped and the rated w i n d  speed the 
parer o u t p u t  w i l l  v a r y  approx ima te ly  l i n e a r l y  
w i t h  windspeed, which c a n  be expressed by the 
e q u a t i o n  t 

- 

P 
(12)  - vw - - (Vra-V C l  .) + v C1 . 

pK 

where P, is r a t e d  power o u t p u t  at t h e  corres- 
ponding rated w i n d s p e e d  Vra and Vci is the 
cu t - in  windspeed a t  which no Autput pouer is 
praduced. Eqaa t ions  (4 ) .  (51 ,  (10) .  (11) and 
( 1 2 )  are u t i l i z e d  to predict the n o i s e  spec- 
tra due  to in f low t u r b u l e n c e  f o r  other ma- 
c h i n e s  and o p e r a t i n g  c o n d i t i o n s .  

Turbu len t  Boundary Layer -Tra i l ing  Edge 
I n  Le rac t ion  

Noise is g e n e r a t e d  when t h e  blade 
a t t a c h e d  t u r b u l e n t  boundary l a y e r  c o n v e c t s  
i n t o  t h e  wake a t  t h e  t r a i l i n g  edge. Theore t -  
ical models o f  this t r a i l i n g  edge n o i s e  f o r  
h e l i c o p t e r  blades are p r e s e n t e d  i n  Refc rences  
20-22 and 48-60. The expe r imen ta l  ana  theor- 
etical s t u d y  i n  Reference  53  conc ludes  that 
the t r a i l i n g  edge  n o i s e  r a d i a t e d  from a local 
b l a d e  segment can  be predicted by a f i r s t  
p r i n c i p l e s  theory ,  which i n c l u d e s  1 0 ~ 1  Mach 
n m b e r ,  boundary l a y e r  t h i c k n e s s ,  lcrigth o f  
t h e  b l a d e  segment and Observer  p o s i t i o n .  A 
s c a l i n g  l a w  approach  t h e n  was u s e d  f o r  com- 
p a r i s o n  wi th  t h e  n o i s e  r a d i a t i o n  d a t a  from a 
s t a t i o n a r y  two-dimensional i s o l a t e d  a i r f o i l  
segment. T h i s  t h e o r y  w i l l  be  u t i l i z e d  to  
p r e d i c t  t h e  t r a i l i n g  edge  n o i s e  g e n e r a t e d  by 
t h e  b l a d e s  of large h o r i z o n t a l  a x i s  wind t u r -  
b i n e  gene raco r s .  

The s c a l i n g  l a w  p r e d i c t i o n  o f  Ref- 
e r e n c e  53  g i v e s  f o r  t h e  t r a i l i n g  edge n o i s e  
s p e c t r m  f o r  an  i s o l a t e d  a i r f o i l :  

SPL1/3 = 10  109 

were SPL1/3 is t h e  one - th i rd  o c t a v e  band 
sound p r e s s u r e  l e v e l ,  U is t h e  local f r e e  
stream v e l o c i t y ,  3 is t h e  number of b l a d e s ,  6 
is t h e  local boundary l a y e r  t h i c k n e s s ,  s is 
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t h e  a i r f o i l  span, ro t h e  d i s t a n c e  t o  the re- 
c e i v e r ,  ‘II t h e  d i r e c t i v i t y ,  S t h e  Strouhal 
n u b e r  and K2 is a c o n s t a n t  which e q u a l s  229 
when S I  u n i t s  are used. Equation 13 is es- 
s e n t i a l l y  the t r a i l i n g  edge n o i s e  p r e d i c t i o n  
for a two-dimensional l i f t i n g  s u r f a c e  i n  a 
uniform i n f l w .  p r e d i c t  t h e  t r a i l i n g  edge 
n o i s e  f r a  a r o t a t i n g  blade t h e  b lade  is 
d iv ided  i n t o  small blade segments, w i t h  a 
1-ngth S, each experiencing a d i f f e r e n t  l o c a l  
f r e e  strear v e l o c i t y  and each c o n t r i b u t i n g  to 
t h e  n o i s e  a t  the r e c e i v e r  loca t iox .  Because 
of t h e  r o t a t i o n  t h i s  n o i s e  spectru then is 
averaged around t h e  azimuth. %’he local free- 
s t r e a  v e l o c i t y  U, is given by: 

Ox 21 r A 
X (14) 

where rx  is the d i s t a n c e  from t h e  local b lade  
s e c t i o n  to the  c e n t e r  cf the hub and n de- 
notes r e v o l u t i o n s  pec second. The th ickness  
of the t u r b u l e n t  boundary l a y e r  a t  t h e  trail- 
i n g  edge of t h e  airLoil may be approximated 
by the t u r b u l e n t  bouRdary layer t h i c k n e s s  
o f  a f l a t  p l a t e  which is given by (Ref. 62): 

= .37 cx / (‘k 
X 

(15) 

where cx is t h e  chord a t  r a d i u s  rX from t h e  
hub and Wx 1s t h e  local Reynolds nmber .  
Ass-uming a Linear ly  tapered rotor blade snd 
neglec t ing  twist, cx can be expressed i n  
teras of t h e  root chord (c,) , t i p c h c r d  (ct:,  
r a d i u s  (rXl and b lade  diameter  (D) : 

116) 2 r  
X ex = Ct + (1- 3) \ C r T  t: 

The local Reynolds n u b e r  is defined by: 

- uxcx PY - -  V 
X 

(17)  

where ‘J is t h e  kinematic v i s c o s i t y .  The 
d i r e c t i v i t y  p a t t e r n  oI &e radiated: t r a i l i n g  
edge noise ,  ?OK an observer i n  t h e  v e r t i c a l  
( y = Q )  plane perpendicular  to t h e  rotor plane 
is given by dipole l i k e  behavior from Refer- 
ence  53: 

where 3 is t h e  angle  between the  source-ob- 
s e r v e r  l i c e  and its p r o j e c t i o n  i n  t h e  ground 
plane.  The convect ion Uach nimber of t h e  
turbulence,  &, is set to  an  average va lue  of 
.8 U a s  suggested i n  Reference 33. To cor- 
rect for t h e  d i K e C t i 7 1 ’  v of t h e  source o u t -  
s i d e  t h e  y=O plane,  t h e  Source is a s s m e d  to  
be a d ipole  radiator i n  those d i r e c t i o n s  and 
t h e  d i r e c t i v i t y  funct ion is t h e  one proposed 
by F i n k  (Ref. 63): 

(19)  

where 0 is t h e  angle  between t h e  source-ob- 
s e r v e r  l i n e  and its p r o j e c t i o n  i n  t h e  y=O 
plane.  The St rouhal  n m b e r  i n  Equation 13 is 

def ined  as the rat io  of frequency ( f )  t imes 
the boundary l a y e r  th ickness  (6) and the un- 
d i s t u r b e d  f r e e  stre- v e l o c i t y  (Ux): 

f 6  s = -  
ux 

(20) 

The peak St rouhal  nmber ,  hx, associated 
w i t h  t r a i l i n g  edge noise  eqcals .1 (Refs. 63- 
65 and 53). Although a d i f f e r e n t  v a h e  is 
reported i n  Reference 52, i n  the p r e s e n t  
s tudy  a va lue  h x = . l  is adopted. 

h a i l i n g  Edge Bluntness  Vortex 
Shedding Noise 

Vortex shedding behind the trail- 
ing edges of t h i c k  struts has  been s t u d i e d  i n  
References 54-56. mis phenolenon produces 
mise as the coherent  v o r t e x  shedding causes 
a f l u c t u a t i n g  s u r f a c e  p r e s s u r e  d i f f e r e n t i a l  
across the t r a i l i n g  edge. This vas estab- 
l i s h e d  i n  Reference 52 as being a n  important  
source of  se l f -noise  f o r  a i r f o i l s  w i t h  b l u n t  
t r a i l i n g  edges. The m r t e x  shedding frequen- 
cies observed i n  References 54-56 had z peak 
Strouhal  n u b e r  of about  -24 when based on 
t h e  trailing edge th ickness  d a v e l o c i t y  
dependence of  approximately 2.- mis peak 
Strouhal  nrsaber cowares w e l l  w i t h  the ones  
found by other researchers vho s t u d i e d  the 
v o r t e x  shedding behind wings, f l a t  p l a t e s  and 
c i r c u l a r  and nonci rcu lar  bodies (Refs. 23, 
49, 52, and 57-60). In a l l  cases, the turbu- 
l e n t  boundary layer d i s p l a c a e n t  t h i c k n e s s  
(6.1 is much smaller than t h e  c h a r a c t e r i s t i c  
d m e n s i o n  ( t )  from vhich t h e  vortices are 
shed (t/6*>40). Experimental r e s u l t s  f r a  
n o i s e  aeasurements on s e v e r a l  t r a i l i n g  edae 
c o n f i g u r a t i o n s  i n  the NASA Langley Quiet-Plow 
F a c i l i t y ,  however, ind ica ted  that f o r  a 
t r a i l i n g  edge b luntness  o f  equal  t. i ckness  or 
smaller than t h e  displaceiaent t h i c k n e s s  of  
t h e  boundary layer a Strouhal  n u b e r  of .1 is 
a p p l i c a b l e  (Ref. 52). I t  was shorn that  the 
overall soand p r e s s u r e  level of the noise 
gen r ted  a t  the b l u n t  t r a i l i n g  edge f o l l w s  
a dependence. Using t h e  d i r e c t i v i t y  
p a t f e r n  presented i n  Reference 53, t h e  fo l -  
lov ing  s c a l i n g  l a w s  are der ived  f o r  the one- 
t h i r d  octave band sound pressure l e v e l s  i n  
the a c o u s t i c  far f i e l d :  

for t / 6 +  >I: 

6 2 R ~ B U ~  t s sin2 e sin 
sPL1/3 = 1 + M COS e 

uX fmax = - 2 5  ‘6 
t+ 2 

and 

4 

f o r  t / 5 *  <1: 

2 K4BUxS-3 t s sin2 6/2 sin rj 

’I3 ( 1 + ~  c o s ~ ) 3  I2 

SPL = 

and 

(21)  

(23) 
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f- = -1 “ x  - 
t 

(24) 

where Rz and IC4 are s c a l i n g  cons tan ts .  The 
c o n s t a n t  h a s  been obtained by comparing 
Equation (23) w i t h  the b l u n t  trail ing edge 
noise  measurements from Figure 4 0  i n  &fer-  
ence 52, which were f i r s t  converted to one- 
t h i r d  Octave band data. 
been de tern ined  by equat ing Bquation (21)  and 
(23) for t h e  case that the t r a i l i n g  edge 
b luntness  is of the same th ickness  as the 
d i s p l a c e e e n t  th ickness  of the t u r b u l e n t  boun- 
dary layer. 
displacement  th ickness  and the bouadary layer 
th ickness  are related by: 

The c o n s t a n t  K3 has 

For most p r a c t i c a l  purposes the 

6 (251 
8 6. 

Dquations (21)  through (25)  are used to pre- 
dict  the noise fror  wind t u r b i n e  blades w i t h  
b l u n t  t r a i l i n g  edges using t h e  same calcula- 
t i o n  procedure as for t u r b u l e n t  boundary 
Layer trailing edge i n t e r a c t i o n  noise. 

Tt! assess t h e  r e l a t i v e  importance 
of a l l  t h r e e  major aerodynamic a o i s e  sources  
( f i g u r e  9) p r e d i c t i o n s  have been made f o r  a 
ItOD-2 machine a t  a d i s t a n c e  of 100 I on-axis. 
The n o i s e  c o n t r i h u t i o n s  due  to t u r b u l e n t  in- 
flav, t r a i l i n g  d g e  b luntness  and t u r b u l e n t  
boundary layer t r a i l i n g  edge i n t e r a c t i o n  rel- 
a t i v e  to the total  noise  is depic ted  i n  Eig- 
u r e  10. The t u r b u l e n t  i n f l w  related noise  
d o a i n a t e s  the spectrum a t  the l o w  f requencies  
and is broad i n  c h a r a c t e r  v h i l e  t u r b u l e n t  
boundary layer t r a i l i n g  edge i n t e r a c t i o n  
n o i s e  becores r e l a t i v e l y  Pare and lore impor- 
t a n t  when l o v i n g  up t h e  frequency scale. 
Noise due to t r a i l i n g  edge bluntness  is Con- 
f ined  to a more restricted frequency band 
w i t h  its c e n t e r  frequency related to the 
th ickness  OE t h e  t r a i l i n g  edge. AL1 predic- 
t i o n s  are l i m i t e d  to  the acoustic fa r  f i e l d ,  
on-axis and without  d i s t i n c t i o n  betveen up- 
wind and donwind d i r e c t i o n s  as no propaga- 
t i o n  e f f e c t s  are incorporated.  

Figure 10. - on-axis broad band noise  compo- 
nent  p r e d i c t i o n s  for the HOD-2 machine. 
(V,, = 9.8 a / s ,  P = 1500 kW, r = 100 m.) 

C0)IpAPI~S PREDICTIONS 
M D  neAsURGllgwTs 

lb sbar that reasonable agreement 
c a n  be obi’< cd k t u e t n  broadband noise pre- 
d i c t i o n s  far f ie ld  noise measurements, 
campar i so r .  a r n  beer. made for f Q U r  horizon- 
tal  a x i s  v, 1 t u r b i n e s  wi+A q u i t e  d i f f e r e n t  
p h y s i c a l  ctt.racteristics (Figures  1 and 2 ) .  
A l s o  variOC;L Cis tances ,  n u b t r  of blades urd 
pcmer a u t p u t s  are shown to g i v e  a good CQ- 
p a r i s o n  with a c t u a l  m a s u r e d  da ta .  
sbous p r e d i c t i o n s  and measurements for hro 
dovnwind aachines.  N O M A  and mS4. a t  di-  
f f e r e n t  d i s t a n c e s  and d i f f e r e n t  Parer out- 
puts.  m l y  the n o i s e  2ue to t u r b u l e n t  i n f l o v  
is dependent on t h e  a c t u a l  pouer o u t p u t  (ac- 
t u a l l y  the turbulence i n t e n s i t y )  as evidenced 
by the results depicted i n  F igure  11. O t h e r  
n o i s e  Source mechanisms are 0r.l~ d e p e m e n t  on 
r o t a t i o n a l  speed. me e f f e c t  of t h e  t r a i l i n g  
edge bluntness of the three blades of t h e  U.S. 
Windpowr machine is sham i n  F i g u r e  12 vhcre  
the s h a r p  peak around 2000 E r  i n  the n o i s e  
spectrrm disappears a f t e r  the t r a i l i n g  e e s  
have been sharpened. 

Figure 11 

* i  

Figure 11. - C c a p a r i s o c s  of measured and pre- 
dicted on-axis broad band n o i s e  spectra for 
tito downwind nachines.  

Figure 12. - Comparisons of measured and pre- 
ciicted broad band n o i s e  s p e c t r a  for two d i f -  
f e r e n t  b lade  t r a i l i n g  edge c o n f i g u r a t i o n s  of 
t h e  U.S. windparer i n c .  machine. 
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The predic t& >ise spectru of  a 
IUJD2 upwind machine a t  r a t e d  povtr is depic-  
ted i n  Figure 13 along wi th  measured d a t a  
p o i n t s  showing good agreement. In  t h e  same 
f i g u r e  a broadband noise  p r e d i c t i o n  is p n -  
sented for a MOD58 machine, a t  r a t e d  ponr, 
on ax i s ,  200 away f r o  t h e  hub. Me d i f -  
f e r e n c e  is shorn f o r  a machine with s h a r p  
t r a i l i n g  edges ard f o r  t h e  case t h a t  t h e  
b lade  t r a i l i n g  edges have t h e  sare bluntness  
as t h e  R o b 2  lachine .  The n o i s e  s i g n a t u r e  
of t h e  @IOOD-SB is predicted to b e  2-3 dB high- 
er than  t h e  H O D 2  over  t h e  whole frequency 
range. both opera t ing  a t  r a t e d  p 'ef. 

Figure 13. - Predic ted  on-axis broad band 
n o i s e  spectra for two upwind machines. 
(r = 200 m.) 

CONCLUDING REHARKS 

Noise measurements and observa- 
t i o n s  have been presented f o r  f o u r  l a r g e  hor- 
i z o n t a l  axis wind turb ine  g e n e r a t o r s  with 
q u i t e  d i f e r e n t  c h a r a c t e r i s t i c s  i n  s ize  and 
conf igura t ion .  E f f e c t s  of o u t p u t  powr, di-  
r e c t i o n a l  r a d i a t i o n  e f f e c t s  ( u p ,  down-, and 
cross wind) and n o i s e  percept ion d i s t a n c e s  
have been discussed based on f i e l d  measure- 
ments. A method has Seen presented f o r  pre- 
d i c t i n g  t h e  broadband noise  spectra of  hor i -  
zontal-axis ,  c o n s t a n t  r o t a t i o n a l  speed M- 
chines ,  based cn c o n t r i b u t i o n s  from noise  due 
to inflow turbulence,  t u r b u l e n t  boundary 
l a y e r - t r a i l i n g  edqe i n t e r a c t i o n  noise  and 
n o i s e  due to a b l u n t  t r a i l i n g  edge. Good a- 
greement is shown between p r e d i c t i o n s  dnd f a t  
f i e l d  noise  measurements of t h e  four  l a r g e  
wind t u r b i n e  genera tors  f o r  ra r ious  opera t ing  
condi t ions .  The p r e d i c t i o n  method inc ludes  
t h e  e f f e c t s  of d i s t a n c e  from t h e  machine, 
o u t p u t  power (windspeed), number of  b l a d e s  
and tower and blade geometry. Broadband 
n o i s e  is p r e d i c t r d  o n l y  on-axis and t h e  
method does not  d i s t i n g u i s h  between upwlnd 
and downwind. Propagation e f f e c t s  o t h e t  than 
d i s t a n c e  are not  included i n  t h e  p r e s e n t  pre- 
d i c t i o n  formulation. 
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Saiar  Energy Besearch I n s t i t u t e  
Colden, Colorado 80401 

Early results from a recent experirnt designed t o  
d i rec t ly  m:urte the r r o a c o u s t i c / e l a s t i c  spec t ra l  
responses of a HOD-2 turbine blade to turbulence- 
induced umteady blade loads are disoassed. The ex- 
p e r i r n t a l  procedure cousisted of f lying a hot-film 
-ter from a tethered balloon i n  the turbine in- 

load and aeroclastic response a t  tw blade spa0 
stations (652 and 872 spans) using surfaowwunted, 
subdnia ture  pressure transducers and standard s t r a i n  
gage i a s t r u r n t a t i m .  Tbe radiated acoustic pressure 
f i e l d  uas r a s u r e d  d t h  a t r i a d  of very-lorfrequency 
microphones placed at gramd level, 1.5 rotor  d i m -  
eters u w n d  of the disk. Initial t raaefer  function 
estimates f o r  acoust ic  radiation, blade normal forces, 
f laprise a c c t l e r a t i o d d i s p l a o n t  , aad chord/f lapwise 
moments are presented. 

flat a d  s i u l t a n e o u s l y  measuring tbc f luctuat ing air- 

mumma 
Bcsults f r a  a 1982 e x p e r i r n t  tha t  cxuilacd the 
acoust ic  d s s i o n  characteristics of a mIb2 turbine 
coacluded that hawing the acoustic and aeroc las t ic  
spec t ra l  responses of turbine rotor blades to inflow 
turbulence would be very important to our under- 
standing of the p h y s i u l  processes surrounding the 
generation of acoust ic  noise by large horizontal-ads 
wind turbines. Becawc unsteady blade airloads are 
responsible for  u c h  of the turbine rotor aeroc las t ic  
response and sre the source of the aerodynamic COT 
ponent of the radiated acoust ic  pressure f ie ld ,  u in- 
dicated in Figure 1, understanding the f o n r  may 
allow us to estimate in s i t u  unsteady aerodynadc, 
a e r w l a s t i c  re8ponses of 8 i n i u l l y  instrumented 
turbines f r a  properly executed and processed 8coucltic 
measurarnts. Bcl.phill [ I ] ,  for example, showed that 
d i s t i n c t  acountic eource regions could be ident i f ied 
within the ro tor  disk of an operating l!OD-2 turbine by 
phase-procesaing signals f r a  a t r i a d  of dcrophoneo 
ine ta l led  at ground level, upuind of the  machine. 
Itelley et al. [2] found that subs tan t ia l  and sometius 
violent  d y u d c  rerodastic responses (with accocpany- 
ing high levels  of acoustic radiat ion)  can occur with 
symaetrically shaped a i r f o i l  sect ions operated a t  
incidence angles just below static s ta l l  and imersed  
i n  a turbulent flow dominated by perturbation space- 
sca le r  near thc chord dimension. 

The experiment vas therefore designed t o  d i rec t ly  =a- 
sure the aerodynadc, acoustic, and e l a s t i c  responses 
of a HOD-2 ro tor  blade i n  order t o  ( 1 )  help develop a 
physical understanding of the acoustic generation pro- 
cess; (2) help ident i fy  unsteady airload m.gnitudes 
OF d n i v l l y  ins tNWntsd  d a d  turbines; (3) help 
ident i fy  unknown sources of both lar and high- 
amplitude and lor and high-cycle fatigue loads; 
(4) help evaluate dynudc e f f e c t s  that  m y  be asso- 
ciated with vortex generator spoi le rs  ins ta l led  along 
the  blade's leading edge and the inboard 70% of the 
span; and (5) help es tab l i sh  thc role  of the spec t ra l  
content of atmospheric turbulence i n  the  ear th 's  

boundary layer i n  acoustic noise product im .ad tur-  
bine l i f e t i r .  This paper discusses a feu of the 
ear ly  resu l t s  of this experiment. 

TmTcaQI-m 
T ~ c  mi- lloD-2 hit NO. 2 v a ~  tbc turbi- f o r  
this experbent. This turbine is one of three -2 
machinee at the C o o Q l a  B i l l s  W i n d  Test S i t e  near 
Goldendale, Washington, j o i n t l y  operated by the ?USA 
Lcvis Research Center a d  the Bormcville Povcr Admln- 
istratioa (BPA) f o r  tbc U.S. R p a r t m t  of %erg. 
The Coodnoc B i l l s  S i t e  is uell-equipped t o  perform 
such an e x p e r i r n t  because a var ie ty  of deta i led  cur- 
bine operational and site r t e o r o l o g i d  i n f o r u t i o n  
is avai lable  and because of the e x p e r i r n t a l  nature of 
the site. 

Turbine No. 2 vas operated f o r  this experiment under 
the standard operational sequence using Boeing's 
'fivedegree control  software' procedures. Vortex 
generators had been ins ta l led  near the le8ding edge of 
the  ro tor  covering the inboard 70% of each blade 
span. Groups of e ix  s u b d a i a t u r e  pressure t r a d u c e r s  
were ramted  t o  the  upper and lanr blade surfaces  of 
Blade No. 1 a t  t w o  span s ta t ions  (65% and 87%. or Sta- 
tions 1164 and 1526, reepec t imly)  .ad chorduise as- 
tames af 15%. 40%. and 852. Stat ion 1164 is l o u t e d  
on the  outer  portion of the fixed a c t i o n  of blade 
while Station 1562 is located on the  movable control 
t i p  s l i g h t l y  less than 8 I outboard of the gap between 
the fixed .ad movable seetione. An accderometer. 
with its sensitive .xis parallel t o  the f lapvise  or 
out -of -p luu  direct ion,  waa lDunted near tbe inboard 
surface pressure transducers at Blade Stat ion 1209 
(67% span). Standard measurcocnts of strain-gage- 
derived chord and flapwiee vments  =re -de a t  the 
locat ioas  of the pressure transducers and transmitted 
via the turbine data eystem to SFXI and NASA ulti- 
channel recording f a c i l i t i e s  along with tbe remainder 
of avai lable  operational data. The turbine engi- 
neering data e y s t a  l i r i t e d  the data banduidth of the 
turbine-related paructers to 35.2 Hs. 

windfield/kbplaroc I m m t ~ t 8 t i r n  

A c-rcially-available tethered ballom system, mod- 
i f i e d  by SElU to arry a h o t - f i l a  anemometer and its 
associated electronics  and a radio-telemetry trans- 
mltter, was floun in the  turbine inflow t o  acquire the 
man and turbulence spec t ra l  character is t ics .  Uhen 
the ballom was operated in a prof i l ing  mode, the 
d e t a i l s  of the inflow v e r t i c a l  s t ruc ture  could a l so  be 
examined. The tethered balloon systeo a l s o  carr ied a 
s ~ l l  package that sensed and radio-telemetered height 
(preesure) , temperature, windspeed, and wind direct ion 
once every 10 s t o  a ground s t a t i o n  located i n  the 
SERI Instrumentation Van. There, the  data  n r e  
recorled on two tape sys tem and presented i n  d i g i t a l  
form .n support of the e x p e r i a n t a l  operrtionr. The 
hot-film turbulence aeaeuring system consisted of a 
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O.1S-rd iau ter  sensor oriented t o  mzasure the vector 
s u  of the loca l  horizontal and vertical w i d  c a -  
ponents, the assodated  bridge network, and a 5- 
d i g i t a l  radio-telepetry transmitter. rtre receiver, 
located in the  SUU Van. converted the signal from di-  
g i t a l  t o  aoolog f o a  for  f i n a l  processing try a 4th- 
order polpnolial Uncarizer  and tlme-parallel re- 
cording, with selected turbine and acoust ic  p a r a r t e r s  
on the  8py u l t i c h 8 n n e l  magnetic tape =&a. The 
dyaaric range of the hot-film a n e r o r t e r  telemetry 
l ink  is better than 70 dB and its data bandwidth is 
125 Ez, but the f i n a l  recording use limited to about 
48 dB and 100 &. 

kmmtic Iutmmt8tiaP 

Three very lorfrequency (VLF) microphone systems were 
ins ta l led  i n  a right-angle array pat tern a t  ground 
level upwind of the turbine. The closest  microphone 
to  the rotor  planc uas placed 122 a upwlnd of the 
rotor  axis. The two remaining microphones w r e  
located IS m fa r ther  upstream (1 .5 rotor  diameters 
from the a s k )  and 15 II from each other along a l i n e  
p a r a l l e l  to  the turbine rotor  plane. The lor 
frequency cutoff of the VLF systems was se t  at 0 . 1  Liz, 
and the upper response limit set by the  f i n a l  FM tape 
recording at 1250 IIZ and available dynaiic range. 

TmTmommlm 
The general procedure followed during t h i s  experiment 
vas t o  choose t e s t  conditions based on (1) p windspeed 
range (la, r nge, turbine cut-in t o  12 UI- and high, 
above 12 ms- 1; ( 2 )  a wind direct ion of 270 f15'; and 
( 3 )  rotor  disk layer hydrodynamic s t a b i l i t y  os ex- 

f 

pressed by tbe  gradient or bulk Richardson hmber 
parP;.ccer. The tethered belloon s y s t a  YIS flotm in 
NO d e s .  Vertical p r o f i l e s  of the  rotor disk layer 
were made before and a f t e r  each 3-n data  run; Le., 
heights  ranging f r a  abaut 15 t o  108 I. During the 
actual data runs, the balloon YIS positioned neur hub- 
height  to  provide a contirmous record of the inflow 
turbulence for  t i ~ - p a r a l l e l  recording with the blade 
stirface pressures and acoustic data I r a  which the 
blade responses could be calculated. 

EmuCr1ael- 

The data reduction procedures included (1) data dun- 
ne1 response evaluation and scb,equent equalization; 
( 2 )  sa lp l ing  and Fourier t ransformt ion  t o  IPI spe? 
t ra l  est-tes; and (3) c a p u t a t i o n  of turbulence re- 
sponse function estimates. 

hta - CkqOOlL/B40LUL.tion 

The actual t ransfer  function of the turbine en&- 
neering data system channels was aper lmenta l ly  r a -  
sured. Figure 2 plo ts  the modulus (magnitude) of the  
measured response. As shown, the h l f -power  (-3 dB) 
point is 35.2 Hz. Frcm our wind tunnel e x p e r i r n -  
t a t i o n  and previars mD-2 acoustic -suremcnts, ue 
had good reason to  believe there  would be considerable 
response above t h i s  figure. We a lso  b c w  the pressure 
transducers and s t r a i n  gage i n s t r u r n t a t i o a  uere 
capable of olch wider rerponne, because the m a i l a b l e  
bandwidth was wholly limited by the lorpass f i l t e r  i n  
the telemetry system s igna l  cond tionfag urda. F r a  
our actual measuremnts of the Lata channel responre 
chr rac te r i s t lcs ,  and knowing the dynamic range of the 
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IW recording processes used, we deoised an r*ualiza- 
t ion  f i l t e r  vhich was applied i n  the frequency domain 
a f t e r  Fourier transformation. This equalization pro- 
cess is essent ia l ly  the inverse of the response shown 
i n  Figure 2 v i t h  the d u m  frequency et vhich it  is 
applied at 70 Ez. This upper frequency lipit was 
arr ived at by conservatively e s t i r a t i n g  the d p a d c  
range of the Fl4 recordlng processes used b SERI and 
NASA at  about 40 dB maximum. (We believe. f o r  
e q l e ,  the ac tua l  SERI f igure  was between 43 and 48 
dB.) At 70 llz the  data  system analog f i l t e r  response 
w a s  -22 dB, which would allow f o r  suf f ic ien t  equaliza- 
t i o n  and not exceed the  a s s u r d  &-dB dp8mlc range of 
the Rl recordings. Thus, a maximm gain of 22 dB at 
70 & is applied tc the recorded data i n  the equaliza- 
t ion  process. 

*ling a d  laorier T r m m f o r r t l o a  

The resu l t s  in t h i s  paper are derived f r a  a data run 
recorded on the  evening of 16 August 1983 between 2230 
and 2300 hours local standard tie. Because of the 
nonstationary charac te r i s t ics  of the atmospheric 
input, each 3-n data run has been divided i n t o  s i x  
5 4 n  segments. The f i n a l  frrin Segpnt  of t h i s  
par t icu lar  series was chosen for  detai led response 
analysis  reported on here because (1) a minimal ver- 
tical variat ion was found i n  the height of the hot- 
f i lm aneuomter with respect t o  the rotor  dfsk (a 
standard deviation of 6 m, compared with other %in 
segmcnts i n  which var ia t ions of more than t 1 5  m were 
found); and (2) re la t ive ly  subs tan t ia l  turbulent 
energy leve ls  were found i n  the high-frequency 
range. Table 1 sumnarizes per t inent  turbine opera- 
tional and inf lav  turbulence values for  t h i s  ! k i n  
segment. 

U e  chose a v e r t i c a l  windm of t10 m from the mian hot- 
f i lm anemometer height as the region from which we 
would extract  blade dynardc data  needed t o  calculate  
response estimates. Th:s choice resulted i n  the 
def in i t ions  of the two segments of the rotor  disk pic- 
tured in Figure 3. Previous experience indicated that  
subt le  changes occur in the blade response as it  
ascends and descends (driven by gravity. most l i k e l y )  
and that  therefore we rhould examine the response of 
the blade M i t  passed through the rmasured layer i n  
both directions. By delaying data conversion and 

Turhrlent Layer Structure Par . r ters  

b a a  m a s u r e i n t  height (above touer bue) 

Turbulence Latensity 8.0% 
Turbulence integral scale L 

78 t 6 9 
7.39 u- 

2.89 ma 

I4ean horizontal wind speed 

Turbine 5lade Operating Angles 

Indicated m a n  blade m g l e  (ref. a t  +O. 62O 

Calculated r a n  angle of a t tack 11.6' 

Chlculated m a n  angle of at tack 9.6O 

a1.3 chords referenced a t  eo% span. 

Sta. 1260) 

(Sta. 1164) 

(Sta. 1562) 

Fourier transformation a f i n &  amount f r a  the tie 
the blade vas at  the bottom crf its t r a v e l  ( p a r a l l e l  to  
the tover bse), ye could start the 0.5-secoad coaver- 
s ion period t o  coincide with ?.he vindws sham i n  Fig- 
ure 3. mile SOL differen:es were noted, the data  
presented I n  this paper are h s e d  on the averages of 
responses found i n  the ascending and descending 
sampling vindous. Inflov turbulence data uere col- 
lected using the same sampling s IC and delayed to  
allow propagation at the 7.4 -*=an dndspeed t o  
reach the disk (elploying tbe frozen turbulence 
hypothesis). Similarly, acoust ic  data  were u l c u l 8 t e d  
from the  in-phase portion of the r m  cross-spectral 
estimate from the two microphone s y s t c r  parallel to  
the rotor  disk and 1.5 diameters upstream. An addi- 
t iona l  delay of 0.5 seconds was added to account f o r  
the propagation ti* f roa  the affected disk area t o  
the microphones. The M n  data  segpent resul ted i n  a 
t o t a l  record of 40 seconds containing 80 blade pas- 
sages through the turbulent exc i ta t ion  layer  from 
which the averaged IUS spectral estimates were 
derived. A t o t a l  of 81,920 data  points were 
processed. The resul t ing resolution bandwidth of the 
transformation is 2 &. 
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Tbe response estiutes were calculated by taking t h e  
ratio of the equalized blade pressure or other  turbine 
parameter ms spectral estimate t o  the reference tur- 
hrlenee spectrum. Thus, resu l t s  are referenced in 
te-qs of the uni t s  of the par t icu lar  p a r a r t e r  per 

msaxrTIoI Q - BcIllfIQ 

1 8 .  

INFLOW TUPBULENCE EXCITATIW! SPECTRM AT 78 m 

Figure 4 p l o t s  the detai led vertical dndspeed p r o f i l e  
masured i r e d i a t e l y  a t  the conclusion of the 5-n 
data segment. The d n i r m  ver t ica l  resolut ion of t h i s  
p r o f i l e  has been limlted t o  6 a. The turbulent uc i -  
ta t ion  layer is characterized by the scatter in the  
data points. Figure 5 presents the averaged, nor- 
malized POHT spectral  density OA the turbulence in 
t h i s  layer which also served as the reference from 
vhich response estimates have ken calculated. The 
re la t ive ly  sigaif ‘:ant hfgh-frequency (short uave- 
length) energy content is apparent even in t h i s  
averaged spectrum. The location of the correlated 
turbulent eddy region, defined by frequencies higher 
than the in tegra l  scale I, is shown a t  right. Some 
differences in the spec t ra l  charac te r i s t ics  above t h i s  
frequency m y  be noted. 

mufsuLrs 

Representative examples of response estioatw have 
ken divided i n t o  three groups: acoustic, aero- 
dynamic, and aeroelastic. While it would be 
in te res t ing  and perhaps s igni f icant  in 8ooe cases, yc 
have not a t te rp ted  t o  combine these categories in t h i s  
p.per- 

VERTICAL INFLOW STRUCTURE AT 1.5 ROTOR DIM U P S T E M  
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acoust ic  data were not l i r i t e d  by the turbine engi- 
neering data system larpass f i l t e r s  and so can be 
presented t o  100 k). The abscissa has aloo been d- 
ib ra ted  in terw of the rtduccd frequency parameter k 
(shown in italics) as referenced to  the chord 
dimensions and re la t ive  blade speed at 80% span. l’he 
k parameter is defined by k = ncf/U, there c lo the  

re la t ive  blade speed. 

B L l c  -c =.tktt. 

Tu0 examples of the blade aerodynadc response are 
given in Figures 7 and 8. Pigur3 7 p l o t s  the vxmal 
force response in uni t s  of kPa/u-  ao measured at the 
40% chord position a t  both the inbaard (651 span or 
Blade S ta t ion  1164) and o u t h r d  (87% span or Blade 
Sta t ion  1562) span lou t lono .  Figure 8 i rd lca teo  the 
differences in response seen a t  the  15% and 40% chord 
posi t ions at the mter span station (1562). 

Bhde &rolk.tic RupoQm? btirtes 

chord di-MiOU; f ,  the q C u C  fteqWncJ; d 0 ,  th 

Figures 9, 10. 11, and 12 a r e  a reyresentat ive look a t  
t h e  aeroelastic response of the blade. Figures 9 and 
10 p105 the chord and f lapvise  -=ut rerporucs in 
N-m/ns- at the inboard (Station 1164) and outboard 
(Stat ion 1562) span locations. Figures 11 and 12 pre- 
sent  the f lapv‘se cceleratioq and d i o p l a c a c n t  
responses i n  ms-’/ms-f and a/-- , respectively, a t  
Blade Stat ion 1209 on the  f ixedTi tched  port ion of the 
blade. 

~ P ~ a p ~ ~ ~ s c I t a  

1:eviour SERI ulnd tunnel experiments d t h  symt- 
r i c a l l y  shaped a i r f o i l  eections 121 ohowd that otrong 
snd o c c a e i o n a ~ ~ y  violent buffet-type rerpon8es could 
develop a t  incidence angles approachlw bt remaining 
below s t a t i c  stall.  In term of the redcced frequency 
paramster k, the huffet onset u s  generally found t o  
be near k - 0.5 and extended t o  a t  leaet k * X. The 
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PJV:  RBF.'*6 RUN: A05/*6 SPRN STR(rl: 1562 
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LihITS: Pa.'m/rec UNITS:  c k P a ) / ( m / t e c )  

CHORD S T A C s ) :  15 L 40Z 

L 

2 $3 
U a 
L 

-4  

SPECTRAL f lE2ODYNf lMIC  RESPONSE 
RUN: A05/*6 SPAN STRCs): 116411562 
WSPD: 7.39 me's CiiORD STRCs): 40Z  

PRRE (s : Roml Force 
UNITS:  CkPa) / (m/rec)  

Frauency ( H I )  

clcwrrcd wrnl  pressure force nspcmse 
fmctious at 40% chord and lkdc Statiopo 
1164 (65%) a d  1562 (87I) span. 

F w  7. 

responae shorn on most of the p r e v i a e  f igures  seems 
t o  extend higher than tha t  figure. Ilarever, these 
tests agreed with the wind tunnel r e s u l t s  I n  that the  
bu f fe t  response also increases as the flow perturba- 
t i o w  or turbulent eddy s i z e  approaches the dimensions 
of the sec t ion  chord. Figures 13, 14, and 15 have 
been replot ted using the acoust ic ,  40Z-chord n o r m 1  
fo rce  and chord w e n t  response data of Figures 6 ,  7, 
and 9 of the turbulent  eddy size or per turbat ion wave- 
length normalized by the  chord dimension a t  80% 
span. The wavelengths defined by tne  i n t e g r a l  turbu- 
l e n t  length scale 1 a re  a le0 shown. As previously 
mentioned, the turbulent i n t e g r a l  scale  roughly r e f e r s  

S P L C T 2 A i  .qEROCL,FlST I C  RES?ONSE 
RLIN: ii05/*6 
G P 3 :  7.35 m / s  

SPRA S T 3 k l :  ;164/1562 

P R R U ( s ) :  C h o r d  floment 

LNITS: N - m / m / s e c  

Freacenw (It21 

Fipre 9. lkwred bluk chord w n t  msponse 
fuuctiaas at B L d c  S t a t l o a s  1164 a d  1562. 

t o  the l a r g e s t  correlated eddy size or, i n  other  
words. the upper limit on correlated turbulence space 
scales.  

mlcLmlImG- 

This prelidt!ary assesslrat of t i  2 unsteady response 
of POD-2 turbine blade, from one r a the r  well-behaved 
use, indicates  t ha t  unsre..dy blade loo& are very 
sens i t i ve  t o  the s p e c t r a l  content of t he  turbulence 
encountered around the swept area of the ro to r  disk. 
The g rea t e s t  s e n s i t i v i t y  appeara t o  k t u  turbulent 
eddy s i zes  on the order of the blade chord or less .  A 
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correlat ion a l so  seems to  e x i s t  between the turbulence indicates  a reduced unsteady response. Also, t he  in- 
integral  scale  and the resul t ing unsteady blade board section was f i t t e d  with vortex generators whose 
response as indicated by the acoustic, aerodynamic, function Is t o  delay separation and increase the MXI- 
and aeroelast ic  response estimates. mum sect ion l i f t .  

The outboard blade s t a t i o n  (1562) on the movable t i p  
is noticably lens sensi t ive t o  the turbulence u n t i l  
the turbulence sca les  become lecrs than the section 
chord length. One possible explanation for  t h i s  is 
tha t  the mean at tack or incidence angle of the f l w  
with respect t o  the outer span s ta t ion  is about io 
l e s s  than the inboard s ta t ion  and thus s l igh t ly  fa r -  
ther away from the static. s t a l l  condition, a s i tua t ion  
tha t  we know from our vind tunnel experience usually 

The data-system-Imposed maximum bandwidth l imitat ion 
of an equalized 70 Hz prevents u s  from d e t e a i n i n g  
when the curves begin t o  f a l l .  However, Figure 6 ,  
which contains the acoustic radiat ion response estl- 
mate, seem t o  ind ica te  that a peak may exis t  a t  
around 80 Br, and it h in ts  a t  one even higher. 
Additional rasurements  with wider data  bandwidths a re  
needed t o  confirm the ef fec t ive  upper limits of 
turbulence s e n s i t i v i t y ,  h u t  some clues may be gathered 
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L I , I . 1  
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TurDulcnt wavelength (chords1 

from t h r  SERI acous t i c  da t a  se which has been 
analyzed s t a t i s t i c a l i y  up to 160 Hz i n  l /&octave 
bands. 
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Figure 15. lkuwcd blade rborl l l l c n t  
functions at B h k  S t a t i o n s  1164 d 1562 
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lhis paper describes recent results obtained a t  WIT 
OE the  experimental .ad theoret ical  dell ing of 
a e r o d m c  brcdbaod mire generated by darrmripd 
rotor  borizoztal u i s  uind turbine. 
broadbarid mitt g-ratcd by the  w i d  turbine rotor 
is a t t r ibu ted  t o  the  interact ion of ingested zurbu- 
lencc v i t h  the rotor blades. The turbulence u8t 
generated in the MI anechoic vim3 t ~ n c l  f a c i l i t y  
with the aid of bip1so.r grids of vrrioru sites. 
W r r a  and the in tens i ty  of the ae~odyuolc broad- 

eters vfiich cha~acterite tbe turbulence rod of vind 
turbine performance pr-ters. Specif ical ly ,  tbc 
longitudinal Integral  s u l e  of  turbulence. r k  size 
s u l e  of turbulence. the  mmber of turbine blades, 
and f ree  stream veloci ty  were varied. S ~ t a w o u s  
measurements of accst.c and t u r b d e c e  s-ls were 
-de. 
d i rec t ly  v i t h  the in tegra l  scale of tbe ingested 
turbulcnce but not v i t h  its intensity ievel. 
retical d e l  based on unsteady aerodynamics is 

Ibt aemdJP..IIC 

The 

band DOiW hvc btcn S t d i d  = 8 fmCtioll Of 

The found pressure 1-1 y.8 fGmd to vaq 

A thao- 

mfmQATURE 

Snaber of rotor  blades 
.Potor blade span 
Rotor blade chord 
Ambient speed of sound 
Povtr spectral  density of the  diF0h 
r a 2 i r t  ion 

x component of turbulent u a v e n d r  
vector 
Rotational harwoic  
Retational Mach number at  r a d i a l  
posi t ion 
Ambient density 
Radial location of the e f fec t ive  
veloci ty  
Eadial position 
Radiation spectra 
Velocity 
Vector coordinate 
Integral  scale  of turbulcnce 
Longitudinal integral  scale of 
turbulence 
Azimcthal angle 
Rotational speed 

PKWUeOCy 

I. INTRODUCTION 

The potential advantages derived from wind power as 
a source G f  world energy needs a r e  zot  independent 
of t h e i r  environmental impact. The essent ia l  factor  
i n  such an erivironment impact is the negative aspects 
associated with the  rerodynamic noise generated by 

*Presented a t  rhe GEfNASA Wind Turbine Technology 
Uorkshop, :lay 8-10. 1984 io Cleveland, Ohio. 
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w i n d  The a c r o d y ~ ~ i c  noise p e r a t e d  
by w i d  loading on the blades of vind c u r b h e  n y  k 
classfiied a ~ :  (1) Gutb noise r e s d t i n g  f r a  Doppler 
dulatiw of t h e  steady blade lords ,  ( 2 )  b l d e  tQvLr 
Vatt interact ion noise generated by continued blade 
passage through the  dounwind rake of the  vind tarbine 
suepo,t tovLr. and (3) broadbad noise due to blade 
i a te rac t ioa  vith incident turbulence. Previous 
research a t  XI? h8s &dressed Cutin wl8e rod blade 
twer wrlcc in te rac t ion  from a tbsoretkal md 

results of our frt9cstigation of the  e f f e c t s  of ttuiu- 
lmce on ViDd turbine broaabaad noise. 

WcriPental perspective ’7 ~ ~ ~ K p ~ t S  

l’be HIT aoecboic vied hmnel f a c i l i t y  was used to 
investigate the  e f f e c t s  of controlled free-screa 
turbulence ~ l l  the brardbnd noise generated by a 
scaled rodel vfpd turbine. Turbulence of varying 
intensit)- and scale was generated in the vind tuuael 
test section by inserting b i p l u u r  g r i d s  of d i f fe ren t  
sizes i n  the tUllPCl z a c r a c t i o o  section. Ibe experi- 
ocntll apparatus *sed in obtai l ing and a x u l y z h g  both 
turbulence and acoust ic  data is described. 

Xi.*. TEE M.1.T. .UXCllOIC TENEL 

Ihe vinc tunncl h a  a 1.523.29-m inlet om-jec test 
sect ion vhich i s  u c l o s e d  in a 3 . 6 5 ~ 3 . 6 5 ~ 7 . 3 s  
aoechoic cherbcr. The s ides  of rhe cb.rbcr utre 
covered v i t h  Craer blocks and the f l a x  of the 
cbambtr 818s covered vitt 15-thick plyurethene 
foam. The anechoic propert ies  of the  =urnel uere 
- s u r d  and the  acuust ic  cutoff frequency above vhich 
f r e t f i e l d  ccndi t ions p r w a i l  was found to be 560 Br. 
The e f f e c t s  of the shear layer  of the  optn jet on 
refract ion .et sca t te r ing  of acoust ic  waves uere 
studied by using aeolia:. tmes as sound source and 
were found to be i n s i p i f i c r n t  under che prcseot Lest 
conditions. 
acoustic ca l ibra t ions  o f  -he vind tunnel f a c i l i t y  a r e  
aescribed i n  Earris and -2.’ 

The d e t a i l s  of thc aerodynamic rad 

1I.B. UIIW TCRSINF. W3DEL 

Fkperiments vcrc conducted on a 1/53 scale  m d e l  of 
the --WE HOD-1 wind turb ine  Ut4 0012 model rotor  
blades vere used. The blades have a 5.08 cm chord. 
-8. l i n e a r  t v i s t ,  and a radius of 59.6 cp. 

1X.C. T t J R B W C E  GENEBATION 

The gr ids  e p l o y e d  i n  t h i s  study were designed based 
on tbr. data  of Baines and Peterson.6 The gr ids  were 
blplanar consisting of b i r s  of 1.91 cm with a mesh 
s ize  of 15 c m  and bars of 8.9 cm v i t h  a mesh s ize  of 
50.8 cm. 
t ively.  
tunnel veloci ty  were 9x104 and 3x105, respectively. 

The gr‘d s o l i d i t y  were 0.23 and 0.32 respec- 
The grid  Reynolds number based on the lowest 



The longitudinal and vertical in tegra l  scales E.f and 
hg of the gr id  generated turbulence e r e  determined 
near the a x i s  of rotor. For convenicace. we 
estiuted If from the Eulariaa in tegra l  time scale 
Te. The values of ;e were d e t e r r i n d  f n m  the extra- 
polated zero intercept  of the power spectra of longi- 
tudinal  and v e r t i c a l  ve lqc i t ies .  
then are given by 

The length scales. 

The msured longi tudinal  and wertiul i n t e g r a l  
scales of pid generated turbulence were obscrPed to 
be indepmdmt of f r e e - s t r t P  velocity. 
of grids. the Eularian time w l e s  m e  very Aarge 
and fluctuating. 
scales tht vary considerably with free-s t rur  
velocity. but do not fo l lov  any d e f i n i t e  patten. 

Xu absmce 

I h i s  resul ted in large length 

Tbe b i p l m  g r i d s  d LO generate the Contrd led  
turbulence were located 2.08 I from the plane of the 
rotor. This correspods to a p p r o x i u t e l y  15 mesh 
iwtb f o r  the d l  grid rad 6.6 n*sh lengths  f o r  
the  larger grid. 
a s h  i so t ropic  at the rocor place. 
turbulence data are given in Table 1. 

Ihe corxrolled turbuience is 
Characteristic 

1I.D. v- TIW 

Data flow for a l l  the experheats vas from ricrophones 
and hot uire satsors to a magnetic cape and later 
fmm the ugntt ic  tape t o  a spectrum analyzer. 

The acoust ic  -suremeats were d e  on axis and in 
the plane of t h e  rotor as sbobx~ in Fig. 1. 
signals w e  u s u r e d  using c w  112 inch B6K micro- 
phoaes type 4133. Uind screens were used on both 
ucroptnmes. The ou a x i s  microphone vas P p l i f i e d  
v i t h  a U K  2107 frequency analyzer. while the off  
axis p ic ropkne  vas q l i f i e d  by a MI 2604 ricro- 
phone analy=er. The u c r o p b n e s  vere cal ibrated 
-sing a Bu piston phone type 4220. 

The f luctuar ing ve loc i ty  signals n r e  reasured with 
a D I S A  55624 S - t y p e  hot wire senwr. The P K O ~  was 
cal ibrated over the  a a t i c i p t e d  test v e l o c i t i e s  and 
che responses of  both vires were found to be roughly 
1in-r- 

constant temperature anemometers were used i n  conjunc- 
t ion  with a D I U  55D15 linearizez. 

type RP 3400 A. 
l inear izers  vas used to achieve uniform s m s i t i v i t y  
o f  both w i r e s .  

Acoustic 

The probe was placed at 91-62 span 12 cm 
UpStK- Of the  blade of the  KOtOK'.  DISA 55w5 

Both signals were 
W a i t O K &  COnStPatlp v f t h  t W  (tNC) WlheterS 

The gain control  on one of t h e  

The X-vire s igna ls  were fed into a &-built sum and 
difference uni t  t o  yield the lonai tudinal  and v e r t i c a l  
caponencs of the  velocity. The signal  fron the 
suming uni t  vas passed through a llrohn H i t e  -del 
3340 f i l t r -  t o  eliminate the  o f f s e t  voltage inherent 
i n  the  1-.SLdizer output signal. Acoustic. turbu- 
lence, rpl and flow speed measurements were made 
simultaneously. A s c h m t i c  of insrrumentation used 
i n  the  acquis i t ion of turbulence. acoustic, and r p  
data is 3 h o ~  i n  Fig. 2 .  

The measured acoust ic ,  turbulence. and rpm s igaa ls  
were recorded Jn  magnetic tape with an Ampa FR1300 
1 4  channel recorder. The recorded s igna ls  were 

subsequently analyzed b i t h  a Nicolet 660B C r v l  c b e l  
FFK analwar uu? plotted on a Tektrc-nix 4662 d i g i t a l  
p lo t te r .  4-11 of the a-ta vas analyzed by taking chc 
averages of 50 time window of the taped signa?. 

111. ExPEP.DIEwIM. RESULTS 

To investigate the  e f f e c t s  of ingested turbulencf 
on t&e emitted troadband noise. the  t i r rbhe  blade 
pi tch,  flow speed, and nrnber af blades were fixed a t  
15'. N.1 d s e c  and 2 respectively uhih the control- 
led turbulence vas varied. Typical results are shovn 
in Figs. 3 and 4. C0rprri.q Figs. 3 md 4 w obserrc  
that an increase in lemgch scales .lory w i t h  a 
decrease in turbulence intensity. h s  a t l g a i f i u n t  

s u l e  snd higher in tens i ty  turbulence dar i ru tes  the 
spcctrrlr a t  the 1-r frequencies while the larger 
&e and 1-K intens i ty  turbulence dominates at the 
higher frequencies. Thc longer length eddies tend 
to produce a more pronounced blade-to-blade correla- 
Zion ef fec t  rad leads t o  more positive and n w t i v e  
in te r fe ru lce  becvccn acoustic uaves gamrated by thr 
vind turbine blades. 

Figures 5 and 6 show the influence of f r e e  streaa 
velocitr on t h e  radiated broadband a0i.c. Tht 
observed increase in s o d  pressure level uith 
increasing foruard speed is a t t r ibu ted  t o  the 
corresponding ~ I I C K ~ ~  in the d u e  of thc 
turbulence in the tunnel vith increased forvlrd speed. 
Note the  difference in rpm be- Figs. 5 and 6. 
This difference is a result of both cases correspond- 
ing to a fixed blade p i tch  of 15'. 

The re la t ive ly  negl igible  e f fec t  of nllabcr of viad 
tcrkine rotor blades on che generated broadband c o i s e  
is shom in Figs. 7 and 8.  The uin difference being 
an increase width of peak centered at a p p r o x i n t c l y  
3.000 Bz b5th increasing nvsbtr of blades. 

The off  axis microphone ver i f ied  the abwe results. 
The off  axis microphone s o d  pressure level was 
aluaps less than that of the  on a d s  microphone 
confiming the dipole  nature of the broadband noise. 
A typical  corparison bet- on axis and off a x i s  

e f f e c t  Ofa the broad- mise W C M .  The a d k r  

UCKOphOUe KudinsS iS Sbovn 19 Figs. 7 and 9. 

IV. BROADBAND m1SE TmoRp 

Uhen :here is no s i g n i f i c  
t ion  Aravaardan and Harris have shoM that t h e  
spctrun of low-frequency broadband noise map be 
expressed as 

t blade-to-blade correla-  4 

where 
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rtK ruo-diwnsional d e l  of rotor blade-turbulence 
ia te rac t icn  developed above is equivalent to exploit- 
ing tbe e f fec t ive  radius approach at  80% span. t o  

a neglect of retarded tiu considcratioas 8 S ~ 0 C b t e d  
with the n m p  of the  skeued gusts  in the  qaawise 
direct ion.  Our object ive in dwe1opir.g t h i s  d e l  
is t o  corre la te  the pusured data. 
m t s  aad calculations are in progress with a goal of 
cor re la t ing  theory and experhent. 

8S-W choFtWix m d  sp .mr i~ l  caprctne9s.  and t o  

Additi-1 experi- 

v. M&cLosIm 

Eeasuremencs in the K.1-I. anechoic wiod tunnel of 
broadband wise generated by a 1/53 scale model of 
the NlSA-DOE -1 w i n d  turbine have been u d e .  Tbe 
experfwnts and re lated uulytiul development 
described in t h i s  paper a n  conceratd with the e f f e c t s  
of turbulence on broadband noise  generated by a d e l  
wind turbine. Our measurements suggest the folloving: 

1. 

2. 

3. 

4. 

5 .  

1. 

2. 

3. 

The suller d e  ond higher in tens i ty  turbulence 
dominates the  broadband noise spectnm at the 
louer frequeccies while the larger scale and 
lover in tens i ty  turbulence daina:es a t  the  
higher frequencies. 

The s o d  pressure leve l  of the  braadband noise 
spectnm increases with increasing forward speed 
due t o  the  corresponding incruse in  the  N 
value of the  turbulence in the  tunnel. 

I n c r u s i n g  the number of blades from tvo to 
three has a negl igible  e f f e c t  on :he sound 
pressure level of the broadband noise spectnm. 

Off-axis microphone measuremeats confirm the  
dipole nature of the broadband noise generated 
by the d e l  wind turbine. 

A broadband noise d e l  has been developed and 
is t o  be compared with experimental resu l t s .  
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Table 1: 

Chracteristics of Turbulence Uo - 10.1 d s e c  

Grid 10 
{free s t r e m )  

Longitudinal Scale ( c a )  34.S 
Vertical W e  (a) 20.6 
B a t h  of 0 -9 
Intensity 1.X 
Solidity 0 
Grid Repolar W&r -- 

Grid 11 
1 -92~l5 - M a  

9.6 
1.8 
0.61 
6.25% 
0.23 
w04 

T 
.5m 

Grid 12 
8.97~51.28~ 

14.6 
9.3 
0.64 
11% 
0.32 klos 

"on axis mi- 

FIGURE 1 - POSITIOX OF HIfXO- 

X-PROBE 

I I 

FICLRE 2 - SCHQMTIC OF INSTF&I?ENTATION 
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(dBA) 

GRID X1 960 RPM 10.1 m/sec 
- ON AXIS MICROPHONE 

- 

:HZ 

GRiD#O 1040 RFW 10.1 m i s s  
ON ‘AXIS MICROPHONE - 

- 

FIGURE 4 - SOUND PRESSURE LEvn WITH NO GRID 
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I 0 0  

(d BA) 

FIG!! 5 - EFFECT OF FREE STIlUn m I T Y  ON SOUN3 ORESSURE LEVEL, Uo = 10.1 d t  

GRIDX2 610RPM 10.1 m/sec 
ON AXIS MlCROPHOlVE - 

- 

GRiO #2 850 RPM 13.4 mlsec 
ON AXIS MICROPHONE 

I I I I I I 1 I 

2 4 6 8 iot 
49;- I 

1 

Hz 

FIGURE - 6 EFFECT OF FREE STREAM V€u)CITY ON SOUND PRESSURE LEVEL, Uo = 13 .4  mls 
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1040RPM 10.1 m/sec 
GRID XO 2 BLADES 

80 ON AXIS MICROPHONE 
(dBN 

60 

I I I I I I I I 

*o 4 8 12 16 20KHz 
' 

FIGURE 7 - EFFECT OF NU?lBER OF BLADES ON SOUND PRESSURE LEVEL. B 2 

1001 I 
1080 RPM 10.1 m/sec 
GRID #O 3 BLADES 
ON AXIS MICROPHONE 80 t 

I I I I I I 1 I 1 
4 0 12 16 20KHt 

FIGURE 8 - EFFECT OF NUUBER OF BLADES ON SOUND PRESSURE LEVEL. B 9 3 
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80 

1040 RPM 10.1 m/sec 
GRID +O 2 BLADES 
OFF AXIS MICROPHONE 

FIGURE 9 - SOUND PRESSURE LFS'EL, NO GRID, B = 2, OFF AXIS MICROPHONES 
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