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SUMMARY 

Th i s  paper p resen ts  a  method f o r  e s t i m a t i n g  t he  r o o t  mean square (rms) 

va lue  o f  t h e  wind d i r e c t i o n  change, A ~ ( T )  = O(T + T )  - O ( T ) ,  t h a t  occurs over  

t he  swept area o f  wind t u r b i n e  r o t o r  systems. An equat ion  i s  a l s ~  g iven  f o r  t he  

rms va lue o f  t h e  wind d i r e c t i o n  change t h a t  occurs a t  a  s i n g l e  p o i n t  i n  space, 

i . e . ,  a d i r e c t i o n  change t h a t  a  wind vane would measure. Assuming a  normal 

p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  t h e  l a t e r a l  wind v e l o c i t y  change and r e l a t i n g  

t h i s  t o  angu la r  changes, equat ions a r e  g iven  f o r  c a l c u l a t i n g  t h e  expected number 
3 o f  wind d i r e c t i o n  changes, l a r g e r  than an a r b i t r a r y  value, t h a t  w i l l  occur  i n  

1  h r  as w e l l  as t he  expected number t h a t  w i l l  occur  d u r i n g  t h e  des ign l i f e  o f  . 
a wind t u r b i n e .  The equat ions presented a r e  developed us ing  a  smal l  angle 

approx imat ion and are,  t he re fo re ,  cons idered app rop r i a te  f o r  wind d i r e c t i o n  

changes o f  l e s s  than 30". The equat ions presented a r e  based upon n e u t r a l  

atmospheric boundary- layer c o n d i t i o n s  and do n o t  i n c l u d e  i n f o r m a t i o n  regard ing  

events such as tornados, hurr icanes,  e t c .  
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INTRODUCTION 

In many cases, the wind turbine design engineer needs to know wind character- 

i s t i c s  that  engulf a l l  or part of the turbine rotor system because a spat ia l-  

f i l t e r ing  effect ,  depending on the s ize of the wind turbine rotor system, must 

be accounted for  in order to  provide wind characteristic design inputs. One 

such input i s  the wind direction change, i 0 ( t  + T )  - ~ ( t ) ] ,  which occurs over 

time ( T ) .  The direction change, which i s  also averaged over the swept area of 

a rotor system, i s  less  severe than the maximum direction change occurring a t  
I a point within the swept area. That i s ,  within the swept area of the rotor,  

areas of direction change greater than the average direction change as well as 

areas of 1 esser change occur simul taneously. 

This paper presents formulas for estimating the direction change encountered 

over the swept area of the rotor system. The formulas are  generic and niay be 

used for any s ize of wind turbine system operating in strong wind conditions. 

A meter-kilogram-second (mks) system of units i s  used in th is  report. 





CONCLUSIONS 

A s o l u t i o n  f o r  t h e  rms va lue  o f  d i r e c t i o n  change, AO(T) = [ e ( t  + T )  - e ( t ) ] ,  

encountered over  t h e  d i s k  o f  r o t a t i o n  o f  a  wind t u r b i n e  i s  d e r i v e d  i n  Equat ion ( 6 )  

o f  t h i s  r e p o r t .  Assuming t h a t  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  t h e  l a t e r a l  

v e l o c i t y  d i f fe rence  i s  normal, Equat ion ( 9 )  es t imates  t h e  expected h o u r l y  

number o f  d i r e c t i o n  changes t h a t  exceed a  g i ven  va lue.  To compute t h e  expected 

number o f  d i r e c t i o n  changes t h a t  exceed a  g i ven  l e v e l  d u r i n g  t h e  l i f e  o f  a  

machine, Equat ion (1  O), which i nc l udes  t h e  h o u r l y  mean l o n g i t u d i n a l  wind 
B 

component c l i m a t o l o g y  f o r  t h e  t u r b i n e  s i t e ,  i s  g iven.  I f  t h e  des igner  wishes 

. t o  es t ima te  t h e  once i n  10, 30, 100 y r ,  e tc . ,  d i r e c t i o n  change, Equat ion (10) 

should  be eva lua ted  accord ing  t o  a  s e t  number o f  years  f o r  i n c r e a s i n g  va lues 

o f  X ( d i r e c t i o n  change) u n t i l  N,. = 1, where NT equals  t h e  t o t a l  number o f  

expected d i r e c t i o n  changes, g r e a t e r  than  X, which occurs  i n  a g i ven  number o f  

years .  

The va lue  o f  X t h a t  y i e l d s  NT = 1  would be t h e  va lue  o f  A ~ ( T )  t h a t  can be 

expected t o  be exceeded once i n  a g i ven  number o f  yea rs  ( Y )  . These exceedance 

va lues must s t a y  w i t h i n  t h e  approx imat ion  c o n s t r a i n t s  imposed on t h e  d e v i a t i o n s  

( i . e . ,  l e s s  than 30°), and t h e  va lues ob ta ined  f o r  t h e  long- term exceedance 

va lues are,  a t  best ,  eng ineer ing  guesses w i t h  l i t t l e  exper imenta l  v a l i d a t i o n .  





EVALUATING RMS OF WIND DIRECTION DIFFERENCE 

Th i s  s e c t i o n  d e r i v e s  an express ion f o r  t h e  r o o t  mean square (rms) va l ue  o f  

t h e  wind d i r e c t i o n  change over  t h e  d i s k  o f  r o t a t i o n  o f  a  wind t u r b i n e .  

The rms o f  change i n  t h e  wind d i r e c t i o n  change i s  d e f i n e d  by t h e  f o l l o w i n g  

equat ion:  

where 

B ( t )  = wind d i r e c t i o n  ang le  a t  t ime  ( t ) .  ( 0  r e fe rence  ang le  g e n e r a l l y  taken 

p a r a l l e l  t o  t h e  mean d i r e c t i o n  o f  f l o w . )  

'08 ( T )  = rms o f  t h e  wind d i r e c t i o n  change 

T = t i m e  over  which t h e  d i r e c t i o n a l  d i f f e r e n c e  takes p l ace  

T = t ime  p e r i o d  f o r  d e f i n i n g  t u rbu lence  (genera l  l y  cons idered between 

10 min t o  1  h r )  

t = t ime  

Equat ion ( 1  ) may be expanded and w r i t t e n  as: 

For  smal l  ang les ( l e s s  than  30")  t h e  f o l l o w i n g  fo rmu la  w i l l  be used 

t o  approximate t h e  angle,  8 .  



where 

v ( t )  = la teral  component of velocity a t  time ( t )  
- 
U h  = hourly mean longitudinal component of wind speed a t  h u b  height 

Using the approximation given by Equation (3 )  and noting that  the 

assumed distribution shape for v ( t )  i s  transferred to B ( t )  and that  
2 2 
8 ( t  + T )  = 8 ( t )  when T i s  short compared t o  T, Equation ( 2 )  becomes: 

2 % 
a ( T )  = [ V  ( t )  - ~ ( t )  v ( t  + T ) ]  

A 0 
"h 

Equation ( 4 )  may now be written in i t s  spectral equivalent form as:  

where 

f  = frequency (Hz) 

$,,(f) = normalized power spectrum of the la teral  wind component, v .  

Any standard atmospheric spectral model can be used in Equation (5)  t o  solve 

for  o A e ( ~ ) .  However, the resul ts  would only be applicable for a system tha t  

senses a small volume (e .  g .  , anemometer systems). When systems sample 1 arger 

volumes of space, Equation ( 5 )  must be modified t o  adjust for the spatial  

f i l t e r ing  effect  of averaging over a larger volume of space. 

One approach for adjusting Equation ( 5 )  t o  account for system s ize  would 

be to introduce a f i l t e r  function to ac t  as a high frequency cutoff.  This paper 

does not pursue th i s  approach by which a potential exis ts  for obtaining a closed- 

form solution using the LIryden(' ) atmospheric spectra and a f i rs t -order  f i l t e r  
. 



with the  3-db (ha1 f  power) point  s e t  a t  a  frequency equal t o  uh/D, where D i s  

the  diameter of the  turbine  ro to r  system. Such a closed-form solut ion  would 

be advantageous, because the  user would not have t o  contend with a numerical 

in teg ra t ion .  

A second approach, which i s  used f o r  t h i s  paper, i s  t o  use a truncated 

spectra with the  truncation occurring a t  a  frequency equal t o  uh/D. Using the  

engineering approximations t h a t  o 0 . 7 5 o ~ ( ~ ) ( o ~  = rms of longitudinal  wind 
- Y component) and ou Uh/ln zh /z0(3  and truncating the  spec t ra ,  Equation ( 5 )  

may be wri t ten  a s :  

I 
1/ 2 

@,,(f) (1 - cos 2nfr )  df 

where 

D = diameter of wind turbine ,  m 
- 

U h  = hourly mean longitudinal  wind component a t  h u b  height ,  m s ec - '  

zo = surface  roughness, e . g . ,  

zo = 0.0005 m (smooth t e r r a i n )  

zo = 0.05 m (moderate t e r r a i n )  

0 
= 0.34 m (rough t e r r a i n )  

z h  = height of measurement, m ( h u b  height of wind tu rb ine ) .  

The r e s u l t s  obtained by f i l t e r i n g  as in the  f i r s t  approach and the  r e s u l t s  

obtained by spect ra l  t runcation a s  in the  second approach a r e  within 5% of 

one another. Also the  r e s u l t s  a r e  not a  strong function of D ;  t h a t  i s ,  a  small 

change in D will  not s i g n i f i c a n t l y  a f f e c t  the  r e s u l t s .  The truncation of the  

spectra was se lec ted  t o  be a t  a  value of frequency equal to  u/D unt i l  be t t e r  

values can be determined experimentally. 

I t  i s  recommended t h a t  the  von Karman spectra be used f o r  @,, in Equation ( 6 ) .  

The von Karman spec t ra ,  which i s  in te rna t iona l ly  accepted and allows f o r  spectral  

change as  a  function of surface roughness, i s  a s  follows: 



where Lv i s  g i ven  by t h e  f o l l o w i n g  equa t ion :  ( 4 )  

- 
(Note:  oa, i s  a  f u n c t i o n  of zo, Uh, zh and r.) 



CALCULATING DISTRIBUTION OF WIND DIRECTION-CHANGE 

Assuming t h a t  wind d i r e c t i o n  changes a r e  Gaussian d i s t r i b u t e d ,  t h e  f o l l o w -  

i n g  formula ( 9 )  g i ves  t h e  approximate number, N, o f  d i r e c t i o n  changes, 

A ~ ( T )  = e ( t  + T )  - 0 ( t ) ,  pe r  hour t h a t  exceed a  g i v e n  va lue,  X.  (The r i g h t -  

hand term i s  an approx imat ion  t o  t h e  double-s ided i n t e g r a l  o f  t h e  normal 

d i ~ t r i b u t i o n ' ~ ) . )  The number N represen ts  an abso lu te  number o f  A B ( T ) ,  

which should occur .  Equal numbers should  occur  c lockw ise  as coun te r -  

c lockwise;  thus,  i f  o n l y  t h e  c lockw ise  o r  coun te rc lockw ise  A ~ ( T ) ' s  a r e  d e s i r e d  

t h e  c a l c u l a t e d  number, N, should  be d i v i d e d  by two. 

where : 

'r i s  i n  seconds 

and o A e ( ~ )  i s  c a l c u l a t e d  us i ng  Equat ion ( 6 ) .  

The f i r s t  t e rm  on t h e  r i g h t  s i d e  o f  Equat ion ( 9 )  i s  t h e  t o t a l  number o f  

A ~ ( T ) ' s  t h a t  occur  pe r  hour, t h a t  i s ,  3 6 0 0 / ~  events per  hour spaced T seconds 

a p a r t ,  h a l f  be ing  c lockw ise  and h a l f  be ing  counterc lockwise.  





COMPUTING THE TOTAL NUMBER OF EVENTS 

DURING THE LIFE OF THE TURBINE 

The t o t a l  number o f  v e l o c i t y  changes o f  a  g i ven  magnitude t h a t  may 

occur  d u r i n g  a  t u r b i n e ' s  l i f e  shou ld  be u s e f u l  i n  c o n t r o l  a n a l y s i s .  The 

f o l l o w i n g  equa t ion  may be used t o  compute t h e  exnected number (NT) o f  d i r e c t i o n  

changes (which exceed a  g i ven  va lue )  t h a t  occurs over  a  g i ven  number o f  years  

(Y)  

N,[Ae(-r) > X ]  = 8766(Y) (10)  

where 

NT = t o t a l  number o f  expected d i r e c t i o n  changes g r e a t e r  than  X, which occur  

i n  Y 

8766 = number o f  h r  i n  1  y r  

Y = number o f  y r  

p(Uh) = 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  h o u r l y  mean va lues o f  t h e  l o n g i t u d i n a l  

w ind ccmponent t h a t  occurs  a t  wind t u r b i n e  hub he igh t .  

I f  o n l y  d i r e c t i o n  changes t h a t  occur  w h i l e  t h e  t u r b i n e  i s  o p e r a t i n g  a r e  o f  

i n t e r e s t ,  t h e  l i m i t s  o f  i n t e g r a t i o n  f o r  Equat ion (10)  should  be f r om t h e  t u r b i n e  

c u t - i n  v e l o c i t y  t o  t h e  t u r b i n e  c u t o u t  v e l o c i t y  r a t h e r  than  f rom 0  t o  rn. 

I f  a  f requency d i s t r i b u t i o n  o f  t h e  h o u r l y  mean va lues o f  t h e  l o n g i t u d i n a l  

wind component (?(Uh)) i s  n o t  known f o r  a  p a r t i c u l a r  s i t e  be ing  analyzed, t h e  

Ray le igh  d i s t r i b u t i o n  f o r  p(Uh) may be used as f o l l o w s :  

$3 
where Ua i s  t h e  annual mean l o n g i t u d i n a l  wind component a t  hub h e i g h t .  
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A P P E N D I X  

PROCEDURE FOR C A L C U L A T I N G  D I R E C T I O N  CHANGES 



PROCEDURE FOR CALCULATING DIRECTION CHANGES 

The f o l l o w i n g  c r i t e r i a  should  be used f o r  computing t h e  angu la r  changes i n  

wind d i r e c t i o n ,  which a r e  encountered over  t h e  d i s k  o f  r o t a t i o n  o f  a  w ind  t u r b i n e .  

(Angular  v a r i a t i o n  i s  d e f i n e d  as t h e  d i f f e r e n c e  i n  t h e  w ind  ang le  8 ( t  + T )  

measured a t  t ime  ( t  + T )  and t h e  wind ang le  ( ~ ( t ) )  measured a t  an e a r l i e r  

t ime  ( t ) ;  the re fo re ,  angu la r  v a r i a t i o n  equals A8 = 8 ( t  + T )  - 8 ( t ) . )  

The f o l l o w i n g  fo rmu la  g ives  t h e  approximate number (N) o f  angu la r  changes, 

A ~ ( T )  = 8 ( t  + T )  - 8 ( t ) ,  per  hour t h a t  exceeds a g i v e n  va lue,  X. The number 
4, 

(N) represen ts  t h e  abso lu te  number o f  A ~ ( T )  t h a t  occurs .  Equal numbers should  

occur  c lockw ise  as coun te rc lockw ise ;  thus,  i f  o n l y  t h e  c lockw ise  o r  coun te r -  

c lockw ise  A O ( T ) ' s  a r e  d e s i r e d  t h e  number (N) c a l c u l a t e d  i s  s imp l y  d i v i d e d  by 

two. 

where : 

T i s  i n  seconds 



D = diameter o f  wind tu rb ine ,  m 
- 
Uh = hou r l y  mean l o n g i t u d i n a l  wind component a t  hub he igh t ,  m sec-' 

zo = sur face  roughness, e.g., 

0 
= 0.0005 m (smooth t e r r a i n )  

o  = 0.05 m (moderate t e r r a i n )  
z  = 0.34 m (rough t e r r a i n )  
0 

zh = he igh t  o f  measurement, m, (hub he igh t  o f  wind t u r b i n e ) .  

To c a l c u l a t e  t he  t o t a l  number of occurences over t he  l i f e  o f  the  wind 

tu rb ine ,  Equation (10)  i n  the  t e x t  should be used. 
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