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ABSTRACT 

Design loads a r e  presented f o r  t h e  General E l e c t r i c  

MOD-5A wind tu rb ine .  The MOD-5A system cons is ts  o f  

a 400 ft. diameter, upwind, two-bladed, tee te red  

r o t o r  connected t o  a 7.3 MW variable-speed gener- 

a tor .  Fa t igue  loads a r e  s p e c i f i e d  i n  t h e  form o f  

histograms f o r  t h e  30 year  l i f e  o f  t h e  machine, 

w h i l e  l i m i t  ( o r  maximum) loads have been der i ved  

f r o m  t r a n s i e n t  dynamic ana lys is  a t  c r i t i c a l  

opera t ing  cond i t i ons .  Loads p r e d i c t  i o n  was 

accomplished us ing  s t a t e  o f  t h e  a r t  a e r o e l a s t i c  

analyses developed a t  General E l e c t r i c .  Features o f  

t h e  p r imary  p r e d i c t i v e  t o o l  - t h e  L r a n s i e n t  Ro to r  

Ana lys is  Code (TRAC) a r e  descr ibed  i n  t h e  paper. - 
Key t o  t h e  load  p r e d i c t i o n s  a r e  t h e  f o l l o w i n g  wind 

models: ( 1 )  y e a r l y  mean wind d i s t r i b u t i o n ,  (2)  mean 

wind v a r i a t i o n s  dur ing  operat ion,  (3) number o f  

s tar t /shutdown cycles, (4 )  s p a t i a l l y  l a r g e  gusts, 

and (5) s p a t i a l l y  smal l  gusts  ( l o c a l  turbulence) .  

The methods used t o  develop s t a t i s t i c a l  

d i s t r i b u t i o n s  f rom load  c a l c u l a t i o n s  represent  an 

extens i o n  o f  procedures used i n  p a s t  wind programs 

and i s  be l ieved  t o  be a s i g n i f i c a n t  c o n t r i b u t i o n  t o  

Wind Turb ine Generator analys is .  Tes t / theory  

c o r r e l a t i o n s  a r e  presented t o  demonstrate code load 

p r e d i c t i v e  c a p a b i l i t y  and t o  suppor t  t h e  wind models 

used i n  t h e  analys is .  I n  add i t i on ,  MOD-5A loads are 

compared w i t h  those o f  e x i s t i n g  machines. 

The MOD-5A design was performed by t h e  General 

E l e c t r i c  Company, Advanced Energy Program Department 

under Con t rac t  DEN3-153 w i t h  NASA Lewis Research 

Center and sponsored by t h e  Department o f  Energy. 

INTRODUCTION. 

upwind design. The MOD-5A fea tu res  a t e e t e r i n g  

r o t o r  and laminated wood blades w i t h  a i le rons  over  

t h e  outboard 40% o f  t h e  blades t o  r e g u l a t e  power and 

t o  shut down. I t  incorporates a 7.3 megawatt 

va r iab le -  speed generator. However, t o  avo id  

resonances, t h e r e  are o n l y  two nominal r o t o r  speeds 

- 13.8 and 16.8 RPM. A d d i t i o n a l  aspects and f u r t h e r  

d iscuss ion o f  t h e  MOD-5A a re  contained i n  Reference 

1. 

Th is  paper sumnarizes t h e  loads analys is  conducted 

f o r  t h e  MOD-5A. The a n a l y t i c a l  techniques a re  

described, fo l l owed by comparison o f  t h e o r e t i c a l  

p r e d i c t i o n s  w i t h  t e s t  data t o  support t h e  methods 

and models used. Test data were taken from t h e  

General E l e c t r i c  ZMW, 200 ft. diameter MOD-1, t h e  

Boeing 2.5MW, 300 ft. diameter MOD-2, and t h e  

Hamil ton Standard 4MW, 256 ft. diameter SVU-WTS 4. 
The MOD-5A design loads presented, here in,  a re  15% 

t o  25% h igher  than t h e  t h e o r e t i c a l  p r e d i c t i o n s  t o  

a l low f o r  uncer ta in t ies .  The machine has been 

designed t o  these 1 oads. 

METHODS OF ANALYSIS 

The WTG loads analys is  began w i t h  t h e  cons t ruc t ion  

o f  a dynamic model t o  determine t h e  n a t u r a l  modes 

and frequencies o f  t h e  system. State-of - the a r t  

f i n i t e  element and modal-synthesis techniques were 

appl ied. Since these methods are accepted standards 

i n  the  aerospace indus t ry ,  they  w i l l  n o t  be 

addressed here. Rather, we w i l l  focus on t h e  

aeroe las t i c  and wind models used f o r  t h e  wind 

t u r b i n e  loads analysis. 

The MOD-5A was designed b y  t h e  General E l e c t r i c  The experience gained, and methods developed d u r i n g  

Company as p a r t  o f  t h e  Department o f  Energy t h e  MOD-1 program served as a cornerstone f o r  t h e  

sponsored program t o  develop mu1 t i-megawatt, MOD-5A analys is .  Extensive c o r r e l a t i o n  s tud ies  and 

u t i l i t y - c l a s s ,  wind t u r b i n e  generators. It i s  a code v e r i f i c a t i o n  exerc ises were conducted b e f o r e  

two-bladed,. h$r izonta l -ax is , -  . ~. 400 f o o t  diameter, t h e  MOD-5A program. Our loads p r e d i c t i o n  



c a p a b i l i t i e s  were enhanced dur ing  t h e  MOD-5A 

program, p a r t i c u l a r l y  i n  t h e  areas o f  t r a n s i e n t  

analys is ,  wind model l ing and load  s t a t i s t i c s .  These 

t o p i c s  are discussed i n  t h e  f o l l o w i n g  paragraphs. 

Aeroe las t i c  Codes 

Two aeroe las t i c  codes were used t o  p r e d i c t  design 

loads f o r  t h e  MOD-5A: GETSS, General E l e c t r i c  

Turb ine System Synthesis  and TRAC, l r a n s i e n t  R o t o r  - 
Analys is  Code. - 

GETSS - GETSS was developed dur ing  t h e  MOD-1 program 

and was used t o  p r e d i c t  t h e  MOD-5A1s f a t i g u e  loads 

d u r i n g  t h e  p re l im inary  design phase. The code was 

v e r i f i e d  by  NASA dur ing  t h e  MOD-1 program, b y  

c o r r e l a t i n g  i t s  p red ic t ions  w i t h  MOD-0 t e s t  data. 

I t  prov ided e x c e l l e n t  l oad  est imates f o r  MOD-1 and 

was v e r i f i e d  f o r  s o f t  tower and t e e t e r i n g  r o t o r  

con f igu ra t ions  d u r i n g  t h e  MOD-5A contract .  

The GETSS ana lys is  f l o w  i s  shown i n  F igure  1. The 

system's s t r u c t u r a l  dynamics are approximated b y  

piecewise l i n e a r  models o f  t h e  e n t i r e  system; 

wherein n a t u r a l  modes a re  i n p u t  f o r  d i s c r e t e  r o t o r  

pos i t i ons .  As t h e  blades ro ta te ,  t h e  dynamical 

equations swi tch from one model t o  t h e  next. A t ime  

h i s t o r y  s o l u t i o n  i s  determined over as many 

revo lu t ions  as a re  requ i red  t o  produce a 

steady-state response; t h e  l a s t  r o t o r  c y c l e  i s  then 

used t o  compute steady-state f a t i g u e  loads. 

Aerodynamic and g r a v i t a t i o n a l  forces a re  computed as 

a f u n c t i o n  o f  t h e  r o t o r  p o s i t i o n  by t h e  computer 

code, WINDLD, be fo re  t h e  t ime h i s t o r y  ca lcu la t ions ,  

and are app l ied  t o  t h e  r i g h t  s ide  o f  t h e  modal 

equations. Aeroe las t i c  coupl ing comes f rom 

aerodynamic modal damping c o e f f i c i e n t  c a l c u l a t i o n s  

computed by t h e  computer code, QAERO, be fo re  the  

t ime h i s t o r y  ca lcu la t ions .  F i n a l l y ,  i n t e r f a c e  

design loads a re  computed f rom the  modal response. 

The code can handle a l a r g e  number of system modes 

a t  r e l a t i v e l y  low computational cost,  because t h e  

modal equations a re  decoupled 1 inear, second-order 

equations, f o r  which the re  are very e f f i c i e n t  

numerical i n t e g r a t i o n  algori thms. More d e t a i l e d  

code descr ip t ions  may be found i n  t h e  MOD-1 f i n a l  

design r e p o r t  (Ref. 2). 

TRAC - TRAC was developed dur ing  t h e  MOD-5A program - 
t o  p r e d i c t  t r a n s i e n t  1oads.The program was checked, 

u s i n g  steady-state loads ca lcu la ted  by t h e  GETSS 

code as a benchmark. The v e r i f i c a t i o n  prov ided 

confidence i n  t h e  c a l c u l a t i o n s  made by  both 

programs. I n  t h i s  paper, we show c o r r e l a t i o n  

between TRAC f a t i g u e  and l i m i t  l oad  p r e d i c t i o n s  w i t h  

MOD-1 data. TRAC a l s o  agreed q u a l i t a t i v e l y  w i t h  

MOD-2 on t h e  subject  o f  i n t e r a c t i o n s  between the 

s t r u c t u r e  and t h e  c o n t r o l  system. TRAC was used t o  

compute a l l  t h e  MOD-5A1s f i n a l  design loads. 

The se l f -explanatory features o f  the  code a re  

i l l u s t r a t e d  i n  F igure 2. I t does n o t  use 

piecewise-1 inear  modal inputs, as GETSS does. 

Rather, separate inpu ts  are prov ided f o r  r o t a t i n g  

and f i x e d  system modes. Complete i n e r t i a l  and 

aerodynamic coup l ing  between t h e  degrees o f  freedom 

has been r e t a i n e d  i n  t h e  development. Furthermore, 

non- l inear  i n e r t i a  terms, caused by  f i n i t e  e l a s t i c  

d e f l e c t i o n s  o f  t h e  blade, a r e  included. As such, 

t h e  equations a re  h i g h l y  coupled. A Runge-Kutta 

numerical i n t e g r a t i o n  has been used t o  ob ta in  

so lu t ions .  Loads a re  ca lcu la ted  a f t e r  each t i m e  

s tep  us ing t h e  "modal accelerat ion"  technique, which 

i s  super io r  t o  bas ing loads on e l a s t i c  d e f l e c t i o n s  

(modal d e f l e c t i o n  technique). When t h e  r o t o r  speed 

var ies  dur ing  a t r a n s i e n t  so lu t ion ,  t h e  b lade 

s t i f f n e s s  terms are adjusted us lng  Southwell 

c o e f f i c i e n t s ,  which are computed w i t h i n  t h e  

program. The NASA i n t e r i m  turbulence model was 

incorporated i n t o  the code f o r  f a t i g u e  load  

computation, however, t h e  c a p a b i l i t y  o f  analyz ing 

o n l y  wind shear o r  tower shadow, o r  both, was 

re ta ined .  

Wind Models 

The wind models used t o  compute design loads are 

c l a s s i f i e d  i n  Table 1. Wind models used f o r  l i m i t  

and f a t i g u e  load c a l c u l a t i o n s  appear separately. 

The same l a r g e  gust  model i s  used i n  each case (1.2 

and 11.3). Models 11.2, 11.3, and 11.4 w i l l  be 

described i n  t h i s  sect ion. The o ther  models 

appearing i n  t h e  t a b l e  are se l f -explanatory.  

MEAN WIND VARIATIONS - These v a r i a t i o n s  produce 

s h i f t s  i n  mean load  l e v e l s  which must be considered 

as f a t i g u e  cycles. For example, i f  t h e  machtne i s  



operating in a 20 mph wind and during 10 minutes the 
wind shifts to 30 mph and returns to 20 mph, a 

fatigue cycle results from the difference in load 

levels at 20 and 30 mph. The load shift, which can 

be viewed as a "DC" phenomenon, was dubbed a Type 

IIA load. In order to quantify the variation in 
mean wind speed, 4 months of data taken at Amarillo, 

TX by PNL-Battelle was statistically analyzed. 

Figure 3 outlines the analysis and the results. In 
addition to mean wind shift statistics, the data was 
used to compute the number of start-stop cycles that 

would be experienced by a MOD-5A. It might be added 

that the yearly wind speed distribution at Amarillo 

is quite similar to the specification tn the MOD-5A 

Statement of Work. 

LARGE GUSTS - Figure 4 sumnarizes the large gust 
model used for the MOD-5A design. The MOD-5A 
Statement of Work wind PSD specification was 
integrated to determine the root mean square gust 
value. The cut-off frequency of .02 Hz, used in the 

integration, was based on a spatial coherence model 

developed during MOD-2, and used in conjunction with 

the MOD-5A rotor diameter. The relevant formula 

appears below: 

COH = exp-(fxdKv) 

LOCAL TURBULENCE - Gusts smaller than the rotor 
diameter produce variations in the apparent wind 
speed experienced by the rotating blades at 

harmonics of the rotor speed. The situation is 
illustrated in Figure 5. This harmonic forcing 

produces fatigue loads which occur every rotor 

cycle. Measurements and data analysis conducted by 

PNL-Battelle identified and began to quantify the 

magnitudes of these turbulent inputs. NASA 
developed an "Interim Turbulence Model" from this 

data, which conveniently expresses the root mean 
square values of the harmonic forcing for rotors of 

different sizes. GE adopted NASA's model and 

extended it to include gust probabilities. The 
formulas are sunmarized in Table 2. GE assumed the 

probability distribution of the random harmonic 

coefficients was Rayleigh, as would be the case for 

a narrow-band process. The Rayleigh assumption also 
seems to be supported by the ratios of 99.9th 

percentile to 50th percentile loads generally found 
in flap bending moment test data. Correlation of 

this turbulence model with MOD-1 loads appears in 

the verification section of this paper. 

Load Statistics 

Fatigue loads for the MOD-5A were expressed as 
where : probability distributions (or histograms) to be 
f = cut-off frequency (Hz) 
x = fraction of rotor disc for which applied for the 30-year life of the machine. This 

the is A section describes the methodology used in deriving 
of 1.0 (or the whole disc) was 
used. the fatigue load statistics. Fatique loads were 

d = rotor diameter (meters) segregated into three categories, shown in Figure 6; Kv = .37 - .005V, V = wind speed (m/s) 
the same categories used in previous wind turbine 

Gusts having a coherence equal to or greater than 

0.50 were conservatively treated as rotor 

encompassing gusts. This formula leads to a cut-off 

frequency of .018 Hz at 25 mph and .022 Hz at 50 
mph. An average of .02 Hz was used for all wind 
speeds. This cut-off frequency imp1 ies an average 
gust period of 50 seconds, which is supported by 

MOD-2 test measurements discussed in the verifcation 
section of this paper. A Rayleigh distribution was 

selected for the gust amplitudes on the basis of 

PNL-Battelle's "Gust-0" measurements reported in PNL 

3138. The gust model in Figure 4 is used to compute 
both fatigue loads and limit loads. It will be 

shown that MOD-2 loads data supports the gust 

amplitudes we have used. 

generator programs. The Type I loads represent the 

alternating loads, which occur at 1 or 2P (where P 

stands for "per revolution'). For design purposes, 
all load components were conservatively assigned a 
2P occurrence rate. The local turbulence model was 

used to derive Type I loads. The Type I1 loads stem 
from gusts, that cause a shift in mean load during 
the gust. This mean shift, and the normally 

occurring alternating loads were used to compute a 

cycle of fatigue loading for each gust occurrence. 

The large gust model was used to compute Type I1 

loads, Similar Type IIA loads, which stem from 
longer mean wind speed variations, are not shown in 

the figure. The Type I11 loads represent the 

"ground to air to ground" cycle and have a frequency 



o f  occurrence equal t o  t h e  number o f  s t a r t - s t o p  

cyc les.  Type I 1 1  loads were computed f rom t h e  d e l t a  

loads between normal operat ion, through shutdown, t o  

t h e  parked s ta te .  Note t h a t  shutdown t r a n s i e n t s  can 

produce wider d e l t a s  i n  some load components than 

s imp ly  consider ing t h e  normal opera t ing  and parked 

condi t ions.  The number o f  Type I, 11, I I A ,  and I 1 1  

c y c l e s  expected over 30 years are 3.5 X lo8,  1.4 X 

lo7 ,  1.5 X l o6  and 35,000, respec t i ve ly .  

The f i r s t  s tep i n  determining t h e  l i f e  c y c l e  f a t i g u e  

loads was t o  o b t a i n  t h e  mean wind s t a t i s t i c s  o f  t h e  

s i t e .  The wind s p e c i f i c a t i o n  i n  t h e  Statement of 

Work was used f o r  MOD-5A. The operat ion o f  t h e  wind 

t u r b i n e  was separated i n t o  d i s c r e t e  wind bins, as 

i l l u s t r a t e d  i n  F i g u r e  7. The t o t a l  number o f  Type I 

cycles, which was based on t h e  number o f  r o t o r  

cyc les,  and Type I 1  cycles, which was based on t h e  

number o f  gusts, were computed f o r  each b i n .  

I n  t h e  second step, mean and a l t e r n a t i n g  

s teady-state loads were computed f rom c u t - i n  t o  

cu t -ou t  speeds, us ing TRAC. The wind speeds 

analyzed d i d  n o t  necessar i l y  correspond t o  t h e  b i n  

mean wind speeds; instead a s u f f i c i e n t  number o f  

wind speeds was chosen t o  cons t ruc t  smooth curves o f  

l oad  versus wind v e l o c i t y .  I n  t h i s  way, t h e  data 

cou ld  be app l ied  t o  wind s i t e s  o ther  than t h e  one 

se lected.  The steady-state loads were computed 

us ing  t h e  r o o t  mean square wind speed harmonic 

v a r i a t i o n s  given by the  NASA I n t e r i m  Turbulence 

Model. The t h i r d  s tep  determined t h e  d i s t r i b u t i o n  

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 

p e r c e n t i l e  values on the  bas is  o f  a Rayleigh 
d i s t r i b u t i o n .  Data measurements from e x i s t i n g  wind 

t u r b i n e s  ind ica ted  t h a t  Type I loads were we l l  

f i t t e d  by a log-normal d i s t r i b u t i o n  and so t h i s  

d i s t r i b u t i o n  was used t o  compute loads a t  o ther  

percen t i l es .  The s lope o f  the  d i s t r i b u t i o n  was 

based on e x i s t i n g  teetered r o t o r  t e s t  data. It i s  

be l ieved  t h a t  t h e  log-normal d i s t r i b u t i o n  stems f rom 

t h e  sum o f  a constant ( o r  d e t e r m i n i s t i c )  l oad  l e v e l  

and s tochas t i c  loads w i t h  a Rayleigh d i s t r i b u t i o n .  

Th is  premise was supported by t h e  MOD-1 f a t i g u e  load 

c o r r e l a t i o n  study repor ted i n  t h e  subsequent 

sect ion,  wherein loads were computed f o r  various 

turbulence ampli tude percen t i l es  and were compared 

t o  measured values. Both the  measurements and 

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

I n  t h e  f o u r t h  step, o f  F igure  7, t h e  procedures used 

t o  ob ta in  Type I 1  and Type I I A  loads are 

sumar ized.  A p r o b a b i l i t y  d i s t r i b u t i o n  o f  gust 

ampli tude was constructed on t h e  bas is  o f  t h e  wind 

turbulence model. Mean and a l t e r n a t i n g  loads were 

used t o  determine t h e  Type I 1  loads corresponding t o  

a s u f f i c i e n t  number o f  d i s c r e t e  gust amplitudes. 

The load p r o b a b i l i t i e s  were equal t o  t h e  gust  

p r o b a b i l i t i e s  f rom which t h e y  were derived. The 

zero th  p e r c e n t i l e  load (no gus t )  was equal t o  the  

steady-state, 50th p e r c e n t i l e  load. Note t h a t  t h e  

Type I 1  load  d i s t r i b u t i o n  was n o t  assumed t o  f o l l o w  

any prescr ibed p r o b a b i l i t y  law; instead i t  was 

constructed d i r e c t l y  f rom t h e  wind turbulence model 

and associated response load. Type I 1  c a l c u l a t i o n s  

were f u r t h e r  r e f i n e d  t o  account f o r  load 

a m p l i f i c a t i o n  d u r i n g  a gust, which i s  caused by  the  

dynamics o f  the  c o n t r o l  system. 

Type I 1 1  loads were determined from t h e  d i f f e r e n t i a l  

l oad  encountered i n  t h e  t r a n s i t i o n  between normal 

opera t ion  and t h e  parked s ta te .  

F i n a l l y ,  i n  t h e  s i x t h  step, composite f a t i g u e  

histograms were const ructed f rom a l l  t h e  data. 

These histograms d e f i n e  t h e  t o t a l  f a t i g u e  loading 

t h a t  i s  p ro jec ted  t o  occur over 30 years. The 

c y c l i c  loads are presented i n  t h e  form o f  a 

histogram as shown, o r  e q u i v a l e n t l y  as a cumulat ive 

p r o b a b i l i t y .  These loads, along w i t h  s t a t i s t i c s  of 

t h e  corresponding mean loads, were suppl ied t o  t h e  

designers. The procedure was computerized, f o r  

r a p i d  turnaround and t o  a l l o w  l i f e  c y c l e  load ing  f o r  

var ious wind s i t e s  t o  be generated w i t h  l i t t l e  

e f f o r t .  

VERIFICATION OF CODES AND MODELS 

The GETSS code was c o r r e l a t e d  w i t h  MOD-0 data 

supp l ied  by NASA dur ing  t h e  MOD-1 program and dur ing  

t h e  conceptual design o f  the  MOD-5A. These 

v a l i d a t i o n  r e s u l t s  w i l l  n o t  be repeated here. 

Rather, t h i s  sec t ion  focuses on subs tan t ia t ing  t h e  

wind models t h a t  have been adopted and t h e  loads 

p red ic ted  b y  t h e  TRAC code. S p e c i f i c a l l y ,  i t  w i l l  

cover  shutdown t rans ien ts ,  Type I load  p r o b a b i l i t y  



d i s t r i b u t i o n s  and Type I 1  loads i n  the  subsequent 

paragraphs. 

Shutdown t e s t i n g  performed dur ing  t h e  MOD-1 

check-out was simulated us ing the  TRAC code. 

F igure 8 shows a t y p i c a l  simulat ion, i n  which r o t o r  

speed, p i t c h  angle, and blade f l a p  bending moment a t  

.35R a r e  p l o t t e d  versus time. Fol lowing about 3 

seconds o f  steady-state operat ion a t  25 rpm, t h e  

blades were feathered a t  8O/sec f o r  1.5 seconds 

fo l lowed by  a ZO/sec p i t c h  r a t e  f o r  t h e  remainder o f  

t h e  shutdown. (The dual fea ther  r a t e  was used on 

MOD-1 t o  guard against  h igh  loads). The t ime 

h i s t o r i e s  show t h a t  t h e  r o t o r  speed decreased 

cont inuously  a f t e r  feather ,  w h i l e  t h e  f l a p  bending 

moment reached a peak a t  about 5 seconds. S i m i l a r  

analyses were conducted f o r  shutdowns f rom o ther  

i n i t i a l  r o t o r  speeds and t h e  peak f l a p  bending loads 

were recorded. F igure 9 compares t h e o r e t i c a l l y  

p red ic ted  loads w i t h  t e s t  measurements made a t  two 

blade s ta t ions .  Here, peak moments were p l o t t e d  

against  the  r o t o r  speed a t  which t h e  shutdown was 

i n i t i a t e d .  There was e x c e l l e n t  agreement between 

t h e  t e s t  and t h e  theory. 

P r o b a b i l i t y  d i s t r i b u t i o n s  o f  MOD-1 f lap-bending 

moments measured a t  t h r e e  b lade r a d i a l  s t a t i o n s  a re  
compared w i t h  t h e o r e t i c a l  p red ic t ions  i n  F igure  10. 

These represent  Type I c y c l i c  (1/2 peak-peak) 

loads. A band o f  measured da ta  i s  shown along w i t h  

d i s c r e t e  t e s t  p o i n t s  taken on a t y p i c a l  day o f  

operation. The t h e o r e t i c a l  loads were computed 

us ing NASA's I n t e r i m  Turbulence Model w i t h  t h e  TRAC 

code. Po in ts  a t  th ree  p e r c e n t i l e s  were generated by  

asc r ib ing  turbulence disturbance amplitudes 

according t o  a Rayleigh d i s t r i b u t i o n .  Tower shadow 

was a lso  inc luded i n  t h e  model. The r e s u l t s  

ind ica ted  e x c e l l e n t  agreement between t e s t  and 

theory a t  mid-span, wh i le  p r e d i c t i o n s  were a t  the  

t o p  and bottom o f  t e s t  s c a t t e r  f o r  outboard and 

inboard locat ions,  respec t i ve ly .  I n  view o f  t h e  

contingency f a c t o r s  o f  15-25%, which were app l ied  t o  

a l l  MOD-5A load  p red ic t ions ,  t h e  turbulence model 

was considered t o  be s a t i s f a c t o r y  f o r  design 

purposes. 

Type I 1  loads were ex t rac ted  from MOD-2 data tapes 

suppl i e d  by NASA. Occurrances were counted 

according t o  p o s i t i v e  slope crossings o f  t h e  mean 

load versus time. F igure  3 shows t h e  s l m i l a r  
procedure, used f o r  wind data. F igure 11 conta ins a 

t a b l e  of t h e  frequency o f  Type I 1  load  occurrances 

a long w i t h  t h e  number o f  wind speed s h i f t s .  Note 

t h a t  the re  a re  more cyc les  o f  t h e  wind speed p o i n t  

measurement (81.9/hr.) than of t h e  loads 

(55-61/hr.), which makes sense because a1 1 t h e  

s h i f t s  i n  wind speed may n o t  be s p a t i a l l y  l a r g e  
enough t o  cause a change i n  mean r o t o r  loads. Below 

t h e  tab le ,  a scattergram o f  Type I 1  load magnitude 

i s  p l o t t e d  against  load period. Higher loads 

correspond t o  h igher  periods, as would be expected 

because t h e  l a r g e  r o t o r  enveloping gusts have longer 

periods. About a 50 second period, o r  more, was 

needed t o  produce peak load leve ls .  The average 
frequency o f  MOD-2 loads (55-61/hr.) agreed w e l l  

w i t h  what was modelled f o r  t h e  MOD-5A (65/hr.). If 
anything, t h e  MOD-5A would be expected t o  have a 

lower frequency because o f  i t s  increased s ize,  so 

t h i s  ana lys is  was s l i g h t l y  conservat ive. 

Type 11 load  p r o b a b i l i t y  d i s t r i b u t i o n s  are p l o t t e d  

i n  F igure  12. MOD-5A p r e d i c t i o n s  f o r  s i m i l a r  wind 

cond i t i ons  a re  a lso  shown. The MOD-5A p r e d i c t i o n s  

were i n  l i n e  w i t h  t h e  scaled t e s t  data, i f  n o t  

somewhat conservat ive. This ana lys is  prov ided 

confidence i n  t h e  model l ing o f  Type I 1  loads on the  

MOD-5A. 

MOD-5A DESIGN LOADS 

System Dynamjc Model 

The n a t u r a l  modes and frequencies were ca lcu la ted  

f rom a model o f  t h e  MOD-5A system. The dynamic 

mathematical model was made up o f  models o f  each 

substructure, which were u n i f i e d  by t h e  s t i f f n e s s  

coup l ing  method o f  modal synthesis. The MOD-5A wind 

t u r b i n e  subst ructures and t h e i r  coup l ing  i n t e r f a c e s  

a r e  shown i n  F igure  13. The substructures were t h e  

r o t o r ,  t h e  yoke and r o t o r  support, t h e  bedplate and 

n a c e l l e  and t h e i r  associated hardware, and t h e  tower. 

The n a t u r a l  modes and frequencies o f  each 

substructure, except t h e  blade, were ca lcu la ted  

us ing NASTRAN o r  a s i m i l a r  f i n i t e  element program. 

The b lade modes and frequencies were determined 

us ing  a p r o p r i e t a r y  GE program c a l l e d  STRAP ( S t a t i c  

Row Analys is  Program). STRAP i s  a f i n i t e  element 



beam model l ing program t h a t  inc ludes t h e  s t i f f e n i n g  

e f f e c t s  o f  c e n t r i f u g a l  forces.  

The s t i f f n e s s  l i n k s  used t o  u n i f y  t h e  subst ructures 

were der i ved  as fo l lows :  

o  Rotor t o  Yoke - The l i n k s  were der ived f rom 
s t i f f n e s s  da ta  obta ined from t h e  
manufacturer o f  t h e  t e e t e r  bearing. The 
t e e t e r  bear ing i s  e lastomer ic  and has 
s t i f f n e s s  i n  a l l  6  degrees o f  freedom. 

o  Low Speed Shaf t  t o  Bedplate - The l i n k s  were 
ca lcu la ted  by  i n v e r t i n g  a  bedplate 
f l e x i b i l i t y  m a t r i x  obta ined from d e t a i l e d  
NASTRAN 1  oad cases. 

o  Bedplate t o  Tower - The l i n k  was der i ved  
from manufacturer 's data on t h e  yaw bear ing 
and yaw hydraul ics ,  and f rom t h e  s t r u c t u r a l  
design o f  t h e  upper yaw housing ( t h e  lower 
yaw housing was inc luded i n  t h e  tower f i n i t e  
element model). A s c a l e r  s p r i n g  element was 
created f rom yaw bear ing s t i f f n e s s e s  i n  5  
degrees o f  freedom and yaw brake s t i f f n e s s  
( o r  yaw h y d r a u l i c  s t i f f n e s s  depending on t h e  
case inves t iga ted)  i n  t h e  yaw degree o f  
freedom. Th is  s c a l a r  s p r i n g  was then added 
i n  s e r i e s  w i t h  a  beam model o f  t h e  upper yaw 
housing. 

SCAMP ( S t i f f n e s s  Coupl ing Approach Modal-synthesis 

Program), a  p r o p r i e t a r y  GE computer program, u n i f i e d  

t h e  substructures. T h i s  modal synthesis  method has 

been used ex tens ive ly  a t  t h e  General E l e c t r i c  Space 
D i v i s i o n  f o r  spacecraf t  ana lys is  and was a l s o  

success fu l l y  used i n  t h e  MOD-1 program. The method 

uses the  f r e e  subst ructure v i b r a t i o n  modes and 

frequencies t o  determine t h e  modes o f  t h e  e n t i r e  

system. These substructures, as def ined by  t h e  

s t i f f n e s s  coup l ing  method, have no comnon degrees o f  

freedom and a r e  coupled together  by t h e  s t i f f n e s s  

l i n k s  t h a t  r e l a t e  t h e  f ree  attachment coordinates o f  

t h e  substructures. D e t a i l s  o f  the  method are 

documented i n  Reference 3. 

The system modes and frequencies were ca lcu la ted  

w i t h  t h e  blades i n  bo th  t h e  v e r t i c a l  and h o r i z o n t a l  

p o s i t i o n s .  Typ ica l  mode shapes w i t h  t h e  r o t o r  i n  a  

v e r t i c a l  p o s i t i o n  a r e  shown i n  F igure  14. The d r i v e  

t r a i n  and t e e t e r i n g  modes are s imply  r i g i d  body 

r o t a t i o n s  o f  t h e  r o t o r  about t h e  d r i v e  s h a f t  and 

t e e t e r  pin, w i t h  l i t t l e  o r  no motion of t h e  

remaining system elements. The fundamental tower 

bending mode, shown f o r  t h e  d i r e c t i o n  normal t o  the  

a x i s  o f  r o t a t i o n ,  e x h i b i t s  a  smal l  amount o f  yaw 

the  nacel le. The tower bending mode i n  t h e  

d i r e c t i o n  o f  t h e  d r i v e  s h a f t  a x i s  i s  n o t  shown, b u t  

i t  has n e a r l y  t h e  same n a t u r a l  frequency, and 

considerably  more b lade e l a s t i c  d e f l e c t i o n  i n  t h e  

s o f t e r  f l apw ise  d i r e c t i o n .  The f i n a l  e l a s t i c  mode 

shape d isp lays c o l l e c t i v e  f lapwise bending o f  t h e  

blades. The mode shape p l o t s  a r e  used t o  p rov ide  

i n s i g h t  i n t o  t h e  response o f  t h e  system. 

Table 3  conta ins a  sumnary o f  t h e  system n a t u r a l  

frequencies f o r  t h e  basel ine design. The 

c a l c u l a t i o n s  were made w i t h  t h e  blades i n  v e r t i c a l  

and h o r i z o n t a l  p o s i t i o n s  a t  13.8 and 16.8 rpm. 

Frequencies a re  shown i n  Hz and P. The numbers i n  

parentheses denote P values a t  t h e  13.8 rpm. The 

l a s t  column earmarks t h e  harmonics t h a t  should be 

avoided i n  each mode. E stands f o r  even, and 0, 

f o r  odd. For example, f i x e d  system modes o f  t h e  

tower must avoid even in tegers  o f  r o t o r  speed w t t h  a  

two bladed r o t o r ,  w h i l e  r o t o r  c y c l i c  modes must 

avoid odd in tegers.  F igure 15 dep ic ts  frequency 

placement o f  the  MOD-5A g raph ica l l y .  The hatched 

areas i n d i c a t e  frequency ranges t h a t  should be 

avoided, t o  preclude resonant e x c i t a t i o n .  Symbols 

connected by  h o r i z o n t a l  l i n e s  i n d i c a t e  t h a t  t h e  

frequency changes i n  going f rom a  v e r t i c a l  t o  

h o r i z o n t a l  b lade pos i t i on .  

A l l  system frequencies are we l l  placed w i t h  t h e  

poss ib le  except ion o f  t h e  f i r s t  f l a p  c o l l e c t i v e  

which i s  a t  4.2P. The b lade design, however, i s  

compatible w i t h  t h e  loads p red ic ted  f o r  t h i s  blade. 

Furthermore, dominant b lade f a t i g u e  stresses were 

due t o  chord bending loads which are n o t  e f f e c t e d  by 

t h i s  frequency. There i s  s t i l l  reason f o r  concern, 

though, because o f  t h e  uncer ta in ty  i n  some var iab les  

used i n  t h e  load  ca lcu la t ions .  The v a r i a b l e  most i n  

quest ion i s  t h e  amount o f  4P turbulence i n  t h e  wind 

a t  t h e  chosen s i t e .  The loads would be s e n s i t i v e  t o  

t h i s  turbulence, s lnce t h e  b lade resonance i s  near 

the  e x c i t a t i o n  frequency. To e l i m i n a t e  t h i s  r i s k ,  

methods t o  r a i s e  o r  lower the  f lapwise frequency 

were inves t iga ted  near the  end o f  f i n a l  design. 

Three f e a s i b l e  avenues were i d e n t i f i e d :  

1. S t r u c t u r a l  m o d i f i c a t i o n  - (b lade th ickness 
and/or chord). 

2. Add i t i on  o f  b a l l a s t  weight t o  t h e  outboard 
b lade ( t h e  e a r l i e r ,  heavier ,  r o t a t i o n  caused by  t h e  o f f s e t  cen te r  o f  g r a v i t y  o f  



par t ia l - span-con t ro l  con f igu ra t ion  had a 
d e s i r a b l e  3P frequency, which increased t o  
t h e  present 4.2P when l i g h t e r  weight 
a i l e r o n s  were s u b s t i t u t e d  i n  t h e i r  p lace) .  

3. Change o f  opera t ing  RPM ( t h i s  could be done 
i n  t h e  f i e l d  on t h e  MOD-5A because o f  t h e  
variable-speed-gnerator). 

Were t h e  MOD-5A t o  be b u i l t ,  i t  i s  l i k e l y  t h a t  one 

o f  t h e  above mod i f i ca t ions  would be implemented t o  

minimize r i s k .  

Design Operat ing Condit ions 

The MOD-5A loads were based on c u t - i n  and cut -out  

wind speeds o f  14 mph and 60 mph, respec t i ve ly ,  a t  

t h e  hub h e i g h t  . Fat igue cyc les fo r  30 years o f  

opera t ion  were computed f o r  the  MOD-5A Statement o f  

Work Wind Durat ion Curve. The wind b ins  used t o  

generate t h e  fa t igue  da ta  a r e  summarized i n  Table 4, 

along w i t h  t h e  numbers o f  Type I, 11, and I I A  cyc les 

f o r  each b in .  Gust and mean wind s h i f t  amplitudes 

a t  t h e  b i n  mean wind speeds are contained i n  

Table 5. Gust amplitudes up t o  and i n c l u d i n g  t h e  

99.9th p e r c e n t i l e  were used t o  p r e d i c t  t h e  f a t i g u e  

loads. The 99.99th p e r c e n t i l e  gust was used t o  

compute l i m i t  loads. 

C r i t i c a l  opera t ing  cond i t i ons  used t o  compute 1 i m i t  

loads a r e  sumnarized i n  Table 6. The system was 

designed t o  wi thstand t h e  f i r s t  f o u r  condi t ions 

wi thout  damage. The l a s t  case represented an 

extreme cond i t i on ,  which t h e  MOD-5A cou ld  wi thstand 

wi thout  ca tas t roph ic  f a i l u r e  such as l o s t n g  a 

blade. Table 7 sumnarizes a d d i t i o n a l  events which 

were analyzed, b u t  were n o t  c r i t i c a l l y  impor tant  

f o r  t h e  MOD-5A. 

I n t e r f a c e s  Loads 

The design loads were ca lcu la ted  a t  t h e  loca t ions  

l i s t e d  i n  Table 8. A f u l l  s e t  o f  shear and moment 

loads ( V ,  Vy, V,, Mx, My, M,) were 

supp l ied  a t  these points .  The s ign  conventions f o r  

the  main b lade  and t h e  f i x e d  system are shown i n  

F i g u r e  16. The coord inate d i r e c t i o n s  l i e  on 

p r i n c i p a l  axes and t w i s t  w i t h  t h e  cross-sect ions o f  

t h e  b lade a i r f o i l .  The dimensions o f  t h e  system and 

t h e  l o c a t i o n s  of the  non-blade i n t e r f a c e s  are shown 

i n  F i g u r e  17. 

The i n t e r f a c e  design loads were s p e c i f i e d  i n  3 se ts  

o f  tab les:  

( 1 )  histograms combining Type I, T ~ p e  11, and 
Type I I A  f a t i g u e  loads (359x10 cyc les i n  
30 years)  

( 2 )  Type I 1 1  f a t i g u e  loads (35,000 cyc les i n  30 
years)  

(3 )  l i m i t  loads f o r  each c r i t i c a l  operat ing 
cond i t i on  
Because o f  t h e  volume o f  t h i s  data, o n l y  h i g h l i g h t s  

are presented here1 n. 

A sample histogram i s  d isp layed i n  Table 9. Each 
row corresponds t o  a bar  o f  t h e  histogram. Columns 

1 and 2 prov ide t h e  number o f  cyc les i n  and t h e  

cumulat ive p r o b a b i l i t y  associated w i t h  each bar. 

The range o f  c y c l i c  loads f o r  each bar, t h e  bar  

width, i s  de f ined  i n  columns 3 and 4. Columns 5 and 

6 are these same dimensional loads d iv ided  by t h e  

maximum c y c l i c  value, w h i l e  columns 7 and 8 a r e  

s i m i l a r l y  non-dimensionalized by t h e  50th p e r c e n t i l e  

c y c l i c  load  a t  t h e  r a t e d  wind speed. The remaining 

columns prov ide s t a t i s t i c s  o f  t h e  mean, o r  

mid-range, load f o r  each bar  o f  t h e  histogram. 

Inc luded below t h e  t a b l e  a re  t h e  root-mean-cubed 

value o f  a l l  c y c l i c  load  occurrences and t h e  average 

mean load f o r  30 years of operat ion.  

P r o b a b i l i t y  d i s t r i b u t i o n s  o f  a l t e r n a t i n g  b lade f l a p  

bending moments are shown i n  F igure  18 f o r  th ree  

r a d i a l  s ta t ions .  The load  magnitudes have been 

d i v i d e d  by t h e  mean f lap-bending moment a t  t h e  r a t e d  

wind speed, 32 mph, t o  a l l o w  comparison w i t h  da ta  

f rom other  wind turb ines.  The curves d i s p l a y  a 

s l i g h t  increase i n  s lope above t h e  99.9th p e r c e n t i l e  

t h a t  i s  caused by Type I 1  load occurrences. Type 

I 1 1  f a t i g u e  leve ls ,  i nd ica ted  by  h o r i z o n t a l  l i n e s ,  

a re  s l i g h t l y  greater  than t h e  maximum Type I and 11 

values. To lend  credence t o  t h e  p red ic t ions ,  sca led 

t e s t  data from t h e  Boeing MOD-2 and Hamilton 

Standard SVU2 wind tu rb ines  are inc luded on t h e  

p l o t .  Th is  data suggests t h a t  MOD-5A p r e d i c t i o n s  

are appropriate, and even somewhat conservat ive. 

F igure  19 conta ins p r o b a b i l i t y  d i s t r i b u t i o n s  of t h e  

a l t e r n a t i n g  b lade chord bending moment, normalized 

by t h e  one-g moments. Here t h e  loads are dominated 

by g r a v i t y ,  so the re  i s  o n l y  a s l i g h t  increase 

between t h e  50th and 99.99th p e r c e n t i l e .  This  t rend  

was a lso  t r u e  f o r  MOD-2 t e s t  r e s u l t s ,  which a re  n o t  

shown. 



Tower fatigue bending moment distributions are 
plotted in Figure 20. In this case the alternating 
moments at the base of the tower have been 

normalized by the mean bending moment created by the 

rotor aerodynamic thrust at rated wind speed. The 

alternating thrust moment (My) is far more sensitive 

to gusts than Mz, which accounts for the differences 
i n  the probability distributions. The MOD-5A 

predictions appear to be consistent with MOD-2 data, 
which is also included in the figure. The earlier 
MOD-2 data, in the upper curve, was taken before 
improvements were made to the control system, so it 

exhibits higher loads. 

Vibratory rotor torques are plotted in Figure 21. 

Alternating torque levels, and likewise power 

levels, are below 10% of rated torque for over 90% 
of the operating time. The pronounced increase in 
load above the 98th percentile is due to Type I1 
gusts and shifts in mean wind speed. Curves of yaw 

bearing moments and drive torque are included in 

Figure 22. 

Normalized blade limit loads are sumnarized in 
Figure 23. The flap bending moments are from 2.25-3 

times the mean moment at rated wind speed. Chord 
bending moments are about 2 g's at the root, where 
gravitional effects are greatest. They increase to 

about 9 g a s  at the tip, where the aileron drag 

forces far exceed the one g loads. Normalized fixed 

system limit loads are reported at selected 

interfaces in Table 10. 

Selected Component Loads 

Ailerons 
The coordinate system used to define loads on the 
aileron is illustrated in Figure 24. Again, the 
axes are fixed to the structure and rotate with the 
aileron. Unlike other load components, local 

aileron loads are defined by running shears (Vx, 

Vy, Vz in lb/ft) and a running hinge moment 

(;h in ft-lb/ft) as a function of the blade span, 
from the start of the aileron at .60R to the outmost 
section at .99R, Load/unit span rather than stress 
resultants were used, because this allowed the hinge 
locations and their end conditions to be varied 

during the design without changing the external 
loads. Furthermore, aerodynamic and inerti a1 1 oads 

are specified separately, so that the inertia loads 

could be made consistent with the actual final 

design weight by using appropriate g factors. 

Operational limit loads appear in Figures 25 and 

26. The airloads were based on an aileron 
deflection of -45", which is greater than would be 

needed to stop the machine. Thus, these loads are 
somewhat greater than would be experienced with the 

MOD-5A, which has force-limited actuators to prevent 

excessive aileron angles during critical 

conditions. In addition to the overspeed-shutdown, 

the ailerons were also designed to withstand a 
130 mph hurricane wind while parked. With the 
exception of inboard pitching moments, the hurricane 
condition is less critical. 

Fatigue loads have been defined by mean and 
alternating load components. The aerodynamic mean 

loads are shown in Figure 27. These loads were 

applied for all fatigue cycles, while the 

alternating loads noted in the figure caption were 
assigned probability distributions similar to the 
main blade. A1 ternating inertia loads (not shown) 
are on the order of one g,  while the dominant steady 

load is due to centrifugal force. 

Because the design for the ailerons was not as 

mature as other system components, these structural 

loads were developed conservatively. This approach 

was adopted to ensure a safe configuration on the 

first design iteration. 

Blades 
Stress resultants acting on the main blade structure 

were defined at the interfaces quoted in Table 8. 

These loads, which were discussed earlier, were used 
to size the primary structure of the blade. In this 

section, blade internal and external pressure 

distributions are addressed. These produce membrane 

and plate bending stresses. 

The pressure loads on the blade are closely related 
to blade venting, because venting influences the 
internal pressure. A blade sealed against the 
atmosphere would experience excessive pressure 

loads. Therefore, a vented design was adopted. 

Inboard and outboard vents were incorporated, 

because they minimize pressure loads and promote a 



s a n i t a r y  environment i n s i d e  t h e  blade. The t r a i l i n g  
edge sect ion, which extends f rom t h e  blade r o o t  t o  

t h e  a i l e r o n s  a t  .60R, i s  vented a t  .10R and .60R. 

The two forward c e l l s  o f  t h e  blade cross-sect ion a r e  
vented a t  .10R and t h e  t i p  (1.OR). 

The i n t e r n a l  pressure i n  t h e  c a v i t i e s  o f  the  b lade  

a t  the  non-dimensional spanwise s ta t ion ,  x, i s  g iven 

by: 

where, 

p = a i r  dens i t y  

Vt = t i p  speed 

x1 and x2 are t h e  non-dimensional 

spanwise loca t ions  o f  t h e  vents 

pi = absolute pressure i n  t h e  c a v i t y  

a t  s t a t i o n  x 

po = vent pressure (taken t o  be 

atmospheric) 

pg = gage pressure w i t h i n  t h e  c a v i t y  

The ex te rna l  pressures on the  b lade surface a re  

obtained from t h e  a i r f o i l  pressure d i s t r i b u t i o n .  

F igure 28 conta ins p l o t s  o f  a i r f o i l  pressure 

c o e f f i c i e n t  ( C p )  vs the  chordwise l o c a t i o n  f o r  

c r i t i c a l  operat ing condi t ions.  This data i s  

furn ished a t  t h r e e  spanwise loca t ions ,  x = .25, 5 5 ,  

and .95. Dimensional gage pressures on t h e  e x t e r i o r  

surfaces are g iven by  
- 2 

Pg = Pe - Po - qtx Cp 

The ex te rna l  pressures were used w i t h  t h e  p rev ious ly  

def ined i n t e r n a l  pressures i n  t h e  b lade s t r u c t u r a l  

analys is .  The f o l l o w i n g  pressures f o r  t h e  parked 

blade i n  hurr icane condi t ions were a lso  analyzed: 

i n t e r n a l  gage pressure = 0 

ex te rna l  gage pressure = 1/2 p ~ 2 ~ p h  

where: 

P = a i r  dens i t y  
V = wind speed (130 mph) 

C?h 
= 1.0 windward s ide  (constant  across 

sur face)  

= .40 leeward s i d e  (constant across 

su r f  ace) 

These values o f  Cph correspond t o  a drag 

c o e f f i c i e n t  o f  1.4. I n  a l l  t h e  analyses, t h e  
pressures de f ined  i n  t h i s  sec t ion  were m u l t i p l i e d  by  

a contingency f a c t o r  o f  1.15. 

Teeter Brakes 

Some form o f  t e e t e r  r e s t r a i n t  i s  necessary t o  

prevent impact i n t o  hard stops dur ing  abnormal 

opera t ing  condi t ions.  Condit ions are p a r t i c u l a r l y  

severe dur ing  h igh  wind shutdowns, w i t h  a yaw 

e r r o r .  Comprehensive parametr ic s tud ies l e d  t o  t h e  

s e l e c t i o n  of a two-stage, f r i c t i o n  brake system as 

p r o t e c t i o n  f o r  t h e  r o t o r ,  because i t  in t roduced t h e  

minimum load i n t o  t h e  system. The brake schedule i s  

i l l u s t r a t e d  i n  F igure  29. During most o f  t h e  

operat ion, t h e  t e e t e r  angle w i l l  be l e s s  than  2.5O, 

and t h e  brakes w i l l  be t o t a l l y  disengaged. If f o r  

any reason the  t e e t e r  angle exceeds 2.5" t h e  

f i r s t  s e t  o f  brakes w i l l  engage. This  brake l e v e l  

can handle a l l  b u t  t h e  most severe condi t ions.  I n  

t h e  ve ry  few instances i n  which t h e  t e e t e r  angle 

exceeds 5O, t h e  f u l l  brake f o r c e  w i l l  be appl ied and 

maintained and t h e  system w i l l  be shut down. 

Transient  dynamic analyses have shown t h a t  t h i s  

brake system w i  11 keep operat ional  t e e t e r  angles 

below 6'. When parked, t h e  brakes a re  s e t  a t  t h e i r  

h ighest  l e v e l ,  t o  p r o t e c t  t h e  system f rom 

dissymnetr ies i n  t h e  oncoming wind. During s tar tup,  

the h i g h  brake l e v e l  i s  maintained u n t i l  t h e  r o t o r  

speed exceeds 6 rpm, then t h e  schedule i l l u s t r a t e d  

i n  F igure  29 i s  adopted f o r  t h e  remaining operat ion. 

The suppor t ing s t r u c t u r e  f o r  t h e  brake system i s  

designed t o  1.15 t imes t h e  maximum brake l e v e l ,  o r  

2.76 x l o 6  f t . - l b .  

Gearbox/Drivetrain 

Special  considerat ions were necessary i n  developing 

the fa t igue  spectrum f o r  the  gearbox design. 

Because the  gear t e e t h  are c o n t i n u a l l y  c y c l i n g  

between f u l l  load and no load, t h e  absolute va lue o f  

t h e  torque governs t h e  fa t igue  design. Therefore, a 

p r o b a b i l i t y  d i s t r i b u t i o n  o f  t h e  sum o f  mean p l u s  

a l t e r n a t i n g  r o t o r  torques was developed. Th is  

d i s t r i b u t i o n  I s  r e f e r r e d  t o  as t h e  gearbox torque 

du ty  cyc le.  

The gearbox torque du ty  c y c l e  i s  i l l u s t r a t e d  i n  

F igure  30. Torque l e v e l s  were normalized by t h e  



r a t e d  value. The curves d e p i c t  t h e  load l e v e l  

p r o b a b i l i t y  o f  a sample taken a t  random d u r i n g  t h e  

30 years o f  operat ion. Because c e r t a i n  of t h e  

f a t i g u e  loads, such as t h a t  caused b y  wind shear, 

reach a peak magnitude a t  a p r e f e r r e d  r o t o r  azimuth, 

t h e  gears t h a t  a re  always i n  contact  a t  a g iven 

r o t o r  p o s i t i o n  (upper curve) must be d is t ingu ished  

f rom those t h a t  a re  not .  I n  t h e  f i r s t  case t h e  

design i s  d r i v e n  by t h e  most h i g h l y  loaded tooth,  

w h i l e  i n  t h e  second case t h e  design takes advantage 

o f  t h e  f a c t  t h a t  l oad  peaks a re  d i s t r i b u t e d  among 

t h e  many teeth. 

The operat ion o f  t h e  cyc loconver ter  l i m i t s  t h e  

maximum torque d u r i n g  normal opera t ion  t o  l e s s  than 

1.3 t imes the  r a t e d  value. Hence, t h e  p r o b a b i l i t y  

d i s t r i b u t i o n s  may be t runcated a t  t h i s  l e v e l  f o r  t h e  

purposes o f  gearbox f a t i g u e  design. The gearbox can 

wi thstand two t imes t h e  r a t e d  torque as an extreme 

overload. This  torque i s  much greater  than t h e  

maximum a n t i c i p a t e d  torque f o r  t h e  system. 

Other d r i v e  t r a i n  components, such as shaft ing, used 

t h e  i n t e r f a c e  torque loads which were presented i n  

F i g u r e  21 and Table 10. 

STATISTICAL ANALYSIS OF MEASURED LOADS 

I n  pas t  NASA/DOE wind t u r b i n e  programs, f a t i g u e  load  

t e s t  data has been reduced us ing a Type I 

s t a t i s i t i c a l  analys is .  S p e c i f i c a l l y ,  d i g i t i z e d  

waveforms are scanned and a maximum and minimum 

va lue  are found dur ing  each r o t o r  cyc le.  The 

maximum/minimum p a i r s  a re  then used t o  compute mean 

and a l t e r n a t i n g  loads f o r  each r o t o r  cyc le.  The 
a l t e r n a t i n g  loads, i n  tu rn ,  are ordered from lowest  

t o  h ighest ,  and a p r o b a b i l i t y  d i s t r i b u t i o n  i s  

thereby establ ished. Since each r o t o r  c y c l e  i s  

analyzed independently, t h e  d i s t r i b u t i o n s  found a re  
cons is ten t  w i t h  t h e  d e f i n i t i o n  of Type I loads g iven 

e a r l i e r .  

It i s  genera l l y  agreed t h a t  a Type I analys is  alone 

i s  i n s u f f i c i e n t  t o  p r e d i c t  f a t i g u e  damage f o r  

complex s t r e s s - s t r a i n  t ime h i s t o r i e s .  Dowl i n g  

(Reference 4 )  accesses var ious methods f o r  count ing 

f a t i g u e  cyc les f rom i r r e g u l a r  waveforms. He 

concluded t h a t  t h e  " r a i n f l o w '  o r  c l o s e l y  r e l a t e d  

"range-pairu method prov ides t h e  best  est imate of 

f a t i g u e  damage. I n  t h e  r a i n f l o w  technique, t h e  

maximum from one r o t o r  cyc le  may combine w i t h  t h e  

minimum o f  another t o  y i e l d  a f a t i g u e  occurrence. 

The r a i n f l o w  method, d e t a i l e d  i n  Reference 4, has 

been coded a t  General E l e c t r i c  f o r  a p p l i c a t i o n  t o  

WTG da ta  tapes. 

F igure  31 compares MOD-2 blade f l a p  bending data 

which has been processed by bo th  t h e  r a i n f l o w  and 

standard Type I ana lys is  techniques. A lso shown are 

t h e  s h i f t s  i n  mean loads assigned t o  Type I 1  gust  

response. It i s  i n t e r e s t i n g  t o  note t h a t  a t  the 

h igh  p r o b a b i l i t i e s ,  t h e  r a i n f l o w  loads a re  

approximately equal t o  the  Type I p l u s  Type 11 

amplitudes. I n  any event, i t  i s  c l e a r  t h a t  loads 

evaluat ion from Type I data alone can lead  t o  

unconservat ive conclusions. While e x i s t i n g  wind 

s t a t i s t i c s  a re  i n s u f f i c i e n t  t o  enable r a i n f l o w  

count ing o f  t h e o r e t i c a l l y  p red ic ted  loads, t h e  

problem has been addressed a t  l e a s t  i n  p a r t  on t h e  

MOD-5A by  i n c l u d i n g  Type 11, Type I IA ,  and Type I 1 1  
cyc les i n  t h e  f a t i g u e  design load histograms. 

Reference t o  t h e  combined Type I, 11, and I I A  

d i s t r i b u t i o n s ,  i n  F igure 18, i n d i c a t e s  a t r e n d  

s i m i l a r  t o  t h e  r a i n f l o w  data. 

CONCLUDING REMARKS 

The f o l l o w i n g  conclusions are drawn from t h i s  work: 

1. Methods f o r  t h e  accurate p r e d i c t i o n  o f  
t r a n s i e n t  l i m i t  loads a re  i n  place. 

2. Test data supports t h e  methods used f o r  
f a t i g u e  load p r e d i c t i o n  on t h e  MOD-5A. I t 
i s  important combine fa t igue  cyc les due 
l o c a l  turbulence w i t h  those due t o  g loba l  
changes i n  mean wind speed. S t a t i s t i c a l  
techniques t o  accomplish t h i s  have been 
presented and demonstrated i n  t h i s  paper. 
Add i t i ona l  research on l o c a l  turbulence 
would be b e n e f i c i a l  t o  increase confidence 
i n  and f u r t h e r  q u a n t i f y  t h e  model used. I n  
p a r t i c u l a r ,  s i t e - t o - s i t e  d i f ferences,  t h e  
s p a t i a l  d i s t r i b u t i o n  o f  turbulence, and t h e  
phasing o f  turbulence harmonfcs cou ld  be 
p r o f i t a b l y  explored. 

3. The r a i n f l o w  method should be used t o  
analyze wind t u r b i n e  fa t igue  loads t e s t  
data, i n  favor  o f  cu r ren t  techniques. 
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Table 1 C l a s s i f i c a t i o n  o f  Wind Models 

I WIND MODELS FOR LIMIT LOADS 

1. Hurrlcane - per HOD-5A SOW 

2. Large Rotor Enveloping Gusts (99.99X1ite) 

3. Yaw Misalignments 

4. Wind Shear - per MOD-5A SOW 

I 1  WIND MODELS FOR FATIGUE LOADS 

1. Yearly Mean Wind D i s t r i b u t i o n  - we ibu l l  per MOD-SA SOW 

2. Mean Windvar ia t ions  

3. Large Rotor Enveloping Gusts (Up t o  99.9X1ile) 

Note: Same as Model 1.2. 

4. Local Turbulence ' per NASA I n t e r i m  Turbulence Model 

5. Tower Shadow - per Poten t ia l  Flow Theory f o r  Upwind Rotor 

6. Wind Shear - per  WD-5A SOW 

Table 2 Formulas f o r  the  Wind Turbulence Model 

6 
V T ~ R ~  (X .  *. P) - X z V w i  COS i ($ + q i )  /-2 l n  ( l -P)  

1.1 

VTURB = Wind speed var ia t ion due t o  turbulence 

X = Non-dinensional blade spanvise s ta t ion 

P = Probabi l i ty  that  turbulence input i s  less than o r  equal t o  

y~~~ 

vRnSl 
= RMS of turbulence ve loc i ty  a t  the ith ro to r  harmonic per 

NASA In ter im Turbulence Model 
i = Rotor h a m n i c  

* = Rotor blade angular pos i t ion 

gi  - Phase of ith harnaoic [set = constant f o r  MOD-5A analysis - 
theoret ica l ly  randrm) 

AVS Difference i n  wind s p e d  between the highest and l w e s t  

points i n  the ro to r  disc as predicted by t he  wind shear 

w d e l  i n  the WD-5A SOU. 

Table 3 MOD-5A System Natura l  Frequencies 

1) RIVE TRAIN 

2) TEETER 

3) TOWER Z 

4) TWER Y 

5) FLAP COLLECTIVE 

6) DRIVE TRAIN 

7) CHORD CYCLIC 

8) FLAP CYCLlC 

9) TWER C-L TORSION 

10) TOWER Z (2nd) 

11) FLAP COLLECTIVE (2nd) 

12) CHORD COLLECTIVE 

I31 TWER Y (2nd) 

14) FLAP CYCLlC (2nd) 

Per rev  nos. i n  
parenthesis are for 
13.8 rpm 

E = even 
0 ' Odd 

VERTICAL HORIZONTAL HARMONICS 

nz P HZ P TO AVOIO 



Table 4 MOD-5A Wind Bin and Fat igue Cycle Sumnary 

MIO-POINT RANGE NOMI HAL NO. OF FATIGUE CYCIES PER 30 YEARS 
B I N  (MPH @ HUE) (MPH) RPn TYPE I TYPE 1 1  TYPE I I A  TYPE 1 1 1  

TOTAL 344. E6 13.8E6 1.24E6 35000. 

NOTES: FATIGUE CYCLES BASED ON .96 AVAILABILITY 
TYPE 1 CYCLES BASED ON 2P OCCURRENCE RATE 

Table 5a h p l i t u d e  o f  Large Rotor  Enveloping Gusts 
Used f o r  Type 11 and L i m i t  Loads 

"MAN AV = TOTAL GUST WAGNITLQE (WH) FOR Z ' I L E  

B I N  (WHJ 4M 86% 99% 99.9% 99.99% 

v RANGE = VnEAN TO (VnEAH AV)  FOR UP6USTS 

v RANGE = (vMCAN - A V )  TO VIEW FOR DOYNGUSTS 

T a b l e 5 b  Amplitudes o f  Mean W i n d s h i f t s  
Used f o r  Type I I A  Loads 

"WAN A V  = SHIFT MAGNITUDE (WH) FOR X ' I L E  
B I N  (RHJ 4O1 - 8 6% 9 9 1  99.9% 

Table 6 C r i t i c a l  L i m i t  Load Condi t ions 

1. HURRICANE ( 1 3 0  WH B HUB) TWER BENDING AND 

FOUDATION CRITICAL 

2. CONTROL M O U A R E  F A I L W E  I H 1 D M O  BLADE/ROTOR 
( 6 0  MPH. o *  AILERON ANKE) CR~TICAL 

3. 9 9 . 9 9 X m I L E  GUST AT RATED OUTBOARD BLADE 

WIND SPEED. 25% OVERSPEED, C R I T I U L  

DESYNCROhIZATlOH AND SHUTDWN 

4. SHUTOOUN e c u r - o t r r  MINO 

SPEED U I T H  YAW ERROR 

5. 50% OVERSPEED. HIGH WIND 

ADVERSE AILERON SETTING 

SETS DESIGN REQUIRE- 

WENT3 FOR TEETER BRAKES 

S W V I V A L  CONDITION, SYSTEM 

DESIGNED TO PREVENT 

CATASTRWHIC FAILURE 



Tab le  7 ADDITIONAL TRANSIENT EVENTS ANALYZED TABLE 8 SYSTEM INTERFACES 

CONDITION C W N T S  

1. GUSTSISHUTWINS @ U l  ND SPEEDS 6UST @ RATED YIND SPEED 
OTHER THAN RATED PRODUCED LARGEST LOADS 

2 .  ONE SET OF AILERONS STUCK o LOADS MOT CRITICAL DUE TO 

( i . e  MISPATCH BETUEEN THE 2 TEETERING RELIEF 

BLMES) o SUFFICIENT ROTWITCUER 

UEARMCES 

o SUFFICIENT BRAKING TORQUE 

ON ONE BLADE FOR SHUTDOWN 

3. 180' SHIFT I N  UINO DIRECTlOfi LOADS/IK)TIONS WT CRITICAL 
YITHIN 1 0  SECONDS 

4. STMT UP/SHUTDOYN THROUGH MOD-5A CONTROL SYSTEM AVOIDS 

TOYER RESONANCE WELL AT RESONANCE. LOAOS 

NOT CRITICAL 

Reference L o c a t i o n  - cancn t - 
1 .9W 

2 .80R 

3 .7W 

4 .60R M a i n  B lade  S t a t i o n  

5 .50R 
6 .4OR 

7 .3m 
8 .25R 

9 .zm 
1 0  .10R 

1 1  .m 
12 T e e t e r  B e a r i n g  R o t a t i n g  System 

13 R o t o r  - CL C t n t e r  o f  Tee te r  B e a r i n g  

N o n - r o t a t i n g  

R o t o r / N a c e l l e  

Yaw B e a r i n g  

Tower 185 (Fee t  Above g round ]  
Tower I 1 1  

Tower 5 1  (Tower k n u c k l e )  

Tower base 

A i l e r o n s  Load/span f r o m  .6OR t o  .99R 

Table 9 Typical  Load Histogram Presentatton 

CUMULATIVE FATIGUE HISTOGRAM OUTPUT 

TOWER BASE MZ 

I HALF-RANGE FATIGUE LOADS I CORRESPONDING MID-RANGE LOAD D I S T R I B U T I O N  
1 I 
I I 

NO. CYCLES CUM PROB I LOAD LEVELS NORMALIZED LOA0/50% AT RATED I MEAN STANDARD MAXIMUM MINIMUM 
I N  3 0  YEARS - - - - - - - -  I LOAD LEVELS I DEVIAT ION 
(TYPES 1 + 2 )  I I -----------------------,------------------------------------------------------------,-------------------------------------------- 

TOTAL CYCLES = 0 . 3 5 9 8  09 

ROOT MEAN CUBED I S  0 .322E  0 7  AVERAGE MEAN I S  - 0 . 1 7 2 E  0 7  



Table 10 Normalized Fixed System L i m i t  Load Sumnary 

RESULTANT 
ROTOR TORQUE RESULTANT BENDINGJIG BEWING V 

COWlT lON RATED TORQUE ROTOU/IIACELLE YAY BEARING TWER BASE* 

HURRICANE --- 1 .O 1 .80 2.35 

CWTROLS FAILURE 1.39 1.57 .60 1.91 
P 6 0  MPH 

99.99% GUST @ 1.26 1.44 .60 1.93 
RATED 

SHUT OWE^ Q CUT-OUT NOT CRIT~CAL 1.85 1.22 NOiCRITICAL 
YlTH YAY ERROR 

CYCLOCOHVERTER 1.73 --- --- --. 
MISHAP 

' Normalized by bending moment due t o  r o to r  rerodynanic thrust  a t  rated wind 
speed. 

GETSS 

DESIGN 0 
RESWHSE 
ANALYSIS ACCELERATIONS. 

DEFLECTIONS 

PIECEUISE LlNERR WDEL 

Figure 1 .  GETSS Analysis =low 

' TEETER TI 
FREEDOM 

TEETER 

ROTOR SPEED 

3 ELASTIC FLAP WOESIBLADE 

a TOWER BENDING I-DIRECTION 

8 CONTROL SYSTEM 

TABLE LOOKUP. CL, CD, CM. V S  

a OUASI-STEADY AERODYNAMICS 

a S T A U  DELAY AS F'N OF : 
a MOMENTUM THEORY DOWNWASH 

SPECIAL FEATURES 

a V. YAW Q , CONTROL + vs TIME INPUTS 

a DESYNCH @ PRESCRIBED TIME OR POWER LEVEL 

TEETER BRAKEISTOPS DYNAMICS. 

+ AYEIUGINI INTERVAL 
XKlERYAL EM- (1-12 HRS CONSIDERED) 

CYCLES BASED ON Hb 
OF +SLOPE WEAN CYCLIC WUBLE W 
CROSS1 NGS 

1 4 1 CYCLE 

RESULTS , 

I a AVERAGE PERIOD a 10 MIN (1.5 E b l 3 O  

a RWS WUBLE IIl(P - .16 V- 
8 W Y S I S  OF 4 IIOKIHS OAT& - 

a PROBABILITY D IS IR IBWIOH - RAYLEIGH M I L L O .  TX 
l a  NO OF STARTISTOPS = 35,000 PER 30 YRS I I 

Figure 3 .  Development of rlean Hind Variation 
F?odel 

YlNO 
PSO 

ROTOR SIZE 

&CUT-OFF' FREWXY BASED ON 
.02 Hz Ul lR SPATIAL CWERENCE M D  

MS MP -.11 vwv~l P~GBI~CLLE @i ~ASURCIIRM 

a DISTRIB1RIMI - RAYLEIWI mu-2 LWDS ORTA SUPPORTS HODEL 

r SHAPE 1-cos 

Figure 4 .  Development o f  Large Fotor-Enveloping 
Gust Model 

TIME HISTORIES OF LOADS AND MOTIONS 

Fioure 2 .  Features of  the TRAC Code 



STEP :. MIND PROFILE 

\ k  ,' M OF Vf. ROTATING ILAOE 
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Figure  17. System Dimensions and In ter faces 
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F i ~ u r e  24. Aileron Coordinate System 
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Figure 26. Aileron I n e r t i a l  Limit Loads f o r  a 
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Figure 27 .  Mean Aerodynamic A i le ron  Loads a t  Rated 
blind Speed. F i f t i e t h  (50 th )  Percent i l e  
Cyclic Loads a r e  15% o f  Shown Mean Loads 
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Figure 29 .  !!OD-5A Teeter  Brake Schedule 

Fiqure 28. A i r f o i l  Pressure Coe f f i c ien ts .  Shown 
for Sections a t  xz .25 ,  -55,  and .95 
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