
/ A. .'OTENTIAL WIND ENERGY CONVERSION SITES 

Final Report for the Period October 1,1978-September 30,1979 

BY 
Ross B. Gorotis 

May 1980 

Work Performed Under Contract No. 

Department o f  Civil Engineering 
Northwestern UnivmJty 
Evanston, Illinais 

U.S. Department of Energy 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



' * I h i r b Q o k w u p p a d  asanaixwnt of wotk sponmasd by a n p ~ ~ c r o f  theblaited 
&area t % m m e ~ .  Neither the Wed Smrm G i m f m m  l ~ r t  .ay rgersoy tharcof, a o r  my 
of thefa; a s p t a y a e r , ~ ~ ~ t y , s x p r r e ) o r i ~ ] i s B , a r t w l m e r q ~ W i t i S y  or 
rep&t@ity for tlw ~ C F I I ~ W ,  mmpktewss, wcftahwsa ef any iBIormtion, ajtpamtnr, 
pmiuct. ax ~FIXXBSN dirabro$ or rep-ts thl it8 w would not W i n @  ~~ owned 

Rcfkmoo hsrdn to ray spmB eemmmdal product, process, or d a t  by tmb 
nan4 trademark, mmfmtlrer, 9t otbcmis~~ dam mt neuw&y axutitute or inrpiy L 
e n d ~ r s ~ m t ,  r a c o m t J o r ~ ,  or r S w h g  by the Ullkta$ Strtb~ G w m n t  or any agemy 
thcod. The r3swr rad epslioaw of P U & ~  m p d  herein do not amcmdy wits or 
z- thslG at 5hc u!l&d Status Gevmlmcat ot .ny rsprpCy themof." 

TBis mpors hrs besn repnodwed diredly from th bmt rdlable copy. 

Available from tke National Techaid hknmtion %mice, U. S. Department of 
C o w @ ,  Springfield, Virginia 221 6 1. 



DOE/ET/20283-2 
Distribution Category UC-60 

. APPLICATION 0F:STATISTICAL TECHNIQUES TO WIND CHARACTERISTICS ' .  

) 

'AT POTENTIAL WIND ENERGY CONVERSION SITES 

Ross B. Corotis 
Department of Civil Engineering 

Northwestern University .. , 

Evanston, Ill@ois 60201 

May 1960 

. . . .  , - .  . .. . - . .  . PREPARED FOR THE U . S .  DEPARTMENT OF ENERGY 
. . , .  

. . . . 
OFFICE OF SOLAR POWER APPLICATIONS 

. ,  . . PEllRRAT, WIF ENERGY PROGRAM , 

DOE CONTRACT No. DE-AS06-76ET20283 



THIS PAGE 

WAS INTENTIONALLY 
I 

. . LEFT i, BLANK 
. - 



. . 
, 

. . 
. . 

ACKNOWLEDGMENTS . . 
. . 

Coordination and.technica1 guidance,.for t h i s  project  has come 

from Charles E. Elderkin, Larry L. Wendell, and David S. Renne of 

Pacif ic  Northwest Laboratory. 

The research team a t  ~or thwes te rn  University f o r ' t h i s  period 

has consisted primarily of Karen C. Chou,. Harish G. ~ a o  and the 

author. Additional contributions have came f r &  Fernando Cheng,. . 

Michael E. Harris, Lynn M. Kis t ler .  Edwin C. Rossow, Mark W. Wales. 
. . 

and Lingyah wu. 



EXECUTIVE SUMMARY 

In t h i s  repor t  a number of new s t a t i s t i c a l  techniques and mathe- 

matical  models a r e  developed t o  analyze wind data  col lected a t  a 

po t en t i a l  wind energy conversion s i t e .  These procedures a re  appl icat ions  

and extensions of models developed in p r io r  s tud ies  (Corotis, 1976; 

1977; 1979), which a r e  avai lable  from the  National Technical Information 

Service. Data t o  develop and ve r i fy  the  models have come pr inc ipa l ly  
' , 

from the  National Climatic Center (NCC) hourly da ta  tapes  from about 

th ree  dozen sites i n  the  cont inental  United States .  A companion hand- 
- ,  

book has been developed t o  describe basic appl icat ion of t h e  methods. 

The Rayleigh d i s t r i bu t ion  i s  of ten used f o r  the  probabi l i ty  of hourly -. 
wind speed. Inherent i n  the  der ivat ion of the  ~ a y l e i g h  are the  

1 . .  . . -  
assumptions t h a t  t h e  horizontal  vector components of wind speed a r e  

* ,  

zero-mean, i den t i ca l l y  d i s t r ibu ted ,  independent, normal random varia-  

bles .  Herein,the assumptions of independence and equal variance a r e  

relaxed and the  resu l t ing  wind speed d i s t r i bu t ion  i s  derived i n  
4 r 

summation form. A parameter s e n s i t i v i t y  analysis  indicates  t h a t  f o r  
. - , . 

p r a c t i c a l  purposes t h e  r e su l t i ng  d i s t r ibu t ion  i s  well modelled by the  

Rayleigh. 
I 1  

Two separate' 24-hour records consis t ing of continuous da ta  were 

made a t  a site i n  northeastern I l l i n o i s .  These records were d ig i t i zed  

with one 20-second average every twenty seconds. These. records Were 

then used t o  study the  s e n s i t i v i t y  of derived s t a t i s t i c s  a s  a function 

of various averaging times and sampling r a t e s .  The mean and variance 

of wind speed were seen t o  be r e l a t i ve ly  insens i t ive  t o  sampling 



var ia t ions  of p r ac t i ca l  i n t e r e s t .  A d i s t i n c t  increase i n  t h e  auto- 
" .  

correla t ion function f o r  a given l ag  time a s  a function of increasing 

averaging time was observed, a s  well a s  an increase i n  t h e  wind speed 

persistence (run duration) with decreasing sampling r a t e .  

A simple approximate procedure was derived fo r  t h e  t ime . se r i e s  
. . 

simulation of hourly wind speed a t  a s i t e .  The procedure was based on 

the  weibuil d i s t r ibu t ion  f o r  wind speed and used condit ional para- 
. - 

metcrs updated each hokr a s  a function of t h e  wind speed simulated for  

the  previous hour and the  value of t he  autocorrelation function f o r  a 

one-hour lag.  The model is  an exact  procedure f o r  a no&lly-distr i-  

buted random variable.  The impl ic i t  assumption t h a t  t h e  autocorrelation 

function was a decaying exponential i s  found t o  be s a t i s f i e d  with ac tua l  

s i t e  data.  A re la ted  procedure is  developed f o r . t h e  time s e r i e s  

simulation of. t o t a l  hourly power generated by a regional a r ray  of 
A .  

wind turbines.  Here t he  normal assumption can be substantiated,  . but 

an equivalent l i n e a r  wind turbine operating cha rac t e r i s t i c  curve i s  

required. Autocorrelation a s  well a s  s p a t i a l  corre la t ion was included 

i n  t h e  approach. The simulated r e s u l t s  f o r  th ree  d i f f e r en t  regions 

and s i x  d i f f e r en t  wind turbines  (ranging from 45 kWto 2.5MW) were 

compared with observed da ta  and with a d i f f e r e n t  simulation model. 

The means and variances of power were seen t o  agree wkll with t h e  ac tua l  

observed data .  Histograms of a r ray  power from t h e  simulated model 

agreed reasonably w l l  with t h e  observed data ,  except f o r  some disagree- 
, .  

ment i n  the  extreme ranges. Array power autocorrelation from t h e  

simulation observed data  matched very well f o m ,  although . there '  



were some quantitative discrepancies a t  longer lag times (fortunately, 

the agreement was very good a t  the important i n i t i a l  few hours of lag). 

Mean run durations also compared very favorably between the simulation 

and the observed data, although there were substantial differences in 

isolated cases. . ' 

. . 

Bayesian s t a t i s t i c s  were applied for the wind speed probability 
. . 

density tunction. Sampling uncertainty due t o  f i n i t e  duration of s i t e  

data collection was reflected through a gamma prior distribution for 

the s i t e  .mean &d speed. Inherent uncertainty was included with a 

Rayleigh distribution. The resulting Bayesian distribution must be 

. . .  tested further, but it appears tha t  sampling uncertainty i s  strongly 

dominated by inherent var iab i l i ty  for a year or more of f ie ld  data. 

Additional NCC data generally confirm the applicability of 

previously derived procedures and lead t o  new regression curves for 

calibration of the wind persistence model. 



ABSTRACT 
. ,  . . . . . 

The d i s t r i bu t ion  f o r  the  magnitude of the  vector sum of two ortho- 
. . ,  

gonal horizontal  wind ve loc i ty  components i s  of ten  modelled by the  . . 

Rayleigh, which is  derived assuming t h a t  the  components a r e  independent, 
. . . . . . 

. . i den t i ca l l y  di~tributed~zero-mean,Gaussian random variables;  t he  proba- 
. .  ' 

b i l i t y  densi ty  function f o r  a more r e a l i s t i c  case where t he  two compo- 

nents are correla ted and not equal i n  variance is derived. It is found 

t h a t  the  derived d i s t r i bu t ion  i s  adequately modelled by the  Rayleigh 

d i s t r ibu t ion .  A 24-hour record of 20-second average wind speed was 

col lected t o  assess  t he  e f f e c t  of sampling r a t e  and averaging time on' 
. . .  

computed wind speed means and variances, autocorrelation,  and run . . 
. . . . 

duration. Definite e f f e c t s  on autocorrelation and run duration due t o  . . 
. . . . 

averaging time and sampling r a t e ,  respect ively ,  a r e  observed. An.  . ' .. . . . 
I . '  

. . .  
approximate procedure i s  developed t o  simulate t he  time sequence of -. ' . ,,.. . . . .. . . 

, . . . 
. . . .  . . . 

wind speed a t  a s ingle  s i t e ;  the  procedure uses a Weibull . .  d i s t r i bu t ion  . 
. . 

with condit ional parameters updated each hour a s  a function of t h e  

previously simulated value and the  autocorrelation.  A Gaussian 
. . 

dis t r ibu t ion  i s  used t o  simulate t he  hourly power from a regional array.  . ' . . . . 
, . . .  . 

ol: w i r ~ d  turbines: r e s u l t s  of the simulated model (ARASIM) developed 

. . .  
here a r e  compared with another approximate and ac tua l  r e su l t s .  Both 

.. . .  , . - . , .  . 
. . , ... . .  . . 

simulation models appear t o  give good approximation t o  t he  ac tua l  d a t a . ' . . ,  . . . . . . . : . . 

A Bayesian analysis  of wind speed leads  t o  a new d i s t r i bu t ion  . . .  

. . 
t h a t  combines the inherent v a r i a b i l i t y  i n  t h e  wind w i t h  uncertainty 

due t o  f jni te ' sampling duration. . . 

Data obtained from the  National Climatic Center f o r  a number 

. .  . , . 

v i i  



of re lat ive ly  windy sites confirm the su i tabi l i ty  and l imitations of  

models developed in previous reports. Refined regression curves are 

derived t o  calibrate the run duration mbdel. 

v i i i  
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CHAPTER 1 

INTRODUCTION 

This report  i s  the  fourth com~rehensive document resu l t ing  from 

research a t  Northwestern univers i ty  on the  development of mathe- 

matical models t h a t  can be used t o  assess  the  po ten t ia l  f o r  wind energy 

conversion from short-term s i t e  wind records ( ~ o r o t i s ,  1976; 1977; 1979). 

Described herein i s  the  development of a number of new s t a t i s t i c a l  

techniques and mathematical models, a s  well a s  t he  t e s t i n g  of previous 

procedures with addi t ional  da ta  from the  National Climatic Center (NCC) 

and two short,continuously sampled records. A companion document, 

e n t i t l e d  Handbook fo r  t h e  Application of ~ t a t i s t i c a l ' T e c h n i q u e s  t o  Wind 

Character is t ics  a t  Potent ia l  Wind Energy Conversion S i t e s ,  explains in 

straightforward form the  techniques f o r  u t i l i z i n g  the  procedures derived 

and ve r i f i ed  i n  t h i s  and the  p r io r  repor ts .  

In Chapter 2, t he  probabi l i ty  densi ty  function i s  derived f o r  t he  
" - 

wind speed with horizontal  vector components t h a t  a r e  orthogonal and . , 

unequally dis t r ibuted.  Then,the e f f e c t  of corre la ted components i s  

considered and the  probabi l i ty  densi ty  function i s  rederived. 

In Chapter 3 ,  tho e f f e c t  of averagihg t h e  and sGpling r a t e  is 

studied from a 24-hour record of 20-second-average wind speed col lected 

from an anemometer located on a tower a top the  Northwestern Technological 

I n s t i t u t e  i n  Evanston, I l l i n o i s .  The r e s u l t s  are then compared with 

the  analysis  of Won (1979). 

Two approximate simulation models a r e  developed i n  Chapter 4. The 



f i r s t  model provides t he  simulation of an hourly time-series of wind 

speed a t  a s ingle  site. The second model simulates a sequence of 

hourly power from a regional a r ray  of wind turbines.  The a r ray  power 

r e s u l t s  a r e  compared with observed data  (obtained from the  National 

Climatic Center) and another simulation model developed by C l i f f ,  

Justus  and Elderkin (1978). 

In  Chapter 5 the  concept of Bayesian s t a t i s t i c s  i s  reviewed and 

then the  concept applied f o r  the  wind speed probabi l i ty  densi ty  function. 

Inherent v a r i a b i l i t y  i n  the  wind i s  re f lec ted  by using a Rayleigh 

d i s t r i bu t ion .  A pos te r io r  d i s t r i bu t ion  f o r  the  mean wind speed i s  

based on a gamma pr ior .  A Bayesian d i s t r i bu t ion  of wind speed i s  

then derived t h a t  r e f l e c t s  t he  combined uncertainty of t he  basic wind 

and a f i n i t e  f i e l d  da ta  co l lec t ion  period. 

NCC hourly da ta  tapes  from a number of r e l a t i v e l y  windy s i t e s  

a r e  analyzed in Chapter 6 i n  order t o  ve r i fy  the  app l i cab i l i t y  of 

previously developed models (notably the  ~ a y l e i g h  probabi l i ty  d i s t r i -  

bution f o r  wind speed, the interannual v a r i a b i l i t y  and the  power- 

exponential probabi l i ty  d i s t r i bu t ion  f o r  run durat ion) .  New regression 

curves a r e  derived t o  determine the  parameter f o r  the  power-exponential 

run duration probabi l i ty  d i s t r ibu t ion .  

Final ly ,  some conclusions and recommendations a r e  presented i n  

Chapter 7. 

The mater ia l  contained in t h i s  repor t  i s  intended t o  a s s i s t  i n  the  

assessment of po t en t i a l  wind energy conversion s i t e s .  The analyses 

contained herein and the  mater ia l  from the three  p r io r  repor t s  provide 



t he  theoret ical .  framework upon which the  companion Handbook is based. ' , 

While the  ~andbook'may be used by i t s e l f ,  these  supporting documents 

provide useful  explanatory information. 



CHAPTER 2 

MEAN WIND SPEED WITH UNEQUAL VARIANCE 

2'. 1 REWIEW OF THE RAYLEIGH DISTRIBUTION 

The Rayleigh d is t r ibu t ion  i s  often used t o  model hourly wind speed 

(Cl i f f ,  1977; Doran e t  a1,.1977). The speed i s  impl ic i t ly  assumed t o  be 

the  vector sum of two orthogonal, horizontal ,  independent, ident ical ly-  

d i s t r ibu ted ,  zero-mean, Gaussian wind components, denoted X and Y. 

This chapter invest igates  a re laxat ion of ce r t a in  assumptions 

*herent i n  t he  Rayleigh dis t r ibut ion.  A.more general d i s t r ibu t ion  i s  

sought t ha t . can .be  simply cal ibrated i n  term of basic wind data  such a s  

hourly speed and direct ion o r  speed in two orthogonal directions.  The 

Rayleigh probabi l i ty  density function (pdf) of vector speed V is given by 

. . 
. . 

in which . . 

where u is the  standard deviation of  one companent. The variance of the  

. . vector  speed is given by 

and t h e  cumulative densi ty  function (cdf) of the  vector  V is given by 

lr 2 rv (v) = 1 - exp [- 7 (v/m) ] 



2 . 2  EFFECT OF UNEQUAL COMPONENT VARIANCES 

Consider now the somewhat more r e a l i s t i c  case i n  which the variances 
. . 2 2 . . 

of the two components are not equal (i .e ., ux # u 1 . For simplicity of .. . . .  

2 2 computatim, l e t  B = X , S = y2, and U = V . Then 
. . 

. . .  \ .  
Since X and Y are tero-mean Gaussian variates ,  t h e i r  pdf's ' . 

. - 

The cumulative dis tr ibut ion function (cdf 1 of R may be fo?d .jrom ' . . ' : . . 
. . 

, . 
. . . . . . .  the cdf of X as  follows: 

. . 

from which the pdf of R is found: 

dFR (r) d dx 
fR (r) = dr 

= -  12 Fx (&I - 11 
d x .  



Similarly, the  pdf of S i s  
. . 

fs(s)  = i 2 1 exp [- s/2b ] 
u 

Y i 
Since U = R +. S, th8 pdf of U. i s  found from the convolution in tegra l  

u 
fU(u) = lo f R  (r) fS  (u-r) dr 

.For ease of notat ion,  l e t  the following subst i tut ion be made : 

A = 2 exp [-u/2uy] 2au u 
x Y 

L e t  the exponent now be expanded i n a n  i n f i n i t e  power ser ies .  For 

siiuplicity , only the f i r s t  three terms in  the s e r i e s  w i l l  be shown; 



Standard. integration may now. be used for each teh in  the series  ,. leading 

Evaluating at .the limits leads t o  

Since V = 6, the a l e  of monotonic derived distributions can be used to 

find the pdf of V, 

substituting for A and. B in terms of the original. parameters leads t o  



The mean speed.can be obtained.as'follows: 

. . 

Similarly, the variance- is given by 
2 .  

where ' 

Equations (2.2 0 ) and (2.2 1) can be approximated by rectangular integration 

. . as follows: 

and 

When ox = oy (B = 0 ) ,  Eq. (2.19) reduces to the Rayleigh distribution, and 

Equations, (2.20) and (2.21) reduce to Equations (2.2) and (2.3), re- . . 

spectively. 

In order to assess the significance of the unequal variance proba- 

bility distribution, Eq, (2.19) has been. evaluated numerically for 

different values' of a and 0 . For illustratjon purposes, one Wriance 
X Y 



was evaluated from Eq. .(2 -2.1. for  m equal t o  .4 m/s ,  6 m/s  and 8 m / s ,  (8.9, 

13.4 and 17'. 9 mphl while the other variance was allowed. t o  vary from 0.5' 

.. . 
t o  4.0 t imes ' the reference:variance. Some selected resu l t s  are presented 

i n  Figures 2.1 -. 2.9. 

In each of the figures, the'derived probabili ty density function .(Eq. 

(2.19))i.s shown;along w i t h t h e  Rayleigh distributkon'with the. same mean-The 

&an was evalulated from Eq. (2.33.)' with an increment of 0,. 1 m/s. The 

reference.variance was based'on an original  me& speed of 4 m / s ,  6 m / s  

and 8 m / s  (8.9, 13.4, 17.9 mph). 

As can be seen from the nine figures, the derived distr ibut ion i s  well 

modeled by Rayleigh,.even' fo r  the re1atively.wi.de range of 'variance ra t ios  

t h a t  was considered. The' s l i g h t  s h i f t  t o  the '  r igh t  by. t h e  Rayleigh 

suggests t h a t  the Rayleigh iaay f i t  be t te r  with the mode of observed data 

than with..the mean (except in the extreme upper t a i l  ~ e g i o n ) .  The mode 

can be. found by se t t ing  ' the ' . f i r s t  derivative of Eq. (2.1) equal . t o  zero, 

which leads t o  

mode = m . E  
It i s  interest ing t o  note t h a t  a given r a t i o  of variances X ~d Y 

and the inverse r a t i o  yield the  same probabili ty function. This can 

'2 2 eas i ly  be verified by' l e t t ing  a = 0 in  Eq. (2 - 2 )  L e t  (3 be constant 
Y Y 

' and vary a defining 
XI 

. .  . * .  
Then ~q.' (2.19 1 can be written'  a s  



- Exact 

--- Rayleigh 

W'ind Speed, mis ' - .  ' 

FXGURE 2.1 Exact and Fitted Rayleigh Probability FIGURE 2.2 Exact and Fitteq Rayleigh Probability 
~istribution for ~arian'ce Ratio of 0.5, D5stribution for Variance'Ratio.of 2.0, 
Initial Mean Wind Speed of 4 m/s. Initial Mean Wind Speed of 4 m/s. 



Wind . , Speed, m/s 
FIGURE 2,,3 Exact and Fitted I?ayleigh Probability Distribution 

for Variance Ratio of 4.0,  In i t ia l  Mean Wind Speed 
of 4 m/s (8.9 mph) . 

- Exact 
, . .  --- Rayleigh 

, . . . 

Wind Speed, m/s 
Figure 2 . 4  Exact and Fitted Rayleigh Probability Distribution 

for Variance-Ratio of 0 . 5 ,  In i t ia l -  Mean Wind Speed 
of 6 m/s (13 - 4  nph) . 



- Exact 

--- Rayleigh 

Wind Speed, m/s 

FIGURE 2 .5  Exact and F i t t e d  Rayleigh Probabil ity Distribution for 
Variance Ratio of  2 . O ,  I n i t i a l  Mean Wind Speed o f  6 m/s. 

Wind Spe'ed, m/s 

FIGURE 2-.6 Exact and F i t t e d  Rayleigh Probabil ity ~ i s t r i b u t i d n  for  
Variance Ratio of 4 . 0 ,  I n i t i a l  Mean Wind Speed of 6 m / s .  

12 



Wind Speed, m/s 

FIGURE 2.7 Exact and ~itted' Rayleigh .probability Distribution for Variance Ratio of 0.5, 
, Initial- Xean Wind Speed of 8 m/s (17.9 mph). 



---. Exact 

--- ~ayleigh 

Wind Speed, m/s 
>., F I G W  2.8 Exact and Fitted Rayleigh Probability Dis tk ibut i~n  for Variance Ratio of  2 .0 ,  

I n i t i a l  Mean Wind Speed of 8 m/s (17.9 mph). 
cn 

Wind Speed, m/s 
I 

FIGL'RE 2.9 Exact and Fitted Rayleigh Probability Distribution for Variance Ratio of 4 .9 ,  
I n i t i a l  Mean Wind Speed of 8 m / s  (17.9 mphj. . . 



NOW, l e t  

Since k is the inverse o f  K, Eqs. (2.27) and (2.29) are. equ iva len t .  . .  + . 

'1t. i~ of  i n t e r e s t  t o  n o t e  t h a t  f o r  a g iven  r a t i o  of variances o f  . . 

, ,. X and Y,  the .s imulated mean speed and t h e  s t anda rd  d e v i a t i o n  vary . . . 

: l i n e a r l y  with t h e  Rayleigh mean wind speed, .m. .This can be shown by.  : ... 

s u b s t i t u t i n g '  Eq. .(2.26) into . E q s .  (2.20. - 2.22) and l e t t i n g  : 
. . . . ,  . .. . . 

(2.31) 
- ( i n )  ! (n+l)  , . 

2 C = 22n-1 
(n! 

Then Fq. (2.20) becomes 

. and Eq. (2.21) becomes . . 

.. Thus;for a given var iance  r a t i o ,  t h e . d e r i v e d  mean and s tandard  dev ia t ion  

a r e  d i r e c t l y  p ropor t iona l  t o  g, and hence t o  m by Eq. (2 .2) .  . .  . . 

. .  . This means t h a t  t h e  c o e f f i c i e n t  of  v a r i a t i o n ,  



i s  independent of the  Rayleigh mean wind speed and var ies  only with the 

variance r a t i o .  Table 2 ;1  provides some s t a t i s t i c s  based on various 

myleigh (referred t o  a s  i n i t i a l )  mean wind speeds and variance r a t i o s .  

One may not ice  from Figs. 2.1 - 2.9 t h a t  the standard deviation of 

wind speed increases  with increasing variance r a t i o  and i n i t i a l  mean wind 

speed, I n  Fig. 2.10 p d f l s  a r e  shown f o r  various variance r a t i o s  (ranging 

from 0.5 t o  4.Q) with t h e  same i n i t i a l  mean wind speed of 6 m / s  (13.4 mph). - Figure 2;11 shows the  p d f ' s  fo r  t he  combined e f f e c t s  of variance r a t i o  
. , 

arid. h i t i a l  mean wind speed: When the  wind Speed standard deviation gives  

a hroad f y ( v ) ,  ca lcu la t ion  of % and ov (Eqs. (2.23-2.24)) should include 

- .  the probabi l i ty  densi ty  function f o r  high values of wind speed. Then ' 

, 
more. ternis a& needed t o  compute the i n f i n i t e  summation i n  Eq. (2.19) in 

order  t o  ensure t h a t  Eqs. (2.23-2.24) a r e  reasonably good approximations 

f o r  Eqs. (2.20) and (2.21). 

2 .3  EFFECT OF COMPONENT CORRELATION 

~ Now consider a more general  case in which the  two horizontal  wind 

- . . . ..cumponents . a r e  correla ted.  These two.components form an e l l i p t i c a l  
. . .  

b i v a r i a t e  normal (zero-mean) d i s t r i bu t ion  (Crutcher and Baer, 1962). The 
. . 

j o i n t  p robabi l i ty  densi ty  function f o r  compohents X and Y is.  

wher i .p  is  the  cor re la t ion  between X and Y. L e t a b e  defined a s  the  angle 

bqtween the  X-Y axes and a new s e t  of axes, X I - Y ' .  Then 

X I  = x cos a + Y s i n  a 



TABLE 2.1 Input Variables  and Derived S t a t i s t i c s  f o r  t h e  
Horizontal  Wind Speed Vector f o r  Various I n i t i a l  
Mean Speed 

. . 

Evaluated from Eq. (2.23) 

Eval.uated from Eq. (2.24) 

Coef f ic ien t  
of 

Var ia t ion 

.5410 

.5301 

.5244 

.5227 

.5241 
,5277 ; , 
- 5  390 
.5457 
.5766 
.5410 . - 
,5301 
.5244 . 
-5227 

, .5241 - 
,5277 

. .. 5 390 
.5457 
.5766 
.5410 

. . .  5301 % 

.5244 

.5227 

.5241 . 

.5277 

.5390 a 

-5457 
.5766 . 1 . > . 

3 
a, 
(m/s 1 

1.854 
1.914 
1.994 
2.091 
2.202 
2.327 
2.605 
2.755 
3.532 
2.780 
2.872 
2.991 
3.136 
3.304 
3.490 
3.980 
4.129 
5.385 
3.707 
3.829 
3.988 
4.182 -. 
4.405 
4.653 
5.210 3 

5.510 
7.062 - 

2 
"u 
(*/s 

3.427 
3.611 
3.803 
4.000 
4.202 
4.409 
4.833 
5.049 
6.125 
5.140 
5.417 
5.704 
6.000 
6.304 
6.614 
7.250 
7.571 
9.252 
6.853 
7.222 
7.605 
8.000 
8.405 
8.818 
9.666 

10.099 
12.249 

1 
IMv 

(m/s  1, 

4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 

a  
Y R = -  

Ox 

0.7 
0.8 
0.9 
1.0 
1.1 
1.2 . 
1.4 
1.5 
2.0 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2 
1.4 
1.5 
2.0 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2 
1.4 
1.5 

- -  2.0 



Wind Speed, m/s 
FIGUFE 2 .10  Probabi l i ty  Density Functi6ns - with I n i t i a l  Mean Wind Speed o f  6 m / s  

- (13 .4  mph) and Various Variance %ties. 



Wind Speed, mls  
FIGURE 2.11 Probability Density Rrncti?ns with Various initial Mean Wind Speeds (IMV) and 

Variance Ratios 



y1 = Y cos a - X sin a (2.37) 

The iso-probability contours of the joint probability function form 

ellipses of various orientations. BY selecting a such that the major- 

.. .. 
&or axes of the ellipses coincide with the XI-Y' axes, components 

expressed in the new XI-Y' system are independent. It may be shown 

. ' (&Id, 1952) that such & angle, a, is given by . . 

and the joint pdf for the X' and Y' components is 

Since the components are independent, E q .  (2.39) can be factored into 

the.marginal density functions 

1 exp [- 1 Pl2] 
fx, (x') = fi 

x ' 2 Ox' 

and 

The independence of X' and Y', and the similarity of Equations (2.40) 

knd (2.41) to Eqs. (2.6) and (2.7) , . respectively, imply that 

. . 
. . . . Eqs. (2.8 - 2.19) can be used with X' and Y' to derive the probability 

density function of the horizontal wind speed. It is necessary to 



obtain a. and a in  terms of o and o and the correlation p.  
x ' y ' X Y 

. . 

Comparing Eq. (2.39) with Eq. (2.351, leads t o  a system of two 
' .  

equations with two unknowns, 

By solving Eqs. (2.42 ) and (2.43) simultaneously and le t t ing  . . 

. . .  
for ease of notation, one obtains 

Analogous t o  the procedure for  the unequal variances with zero . . 
. . . . .  . , . . , . .  . . . 

. .  . . . 
correlation, Eq. (2.19) for  X' and Y' components was evaluated 

. . 

nurn@ricaliy for  different,values.-of .variances of x and Y 
. - . , 

and correlation p. Agai?, one variance was held constant and evalu- 
. . 

ated from Eq. (2.2 ) for a vector mean wind speed equal t o  6 4 s  (13.4 

mph) while the other variance was varied from 0.5 t o ' 4  times the 

reference. variance. Compnent eerrelatien values sf - .t 0 . 5  and 2 0.2 . . .  . 
. . . . 

were introduced for  each variance ra t io .  Selected resul ts  are . . . . .  
. . 

. .. 
shown in Figures (2..12 - 2.19).  A s  in the previous section, the derived . , 



probabili ty density function (Eq. (2.19)) .is shown along with the Rayleigh . . 

fo r  the'same mean (computed from Eq, (2'.23)'). Although..the Rayleigh.does 

not f i t  the derived pdf -for  .the- correlated quite  as well a s  . the non-eorre- 

la ted  components, it st i l l  gives a reasonable approximation. 

There are  two in teres t ing  features of the dis tr ibut ion of the wind 

vector t h a t  a re  worthy of note. 0ng.d.s t h a t  the density function is 

symmetric with respect t o  the sign of the correlation between the 

components. The other i s  tha t  the derived mew, xuV, decreases with in- 

creasing correlation. The l a t t e r  was observed from the resu l t s  of 

Eq. (2.23) and can be seen in  Table 2.2. The former can be verif ied 

a s  follows: When p > 0, 

u 
X' D + E  

-a- 
U D - E  

Y '  

aiid f o r  p '< 0 ,  

0 x' D - E  -- -- 
u 

Y' 
D + E 

. . 
which is the inverse r a t i o  of t h a t  'fdr p > 0. - Thus from Eqs. 1 (.2..26 - ; 
2.29), the unequal variance with 3 have the same pdf. 



- Exact . - - --- Rayleigh 

1 I 

. . 2 0 2 5  
Wind Speed, m/s 

FIG-, 2.12 Exact and Fitted Rayleigh Probability Distribution for 
V-iance Ratio of 0.5, p = '0.2. 

Wind Speed, m/s 
FIGURE.2.13 Exact and Fitted Rayleigh Probability Distribution for 

. . Vaxiancs R a L i . 0  of 0 . 5 ,  p = 0.5. 



Wind Speed, m/s 
FIGURE 2.14 Exact and Fitted 'E?ayle.igh Probability ~istribution for 

Variance k t i o  of 1.0, p = 0.2. 

Wind Speed; m/s 
FIGURE 2.15 . Exact and Fitted .E?ayleigh probability Distribution for 

Variance,Ratio.of . ,. . 1.0, p = 0.5. 



Exuct  

--- Rayl eigh 

Wind Speed' rn/s 
. . FIGURE 2.16 Exact and Rayleigh Probability Distribution for 

~ari&ce Ratio of . 2 . 0 ,  p = 0.2. 

Wind Sp.eed, m/s  

FIGURE 2 .17 Exa& and Rayleigh ~ro'babilit~ ~ i s t r i k r ~  ' , 

for ~ariance'I&tio of 2.0, p = 0 . 5 .  
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Win.d Speed, " .  m/s 
FICXIFt3 2.18 ~ x a c t  and Raylkigh ~ r o h a b i l i t ~  Distribution for Variance Ratio of 4 .0 ,  p = 0.2.  

Wind Speed, mh 
. . . . 

,FII;URE 2.19 Exact and Feyleigh Probability Distribu.tion for Variance Ratio of 4 .0 ,  p = 0.5.  



TABLE 2.2 Input var iab les  and Derived S t a t i s t i c s  f o r  the  
~ o r i z o n t a l  Wind Speed Vector f o r  I n i t i a l  Mean 
Speed m  = 6 4 s '  

, . . - 
. .  valuated f r o m  Eq. (2.23) 

Evaluafed f r o m  Eq. (2.24) 

. s 

f 

P 

-0.5 
-0.2 
0.0 
0.2 
0.5 

-0.5 
0.0 
0.5 

,-0.5 
-0.2 
0.0 
0.2 
0.5 

-0.5 
0.0 
0.5 ,'_. 

-0.5 * 

--0 .2 
0.0 
0.2 
0.5 

-0 .5  
-0.2 
0.0 
0.2 
0.5 

% R = 
a 

X 

0.7 
0.7 
0.7 
0.7 
0.7 
0.8 
0.8 
0.8 
1.0 
1.0 
1.0 
1.0 
1.0 
1.2 
1.2 
1.2 
1.4 
1.4 
1.4 
1.4 
1.4 
2.0 
2.0 
2.0 
2.0 
2.0 

1 

"G 

5.059 
5.128 
5.140 
5.128 
5.059 
5.329 
5.417 
5.329 
5.900 
5.985 
6.000 
5.985 
5.900 
6.505 
6.614 
6.505 
7.136 
7.233 
7.250. 
7.233. 
7.136. 
9.129 
9.232 
9.252 
9.232 
9.129 

2 
u v 

2.924 
2.803 

. 2.780 i 

2;803 
2.924 
3.032 
2.872 
3.032 
3.321 
3.165 * 

3.136 
3.165 
3.321 
3.688 
3.490 
3.688 
4.113 
3.940 
3.908 
3.940 

- 4.113 
5.591 
5.415 
5.385 
5.415 

. 5.591 

Coefficient  
of 

Variation 

-5781 
-5466 
.5410 
-5466 
-5781 
-5690 
.5301 
.5690 

: .5628 
-5289 
-5227 
.5289 
-5628 
.5670 ., 
-5277 
-5670 
.5 765 
-5448 
.5391 
.5448 
-5765 
.6125 
.5867 
.5820 
.5867 
.6125 



CHAPTER 3 

VARIATION DUE TO SAMPLING 

To invest igate  t h e  s e n s i t i v i t y  of models based on ~ a t i o n a l  Weather 

Service data (which a r e  one-minute averages sampled once an hour) t o  wind ' 

speed sampling r a t e  and averaging time, a 24-hour record of wind speed 
.. . 

(from 6:OO p.m. on 11 April  1979 t o  6:00 p.m. on 12 April 1979), w i i i  se- 

l ec ted  from several  days of continuous oLser.vaLiu~~ (during the week of . 

9 April 1979). With t he  ass is tance of Professor A. Kistler. 01 the 

Northwestern University Mechanical Engineering Department, the  data  were 
.. . 

col lected from the  same anemometer a s  in 1978 (won, 1979). 
. . 

:The wind data were recorded on a s t r i p  char t  attached t o  the  output 

of a ' three-cup anemometer, which is  located on a tower atop t he  North- 

western Technological I n s t i t u t e  i n  Evanston, I l l i n o i s  (shown i n  Appendix 

H) about 200 meters from Lake Michigan. The anemometer, which i s  5.7 

meters 'Above t h e  f l a t  roof of t h e  tower and 25.5 meters above ground 

l eve l ,  i s  well above any nearby obstructions. The Anemometer, a Heath- 

k i t ,  was ca l ib ra ted  i n  t h e  Northwestern University wind tunnel and was 

observed t o  have,a response time on the  order of one second. The . . 
. . 

. . 
wind da ta  were d ig i t i z ed  with one 20-second average every 20 seconds. . - 

The mean wind speed 'df t h e  e n t i r e '  continuous record i s  7.23 m/s .  

Tablets 3 . ~ . ' . -  3.2 present  a s t a t i s t i c a l  summary of the  data fox various 

averaging times and sampling r a t e s .  The within-hour variance i s  t h e  

variance among the readings within each hour (e.g.,. i n  Table 3.1 there a r e  

nine 20 second readings f o r  in averaging time of 3 minutes). The readings 

i n  ~ a b i e  3.2 are' spaced uniformly throughout each hour (e  .g. , f ouk readings 
- .  . . .  . 



TABLE 3.1 S t a t i s t i c a l  Resul t s  f o r  Various Averaging Times (Sampled Once 
an Hour) Using 1979. D a t a  

TABLE 3.2 S t a t i s t i c a l  Resul t s  f o r  Various Sampling Rates (Using One-minute 
' Average) us ing  i979 ~ a t a  " * '  ' 

. , 

AVERAGING 
TI%IE 

PER HOUR 

20 seconds 

1 minute 

2 minutes  

3 .minutes 

4 minutes  

5 minutes  

1 0  minutes  

1 5 m i n u t e s  

30 minutes  

60 minutes  . 

MEAN 

(m/s 1 

6.89 

7.05 

6.96 

6.95 

6.86 

6.85 

7.12 

7.14 

7.24 

7.23 

- 

I 

READINGS 
PER 

HOUR 

1 

2 .  

4 

6 

12 

60 
w 

VARIANCE 

(m/s 1 

8.38 A 

10.14 

8.86 

8.86 

8.97 

8.91 

10.14 

10.32 

10.82 

10 .81  

MEAN 

(n/s 1 

7.05 

7.13 

7.33 

7.26 

7.26 

7.23 

TYP. WITHIN- 
HOUR 

VARIANCE 
2 

(m/s  1 

0.00 

. 1.10 

1.43 

1.75 

. 2.16; 

2.38: 

3.11 

3.78 

4.56 

5.44 

BETWEENT-HOUR 
VARIANCE 

2 
(m/s 1 . . 

8.38 

9.03 . 

7.43 

7.11 

6.81' 

6.53 

7.03 

6.54 

6.27 

5.37 

v = U/m 

. :-0.420 . 

0.452 

0.428 

0.428 

~0.437 

' 2  0-436 

0.. 447 

. O  .450 

0.454 

0 .-455 

. . 

VARIANCE 

(m/s ) 

10.14 

8.26 

8.79 

9.49 

9.68 

9.41 

TYPI WITHIN- 
HOUR 

V-CE 

(m/s  1 ' 
0.00 

1.80 

2.87 

3.56 

4.11 

4.04 

. . .  
BETWEEN- HOUR 

VARIANCE 

(m/s  1 

9.03 

6.46 

. 5.92 

5.93 

+:.5.57 

- 5.37 

v = -  U 
m 

0.457 

0.403 

0.404 

0.424 

0.429 

0.424 



per hour means one every 15 minutes). A trend of decreasing between-hour 

variance and increasing within-hour variance with increasing averaging 

time is observed i n  Table 3.1. The former trend c lear ly  i l l u s t r a t e s  

t h e  decreasing v a r i a b i l i t y  associated with longer average data ,  while 

t h e  l a t t e r  shows t h a t  with sequential  correla ted da ta  t he  variance 

among readings increases  a s  the  number of da ta  in,creases ( w i t h  suff ic ier i t  

data t h e  variance becmes s ta t ionary) .  Similar e f f e c t s  a r e  a l s o  ob- 

served f o r  the sampling r a t e ,  as shown in  Table 3.2. It can be gees1 

that the  between-hour variance i s  lower, f o r  ins tance,  with a dne-minute 

average every 30 minutes than with a 2-minute average..every 60 minutes , . .  

(because of more.independent da ta  with the  forqer ) .  On t he  other  hwd,.,. 

t h e  within-hour variance is higher with the  one-minute average every 

30 minutes because of t h e  increased independence. 

Tables 3.3 - 3.4 summarize the data taken i n  1978 and show . 

s imilar  e f f e c t s  of averaging time and sampling r a t e  TO t h e  1979 &La. 

The 24-hour period was from noon on May 9,  ,1978, t o  noon on May 10, 

1978. The mean.wind speed of the entire.continuous 1978 record , . 

was 3.89 m/s.  . . 

In order t o - a s s e s s  t he  e f f e c t  of sampling on the independence af ., ' 
. > 

readings,  the  autocorrela t ion functions- were computed. k ' i g ~ e s  '3.1 . . . 

and 3.2. show t h a t  there  is a t rend  of . increas ing  cor re la t ion  with 

increasing averaging t h e ,  while the  sampling r a t e  shows. no &ns is ten t  

e f f e c t  on the cor re la t ion .  The results .found by Won for the 1978 

data are shown in .F igs .  3.3 - 3.4. The:combined e f f e c t s  of the two 

years are shown i n  Figs. 3.5 - . 3 . 6 . .  It can be seen' that ,except  f o r  

- t he  apparently anomalous behavior of t h e  one-minute average sampled 



TABLE 3.3 Statist ical  Results for V a r i o u s  A v e r a g i n g  T i m e s  ( s a m p l e d  Once 
an H o u r )  U s j n g  1978 D a t a  

TABLE.3.4 Statistical, Results for  V a r i o u s  S a m p l k n g  Rates ( U s i n g  Onei, 
M i n u t e  ~ v e r a g e )  using 1978 . D a t a  . . 

AVERAGING 
TIME 

PER 
HOUR 

20 seconds 

1 m i n u t e  

2 minutes 

3 m i n u t e s  

4 minutes 

5 minutes 

10 minutes 

15 m i n u t e s  

30 minutes 

60 m i n u t e s  

MEAN 

( m / s )  

3.99 

3.69 

3.79 

3.84 

3.92 

3.91 

3.96 

3.89 

3.83 

3.89 

VARIANCE 
2 

( m / s )  

5.28 

4-46 

5 :65 

5.49 

6.36 

6.79 

7.72 

6': 96 

6.74 

6.54 

BETWEEN HOUR 
VARIANCE 

2 
(m/s  1 

3.10 

3.02 

3.43 

3.79 

'PTP . WITHIN 
HOUR 

VARIANCE . 
2 

(m/s  

0 .O 

0.66 

1.21 

1.64 

READ I NGS 
PER 
HOUR 

1 

2 

..,4 

6 0 

1 

CI v = -  
m 

0.477 

0.509 

0.580 

0.599 

MEAN 

(m/s  

3.69 

3.77 

3.71 

3.89 

i 

0 v =  - 
m 

0.576 

0.572 

0.627 

0.610 

0.643 

0.666 

0.702 

0.678 

0.678 

0.657 

W I T H I N  
HOUR 

VARIANCE 
2 

(m/s  ) 

0 

1.35 

1.77 

1.98 

2.27 - -  . . 

2.41 . . 

2.62 

2.74 

2.73 ' .  

2.77 

VAR~ANCE 
2 

( m / s )  

3.10 

3.68 

4.63 

5.43 

BETWEEN HOUR 

(m/s  1 
2 

5.28 
I 

3.10 

3.88 

3 -51 

4.09 

4.38 

5.10 

4.22 

4.01 

3.79 



f a j  ( h o u r s )  . - 

. .  . . . FIGURE 3.1 : Effect of 'Averag'ing ~ i m e -  on Autocorrelation 
. , Function for Wind Speed Sampled Once an 

Hour, 1979 Data (number On curve is aver- 
aqing time in minutes). 



' L a  q (hou r s )  
FIGURE , 3 .2  Effect of Sampling Rate on Autocorrelation 

E'unction for One Minute Average Wind Speed, 
. 1979 Data (number on curve i s  samples per 

hour) . 
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. . <  L A G  (HOURS) . .  

* i 

FIGURE 3 . 3  Effect of Averaging Time on Autocorrelation.Function for 
Wind Speed Sampled Once'an Hour, 1978 Data (number on 
curve i s  averaging time i n  ninutes).  



L A G  (HOURS) 
. . 

 FIGURE.^.^ Effect of Sampling Rate on Autocorrelation Function for 
One Minute Average Wind Speed, 1978 Data (number on 
curve is samples per hour). 



(hours) 

FIGURE 3.5 Effect of Averaging Time on Autocor- 
relation m c t i o n  for Wind Speed Sampled 
Once an Hour, 1978 and 1979 Data (number 
on curve is averaging time i n  minutes). 



L ag  . (hours )  
. . .  

FIGURE 3 . 6  Ef Eect 'of Sap l ing  'Rate on Autocorre- . . .. . . .  , . . 

lat ion Function for One Minute Average . . 
: ~ . . Wind Speed, 1978 and 1979 Data (number.: 

'on curve 'is samples per hour) . . . . 
. . . . . . 



once an hour,a d i s t i n c t  trend ex i s t s  fo r  averaging time and none for  

smpl ing  rate .  

A run duration analysis was performed, and a def in i te  increase o'f 

mean run length with decreasing sampling ra te  fo r  runs both above and 

below fixed wind speed levels  (run levels)  was observed. This is 

i l lus t ra ted  in  Figs. 3.7 and 3.8. For example, the mean run length 

above 10 m / s  ranges from 3.3 minutes (60 samples per hour) t o  1.5 

hours (i sample per hour) and the mean run length below t h a t  level  

increases from 14.46 minutes (60 samples per hour) t o  10.0 hours (1 

sample per hour). However, there is no apparent e f fec t  of averaging 

time on mean run lengths e i the r  above or  below run levels ,  a s  shown 

in F i ~ . 3 . 9  - 3.10. Similar e f fec t s  were observed i n  the 1978 data,- 

a s  shown in  F i g s  3.11 - 3.12. 

Although the wind speed records obtained were quite limited in 

duration, a reasonable indication of the  possible ef fec ts  of averaging 

time and sampling r a t e  is observed. The lack of trend of mean wind 

speed and variance with averaging time and sampling r a t e  i s  expected 

(Doran, Bates, Liddel, and Fox, 1977). The consistency of hourly 

coefficient of variation w i t h  various averaging tMes  is most promising 

in terms of using the  National Weather service data (one-minute 

average every houlir). The.dist inct  e f fec t  of averaging time (but not 

of sampling r a t e )  on autocorrelation appears t o  be important a i~d should 

be taken account of i n  applications. The e f fec t  of sampling ra te  on 

run duration is signif icant ,  while. the apparent lack of trend of 

averaging time on run duration i s  somewhat surprising. 

The consistent e f fec t s  of averaging time and sampling ra te  observed 



from the  two 24-hour wind data  suggest t h a t  it may'be possible t o  
: I .  . . 

develop correct ive  procedures to' be used with National weather Service 

data. However, fu r ther  investigation i s  necessary t o  s u b ~ t a n t i a t e  t he  

trends observed here.   or t he  present,  one must be very cautious i n  

generalizing models developed from a spec i f ic  sampling procedure (such 

a s  the National Weather Service da t a ) .  The s ens i t i v i t y  of autocorrelation 

t o  averaging time and of run duration t o  sampling r a t e  i s  pa r t i cu l a r ly  

noteworthy. 
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FIGURE 3.7 Effect of Ssmp3.i.ng M t e  on Mean ,Run Lengths 
Above Wind Levels for,  One Minute Average 
Wind Speed, 1979 Data (number on curve" i s  
samples per hour). 
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FIGURE 3 . 8  Effect of Sampling Rate on Mean Run Lengths 
Below Wind Levels for One Minute Average 
Wind Speed, 1979 Data (number on curve is 
samples per hour). 
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ABOVE 

R u n  L e v e l  (m/s) 
. FIGURE 3.9. Effect of Averaging Time on ~ e a n  Run Lengths Above Levels for  Wind Speed 

Sampled Once an Hour, 1979 Data (nacmber on curve is averaging time i n  
minutes) . 



Run L e v e l  (rn/s) 
FIGURE 3.10 Effect of  Averaging Time on Mean Run Lengths Below Levels for  Wind Speed 

Sampled Once an Hour, 1979 -Data (number on curve i s  averaging time i n  
minutes). 
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FIGURB 3.11 Effect  of Sampling Rate on Mean Run Lengths Above (Left )  and Below (Right) Levels 
for One-Minute Average Wind Speed, 1978 Data (number on curve i s  samples I per hour). 
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FIGURE 3.12 Effect of Averaging Time on Mean T(un Lengths 
Above (Top) and Below (Bottom) Levels for  Wind 
Speed Sampled Cmce an Hour, 1978 Data (number 
on curve i s  averaging time in minutes). 
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CHAPTER 4 

SIMULATION OF WIND SPEED AND ARRAY POWER 

4.1 SIMULATION OF WIND SPEED 

To evaluate long-term wind turbine performance it is possible to 

extend actual on-site data by Monte Carlo simulation of a time'series of 

hourly wind speeds. The Weibull distribution has been shown (Corotis, 

1976) to adequately model hourly wind speed at a site. The Weibull 

probability density functi0n.i~ given by 

k-1 k fv (v) = (k/c) (v/c) exp 1- (v/c) I (4.1) . 

h which Ule shape and sca.le.:@arameters, k and c.;:respectively, are ::.: .. 

related to the mean and var.iance by . . . . 

mv = cr (1 + l/k) (4.2) 

2 2 
Ov 

(4.3) 

The simulation of a correlated tirne series based on the ,Weibull . :::. 
. . 

distribution is very complicated because each h0ur.I.s .wind  speed^ . , % . .  . . \ . .  . 

depends on the complete history of previous wind .speeds and because . ' 

. . . . . . .  . .  the conditional.w&qd speed.distribution does not retain the Weibull . % . -  . 

' form. ' In general, it is necessary to have a complete set of multi- 

variate distributions to completely describe a stochastic process 

(Crandall and Ma'rk, 1963).- An approximate simulation procedure has 

been developed using an hourly Weibull distribution with a conditional,:, 
. . 

I 2 
hoGly mean and variance, m . .and (0.) given as follows : . .  . . ,  . . . . .  

i I 



in which p is the correlation between X and X . (here, p is a 
i i-1 

temporal or autocorrelation). Equations (4.4) and (4.5) are exact 

corrections based on the previous value in the case of a Gaussian 

distribution (Benjamin-and Cornell, 1970). For,= exact simulat$on 

of a variable.at tiqe step i,bt is necegs,ary in general to include . 

all values. However, ip the case of a. Guassian distribution, 

when the autocorrelation functiola is exponential in form, all prior 

information is embodied.3.n the last simulated value. In such a . . 

situation, Eqs..(4.4) and (4.5) provide the basis for exact generation 

of a time sequence, which is referred to as a Gauss-Markov process. 

The autocorrelation function of wind speed has been shown to be expo- 

ential (Corotis, 1976, 1977), and this is the basis for developing the 

approximate simulation procedure for hourly wind'%speed using Eqs . (4.4 
and (4.5) and the Weibull distribution. The correlation, p, is taken 

as the lag one hourly autocorrelation of the site. The unmodified 

mean speed and variance .( p = 0 for Eqs. (4.4) and (4.5 1) are used to 

initialize the simulation. The computer program, WEISIM (see Appendix 

A) is written to perform a Monte Carlo simulation based on the Weibull 

distribution and the approximate procedure disc~~ssed previously. The 

program includes seasonal and diurnal cycles. 



. . 

Although the  simulation based on the approximate procedure appears 
. . 

. . 

. . t o  be reasonable based on t h e  l imited data  t h a t  were computed, Compar- 

ison between simulated and observed data  from more s i t e s  should be inade 

. . before t h i s  procedure can be considered t o  be ver i f ied .  

- .  
. . .. .. 

. . 

4'.2 RELATIONSHIP BETWEEN TURBINE POWER AND WIND SPEED 
. . . . 

. . The avai lable  wind power a t  a s i t e  can be shown t o  vary with the 

. . 
'wind veloci ty  ,cubed (Putnam, 1948; Golding, 1955) 

' 1  
. . Power = Kinetic Energy = - 2 p*v3 

where p = the densi ty  of a i r ,  A = projected area swept by the turbine,  

&d v = wind veloci ty .  However, t h i s  is an idea l  wind speed and generated 

power relat ionship;  in\ r e a l i t y  a turbine does not generate any power 

below cut-in o r  above cut-out wind speed and generates a t  f u l l  capacity 

b e t e e n  rated and cut-out wind speed. An example of ictua.1. turbine . . 

power versus wind speed f o r  a 200-watt turbine (the turbine is designed 

, t o  have the  cut-in,  ra ted 'and cut-out wind speed of 3.1, 10.3 and 31 m / s ,  
. . 4 . * 

respectively) i s  shown :in Figure 4.1 (Rockwell Internat ional ,  1978.) . 
. . 

, 
In 1976, Jbstus,  Hargraves and Mikhail developed an empirical 

. , 

, .. relationship between wind speed and turbine power , w i t h  quadrat.ir: f i t  

between cut-in and rated wind speed, a s  given by Eq. (B.8) i n  ~ppendix B. 
.. . , 

. . 
It is in teres t ing  t o  note t h a t  f o r  some wind turbines the power 

computed from Eq. (B .8) w i l l  not yield a pusiLive valuc. It can be shown 

' , ,  
(see Appendix D) t h a t  in order t o  ensure a posi t ive value of power 

. :. ' 'us*g Eq. (B'.8), the r a t i o  of cut-in speed t o  rated speed must 





be between 0.260 and 0.587. 

4.3 DEVELOPMENT OF THE ARRAY POWER SIMULATION . . 

The power output from a spatial array of wind turbines is the 

sum of the output from each turbine. In 1978, Justus and Mikhail . . 

developed an empirical expression which gives a good approximation for 

the average wind speed (average is used in a spatial sense, not temporal) 

in a region with spatially correlated wind speeds. The form is basically 

a modified Weibull distribution with a parameter that is a function of 

the average correlation between sites within a region. (the correlation 

is a function of the average distance between sites), the Weibull shape 

parameter for a typical site, and the number of sites. Justus and - 
Mikhail simulate the average regional speed by simulating from a . 

Weibull distribution (or a simplified Rayleigh distribution) for, a' 

represenative site (a site that has the same annual mean wind speed 

as other typical sites within the region it represents) and employing 

a probability matching technique. Justus and Mikhail have also derived 

an empirical expression for wind speed gt individual sites given the 

array average speed. They can then simulate the wind speed dt each. . 

site for the array average speed at a particular point in time 

(usually an hourly average). A simulation process for an input 

sequence of a representative site is shown in detail by Cliff, Justus 

and Elderkin (1978) . 
There are several advantages to the preceding approach. It 

uses a Weibull or Rayleigh distribution for wind speed at a single 

site, provides a sequence of wind speeds at the individual sites 

over the region, and is shown to be relatively tractable. However, 



it contains some empirical approximations and uses a specified rather 

than simulated sequence, which is somewhat cumbersome. The approach also 

requires additional computations in order to obtain the array power, 

and incorporates spatial correlation of non-zero time lags only in- 

directly. 'A.slmplified approach, of commensurate accuracy, is developed 

herein. . 

The hourly wind speed at a single site is adequately modelled 

for wind energy conversion purposes by a Rayleigh distribution (Wentink, 

1976; Cliff, 1977; Corotis, 1977; Justus, 1978). The distribution for 

the mean wind speed over an array varies from Rayleigh (for a one- 

site array) to Gaussian (for an array og many sites). If the spatial 

.correlation in the array is moderate, then the array average speed will 

be well modelled by the Gaussian even if the array has only a few 

sites. The distribution for the array average speed will still be 

normal, though converging more.slowly, for higher values of spatial 

correlation (hourly values of 0.8 have been observed for winter months 

in relatively flat terrain). However, given the similar shapes of 

the Rayleigh.and Gaussian distribution .(for mean wind speeds between 

1 m/s and 10 m/s, the difference in the cumulatives of the two distri- 

butions is no more than 4% at any level), the Gaussian will provide 

a good approximation even for a highly correlated array of a few sites. 

The total array power may be. expressed as the product of array 

average power and the number of sites in the array. If the turbine 

power is linearly related to speed, then the average power is also 

linearly related to the' average speed. Although the power and wind 

speed are not actually linearly related at a single site, there are 



. . 

three fac tors  which tend t o  help make the , l inearizat ion a reasonable 

approximation.. F i r s t ,  the  power curve of array average power versus 

array average speed w i l l  tend to '  be smoother than the curve for  a 
. . 

. . 
single s i t e  despi te  the f i r s t  derivative discontinuity of the Pingle- 

s i t e  turbine power curve a t  cut-in, rated and cut-out speeds (Justus 
. . 

and Makhail, 1978). Second, the  coeff icient  of variation f o r  array 

average speed is l e s s  than fo r  a single s i t e ,  and hence a narrower 

range of the turbine charac ter i s t ics  curve is generally encountered. 

T h i s  e f fec t  w i l l  diminish considerably w i t h  increasing correlation 

i n  the .array. For iAtance,  the coefficient of variation for  'a 

ten-site array w i l l  decrease t o  32% of a single s i t e  when there is  no 

correlation among s i t e s ,  but w i l l  decrease t o  68% with 0.4 corre- 

l a t ion  and only 91% with 0.8 correlation. The th i rd  factor  is t h a t  

t h e  l inearizat ion can be improved by using a weighted minimum inte-  

grated squared e r ro r  technique i n  which the weighting function is a 

Rayleigh d is t r ibut ion  of the wind speed i t s e l f .  The equivalent 

l inearizat ion,  which i s  derived i n  Appendix B, fur ther  ensures t h a t  

the approximation is a best f i t  f o r  the range of wind speeds most 

l ike ly  t o  be observed. 

Although the preceding discussion indicates t h a t  the use of 

the Gaussian d is t r ibut ion  fo r  array average speed and the equivalent 

l inearizat ion a re  generally reasonable, it should be cautioned t h a t  

the  approximation cap be expected t o  be much poorer fo r  extremely high 

or  low average wind speeds. 

I f  the power output fromturbine j a t  time i with wind speed 
. , 

v ' is given by 
i j  . 



where a and b .  are determined in Appendix B,  the to ta l  power in an array . . 
j . I. . . 

of n turbines a t  time i w i l l  then be . . 

with the following mean and variance . . . . . . 

var [Pi] = b .  bk cov [v v 1 
j=l k=l 3 

i j ' .  i k  

For simplicity, assume a l l  the wind turbines in the array are 

the same; that  is, they have the same operating characteristics. Also .. 

assume that  the mean wind speeds a t  the various . .  s i t e s  are similar. 
. . .  

In th i s  case a and b.  w i l l  be independent of s i t e  and can be 
. . 

.. I I . , 
. . 

replaced by a and b,respectively. Equations . . (4;8) - ,(4.10) become , ' . , . 

. . .  
n 

. . .  " .  
n n 

var [pi] = b2 1 1 cov [V v I 
j=L k=l i j '  .ik 

. . 

. . . . 

where V.. i s  the array average wind speed a t  time i and can be modelled . . .  
1 . . 

. . 
by the ~auss i an ,  a s  previously discussed. Since P .  1s l inearly 

1 . . .  . . 

related t o  v it can'also be. described by th? Gaussian with the 
i ' 

mean and variance given by Eqs. (4.12) and (4 .13 ) .  . . . .  . .  . , 

L e t  P ( T )  be defined a s  the autocorrelation of wind speed a t  a 

r i t e  fo r  timc lag r ,  ps the zero-lag spatial correlation and p (TI 
S 



t h e  time-space co r r e l a t i on  of wind speed between s i t e s .  Corotis  (1976, 

1977) has shown t h a t  f o r  r e l a t i v e l y  f l a t  t e r r a i n ,  t he  hourly s p a t i a l  

co r r e l a t i on  is r e l a t i v e l y  constant f o r  s i t e s  t h a t  a r e  anywhere from a 

few kilometers t o  more than '100 kilometers apar t .  The wind speed may 

be assumed t o  be s p a t i a l l y  homogeneous and teinporally s ta t ionary  

across  t h e  a r ray ,  and the  autocorrela t ion of the  a r ray  mean wind.speed 

f o r  time l ag  r ,  R ( T ) ,  may be given a s  (see Appendix C f o r  der ivat ion)  

R ( f )  is a l s o  t h e  au tocor re la t ion  function f o r  t he  a r r ay  average power 

because of t h e  l i n e a r i t y  between power and speed. 

' .  The s tud ies  by Corotis a l s o  indicate  t h a t  t he  autocorrelation and 

time-space cor re la t ions ,  p (r)  and pS (.I) , decay exponentially with t i n e  

l a g  and with si.m&r decay r a t e s .  These condit ions imply ' t h a t ,  the' 

au tocor re la t ion ,  R(T)  ; w i l l  a l s o  decay exponentially. 

Following the same reasons discussed i n  Section 4.1 f o r  the 

simulation of wind speed a t  a s ing le  s i t e ,  the  Gaussian d l s l i i bu t ion  

and the  exponential autocorrela t ion function provide t h e  necessary 

pre requis i tes  f o r  a Gauss-Markov process. The sequence of a r r ay  

power is simulated from t he  Gaussian d i s t r i b u t i o n  using t h e  parameters 

given by Eqs. (4.4) and (4.5) with p = R ( 1 ) .  However, E q s .  (4.12) 

and (4.13) are used t o  i n i t i a l i z e  t he  simulation. Computer program 

ARASIM (see Appendix E) i s  wr i t t en  t o  perform the  Gaussian simulation 

f o r  hourly a r r ay  power based on the  preceding discussion and 

incorporates  seasonal and .diurnal  cycle e f f e c t s .  



4.4 ANALYSES OF ARRAY POWER MODELS 

In order t o  assess  t h e  a r ray  power'model discussed i n  Section 4.3, 

s t a t i s t i c a l . a n a l y s e s  were conducted on each of the  t h r ee  a r ray  power 

models, A&IM ( the  Gaussian simulation of power), SIMUL ( the  simulation 

developed by C l i f f ,  Justus  and Elderkin (1978)),  and REGIONAL ( the  ac tua l  

wind speed col lected by National Weather SerVice). For verif icati 'on 

purposes, s i x  wind' tu rb ines  (45. kW, 100 kW (MOD 0) -, 200 klW (MOD OA) , 

500 kW, 2 MW (MOD 1) , 2.5 MW (MOD 2 ) 1 and 3 regions (Kansas, Northern 

I l l . h o i s  and Wyoming) w e r e  studied. The wind tu rb ine  operating charac- 

t e r i s t i c s  (Th-s and Donovan, 1978.; Rockwell In te rna t iona l ,  1978; 

General E l ec t r i c  Company, 19761; Hunnicutt, ' Einscot t ,  and'wolf,  1978) 

and the regions.under inves t iga t ion  a r e  summarized i n  Tables P . l . and  4.2. 

For the  REGIONAL r e s u l t s ,  t h e  da ta  were obtained from t h e  National 

Climatic Center. The sites a r e  Topeka, Forbes AF'B and Olathe NAS in 

Kansas; Argonne National Laboratory 1 8 ' ,  Glenview, Midway, O'Hare and 

Rockford in northern I l l i n o i s ;  and Cheyenne, Douglas and Laramie i n  

Wyoming. The wind speeds a t  these s i t e s  have been studied extensively 

by Corotis  (1976, 1977; 1979). Due t o  the  va r i a t i ons  in record length,  

t he  da ta  were extracted f o r  the  common period among s i t e s  within t he  

.region. A. l inear  in terpolat ion w a s  used t o  replace missing o r  inval id .  

data.   his approximation does not a f f e c t  t he  analyses s ign i f i can t ly  

because t he  number of miss ing 'or  inva l id  da t a  i n  a region is low (a 

haximum .of 0..12% of the  record) and it. i s  very un l ike ly  t h a t  a l i  sites 

*. a region'have a missing datum a t  the  same t%.' A record of hourly 

array power was then created for '  each region and wind turbine by 

surmnii~g the: turbine power (computed' from Eq. (B -8  ) 1 over t he  region. . 



TABLE 4.1 Summary of Wind Turbine Operating Characterisrics 

WIND . 

TURBZNES 

MOD 13 

MOD OA 

500 KW 

MOD 1 

MOD 2 

OPERATING CHARACTERISTICS 

I I 
RATED POWER I RATED SFEED 

(KW) (m/s 
CUT-OUT SPEED 

im/s 1 



TABLE 4.2 Summary of Sites Investigated 

- 

LOCATION 

TOPEKA, KS 

FORBES AFB, KS 

OLATHE NAS, KS 

CHEYENPJE;WY* 

DOUGLAS, WY 

LARAMIE, WY 

ARGONNE NATIONAL 

LABORATOW 18', IL 

GLENVIEW, IL 

MIDWAY, IL 
\ 

O'HARE, IL 

ROCXFORD, IL 
. 

(N) 

39O 94' 
95' 38' 

38O 57' 
95O 40' 

38' 50' 
94O 53' 

41' 09' 
104O 49' 

42O 45' 
l0S0 23' 

41° 19' 
10S0 41' 

41° 43' 
87O 59' 

42O 05' 
87O 50' 

41" 47' 
87O 45' 

41° 59' 
87O 54' 

42O 11' 
89O 05' . 

GROUND 
ELEVATION 

(meters) 

285 

324 

335 

1873 

1476 

2183 , 

227 

200 

187 

211 

224 

. PERIOD OF 

TOTAL 

Jan. 1960- 

Dec. 1964 

Jan. 1960- 

Dec. 1964 

Jan. 1960- 

Dec. 1964 

Jan, 1950- 

Dec. 1954 ' 

Jan. 1950- 

Dec. 1954 

Jan. 1950- 

Dec. 1954 

July 1949- 

Mar. 1965 

Jan. 1958- 

Dec. 1964 

Jan. 1950- 

Dec. 1973 

Jan. 1950- 

Dec. 1964 

Jan. 1950- 
Dec. 1954 
Jan. 1959- 
Dec. 1964 

RECORD 

UTILIZED 

Jan. 1960- 

Dec. 1964 

Jan. 1960 

Dec. 1964 

Jan. 1960- 

Dec. 1964 

Jan. 1952 

Dec. 1954 

Jan. 1952 

Dec. 1954 

Jan. 1950 

Dec. 1954 

Jan. 1959- 

Dec. 1964 

Jan. 1959- 

Dec. 1964 

Jan. 1959- 

D~c. 1964 
I 

Jan. 1959- 

Dec. 1964 

Jan. 1959- 

Dec. 1964 



A similar procedure was applied to the. SIMUL model where the hourly. 

wind.speed in the model was. simulated from a sequence.of hour1y:wind 

speeds at a representative site of each region (Forbes AFB in Kansas, ' . 

Rockford in northern Illinois and Laramie in wyoming) for an array:si,ze 

equivalent (in area) to the actual region, Although wind speeds.of ten 

sites were simulated in each array, three sites were actually used for 

Wyoming and Kansas and five sites for northern Illinois in computing the 

array power. 

The third model, ARASIM, is the Gaussian simulation of hourly array 

power. Themodel input is outlined in Appendix E. The data, are the 

averages of the statistics at individual sites over the array. The 

diurnal cycle factors were. linearly interpolated between the 6-hour period t . .  

statistics from the WXNDATB (~orotis, 1977) analysis :to obtain-.the hourly 

effect. The monthly correlations were also linearlY;interpreted.between 

seasons from.the' correlations analyses previously done. 

Computer programs WINDATB, AUTOCOR and PERSIST (Corotis, 1976;1977), . 

which compute the statistical analyses for wind speed, were modified 

slightly to campute the statistical analyses for array power. The modi- 

fied programs were renamed as WINDATR, RUTOCOR and PERIR for WINDATB, 

AUTWOR andl BgRSIsT, respectively. A brief description of the modified 

programs is given in Appendix F. The modification basically consisted of 

deleting the computation for velocity-cubed statistics and renaming the 

velocity statistics as power statistics. A power unit, PUN, is introduced 

which is defined in every analysis from the input data.. For convenient 

resolution it is recommended that PUN should be greater than or equal to 

one-thirtieth of the total array power.. 



The basic .statistics to compze.among models are the mean, 

variance and coefficient of variation of 'the data. Table 4.3 summarizes' 

the mean, standard deviation and, coefficient .of ' variation for the 

array power data. The mean array powers for the ARASIM are somewhat 

lower th& .the .REGIONAL with only a few exceptions. .. The coefficients 

of variation are quite consistent with the REGIONAL. Overall, the 

ARASXM model shows good agreement with the REGIONAL, and in many cases, 

it even fits better than the SIMUL: 

Histograms for all the models were computed to assess the fitting 

of the array power frequency distribution. Selected typical histograms, 

winter and summer seasons for MOD OA (200kW) for the three regions, 

are presented in Figures 4.2-4.4. Except for the extreme ranges, the 

ARASIM fits reasonably well to the REGIONAL. The cumulative density 

at 25 and 75% of the total array power for the winter and summer 

seasons for all the data are shown in Table 4.4. The two approximate 

models vary from the REGIONAL quite irregularly, but the cumulative 

densities are not significantly different. 

Another important.area of comparison is the autocorrelation 

function. Besides comparing the fit among models, it is necessary to 

verify that the autocorrelation function decays exponentially, one of 

the characteristics required by the Gauss-Markov process. A list of 

correlation times (the time that it takes the autocorrelation function 

to decay to l/e of its original value) for winter and summer is 

given in Table 4.5. The correlation tbes for the ARASIM in winter 

are higher than the REGIONAL and for the summer are lower, while the 

correlation thes for the SIMUL are lower for both seasons.. .Figures 



4.5-4.6 show the gutocorrelation function fo r  MOD OA i n  the various 

regions. It is observed t h a t  the correlation function does decay 

, . exponentially, with the e f fec t  of the . diurnal cycle superimposed : 

The correlat ion functions fo r  the ARASIM &re usually higher than 'the 

REGIONAL in  the winter dnd lower in the s d e r .  For the. f i r s t  few l a g .  

hours, the correlat ions agree very well w i t h  the exact correlations. 

The SIMUL, on the other hand, has lower correlation values than the 
0 

REGIONA~, and the  function decays consider&bly i n  the f i r s t  few lag . 

hours. The higher correlat ions for  the ARASIM may be-due t o  the . 

, . 
estimated correlat ion function, R ( 1 )  , given by Eq. ' (4'. 14) . The ,. . ' 

assmptions made fo r  the spa t i a l  and time-space correlations may'have 

overestimated the correlat ion function. However, f ~ t h e r  investigation 

is needed t o  substantiate the observations or  t o  adjust  the corre- 

. . 
l a t ion  function. b .  

Mean xun lengths below 25% and above 75% of t o t a l  array power i n  . - 

each region were tabulated and are presented in Table 4.6 t o  compare 

the  persistence among the various models. The mean run lengths f o r -  

the ARASIM are' longer than the REGIONAL; while the SWUL are sl~ortte in 

general. One may notice the substantial  difference between ARASIM 

and REGlONAL b l o w  25% of t o t a l  array power in the summer a t  Kansas 

region. However, the  overal l  variation is reasonable. Graphs of 

mean run length versus run levels  were drawn for  a l l  turbines and 

regions. Same ,selected graphs are shown in  Figures 4.8-4.10 which 

provide an overal l  summary of the run duration f i t  among the models. 

1t is observed tha t  the complete c-e fo r  the ARASIM f i t s  the 

REGIONAL reasonably well. The SIMUL f i t s  well only a t  the low run 



levels for runs below the fixed run levels, and the difference increases 

with higher run level. Hence, the statistics shown in Table 4.6 are 

somewhat limited, reflecting the particular level of array power being 

compared. However, Table 4.6 still provides adequate information for 

comparison. ,In general, the ARASIM model gives a reasonable approxi- 

mate to the REGIONAL results. The overestimated mean run lengths . 

below high run levels may be related to the high.autocorrelation. 

Based. on the preceding analyses and discussion, it is 'reasonable 

to say that the approximate approach (ARASIM) developed here is a 

good approximation to the exact model. In many occasions, the ARASIM 

is shown to give a better fit than the SIMUL. In addition, the ARASIM 

has several computational advantages over the.SIMUL: the hourly . , 

array power is-simulated directly, the program is efficient, computing , 

time does not increase with the number of sites in an array, and the. 

method consistently incorporates autocorrelation and spatial corre- 

lation. However, there are some areas in the ARASIM model that require . . . . 

attention: &.the relatively consistent high autocorrelations; and the . 

capability of modelling..an. array with different wind turbines. 



TAB= 4.3a Basic Array Power S t a t i s t i c s  for.Kansas Region 

TURBINE 
RATED 
POWER 

' 

45 KW 

MOD 0 
(200 m )  

w 

MOD OA 
(200 

500 Kw 

MOD 1 

' 

SEASON 

ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 

ANNUAL 
WINTER 
SPRING 
SUMMER 
FJUL 
ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 
ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 
ANNUAL 
'INTER 

I 

i 

a/m 

1.800 
1.611 
1.578 
2.075 
1.874 

1.159 
1.032 
1.015 
1.367 
1.213 
1.393 
1.242 
1.219 
1.635 
1.457 
1.317 
1.170 
1.146 
1.569 
1.381 
2.060 
1.827 
1.762 
2.564 
2.156 

1.581 
1.405 
1.372 
1.885 
1.657 

MEAN(KW) 

11.43 
13.63 
15.16 

6.56 
10.37 
86.87 

100.17 
104.40 
62.49 
80.62 

111 -90 
131.30 
140.48 

73.30 
102.75 
345.30 
403.42 
427.50 
233.02 
317 -92 
464.25 
561.50 
634.75 
244.25 
417.00 

1100.25 
1305.00 
1420.75 

672.75 
1004.25 

SPRING 

SIMUL 

(w) 
STD. DEV. 

20.57 
21.96 
23.92 
13.61 
19.43 

100.66 
103.36 
105.97 

85.42 
97.81 

155.82 
163.03 
171.26 
119.81 
149.71 
454.72 
472.18 
490.09 
365.65 
439.11 
956.25 

1026.07 
1118.15 

626.25 
899.24 

1739.00 
1833.08 
1949.94 
1268.29 
1664.16 

U/m 

1.492 
1.317 
1.272 
1.623 
1.594 

0.956 
0.840 
0.810 
1.093 
1.039 
1.162 
1.025 
0.982 
1.304 
1.257 
1.087 
0.957 
0.913 
1.241 
1.184 
1.669 

REG 

-(w) 
15.03 
18.54 
21.86 

9.53 
13.41 

109.35 
126.25 
131.72 

80.75 
98.98 

148.32 
173.05 
189.52 
100.32 
130.60 
450.60 
525.22 
562.23 
314.10 
401.70 
667.50 

a h  

1.383 
1.174 
1.174 
1.561 
1.349 

0.906 
0.753 
0.707 
1.199 
0.943 
1.205 
1.028 
0.978 
1.529 
1.24P 
1.092 
0.905 
0.841 
1.482 
1.152 
2.054 

MEAN (KW) 

. 14.97 
18.94 
20.70 

7.76 
12.53 

103.92 
123.28 
129.42 

67.45 
95.95 

130.98 
161.02 
171.32 

75.72 
116.28 
406.42 
496.58 
529.20 
237.60 
363.68 
495.50 

ION AL 

STD. DEV. 
(KW) 

23.62 
24.42 
27.81 
15.47 
21.38 

104.60 
106.01 
106.72 

88.27 
102.81 
172.28 
177.39 
186.18 
130.85 
164.18 
489.90 
502.76 
513.56 
389.81 
475.57 

114.00 

ARASIM 

STD. DEV. 
(Kw) 

20.70 
22.24 
24.31 
12.11 
16.91 

94.20 
92.78 
91.47 
80.87 
90.47 

157.88 
165.50 
167.51 
115.78 
145.26 
443.62 
449.39 
445.05 
352.15 
419.14 

1017.75 

(2 MW) 

MOD 2 
(2.5 MW) 

1.469 
1.386 

787.00 
951.25 

1.690 
1.636 

666 .OO 
743.25 

1156.02 
1318.50 

1125.44 
1215.60 

1.908 
1.812 

1.304 
1.151 
1.094 
1.471 
1.416 

2.880 
2.219 

1.421 
1.198 
1.127 
1.901 
1.504 

192.25 
381.25 

1251.75 
1588.50 
1715.50 
639.25 

1068.25 

717.59 
1006.04 

1961.25 
2029.98 
2175.85 
1413.86 
1843.91 

SUMMER 376. GO 
FALL 555.25 

553.68 
845.91 

1778.75 
1890.73 
1933 -65 
1214.96 
1606. &4 

ANNUAL 
WINTER 

SUMMER 
FALL 

1503.50 
1763.50 
1988.25 

961.00 
1302.50 



TABLE 4.3b B a s i c  Array P o w e r  Statist ics for N o r t h e r n  I l l i n o i s  R e g i o n  

? 

TURBINE 
RATED 
POWER 

45 KW 

MOD 0 
(100 KW) 

MOD OA 
(200 KW) 

500 KW 

MOD 1 
(2 Mw) 

MOD 2 
(2.5MW) 

SEASON 

ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 
ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 
ANNUAL 
WPNTER 
SPRING 
'SUMMER 
FALL 
ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 
ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 
ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 

MEAN (KW) 

23.03 
31.15 
25.92 
12.02 
23.22 

180.95 
225.08 
196.88 
117.88 
185.15 
232.9G 
301.90 
257.45 
137.13 
237.30 
725.32 
928.72 
796.42 
439.88 
741.82 
938.40 

1308.80 
1068.00 

443.20 
943.20 

2281.60 
3032.40 
2542.40 
1252.40 
2317.60 

REGIONAL 

STD. DEV. 

(KW) 
33.81 
39.32 
34.86 
20.94 
32.88 

166.62 
175.87 
160.63 
134.39 
165.92 
264.28 
293.16 
262.28 
189.39 
260.60 
771.52 
838.90 
754.09 
583.30 
765.61 

1589.20 
1865.86 
1650.65 

958.65 
1542 - 9 3  
2943.20 
3335.34 
2955.32 
1995.47 
2891.42 

MEAN (KW) 

24.67 
34.98 
27.48 
11.93 
24.58 

173.95 
226.02 
187.12 
103.75 
180.42 
217.42 
296.00 
237.32 
115.72 
222.80 
678.22 
917.78 
741.08 
362.78 
697.95 
799.60 

1240.40 
912.00 
285.20 
771.20 

2066.00 
2944.40 
2287.60 

966.80 
2089.20 

a/m 
1.468 
1.262 
1.346 
1.742 
1.416 
0.921 
0.781 
0.816 
1.140 
0.896 
1.134 
0.971 
1.019 
1.381 
1.098 
1.064 
0.903 
0.947 
1.326 
1.032 
1.694 
1.426 
1.546 
2.163 
1.636 
1.290 
1.100 
1.162 
1.593 
1.248 

MEAN (KW) 

25.05 
28.51 
29.17 
16.90 
25.69 

185.55 
206.72 
204.88 
141.50 
189.68 
243.58 
274.60 
274.75 
176.20 
249.52 
748.42 
841.05 
839.32 
549.98 
766.05 

1035.20 
1189.20 
1220.00 

670.80 
1063.60 
2420.80 
2748.00 
2772.00 
1687.60 
2484.80 

ARAS IM 

DEV. 
(KW) 
33.16 
38.80 
34.52 
19.36 
30.39 

154.70 
152.80 
148.15 
130.02 
150.28 
259.48 
286.06 
256.27 
184.04 
253.12 
728.55 
760.70 
703.56 
560.51 
712.42 

1624.40 
1980.18 
1697.43 

855.20 
1531.12 
2916.00 
3308.78 
2906.90 
1914.45 
2840.17 

a/m 
1.344 
1.109 
1.256 
1.623 
1.236 
0.889 
0.676 
0.792 
1.253 
0.833 
1.193 
0.966 
1.080 
1.590 
1.136 
1.074 
0.829 
0.949 
1.545 
1 .021  
2.032 
1.596 
1 .861  
2.999 
1.985 
1.411 
1.124 
1 .271  
1.980 
1.359 

SIMUL 

STD . DEV . 
( 131 1 
34.04 
35.11 
36.66 
26.97 
34.21 

162.78 
162.62 
161.84 
150.81 
162.38 
258.42 
263.31 
264.65 
224.27 
259.25 
749.70 
757.27 
758.18 
669.60 
750.58 

1587.20 
1651.23 
1712.26 
1243.80 
1596.90 
2905.20 
2979.56 
3026.60 
2437.05 
2922.93 

a/m 
1.359 
1 .231  
1.257 
1.596 
1 .331  
0.877 
0.787 
0.790 
1.066 
0.856 
1.061 
0.959 
0.963 
1.273 
1.039 
1.002 
0.900 
0.903 
1.217 
0.980 
1 .533  
1.389 
1.403 
1.854 
1 .501  
1.200 
1.084 
1.092 
1.444 
1.176 



TABLE 4 . 3 ~  Basic Array Power Statist ics  for Wyoming Region 

~ . -  
r 

TURBINE 
RATED 
POWER 

- 

45KW 

MOD 0 
(100 KW) 

MOD OA 
(200 Kbl) 

500 KW 

MOD 1 
(2 Mw) 

MOD 2 
(2.5MW) 

> 

SEASON 

ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 
ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 
ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 
ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 
ANNUAL 
WINTER 
S P R I N G  
SUMMER 
FALL 
ANNUAL 
WINTER 
SPRING 
SUMMER 
FALL 

MEAN (KW) 

31.77 
46.95 
32.42 
17.95 
30.16 

167.75 
207.15 
173.62 
125.05 
166.28 
238.42 
321.25 
246.50 
155.18 
233.00 
721.42 
938.78 
750.90 
492.52 
709.42 

1242.75 
2013.75 
1269.50 

553.75 
1153 .OO 
2518.75 
3581.50 
2615.00 

MEAN (KW) 

33.50 
44.24 
35.02 
22.86 
32.09 

157.54 
182.34 
164.41 
134.82 
149.06 
240.90 
294.78 
251.35 
189.92 
228.52 
707.70 
852.45 
739.20 
569.78 
672.15 

1425.75 
1896.25 
1489.25 

965.75 
1361.00 
2732.50 
3474.50 
2856.00 
2006.75 
2605.75 

ARAS IM 

S T D  . DEV . 
(KW) 
31.86 
37.29 
30.69 
20.48 
28.01 
86.35 
72.08 
82.21 
84.15 
80.12 

184.22 
184.19 
179.81 
151.01 
170.44 
445.95 
381.40 
427.36 
411.31 
412.21 

1598.25 
1876.70 
1543.90 

986.12 
1417.26 
2186.50 
2176.80 
2128.04 

. 

1.016 
0.793 
0.976 
1.164 
1.027 
0.614 
0.498 
0.571 
0.697 
0.656 
0.762 
0.604 
0.719 
0.886 
0.794 
0.699 
0.546 
0.658 
0.813 
0.734 
1.068 
0.818 
1.030 
1.303 
1.078 
0.851 
0.654 
0.809 
1.001 
0.876 

S IMUL 

S T D  . DEV . 
(KW) 
36.53 
39.15 
36.63 
29.28 
36.45 

108.20 
106.30 
105.78 
103.66 
110.22 
200.65 
204.08 
198.10 
181.33 
201.57 
545.48 
542.72 
536.82 
503.23 
552.17 

1633.50 
1744.38 
1635.43 
1347.17 
1619.72 
2526.50 
2603.11 
2512.03 
2177.40 
2530.71 

a / m  
1.003 
0.794 
0.947 
1 .141 
0.929 
0,515 
0.348 
0.473 
0.673 
0.482 
0.773 
0.573 
0.729 
0.973 
0.731 
0.618 
0.406 
0.569 
0.835 
0 .581 
1.286 
0.932 
1.216 
1.781 
1.229 
0.868 
0.608 
0.814 

bLEAN (KW) 

33.22 
- 47.12 

34.38 
20.00 
31 ;72 

152.91 
181'. 02 
163.20 
125.87 
142.48 
239.18 
302.95 
254.18 
178.72 
222.88 
695.78 
871.28 
738.08 
528.22 
650.78 

14 37.00 
2052.50 
1492.75 

854 .OO 
1364.75 
2745.25 
3697.00 
2875.50 
1815.25 
2582.75 

a/m 
1.090. 
0.885 
1.046 
1.281 
1.136 
0.687 
0.583 
0.643 
0.769 
0.739 , 

0.833 
0.692 
0.788 
0.955 
0.882 
0.771 
0.637 
0.726 
0.883 
0.821 
1-.146 
0.920 
1.098 
1.395 
1.190 
0.925 
0.749 
0.880 
1.085 
0.971 

1.170 
0.827 

REGIONAL 

STD . DEV . 
(KW) 
33.77 
37.37 
33.56 
23.29 
32.57 
93.83 
90.17 
93.20 
87.78 
93.43 

182.12 
183.06 
182.83 
158.41 
177.07 
486.38 
475.42 
485.32 
429.69 
477.76 

1535.00 
1679.16 
1537.08 

'111'2.74 
1471175 
2337 -00 
2419.05 
2325.64 
1853.41 
2262.53 

1473.00 
2433.25 

1723.22 
2012.85 
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FIGURE 4 .2a  Histograms of  Array Power 
f o r  MOD M- (200,KW) i n  
Kansas Region for  Winter. 
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FIGURE 4.2b Histograms of  Array Power 
for  MOD OA (200 KW) i n  
Kansas Region for  Summer. 
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FIGURE 4.3a His t0gr .m~ of Array Power for  MOD OA 
(200 KW) i n  northern I l l i n o i s  for  
Winter ,Season. 
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FIGURE4.3b Histograms of  Array Power for  MOD OA 
(200 KW) i n  Northern. I l l i n o i s  for  
Summer Season. 
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FIGURE 4.4a Histograms of Array Power f o r  ~ O D  OA (200 KW) 
in Wyoming Region f o r  Winter Season. 
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FIGURE 4.4b istograms of Array Power for MOD OA (200 KW) 
in Wyoming Region for Summer Season. 
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TABLE 4.4 Cumulative Density of Array Power Output a t  Indica ted  Percentages of Tota l  Array Power 

TURBINE 
RATED 

POWER 

45 KW 

MOD 0 
(100 KW) 

, 
MOD OA 

, (200 KW) 

500 KW 

MOD 1 
(2 MW) 

MOD 2 
(2.5 MW) 

. 

i 

SIMULA- 
TION 

MODEL 

-- -- 

REGIONAL 
ARASIM 
SIMUL 

REGIONAL 
ARASIM 
SIMUL 

REGION* 
ARASIM 
SIMUL 

REGIONAL 
ARASIM 
SIMUL 

REGIONAL 
ARASIM 
SIMUL 

REGIONAL 
ARASIM 
SIMUL 

' WYOMING REGION I KANSAS REGION NORTHERN ILLINOIS 

WINTER 

25% 

.813 

.756 
-832 

.346 

.252 

.356 

.552 

.507 

.557 

.470 
-402 
.469 

.791 

.779 

.808 

.635 

.608 

.645 

WINTER WINTER SUMMER 

25% 

.960 

.960 
-921 

-597 
,613 
-535 

-811 
.810 
.726 

.735 

.754 

.649 

.952 
-957 
.906 

.873 

.876 

.794 

75% 

.984 

.992 

.993 

.687 

.755 

.750 

-885 
.910 
.935 

.780 

.839 

.849 

.981 
-980 
-992 

.936 

.946 

.968 

SUMMER SUMMER 

75% 

.999 
1.000 

.998 

.909 

.932 

.863 

-983 
.989 
-971 

.949 
-966 
.927 

.999 
-999 
.998 

.993 

.996 
-988 

25% 

.944 

.968 

.964 

.599 

.647 

.693 

.739 
-794 
.823 

.626 

.700 

.726 

.920 

.955 

.950 

-815 
.871 
-879 

75% 

.999 

.999 
-998 

-893 
.933 
.915 

-971 
.985 
-978 

.927 
-955 
.944 

.998 

.999 

.997 

.983 
-992 
-986 

25% 

.497 

.480 

.5?7 

-151 
: .057 

.225 

? .247 
.218 

* .310 

-157 
.068 
-238 

, .441 
, .482 

.492 

.288 

.271 

.363 

75% 

.890 
,897 
-888 

.647 

.528 

.556 

-785 
.710 
.725 

-620 
.578 
.558 

.900 

.865 

.934 

-730 
-778 
.720 

75% 

.986 

.992 

.987 

.740 

.806 

.812 

.881 

.917 

.929 

.788 

.847 

.857 

.893 

.983 

.986 

-914 
.940 
.947 

25% 25% 75% 

.827 

.854 

.789 

.349 

.328 

.376 

.527 

.562 

.525 

.382 

.387 

.408 

.779 

.993 

.757 

.609 

.683 

.617 

.991 

.997 

.971 

.834 

.828 

.892 

.824 

.847 
.439 
.383 

.741 .538 

.929 

.950 

.883 

.573 

.555 

.668 

,854 
.888 
.780 

-988 
-993 
.970 

.946 

.969 

.898 

.470 
,429 
.570 

.798 
-816 
.864 

.658 

.658 
-746 



TABLE 4 . 5  Correlation T i m e  ( i n  Hours) f o r  Array Power 

NORTHERN 

WINTER 

11 
16 

7 

10 
17  
8 

11 
17 
8 

10 
17 
8 

11 
13 

7 

11 
17 
8 

TUl?BINE 
RATED 
POWER 

45 IGd 

- 
MOD 0 

(100 KW) 

M 0 D 3 A  
(200 

500XW 

MOD 1 
(2 &-) 

MOD 2 
( 2 . 5 M W )  

I L L I N O I S  

SUMMER 

7 
6 
4 

7 
6 
5 

7 
6 
5 

7 
6 
5 

6 
5 
6 

7 
6 
5 

KANSAS 

WINTER 

8 
9 
7 

8 
10 

7 

9 
10 

7 

8 
10 

7 

8 
8 
6 

9 
9 
7 

SIMULATION 

MODEL 

REGIONAL 
ARASIM 
S IMUL 

REGIONAL 
ARASIM 
SIMUL 

REGIONAL 
ARASIM 
SIMUL 

REGIONAL 
ARAS IM 
sIMuL 

REGIONAL 
ARASIM 
SIMUL 

REGIONAL 
ARASIM 
SIMUL 

REGION 

S U W R  

1 

-a c 

6 

5 
E 
E 

7 - 
9 

6 

7 
6 
6 

7 
4 
5 

7 
5 
6 

WYOMING 

WINTER 

6 
7 
4 

5 
7 
3 

5 
7 
3 

6 
7 
4 

6 
7 
3 

7 
7 
4 

REGION 

SUMMER 

4 
4 
2 

-- 

4 
5 
2 

4 .  
4 
2 

4 
5 
2 

4 
4 
2 

4 
4 
3 



WINTER 

'FIGURE -4.5a ,Autocorrelation Function for MOD OA (200 KW) in Kansas '~egion for winter 
Season. 



Lay (hours) 
.. . -, 

FIGURE 4.5b -Autocorrelation Function for MOD OA (200 KW] in Kansas Region for Summer 
,sea son. 



Lay  ( h o u r s )  

FIGURE 4.6a' ~utokorrelation mct ion  for MOD OA (200 KW) in  ~orthern 11-linois for 
Winter Season'. 



FIG-JRE 4.6b Autocorrelation Function for' MOD OA (200 .KW) ..in Northern -Ill-inois for 
Surmner Season. 
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FIGURE 4.7a Autocorrelation Function for  AD OA (200 KW) i n  Wyoming Region f o r  Winter 
Season. 



FIGURE 4.7b Autocorrelation Function for MOD OA (200 mj in Wyoming Region for Summer 
. Season. 



TABLE 4.6 Mean Run Length ('in Hours) Above and Below I n d i c a t e d  Percen tage  o f  T o t a l  Array Power 
. * .  

TURBINE 

RATED 

POWER 

45 KW 

M O D O  
( l o o m )  

MOD OA 
(200 KW) 

500 KW 

MOD 1 
(2 MW) 

- 
M 0 D 2  

( 2 . 5 M I )  
e 

SIMULA- 

TION 

MODEL 

REGIONAL 
ARASIM 
SIMUL 

REGIONAL 
ARASIM 
SIMUL 

REGIONAL 
ARASIM 
SIMUL 

REGIONAL 
A ~ S I M  
SIMUL 

REGIONAL 
ARASIM'  
SIMUL 

REGIONAL 
ARASIM 
SIMUL 

WYOMING KANSAS REGION 

WINTER 

BELOW 
25% 

6.501 
7.143 
3.958 

2.620 
2.624 
2.678 

3.410 
4.132 
2.908 

2.793 
2.796 
2.820 

5.326 
7.218 
3.607 

4.143 
4.569 
3.267 

REGION . - 
NORTHERN I L L I N O I S  

ABIOVE 
75% 

2.358 
3.309 
1.326 

3.500 
6.910 
2.483 

2.525 
4.764 
1.743 

7.182 
6.228 
2.687 

2.060 
3.229 
1.218 

3.753 
3.989 
1.936 

SUMMER 

BELOW 
25% 

12.986 
18.970 

7.557 
, 

3.413 
4.006 
2.612 

5.299 
5 .985  
3.500 

3.520 
4.428 
2.787 

.10 .406  
17.247 

3.607 

6.337 
8.707 
4.367 

ABOVE 
75% 

1.706 
1.636 
1.143 

2.597 
3.003 
1.843 

2.112 
2.205 
1.450 

2.604 
2.690 
1.857 

1.711 
1.679 
1.218 

2.238 
2.000 
1.443 

WINTER 

BELOW 
25% 

22.442 
23.417 
17.996 

7.514 

9.889 
9.836 
7.419 

7.773 
7.860 

19.620 
21.266 
14.745 

12.282 
12 .3013 .354  

. T  

SUMMER 

BELOW 
25% 

45.621 
80.598 
42.603 

8.298 
10.045 

7.410 

12.300 
17.130 
11.313 

8.455 
12.083 

8.230 

31.844 
56.167 
32.965 

17.600 
24.958 
1 5 . 3 8 9 1 . 4 0 2  

ABOVE 
75% 

2.559 
3.000 
1.366 

5.326 
6 .9712 .610  
5 . 9 2 2 2 . 2 6 1  

3.865 
3.742 
1.700 

5.406 
4.691 

6 .2012 .112  

2.367 
3.033 
1.336 

3.719 

8 . 9 6 2 1 . 7 6 5  

WINTER 

BELOW 
25% 

25.771 
19.819 
11.103 

7.604 

12.297 
10.179 

5.793 

10.215 
8.276 

23.775 
21.369 
10.213 

15.081 
1 1 . 9 5 0 3 . 9 7 1  

ABOVE 
75% 

3.333 
1.000 
1 .211  

3.523 
3.320 
1 .821  

2.779 
2.278 
1.426 

3.303 
2.721 
1.650 

2.571 
1.200 
1.240 

2.563 
2.070 

A B O ~  
75 % 

3.231 
2.784 
1.237 

7.933 
6 .0976 .420  
4 .1982 .462  

4.264 
4.390 
1.515 

6.207 
5.435 

4 .9441 .994  

3.024 
3.581 
1.262 

3.768 

6 . 6 9 5 1 . 3 5 8  

SUMMER 

BELOW 
25% 

76.405 
72.118 
20.580 

9.578 
1 0 . 7 4 9 3 . 4 2 9  

18.645 
20.937 

8.089 

13.608 
16.938 

6.530 

63.651 
68.640 
18.352 

28.150 
29 .0822 .192  
10 .0331 .264  

ABOVE 
75% 

1.375 
- 

1.174 

4.177 

5 . 1 5 0 1 . 9 7 3  

2.936 
2.127 
1.336 

3.464 
2.948 
1.565 

1.308 
1.000 
1.185 

2.636 



ABOVE 

Run L e v e l  ( P U N Z ~ ~ X V )  . . . . . 

FIGURE 4.8a Mean Run Lengths Above.Fixed Run Levels for  MOD 
OA (200 KW) in Kansas Region for  Winter Season. 



FIGURE 4.8b Mean Run Lengths Below Fixed Run Levels f o r  MOD 
OA (200 KW) in Kansas Region f o r  Winter Season. 

I 
I 

70 

'Zj 6 0 -  
4 
2s 
Q 

5 
< 5 0 -  
% 

3 
G 
w 
\I 

4 0 -  

c z 
, 30- 
'a z 

20 

/o  

0 * 

0 

I - 
WINTER I 

I 

BELOW I 

I 
I 
I 
I 
I 
I 
I 

REGIONAL / 

- 

- 

I I I I I I I I I I I I 
4 8 12 I 6  2 0  24 

Ru M Le ve I ( P U N =  2 5 ~ ~ )  



SUMMER 
ABOVE 

FIGURE ' 4 . 8 ~  Mean Run Lengths Above Fixed Run Levels f o r  MOD 
OA ( 200  m) i n  .Kansas ~ e g i o n  f o r  Summer Season. 



R u n  L ~ V B  I ( P L / N = ~ ~  KW) 

FIGURE 4.8d Mean Run Lengths Below Fixed Run Levels for MOD 
OA (200 KW) in Kansas Region for Summer Season. 
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Run f .e . /el  ( P U N . ~ S K W )  

WINTER 
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FIGUF82 4 .9a  Mean Run Lengths Above Fixed Run FIGURE 4 . 9 b  Mean Run Lengths B e l o w  Fixed Run 
Levels  for MOD OA (200 KW) i n  Levels for MOD OA (200 KW) in 
NGrthern I l l i n o i s  for Winter Season. Northern I l l i n o i s  f o r  Winter Season. 



Run Level ~ P U N = ~ ~ K W )  Run Level ( P U N S ~ S K W )  

FIGURE 4 . 9 ~  Mean Run Lengths Above Fixed Run FIGURE 4.9d Mean Run Lengths Below Fixed Run 
Levels  for MOD OA (200 KW) i n  Levels  for MOD OA (200 KW) i n  
Northern Illinois for Summer Season. Northern I l l i n o i s  for Summer Season 
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CHAPTER 5 ' 

BAYESIAN WIND SPEED DISTRIBUTION 

The c l a s s i c a l  approach t o  parameter estimation i s  based on the  . 

assumption t h a t  the  parameters a r e  unknown constants. The estimators,  
, . 

which a re  obtained using only sample s t a t i s t i c s ,  lead t o  confidence 

i n t e rva l s  t o  express t he  ,range of errors .  .Estimation using only ob- 

served data may be l imi t ing ,  espec ia l ly  when i n t u i t i v e  o r  subjective 

information i s  ava i lab le  s ince  t he re  e x i s t s  no £ o m 1  bas i s  Tor i t s  

incorporation using c l a s s i c a l  methods. Such problems can be t rea ted  

rigorously using Bayesian ana l  ysiss. 
. 

The Bayesian approach t o  parameter estimation i s  t o  model t he  

unknown parameters a s  random var iab les .  Through Bayes' theorem, t he  

uncertainty associated with t he  estimated parameters can be formally 

combined with the  inherent randomness of the  basic random variable. '  

Using t h i s  approach, in£ onnat ion based on previous experience and sampliny 

can be combined systemat ical ly  t o  provide a more r e a l i s t i c  d i s t r ibu t ion  

of t h e  basic random var iable .  

A common s i t ua t i on  i s  one in which the  underlying probabi l i ty  

d i s t r i bu t ion  of a basic  random va r i ab l e ,  denoted by X I  is  known with a 

high degree of ce r t a in ty ,  but  has  parameters Which are not precisely  

known. The unknown parameters w i l l  be denoted by 8 and considered a 

s ing le  parameter f o r  s impl ic i ty .  The f i r s t  s tep  i s  t o  t r e a t  8 a s  a 
1 

random var iable  and choose a p r i o r  d i s t r i b u t i u ~ r  uL 0, L g ( 0 ) ,  which bes t  

quant i f i es  a l l  ava i lab le  i n t u i t i v e  and judgemental bel iefs .  Now i f  



the  outcome of n observations of the  random var iable ,  X I  becomes avai lable ,  
I I 

then the  poster ior  dis t r ibut ion. .of  8.' f (8) can. be obtained from Bayes' 0 

theorem (Benjamin and Cornell, 1970) a s  follows: 

where . N = a normalizing constant 

L (O/xl , x2 I . . . x 1 = Likelihood of t he  sample given 0 n 
1 

I 

f (0) = Prior  d i s t r ibu t ion  of 8 

I I 

f ,  (8) = Posterior d i s t r i bu t ion  of 8 given the  sample 
, u observations x 

1' X2' ' - " 'X  n 

For the  sampling process which involves n independent observations 

of the  random variable., X I  the  l ikelihood function can be wri t ten a s  

n 
L(8/xlI x2' .....x n = igl fx(xi/8) (5..2) 

Equation (5.1) can now be wri t ten i n  the  form 

. . 
where, f (x /8) = Probabil i ty d i s t r i bu t ion  of t he  basic 

X i random var iable ,  X given 8 

In  the  above expression, it is assumed t h a t  both the  p r io r  and 

poster ior  d i s t r i bu t ions  of 8 a r e  continuous. A s imilar  expression is 

applicable when a d i s c r e t e  probabi l i ty  mass function is assumed f o r  the  

pr io r .  When the'nuxnber of .observations is r e l a t i v e l y  la rge ,  i .e . , in  

comparison with information upon which the  p r io r  is based, then the  

priox d i s t r i bu t ion  i s  termed diffuse.  The r e su l t i ng  pos te r io r  d i s t r i -  

bution i s  v i r t u a l l y  f r e e  of the  p r io r  information and i s  said  t o  be 

data-based. 



The posterior distribution .of 0 deals with the statistical, uncertain- 

ty in the parameter of the modelled distribution of the basic- random . 

variable, X. The distribution of X presents the inherent uncertainty 

in the value of the random variable,. which can be ~ombined .with the 

uncertainty of the parameter, 0,to obtain a compound or Bayesian distri- 

bution of X. This distribution will have a larger variance. than that 

for the modelled distribution alone, since it.contains both the statistical 

and.inherent uncertainties. 

5.2 BAYESIAN DISTRIBUTION OF WIND SPEED 

The basic random variable, i.e.,the wind speed, V, has been modelled 

by a Rayleigh di~tribution~which is of the form 

The mean wind speed, m, is a parameter of,the Rayleigh distribu- 

tion and is approximated by a random variable which will be denoted M. 
. . . . . . 

M is assumed to behave as a random variable w i t h  its own prior distri- 
I 

bution, f M ( m ) .  The choice of the prior is very important, and the follow- 

' ,  ing criteria are generally used: ., 

The'distribution should be mathematically tractable to allow . .. ,, - 
the posterior to be easily determined, i.e, abtainablo in  a 

closed form given the prior and the sample data. 

The dist,ri.h~~tion should be flexible enough to be capable of 

expressing the userl's prior information and beliefs. 
' .  

The parameters of the distribution should be readily inter- 
. . 

pretable . 



A frequently used method of satisfying the above conditions is to, 

choose a form of the prior distribution-for the parameter that is 

proportional to the kernal.of the likelihood function, i.e.,the .portion 

obtained by neglecting the factors independent of the parameter. Such 

a prior which' is compatible with the sample likelihood function is - 

termed a conjugate prior distribution. Also, the. use of a conjugate 

prior ensures a posterior distribution that is of the same form as the 

prior. . . 

The Rayleigh distribution of wind speed can be written as a 

special form of the Weibull probability density function, 

c-1 C 
fv(v) = (c/a) (v/a) exp (- (v/a) 1 

where, v > 0 
' I , .  

c = 2 (shape parameter) 

. .  . , . 2 , ,  
. . -c ' . . 

X = .a = a'2 =  IT/^ m . Substituting in (5.5) yields 
. . . . .  2' , . 

-Xv fv(v) = 2; X v ' e 
. ,  (5.6) 

: , .  

The likelihood function for A given n observations oE the wind . 
n 2 

speed is b(X/vl,i2,. . .v ) = hn 2"-. exp(-X v i )  The kernal of n i=l 

this function (i.e., factors dependent on X) is used to find a natural 

conjugate prior distribution for the parameter 1, assuined to be a 

random variable. A prior distribution similar in form and proportional 

to the kernal of the likelihood function is the Gamma-1 probability 



I 

where, r and y a r e  t he  shape and scale  parameters, respectively,  and 

I I I 

. . r - 1 1 1  i s  t o  be in te rpre ted  a s  r ( r  ) when r is non-integer. 

. . A parameter of g rea te r  i n t e r e s t  than X is the  mean wind speed, 

s ince it is recognizable and more e a s i l y  characterized. A pr io r  d i s t r i -  

bution f o r  the  mean wind speed, MI which w i l l  be a na tura l  conjugate of 

t he  Rayleigh d i s t r i bu t ion  is  derived from the  Gamma-1 d i s t r i bu t ion  of 

A. 

1 .  

dX -IT - -  ' Therefore - - 
dm. 2m 3 

The derived d i s t r i bu t ion  of M is  given by 

which can be evluated u s h g  (5.7) and (5.8a) : 

t 2 - (n y/(4n2)r' ex&-ITY/ (4m2 11 (S.9h) 
I 

m (r - l)! 

Lett ing y = (ny/4) i n  t h e  above expression gives the  f i n a l  form of t he  

' 

d i s t r i bu t ion  of t he  he in  wind speed, 

The poster ior  d i s t r i bu t ion  of t he  mean a f t e r  n observations of 
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The pos te r io r  d i s t r i bu t ion  of the  niean wind speed c o n t a a s  both 

t h e  p r i o r  information and the  observed data.  This can now be formally 

combined w i t h  the  modelled Rayleigh d i s t r ibu t ion  of t he  wind speed t o  

obtain  t h e  Bayesian d i s t r i bu t ion  of the  wind speed 

&arranging, t h i s  becomes . . . . 

2 I I 

by l e t t i n g  A = (nv /4 + y , this becomes . . . .  , . . . 

- 
r - 1 1 2  , S, 

I I 
. *  v - , s y  2 

fV(v) = 1 8 '  . / + 1 t exp (-n/m .I. dm . . 
(r - 3 / 2 ) 1  0 

. . .  :(5.18) 

I I 

. and by fiult iplying and, dividing by 2, ' 
+ 'I2 and l e t t i n g  t = m , 

one obtains  



on solving the in tegra l ,  t h i s  becomes 

Further s impl i f icat ion leads  t o  t he  f i n a l  form of the  Bayesian . 

dis t r ibu t ion  of t he  wind speed, . . . .  , 

Equation(5.2Uis f r e e  of the.mean wind speed,.M, which served a s .  . ,  

the. parameter of the  or ig ina l  Rayleigh d i s t r ibu t ion .  . . It is a function,  ,.., 

1 I I I 

of .r and y . , the  modified shape and sca le  parameters, respectively, of .. .. 

t he  poster ior  d i s t r i bu t ion  of the  mean wJnd speed. , . .  . .  . . 

5 .3  APPLICATIONS . . 
. . . .  

.The d i s t r i bu t ion  of t he  mean wind speed that , i s  chosen,prior t o ,  . . .  . . 

the  .observations.'of:the wind speed.at  .a  site is 'dictated by subjective . . , .  , , . 

., . . judgment about . the  nature of'  the  mean .. The pr-ility density of the.. . .. ., , . - , ,, ,. . , 

pribr . .d is t r ibut ion >with pa rme te r s  r8:and y' is:given by Equatoon (5 .lo). . . . , . .  _ .  

below 

. , -  . . . The mean arid variance of t h i s  distr ibution a r e  given by 



(r - 2 r - 1 - r - 3/2)! var(~) = I 2 (r - l)!) 

Subjective judgment about either the mean or the variance of the 

mean wind speed can be used in Equations (5.22a) and (5.22@, which will 
. . . . 

enable prior information to be quantified in terms of the 
I I 

r and y ,of the prior distribution. This form of the prior distribution 

is very .fl&ible and allows even limited information to be expressed by 
I I 

properly choosing x and y . 
Example 

., . :Assume that the prior estimate of the mean wind speed at a site 

is 1 4.7 in/s. Equation (5.22a)can be applied to obtain a relation between 
I I 

the parameters r '  and y . Further, if information about the variance, 
2 o , is known, such as a2 = 3 (m/s) Equation 5.221, can be used as well. 

I I 

This yields values of r = 3 and y = 50, which fully characterizes the 

prior distribution of the mean .a6;1. is written' below: 

I < _  

suppose now just one ' obker~atiori 'of the procdss (i ,e ., the wind speed) 
. . becomes available, viz . v = 4.5 ni/s. -The. Goiterior' distribution of the . . . .. . . 

1 

mean wind speed, M, is given by 'Equation (5 . i 6 )  
. . 

. - 
1 1  

. . .  I I I . . . . '  . - 
where, r = n + r + 1/2 . . 



2 " 71 - _ .  
- 4 

(4.5) + 50 = 65.9043 
. . . ,  . . 

The pos te r io r  d i s t r i bu t ion  'can now i be wri t ten . . a s  

Instead of jus t  one observation, suppose the  follow&ig 10 observa- 
* 

. . 
t i ons  of the  wind speed in meters per  second were taken a t  t he  same 

. . . " .  . . .  s i t e  a s  before: . ' 

The poster ior  d i s t r i bu t ion  can.now be wri t ten f o r  t h i s  case a s  . . "  " .  * . . 

Consider, the  cease where t he  .following f i f t y  observations ,of . . the  . . 

process a re  ayailable'  a s  speed . i n  .meters per 'second : 
. . 

For t h i s  s e t  of observations, 

I I 

r = 50 + 3 + 1/2 = 53.5 



The posterior distribution using these parameters is given by 

I I  I I I  1 1  2 53.5 
f, (m r = 53.5, y = 1398.2458) = 1.2892 x 10 99 (l/m 

2 
exp (-1398.2458/m ) (5.28) 

The prior distribution (Eq.(5'.23)) and the posterior distributions 

of each case (Eqi2. (5.24), (5.26) and(5.28 )) have been sketched in Fig. 5.1. 

Once the posterior.distribution has been obtained, the Bayesian 

* 
distribution of the wind speed, fV(v) can be determined from Eq. 5.21: 

Case 1: Before sampling, i.e., when n = 0; 

~ubstituting in Eq. (5'. 21) yields, 

Case 2: After 1 observation of the wind speed, i.e. n = 1: 

I I I I 

r = 4.5, y = 65,9043. Substituting in ~q.(5.21) gives 

Case 3: After 10 observations of the process, i.e.,n = 10: . , 

I I t I 

Substitution of r = 13.5 and y = 318.7632 in Eq.(5.23 gives 



Case 4: After 50 observations of t he  process, i.e., n = 50: 

1 1  I I 

r . =  53.5, y = 1398.2458. Subst i tu t ing i n  Eq.(5.2Uyields 

The Bayesian d i s t r i bu t ions  of the  wind speed given by Eqs.  (5.30), 

(5.31),(5.32)and(5.33)are shown i n  Fig.5.2. 

From procedures reported e a r l i e r ,  the  number of equivalent 

independent hours of da ta  per  day upon which a r e  based the  observed 

s t a t i s t i c s  i s  given by 

where, = variance of hourly speed 'hr 

2 a = variance of da i l y  average speed 
day 

Similarly the  number of independent hours per month i s  given by 
. . 

2 

- 'hour 
%s/month 

-- . , 
. . 

. . ( 5.35) r 
'mznth 

where, = variance of monthly average speed 'month 

The calculat ion of equivalent independent readings gave approximately 

2-3 hours per day and 50-64 hours per month. This suggests t h a t  14-21 

independent hours per week o r  150-200 hours per season would be obtained 

from hourly da ta  records. 

I f  i n  t he  above example, the  samples of wind speed a t  a s i t e  a r e  



howly records, then'l0 independent,houjcly observations (n = 10) is 

equivalent to sampling for approximately one week and 50 independent 

observations (n = 50) is equivalent to sampling for approximately one 

month. 

The 'process of obtaining a posterior distribution of the 'mean wind 

speed after one observation is nothing but an updating of the prior 

distribution with the new information. Thus, each ppsterior distribution 

can be thought of as an updated prior for the subsequent set of obser- 

vations. This process is seen in ~ig. 5.1 as a shifting of each posterior 

distribution to the right, i.e.,in a directionstrongly influenced by 

each new data set. E'urther,the posterior after 50 observations also 

shows a lesser spread than the posterior after 10 observations, whose 

spread is less than that of the posterior after just one observation. 

If 150-200 observations. (representing a whole season) were used, the 

posterior would most likely show a sharp peak with a very small spread 

about the mean of the observations. A whole year's equivalent data 

(approximately 600-800) would yield a posterior with an even lesser 

spread, a very sharp peak,and be almost totally data-based. In a similar 

manner, Fig. 5.2 'shows a continuous updating of the.Bayesian'distribution 

of wind speed with an increase in the number of observations. When the 

number of independent ob~ervations of wind sped'is equivalent to that 

of a year (i.e.,approxigtately 600-800), the Bayesian distribution of 
. - 

. . . . 

wind speed will approximate a Rayleigh' distribution obtained. using only 

the. obs'ervational data. However, the Bayesian distribution will have a 

larger-variance since it contains the uncertainty in the mean as well 

as elements of the asswed prior. Additional'data from subsequent years 

~ l l  continue to reduce the uncertainty in the' mean. . 



.. . - .  

FIGURE 5 11 prior' and ~ o s t e r i o r  Distribution of Mew 
, Wind. Speed. . . '  . . . . 



FIGURE 5.2 Bayesian Distribution of Wind Speed 



CHAPTER 6 

ADDITIONAL ANALYSIS OF NATIONAL WEATHER SERVICE SITES 

6.1 ANALYSIS OF NEW DATA 

In order t o  va l ida te  models from previous repor t s  (Corotis, 1976, 

1977, 1979), hourly wind da ta  were obtained,from e igh t  r e l a t i ve ly  windy 
. !  

s i t e s  throughout the  U.S. and f ive  c lustered s i t e s  i n  New Hampshire. A 

summary of t he  s i t e s  is  given i n  Appendix G. A l l  records cons i s t  o f '  

one-minute average wind speeds sampled once an hour. 

Table 6.1 gives the summary of wind s t a t i s t i c s  f o r  a l l  the  s i t e s .  

The hourly standard deviations a r e  high, except f o r  Cape Hatteras, a s  

compared t o  the  Rayleigh standard deviation of 52? of the  mean. Three 

sites i n  New Hampshire ( m c h e s t e r ,  Lebanon and W e s t  Lebanon) have 

e.xtreme.ly high standard deviations r e l a t i v e , t o  the  mean, with the  

coef£icient  of var ia t ion exceeding 100% (actual ly  the  l a s t  two s i t e s  

a r e  e s sen t i a l l y  t he  same locat ion) .  

The number of equivalent independent readings f o r  t he  s i t e s i s  

shown i n  Table 6.2. The n-r of independent hours per day was 

determined from a variance analysis  using WIN~ATB (Corotis, 1979) and 

ranges from 1.7 t o  3.9 fo r  the.winter; from 1.9 t o  4.2 i n  t he  spring; 

from 1.9 t o  4.2 i n  t he  summer and from 1.7 t o  4.3 i n  the  f a l l .  These 
. . : .  . .  

. , , . .  . . 
values a r e  consis tent  with the  general guidel ines  of 2-4 found f o r  . . , .. : . .  ' .  

. . ,. 
. . 

previous s i t e s .  From an autocorrelation ana lys i s  using AUTQCOR 
. - 

(Corotis, 1976) ,-the !~-cu&er oE independeng days p e r  month is  seen from 

Table 6.2 t o  be i n  the  range of 10 t o  25 days i n  t he  winter; 12 . t o  28 

days i n  +he spring; '17 t o  30 days i r i  the  sucker and 10 t o  24 day& i n  



TABLE 6.1 Summary of  Wind S t a t i s t i c s  

COEFF. OF 
VARIATION 

0.61 
0.58 
0.63 
0.62 , 

0.62 
8.67 
0.62 
0.56 

0.44 
0.41 ' 

0,. 45 
0.47 

0.57 
0.54 
0.49 
0.55 

0.51 
0.51 
0.51 
0.51 

0.59 
0.60 
0.60 
0.60 

0.67 
0.72 
0.69 ' 

0.70 

HOURLY 
STD. DEV. 

(m/s) 

5.22 
3.36 
3.05 
4.83 

3.69 
3.06 
2.57 
3.27 

2.50 
2.14 
2.10 
2.40 

3.88 
3.96 
3.07 
3.39 

2.65 
2.83 
2.69 
2.86 

3.04 
2 . 9 3  
3.12 
2.89 

2.48 
2.38 
2.57 
2.42 

WIND SPEED 
(m/s 

8.51 
5.80 
4.81 
7.73 

5.98 
4.56 
4.16 
5.80 

5.63 
5.26 
4.65 
5.14 

6.83 
7.35 
6.27 
6.16 

'5.20 
5.57 
5.22 
5.56 

5.11 
4.92 
5.22 
4.83 

3.72 
3.29 
3.75 
3.44 

SITE 

-- .--- 
Livingston 
Montana 

1948 - 1954 

-- 
Dunkirk 

Y ~ i k  

1949 - 1953 

--- 
Cape Hatteras 
North Carol ina  

1957 - 1964 

Dalhart  
Texas 

1948 - 1954 

Laguardia 
New York 

1948 - 1961 

North P l a t t e  
Nehra ska 

1948 - 1964 

Mount Shasta  
California 

1950 - 1951 

fi 

s.. 

SEASON 

Winter 
Spring 
Summer 
F a l l  

Winter 
Spr L l y  
Summer 
F a l l  

Winter 
Spring 
Summer 
F a l l  

Winter 
Spring 
summer 
F a l l  

Winter 
Spring 
summer 
F a l l  

Winter 
Spr .i ng 
summer 
Fa1 1 

Winter 
Spring 
Summer 
F a l l  



TABLE.6.1 Summary of W i n d  Stat ist ics ( c o n t i n u e d )  

S I T E  

B l u e  C a n y o n  
C a l i f o r n i a  

1948 - 1951 

C o n c o r d  
New H a m p s h i r e  

1948 - 1964 

Manchester 
~ e w  H a m p s h i r e  

1951 - 1967 

P o r t s m o u t h  
New H a m p s h i r e  

1956 - 1974 

Lebanon 
New H a m p s h i r e  

1959 - 1964 

W. L e b a n o n  
New H a m p s h i r e  

1949 - 1958 

MEAN SPEED 
(m/s)  

4.81 
4.61 
5.00 
4.88 

3.40 
3.05 
2.29 
2.75 

2.48 
2.26 
2.04 , 

2.17 

3.91. 
3.49 
2.85 , 

3.36 

2.35 
2.42 
1.81 , 

1.95 

2.44 
2.56 
1.94 
2.11 

t 
SEASON 

W i n t e r  

Spring 
Summer  
Fall 

W i n t e r  
Spring 
S u m m e r  
Fall 

*- 

W i n t e r  

Spring 
S u m m e r  
Fall 

W i n t e r  

Spring 
S u m m e r  
Fall 

W i n t e r  - 
Spring 
S u m m e r  
Fall 

Winter 
Spring 
Summer  
Fall 

HOUFtLY 
STD. DEV. 

(m/s)  

3.05 
3.09 ' 

3.07 
2 -99 

2.58 
2.28 
1.89 
2.36 

2.65 
2.38 
2.21 
2.32 

2.75 
2.33 
1.94 
2.45 

2.49 
2.45 
2.21 
2.39 

2.65 
2.55 
2.29 
2.47 

f 

COEFF. OF 
VARIATION 

0.63 
0.67 
0.61 - 
0.61 

< 

0.76 
0.75 
0.82 
0.86 

1.07 
1.06 
1.08 
1-07 

0.70 
0.67 
0.68 
0.73 

1.06 
1.01 
1.22 
1.23 

1.09 
1.00 
1.18 
1-17 - 



TABLE 6.2 Equivalent  Independent Readings 

FALL 

SITE DURA- 
TION 

(MTHS) 

DURA- 
TION 

[MTHS) 
HR/ 
DAY 

HR/ 
DAY 

Livingston 
Montana 

1948 - 1954 

Dunk i r k  
. New York 

1949 - 1953 

DAY/ 
MONTH 

SUMl4ER 

DAY/ 
MOMTH 

DURA- 
TION 
(MTHS) 

SPRING WINTER 

3.7 

HR/ 
DAY 

1950 - 1951 

Laguardia 
New York 

1948 - 1961 

' 3 . 3  1.5 

*2.7 

1.2 

1 .3  

DAY/ 
MONTH 

2.5 

. 2.1 

1.9 

2.6 

DURA- 
TION 

(MTHS) 
HR/ 
DAY 

Ca l i f  o rn i& ,, 3.7 ,13.9 ,2.3 3.7 , l 6 . 5  

I 

Cape Hatteras 
North Carol ina 

1957 - 1964 

Dalhart  
Texas 

1948 - 1954 

I 
1.5 / 1.7 

I 

22.1 24.0 

.21.9 

18.9 

23.4 

'3.3 

DAY/ 
klOWXW 

1.7 16.7 

2.1 

1.9 

2.8 

3.0 

3.9 

18.5 

2.3 

24.2 

18.0 

25.5 

- - - I  

17.3 

18.4 

1 .3  

1.9 

2.4 

1.9 

1 3.5 126.1  11.4 4.1 12.6 I 2.6 

2.0 

1.7 

0.9 

1 .  

1.3 
North P l a t t e  
Nebraska 

1948 - 1964 

Mount Shasta  

I 

17.0 

13.7 

24.1 

10.1 

12.1 

2.0 

1.7 

2.5 

3.0 

4 .3 '  11.5 

15.8 

25.3 

--- 

9.8 

17.3 

3.9 

3.1 

2.6 

1 

2.6 

1.4 

2.3 

1.9 

1.8 

1 

1.4 

3.1 

2.1 

2.3 

3.2 

2.9 
I 

17.9 

i 

12.3 1.8 



TABLE 6.2 . ~ q u h a l e n t  ~nde~e r iden t  Readings (continved) 

* 
WINDATB Fecorded From 1951 - 1967; AUTOCOR Recorded From 1951 - 1955. 



t he  f a l l .  These a r e  a l s o  consis tent  with the previous guidelines of 

10-25. 

The required number of months of s i t e  data  co l lec t ion  f o r  90% 

confidence t h a t  t he  observed seasonal average wind speed i s  within 10% 

of t he  t r u e  long-term average was computed. Except fo r  the  New Hampshire 
. . 

sites and the  winter and f a l l  of Livingston and Blue Canyon, a s ing le  

season, of data  co l lec t ion  i s  adequate. For a l l  s i t e s  except those with 
. . . , 

coef f ic ien ts  of var ia t ion  above one,no more.than two seasons of da ta  
. . 

a r e  required. 

Comparisons between t h e  observed histograms and the  Rayleigh 

d i s t r i bu t ion  f o r  a l l  s i t e s  a r e  siunmarized in ~ a b l e ' 6 . ' 3  i n  terms'of 

t he  cumk2itive probabi l i ty  at  4m/s and 10m/sl The Rayleigh f i t s  qu i te  
. . . . 

well  t d  t he  observed'data i n  general, with dif ferences  i n  the  cumulatives 

a t  4m/s of l e s s  than 0.1.  (except f o r  the  s i t e s  with coef f ic ien ts  of 

var ia t ion  exceeding one). Dffferences a t  lW/s  are l e s s  than 0.04. 
. - 

It should be cautioned, however, t h a t  t h i s  t ab le  only. provides selected . . 

information l imited t o  the  p a r t i c u l a r ~ l e v e l s :  of wind speed used f o r  
. . .  . . ,  

comparison. 
* .  * - 

The cross-correlation values were computed f o r  sites i n  the  s t a t e  
, ,. 

of New Hampshire and a r e  given ili  Table 6.4. The hourly, da i ly ,  

monthly and annual cor re la t ion  values  a r e  generally consis tent  with 
. I 

previous r e s u l t s  (Corotis, 1979). .They a r e  s l i gh t ly  lower than fo r  

regions with general ly  smooth t e r r a i n  (northern I l l i n o i s ,  northeast  ' 

~ a n s a ~ ,  and southeast  New h g l a q d )  and s l i g h t l y  higher than fo r  south- 

e a s t  Wyoming, which is q u i t e  mountainous. The annual corre la t ion 

between Lebanon and Portsmouth is  anomalous, and may be due t o  t he  



TABLE 6.3 Summary of  F i t  f o r  t h e  Rayleigh Model 

SITE 

Livingston 
Montana 

a t -  

P[v < 4 m/sl 

1948 - 1954 

Dunkirk 
New York 

1949 - 1953 

SEASON 

Winter 

OBSERVED 

0.201 

P[v < lOm/s]  . 

Cape Ha t t e ra s  
North Carol ina 

1957 - 1964 

Dalhart  
Texas 

1948 - 1954 

~ a ~ u a r d i a  
New York 

1948 - 1961 
-..- 

North P l a t t e  
Nebraska 

1948 - 1964 

Mount Shasta  
Ca l i fo rn ia  

1950 - 1951 
-. -- -- ... . .- ...A 

RAYLEIGH 

0.15.3 

OBSERVED 

0.676 

RAYLEIGH 
> 

0.647 . 

Winter 

Summer 

Winter 

Summer 

. 
' Winter 

Summer 

winter  

Sunimer. 

. : 
0.253 

, 0.356 

0.216 

0.215 

- 
0.199 

0.367 

0.467 

0.454 

. . 

0.. 341 

0.401 

0.235 
. . . . 

0.272 , . 

0'. 240 

U.422 

0.424 

0.469 

Winter 

Summer 

0.574 

0.807 

0.507 

0.709 

0.963 

0.972 

0.829 
. . 

0.938 

0.834 

0.886 

. . -  
0 ." 92'9 

0.979 

- .- a=-.- 

0.926 
. , 

. 0.960 

0.812 

0.927 

0.820 
. - . . .  

0.862 

0.968 

0.981 

0.987 

.O ,999 

0.995 

i. 000 



TABLE 6.3 Summary of  F i t  for  the Rayleigh Model (continued) 

I 

I 

, 

SITE - 

Blue Canyon 
California 

1948 - 1955 

Concord 
New Hampshire 

1948 .- 1964 . 

Manchester 
New Hampshiace 

1951 - 1967 

?or t qouth  
New Hampshire 

1956 - 1974 ' 

Lebanon 
~ e w  Hampshire 

1,953 - 1964 . , 

W .  .Lebanon 
New Hampshire 

1949 - 1958 1 0.766 I 0.061 1 0.999 I 1.000- 1 
- -. 

SEASON 

Winter 

Summer 

. . 
wiiiser 

S W e r  

Summer 

Winter 

Summer . 

. . 
winter 

Sunmie E- 

Winter 

- 
P[v  < 4 m / s l  

OBSERVED 

0.444 

0.606 

0.610 

0.808 

0.543 

0.710 

0.540 

-0.712 

0.689 

0.773 

0.694 

v 

P [v < 10 m/s] 

RAYLEIGH 

0.417 

0.640 

0.662 

0.907 

. . 

. 
0.617' ' 

0.874 . 

. 

0.561 .. . 

0.786 . 

0 .898' 

0.978. 

0.878 

OBSERVED 

0.336 

0.999 

0.985 

0.999 . 

. .  
. . 0.964 

:0..998 

. . .  . . . .  

. 0.969 
. . ,  . .  , 

. 0.998 

. ,  0.998 
. . 

1.000 

0.995 

RAYLEIGH. 

0.966 

0.998 

0.999 , 

1.000 

0.998 

1.000.. . 
. . 

0.994. . 

1.000%:'. 

1.000,~: 

1.000 

1.000 



.. TABLE 6.4 . Cross Cor re l a t ion  Values in New Hampshire 

ANNUAL 

0.43 

0.48 

-0.29 

0.48 

. . -SI%%S 

Concord-Lebanon 

1/1/59 - 12/31/64 

- 

Concord-Pcrtsmouth 

1/1/59 - 12/31/64 

Iebanon-Pcrtsmouth 

1/1/59 - 12/31/64 

concord-Manchestel: 

4/1/51 - 9/30/55 

SUMMER 

HOURLY 

0.57 

0.58 

0.46 

0.67 

WINTER 

DAILY 

0.67 

0.69 

0.51 

0.70 

bIONTHLY 

0.65 

0.47 

0.30 

0.34 

HOURLY 

0.60 

0.72 

0.51 

0.76 

MONTHLY 

0.50 

0.66 

0.66 

0.24 

DAILY 

0.78 

0.87 

0.70 

0.88 



anemometer change a t  Portsmouth. 
, , 

6.2 CALIBRATION OF PERSISTENCE MODEL 

Previous research (Corotis, 1979) has l ed  t o  the  development of 

.a power-exponential composite probabi l i ty  distr ibutioxi f o r  t he  length 

of time (run dukation) the  wind speed remains above o r  below fixed wind 

speed l eve l s  ( referred t o  as run l e v e l s ) .  The cumulative d i s t r i bu t ion  

fo r  run lengths i n  hours i s  given by 

in which 

to = 0.5 hours 

The mean run duration consis tent  ,with ~ ~ u a t i o n  (6.1) i s  

m t = 0.5 {or-'[l - (0.25)"] + [b/(b-l)] ( 0 . 2 5 ) ~ )  

. . 
i n  which 

The one f r e e  p a r ~ e t e r ' i n  t he  power-exponential model i s  b, which . . 

has been found (Corotis, 1979) t o  be highly correla ted t o  the  r a t i o  
. .  . 

of the  run l eve l  t o  t he  seasonal mean wind speed a t  a s i t e .  A nonl+near 
. * . . 



. , 
regression has been performed f o r  b using da ta  from a l l  sites with h o ~ l y .  

data  analyzed in the  present and previous repor t s  , (Corotis ,  1976;.1977; 

1979), except f o r  those s i t e s  with very shor t  records o r  s ign i f ican t  . . 

anemometer changes. There were about 30 s i t e s  and 120 sets of seasonal 

data. The regression.was perfornied f o r  b versus . the  r a t i o  of run l eve l  . ' ' , 

t o  mean speed, f o r  r a t i o s  ranging from 0.4 t o  2.5. There were about 

5 data points f o r  each seasonal s e t .  

For the  b parameter f o r  runs above a f ixed run leve l ,  the  simple 

l i n e a r  equation 

babove = 1.348 + 0.211 (Run Level/Mean Speed) (6.5) 

. . 

was chosen over the  second and th i rd  order equations tes ted  because t he  

improvement: i n  f i t  with the  higher order cukves was minor.' 

  or h s  below a fixed run leve l ,  a nonlinear regression up t o  t he  

fourth order was performed and it was found t h a t  the  following quadratic 

equation f i t  the data  well . . 

bbelow = 1.868 - 0.393 (kun Level/Mean, Speed) , * ,  . . 

+ 0.063 (Run Level/Mean. Speed) 
2 

(6.6) 
. . 

A standard F-tes,t was used t o  assess  the  f i t  of t he  regression curves, 

and they were s ign i f ican t  a t  a l l  levels .  Figure 6.1 shows Equations 
I 

(6.5) and (6.6) a s  well  a s  a l l t h 6  da ta  points.  

Mean run durations were found from obseived da ta  f o r  a l i  the  
. . 

s i t e s  used i n  the  regression arid graphed versus t he  r a t i o  of run l e v e l  
' 

. . 

t o  mean speed (between 0.4 arid 2.5) .  The power-exponentih kun 
- . . . . . . . 

duration model "as cal ibrated with b pa&net.cr v a J , ~ ~ e s  .frm Piplations 



(6.5) and (6.6) and computed mean run durations compared t o  observed 

values.  Reasonable agreement i s  obtained f o r  a l l  s i t e s  with hourly.co- 

e f f i c i e n t s  of var ia t ion  c lose  t o  o r  s l i g h t l y  above t h a t  predicted by 

t h e  Rayleigh (52%). When the  coef f ic ien t  of var ia t ion  i s  l e s s  than 

-about 45'6, the  power-exponential model f o r  runs,above fixed wind speed 

l e v e l s  i s  only good f o r  l e v e l s  g rea te r  than the  s i t e  mean speed, Emd f o r  
. . 

runs below fixed wind speed l eve l s  i s  only good f o r  l eve l s  less than 

about 1.3 times t he  s i t e  mean wind speed. For hourly coef f ic ien ts  of 

va r i a t i on  between 45% and about 80% the  power-exponential model appears 

t o ' b e  good over t he  f u l l  range t e s t ed  (wind speed l eve l s  from 0.4 t o  

2.5 times t he  site mean wind speed). For coef f ic ien ts  of var ia t ion  above 

about 80%, the.model i s  i n  subs tan t ia l  e r ro r  f o r  runs below f ixed wind 

speed l e v e l s  more than about 1.5 times the  s i t e  mean wind speed. In  ,, 

general, the  model f i t s  a s  w e l l  i o r  s i t e s  .with:relatively high mean wind 

speeds (4-8 m/s)  a s  it does f o r  the  less windy sites. 



.Wind Speed Level/~ean Speed 

FIGURE 6,la. Run Duxation b ~arameter fclr mlns 
Above Fixed Wind Speed Levels. 



Wind Speed Level/Mean Speed 

FIGURE 6.lb. Run Duration b P a r a m e t e r  for Runs 
B e l o w  Fixed Wind Speed Levels. 



CHAPTER 7 

. . 
CONCLUSIONS 

. . 

. . 
. . 

This study has shown t h a t  when the  wind speed i s  composed of hori- 

zontal  vector components t h a t  a r e  orthogonal, independent and of unequal 

variance, the  probabi l i ty  d i s t r i bu t ion  of the  wind speed i s  well modelled 

by the  one parameter (mean wind speed) Rayleigh d i s t r ibu t ion .  A s l i g h t  , . . . 

s h i f t  of t he  Rayleigh d i s t r i bu t ion  t o  the  r i g h t  of t he  derived d i s t r i -  

. . . . 

bution suggests t h a t  the  Rayleigh may f i t  b e t t e r  with the  mode of the  

observed.data than with t h e  mean (except ' in  the  extreme upper t a i l  region). 

The Rayleigh d i s t r i bu t ion  a l s o  gives a reasonable approximation when the  . . 

vector components a r e  correla ted and of unequal variance. The densi ty  

function is found t o  be symmetric with respect  t o  t he  sign of the  corre- : . . 
. . 

l a t i o n  between components. This observation i s  especial ly  s ign i f i can t '  , . . 

and advantageous i n  computing the  derived density function (Eq. (2.19)). 

There i s  no apparent e f f e c t  of sampling r a t e  o r  averaging time on 

the  mean of the  wind speed, and the  . e f fec t  on the  variance i s  r e l a t i v e l y  

minor f o r  sampling r a t e s  and averaging times of p r ac t i ca l  i n t e r e s t .  A 

d i s t i n c t  increase i n  autocorrelation with averaging times i s  observed, 

a s  w e l l  a s  an increase i n  mean wind speed persistence (run duration) 

with decreasing sampling r a t e .  Although the  sampling e f f e c t s  observed 

from two 24-hour records a r e  consis tent ,  they 'are not considered to be '. . . '. . 

. . conclusive. -ther invest igat ion is  necessary t o  substant ia te  these 

trends. . . . . . . 

The appl icat ion of a modified Weibull d i s t r i bu t ion  i n  combination . . 



with the  lag-one autocorrelation f o r  sequential  hourly wind spe=d &xmi- 

l a t i o n  leads  t o  a simple and v e r s a t i l e  procedure. Although the  simulation 

model appears t o  agree well with ac tua l  hourly wind speeds, comparison 

with more observed da ta  i s  requiked before the  simulation c& be considered 

t o  be f u l l y  ver i f ied .  

The ARASIM model t h a t  i s  developed fo r  the  time s e r i e s  s h u l a t i o n  
'' 

of power from a regional a r ray  of wind turbines  i s  shown t o  give a good 

approximation t o  t he  a r ray  power output based. on h i s t o r i c a l  data,and i n  

many cases gives b e t t e r  agreement than a somewhat more complicated model. . 

From the  analyses t h a t  were used t o  evaluate the  f i t t i n g  of the. simulated 

a r r ay  power.models ' t o  the  observed data ,  it i s  shown t h a t  the  a r ray  power 
. ' 

means and variances' of t he  ARASIM model agree reasonably ' y e l l  with: the  

REGIONAL.. . The ana lys i s  shows, t h a t  the  autocorrelatfon f i c t i o n  decays 

exponentially, which allows the  application of t he  Gauss-Markov process. 

The consistency of higher correla t ion f o r  the  ARASIM model i n  t he  winter 

and lower cor re la t ion  i n  t he  summer than the  REGIONAL r e s u l t s  may be due 

t o  t he  estimation procedures used and the  assumption t h a t  the  s p a t i a l  

and time-space cor re la t ion  a r e  r e l a t i v e l y  consis tent  throughout a region. 

The mean run durat ions  f o r  the  ARASIM model a r e  cons i s ten t ly  longer than 

the  nu;10& r e s u l t s  and may be due t o  the  high autocorrelation.  

Although the  model developed herein i s  considered t o  be a good model, 

f u r the r  development is required t o  b e t t e r  approximate t he  s p a t i a l  and 

autocorrela t ion func t i0 .n~  and the.arra.); power for .  a va r i e ty  ,of wind 

turbines. '  It i s  a lso .  rec.omge.nded t h a t  the W I M  and the  REGIONA_T; r e s u l t s  

be compared with da ta  fr.om' regions :having more' s i t e s .  



The concept of Bayesian statistics is seen to be an appropriate 

and practical procedure for incorporating the uncertainty associated with 

finite sampling duration into the basic wind speed model. While further 

development and application analysis are needed, it appears that the 

sampling uncertainty is strongly dominated by the inherent variability 
, 

for a year or more of field data. 

Data from relatively windy NCC sites is seen to generally confirm 

the use of the probability models previously developed, including minimum 

survey duration, the Rayleigh distribution for wind speed, and the power- 

exponential distribution for run duration. Some care in the use of 

general models must be exercised at those sites with unusual topography 

or exceptional variability of wind. 
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APPENDIX A 

PROGRAM "WEISIM" 

. . .  . .: . . . . . 

The' WEIS& program simidates t h e  hourly wind speed a t  a s ing le  

s i t e .  The simulation u t i l i z e s  an approximate procedure whereby t h e  
. . . . . .. 

Weibull meah a& variance a r e  replaced each hour by a condit ional mean 

and variance,  with a correct ion t h a t  is theo re t i ca l l y  exact  f o r  a 

Gaussian d i s t r i b u t i o ~ .  . The program a l s o  has 2 subroutines ; subroutine 
. . 

POLY and PARA, which compute.the parameters k and c of E q s .  (4.2) and . . . , 

(4.3) numerically. This program is  wr i t t en  t o  simulate a minimum of 

one yearland the re  is no upper duration l i m i t .  It is a l s o  capable of 

doing more th& on& set 'ef ' ,simulations a t  a time. 
. . .' '. . .. , . . . , 

The inpirt f b r  t h i s  .progrBm - 18 bn caqds i n  t he  fdl lowing order and 
. . 

fonnat: 

CARD NO. COL. NO. FORMAT DATA 

Number of years t o  be 
simulated 

T i t l e  of t h e  s i t e  (recom- 
mended) 

Coeff ic ients  f o r  tho poly- 
nomial approximation f o r  
t he  Gamma function. These 
coe f f i c i en t s  a r e ,  respec- 
t i v e l y :  -0.57486, +0.95124., 
-0.69986, +0.42455, -0.10107 

Monthly stan&--8 -8sviat&oll 
(in m / s )  

Lag one hourly autocorrela- 
t i o n  by month 

Monthly mean wind speed 
( i n  m / s )  



2 4 ~ 3 . 2  . Diurnai cycle e f f e c t  (mul- 
t i p l i e r  fac tor )  , 24 hours 
on one card. 

Blank i f  end of da ta ;  a new 
card 1 f o r  another simula- 
t i o n  ( i . e . ,  repeat  cards 
1 - 32) 

* Right j u s t i f i e d  

I 

The line p r i n t e r  output of the  program is a t a b l e  of mean wind 

speeds and standard deviat ions  (including the d iurna l  cycle e f f e c t )  by 

morith and hour of the  day. The simulated hourly wind speed' is wri t ten 
I 

on tape and t h e  format i s  

where YY Y e a r ;  5981 - (Col. 1 - ' 2 )  

MM Month, 05 = May (Col. 3 - 4 )  

DD Day 
I .  

(Col. 5 - 6) 

VVVW Wind speed, i n  integer centimeters per second 

(Col. 9 - 13) 



-b 
READ YEARS TO BE SIMULATED 

I 

READ COEFFICIENTS FOR 
APPROXIMATED 'GAMMA FUNCTION 7 

/ READ MONTHLY 0 AND LAG ONE 7 
HOUFGY AUTOCORRELATION BY MON 

I 

SIMULATE FIRST HOURLY 
WIND SPEED OF RECORD . 

SIMULATE HOURLY I WIND SPEED 

I I L24 HOURS IN A DAY I 
1 DAYS IN A MONTH 
12 MONTHSIN A YEAR 

- WRITE ONE YEAR OF 
WIND SPEED ON 

TAPE 
I 

TOTAL YEARS 

EXIT 
FIGURE. ~ . 1  Computer Flow Chart for Program WEISIN 
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APPENDIX B 

DETERMINATION OF CONSTANTS a AND b FOR TXE EOUIVALENT 
LINEARIZED RELATIONSHIP BETWEEN WIND SPEED AND TURBINE 

POWER 

Letting P bethe power generated by a wind turbine and v be the 

wind speed, ,the'equivalent linearized relationship is given by 

P = a + b v  (B.1) 

A 
where P is equal to the linearized estimate of. the generated 'power. The 

exact relationship between P and v, in general, can be written as follows, 

/r 

P = g (v) (B.2) 

where g is an arbitrary function (h reality, g is positive semi-definite, 

monatonically non-decreasing, and continuous with discontinuous derivatives 

at selected points) . 
The weighted integrated least-squared error of the linearization' 

where w(v) is a weighting function for wind speed. An obvious function 

is the relative likelihood of occurrence of wind speed values. The proba- 

bility density function of wind speed, f(v), provides this weighting 'as 
. . 
" . .  

well as satisfies the'.weighting function prerequisite of integrating to' . . 
. , 

. . . . 

unity. Equation (B. 3) becomes 

One'can minimize the error by setting the partial. derivatives of 

Eq. W.4) with. respect. to a and b equal to zero, then by solving the 

resulting pa* of simultaneous equations for a and b as follows: 



Applying the wind speed-turbine power relationship developed by 

Justus, Hargraves and Mikhail (1976) , g (v) is given by 

where R = A + Bv + cv2 is the related power, v v and vo h e ,  respec- r r it r 

t ively ,  cut-in, rated and cut-out wind speed. It should be noted that  .. > 

A, B, and C here are  R,times a s  large as, those defined by Justus ,et  a l .  
. . .,. 

The constants A , ' ~ ' a n d  C are found by satisfying the conti,n~xity at v 
i - 

and v and the condition tha t  the power a t  median wind speed (v = (v + r m i 

vr)/2) i s  equal t o  R(v,/vr) '. This procedure has been shown by Justus 

e t  a l .  t o  adequately describe power output,cqrves for wind turbines hav- 

ing a rated power from a few W t o  1500 KW. X t  appears t o  be adequate 

for  higher rated power'because the operating curves for the 2000 KW a@ : .  

,2500 do not vary significantly from the lower capacity turbines 
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order' t o  f i t  . ~ e  actual curve over' the' f u l l  range,' the agreement must be 

compromised iil the' hpor tan t  range n e e  the mean wind -speed, as  can be 

seen from Fig. B -1. A t  the other extreme, using' just the range (vi, vr) 

is not acceptable because it produces very laige errors in the moderately 

important wind speed'ranges'.below cut-in and between rated and cut-out. 

Another reason why' t he ' v  t o  v range is not preferred is that  .the re- 
i r 

gional array average power' curve exhibits smoothed transition regions of 

decreased'slope. (as compared'to a single-site power curve) for wind speeds 

s l ight ly  above cut-in and below rated ( ~ u s t u s  and W a i l ,  1978). The 

equivalent l inear curve based on the range (v i , v r ) is  thus too steep 

over a l l  b u t  the cen te rof  the (vi, Y,) range. The remaining three ranges 

a l l  provide similar f i t s ,  and as  shown by Fig. B . l  it is not obvious which 

range provides the best f i t .  The v.  t o  v range has been chosen for &n- 
1 o 

vestigation since . it is. the'  t o t a l  non-zero operating range of the turbine. 

Adopting the integration l imits  of vi and vo, Eqs: (B.12) and (B.13) 

lead t o  the'following expression for a and b: 

where F16 = F1 + Fi 





WIND SPEED (m/s 1 
FIGWE.. B .1- Comparison of Linear Power-Wind Speed Relation. to  the operating .Power Curve of 

..a MOD OA 1.200 KW) Wind Turbine in Wyoming. Region a t  11 a.m. i n  ~ e b r u a r ~ .  



APPENDIX C 

DERIVATION OF AUTOCORRELATION FOR ARRaY SUMMED WIND SPEED 

L e t  rn and 0 be the'mean and standard deviation of wiqd sped  for 
V v 

&y particular s i t e  a t  a given point in. time. Assme spatial homogei~eity 

and temporal stationarity for a l l  n s i t e s  in the array. The summed wind 

: .  speed for hour i is given as . -. 

The' autocorrelation between the s h e d  speed a t  hour i and how 'j .is 
,. . 

dsf ined by 

Z Z cov [vik, viL I k=l 4 4  

p (j-i) + (n-1) p p ( j - i )  
a 

l +  (n-1) P, 



APPENDIX D 

DERXVATION OF WIND SPEED AT WHICH 

NEGATIVE POWER IS COMPUTED . 

Cne can find the wind speed, vcr , at which g (v) (Eq. (B. 8 ) is 

minimum by solving the equation 

in which 

B v = v  = - -  
cr 2 C (D.2) 

Substitutihg Eqs. (B.9) and (B.10) into Eq. (D.2) and letting 

Eq. (D.2) becomes 

Expanding Eq. (D .5 and substitutirrJ v = (vi + vr ) /2 , m 

where vcr is a function of vi and v and independent of R. 
r 

Now, in order to ensure g(v) 2 0 for v. < v < v , then vCr (- vi . - = r - 
'Rue conditions, D < 0 and D > 0, have to be considered separately for 

the inequality. .First, consider the case where D <  0, which indicates 



then N 2 - Dv.  has' t o  be true,. which implies 
1 

since it would be easier t o  relate Eqs. (D'.7) and (D.8) by the v , v 
. . i r 

r a t i o ,  l e t t i n g  S = v /' vL , Eqs. (D.7) and (D.8) become 
i 

Similarly f o r  the  case D > 0 .one obtains 

and 

(D.11) 

(D. 12 ) 

in .sunmary,' 'for g (v) 1 - 0 when vi 2 v <_ - b 5 has t o  s a t i s f y  e i -  r 1  

t h e r  Eqs. (D.9) and (D.10) o r  Eqs. ( D . 1 1 )  and ( ~ . 1 2 ) .  It turns  out  t h a t  

Eqs; (D.9) and ( D . ~ o )  are never s a t i s f i e d ,  and the values of $ thrit 

s a t i s f y  Eqs. (D.11). and (D.12) are between 0.260 and 0,587, as .can be 
. . 

seen in Figure D .l. 





APPENDIX E 

PROGRAM "ARASIM" 

The. d I M  program simulates the. hourly array power. The simula- 

t ion  adopts the Gauss-Mafkov process. This program is written t o  simu- 

l a t e  a t  l e a s t  one year of data. There i s  .no upper l imi t  t o  the time 

and number of s i t e s  in the region. The program is also written to .do  

more than one s e t  of simulations a t  a time. 

The input fo r  t h i s  program is  on cards i n  the following order and 

CARD. .NO. COL. NO. FORMAT DATA 

Number of years to  be simu- 
lated 

2 . . .  . 1 - 80 16A5 '. Ti t l e  of the region (recom- 
mended) 

3 -:I4 1 -  8 ~ 8 . 4  .. . Monthly mean wind speed ( in  
m/s  1 

.. % 9 r . 8 0  24F3.2 . Diurnal cycle e f fec t  (,multi- 

~ , . .  . . p l i e r  f ac to r ) ,  24 hoirrs on 
one card. 

. . 
15 .:. . . . . 1 - 10 F10.3 Rated power i n  KW 

. . . _ .  , 11 - 20  F ~ O  . 3  Cut-in speed i n  m / s  

. . 
., . . .  . s 2 1  - ;30 ,F10.3  - ' Rated wind speed in m/s 

16 . . 1 -  5 IS* -ray s ize  ( i .e . ,  number of 
s i t e s  i n  a region) 

17 -.:2.8.: 1 -  5 ~ 5 . 3 -  Lag one hourly autocorrela- 
t ion  at a s i te  

. .: . . 6 - 1 0  F 5 . 3  Zero lag spa t i a l  correlat ion . .  . 
. . 

, - .  between 2 s i t e s  



11 - 15. ~ 5 . 3  Lag one hourly spa t i a l  corre- 
l a t ion  between 2  s i t e s  

Blank i f  end of data; a new 
card 1 for  another s e t  of simu- 
la t ions  (i. e . , repeat cards 
1 - 29) 

- . .  

* Right jus t i f ied  . , 

The line pr in te r  output C O ~ E ~ E ~ E  of mean wind speed (with the 

diurnal  cycle, e f fec t )  by month and hour of.  the day; the equivalent l inear-  

ized wind turbine operating. charac ter i s t ics  ; the correlation coeff icients  ; 

and the  mean and standard deviation of array power in KW. The simulated 

hourly array power is written on magnetic tape i n  watts. The format is 

where YY Year, 1981 - (Col. 1 - 2 )  

MM Month, 05 = May - (Col. 3 - 4) 

DD D a Y  ((201. 5 7 6)  

P.. .P nrrgy power in interger watts .. . , (Col. 9 - 16) 
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APPENDIX F 

Computer programs WINDATR,' PERIR and RUTOCOR were modified, 

respect ively ,  from WINDATB, PERSIST and AUTOCOR (Corotis ,  1976, 1977). 

The modification bas i ca l l y  cons i s t s  of reducing the  computation time 

by de le t ing  t he  velocity-cubed analyses and ad jus t ing  t he  da t a  ( i n  

value) by a conversion f ac to r  i n  order t o  use t h e  o r ig ina l  programs 

e f f i c i en t ly .  A power u n i t ,  PUN, is introduced which is  defined in 

every ana lys i s  from the  input  da ta .  It i s  recommended t h a t  PUN should 

be grea te r  than o r  equal to. one- th i r t i e th  of t h e  t o t a l  a r ray  power. 

WINDATR 

Program WINDATR computes t he  hourly, monthly, seasonal and annual 

average and variance f o r  a r ray  power. Through these  s t a t i s t i c s  t he  

r e l a t i v e  importance of d iurna l ,  monthly, seasonal o r  annual pa t t e rn  

can be evaluated with respect  t o  e i t h e r  means o r  variances. The 

bas ic  input  t o  this program is a sequence of hourly a r ray  power in 

in teger  watts. These a r e  read through a COMPASS* program This 

program reads one month of a r ray  power a t  a time. The program is 

wr i t t en  t o  analyze a minimum of one month of da ta  and a maximum record 

length of 25 years. 

Program PERIR analyzes a r ray  power da ta  f o r  duration of &us. 

&i =ray power' histogram based on every two PUNS i s  coinputed for 

e&=g ';$&ason. 'm' i&y.&lg based on every two ~ h s '  a re  a l s o  used f 6 r  



seasonal duration of runs. The input for this program is basically . 

a record.'of hourly array power read by a ~oMl?~~~*~rograrn from a .  - . : .  

magnetic tape. This program is written to analyze a minimum record . . 

length of one season and there is no upper limit in the record length. 

RUTOCOR 

The RUTOCOR program computes a serie's of seasonal autocorrelation 

function for the array power. The autocorrelation function is comppted 

for" a maxihum time lag of 336 hours (2 weeks) . The normalized corre- 

lation. function 

where R(T) and R ( 0 )  are, respectively, the autocorrelation at time 

lag'of, r and zero-is presented on the output. 'The basic input of this 
. . 

proqram is the hourly array power.read by a COMPASS*. p~ogEarn from a 

magnetic tape. . One. season of.array power is read from the input tape 

at a time. The program is written to analyze at least one season of 

data and a maxiqum of 25.years. 

* The COMPASS program is unique.to-the'Northwestern University CDC. 

systqn, and you14 . normally , be replaced . . by a FORTRAN read skatemeiit  

if usedon another computer' system. 



APPENDIX G 

SUMMARY OF NEW NATIONAL WEATHER SERVICE SITES 

Dunkirk (WAN #14747) is located i n  New York a t  l a t i t u d e  42°301, 

longitude 7g017'. The data  were recorded each hour f o r  the  period 

1/1/49 - 12/31/53. The f i e l d  elevation is about 200 m, and the  

anemometer height was 9 m. 

Livingston (WBAN #24150) is located i n  Montana a t  l a t i t u d e  450401, 

longitude 110°32'. The da ta  were recorded each hour f o r ' t h e  period . . .  

1/1/48 - 12/31/54. The f i e l d  elevation i s  about 1400 m, and the  

anemometer height was 7.6 m. 

Cape Hatteras .(WAN #93729) i s  located i n  North Carolina a t  l a t i t ude  

35O16', longitude 75O33'. The da ta  were recorded each hour f o r  the  

period 3/1/57 - 12/31/64. ' The f i e l d  elevation i s  about 2,4:nh,and the  

anemometer height was 9.75 m. 

Dalhart, Texas (WBAN #93042) is located a t  l a t i t u d e  36°01', longitude 

102O33'. The da ta  were recorded.each hour fo r  the period 1/1/49 - 
12/31/54. The f i e l d  e levat ion i s  about 1215 m, and the  anemometer 

height was 19.2 urrtil  9/15/54, a t  which time it was changed t o  '7 m. 

Laguardia (WBAN #14732) is located in New York a t  l a t i t u d e  40°46', 

longitude 73O54'. The data were recorded each hour f o r  the  period 

7/1/48 - 6/30/61. 'l%e f i e l d  elevation is about 12 m, and the  

. . 
anemometer height was .25.3 m. 

' ~ o r t h  P l a t t e  (WBAN #24023) is located i n  Nebraska a t  l a t i t u d e  41°08', 

longitude 100°42' between 1/4/40 and 1/15/52, and a t  l a t i t u d e  41°08', 

longitude 100°41' between 1/15/52 and the  present. The data  were 

G. 1 



i " , . . 

recorded each hour f o r  the  period 1/1/48 - 6/30/64. The f i e l d  e levat ion . - 

was 850 m from 1933 t o  1952, and 848 m from 1952 t o  1976, and the  

anemometerheight was 14.6 m from 1/4/40 t o  1/15/52 and 9.75 m from 
. . 

1/15/52 t o  8/12/64. 

Mount Shasta (WAN #24215) i s  located i n  California a t  l a t i t u d e  41°19', 
4 

longitude 122O19'. The data  were recorded each hour f o r  the  period 
I .  

= .  

1/1/50 - 12/31/51. The f i e l d  e levat ion i s  about 1090 m and the  

anemometer height was 39.6 m. 

Blue Canyon (WBAN #23225) i s  located i n  California a t  l a t i t u d e  39O17', 

longitude 120°42'. The data were recorded each hour f o r  t he  period 

1/1/48 - 12/31/51. The f i e l d  e levat ion i s  about 1610 m, and the  
. . 

anemometer height was 9.1 m. 
. , 

Concord (WBAN #14745) is located i n  New Hampshire a t  l a t i t u d e  43O12', 

longitude 71°31' between 5/1/41 and 8/8/62, and a t  l a t i t u d e  43O12', 

longitude 71°30' between 8/8/62 and the  present. The da ta  were recorded 

each hour f o r  the period 1/1/48 - 12/31/64. The f i e l d  e levat ion is 

about 100 m, and the  anemometer height was 14.3 m from 5/1/41 t o  

8/8/b2 and 6.1 m from 8/8/62 tu p ~ e s e n t .  

Manchester (WAN #14710) is  located in New Hampshire at l a t i t u d e  4i056' ,  

iongitude 71°26'. The d a t a  were recurded eau11 huur.lor the period 

4/1/51 - 3/31/67. The f i e l d  e levat ion .is about 76 m, and the  anemometer 

height was unknown between 1949 and 4/53, 19.8 m between 4/53 and 

5/55, 18.3 m from 5/55 t o  4/66, and 3 m from 4/66 t o  1968. 



Portsmouth ( W A N  #0474.3) is located i n  New  amps shire a t  l a t i t u d e  43O05', 

longitude 70°49'. The da ta  we're recorded each hour f o r  the  period 

4/1/56 - 12/31/74. The f i e l d  elevation is about 39 m,  and the  anemometer 

height was 4.6 m from 1956 t o  3/57, 4 m from 3/57 t o  1/31/58, 32 m from 

1/31/58 t o  4/59, and 4 m from 4/59 t o  1976. 

Lebanon (WBAN #94765) is  located i n  New Hampshire a t  1atit.ude 43O38', 
. .. 

longitude 72O19'. The data  were' recorded each hour f o r  the  period 
8 .  . - 

1/1/59 - 12/31/64. " The f i e l d  'elevation i s  about 172 m, and the  

anemometer height was 11.9 m. 

West Iebanon (WBAN #I47761 is located i n  New Hampshire a t  l a t i t u d e  

43O38', longitude 72O19'. The data  were recorded each hour f o r  the  
. . 

period 1/1/49 - 12/31/58. The f i e l d  e l evakon  is about 1'72 m,  and the  

anemometer height was 14 m from 1947 t o  10/29/53, and 11.9 m from 



APPENDIX H 

VIEW OF SITE USED 

FOR CHAPTER 3 STUDY 



 FIG^ ~ . 1  V i e w  L o o k i n g  N o r t h e a s t  to Lake  M i c h i g a n  f r o m  
A n e m m e t e r  Incation 

FIGURE ~ . 2  V i e w  fnoking N o r t h e a s t  toward Anemometer on Roof 
from Ground 
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