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SUMMARY 

Th is  r e p o r t  presents  a  technique f o r  e s t i m a t i n g  t h e  average power ou t -  

p u t  o f  a  wind t u r b i n e  us ing,  as t h e  wind c h a r a c t e r i s t i c  i n p u t ,  o n l y  t h e  mean 

annual wind magnitude. 

Hour ly  wind speeds a r e  assumed t o  have a  Rayle igh f requency d i s t r i b u t i o n  

which r e q u i r e s  a  s i n g l e  parameter i n p u t  (e.g., t h e  mean value, va r iance  o r  

h i ghe r  moment va lues) .  Based upon a  general  shape, f o r  t h e  wind speed versus 

machine ou tpu t ,  a  gener ic  s e t  o f  curves i s  developed t o  es t ima te  t h e  average 

power o u t p u t  o f  wind t u r b i n e s .  Also, est imates o f  t h e  percen t  o f  t ime t h e  

wind t u r b i n e  would n o t  produce power (pe rcen t  down t ime )  and t h e  percen t  o f  

t ime t he  wind t u r b i n e  would be ope ra t i ng  a t  i t s  r a t e d  power a r e  presented. 

Two example cases which use t y p i c a l  wind t u r b i n e  s i zes  and ope ra t i ng  

c h a r a c t e r i s t i c s  w i t h  a  Rayle igh d i s t r i b u t e d  mean wind a r e  g iven  which y i e l d  

t h e  percen t  down t ime, percen t  r unn ing  a t  ra ted ,  average power o u t p u t  as 

we1 1  as o t h e r  s t a t i s t i c s  o f  i n t e r e s t  (as a f u n c t i o n  o f  annual mean wind 

speed) . 

The r e s u l t s  o f  t h e  example problems a r e  then compared w i t h  r e s u l t s  

us ing  t he  same wind t u r b i n e  ope ra t i ng  c h a r a c t e r i s t i c s  and ac tua l  wind speed 

frequency d i s t r i b u t i o n s  c o l l e c t e d  a t  h i g h  wind speed s i t e s  l oca ted  around 

t h e  c o n t i n e n t a l  Un i ted  States,  Hawaii and Puerto Rico.  These comparisons 

have been encouraging, e s p e c i a l l y  when t h e  da ta  r e c o r d  l e n g t h  i s  more than 

3 months. 

The a n a l y s i s  presented i n  t h i s  document i s  recommended o n l y  f o r  loca-  

t i o n s  where t h e  annual mean wind speed a t  t h e  expected wind t u r b i n e  hub 

( c e n t e r )  h e i g h t  i s  g rea te r  than  o r  equal t o  4.5 m/s (10 mph). 
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THE EFFECT OF GENERALIZED WIND CHARACTERISTICS ON 
ANNUAL POWER ESTIMATES FROM WIND TURBINE GENERATORS 

W i l l i a m  C.  C l i f f  

INTRODUCTION 

The dec i s i on  t o  use wind power a t  a  s p e c i f i c  l o c a t i o n  w i l l  depend on 

a  v a r i e t y  o f  c o s t  and r e t u r n  parameters. The most impor tan t  r e t u r n  param- 

e t e r  i s  t he  expected amount o f  usable power t h a t  a  s p e c i f i c  wind t u r b i n e  

w i l l  produce a t  a  g iven  l o c a t i o n .  Th is  r e p o r t  presents  techniques t o  

es t ima te  a  wind t u r b i n e ' s  average power, percen t  down t ime,  and percen t  

t ime ope ra t i ng  a t  r a t e d  power. Only the  annual mean wind speed i s  used 

as t h e  wind c h a r a c t e r i s t i c  i n p u t .  
9 

H i s t o r i c a l l y ,  s e l e c t i n g  a  l o c a t i o n  f o r  a  Wind Energy Conversion 

System r e l i e d  l a r g e l y  on q u a l i t a t i v e  measures o f  t h e  w ind . l  The compe t i t i ve  

and cost -consc ious w o r l d  o f  today demands t h a t  q u a n t i t a t i v e  values o f  

expected power be p rov ided  and t h a t  c o s t  comparisons be made w i t h  conven- 

t i o n a l  power systems p r i o r  t o  t h e  purchase and i n s t a l l a t i o n  o f  a  l a r g e  wind 

t u r b i n e .  

Cost parameters which need t o  be cons idered i n c l u d e  cos ts  o f  t he  

i n s t a l l a t i o n ,  t ransmiss ion ,  maintenance and opera t ion .  However, es t ima t i ng  

c o s t i n g  i s  beyond t h e  scope o f  t h i s  t e x t  and w i l l  n o t  be performed except 

as an a n c i l l a r y  s p i n - o f f  o f  t h e  average power est imates.  An es t ima t i on  

o f  t he  average power p rov ides  t h e  bas ic  i n f o r m a t i o n  used i n  assessing t he  

p resen t  wor th  o f  a  wind t u r b i n e .  

AVERAGE POWER ESTIMATIONS 

The f o r c i n g  f u n c t i o n  t h a t  d r i v e s  t h e  wind t u r b i n e  i s  obv ious l y  t h e  

wind. However, t h e  amount o f  power t h a t  i s  produced i s  a  f u n c t i o n  o f  t he  

machine c h a r a c t e r i s t i c s  and t h e  frequency d i s t r i b u t i o n  o f  t h e  wind. Machine 

ope ra t i ng  c h a r a c t e r i s t i c s  ( i  . e. , c u t - i n ,  ra ted ,  and cu t -ou t  speeds) f o r  

each s p e c i f i c  machine a r e  f i xed .  Therefore,  t h e  power each machine w i l l  

produce w i l l  be a  f unc t i on  of t h e  frequency d i s t r i b u t i o n  o f  t he  wind speed 



p ( v )  (measured a t  t h e  wind t u r b i n e ' s  hub h e i g h t ) .  I f  t h e  a c t u a l  f requency 

d i s t r i b u t i o n  o f  wind speed a t  t h e  s i t e  i s  known, an es t ima te  o f  t h e  wind 

t u r b i n e ' s  expected average power may be computed from: 

where T = t h e  average power o u t p u t  o f  t h e  wind t u r b i n e  
P  

T  ( v )  = t h e  t u r b i n e  power o u t p u t  as a  f u n c t i o n  o f  wind speed 
P  

p ( v )  = t h e  frequency d i s t r i b u t i o n  o f  t h e  wind speed ( p r o b a b i l i t y  

d e n s i t y  d i s t r i b u t i o n  o f  wind speed usual l y  based upon 

h o u r l y  average wind speeds) 

v  = wind speed a t  machine hub h e i g h t  

F igure  1  g r a p h i c a l l y  descr ibes t he  processes i n v o l v e d  i n  Equat ion 1. 

F i gu re  l a  d e p i c t s  a  t y p i c a l  wind t u r b i n e  performance curve. A t  a  c u t - i n  

wind speed, a, t h e  t u r b i n e  begins t o  produce power and n iono ton ica l l y  p ro -  

duces more power as t h e  wind speed increases u n t i l  i t  reaches t h e  r a t e d  

wind speed, b. Above t h i s  wind speed t he  wind t u r b i n e ' s  power o u t p u t  

s tays  cons tan t  u n t i l  t h e  wind t u r b i n e ' s  cu t -ou t  wind speed, c, i s  reached. 

A t  wind speeds g r e a t e r  than t h e  c u t - o u t  speed t h e  wind t u r b i n e  does n o t  

produce power. The t u r b i n e ' s  blades a r e  u s u a l l y  fea thered  o r  a r e  designed 

t o  s t a l l  above t h e  cu t -ou t  speed t o  p reven t  damage t o  t h e  machine. 

F igure  1b dep i c t s  a  t y p i c a l  wind speed frequency d i s t r i b u t i o n .  I t i s  

no ted  t h a t  o n l y  a  smal l  percentage o f  t ime  i s  spent a t  e i t h e r  t h e  ext remely  

low o r  h i g h  ends o f  t h e  d i s t r i b u t i o n .  The convo lu t i on  o f  t h e  curves i n  

F igu re  l a  and F igu re  1  b, T ( v )  x  p ( v ) ,  y i e l d s  t h e  power f requency d i s t r i  bu- 
P 

t i o n  o f  t h e  wind t u r b i n e ' s  o u t p u t  as a  f u n c t i o n  o f  v e l o c i t y .  The i n t e g r a l  

o f  t h i s  curve (Equat ion 1 )  then y i e l d s  the  average expected power ou tpu t  

o f  t he  wind t u r b i n e ,  T . Since t h e  w ind  t u r b i n e  o n l y  produces power when 
P  

t h e  wind speed i s  between t he  c u t - i n  and t h e  cu t -ou t  w ind  speed, t h e  

i n t e g r a t i o n  of  Equat ion 1  needs t o  be performed o n l y  over  these l i m i t s  

r a t h e r  than  f rom 0 t o  rn. 

The r e s u l t  ob ta ined  by t he  a p p l i c a t i o n  o f  Equat ion 1  should p rov ide  a  

reasonable es t ima te  o f  t h e  average power produced by a  s p e c i f i c  wind t u r b i n e  
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ope ra t i ng  i n  an environment descr ibed  by p ( v )  . Nevertheless, t h e  a c t u a l  

power ou tpu t  o f  t h e  t u r b i n e  may d i f f e r  f rom t h i s  es t imate  somewhat s i nce  

o t h e r  f a c t o r s  a re  n o t  accounted f o r  i n  Equat ion 1. Some o f  these f a c t o r s  

a re  t h e  v e r t i c a l  p r o f i l e  o f  t h e  h o r i z o n t a l  component o f  wind v e l o c i t y ,  

t he  w ind  d i r e c t i o n  v a r i a b i l i t y  and tu rbu lence .  Other parameters o f  

i n t e r e s t  assoc ia ted  w i t h  a  wind t u r b i n e ' s  ope ra t i on  a r e  t h e  percen t  down 

t ime  and t h e  percen t  runn ing  a t  r a ted .  The percen t  down t ime  i s  t he  pe r -  

c e n t  o f  t ime  t h e  wind speed i s  below c u t - i n  o r  above c u t - o u t .  The percen t  

r unn ing  a t  r a t e d  i s  t h e  percen t  o f  t ime  t h e  wind speed l i e s  between t h e  

r a t e d  speed and t h e  c u t - o u t  speed, and i s  t h e r e f o r e  t h e  percen t  o f  t ime  

t h e  t u r b i n e  i s  ope ra t i ng  a t  i t s  r a t e d  capac i t y .  The percen t  down t ime  and 

percen t  t ime  runn ing  a t  r a t e d  may be computed d i r e c t l y  f rom t h e  wind speed 

frequency d i s t r i b u t i o n .  

USE OF THE RAYLEIGH DISTRIBUTION 

The major  a im o f  t h i s  paper i s  t o  address t h e  case when t he  wind speed 

frequency d i s t r i b u t i o n  i s  n o t  known, b u t  a  l o n g  term mean wind speed ( a t  

hub h e i g h t )  i s  known o r  may be est imated.  The f o l l o w i n g  t e x t  uses t he  

common Rayle igh and a  normal ized Rayle igh d i s t r i b u t i o n  t o  es t imate  t h e  

w ind  speed frequency d i s t r i b u t i o n  assoc ia ted  w i t h  a  g iven  annual mean w ind  

speed. 

Justus e t  a1 .* p rov ide  an e x c e l l e n t  rev iew o f  t he  var ious  d i s t r i b u -  

t i o n s  used t o  approximate wind speed frequency d i s t r i b u t i o n s .  I n  genera l ,  

Justus e t  a l .  recommend us ing  t he  Weibul l  d i s t r i b u t i o n ,  a  two-parameter 

model which may be used i f  a d d i t i o n a l  wind i n f o r m a t i o n  i s  known (such as 

bo th  t he  mean and var iance  o f  t he  w ind  a t  a  s i t e ) .  The Rayle igh d i s t r i b u -  

t i o n  i s  a  spec ia l  case o f  t he  Weibu l l .  I n  t h e  Rayle igh d i s t r i b u t i o n  t h e  

shape parameter o f  t he  Weibul l  d i s t r i b u t i o n  i s  f i x e d  a t  a  va lue equal t o  

2.0, becoming a  s i n g l e  parameter d i s t r i b u t i o n  depending o n l y  on t h e  annual 

mean wind speed. Jus tus '  r e p o r t  tends t o  suppor t  t h e  hypothes is  t h a t  t h e  

h i ghe r  mean wind speeds tend t o  have a  Rayle igh frequency d i s t r i b u t i o n .  

H is  r e p o r t  a l s o  shows t h a t  t h e  lower  w ind  speed s i t e s  (annual mean l e s s  

than 4.0 m/s) have d i s t r i b u t i o n s  which should n o t  be approximated by t h e  



Rayle igh d i s t r i b u t i o n .  However, those wind t u r b i n e  s i t e s  w i t h  annual 

mean wind speeds of l e s s  than  5 m/s do n o t  p r e s e n t l y  appear a t t r a c t i v e  

f o r  c o s t  compe t i t i ve  e l e c t r i c a l  gene ra t i on  by wind t u r b i n e s .  

There has been a  concer ted  e f f o r t  by t h e  Federal  Wind Energy program 

t o  examine t h e  wind c h a r a c t e r i s t i c s  a t  severa l  proposed wind t u r b i n e  l oca -  

t i o n s  throughout  t h e  Un i t ed  S ta tes ,  i n c l u d i n g  Hawaii and Puer to  Rico.  Data 

have been c o l l e c t e d  under a  v a r i e t y  o f  topograph ica l  and me teo ro l og i ca l  

c o n d i t i o n s  i n c l u d i n g  s i t e s  i n  t h e  p l a i n s ,  deser ts ,  i s l a n d s ,  mountains and 

on coas t  l i n e s .  Averaye ou tpu t s  o f  t y p i c a l  w ind t u r b i n e s  a re  computed f o r  

t h e  ac tua l  f requency d i s t r i b u t i o n s  a t  16 o f  these s i t e s .  The r e s u l t s  a r e  

compared w i t h  t h e  expected average ou tpu t  based on t h e  Ray le igh  frequency 

d i s t r i b u t i o n  f o r  wind speed us i ng  t h e  average wind speed as i n p u t .  Also,  

p l o t s  o f  t h e  a c t u a l  f requency d i s t r i b u t i o n s  w i t h  an o v e r l a y  o f  t h e  Ray le igh  

d i s t r i b u t i o n  a re  presented.  As p r e v i o u s l y  noted, t h e  Ray le igh  d i s t r i b u t i o n  

i s  a  s i n g l e  parameter model. That i s ,  once t h e  mean v e l o c i t y  i s  s p e c i f i e d  

t h e  d i s t r i b u t i o n  i s  comp le te ly  de f i ned .  

APPROACH 

I f  a  l ong  te rm frequency d i s t r i b u t i o n  o f  t h e  wind speed f o r  a  p a r t i c u -  

l a r  s i t e  i s  known, t h e  i n v e s t i g a t o r  should  use Equat ion 1  f o r  expected 

power ou tpu t  es t imates  o f  t h e  machine. When t h e  frequency d i s t r i b u t i o n  o f  

t h e  wind speed i s  n o t  known and t h e  annual mean wind speed i s  g r e a t e r  than 

4.5 m/s (10 mph), i t  i s  recommended t h a t  t h e  Ray le igh  d i s t r i b u t i o n  be used 

t o  es t ima te  t h e  wind speed frequency d i s t r i b u t i o n .  

The Ray le igh  d i s t r i b u t i o n  may be w r i t t e n  as 

where 

~ ( v )  = f requency d i s t r i b u t i o n  o f  wind speed 

v  = wind speed 
- 
v  = l ong  te rm average (mean) wind speed 



I n  some cases t h e  v e l o c i t y  d u r a t i o n  curve i s  found t o  be u s e f u l .  The 

v e l o c i t y  d u r a t i o n  curve  assoc ia ted  w i t h  Equat ion 2 i s  equal t o  t h e  f o l l o w -  

i n g :  - . .  - -  
-2 

VDC = 8760 e  4 v  

The v e l o c i t y  d u r a t i o n  curve y i e l d s  t h e  number o f  hours t h a t  t h e  wind 

v e l o c i t y  i s  g r e a t e r  .than V .  

The var iance  o f  t he  Rayle igh d i s t r i b u t i o n  i s  g iven  by 

var iance  = 0.273 v2 ( 4 )  

Table 1  1  i s t s  t h e  values o f  7 ~ ( v )  versus - . Th i s  i s  c a l l e d  t he  normal- 

i z e d  Rayle igh d i s t r i b u t i o n .  v  

S ince one argument was d i v i d e d  by t h e  mean v e l o c i t y  w h i l e  t h e  o t h e r  

argument was m u l t i p l i e d  by t h e  mean v e l o c i t y ,  no r e a l  change has occurred.  

The moments o f  t h e  new f u n c t i o n  a re  no l onge r  f u n c t i o n s  o f  t h e  mean wind 

speed b u t  r a t h e r  have s imp le  numerical  va lues.  For ins tance ,  t h e  f i r s t  

moment o r  mean o f  t h e  Rayle igh d i s t r i b u t i o n  i s  equal t o  7 w h i l e  t h e  mean 

o f  t h e  norma l i zed  Rayle igh i s  equal t o  1. The second c e n t r a l  monient o r  

( - 1) w h i l e  t h e  var iance  o f  t h e  Rayle igh d i s t r i b u t i o n  i s  equal t o  v  

var iance  o f  t h e  normal ized Rayle igh i s  equal t o  (+ - 1). Thus, f o r  

comparing var ious  frequency d i s t r i b u t i o n s  w i t h  each o t h e r  as w e l l  as w i t h  

t h e  Rayle igh d i s t r i b u t i o n ,  t h e  normal ized Rayle igh d i s t r i b u t i o n  w i l l  be 

used. 

PERCENT DOWN TIME 

The percentage o f  t ime  which t h e  wind speed i s  below t h e  wind t u r b i n e ' s  

c u t - i n  speed p l u s  t h e  percentage o f  t ime  t h e  wind speed i s  above t h e  c u t -  

o u t  v e l o c i t y  i s  c a l l e d  t h e  percen t  down t ime.  The percen t  down t ime  may 

be es t imated  us ing  t h e  f o l l o w i n g  formula de r i ved  f rom t h e  Rayle igh d i s t r i -  

b u t i o n :  

2 2 2 2 
Percent down t ime  = 1 - e  -a 120 + e-c 120 



TABLE 1. Values o f  Normalized Rayleigh Distribution 

RAYLEIGH D I S T R I B U T I O N  



where 

a  = c u t - i n  v e l o c i t y  

c  = c u t - o u t  v e l o c i t y  

F i gu re  2  p resen ts  a  g raph i ca l  r e p r e s e n t a t i o n  o f  Equat ion 5, g i v i n g  

t h e  pe rcen t  down t ime  as f unc t i ons  o f  t h e  r a t i o s  o f  c u t - i n  v e l o c i t y  t o  

mean v e l o c i t y  and c u t - o u t  v e l o c i t y  t o  mean v e l o c i t y .  

Table  2  i s  a  sequen t i a l  l i s t i n g  o f  t h e  t a b u l a r  da ta  used f o r  F i gu re  

2. I f  t h e  r a t i o  o f  t h e  c u t - o u t  v e l o c i t y  t o  t h e  annual mean v e l o c i t y  i s  

5 o r  g rea te r ,  t h e  pe rcen t  down t ime  l oses  i t s  dependence on t h i s  r a t i o .  

Th i s  e f f e c t  i s  seen i n  F i gu re  2  and Table  2 and r e s u l t s  f rom ve ry  smal l  

c o n t r i b u t i o n s  o f  t h e  l a s t  te rm o f  Equat ion 5 when t h e  r a t i o  o f  t h e  c u t -  

o u t  v e l o c i t y  t o  t h e  annual mean v e l o c i t y  exceeds a  va l ue  o f  5. 

For  a  machine w i t h  a  g i ven  c u t - i n  ( a )  and c u t - o u t  speed ( c )  an e s t i -  

mate o f  t h e  minimum percen t  down t ime  would occur  w i t h  an annual ( l o n g  

term) mean wind speed equal t o  

- 
2  2  

( C  - a  
2  ',in down t ime  ,,n c2 - ,n)a ) ]  " ( 6 )  

S u b s t i t u t i n g  Equat ion 6 i n t o  Equat ion 5 y i e l d s  t h e  f o l l o w i n g  fo rmu la  

f o r  e s t i m a t i n g  t h e  minimum percen t  down t ime  f o r  a  machine w i t h  a  c u t - i n  

v e l o c i t y  o f  magnitude a  and a  c u t - o u t  v e l o c i t y  o f  magnitude c :  

2  2  2 2  2  a  ( I n  c  - I n  a  ) c  ( I n  c  - I n  a  ) 2  

2 2  c - a  2 2 
Minimum percen t  down t ime  = 1  - e  + e  c  - a  

( 7 )  

F i gu re  3  shows how t h e  es t ima te  o f  t h e  percen t  down t ime  would be 

a f f e c t e d  by v a r y i n g  t h e  c u t - o u t  v e l o c i t y  f o r  a  wind t u r b i n e  whose c u t - i n  

v e l o c i t y  i s  6 m/s (13 mph). 
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TABLE 2.  P e r c e n t  Down Time 

Percent  
Down Time 

0.45 
0.46 
0.48 
0.52 
0.57 
0.63 
0.70 
0.77 
0.85 
0.92 
1 .oo 

C u t - i n  V e l o c i t y  
Annual Mean V e l o c i t y  

Cu t -ou t  V e l o c i t y  
Annual Mean V e l o c i t y  

1 .o  
1 .o  
1 .o  
1 .o  
1 .o 
1 .o  
1 .o  
1 .o  
1 . o  
1 .o  
1 .o  

1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 



TYPICAL WlND TURBINE 

CUT IN = 6.0 M / S  (13 mph) 
- (ALL VELOCITIES REFERENCED AT HUB HT) 

- 

CUT OUT = 13.41 M / S  (30 mph) 

- 

CUT OUT = 
17.88 M / S  (40 mph) 

- 

CUT OUT = 

22.35 M / S  (50 mph) 
- 

CUT OUT = 29 M / S  (65 mph) 

I I I I I I I I I 0 
0 2 4 6 8 10 12 14 16 18 20 

(M/S)  AVERAGE ANNUAL WlND SPEED 

4 8 12 16 20 24 28 

mph 

FIGURE 3. Example o f  P e r c e n t  Down Time a s  a  F u n c t i o n  o f  C u t - o u t  Speed 



PERCENT TIME RUNNING AT RATED 

The percen t  t ime  runn ing  a t  r a t e d  i s  t h e  percentage o f  t i m e  t h e  wind 

speed l i e s  between t h e  wind t u r b i n e ' s  r a t e d  wind speed and t h e  t u r b i n e ' s  

cu t -ou t  wind speed. An es t ima te  of t h e  percen t  t ime runn ing  a t  r a t e d  may 

be ob ta ined  f rom t h e  f o l l o w i n g  fo rmu la :  

-b 1 2 0  2 2 Percent t ime  runn ing  a t  r a t e d  = e  -c 1 2 0  - e  ( 8 )  

where 

b  = r a t e d  v e l o c i t y  

c  = c u t - o u t  v e l o c i t y  

Equat ion 8  i s  g r a p h i c a l l y  represented i n  F igure  4 w i t h  Table 3 

s e q u e n t i a l l y  l i s t i n g  t h e  t a b u l a r  data used t o  produce F igu re  4. As w i t h  

t he  percen t  down t ime,  t he  percen t  r unn ing  a t  r a t e d  l oses  s t r ong  dependence 

on t h e  c u t - o u t  v e l o c i t y  when t he  r a t i o  of t h e  cu t -ou t  v e l o c i t y  t o  t h e  mean 

v e l o c i t y  i s  g r e a t e r  than 5. Th i s  e f f e c t  i s  due t o  t h e  decreas ing c o n t r i b u -  

t i o n  f rom t h e  l a s t  term i n  Equat ion 8. 

EXPECTED AVERAGE POWER OUTPUT - 

Equat ion 1  p rov ides  t h e  bas i c  f o r m u l a t i o n  t o  es t imate  t h e  expected 

average power ou tpu t  from a  wind t u r b i n e .  The expected average power 

o u t p u t  i s  d e f i n e d  as t he  mean power o u t p u t  averaged over  severa l  months 

o r  l onge r .  The two elements t h a t  must be known o r  es t imated  t o  eva lua te  

Equat ion 1  a r e  t h e  machine f unc t i on  T  ( v )  and t h e  wind speed frequency 
P  

d i s t r i b u t i o n  P ( v ) .  I n  most cases t h e  machine f u n c t i o n  T  ( v )  w i l l  be 
P 

es t imated  by t h e  manufacturer  f rom e i t h e r  t h e o r e t i c a l  computat ions o r  

f i e l d  t e s t i n g  o r  both.  I f  a  l ong  te rm frequency d i s t r i b u t i o n  f o r  P (v )  i s  

known, i t  should be used i n  a l l  computat ions. If, however, o n l y  a  mean 

v e l o c i t y  a t  t h e  wind t u r b i n e ' s  hub h e i g h t  i s  known o r  can be es t imated  

and t h i s  mean wind speed i s  equal t o  o r  g r e a t e r  than 4.5 m/s (10 mph), 

Equat ion 2 ( t h e  Rayle igh d i s t r i b u t i o n )  may be used as an es t imate  o f  t h e  

wind speed frequency d i s t r i b u t i o n  P (v ) .  Based on a  c h a r a c t e r i s t i c  machine 
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TABLE 3. Percent Running a t  Rated 

% Time 
Running 
a t  Rated 

54 
5  4 
5  1  
48 
43 
37 
30 
2 2 
15 

7 
0 

7 1  
7 0 
68 
6 4 
59 
5 3 
4 6 
39 
3 1  
24 
16 

9 
3 
0 

83 
82 
8 0 
7 6 
7 1 
65 
58 
5 1  
4 3 
36 
2 9 
2 2 
15 

9 
4 
0 

Rated V e l o c i t y  
Annual Mean V e l o c i t y  

Cut-out V e l o c i t y  
Annual Mean V e l o c i t y  



TABLE 3 (cont inued)  

% Time 
Running 
a t  Rated 

Rated V e l o c i t y  
Annual Mean V e l o c i t v  

Cut-out Ve loc i t y  
Annual Mean V e l o c i t y  



f u n c t i o n  shape (as shown i n  F i gu re  l a ) ,  and Equat ion 2 f o r  P ( v ) ,  F i gu re  5 

was developed t o  p r o v i d e  rough gene r i c  es t imates  o f  average power o u t p u t  

f o r  wind t u r b i n e s .  

A  measure o f  t h e  o v e r a l l  e f f i c i e n c y  o f  a  wind t u r b i n e  i s  expressed as 

t h e  r a t i o  o f  t h e  average power o u t p u t  t o  t h e  average energy f l u x  a v a i l a b l e .  
1 3  The energy f l u x  ( p o t e n t i a l  power a v a i l a b l e )  i s  d e f i n e d  as Z- pV where 0 

1  i s  t h e  a i r  d e n s i t y .  The average o f  t h i s  va lue  i s  then  equal  t o  Z- pv3, t h e  

overbar  s i g n i f y i n g  a  t ime  average va lue.  
- 

3 - 
V may be r e l a t e d  t o  t h e  annual mean wind speed, V,  u s i ng  t h e  Ray le igh  

d i s t r i b u t i o n .  Th i s  r e l a t i o n s h i p  i s  as f o l l ows :  

Thus based on t h e  Ray le igh  d i s t r i b u t i o n ,  t h e  average t o t a l  amount o f  

" p o t e n t i a l "  power a v a i l a b l e ,  PA, i s :  

3  where p i s  i n  Kg/m and V i s  i n  m/s and t h e  average t o t a l  p o t e n t i a l  power 
2 

i s  i n  watts/m . 

PRESENT WORTH OF WIND TURBINES 

Once an es t ima te  o f  t h e  average expected power o u t p u t  o f  a  wind 

t u r b i n e  has been made, i t  i s  a  s imple m a t t e r  t o  m u l t i p l y  t h i s  es t ima te  

by t h e  number o f  hours i n  a  yea r  t o  f i n d  t h e  expected y e a r l y  energy p ro -  

d u c t i o n  f o r  t h e  wind t u r b i n e .  By e s t i m a t i n g  t h e  va lue  o f  one u n i t  o f  

energy f rom t h e  wind t u r b i n e ,  t h e  p resen t  wo r t h  o f  t h e  wind t u r b i n e  can 

be computed f rom t h e  f o l l o w i n g  s tandard a c t u a r i a l  equa t ion .  (The fo rmu la  

g iven  below i s  f o r  a  cons tan t  va lue  f o r  a  u n i t  o f  energy. To have an 

e s c a l a t i n g  va lue  f o r  a  u n i t  c o s t  of energy, t h e  fo rmu la  below must be 

m o d i f i e d  acco rd i ng l y .  ) 

Present  wor th  = 8769 T 
P 
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FIGURE 5. Estimate of Expected Average Power Output for Wind Turbines 



where 
- 
T = average expected power o u t p u t  

P  
i = i n t e r e s t  r a t e  pe r  payment i n t e r v a l  ( i  .e. , i n t e r e s t  pe r  

month, year ,  e t c . )  

n  = t o t a l  number of payment i n t e r v a l s  over  which t h e  wind 

t u r b i n e  w i l l  be amort ized 

Cw = es t ima te  of  t h e  wor th  of a  u n i t  o f  energy f rom t h e  wind 

t u r b i n e  ( i  .e. , 2  cents/kW-h, e t c .  ) 

Using t h e  Rayle igh d i s t r i b u t i o n  f o r  P(v ) ,  becomes a  f unc t i on  o n l y  
P  

o f  t he  mean wind speed. Thus, d i f f e r e n c e s  i n  the  p resen t  wor th  o f  a  

s p e c i f i c  wind t u r b i n e  f o r  two d i f f e r e n t  mean wind speeds may be computed. 

Th is  cou ld  be va luab le  in fo rmat ion  t o  cons ider  i f  one i s  t r y i n g  t o  assess 

whether i t  i s  b e t t e r  t o  p lace  a  wind t u r b i n e  i n  a  h i ghe r  wind l o c a t i o n  

w i t h  g r e a t e r  cos t s  ( i n s t a l l a t i o n ,  d i s t r i b u t i o n ,  e t c .  ) o r  p l ace  t h e  wind 

t u r b i n e  where these cos t s  a r e  lower  b u t  a l s o  t h e  mean wind i s  lower .  

Examples o f  t h e  use o f  a l l  t he  preceding m a t e r i a l  w i l l  be presented i n  

t h e  n e x t  s e c t i o n  a long  w i t h  a  comparison o f  t h e  computat ions us ing  ac tua l  

f i e l d  data versus t h e  es t imates  u s i n g  t h e  Rayle igh d i s t r i b u t i o n .  

ANALYSIS 

To i l l u s t r a t e  t h e  process of e s t i m a t i n g  t h e  behavior  o f  a  wind t u r b i n e ,  

two t y p i c a l  examples ( w i t h  d i f f e r e n t  c u t - i n ,  cu t -ou t  and r a t e d  wind speeds) 

w i l l  be presented here. Hypo the t i ca l  machine f u n c t i o n s  and s i zes  have 

been used t o  add a  no te  of r ea l i sm .  O f  course, t h e  r a t e d  power cou ld  be 

sca led  up o r  down t o  f i t  a  p a r t i c u l a r  case. 

EXAMPLE 1  

I n  t h i s  example assume a  wind t u r b i n e  w i t h  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  

Cu t - in  v e l o c i t y  ( a t  hub h e i g h t )  = 6  ni/s (13 mph) 

Rated v e l o c i t y  ( a t  hub h e i g h t )  = 13 m/s (29 mph) 

Cut-out v e l o c i t y  ( a t  hub h e i g h t )  = 29 m/s (65 mph) 



Blade d iameter  = 61 ni (200 f t )  

Rated power = 1500 kW 

Using a  c h a r a c t e r i s t i c  shape f o r  t h e  machine f u n c t i o n  as i n  F igure  l a  

and Equat ion 2  f o r  P(v ) ,  T may be computed by n u m e r i c a l l y  i n t e g r a t i n g  
P  

Equat ion 1.  Equat ions 5  and 8 a r e  used t o  compute percen t  down t ime  and 

percen t  t ime ra ted .  These r e s u l t s ,  presented i n  Table 4, a r e  es t imates  

of t h e  example wind t u r b i n e ' s  performance as a  f unc t i on  o f  t h e  annual mean 

v e l o c i t y .  Table 4  a l s o  p resen ts  a  few terms which have n o t  p r e v i o u s l y  

been used, b u t  may be o f  i n t e r e s t  t o  t h e  reader  and a r e  def ined on page 20. 

From Equat ion 6  we f i n d  t h a t  t h e  minimum percen t  down t ime  would 

occur  a t  a  mean wind speed o f  14.16 m/s, which i s  conf i rmed i n  Table 4. 

The values o f  Table 4  a re  presented i n  g raph i ca l  form i n  F igures  6  and 7. 

Wind f requencies f rom 16 s i t e s  ( w i t h  h i gh  mean winds)  f rom around t h e  

Un i t ed  S ta tes  and Puerto Rico were analyzed us ing  t h e  same t y p i c a l  machine 

c h a r a c t e r i s t i c s  and compared w i t h  t h e  r e s u l t s  ob ta ined  us ing  t he  Rayle igh 

d i s t r i b u t i o n  f o r  t h e  wind speeds frequency d i s t r i b u t i o n .  These r e s u l t s  

a re  a l s o  g iven  i n  F igures 6 and 7. The ac tua l  d i s t r i b u t i o n s  used a long 

w i t h  t h e i r  l o c a t i o n  and l e n g t h  o f  r eco rd  analyzed a r e  i nc l uded  i n  Appendix 

A. As an ove r l ay  t o  t h e  a c t u a l  d i s t r i b u t i o n s  t h e  normal ized Rayle igh d i s -  

t r i b u t i o n  i s  i nc l uded  on each graph t o  g i v e  an i n d i c a t i o n  o f  t h e  a b i l i t y  

o f  t he  Rayle igh d i s t r i b u t i o n  t o  represen t  t h e  a c t u a l  d i s t r i b u t i o n .  

As i n d i c a t e d  i n  F igure  7, t h e  l ong  term mean va lue  used f o r  t h e  t e s t  

s i t e s  ranges i n  l e n g t h  from 1  t o  6  months. Even w i t h  these s h o r t  da ta  

c o l l e c t i o n  per iods ,  t h e  es t ima te  curves generated us ing  t h e  Rayle igh 

d i s t r i b u t i o n  compare remarkably w e l l .  The i n t e g r a t i o n  process i nvo l ved  

i n  computing T has a  tendency t o  smooth o u t  smal l  d isc repanc ies  and t h e  
P  

f l a t  p o r t i o n  o f  t h e  machine f u n c t i o n  makes t h i s  r e g i o n  r e l a t i v e l y  i n s e n s i -  

t i v e  t o  minor shape v a r i a t i o n s  o f  P (v )  i n  t h i s  range. As shown i n  

Appendix A, some o f  t h e  d i s t r i b u t i o n s  appear t o  vary  s i g n i f i c a n t l y  f rom 

the  Rayle igh d i s t r i b u t i o n  b u t  s t i l l  l e a d  t o  values q u i t e  c l o s e  t o  t h e  

es t imates  p r e d i c t e d  us ing  t h e  Rayle igh d i s t r i b u t i o n .  The West Coast s i t e s  

exper ienced an anomalous wind c o n d i t i o n  t h e  months of January, February 
9 and March o f  1977. The g rea tes t  d e v i a t i o n  occurred a t  San Gorgonio where 



DEFINITIONS OF TERMS I N  TABLE 4 

Mean v e l  o c i  t y  - The l ong  te rm mean wind speed ( l o n g  term 

denotes severa l  months, p r e f e r a b l y  6 months 

t o  1  year  o r  l o n g e r ) .  

Average e x t r a c t a b l e  power - The l o n g  term average power t h e  t u r b i n e  

would produce. 

T o t a l  power - The t o t a l  energy f l u x  a v a i l a b l e  t o  t he  wind 

t u r b i n e ,  equal t o  

f o r  Ray le igh  P(v) .  (A = swept area o f  t h e  

b lades.  ) 

- The o v e r a l l  c o e f f i c i e n t  o f  performance and 

i s  equal t o  t h e  r a t i o  o f  t h e  e x t r a c t a b l e  

power t o  t h e  t o t a l  power. 

- The average amount of e x t r a c t a b l e  power 

generated from wind speeds between c u t - i n  

and r a t e d .  

- The average amount of  e x t r a c t a b l e  power 

generated from wind speeds between r a t e d  

and cu t -ou t  ( i .e . ,  when t h e  t u r b i n e  i s  

ope ra t i ng  a t  i t s  r a t e d  c a p a c i t y ) .  
































































