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EXECUTIVE SUMMARY

In this report a number of new statistical techniques and mathe—>
matical models are developed to analyze wind data collected at a
potential wind energy conversion site. These procedures are applications
and extensions of models developed in prior studies (Corotis, 1§76; |
1977; 1979), which are available from the National Technical Information

Service. Data to develop and verify the models have come principally
from the National Climatic Center (NCC) hourly data tapes from about
three dozen sites in the continental United States. A companion hand-
book has been developed to describe basic application of the metﬁ;ds.
The Rayleigh distribution is often used for the probability of hourly
wind speed. Inherent in the derivation of the Rayleigh are the
assumptions that thé horizontal vec£or components of wind speea are
zero-mean; identically distributed, independent, normal random varia-
bles. Herein,the assumptions of independence and equal Qariance‘ére
relaxed and the resulting wind speed digtributioﬁ is derived in
summation form. A parameter sensitivity analysis indicates thaﬁ for
practical purposes ;he resultihg distribution is well modeiled bylthe
Rayleigh.

Two separate 24-hour recéras consisting of continuous data were
made at a site in northeastern Illinois. These records wefe digitizedv'
with one 20-second average every twenty seconds. These records Were
then used to study the sensitivity of derived statistics as a function

of various averaging times and sampling rates. The mean and variance

of wind speed were seen to be relatively insensitive to sampling
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variations of practical interest. A distinct increase in the auto-
correiati;n'funqtion for a given lag time as a function of increasing
averaging time was observed, as well as an increase in the wind speed
persistenée (run duratioﬁ) with decreasing sampling rate.

Aksi.mple approximate procedure was derived for the time. series
siﬁﬁlatioh.of hourly wind speed at a site. The procedure was based on
thé Weibuii distribution for wind speed and used conditional para-
metcrs uédatcd cach hour as a function of the wind spead simﬁlatéd for
the previous hour and the value of the autocorrelation function for a
one-hour iég. The médél is an exact procedure for a nérmally-distri—
buted raﬁd&m variable. The implicit aésumption that the autocorrelafion
function was a deéaying exponential is found to be éatisfied with actual
site dat;. A"relaﬁed procedure is developed for the time series
simulatiog of total hourly power generated‘by a regional array of
wind turbiges. Here‘the nofmal assdmption can be subé£antiated,4but
an equivalent linear wind turbine operating chgracteristic curve is
required. Autocor?elatioh as well as spatial correlation was included
in the approach. The simulated results for three different regions
and six different wind turbines (ranging from 45 kW to 2.5 MW) were‘
compared with observed data and with a different simulation modél;

The means and variance; of power were seen to agree well with the actual
observed data. Histograms.of array power from the simulatea model
agreed reasonably well with the observed data, except for some disagree-
ment in.the extreme ranges. Array power aﬁtdcprrelation from the

simulation and observed data matched very well in‘form, although.there'



were some quantitative discrepancies at longer lag times (fortunately,
‘the agreement was very good at the important initial 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. - |

Bayeeian stetisticé were aéplied fer the wind epeed prohability
_'deneity tunction. Sampling‘nncertainty due to finite duration of site
. data collection was reflected through a gamma prior distribution for
the site mean wind speed Inherent uncertainty was included with a
Rayleigh distribution.' The resulting Bayesian distribution must he
tested further, but it appears that sampling uncertainty is strongly
hrdominated by inherent variability for a year or more of field data.
Additional NCC data generally confirm the applicability of
.previously’derived procedures and leed to new regression curves for

"calibration of the wind persistence model.
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ABSTRACT

The disﬁribuﬁion for the magnitude of’the vector sum of two ortho-
gonal horizontél wind velocity components is often modelled by the
Rayleigh, which is derived'assuming that the components are independent,
identically Aiétributed,zero-mean,Gaussian random variables; the prbbé—
bilityAQensity function for a more realistic case where the two compo-
nentg ére éo?reiated(and not equal in variance is derived, It is found
that the defived distribution is adequately modelled by the Rayleiéh .
distributi;n._ A é4-hour record of 20-second average wind speed was, 
collected to assess the effect of sampling ra;e and averaéing timgfpn
computed Q;nd'speed means and variances, autocorrelation, and rﬁn‘
duratiop. Definitg effects on autoéorrelatiop and run Quration’due to _:
averaging‘time and sampling rgté,.respegtively, are observeq. §n< |
approximake.procgdureAis developed to simglate'the timg sequence of
wind speed a£ a single site; thg procedure uses a Weibull distrib#tib#;‘
with conditional parameters updated each hour as a function of the
previously simulgted value and the autocorrelation. A Gaussian
distribution is uéed to simulate the hourly power from a regiona; array
Of wind turbines; results of the simulated model (ARASIM) developed
here are compared with another approximate and actual results. Both
simulation models appear to give good approximation to the actual data.:f~

A Bayesian analysis of wind speed leads to a new distribution
that combineslthe inherent variability in the wind Qith uncertainty
dueAto finite sampling duration.

Data obtained from the National Climatic Center for a number

vii



of relatively windy sites confirm the suitability and limitations of
models developed ih previous reports. Refined regression curves are

derived to calibrate the run duration moédel.
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NOTATION

Expectation of quantity in brackets.

Variance of quantity in brackets.

Probability density function of X.

Cumulative density function of X.

standard deviation
Variance

Mean (expected value)

Covariance of quantity in brackets.

Exponential (the base

of the natural logarithms).

Magnitude of the horizontal vector of wind velocity,

referred to as the wind speed.

'Velocity at which the

power, referred to as

Velocity at which the

capdcity, referred to

Velocity at which the

wind turbine first produces usable
the cut-in speed.

wind turbine reaches its design
as the rated speed.

WECS must be.feathered>in"order to

preserve the structural integrity of the device,. referred"

to as the cut-out speed.

xviii



"CHAPTER 1

INTRODUCTION

This report is the fourth comprehensi?é document resulting from
research at Northwestern Univefsity on the development of mathe—
matical models that can be used to assess the potential for wind eneréy
conversioh from short-term site wind records (Corotis,ll976; 1977; 1979).
Described herein is the development of a number of new statistical
techniques and mathematical models; as we;l as the testing of previous
procedures with additional data from the National Climatic Center (NCC)
and two short, continuously saméled reédrds. A companion document, |

entitled Handbook for the Application of Statistical Techniques to Wind

Characteristics at Potential Wind Energy Conversion Sites, explains in

straightforward form the techniques for utilizing the proceduiés derived
and verified in this and the prior reports. |

In Chapter 2, the probability dénsity funéfiog is Aerived for the
wind speed Qith horizéntal vector coméonents that areJq£;h$gonal and
unequally'distributed. Then, the effect of correlated components is
considered and. the probability density function is rederived.

In Chapter 3, the effect of averaging time and sampling rate is
studied from a 24-hou£ record of 20-second-average wind speed collected
from an anemometer located on a tower atop the Northwestern Technologicél
Institute in BEvanston, Illinois. The results are then compared with

the analysis of Won (1979).

Two approximate simulation models are developed in Chapter 4. The



first model provides the simﬁlation of an hourly time-series of wind
speed at a single site. The second model simulates a sequence of.
hourly pdwer from a regional array of wind turbines. The array power
results are compared with observed data (obtained from the National
Climatic Center) and another simulation model developed by Cliff,
Justus and Elderkin (1978).

In Chapier 5 the concept of Bayesian statistics is reviewed and
then the concept applied for the wind speed probability density function.
Inherent variability in the wind is reflected by using a Rayleigh
distribution. A posterior distribution for the mean wind speed is
based on a gamma prior. A Bayesian distribution of wind speed is
then derived that reflects the combined uncertainty of the basic wind
and a finite field data collection period.

NCC hourly data tapes from a number of relatively windy sites
are analyzed in Chapter 6 in order to verify the applicability of
previously developed models (notably the Rayleigh probability distri-
bution for wind speed, the interannual variability and the power-
exponentiél probability distribution for run duration). New regression
curves are derived to determine the parameter for the power-exponential
run duration probability distribution.

Finally, some concliusions and recommendations are presented in
Chapter 7.

The material contained in this report is intended to assist in the
assessment of potehtial wind energy conversion sites. The analyses

contained herein and the material from the three prior reports provide



the theoretical framework upon which the companion Handbook is based.
wWhile the Handbook may be used by itself, these supporting documents

provide useful explanatory information.



CHAPTER 2

MEAN WIND SPEED WITH UNEQUAL VARIANCE

2.1 REVIEW OF THE RAYLEIGH DISTRIBUTION

' The‘Réyleigh distribution is often used to model hourly wind speed
- '(éliflf,‘ 1977; Doran et al, '1977). . The speed is. implicitly assumed to be
'theIVéctor sum'of two qrthogonal, horizontal, indepenaent, identically-

'Adiétrisuﬁed, zZero-mean, Gaussian-ﬁina components, denoted X and Y.
tThis cﬁapter invéstigatesAa rela#ation ofvcertain assumptions
Ainherent inlthe'Rayleigh distribution. A more general distribution is
: »sought_that,qan‘be simply calibrated in term of basic wind data such as
~hou£ly'speed and difection or speed in two orthogonal directions. The
: kayleiéh'probability,density functibn'(pdf) of vector speed V is given by
£, (V) = -;—‘-’-2 exp [—% (v/m)z] : (2.1)
: _ m . ’ .
| “in which . - ‘ R

m = E[V] =/§_o' | O (2.2)

'where o is the standard deviation of one component. The variance of the

vector speed is given by
| ré 2 -1 , ' ;
var[V] = EE-- 1] E°[v] = [:%?1] o° (2.3)
and the cumulative density function (cdf) of the vector V is given by

FV (x‘r)' =1 - exp ‘[A- {- (v/m)z_] . | (2.4)



2.2 EFFECT OF UNEQUAL COMPONENT VARIANCES

Consider now the somewhat more realistic case in which the variances
. : . 2 ' . -
of the two components are not equal (i.e., Oy # oyz). For simplicity of -

computation; let R= X", s=Y , and U= V.. Then

v=/T=/x® + ¥ =/R+s
Since X and Y are zero-mean Gaussian variates, their pdf's are
£, (x) = exp [ - x“/20_°] (2.6)
x o V77 x - es
X
1 2,02 : L
£, (y) = ———exp [ - y°/20 7] ' @
Y o’y\/2-n- Y , e

The cumulative distribution function (cdf) of R may be found f:om-‘4

the cdf of X as follows:
Fp@ =P Rex]=pP[-/rexc/r]
= 2F (JT) - 1 ' ; (2.8)

from which the pdf of R is found:

ar_ (r)
R - 4] 9
fR(r)=Tx———dx[2Fx on -1 &
=2 f, (/x) /2/x
. .
-—L e [ r/20 1} BRC
0»‘211':{ X



Similarly, the pdf of S is

1 . 2 ]
£ (s) = ———— { exp|- s/2¢ ] s : (2.10)"
S o‘yv/2_1r'; { [ Y J

Since U = R + S, thé pdf of U is found from the convolution integral

gatw = [* e () £ (u-r) dr

0
. - _ .
- Tz s en [ 5 -
xy ‘0 /x Jux 2ax' 2a
o1 ¢ 1 l: 1 ¢(r u r ']
& e === eXp |- 3 ( = + - - ) | dr o (2.11)
219,09, Jo fazz? 2 cx2 °y2 °y2 ) |

2

2
1 22 % 1 1 Oy % ‘
=21roxo exPp [—u/ch:[ exp '3( 26'2)1"‘11'

o
Xy

‘For ease of notation, let the following substitution be made:

. 2 .
A= o= exp [—- u/ch ] | (2.12)
Xy A : .
2 2
o -0
=X _ (2.13)
2 2 :
20 o]
S 4
Then
u -, .I [ ] '
£ (u) = A I —====- exp |Br] dr ' : (2.14)
v 0 Yur-r" ' - A

Let the exponent now be expanded in- an infinite power series. For
simplicity, only the fir.st'th:;eel terms in the series will be shown;

B2 r2

u

1 A -
£, () = AJ ﬁ T +Br+ + .e...] ar (2.15)
v 0 Yur-r 2 ‘




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

to .

2

f'U {u) = a sin_ ( ) + B[— r’ur:-r2 + 2 "$in [5-—‘1/—)]
+ £ /u;-rz - g—.‘-l Jar-r® 4+ B gin™h (EUY]

u/2

u
+ eeees "(2.16)

0

Evaluating at the limits leads to
' . 2 2
_ _ Q B 3u .
fU.(u)—A{n+_B[21r]+2. ﬂ-i-....}
(2n)! (w)"” '
n=0 L2 (ni)"

Since V = ﬁ, the rule of monotonic derived distributions can be used to

£ind the pdf of V,

- du 2
fv (v) = av £5 (v))
= 2v fU (vz)
T rem! ("
=2 vAT 2 n

3 (2.18)
=0 2 {(n!) .

Substitu‘t'i_ng’ for A and B in terms of the original parameters leads to

_ (2n)l v2d cx2 - o.y 2.19)
£, v) = exp v /20 3 E (2.

%% y .n=0 2 “{n !-)A



The mean speed can be obtained. as follows:

|
Sy,
o 8

m, = v fv(v) dv
¢ 2 ® ' " [o?-52%70
. 3. 31 1. L .
- oz /12r_' 2 l 3 52n (2n+]3.) {(2n)! 'x - Y (2.20)
be .n=0 . 2 {n!) 20
X
. Similarly, the variance is given by
-]
2 2 2 .
Oy =J v ’fv(v.) dv -~ (n\,) ‘ : (2.21)
0
where
- .2 - s 2 . o 2 n
. G . -
2 . 2n)! +1
r v £ (v) av = X {2p)!_forl) = Y . (2.22)
0 v o » ) 2n=-1 2 2
X 2 (n!) N Ux

n=0

Equations (2.20) and .(2.21) can be approximated by rectangular integration.

as follows:

m, = i=zo v, £,(v,) &V 1 (2.23)

. ' © S . e
°V2 =izo v?_ "fv(v'j_)A Av -[izo \ 'fv(vi) Av:\2 " | '(2.2})’
When o = qy (B = 0), Eq. (2.19) réduces to the Raylgigh ‘distribuﬁion,- and '
Equations (2.20) and (2.21) reduce to Equations (2.2) and (2.3), re-
spectively. '

In order to assess the s{ignifica.qce of thg unequal variance proba-
bility distribution, Eq. (‘2.19)‘ has been evaluated riumerically for

different values of o and cy. For illustration purposes, one variance



was evaluated from Egq. (2.2). for m eqﬁal to 4 m/s, 6 m/é an& 8 m/s (8.9,
13.4 and 17.9 mph) while the other variance was allowed to vary from 0.5
to 4.0 times the reference.variance. Some selected tgsults are preséhted
in Figures 2.1 - 2.9.

In éach of the figures, the derived probability density function (Eq
(2.19)) is shown;along with the Rayleigh distribution with the'same.mean.fhe
mean was evalulated from Eg. (2;23)'with an incremént of.O;l m/s. The
reference variance was based on an original mean 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 distfibution is well
modeled by Rayleigh, even for the relatively wide range of variance ratios
that'was consideréd. The'siight shifﬁyto the right by the Rayleigh
, Suggests that the Rayleigh may fit better with the mode of observed data
than with.the mean (except in ﬁhg extreme upper tail region). The mode
can be found by setting the first derivative of Eq. (2.1) equal to zero,

which leads to.

mode = m,/% : ) | (2.25)

It is interesting to note that a given ratio of variances X and Y
and the inverse ratio yield the same probability function. This can
easily be verified by letting Oi = 02 in Eq. (2.2) Let oy be constant

and vary ox' defining

O'x 0'x )
= =z ' (2.26)

Then ﬁé;e(ﬁ.19) can be written as

» . 2n 2 n :
: v 2, 2 (2n)! v K -1 :
£ (v) = exp [~ v /20 °] } [ : ] (2.27)
v o 2 L Ly 22 3 2 2 :
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Now, let

(2.28)

~
]
QlQ

X

' © 2n 2 n :
£,0v) = ——exp [ V20 %] 3 (‘32“ — l: 1/"2‘ '21] (2.29)
-6 T/ ' n=0 2 (n!) 20 “/k

Since k is the inverse of K, Egs. (2.27) and (2.29) are equivalent. . -

"It is of interest to note that for a given ratio of variances of

X and Y, the 'simulated mean speed and the standard deviation vary

- linearly with the Rayleigh mean wind speed, m. This can be shown by,jgu»

substituting Egq. (2.26) into Egs. (2.20 = 2.22) and letting : Nt

e [T 1+3-5...(2n+1) @m)! | - C(2.30)
c= Jc:. 2n W3
2 (n!)
— _ (2n)! (n+l) ' ' '
C = —fm——== _ (2.31)
22n-l (n;)z : :

Then Eg. k2.20) becomes " -

o 2
Crx=-11qn ' :
m. =0 z —[————- ] ’ ’ (2.32)
n=0 K 2K? T

and Eq. (2.21) becomes

. » © -~ 2 n © 2_.na,2 1 '
ovz =g 2 ) %[—K ;15 -l:Z %[——K ;‘ J (2.33)
n=0 " L X J n=0 L 2K J »

Thus, ‘for a given variance ratio, the.derived mean and standard deviation
are directly proportional to O, and hence to m by Eq. (2.2). .

. This means that the coefficient of variation,

VV = cv/mV . | (2.34)

15
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. is iﬁdeééndent of the Rayleigh mean wind speed and varies only with the
-.bvafiance ratio. Table 2:1vprovide; somé sﬁatistics base& on‘various
" Rayleigh (;eferred to as initial) mean wind speeds and variance ratios.

One may notice from Figs. 2.1 - 2.9 that the standard deviation of
wind speed increases with increasing variance ratio and initial mean wind
speed. In‘Fig. 2.10 pdf's are shown for various vériance ratios (ranging
‘bfrom_OLS to 4.0) with the same initial mean wind'speed of 6 m/s (13.4 mph).
E'Fiéure 2.11 shows the pdf's fof the combined effects ofAvariance ratio.
iana-initial mean wind speed. When the wind speed standard deviation éives
a broad fv(v), calculation of‘mV and cv (Eqs. (2.23-2.24)) should include
the probabilipy density functioﬂ for high values of wind speed. Then
more. terms are needed to compute the infinite summation in Eq. (2.195 in
order to ensure that Eqs. (2.23-2.24) are reasonably good approximations

for Eqs. (2.20) and (2.21).

' 2.3 EFFECT OF COMPONENT CORRELATION

‘Now consider a more genéral case in which the two horizontal wind

" .components are correlated. These twofcomponen£s form an ellipticgl
bivafiate normal (?eré-mean) distribution((Crutcher and Baer; ly62). The

joint probability density function for components X and Y is-.

oy = 1 .
fXY (x,y) = -—-—-—-f;7==5r-exp [(c
o 2noxoy 1-p 2(1-p )

- 2p 3-:{; + (g’-)z:]} | (2.35)

where ‘p is the correlation between X and Y. Let abe defined as the angle
between the X-Y axes and a new set of axes, X'-Y'. Then

X* =Xcos o + Y sin o (2.36)



TABLE 2.1

Input Variables and Derived Statistics for the
Horizontal Wind Speed Vector for Various Initial

Mean Speed
1 o Coefficient
mv =L ) mV c’V of
(m/s) “x (m/s) (m/s) variation
4.0 0.7 3.427 1.854 .5410
4.0 0.8 3.611 1.914 .5301
4.0 0.9 3.803 1.994 .5244
4.0 1.0 4.000 2.091 .5227
4.0 1.1 4.202 2.202 .5241
4.0 1.2 4.409 2.327 .5277
4.0 1.4 4.833 2.605 - .5390
4.0 1.5 5.049 2.755 .5457
4.0 2.0 6.125 3.532 .5766
6.0 0.7 5.140 2.780 . .5410
6.0 0.8 5.417 2.872 .5301
6.0 0.9 5.704 2.991 .5244
6.0 1.0 6.000 3.136 .5227
6.0 1.1 6.304 3.304 - .5241
6.0 1.2 6.614 3.490 .5277
6.0 1.4 7.250 3.980 . --.5390
6.0 1.5 7.571 4.129 .5457
6.0 2.0 9.252 5.385 .5766 .
8.0 0.7 6.853 3.707 .5410
8.0 0.8 7.222 3.829 .. 5301
8.0 0.9 7.605 © 3.988 .5244
8.0 1.0 8.000 4.182 .5227
8.0 1.1 8.405 4.405 . .5241 .
8.0 1.2 8.818 4.653 .5277
8.0 1.4 . 9.666 ' 5.210 3 .5390
8.0 1.5 10.099 5.510 .5457
8.0 2.0 12.249 7.062 5766
1l -
IMV = when 0 =0
: X Yy
2 Evaluated from Eq. (2.23)

3 Evaluated from Eq.

(2.24)
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"Y' =Ycos a - X sin a ' . (2.37)

The iso-probability contours of the joint probability function form
: .ellipses of various oiientations, By selecting o such that'fhe major-
” minor axes of the ellipses coincide with the X';Y' axes, components
.;epressed in the new X'-Y' system are independent. It may be shown

. (Hald, 1952) that such an éngle, a, is given by

(
20 ¢g.¢©
X
2 2 O ¥ %
) Gx - O'y
tan 2 0= < (2.38)
1 Ux =0

. and the joint pdf for the X' and ¥' components is

- : 1 A L 2 [}
fx.y. (x', y') = 21 o .0, exp {- %-[(%—3] + (g_:)z}jl (2.39)
A X'y X Yy

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

the marginal density functions

'y o= —L - ey |
! ) T o2 P -3 cx), 1 (2.40)
and’
. 1 1oyt y21 .
£, (¥") =.v———°y' 5= exp [~ 5 (Loy,).] (2.41)

The independence of X' and ¥', and the similarity of Equations (2.40)
and (2.41) to Egs. (2.6) and (2.7), respectively, imply that
Egs. (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

20
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obtain Tor and ¢ _, in terms of Oy and oy and the correlation p.
Comparing Eq. (2.39) with Eq. (2.35), leads to a system of two

equations with two unknowns,

- AR ' S - o .
Tt cy, = cxcy 1-p . . ..‘2542)

7.,  +o0 =g +a - L .. (2.43)

xl yl X y

By solving Eqs. (2.42) and (2.43) simultaneously and letting
D ='\/; 2, o 2, 20 o Vl-pz ' (2.44)
.. X . Y Xy : . o
E =-\/d 2,02 20 0 Vl—p2 . (2.45)
X Y Xy

. for ease of notation, one obtains

}'D+E) p >0

2 o S
Gx,= L ' (2.46)
-Z-(D - E) p <0 '
oyv"' D - Gxn (.2“474) '

Analogous to the procedure for the ﬁnequal variances with zero
correlation, Eg. (2.19) for X' and Y' components was evaluated
numerically for different'valuesuof.v§riances of X and ¥
and correlgtion p. Again, one varianqe was held qonstant and evalg-'
ated from Eq. (2.2) for a ?ector mean wind speed equal to 6 ﬁ/s (13.4
mph) while the other variancefwés varied from 0.5 to:4 times the
reference variance. Coméonent corfélati¢n values éf i:OaS and + 0.2

were introduced for each variance ratio. Selected results are

shown in Figures (2.12 - 2.19). As in the previous section, the'derived‘l
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probability density fuﬁction (Eg. (2.19)) is shown ‘along with the Rayleigh
for the same mean (computed from Eq. (2;23)); Although..the ngleigh»does
not fit the derived pdf'for-the-corrélated quite as well as the non-corre-
lated components, it still gives a reasonable approximation.

There are two interesting features of the distribution of the wind
vector that are worthy of note. One is that the density function is'
symmetric with respect to the sign of the correlation between the
components. The other is that the derived mean, m, decreases with in-
creasing correlation. The latter was observed from the results of
Eq. (2.23) and can be seen in Table 2.2. The former caﬂ be verified

as follows: When p > O,

g_, ' :
X' _D+E (2.48a)

oy, D -E
and for p < 0,
o v
x' D-E
°y- = 5T B (2.48Db)

which is the inverse ratio of that for p > 0. -Thus from Egs. (226 - f'

2.29), the unequal variance with +p have the same pdf.
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TABLE 2.2 Input Variables and Derived Statistics for the
- Horizontal Wind Speed Vector for Initial Mean

" Speed m = 6 m/s”

R = gy_ S 1 : 2 Coefficient
[0} (o] [0} O

- X mv -V Vaiiation
-0.5 0.7 5.059 2.924 .5781
-0.2 0.7 5.128 2.803 .5466
1.0.0 0.7 5.140 ~2.780 : .5410
.0.2 0.7 5.128 2:803 - .5466
0.5 0.7 5.059 2.924 .5781
-0.5 0.8 5.329 3.032 .5690
0.0 0.8 . 5.417 2.872 _ .5301
0.5 0.8 5.329 .3.032 .5690
-0.5 1.0 5.900 1 3.321 . .5628
-0.2 1.0 5.985 3.165 - - .5289
0.0 T 1.0 6.000 - 3.136 ‘ .5227
0.2 1.0 5.985 3.165 .5289
0.5 1.0 5.900 3.321 .5628

-0.5 1.2 6.505 3.688 .5670 -,
. 0.0 1.2 6.614 3.490 .5277
0.5 . 1.2 6.505 . 3.688 .5670
-0.5 -~ 1.4 7.136 4.113 .5765
-0.2 1.4 7.233 . 3.940 ' .5448
0.0 1.4 7.250" ©3.908 .5391
0.2 1.4 7.233 3.940 .5448
0.5 1.4 7.136. - 4.113 .5765
-0.5 2.0 9.129 5.591 .6125
-0.2 2.0 9.232 5.415 ' .5867
0.0 2.0 9.252 ©5.385 : .5820
0.2 2.0 9.232 5.415 .5867
0.5 2.0 9.129 . 5.591 .6125

! Evaluated from Eq. (2.23)

2 Evaluated from Eq. (2.24) o -

1
+
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CHAPTER 3

VARIATION DUE TO SAMPLING

To investigate the sensitivity of mgdels based on National Weather
Service data (which are one-minute averages sampled once an hour) to wind
speed sampling rate and averaging time, a 24-hour record of wind speed
(frbm 6:00 p.m. on 11 April 1979 to 6:00 p.m. on 12 April 1979), &éé.se-
iected‘frcm several days of continuous observalivn (Quring the weekiof
9 April 19Y7Y). With the assistance of pProfessor A. Kistler of the
Northwéstérn University Mechanical Engineering Department, the data weré
collected from the same anemometer as in 1978 (Won, 1979). |

jThe wind data were recorded on a strip chart attached to the output
of a three-cup anemometer, which is locatéd on a tower atop the North-
western Technological Institute in Evanston, Illinois (shown in Appendix
H) about 200 meters from Lake Michigan. Thé anemometer, which is 5.7
mefefs‘ébove the flat roof of the tower énd 25.5 meters above g;Qund-
level, is well above any nearby obstructions. The Anemometer, a Heath-
kit, was calibrated in the Northwestern University wind tunnel and wasg
bbservéd to have;a résponse time on ;he order of one'second. The
wind data were digitized with one 20-second average every 20 sécépds.

The mean wind speed of the entire' continuous record is 7.23 m/s.

'Tables 3.1 - 3.2 present a statistical summary of the data for various
averaging times and sampling rates. The within-hour variance is the
>variance among the readings within each hour (e.g., in Table 3.1 there are
nine 20 second readings for an éveraging time of 3 minutes). The readings

in Table 3.2 are spaced uniformly throughout each hour (e.g., four readings

28



TABLE 3.1 Statistical Results for Various Averaging Times (Sampled Once

an Hour) Using 1979 Data

Ve | MEav |varmance | oo T |eeTwEEN~soUR
PER HOUR (m/s) (m/s) VARIANCE VARIANCE =0/m
(m/s)2 (m/S)2

20 seconds 6.89 8.38 0.00 8.38 -0.420
1 minute 7.05 10.14 _1.10 9.03 0.452
2 minutes | 6.96 8.86 1.43 7.43 0.428
3 minutes | 6.95 8.86 1.75 7.11 0.428
4 minutes | 6.86 8.97 2.16 - 6.81 ©0.437
5 minutes | 6.85 8.91 2.38: 6.53 £ 0.436

10 minutes {7.12 | 10.14 3.11 7.03 £ 0.447

15 minutes | 7.14 10.32 3.78 6.54 10.450
30 minutes | 7.24 10.82 4.56 6.27 0.454

60 minutes 7.23 10.81 5.44 5.37 0.455

TABLE 3.2 Statistical Results for Various Sampllng Rates (USLng One-mlnute
: Average) Using 1979 Datd e
MR T2 O S
READINGS " TYP. WITHIN- PR
PER MEAN ‘| VARIANCE HOUR BETWEEN-HOUR =g
HOUR ‘ A VARIANCE VARIANCE m
(n/s) (m/s) "2 . 2
, (m/s). - (m/s)’ \
1 7.05 10.14 0.00 . 9.03 0.457
2 7.13 8.26 1.80 6.46 0.403
4 7.33 8.79 2.87 -5.92 0.404
6 7.26 9.49 3.56 5.93 0.424
- 12 7.26 9.68 ©4.11 +,+.5.57 0.429
60 7.23 " 9.41 4.04 5.37 0.424
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per hour meahs one every 15 minutes). A trend of decreasing between-hour
variance and increesing within-hour variance with increasing averaging
time is observed in Table 3.1. The former trend clearly illustrates

the decreasing variability associated with longer average data, while

the latter shows that with sequential correlated data the variance

among readings increases as the number of data increases (with sufficient
data the variance becomes stationary). Similar effects are aleo ob-
served for the sampling rate, as shown in Table 3.2. It ¢an be seen

that the between-hour variance is lower, for instance, with a éne-minute .

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

(because of more. independent data withlfhe former). On the other hand,.
the within-hour variance is higher with the one-minute average every
30 minutes because of the increased independence.

Tables 3.3 - 3.4 summarize the data taken in 1978 and show
similar effects of averaging time and sampling rate to the 1979 dala.
The 24-hour period was frem noon on May 9, 1978, to noon on May 10,
1978. The mean. wind speed of the entire. continuous 1978 recora
was 3.89 m/s.

In order to -assess the effect of sampling on the independence of
readings, the autocorrelation functions-were computed. rigures 3.1
and 3.2'shew that there is a trend of increasing correlation with
increasing averaging time, while the sampling rate shows no consistent
effect on the correlation. The results. found by Won for the 1978
data are shown in Figs. 3.3 - 3.4. The combined effects of the two
years are shown in Pigs. 3.5 - .3.6. It can be seen that, except for

the apparently anomalous behavior of the one-minute average sampled
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Statistical Results for Various Averaging Times (Sampled Once

TABLE 3.3
an Hour) Using 1978 Data

AVERAGING TYP. WITHIN BETWEEN HOUR
T;gi e VARIANgE VAgg§§éE VARIENGE 1y = &
HOUR (m/s) | (m/s) (m/s) 2 (m/s) 2 n
20 seconds 3.99 5.28 0 5.28 0.576
1 minute. | 3.69 4.46 1.35 3.10 0.572
2 minutes | 3.79 '5.65 1.77 3.88 0.627
3 minutes | 3.84 5.49 1.98 3.51 0.610
4 minutes | 3.92 6.36 2.27 4.09 0.643
5 minutes | 3.91 6;79 2.41 4.38 0.666
10 minutes | 3.96 7:72 2.62 5.10 0.702
15 minutes | 3.89 6:96 2.74 4.22 0.678
30 minutes | 3.83 6.74 2.73 4.01 10.678
- 3.89 6.54 . 0.657

60 minutes

2.717

TABLE .3.4 Statistical Results for Various Sampling Rates (stng One~.’
Minute Average) Using 1978 Data
READ: . TYP. WITHIN | BETWEEN HOUR :
PE§NGS MEAN VARTANCE HOUR | vartance (v =292
‘ 02 VARIANCE 2 m
- HOUR - (m/s) (m/s)
,, /s). » (m/s)2 (m/s)
.1 3.69 3.10 0.0 3.10 0.477
2 - 3.77 3.68 0.66 3.02 0.509
-4 3.71 4.63 1.21 3.43 0.580
60 ' 3.89 5.43 1.64 3.79 "] 0.599
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once an hour,a distinct trend exists for averaging time and none for
Qampling rate. |

A run duration analysis was performed, and a definite increase of
mean run léngth with decreasing sampling rate for runs both above and
below fixed wind speed leveLs (run levels) was observed. This is
illustrated 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) to 1.5
hours (1 sample per hour) and the mean run length below that level
increases from 14.46 minutes (60 samples per hour) to lO.Q hours (1
sample per hour). waever, there is no apparent effect of‘averaging
time on mean run leﬁgths either above or below run lgvels, as shown
- in Figs. 3.9 - 3.10. Similar effects were observed in the 1978 data,
as shown in Figs 3.11 - 3.12.

Although the wind speed records obtained were quite limited in
duration, a reasonable indication of the possible effects of averaging
time and sampling rate is observed. The lack of trend of mean wind
spged and variance with averaging time and sampling rate is expected
{Doran, Bates, Liddel, and Fox, 1977). The consistency of hourly
coefficienf of variation with various averaging times is most promising
in terms of using the National Weather Service data‘(one-minute
average every hour). The distinct effect of averaging time (but not
of sampling rate) on autocorrelation appears to be important and should
be taken account of in applications. The effect of sampling rate on
run duration is significant, while the apparent lack of trend éf
a&eraging time on run duration is somewhat surprising.

‘The consistent effects of averaging time and sampling rate opserved



from the two 24-hour wind Qafa suggest that it may be poSsible to
develep correetive‘procedures to be esed.with Natienel Weather Service
data. However, further investigafion is necesséry to substantiate the
trends observea here. For the preseet, one must be Very cautious in
generalizing models developed from a specific saﬁpling procedure (such

as the Natieﬁal Weether Service data);‘ The sensitivity of autecorrelation

to averaging time and of run duration to sampling rate is particularly

noteworthy.
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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 performancé 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 function.is given by

£,() = (k/c) /) ¥ expl- (v/e) ¥ ( (4.1)

in which the shape and scale parameters, k and c¢; respectively, are

related to the mean and variance by

m, =cl (1 + 1/k) _ (4.2)

2
03 = cz{f(l + 2/k) - (I'(1 + 1/k)] } : : (4.3) -

'The simulation of a correlated time series based on the ‘Weibull
distribution is very complicated because each hour's wind speed- -
depends on the complete history of previoué wind .speeds and because
the conditional wind 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 Mark, 1963). An approximate simulation procedure has

......

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

.- ’ [ [
hourly mean and variance, mi»and (ci)2 given as follows:
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my = BIR[Xpp = %] T my ok
ll i-1
x -m
) i-1 xi'l
= mx; + pl g 1 Ox. _ . (4.4)
i X, i
i-1
V2 - - oL 2y 2 '
(©)% = varix [x, , ==x, ;1= @ -0 oxi (4.5)
‘in which p is the correlation between Xi and xi;l (here, p is a

temporal or autocorrelation). Equations (4.4) and (4.5) are exact
corrections based on the previous value in the case of a Gaussian
distribution (Benjémin-and Cornell, 1970). For an exact simulation

of a variable at time step i it is necessary in general to include

ail prévious values. Howevér, in the case of a Guassian distribution,
when the autocorrelation function is exponentiai in form, all prior
information is embodied "in the last simulated value. In such a
situation, Egs.. (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 -Egs. (4:4)
-and . (4.5) and the Wéibull distribution. The correlation, p, is taken
as the lag one hourly autocorrelation of.the site. Thé unmodified
mean speed and variance {p = 0 for Egs. (4.4) and (4.5)) are used to
initialize the simulation,A The computer program, WEISIM (see Appendix
A)‘is written to perform a Monte Carlo simulation baséd on the Weibull
dis;ribution and the approximate procedure discussed previously. The

.program includes seasonal and diurnal cycles.



48

Although the simulation based on the approximate procedure appears
to be reasonable based on the limited data that were computed, Compar-
ison between simulated and observed data from more sites should be made

_ before this procedure can be considered to be verified.

4.2 RELATIONSHIP BETWEEN TURBINE POWER AND WIND SPEEb

The available wind power at a site can be shown to vary with the

‘'wind velocity cubed (Putnam, 1948; Golding, 1955)

3

Power = Kirietic Energy = %—pAv (4.6)

Qﬁeré p = the density of air, A = projectéd area swept by the turbine,
'énd 9'% Q;pd velbcity.' However, this is an ideal wind speed and generated
,‘power relationship; in reality a turbine does not genérate any power
be;o%-éut-in or above cut-out wind speed and generates at full capacity
‘ bétweéh rated and cut-out wind speed. An example of | actnal turbine

' powgr versus wind speeé for a 200~watt turbine (the turbine is designed
- to have the cut-in, raged'énd cut-out wind speed of 3.1, 10.3 and 31 m/s,
respectively) is shown?in Figure 4.1 (Rockwell International, 1978).

| In 1976, Justus, Hargraves and Mikhail developed an empirical
reiationship between wind speed and turbine puwer with quadratic fit
setween cut-in and rated wind speed, as given by Eq. (B.8) in Appendix B.

it is interesting to note th;ﬁ for some wind'tﬁrbines the power

computed from Eq. (B.8) will not yield a pusitive valuc; It can be shown
kéée Appendix D) that in order to ensure a positive value of power

‘using Eq. (B.8), the ratio of cut-in speed to rated speed must
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be between 0.260 and 0.587.

4.3 DEVELOPMENT OF THE ARRAY POWER SIMULATION

The power output from a spatiﬁl 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 goodiapproximation for
the average wind speed (average is used in a spatial sense, not temporal)
in a reéion 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 fhe average distance between sites), the Weibull shape
parameter for a typical site, and the number of sites. Jusfus 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 annuél 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 at individual sites given the
array average speed. They can then simulate the wind speed al 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: J
site, provides a sequence of wind speeds at the indiviéual sites S

over the region, and is shown to be relatively tractable. However,
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it contains some empirical approximations and uses a'specified rather
than simulated sequence, which is somewhat qumberéome. The approach also
requires additional computations in order to obtain the array power,
and incorporates spatiél correlation of non-zero time lags only in-
directly. A .simplified approach, of commensurate accuracy, is developed
herein..
The hourly wind speed at a siﬁgle 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 (fo? a one-
site array) to Gaussian (for an array of 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 fo; 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 similér shapes of
the Rayleigh-and Gaussian distribution (for mean wind speeds between
1l m/s and iO 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 correlatgd 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, thexe are
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three factors which tend to help make the linearization a reasonable
approximation. First, the power curve of array average péwer versus
array average speed Qill tend to be smoother than the curve for a
single siﬁe_despite the first derivative discontinuity of the Sinéie-
site turbine power curve at cut—in,A;ated and cut-out speeds (Justus
and Makhail, 1978). Second, the coefficienﬁ of variation for airay
a§erage'speed is less than for a single site, and hence a narrower
, iange of the turbine charaéteristics cufve is generally encountered.
This effect will diminish-considerably with incréasiné correlation
in the<atray. For instance, the coefficient of variation for a
v teﬁ~site‘airay will decrease to 32% of a single site wheﬁ.there is no
‘corfelatibn among-sites, but will déérease to 68§ with 0.4 corre-
lation and only 91% with 0.8 correlation. The third féctor ig that
the linearization can be improved‘by using a weighted miniﬁum inte-~
gréted squared error technique in which the wéighting function is a
kayleigh distribution of the wind speed itself. The equivalent
. linearization, which is derived in Appendix é, further ensures that
the approximation is a best fit for the range of,win@ speeds most
likely to be observed;

| "Although the préceding-discﬁsSiqn indicates that the use of
the Gaussian distribution for array averaée épeed and the equiva;ent
linearization are générally reasonable, it should be cautioned that’
the approximation can be expected to be much poorer for extremely high
or low average wind speeds. |

If the power output from turbine j at £ime i with wind speed

vij‘xs given by

P..=a. +b. v,. (4.7)
1] J J 1] :
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where aj and bj are determined in Appendix B, the total power in an array

of n turbines at‘time i will then.be

n n
P, =j£1 a, +j£i bj iy

with the following mean and variance

E[pP,] = a, + b, Elv, ]
n n
Vi 1= .
ar[Pl] Z z bJ b cov[vijk vik]

j=1 k=1

(4.8)

4.9)

(4;16)“

For simplicity, assume all the wind turbines in the array are

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

assume that the mean wind speeds at the Various sites are similar.

In this case a. and bj will be independent of site and can be

P

replaced by a and b,respectively. Equations (4.8) - (4.10) become o N

n
na +b z v, .-

P, i4
=1 ™

1

nfa + b vi)

n
E(p.] = b Elv,.
(p,] = na + jzl vy )
" n
Z cov[vi., v..}

,2121
varfp,] = b .
* =1 k=1 ik

(4.11)

(4.12)

where ;glis the array average wind speed at time i and can be modelled

by the Gaussian, as previously discussed. Since Pi is linearly
related to ;;, it can also be described by the Gaussian with the

mean and variance given by Egs. (4.12) and (4.13).

Let p(T) be defined as the‘autocorrelation of wind speed at a

site for time lag T, ps the zero-lag spatial correlation and ps(T)



the time-space correlation of wind speed between sites. Corotis }1976,
1977) has shown that for relatively flat terrain, the hourly spatial
correlation is relatively constant forAsiteé that are anywhere from a
few kilometers to more than 100 kiiometers apart. The wind speed may
be assumed to be spatially homogeneous and témporally statioénary
across the array, and the autocorrelation of the array méan wind speed
for timellag T, R(T), may be given as (see Appendix C for derivation)

e(T) + (n-l) ps(r)

R(1) = 1+ (o-1) Pq

(4.14)

"R(T) is also.the autocorrelation function for the array average péﬁer
becausg of the linearity between power and speed.

" The stﬁdies by éoro£is also indicate that the autocorrelation and
timeésﬁace.correlations;lp (T) and DS(T), decay exponentially with time
l4g and with similar decéy rates. These conditions imply that the
autocorrelation, R(T), will also decay exponentially.

Following the same reasons discussed in Section 4.1 for the
simulation of wind speed at a éingle site, the Gaussian dlstributidn'v

"and the exponential.autocorrelation function provide the neceésary
prerequisites for a Gauss-Markov process. The sequence of array’
‘power is simulated from the Gaussian distribution using the parameters
giveh by ‘Eqs. (4.4) and (4.5) with p = R(}). However, Egs. (4.12)
and (4:.13) are used to initialize the simulation. 4Computer program
ARASIM (see Appendix E) is written to perform the Gaussian:simul#tion
for hourly array power based on the preqeding discussion and

incorporates seasonal and diurnal cycle effects.
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4.4 ANALYSES OF ARRAY POWER MODELS

In order to assess the array power ‘model discussed in Section 4.3,
statistical analyses were conducted on each of the three array power
models, ARASIM (the Gaussian simulation of power), SIMUL (the simulation
déveloped by Cliff, Justus and Elder.kin (1978)), and REGIONAL (the actual
wind speed colleéted by National Weather Service). For verification |
purposes, six wind turbines (45 kW, 100 kW (MOD 0), 200 kW (MOD 0Aa),

500 kW, 2 MW (MOD 1), 2.5 MW (MOD 2)) and 3 regions (Kansas, Northern
Illinois and Wyoming) were studied. The wind turbine operating charac-
teristics (Thqmas and Donovan, 1978; Rockwell Internatiocnal, l97é;

General Electric Company, 1976; Hunnicutt, Linscott, and Wolf, 1978)

and the regions under investigation are summarized in Tables 4.1 and 4.2.

For thelREGIONAL results, the data were obtained from the National
Climatic Center. The sites ére'TOpeka, Férbes AFB and Olathe NAS in-
Kansas; Argonne National Laboratory 18', Glenview, Midway, O'Hare and
Rockfora in nqrthern Illinois; and Cheyenne, Douglas and Laramie in
Wyoming. The wind speeds at these sites have been gtudied extensively
by Corotis. (1976, 1977, 1979). Due to the variations in record length,
the data were extracted for the common period among sites within the -
'region. A .linear interpolation was used to repléce missing or invalid
data. This‘approximation dpes not affect the analyses significantly
because the number of missiﬁg‘qr invalid data in a region is low (a
maximum of 0.12% of'the record) and it is very unlikely that all sites
in a region have a missing datum at the same time. A record-of hourly
array power was then created for each region énd wind tuibine by

summing the. turbine poWer (computed from Eq. (B.8)) over the region,
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' TRBLE 4.1

Summary of Wind Turbine Operating ChéréchfiSIics
OPERATING CHARACTERISTICS
WIND ' RATED POWER CUT-IN SPEED RATED SEEED CUT-OUT SPEED
TURBINES (Xw) (m/s) (m/s) (m/s)
.45 Kw 45 2.2 11.2 17.9
'MOD D 100 3.1 6.5 15.3
Mpﬁ 1) 200 3.1 8.2 15.3.
500 KW 500 3.54 5.27 17.9
MOD 1 - 2000 4.9 10.8 15.6
MOD 2 2500 3.8 8.9 20.1
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TABLE 4.2 Summary of Sites Investigated
' GROUND N
LOCATION LAT. (N) (. toarToN PERIOD OF RECORD
i LONG. (W) "
(meters) TOTAL UTILIZED
, ° ' ) k - - B -
TOPEKA, KS ,%g;—%§7- 285 Jan. 1960- 1| Jan. 1960-
: : Dec. 1964 Dec. 1964 -
-] ] . -
FORBES AFB, XS ggo Zg' 324‘« Jan. 1960 Jan. 1960
' Dec. 1964 Dec. 1964
° v , - -
» ' Dec. 1964 | Dec. 1964
~ -] ] ' o -
CHEYENNE, "Wy lgio 23' 1873 Jan. 1950- | Jan. 1952
' T Dec. 1954 Dec. 1954
° ' | R .
Dec. 1954 Dec. 1954
) " 410 ’ _ . ) ]
S Dec. 1954 Dec. 1954
ARGONNE NATIONAL 41° 43" - July 1949~ Jan. 1959-
| 879 597 227 '
LABORATORY 18', IL | - Mar. 1965 Dec. 1964
o LR - -
GLENVIEW, IL 330 gg' 200 Jan. 1958 qan. 1959
A Dec. 1964 | Dec. 1964
a [ [ . - -
MIDWAY, IL g%o Z;' 187 Jan. 1950 Jan. 1959
\ Dec. 1973 Dec. 1964
j0 ' : - ‘ -
O'HARE, IL §§° :3' o1 Jan. 1950- | Jan. 1959
’ ) Dec. 1964 Dec. 1964
‘ Jan. 1950~ o
42° 11° . Dec. . 1959-
ROCKFORD, . IL 42° 11 224 Dec. 1954 | Jan. 1959-
g9° 05 , ~Jan. 1959- | ioc,
- Dec. 1964 * .




58

A similar procedure was applied'to'the_SIMUL model where thgfhoufly:
wind .speed in the model was simulated from a sequence. of hour;y?wind.
speeds at a representative site of each region (Forbes AFB in Kansas, |
Rockford in northern Illinois and Laramie in Wyoming) for an array;size
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. Thé:model input is outlined in Appenaix E. The data are the_
averages of the statistics at individual sites over the array. \Thé
diurnal cycle factors Qere_linearly interpolated between the 6-houf'pe£iod i
statistics from the WINDATB (Corotis, 1977) analysis ito obtain*thé houfly
effect. The monthly correlations were also linearlyfinterpretedAb;tw;en
~ 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 compute the statiétical apalyses for array power. The modi-
fied p:ogiams were renamed as WINDATR, RUTOCOR and. PERIR for WINDATB,j
AUTOCOR and PERSIST, resyectively. A brief_description of the modified
programs is given in Appendix F. 'The modification basically consisted of
deleting the computation for velociﬁy-cubed statistic;.and renaming the
velocity statistics as power statistics. A power ynit, PUN, is introduced
which is defined in every analysis froi-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..
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The basic ‘statistics to companiamong.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 thénithe REGIONAL with only a few exceptionéa,,The coefficients
of variation-are Quite consistent with the REGIONAL. Overall, the
ARASIM model shows goo& agreement with the REGIONAL, and in many cases,
it even fits better than the SIMUL:

Histograms for all the models Qere computed to assess the fitting
of the array power frequerncy distribuﬁion. Selected typical histograms,
winter and summer seasons for MOD OA (200kW) for the three regions,
are presented in Figqures 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 médels, it is necessary to
verify that'the autocorrelation function-decays exponentially, one of
the characteristics required by the Gauss-Markov process. A list of
corielation times (the time that it takeé the autocorrelation function
to .decay to l/e of its érigihal value) -for winter and summer is
given in Table 4.5. The correlation times for the ARASIM in winter
are higher than the REGIONAL and for the summer are lower, while the

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



60

. 4,5-4.6 shdw the autocorrelation function for MOD OA in the various
regions. It ié observed that the correlation function does decay
exponentially, with the effect of the diurnal cycle superimposed.’
Thelcorrelétion funétions for the ARASIM are usually higher than the
REGIONAL in the winter and lower in the summer. For the first few lag -
hours, the correlations agree very weil with'thelexact correlations.
The SIMUL, on the other hand, has lower cofrelation values than the
REGIONAL, and the function decays considergbly in the first few lag:
hou:s. The higher correlations for the ARASIM may be due to the -
estimated correlation function, R(1), given by Eq. (4.14). The -’
assumptions made for the spatial and time-space correlations may have
overestimated the correlation function. However, further investigation
is néedeaktp substantiate the observations or to adjust'thé corxe~
‘lation function.

Mean run lengths below 25% and above 75% of total array power in
each régioﬁ were tabulated and are presented in Table 4.6 to comparé
the persistence among the §arious models. The mean run~leng£hs for -
the ARASIM areéloﬁger than the REGIONAL while the SIMUL are shorter in
éeneral. One may notice the substantial difference between ARASIM
and REGIONAL bélow 25% of total array power in the summer at Kansas
region. Howe?er, the overall variation is reasonable. Graphs of
mean run length vergus run levels were drawn for all turbines and
regions. Some selected graphs are shown in Figures 4.8-4.10 which
provide an overall summary of the run duration fit among the models.
It is observed that the complete curve for the ARASTM fits the

REGIONAL reasonably well. The SIMUL fits well only at the low run



levels for runs below the fixed run levels,land 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 lgngths
below high run levels may be related to the high.autocorrelation.
Based.on the preceding analyses and discussion, it is'reasénable'
to say that the approximate approach (ARASIM) developed here is a
good approxihation to the.exact model. - In many occasions, tﬁe ARASIM
is shown tp_éive a bgtter fit than thg SIMUL. .In addition, the ARASIM
has several computational advantages over the SIMUL: the hourly
array powér is-simulated directly, the program is efficient, computing
time does not incréase with the number of sités in an array, and the
method consistently incorporates autocorrelation ahd spatial corré-
lation. Howevei, there‘a;e some areas in the ARASIM model that require
attention: - the relatively consistent high autocorrelations, and tﬁé

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

6l



29

TABLE 4.3a Basic Array Power Statistics for Kansas Region

R REGIONAL A::ilMDEV _ S;:EL —
power | oo wean aan | STRE o/m uean oo oy | o/m | MERN o) |7 ) O/m
ANNUAL 15.63 23.62 |1.492 | 14.97 20.70 | 1.383 | 11.43 20.57 | 1.800
|WINTER 18.54 24.42 (1.317 | 18.94 22.24 [1.174| 13.63 21.96 | 1.611
45 xq  |SPRING 21.86 27.81 |1.272 | 20.70 24.31 [1.174| 15.16 23.92 | 1.578
SUMMER . 9.53 15.47 [1.623 7.76 12.11 | 1.561 6.56 13.61 | 2.075
FALL 13.41 21.38 |1.504 | 12.53 16.91 |1.349| 10.37 19.43 | 1.874
ANNUAL 109.35 | 104.60 |0.956 | 103.92 94.20 | 0.906 | 86.87 | 100.66 | 1.159
MOD 0  |WINTER 126.25 |-106.01 |0.840 | 123.28 92.78 | 0.753 | 100.17 | 103.36 | 1.032
(200 KW) |spRING 131.72 | 106.72 |0.810 | 129.42 91.47 |0.707 | 104.40 | 105.97 | 1.015
| SUMMER 80.75 88.27 |[1.093 | 67.45 80.87 |1.199 | 62.49 85.42 | 1.367
FALL 98.98 | 102.81 [1.039 | 95.95 90.47 |0.943 |  80.62 97.81 | 1.213
ANNUAL 148.32 | 172.28 [1.162 | 130.98 | 157.88 |1.205 | 111.90 | 155.82 | 1.393
MOD OA |WINTER 173.05 | 177.39 |[1.025 | 161.02 | 165.50 |1.028 | 131.30 | 163.03 |1.242
(200 KW} |SPRING 189.52 | 186.18 [0.982 | 171.32 | 167.51 |0.978 | 140.48 | 171.26 | 1.219
SUMMER 100.32 | 130.85 [1.304 | 75.72 | 115.79 |1.529 | 73.30 | 119.81 | 1.635
FALL 130.60 | 164.18 |1.257 | 116.28 | 145.26 [1.24¢ | 102.75 | 149.71 | 1.457
ANNUAL 450.60 | 489.50 |1.087 | 406.42 | 443.62 |1.09z | 345.30 | 454.72 | 1.317
WINTER 525.22 | 502.76 [0.957 | 496.58 | 449.33 |0.905 | 403.42 | 472.18 |1.170
500 KW [SPRING 562.20 | 513.56 [0.913 | 520.20 | 445.05 |o0.841 | 427.50 | 490.09 |1.146
' SUMMER 314.10 | 389.81 [1.241 | 237.60 | 352.1 |1.482 | 233.02 | 365.65 | 1.569
FALL 401.70 | 475.57 [1.18a | 363.68 | a19.1z |1.152 | 317.92 | a30.11 |1.381
[ANNUAL 667.50 | 114.00 |1.669 | 495.50 ~ |1017.75 |2.054 | 464.25 | 956.25 | 2.060
wop 1 [WINTER 787.00  |1156.02 |1.469 | 666.00 [1125.44 [1.690 | 561.50 [1026.07 |1.827
(2 1) |SPRING 951.25 [1318.50 [1.386 | 743.25 [1215.60 |1.636 | 634.75 [1118.15 |1.762
SUMMER 376.60 | 717.59 |1.908 | 192.25 | 553.68 |2.880 | 244.25 | 626.25 |2.564
FALL 555.25  [1006.04 |1.812 | 381.25 | 845.91 [2.219 | 417.00 | 899.24 |2.156
ANNUAL | 1503.50  |1961.25 |1.304 | 1251.75  |1778.75 |1.421 | 1100.25 |1739.00 |1.581
wop 2 [WINTER | 1763.50  [2029.98 [1.151 | 1588.50 [1890.78 |1.190 | 1305.00 |1833.08 |1.405 |
(2.5 ma)SPRING | 1988.25  |2175.85 |1.004 | 1715.50 [1933.65 |1.127 | 1420.75 |[1949.94 |1.372
SUMMER 961.00  [1413.86 [1.471 | 639.25 |1214.96 |1.901 | 672.75 |1268.29 |1.885
FALL 1302.50  [1843.91 |1.416 | 1068.25  [1606.84 [1.504 | 1004.25 |1664.16 |1.657
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TABLE 4.3b Basic Array Power Statistics for Northern Illinois Region

REGIONAL

ARASIM SIMUL
TURBINE : -

32522 SEASON |\ v () ST?kW?EV._O/m MEAN (KW) ST?kw?EV. o/m | MEAN (10) ST?kg?v. o/m
ANNUAL 23.03 33.81 |1.468 24.67 33.16 |1.344 25.05 34.04 |1.359

WINTER 31.15 39.32 {1.262| 34.98 38.80 [L.109 28.51 35.11 |1.231

45 KW SPRING 25.92 34.86 |1.346 27.48 34.52 [1.256 29,17 36.66 |1.257
SUMMER 12,02 20.94 |1.742 11.93 19.36 [1.623 . 16.90 26.97 |1.596

FALL 23,22 32.88 |[1.416 24.58 30.39 .[1.236 25.69 34.21 |1.331

ANNUAL 180.95 166.62 | 0.921 | 173.95 154.70 [0.889 185.55 162.78 [0.877

MOD O WINTER 225.08 | 175.87 |o0.781 | 226.02 152.80 |0.676 206.72 162.62 [0.787
(100 KW) | SPRING 196.88 | 160.63 |0.816 | 187.12 148.15 [0.792 204.88 161.84 [0.790
SUMMER 117.88 134.39 |1.140 | 103.75 130.02 [1.253 141.50 150.81 .}1.066

FALL 185.15 165.92 | 0.896 | 180.42 150.28 [0.833 189.68 162.38 |0.856

ANNUAL 232.96 264.28 |1.134 | 217.42 259.48 [1.193 243.58 258.42 [1.061

MOD OA | WENTER 301.90 293.16 |0.971 | 296.00 286.06 [0.966 274.60 263.31 |0.959
(200 KW) | SPRING 257.45 262.28 |[1.019{ 237.32 256.27 [1.080 274.75 264.65 |0.963
: ‘SUMMER 137.13 189.39 |[1.381] 115.72. 184.04 [1.590 176.20 224.27 |1.273
FALL 237.30 260.60 |1.098 | 222.80 253.12 [1.136 249.52 259.25 |1.039

ANNUAL 725.32 771.52 |[1.064 | 678.22 728.55 [1.074 748.42 749.70 [1.002

WINTER | - 928.72 838.90 | 0.903 | 917.78 760.70 |0.829 841.05 757.27 |0.900

‘500 KW | SPRING 796.42 754.09 | 0.947 | 741.08 703.56 [C.949 839.32 758.18 (0.903
SUMMER 439.88 583.30 |1.326 | 362.78 560.51 |1.545 549.98 669.60 |1.217

FALL 741.82 765.61 | 1.032 | -697.95 712.42 |1.021 766.05 750.58 |0.980

ANNUAL 938.40 1589.20 | 1.694 | 799.60 1624.40 [2.032 1035.20 1587.20 [1.533

MOD 1 WINTER | 1308.80 |1865.86 | 1.426 | 1240.40 1980.18 {1.596 1189.20 1651.23 |1.389
(2 Mw) SPRING | 1068.00 1650.65 |1.546 | 9}2.00 1697.43 [1.861 1220.00 1712.26 |1.403
SUMMER 443.20 958.65 | 2.163 | 285.20 855.20 [2.999 670.80 1243.80 |[1.854

FALL 943.20 1542.93 |1.636 | "771.20 1531.12 [1.985 1063.60 1596.90 |1.501

ANNUAL | 2281.60 2943.20 | 1.290 ] 2066.00 2916.00 [1.411 | 2420.80 2905.20 |1.200

MOD 2 WINTER | 3032.40 3335.34 | 1.100 | 2944.40 3308.78 |1.124 2748.00 2979.56 |1.084
(2.5 MW) | sPRING | 2542.40 |2955.32 | 1.162| 2287.60 2906.90 [1.271 2772.00 3026.60 |1.092
SUMMER | 1252.40 1995.47 | 1.593| 966.80 1914.45 |[1.980 1687.60 | 2437.05 [1.444

FALL 2317.60 2891.42 | 1.248 | 2089.20 .2840.17 {1.359 2484.80 2922.93 {1.176
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TABLE 4.3c Basic Array Power Statistics for Wyoming Region

SIMUL

TURBINE | "REGIONAL ARASIM

ggagg SEASON MEAN (W) ST?éS?V. o/m MEAN (KW) ST?k3$V. o/m MEAN (KW) §T?k3?v. o/m
- | ANNUAL 33.22 33.77 | 1.016 31.77- 31.86 [1.003 33.50 36.53 | 1.090

- WINTER | -  47.)2 - 37.37 | 0.793 46.95 37.29 [0.794 44.24 39.15 | 0.885

45 Xw SPRING 34.38. 33.56 | 0.976 32.42 30.69 |0.947 35.02 36.63 | 1.046
: SUMMER 20.00 0 23.29 | 1.164 17.95 20.48 [1.141 22.86 29.28 [1.281

FALL 31.72 32.57 | 1.027 30.16 28.01 |0.929 32.09 36.45 |1.136

ANNUAL 152.91 93.83 | 0.614 167.75 86.35 [0.515 157.54 108.20 {0.687

MOD O WINTER 18Y.02 90.17 | 0.498 207.15 72.08 |0.348 182.34 106.30 | 0.583
(100 KwW) | SPRING 163.20 93.20 | 0.571 | 173.62 '82.21 [0.473 164.41 105.78 | 0.643
SUMMER 125.87 87.78 | 0.697 125.05 84.15 [0.673 134.82 103.66 | 0.769

FALL 142.48 93.43 | 0.656 166.28 80.12 |0.482 149.06 110.22 10.739

~ . ANNUAL 239.18 182.12 | 0.762 238.42 184.22 {0.773 240.90 200.65 [ 0.833
MOD OZ | WINTER 302.95 183.06 | 0.604 321.25 184.19 |0.573 294.78 204.08 | 0.692
(200 Kw) | SPRING 254.18 182.83 | 0.719 246.50 179.81 [0.729 251.35 198.10 | 0.788
' SUMMER 178.72 158.41 | 0.886 155.18 151.01 |0.973 189.92 181.33 | 0.955
FALL 222.88 177.07 | 0.794 233.00 170.44 |0.731 228.52 201.57 | 0.882

ANNUAL 695.78 486.38 | 0.699 721.42 445.95 |0.618 707.70 545.48 {0.771

WINTER 871.28 475.42 | 0.546 | * 938.78 381.40 |0.406 852.45 542.72 | 0.637

500 Kw | SPRING 738.08 485.32 | 0.658 750.90 427.36 [0.569 739.20 536.82 | 0.726
SUMMER | 528.22 429.69 | 0.813 492,52 411.31 |0.835 569.78 503.23 (0.883

FALL 650.78 477.76 | 0.734 709.42 412.21 |0.581 672.15 552.17 {0.821

ANNUAL 1437.00 1535.00 | 1.068 | 1242.75 1598.25 | 1,286 1425.75 | 1633.50 |1.146

MOD 1 WINTER 2052.50. 1679.16 | 0.818 | 2013.75 1876.70 |0.932 1896.25 1744.38 | 0.920
(2 MwW) SPRING 1492.75 1537.08 | 1.030 | 1269.50 1543.90 [1.216 1489.25 | 1635.43 [1.098
- SUMMER 854.00 [1112.74 | 1.303 553.75 986.12 |1.781 965.75 1347.17 | 1.395
FALL - 1364.75 |1471.75 | 1.078 | 1153.00 1417.26 |1.229 1361.00 | 1619.72 |1.190

ANNUAL 2745.25 2337.00 | 0.851] 2518.75 2186.50 | 0.868 2732.50 2526.50 | 0.925

MOD 2 WINTER 3697.00 2419.05 | 0.654 { 3581.50 2176.80 | 0.608 3474.50 2603.11 | 0.749
(2.5 MW) | SPRING 2875.50 2325.64 | 0.809 | 2615.00 2128.04 |0.814 2856.00 2512.03 | 0.880
| SUMMER 1815.25 1853.41 | 1.001| 1473.00 1723.22 |1.170 2006.75 2177.40 |1.085

FALL 2582.75 2262.53 | 0.876 | 2433.25 2012.85 | 0.827 2605.75 2530.71 | 0.971
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TABLE 4?4 Cumulative Density of Array Power Output at Indicated Percentages of Total Array Power

WYOMING REGION

KANSAS REGION

NORTHERN ILLINOIS

TURBINE | SIMULA- WINTER SUMMER WINTER SUMMER WINTER SUMMER
RATED TION :
POWER | MODEL _ |
- 25% | 75%¢ 25% | 75% 25% | 75% 25% | 75% | 25% | ‘75% 25% | 75%

REGIONAL | .497 | .890 | .827 | .991 | .834| .986 | .944 | .999 | .813 | .984 | .960| .999

45 kW |ARASIM .480 | .897 | ..854 | .997 | .828| .992 | .968 | .999 | .756 | .992 | .960 [1.000

SIMUL 507 | .888 | .789 | .971 | .892| .987 | .964 | .998 | .832 | .993 | .921 | .99

REGIONAL | .151 | .647 | .349 | .824 |. .439| .740 | .599 | .893 | .346 | .87 | .5907 | .909

MOD 0  |ARASIM |: .057 | .528 | .328 | .847 | .383| .806 | .647 | .933 | .252 | .755 | .e13| .932

(100 kW) |simuL |- .225 | .556 | .376 | .741 | .s38| .s12| .693 | .915 | .356 | .750 | .535 | .863

", |REGIONAL |{ .247 | .785 | .527 | .929 | .573| .ss1 | .739 | .o71 | .552 | .85 | .s11 | .983

MOD OR ARASIM |- .218 | .710 | .562 | .950 | .555| .917 | .794 | .985 | .507 | .910 | .s10| .os9

(200 ¥W) svuL. |- .310 | .725 | .525 | .883 | .e68 | .920 | .823 | .978 | .557 | .935 | .726 | .o7m1

REGIONAL | .157 | .620 | .382 | .854 | .470| .788 | .626 | .927 |-.470 | .780 | .735 | .049

500 KW |ARASIM .068 | .578 | .387 | .888 | .420 | .847 | .700 | .955 | .402 | .839 | .754 | .966.

SIMUL - .238 | .558 | .408 | .780 | .570 | .857 | .726 | .944 | .469 | .s49 | .e49 | .927

REGIONAL |, .441 | .900 | .779 | .988 | .798 | .893 [ .920 | .998 | .791 | .981 | .952 | .o09

'MOD 1 |ARASIM .482 | .855 [ .993 | 993 | .s16 | .983 | .955 | .999 | .779 | .980 | .957 | .999

(2 MW) |SIMUL .492 | .994 | .757 | .970 | .s6a | .986 | .950 | .997 | .808 | .992 | .%06 | .99s

wop 2 |REGIONAL | .288 | .740 | .609 | .946 | .658 | .914 | .815 | .983 [ .e35 |.936 | .873 | .993

(2.5 ) |PRASTH 271 | .778 | .683 | .969 | .es8 | .040 | .871 | .992 | .608 | .946 | .876 | .996

: SIMUL .363 | .720 | .617 | .898 | .746 | .947 | .879 | .986 | .645 |.968 | .794 | .oss
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TABLE 4.5 Cbrrelation Time (in Hours) for Array Power
WYOMING REGION KANSAS REGION NORTHERN ILLINOIS
TURBINE | SIMULATION [—
RATED _
POWER MCDEL WINTER SUMMER WINTER | SUMMER WINTER SUMMER
| REGIONAL 6 4 8 7 11 7
45 KW ARASIM 7 4 9 2 16 6
SIMUL 4 2 7 i 7 4
REGIONAL . 5 4 8’ v 10 7
MOD O ARASIM 7 5 10 €. 17 6
(100 xW) | SIMUL 3 2 7 E 8 5
REGIONAL 5 4. 9 7 11 7
D L4
- (’;80 g;) ARASIM 7 4 10 5 17 6
SIMUL 3 2 7 5 8 5
REGIONAL 6 4 8 7 10 7
. ARASIM 7 5" 10 6 17 6
500 xw  SIMUL 4 2 7 6 8 5
MOD 1 REGIONAL 6 4 . 8 7 11 6
(2 Mw) ARASIM 7 .4 8 4 13 5
| SIMUL 3 2 6 5 7 6
REGIONAL 7 4 9 7 11 7
MOD 2 =
ARASIM 7 4 9 5 17 6
(2.5 W) | srmur 4. 3 7 6 8 5
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TABLE 4.6

Mean Run Length (in Hours) Above and Below Indicated Percentage

of Total Array

Power

WYOMING REGION

KANSAS REGION

NORTHERN ILLINOIS

WINTER

_ WINTER

TURBINE |SIMULA- .SUMMER SUMMER WINTER SUMMER
RATED | TION ’ B ‘ . ,
BELOW | ABOVE | BELOW {ABOVE | BELOW | ABOVE | BELOW |ABOVE | BELOW | ABOVE | BELOW | ABOVE
POWER | MODEL 25% | 75% 25% | 75% 25% | 75% | 25% | 75% 25% | 75% | 25% | 75%
REGIONAL|6.501 |2.358 [12.986] 1.706 | 22.442| 2.559 [45.621{ 3.333| 25.771{3.231 | 76.405[1.375
45 gy | BRASIM [7.143 3.209 |18.970| 1.636 | 23.417| 3.000 |80.598( 1.000 | 19.819|2.784 [72.118] -
SIMUL  [3.958 |1.326 | 7.557| 1.143 | 17.996{1.366 [42.603| 1.211 | 11.103|1.237 [20.580|1.174
REGIONAL|2.620 |3.500 | 3.413] 2.597' | 7.514[5.326 | 8.298| 3.523| 7.604|7.933 | 9.578|4.177
MOD 0 ARASIM [2.624 16.910 | 4.006| 3.003 | 6.971]4.610 {10.045]| 3.320 | 6.097|6.420 |10.749]3.429-
(100 KW) | sTMuL.  2.678 [2.483 | 2.612| 1.843 | 5.922{2.261 | 7.410| 1.821 | 4.198[2.462 | 5.150|1.973
REGIONAL[3.410 {2.525 | '5.299| 2.112 | 9.889|3.865 |12.300| 2.779 | 12.297/4.264 |18.645|2.936
MOD OA | ARASIM [4.132 |4.764 | 5.985] 2.205 | 9.836|3.742 [17.130| 2.278 | 10.179{4.390 |20.937(2.127
(200 xw) | stmuL,  [2.908 [1.743 | 3.500 1.450 | 7.419{1.700 [11.313]| 1.426 [ 5.793|1.515 | 8.089|1.336
REGIONAL|2.793. |7.182 | 3.520 2.604 | 7.773/5.406 | 8.455| 3.303 | 10.215(6.207 |13.608]3.464
500 KW | ARASIM " |2.796 [6.228 | 4.428| 2.690 | 7.860|4.691 [12.083] 2.721 | 8.276|5.435 | 16.938/2.948
SIMUL  |2.820 [2.687 | 2.787| 1.857 | 6.201[2.112 | 8.230| 1.650 | 4.944]/1.994 | 6.530}1.565
MOD 1 | REGIONAL[5.326 |2.060 |10.406 | 1.711 |19.620{2.367 [31.844 | 2.571 | 23.775|3.024 | 63.651|1.308
(2 Mw) | ARASIM " |7.218 [3.229 [17.247] 1.679 | 21.266[3.033 {56.167 | 1.200 | 21.369|3.581 | 68.640|1.000
SIMUL - [3.607 |1.218 | 3.607| 1.218 {14.745[(1.336 {32.965| 1.240 | 10.213|1.262 |18.352|1.185
| REGIONAL|4.143 [3.753 | 6.337| 2.238 {12.282|3.719 [17.600 | 2.563 | 15.0813.768 | 28.150[2.636
MOD 2 | ApasiM [4.569 [3.989 | 8.707 [ 2.000 |12.301|3.354 |24.958 | 2.070 | 11.950|3.971 | 29.082|2.192
(2.5 MW) | gymyr,  |3.267 |1.936 | 4.367 | 1.443 | 8.962|1.765 [15.389 | 1.402 | 6.695|1.358 |10.033[1.264
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CHAPTER 5

BAYESTAN WIND SPEED DISTRIBUTION

5.1 INTRODUCTION TO BAYESIAN ANALYSIS

The classical approach to paraméter estimétion is based on the
assumption that the parameters are unknown constants. Ihe estimators,
which are obtained using oniy sample statiséics, lead to confidence
intervals to express the.ranée of errors. .Estimatioh using only ob-
»sefved data may be limiting, especially when intuitive or subjective
information is available since there exists no formal basis for its
incorporation using classical methods. Such problems can be treated
rigorously usiné Bayésian anélysiq.

The Bayesian.approach to parameter e;timation is to model the
unknown parameters as.random variéblgs. Through Bayes' theorem, tﬁe
uncertainty associated with the estimatea parameters caﬁ be formally
combined with the inherent randomness of the basic random vari;ble.
Using this approach, information based on previous experiehée and sampliny
can be combined systematically to provide a moré realistic distribution
'of the basic random variable.

A commdn situation is one in'which ﬁhe underlying probability
distribution of a basic random variable, d§noted by X, is known‘with a
high degree of certainty, but has parameters which are not precisely
known. The unknown parameters will be denbted by 6 and considered a
single parameter for simp;icityt The first step is to treat 0 as a
random variable and choose a prior digtributiun of 0, fé(d), which best

quantifies all available intuitive and judgemental beliefsf Now if
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the outcome of n observations of the random variablé, X, becomes available,
]

. 1
then the posterior distribution.of 6, f0 {8) can be obtained from Bayes'

theorem (Benjamin and Cornell, 1970) as follows:

'
£

0 xn) . fe(e) : (5.1)

() =N - L(G/xl, Xyrawnt

where . N = a normalizing constant

L(S/xl, xz;...xn) = Likelihood of the sample given 0
[ ] ) .

fe(e) = Prior distribution of 6

. A _ 4
fe (0) = Posterior distribution of 6 given the sample
observations Xy Xyr eeeeeX,

For the sampling process which involves n independent obsefvations

of the random variable, X, the likelihood function can be written as
L(6 » m £ 6
(O/%) 0 Xpreeeexy) = ;M) £, (%700 . . (5.2)

Equation (5.1) can now be written in the form .

n ' - ® ‘ . .
fq (0) =N - .M fx(xi/e) © £4(0) (5.3)

where, £ (%./0) = Probability distribution of the basic
. X 1 . .
' random variable, X given O

in‘the above expreésion, it is assumed that'both the prior and
posterior distributions of 06 are contihuéus. A similar expression is
applicable when a discrete‘probability mass function is assumed for the
prior. When the number of observations is relatively large, i.e., in
compafison with information upon which the prior is based, then thé
prior disfribution is termed diffuse. The resultihg posterior distri-
bution is virtually free of the prior information and is said to be

data-based.



The posterior distribution.of 0 deals with the statistical uncertain-
ty in the parameter of the modelled distribution of the basic~randoﬁ.
variable, X. The distribution of X presents the inherent uncertainty
in the value of the random variable,. which can be combined with the
uncertainty of the parameter, &‘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 staﬁistical ,

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 Rayleiéh distribution,which is of the form

£,09) = (1/2 - m2) v - exp(- T + v2/4 - m°) (5.4)

The mean wind speed, m, is a parameter of the ﬁayleigh distribu-~
tion and is approximated by a random variable which will be denoted M.
M is assumed to behave as a raﬁdom variable with its own prior éistﬁiﬂ.
bution, f&(m). The choice of the prior is very important, and the follow-
ing criteria are denerally used: : : S o o
® The distribution shoula be mathematically tractable to allow
the posterior to be easily determined, i.e, obtninable'in a
closed form given the prior and the sample data.
.- Tﬁe distribution should be flexible énoﬁgh ﬁo be capable of -
expressing the user's prior infofmation and beliefs.
; The.parameters of thé distributionléhould be readilf inter-

pretable.

20



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,

£,0v) = (c/0) - (/) - exp(-(v/0)%) (5.5)

where, v > 0

c = 2 (shape parameter)
" a =2 m/V/m
let A=qa C = a-z = /4 m2. Sﬁbstituting in (5.5) yields
. RS . -sz' .
fv(v) =2 AV e _ _ , (5.6)

The likelihood function for A given n observations of the wind

) n
speed is L(A/vl,dz,;..vn) = A" . 2R exp (-A z vi). The kernal of
i=1

this function (i.e., factors dependent oﬁ A) is used to find a natural
conjugate prior distribution for the p#rameter A, assumed to be a
random vari;ble; lA prior distribuﬁioh similar in form and proportional
to the kernal of the likelihood fuﬂction is the Gamma-1 p:obabilit&

density function
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' ' r.. r."i . -AY
£,/ , y) =% A (5.7)
(r - 1)!

"wheré, r'.and y are the shape and scale parameters, respectively, and
A(r' - 1)! is to be in£erpreted as F(r') when r' is.non-integer.
A pa;ameter of greater interest th;n A is the mean wind speed,'
sincé it is recognizable and more easily characterized. A prior distri-
‘_bution for the mean wind spéeed, M, which will be a natural conjugate of
the‘ﬁayleigh distribution is derived from the Gamma-1 distribution of

A

4 s
A== (5.8)
4m
Therefore SA - ZT_ (5.8a)
. dln 3 .
. 2m
The derived distribution of M is given by
£ (m) '—'f (1f/4m2) . |9—’-\-
which can be evluated using (5.7) and (5.8a):
] n v
- . 2.x -1 -
ey = Y /4" T - explomy/an?)) LT
N L
" (r - 1)1 : 2m>
. r'
L2 (- y/(4m2?) - exp(-Ty/(4m?)) (5.9h)

[} .
m-° (xr - 1)
L}
Letting y = (my/4) in the above expression gives the final form of the
prior distribution of the mean wind speed,

- : vo2.r 4172 . L
£,m) = 2 /) exp(-y /m ) | . (5.10)

ﬁ;' (r' -1

The posterior distribution of the mean after n observations of



the wind speed is of the form given by 5.3, i.e.

e n ' T o
£, M =N T fv(vlm) - £, (m) - (5.11)
oo B n
where N = Normalizing constant = (f Hl V(v|m) . f (m) dm)
. o i
n . : .o
ﬂl fv(vlm) = igl vi exp((- ﬂ/4m ) 2 v ) | (5.12a)
_ 1—1
~ T oo .2 '
Cancelling terms and letting MY = Z- z v yi€lds -
1—1
v - . N
2. n+r + 1/2 2
v am)MET 2 ey + ymdy

£, (m) = (5.12b)

M jﬂl/ 2. ntr'+ 1/2 . exp(-y + y )/m ) dm
4By letting r" =n + r' + 1/2 and y" =y, + y', this becomés
2 rll
£ m) = (l/m ) . exp(-y /m )
M N vy . (5.13)
ary D7 [ - ‘exp(-y /m’) “dm .
o

and by letting t = mz, one obtains

e /m2)’ - expl-y  /m2)

B M 't l/jz,y"-]/z-o (y"/t) T2 exploy ) at
(5.14)
On solving the inteéfaI, thiﬁ becomes
2 'e T
£, (m) = .-(I?P'irl/z.,exp-(fy L — 7 (5.15)

1/2 - (/y ) (r +1/2 -2)t -y

Upon further simplification, the final form of the posterior

distribution of the mean wind speed is given by

. ty oy . ."_Il 2
£, (m) = .,21/2 Ay /m) - explty /m) - (5.16)
oy ) (r - 3/2)!
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The posterior distribution of the mean wind speed contains both
~the prior information and the observed data. This can now bé formally
combined with the modelled Rayleigh distribution of the wind speed to

obtain the Bayesian distribution of the wind speed

* - % . "
fv(v) f fv(vlm) £y (m) dm

)
= f v - exp(-ﬂv2/4m2) :
(S ] .

'2u|2 i
e 2 ' 2
2 cly m9E  exploy om0 (5.17)
(v )1/? x - 3/2)1

Rearranging, this becomes

* . . "vy -1/2 @ o 1
fv(v) _T .v" (y ) . f (l/mz)r +,l.
' (x - 3/2)1 o
: exp(-ﬂvzﬂlmz - y”/mz) dm ' .. (5.17a)

. 2 . e .
by letting A = (mTv /4 + y ), this becomes

||r'_1/2 © v

* . . : . ‘
£, = — ) S amdht tl s exp-am®y am
(r - 3/2)! o : L
©(5.18)
L8
and by multiplying and dividing by A° © 32 and letting t = m?,
one obtains
‘- 1/2 "
cv e T A '+ 3/2
2TV (y ) — -~ am® oAV gt
(r - 3/2)1 o

* exp(-A/t) dt : : (5.19)




On solving the integral, this becomes

|;r”-1/2 "
f;(v) ST v G ) camt Y20 sz e

(r - 3/2)!

(5.20)

Furtherxr simblification leads to the final form of the Bayesian

distribution of the wind speed,

o172 e
me v (y )F " r - 1/2)

5 . (nv2/4 + y")r + 1/2

*
fv(v)‘ = (5.21)

Equation (5.21) is free of the mean wind speed,-M, which served as
the parameter of the original Rayleigh distribution. It is a function
Tt L

. .
of r and y ., the modified shape and scale parameters, respectively, of - .

the posterior distribution of the mean wind speed.

5.3 APPLICATIONS

The distribution of the mean wind speed that is chosen -prior to,
the observations of. the wind speed.at.a site is dictated by subjective .

judgment about ‘the nature of the mean.- The prdbability density of the. ...

. L}
prior-distribution -with parameters r -and y is given by Equation (5.10)....

below

2 .y mHE 12
172

[ 2. .
- exp(-y /m”) - (5.10)

f'(m|rl,y') = ;
M (r - 1)1

(y
.- - The mean and variance of this distribution are given by

.1/2 . [ ] )
E(M) = L (x - 3/2)! o (5.22)

(r' - 1)
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vum=¥“'”§“-y-u-4mz
: : (r - 1)1)

(5.22Db)

Subjective judgment about either the mean or the variance of the
mean wind speed can be used in Equatlons(s 22a) and (5.22h), which will
enable prior information to be quantlfled in terms of the parameters,

r and Yj.of the prior distrlbutlon. This form of the prior distribution
is very flexible and allows even limited information to be expressed by
proéerly cboosing r' and y'.
'~ Example R o s . | Y

. Assume that the prior estimate of ;he mean wind speed at a site
i§§4.7 m/s. ‘Equation(5.22a)can be applied to/obtain a relation between
the parameters r! and y'. Further, if information about the variance,

3(m/s)2, Equation 5.22b can be used as well.

T ' 2
02, is known, such as 0

50, which fully characterizes the

L}
3 and y

" This yields values of r
prior distribution of the mean and is written below:

‘ ' oy . . - o,
fM(mlr =3), y =50) =1.25 x 10~ - (l/m ) - exp(-50/m”)

- . (5.23)

Suppose now just one observation of the process (i.e., the wind speed)

becomes available; viz. v, = 4.5 m/s. The posterior distribution of the

mean wind speed, M, is given by Equation (5.16)

2.r

' 2 Ll mhT G exploymd
£ (m).= ) R E . ‘5.1 .
e (y )2 (' - 3721 - (5.18)
'where; r.' =n + r' + 1/2

1 +3+1/2 =4.5



no, .,
. 'Zl vity

=
]
N

= %-- (4.5)% + 50 = 65.9043

The posterior distribution'can now;be written as

6
fM

" SRl 2,4.5
(m|r = 4.5,y = 65.9043) = 6.2883 x 10 * (1/m")

* exp(~65.9043/m%) . . . (5.24)
Instead of just one observation, suppose the followiﬁg‘lo observa-
tions of the wind speed in meters per second were taken at the same

site as before:

4.5, 4.9,6.8, 7.1, 5.2, 5.9, 6.2, 6.0; 5.6, 5.8

Then, ¥ =10 + 3 + 1/2 = 13.5 C - (5.25a)

-

%
]

(174) - 342.2 + 50 = 318.7632 (5.25b)
The posterior distribution can.now be written for this case as .

24 2,13.5
fM

L ] L ]
‘(m|r  =13.5, y = 318.7632) = 1.4648 x 10" * (1/m")
- exp(-318.7632/m°) . (5.26)

Consider the case where the .following fifty observations of the

- process are available as speed .in meters per second:

4.5, 4.9, 6.8,. 7.1, 5.2, 5.9, 6.2,-6.0, 5.6, 5.8,

5.3, 5.3, 5.9, 6.2, 6.0, 6.0, 6.2, 6.5, 4.8, 4.9, - ‘

5.2, 4.9, 4.5, 4.3, 4.9, 4.9, 4.8, 6.0, 5.6, 6.0, v = 5.808

6.5, 6.7, 5.8, 5.9, 5.6,-5.4, 6.0, 6.4, 6.7, 5.9

5.7, 5.9, 6.9, 7.1, 7.2, 7.2, 7.0, 6.5, 5.0, 4.8

For this set of observations,
L} R N
r =50+ 3+1/2=53.5 | . ‘ (5.27a)
> LI | )

(m/4) - 1716.64 + 50 = 1398.2458 . (5.27b)

o]
n
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The posterior distribution using these parameters is given by
L ]
f (mr =53.5,y = 1398.2458) = 1.2892 x 1099 . (1/11\2)53'5
- exp(-1398.2458/m°) . (5.28)

The prior distribution (Eq.(5;23»vand the posterior distributions
of each case (EQé. (5.24»(5.26)ahd(5.28» have been sketched in Fig. 5.1.

Once the posterior distribution has been obtained, the Bayesian
distribution of the wind speed, f;(v) can be determined from Eg. 5.21:

e "_1/2, .'..
Tev - ly )r (x 1/2)

*
fv(v) =

L}
2 . ((mvi/a) +y T 4172
Case 1: Before sampling, i.e.,when n = 0;

L} [ ] B .
n+r +1/2=r +1/2 = 3.5 (5.29a)

o]
il

y =y =50 (5.29b)

Substituting ‘in Eq.(5.21) yields,

5.8905 x 105 v

*
£ (v) = (5.30)
v (0.785 v> + 50)

Case 2: After 1 observation of the wind speed, i.e. n = 1:

r =4.5,y =65,9043. Substituting in Eq.(5.21) gives

1.1653 % 10° * v

2

+*
£ (v) = -
(0.785 v + 65.9043)

(5.31)

Case 3: After 10 observations of the process, i.e., n = 10:

v t
Substitution of r = 13.5 and y

= 318.7632 in Eq.(5.21 gives

7.1639 x 1033 * v

(0.787 v> + 318.7632)

* .
fv(v) = (5.32)
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Case 4: After 50 observations of the process, i.es n = 50:

ty
r '=53.5, y = 1398.2458. sSubstituting in Eq.(5.21) yields

1398.2458 . I
0.785 v + 1398.,2458

*
fV(v) = 0.05954 - v -

The Bayesian distributions of the wind speed given by Egs. (5.30),
(5.31),(5.32)and (5.33)are shown in Fig.5.2.
From procedures reported earlier, the number of equivalent

independent hours of data per day upon which are based the observed
statistics is given by

Ohrz ‘
' , (5.34)

Nhrs/day T2
o
day

' where, Ohi = variance of hourly speed

Gdiy = variance of daily average speéd

Similarly the number of independent hours per month is given by

hour
S - - (5.35)

Nhrs/month =
Oﬁ%nth

= variance of monthly average speed

where,_c'month

The calculation of equiValent independent  readings gave approkimately

2-3 hours per day and 50-64 hours per month. This suggests that 14-21

independent hours per week or 150-200 hours per season would be obtained

from hourly data records.

If in the above example, the samples of wind speed at a site are
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hourly records, then 10 indepéﬁdent‘hourly observations (n = 10) is
4equivalent to sampling for approximately one week and 50 independent
observations (n = 50) is:equivalént to sampling for approximately one
month. | |

The process of obtaining a posterior Aistribution of the mean wind
speed after one observation is nothing but an ﬁpdating of the'priorA
distribution with the new information. Thus, each posterior distribution
can be thought of as an updated pfior for the subsequent set of obser-
. vations. This process is seen in Fig. 5.1 as a shifting of each posterior
distribution to ihe right, i.e., in a direction strongly influenced by
each new data set. Further, the posterior after 50 observations alsq
shows a lesser spread than the posterior after 10 observétions, whosé
spread is less than thaf of the posterior after just one observation.
If 150-200 observatian'(représenting,a whole season) were used, the
poéterior would mosf likely show a sharp peak with a very small spread -
about the mean of the pbsgrvations. A whole year's eguivalent data
(épproximately 600-800) would yiéld a~posterior with an even lesser
spread, a very sharp peak, and ge almost totally data~based. 1In a similar
manner, Fig. 5;2'shows a continuous updating of the Bayesian distribution
vof wind speed with an ;ncrease in the ﬁumber of observations. Wwhen the
number of indépendeﬁt observations of wind speed is equivalent to that
of a year (i.e., approximately 600-800) , the Bayesian distribution of
Qind spééd'will approximéte a'Rayleighidistributiaﬁ obtéinédlusing only
the.obsérvétional dafa. H&wever, the Bayesi@n distribution will have a
larger-va;iance since it contains the uncertainty in the mean as well
as elements of the assumed prior. Additional data from subsequent years

will continue to reduce the uncertaiﬁty in the mean.
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CHAPTER 6

ADDITIONAL ANALYSIS OF NATIONAL WEATHER SERVICE SITES

6.1 ANALYSIS OF NEW DATA

In order to validate models from previous reports (Corotis, 1976,
1977, 1979), hourly Qind data were obtaiﬁed“from eight relatively windy
sites throughout the U.S. and five clustered sites in New Hampshire. A
summarylof the sites is given in Appendix G. All records consist of’
one=-minute average wind speeds sampled once an hour.

Table 6.1 gives the summary ;f wind statistics for all the sites.
The hourly standard deviations are high, except for Cape Hatteras, as
comparéd to the Rayleigh standard deviation of 5%3 of the mean. Three
sites in New Hampshire (Manchester, Lebanon and West Lebanon) have
extremely high standard deviations relative to the mean, with the
coefficient of variation exceeding 100% (actually the last Fwo sites
are essentially the same location). |

The numbér of equivalent independent‘readings for the sitesiis
shown in Table 6.2. The number of independént hours per day was
determined from a variance analysis using WINDATB (Corotis, 1977) and
ranges from 1.7 to 3.9 for the winter; from 1.9 to 4.2 in tﬁ; spring;.
from 1.9 to 4.2 in the summer and from 1.7 to 4.3 in the fall. These
values are consistent Qith the general guidelinés of i-4 found for
previous sites. From an autocorrelation anélysis using AUTOCOR
(Corotis, 1976),ﬁﬁé nuﬁber of indépendeng days per month is éeen from
Table 6.2 to be in the range of 10 to 25 days in thévwinter; 12 to 28

days in the spring; 17 to 30 days in the summer and 10 to 24 days in
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TABLE 6.1 Summary of Wind Statistics

. HOURLY COEFF. OF
WIND SPEED .
SITE SEASON i (m/s) STD. DEV. VARIATION
(m/s)
Livingston Winter 8.51 5.22 0.61
Montana Spring 5.80 - 3.36 0.58
) _ Summer 4.81 3.05 0.63
1948 - 1954 Fall 7.73 4.83 0.62"
-~ : .
Dunkirk Winter 5.98 3.69 0.62
New York Spriny 4.56 3.06 0.67
Summexr 4.16 2.57 0.62
1949 - 1953 Fall 5.80 3.27 0.56
Cape Hatteras Winter 5.63 2.50 0.44
North Carolina Spring 5.26 2.14 0.41
Summexr 4.65 2.10 0.45
1957 - 1964 Fall 5.14 2.40 0.47
Dalhart Winter 6.83 3.88 0.57
Texas Spring 7.35° 3.96 0.54
Summerxr - 6.27 3.07 . 0.49
1948 - 1954 Fall 6.16 3.39 0.55
Laguardia Winter 5.20 2.65 " 0.51
New York Spring 5.57 2.83 0.51
Summer 5.22 2.69 0.51
1948 - 1961 Fall "5.56 2.86 0.51
North Platte Winter 5.11 3.04 0.59
Nebhraska Spring 4.92 2.93 0.60
) Surmmer 5.22 3.12 0.60
1948 - 1964 Fall. 4.83 2.89 0.60
Mount Shasta Winter 3.72 2.48 0.67
California Spring 3.29 2.38 0.72
i Summer 3.75 2.57 0.69
1950 - 1951 Fall 3.44 2.42 0.70
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. TABLE 6.1 Summary of Wind Statistics (continued)

HOURLY COEFF. OF
SITE SEASON MEAN SPEED | onp  pev. VARIATION

(m/s) (m/s)
Blue Canyon Winter 4.81 3.05 0.63
California Spring 4.61 3.09° 0.67
' Summer 5.00 . 3.07 0.61
1948 - 1951 Fall 4.88 2.99 0.61
Concord Winter 3.40 2.58"° 0.76
New Hampshire Spring 3.05 2.28 0.75
Summer 2.29 1.89 0.82
1948 - 1964 Fall 2.75 2.36 0.86
Manchester Winter 2.48 2.65 1.07
New Hampshire Spring 2.26 2.38 1.06
Summer 2.04 2.21 1.08
1951 - 1967 Fall 2.17 2.32 1.07
Portsmouth Winter 3.91 2.75 '0.70
New Hampshire Spring 3.49 2,33 0.67
4 Summer 2.85 1.94 0.68
1956 - 1974 Fall 3.36 2.45 0.73
-Lebanon Winter 2.35 2.49 1.06
New Hampshire Spring 2,42 2.45 1.01
Summer 1.81 2.21 1.22
1959 - 1964 Fall 1.95 2.39 1.23
W. Lebanon Winter 2.44 2.65 1.09
New Hampshire Spring 2.56 2.55 1.00
Summer 1.94 2.29 1.18

1949 - 1958 Fall 2.11 2.47

1.17
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Equivalent Indeﬁendent Readings

TABLE 6.2
WINTER SPRING SUMMER FALL
SITE DURA- DURA- DURA~, , DURA~
HR/ |DAY/ |TION| HR/ | DAY/ |TION HR/ |'DAY/ | TION| HR/ | DAY/ | TION
DAY |MONTH |(MTHS)] DAY | MONTH {(MTHS)| DAY | MOMTH {'MTHS)! DAY | MONTH {(MTHS)
Livingston . .
. Montana 1.7 18.5 3.3 2.5 | 24.0 1.5 3.3 | 22.1 1.5 1.7 16.7 3.7
1948 - 1954 S
Dunkirk . . . _ . .
. New York 1.9 {17.3 3.1 {-2.1 {.21.9 |2.7 2.1 | 24.2 {2.0 2.0 17.0| 2.6
1949 - 1953 '
Cape Hatteras . }
' North Carolina 1.9 |{15.8 |1.8 1.9 |18.9 1.2 | 1.9 |18.0 [1.7 1.7 13.7 | 2.6
1957 - 1964
' palhart : ' ‘
Texas 2.4 25.3 1.4 2.6 23.4 1.3 2.8 25.5 (0.9 2.5 24.1 1.4
1948 - 1954 ’
" Laguardia ‘ . :
New York 3.1 9.8 2.3 2.9 17.9 1.3 3.0 17.3 1.4 3.0 10.1 2.3
1948 - 1961
North Platte ,,_s
Nebraska 3.9 11.5 2.; 3.2 12.3 1.8 3.9 18.4 1.3 4.3 12.1 | 1.9
1948 - 1964
Mount Shasta ; , | B
California 3.7 13.9. 2.3 3.7 16.5 2.3 3;5': 26.1 1.4 1.4.1 -|.12.6 2.6
1950 - 1951 '
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TABLE 6.2 - EquiValeht Indepeﬁdeht Readings (continued)

WINTER SPRING SUMMER FALL
SITE ' DURAH DURA- DURA-~ ‘ DURA-
HR/ |DAY/ |TION|HR/ | DAY/ |TION |HR/ | DAY/ |TION| HR/ | DAY/ ['ION .
DAY | MOMTH.|(MTHS)] DAY | MONTH |(MTHS){ DAY | MONTH [(MTHS)| DAY | MONTH {(MTHS)
Blue Canyon .
California 2.4 | 12.7| 3.6 2.1 {28.3 |2.0 | 2.4 | 30.4 | 1.4| 2.3 {13.1 }3.3
1948 - 1951
Concord ) _
New Hampshire 2.1 | 19.5] 3.8] 3.4 21,0 |2.1 | 4.2 |17.1 | 2.5| 2.2 |21.0 [4.4
| 1948 - 1964 ) : '
Manchester '
New Hampshire 2.3 | 15.9| 8.8 3.2 |18.9 |5.0 | 3.5 | 20.5 | 4.4| 3.0 |17.2 |5.9
. * + N
1951 - 1967
Portsmouth - o ‘
New Hampshire 1.9 | 1e.1| 3.7| 2.9 | 20.7 [ 2.0 | 3.2 | 22.7 | 1.7| 2.0 }18.1 |3.9
| 1956 - 1974
Iebanon . . ’ .
New Hampsk:ire 2:6 | 25.7| 5.0 4.0 |18.3 | 3.8 | 4.1 | 21.9 | 4.5| 2.3 [19.4 }8.9
| 1959 - 19€4
W. Lebanor . ' .
New Hampstire 2.3 | 22,5} 6.2 3.5 [ 21.0 {3.7 | 3.8 | 19.2 | 5.2} 2.6 }23.4 }6.2
1949 - 19:8

. ,
WINDATB Fecorded From 1951 - 1967; AUTOCOR Recorded From 1951 - 1955.

e
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the fall. Thése are also consistent with the previous guidelines of
10-25.

The required nﬁmber of months of site data collection for 90%
confidence that the observed seasonal average wind speed is within 10%
of the t;ue long-term average wés computed. Except for the New Hampshire>
sites and the winter and fall of Livingston and Blue Canyon, a single
season of data collection is adeduate. For all sites except those with
coefficients of variation above one, no more. than two seasons of data
are requi;ed;

Comparisons between thg observed histoérams and the Rayleiéh
distriﬁution for all sites are summarized in Table 6.3 in terms of
the cumulatlve probablllty.at 4m/s and 10m/s. The Raylelgh fits quite
well to the observed data in general with dlfferences in the cumulatlves
at 4m/s of less than 0.1.(except for the sites with coefficients of
variation exceeding one). Differences at 10m/s are less than 0.04.

It should bé cautioned, however,‘that this téble onlyAp?ovides selectgﬁr
information limited to the particulaf'levelsgof wind speed used for
comparison. o

The cross-correlation values were computed for;sites in the state
of New Hampshire and are éivén in Table 6.4. The hourly, daily,
monthly and annual correlatioﬁ.valueé are generélly consistent with
previous results (Corotis, 1979). -They are slightly lower than for
regions'with generally smooth terrain (northern Illinois, Northeast
Kansas, and southeast New Engiand) and slightly higher than fér south-
east Wyoming, which is quite mountainous. Thé annual‘correlation

between Lebanon and Portsmouth is anomalous, and may be due to the



TABLE 6.3 Summary of Fit for the Rayleigh Model

Plv < 4 m/s] Plv < 10 m/s]
SITE SEASON :

OBSERVED |{ RAYLEIGH |OBSERVED | RAYLEIGH
Livingston Winter 0.201 0.153 0.676 0.647 .
Montana : :
1948 - 1954 Summer | 0.451 0.421 0.947 0.967
Dunkirk Winter 0.320 ° Q.296 0.877 0.888
New York . 3 ' ‘ _
1949 - 1953 Summex 0.499 0.516 0.983 0.989

Cape Hatteras

North Carolina Winter '0.253 ‘ 0.341 0.963 079?6
1957 - 1964 Summer 10.356 0.401 0.972 . 0.960
Dalhart Winter 0.216 0.235 0.829 0.812
Texas ) L oo

1948 - 1954 Summer 0.215 0.272 0.938 0.927
Laguardia ‘Winter | 0.199 0.240 0.834 0.820
New York o o = . ..
1948 - 1961 summer 0.367 0.422 0.886 0.862
North Platte winter | 0.467 0.424 0.929 | 0.968
Nebraska o ‘ .

1948 - 1964 Sunimer. )Io.454 0.469 0.979 0.981
Mount Shasta Winter 0.507 0.574 0.987 0.995
California : ' v ‘ .

1950 - 1951 Summer 0.709 0.807 © | 0.999 1.000
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TABLE 6.3 Summary of Fit for the Rayleigh Model (continued)
PIv < 4 m/s) Plv < 10 m/s]
SITE SEASON
: OBSERVED | RAYLEIGH | OBSERVED | RAYLEIGH

Blue Canyon Winter 0.444 0,417 0.936 0.966
California -

1948 - 1951 Summer 0.606 0.640 0.999 0.998
Concord Winter 0.610 | o0.662 0.985 0.999
New Hampshire S . '
1948 - 1964 Surmer 0.808 | 0.907 0.999 1.000
Manchester Lo o

New Hampehice winter 0.543 0.617 0.964 0.998
1951 - 1967 Summer 0.710 0.874 . 0..998 1.000." -
Portsmouth Winter 0.540 0.561 - | 0.969 0.994 -
New Hampshire ) ‘ ' ‘ -
1956 - 1974 Summer .0.712 0.786 0.998 1.000- |
Lebanon winter 0.689 0.898 0.998 1.000.".
New Hampshire S o

1959 - 1964 Sunmex 0.773 0.978- 1.000 1.000
W. ‘Lebanon Winter 0.694 0.878 0.995 1.000
New Hampshire

1949 - 1958 summer 0.766 0.963 0.999 1.000.
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TABLE 6.4 . Cross Correlation Values in New Hampshire

WINTER SUMMER
- -SITES - - - ‘ - ANNUAL
HOURLY DAIL_Y MONTHLY HOURLY DAILY » MONTHLY
Concord-Lebanon. . .
. 0.60 - - 0.78 ‘0.65 - 0.57 0.67 0.50 : 0.43
1/1/59 - 12/31/64 : : '
'Co ord-Pcrtsmouth ‘ : -
roncord-rertsmou 0.72 0.87 0.47 0.58 0.69 0.66 | 0.48
S 1/1/59 - 12/31/64.
|—l
"Iebanon-Pcrtsmouth . :
'0.51 0.70 0.30 0.46 0.51 0.66 -0.29
1/1/59 - 12/31/64
Concq;@fyanchestef S -
" 0.76 0.88 0.34 0.67 0.70 0.24 0.48
4/1/51 - 9/30/55 -
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anemometer change at Portsmouth.

6.2 CALIBRATION OF PERSISTENCE MODEL

Previous research (Corotis, 1979) has led to the deveiopment of
-a power-exponential composité probability distribution for the length
- of time (run duration) the wind speed rémains above or below fixed wind
speed levels (referred to as run levels). The cumulative distribution

for run lengths in hours is given by

1 - (et t® t <t<t
0 0 — -1
. (6.1)
Fplt) = -\t
l -Ae t1 f_t f_m
in which
to = 0.5 hours . (6.2a)
t, = 0.5 (0.25)1/ (1-P) - (6.2b)
A =o0.25 27T (6.2¢)
A = 2(b-1) (0.25)1/(1'b) (6.24)
The mean run duration consiétent'with.Equatibn (6.1) is L.
-1 ' ol ) o
m = 0.5 {o 7[1 - (0.25)"1 + [b/(b-1)1 (0.25)} (6.3)
in which
2-b - )
o =75 (6.4)

The one free parameter in the power-exponential model is b, which
has been found (Corotis, 1979) to be highly correlated to the ratio

of the run level to the seasonal mean wind speed at a site. A nonlinear
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regression has been performed for b using data from all sites with ﬁourl§,v
data analyzed in the present and previous reports.(Cprotis,vl976;.l977;
1975), except for tﬁose sites with very short req§rds or significant
anemometer changes. There were about-30 éites and 120 sets of sgasonal
data. Thg regres;ion,was pe;formed for b versus.the ratio pf runnlevel
to mean speed, for ratios rahging from 0.4 to 2.5. There were about
5 data points for each seasonal set.

For the b parameter for runs above a fixed run level, the Siméle_,

linear equation

babove = 1.348 + 0.211 (Run Level/Mean Speed) .'(6.5)

was chosen over the second and third order equations tested because the
improvement in fit with the higher order curves was minor.

For runs below a fixed run level, a nonlinear'fegresgion up to the
fourth orde; was performed and it was found that the foliowing quadratic

equation fit the data well

Bregoy = 1-868 - 0.393 (Run Level/Mean Speed)

+ 0.063 (Run Level/Mean.Speed)2 (6.6)

A standard F-test was used to assess the fit of tﬁé regression curves,
and they were significant at all levels. Figure 6.1 shows Equations
(6.5) and (é.ﬁ) as well as all.the data points.

Mean run durations were found from observed data for all theA
sites used in the regreséion and graphed versus the ratio of run level
to mean speed (between 0.4 and 2.5). The éower-ekponentiél run

duration model wae calibrated with b paiameter values from Equations
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(6.5) and (6.6) and computed mean run aurations compared to observed
values. Reasonable agreement is obtained for all sites with hourly co-
efficients of variation close to or slightly above that predicted by

the Rayleigh (52%). When the coefficient of variation is less th#n
-about 45%, the power-exponential médel for runs above fixed wind speed
levels is only good for levels greater than the site mean speed, and for
runs below fixed wind speed levels ingnly good for levels less thén
about 1.3 times the site mean wind speed. For hourly coeffi;ients of
variation between 45% and about 80% the power-exponential model appears -
to be good over the full range tested (wind speed levels from 0.4 to

2.5 times the sité mean wind speed). For coefficients of variation above
about 8Q%,Athe»model is in substantial error for runs below figed wind
speed levels more than about 1.5 times the siﬁe mean wind épee&. In -
general;the model fits as well for siteS‘withjrelatiyely high mean wind

‘speeds (4-8 m/s) as it does for the less windyﬁsiteSa
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CHAPTER 7

CONCLUSIONS

This study has shown that when the wind speed is composed of hori-
zontal vector components ﬁhat ére orthoéonal, independent ana of unequal
variance, the probability distribution of the wind speed is well modelled
by the one parameter (mean wind speed) Rayleigh distribution. A slight
shift of thé Rayleigh distribution to the right of the derived distri-
bution suggests that the Rayleigh may fif better with the mode.of thé‘
observed data than with the mean (except in tlie extreme upper tail region).
The Rayleigh distributidn-also gives a reasonable approximaﬁion when the
vector components are cofrelated and of unequal variance. The density
function is found to be symmetric with respect to the sign of the corre—_;f'
lation between components. This observatiop is especially significant
and advantageous in computing the derivéd densitf function (Eq. (2.%9));

There ié no appa:ent effectgofjsémpling rafe or averaging time on
the mean of.the'hind speed, and thé~éffect on the variance is relativelf
minor for sampling ra;es and averaging times of practical interest. A
distinct increase in autocérrelation with averaging times is observed,
as well as an increase in mean wind speed persistence (run durations
with decreaéing sampling rate. Although the sampling effects observed
from two 24-hour records are consistent, they are not considered to be
conclusive. Further investigation is necessary to substantiate these
trends.

The application of a modified Weibull distribution in combination
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with the lagfone autocorrelation for sequential hourly wind speéd-gimﬁ-'
lation leads to a simple and versatile procedure. Although the simulation
model appears to agreé well with aqtual hourly wind speeds, comparison
with more observed daﬁa is required before the simulation can be considered
tq be fully verified._ |

The ARASIM model that is developed-for the time series simulation
of power from a regional array of wind turbines is shown to give a good
approximation to the array power output based:on historical data,and in
hany cases gives better agreement than a somewhat more complicated'model.
From the analyses that were used to evaluate the fitting of the simulated
array power models to the oﬁserved data, it is shown_that the array power
means and variances of the ARASIM model agree reésonably'well with the
REGIONAL.. The Analysis shows that the autocorrelation function decays
exponenfialiy, which allows the application of the Gauss-ﬁarkov process.
The consistency of higher corﬁelation for the ARASIM model in the winter
and lower'correlation in the'éummer than the ﬁEGIONAL results may be due
to the estimation proéedures used and the assﬁmption fhat-the spatial
and time-épace corrélation are relatively éonéistent.throughout a region.
The mean run durations for the ARASIM model are consistently longer tﬁan
the REGiONAL results and may 5e due to the high autécqrrelation.
Although the model developed herein is considered to be a good model,
further deyelopmgnt is required to better approximate the spatiél.géd
' autocorrelation functions and theiar;aj power for a variety of wind
turbines.. It is alsq-recohmended that the ARASIM and the REGIONAT: igsults

" be compared with data from regions having more sites.
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The concept of Bayesian statistics is seen to be an appropriate
and practical'proceQure for incorpprating-thé uncertainty associated with
finite sampling duration into the basic wind<spee§ model. While further.
development'and application analysis are needed, it appears that the
sampling uncertainty is strongly dominaﬁgd by the inhérent 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 iﬁ the use of
gene;al models must be exerciged at those sites with unusual tbpography

or exceptional variability of wihd.
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APPENDIX A

PROGRAM "WEISIM"

Tﬁe'WEISiM pr;graﬁ simniafés the hourly wind séeed at a:single
site. ﬂThg simu;ation utilizes an gpproximate procgdure whereby the
Weibull mean and yériancé ;¥e repléced each hour by a c§nditional mean
and variance, wiph a correct;on that is theqretically exact for a
Gaussian distribution. “The prograﬁ also ﬁas 2 subroutines, subroutine
POLY and PARA, which compute the par#metérs k and c of Egs. (4.2) and
(4.3) numerically. ‘This program is written go simulate a minimum of
.one year, and there is no uﬁper duration limiﬁ. It is also capable of
doing more thén,oné‘sétfog;simulatiéns at a time.

The input for this-program-is on cards in the fdll§wing'order and
format: |

CARD NO. COL. NO. | FORMAT DATA

1l 1 -5 I5* Number of years to be
' simulated

2 1l - 80 8Aal10 Title of the site (recom-
- mended)

3- 7 l-10 F10.5 Coefficients for the poly=-
nomial approximation for
the Gamma function. These
coefficients are, respec-
tively: =0.57486, +0.95124,
-0.69986, +0.42455, -0.10107

8 -~ 19 1-10 F10.4 Monthly standard deviation
: (in m/s) o

11 - 20 F10.4 Lag one hourly autocorrela-
tion by month .

20 -~ 31 1- 8 F8.4 Monthly mean wind speed
(in m/s)

A.l



A.2

.9 - 80 24F3.2 - Diurnal cycle effect (mul-
tiplier factor), 24 hours
on one card.

32 Blank if end of data; a new
card 1 for another simula-~-
tion (i.e., repeat cards
1-32)

* Right justified

The line printer output of the program is a table of mean wind
'SPeeds and standard deviations (including the diurnal cycle effect) by
month and hour of the day. The simulated hourly wind speed is written

on tape and the format is

YYMMDDHHVVVVY
where Yy Year, 1981 o k (Cbi. 1-2)
m Month, 05 = May  (Col. 3 - 4)
DD Day - (Col. 5 - 6)
HH Houx, 01 - 28T (Cic'>:1_. 7 - 8)
wWyvy . Wind speed, in infeger centimeters per second

(Col. 9 - 13)
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s/

> READ YEARS TO BE SIMULATED

/

READ COEFFICIENTS FOR
APPROXIMATED GAMMA FUNCTION

e

READ MONTHLY O AND LAG ONE
HOURLY AUTOCORRELATION BY -MONTH

READ DIURNAL CYCLE AND
MONTHLY MEAN SDPEED

I}

SIMULATE FIRST HOURLY
WIND SPEED OF RECORD

4 —
' SIMULATE HOURLY
WIND SPEED

24 HOURS IN A DAY

DAYS IN A MONTH
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- WRITE ONE YEAR OF
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FIGURE.

ALl
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Computer Flow Chart for Program WEISIM
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APPENDIX B

DETERMINATION OF CONSTANTS a AND b FOR THE EQUIVALENT
LINEARIZED RELATIONSHIP BETWEEN WIND SPEED AND TURBINE
POWER

‘Letting P be the power generated by a wind turbine and v be the
wind speed, the:equivalent linearized relétionéhip is given by
P=a+bv | ‘ (B.1)
where S is equal t; the iiﬁearized estimate of. the generated power. “The
exact relationship between P ;nd v, in general, can be written as follows,
» N
P = g(v). , ' (B.2)
where g is an arbitrary function (in reality, g is positivé semi-definite,
monatonically non-decreasing, and continuous with discontiﬁuous derivatives
at selected points). |
The weighted integrated least-squared error of the linearization’
is:

-l

o _
: A
e = [ (P. - P)2w(v) av : (B.3)
where w(v) is a weighting function for wind speed. Aan obvious function
is the relatiye likelihood of occurrence of wind speed values. The proba-
bility density function of wind spéed, f(v), provides this weighting ‘as
well as satisfies the weighting function prerequisite o£ integratingf£6’

unity. Equation (B.3) becomes

(-} A : '
e = j (B - PB)? £(v) dv | - (B.4)

-CO

One can minimize the error by setting the partial derivatives of
Eq. (B.4) with respect to a and b equal to éero, then by solving the

resulting pair of simultaneous equations for a and b as follows:

B.l |



e = S (a +lbv - g(v).)2 f(v) av

(- -]
= S (a® + b%v? + g2(v) + 2abv - 2ag(v) - 2bvg(v))E(v) dv

{B.5)

I

5 o © ©( .
L =0=a J £(v) &v + b [ vE(v) dv - a j g(v)£(v) dv (B.6)

P ) -00 -0

g§.=‘o b X v f(v) dv -+ a S vE(v) dv

-l . -0

. (-] )
- b S v.gvifiv).dv : - (B.7)

-]=c0
" Applying the wind speed;turbine power relationship developed by

Justus, Hargraves and Mikhail (1976), g(v) is given by
(

0 : vsv,
i
2
= ’ < <
g(v) { A+ pv + Cv vi,Svsv,
. R v <vsyv (B.8)
\ » r o
0 v> v
N A .0

where R = A + Bvr + Cvi is the related power; Ve Vv and Vo é:e, respec-

r

tiyely, cut-in, rated and cut-out wingjspeed. It should be noted that
A, B, apd C here are R times as l;;ge as those defined_pvaustus”et alT
The constants A,'B';nd C are found by satisfying the continuity at v
and v_ and the condition that the power at meédian wind speed (v, = (v, +
vr)/2) is equal to R(vm/vr)g.. fhis proceduré has been shown by Justus
et al. to adequately describe powerA¢gtput‘cuxves for wind turbines hav-
| ing a rated power from'a few KW'to 1500 XW. It appears to be adequate
for higher rated power'becaus§ the operating curves for the 2000 KW an§

2500 KXW do not vary significantly from the lower capacity turbines



(Thomas and Donovon, 1978). The resulting expressions for the constants

are:

: v 3
2 —_— . .
vy - Viz) '(Vr ) ("r2 B Viz).

B =R-— (B.9)
(Vr - Vi)‘(vm - vr) (ym - vi)
C = R - B(Vr -v, vi) : .
2" 2 - (B.10)
(vr - vy ) .
A= -B -cv?
vi vi (B.11)

Applying Eq. (B.8), Egs. (B.6) and’ (B.7) become

o
]

S o .o o o . -
a X f(v) av + b J vi(v) dv - a[vl 0£(v) dv - a{ r (A+Bv+Cv2)

. .] -0  —00 vi
v N o0 .
£(v) av - ajv° RE(V) dv - ajv 0f (v) dv (B.12)
r o
o o v,
0 =‘bJ v £(v) dv + a J vE(v) dv - bj * ove(v) dv - b
=00 -0 .

-0

v . v : L ’
gvr (a+Bv+Cv?) vE(v) dv - b E ® RvE(v) dv. - b X ovf(v) av -
R Vr Yo '
‘ (B.13)

Adopting the Rayleigh distribution for wind speed for wind power
conversion purpose (Wentink, 1976; CLiff,1977; Corotis, 1977; Justus,
1978), £(v) is then given by
2

f(v) ; ggnexp [-( %?) ] | for v > 0 (B.14)

¢

‘Tests were conducted to determine the fénge over which the equiv=~
alent linear relationship’shquid be fitted to yield the best model. "
Ranges that were being considered are: 0 to ®, 0 to vo, 0 to A vi'to

vé and vi to vr. Using the range (O,'w) is not satisfactory because in



order to fit the actual curve over the full range, the agreement must be
compromised in the‘important range near the<mean“wind-speed, as can be
seen from Fig. B.l. A; the other eitreme, using just the range (vi, vr)
is not acceptablé because it prodﬁces very large errors in the moderately
important wind speed ranges below cut-in and between rated and cut-out.
Anothgr';eaSon why'the'vi to v, range is not preferred is thlat the re-
gional array average power curve exhibits smoothed transition regions of
decrgased‘slope~(as compared to a single-site power curve) for wind speeds
slightly above cut-in and below rated (Justus and Mikhail, 1978). The
equivélent linear curve based on the range (vi, vt) is thus too steep
over all but the center of the (vi, vr) range. The remaining three ranges
all provide similar fits, and as shown by Fig. B.l it is not obvious which -
range provides the best fit. The vi to v, range has been chosen for in-
vestigation since it is the total non-zero operating range Qf#the turbine.
adopting the integration limits of v, and Vor Eqs.'(é.lé) and (B.13)

lead to the following expreéSion for a and b:

b o al T1F25 " Fof1e g F2f2s T Fifie | [ Fafas T TaFie
‘ il K ' ; K K
F.For = FeFoc 3
. R[ 6F25 ~ 5,16} | C B.15)
a == (AF, + BF, + CF, + bE__) : . (B.16)
F p T BEy ¥ CF 25 .
16
where F16 =F + Fé | (B.17a)
F,g = Fy + Fg ‘ . (B.17b)

_ 2 _ g v )
K= (Fzs) Fls (F3 + F.7) {(B.17¢)



in which

Fl = E'i - Er (B.18a)
F2 = V:L Ei .- v_ Er + ¢ /T {Fu(fz-vr/¢)- Fu(ﬂvi/@} (_B'leb)
o 2 _ 2 2 2 :
F3 Vi Ei g Vr Et + ¢ Ei - ¢ Er (B.18c)
F, = v 3 E, - vl3 E + 293— { E, - E
4 i i r r 2 Vi®s Vetr
3 ) o
+ 2L 5 I 19y - B Vv, )} . (8.18a)
u r u i )

Fg = v:E -vVE + ¢ /1 {Fu(fi. v /9) - Fu(ﬁ vr/¢)} ‘ (B.18e)

Fg = E, - E, | (B.18f)

F.=v2E -v*E +.¢2 (E -E) (B.18g)

7 r r o o r o R .
Vi2;

E, = e.xp[-_(a—) ] (B:18h)
| Y

El’ = exp[-(?) ] - (B.18i)
S - vo 2

E = exp[-(¢-_) ] (B.183)

énd~Fu(u) is the'cUmuIatiye distribution function of the standardized

Caussian deviate.

.~ .
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APPENDIX C

DERIVATION OF AUTOCORRELATION FOR ARRAY SUMMED WIND SPEED

Iet m and O be the mean and standard déviation of wind speed for
én§ partiéular site at a given point in time. Assume spatial homogeneity
ahé temporal stationarity for all n sites in the array. The summed wind

speed for hour i is given as

‘'n
Vi = I Vi (C.1)
k=1

The' autocorrelation between the summed speed at hour i and hour j is
defined by

z[vivil - E[‘ﬁ] .E[vj]

: R(j'i) —_—
T \/Var[Vi]»Var[Vj]

: n n .
ELZ v £v.,] -~ (om ) (om )
kal ikz:l 3L Vv v
e WZ1 oEp ooV vy vyl

' 2 2 2
nE[vikvjk] + (n“-n) E[vikviz]A n‘mv
2 . 2 2

nov 4+ (n"-n) psqv

' ‘ 2 2 2
-Q{mzv + p(j:i)-ci} f_(éz-n) {mi + ps(j-i) ov} -n‘?'v

noi {1 + (n-1) és}

p(§-1) + (n-1) p_(j-1) (¢.2)
1+ (n-1) p

c.l




APPENDIX D

DERIVATION OF WIND SPEED AT WHICH
NEGATIVE POWER IS COMPUTED

One can find the wind speed, Vop? at which g(v) (Eq. (B.8)) is

minimum by solving the equation

d[dgév)]‘ =B +2C v = 0 (D.1)
in which
B .
v= Vcr = - 2' C (b.2)

Substituting Egs. (B.9) and (B.10) into Eg. (D.2) and letting

(92 = v3) = (v_/v)? (v2 - v2)
8= m i m r r i (D.3)

(vr - ‘vi)v (Vm - vr) (Vm - vi)

, 1 -B8(v -v,)
o= — ”2 = (D.4)
(vr - vi)
Eg. (D.2) becomes

Vep = © % : ‘ ' (D.5)

Expanding Eqg. (D.5) and substitutin;vm = (v:.L + vr)/2,

- v,y -3
i r

3
3 == =2 (D.6)
- 6vr

--v.s - 3vl.‘v - 2v?v2 - 8viy
i ir i'r

. i

cr

~2v* - avdv o+ 12v,v?
i ir ir

where vcr is a function of v, and v, and independent of R.
Now, in order to ensure g(v) 2 0 for v, < ve vr ., then Ver < v
Two conditions, D< 0 and D > 0, have to be considered separately for

the inequality.  First, consider the case where D < 0, which indicates



D.2

2Vi. - »v,r v ‘
———— < (D.7)
v. + 2v 3v -

i R 4

o w

N w

then N > Dvi has to be true, which implies

v, 3 v, - v
i r

v = v, + 2v (D.8)
> r i r

Since it would be easier to relate Egs. (D.7) and (D.8) by the ViV,

ratio, letﬁing S = A / v Egs. (D.7) and (D.8) become
' 3

asSs-1.5
3 (D.9)

53‘45 - 1

> 875+ 2 (p.10)

28 - 1

S +2° (D.11)

and

s? > (D.12)

in summary, for g(v) > O when vi L v<v, , S has to satisfy ei-
ther Egs. (D.9) and (D.10) of Egs. (D.1ll) and (D.iz). It turns out that
Egs. (D.9)‘and (DZlO) are never satisfied, and the values of S that
satisfy Eqs. (D.11) and (D.12) are between 0.260 and 0,587, as.can be

seen in Figure D.J'.'.'
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APPENDIX E

PROGRAM "ARASIM"

The ARASIM program simulates the hourly array power. The simula-
tion adopt§ the Gausé-Markov process. This program is written to simu-
late at leést one year of data. There is no upper limit to the time
and number of sites in the region.’ The program is also written to do
more than one set of simulations at a time.

The input for this program is on cards in the following order and

format:
CARD."NO. COL. NO. FORMAT DATA
1 1- 5 s* . Number of years to be simu-
: lated '
2 .. l - 80 16A5 - Title of the region (recom-
mended)
3 --14 . 1- 8 F8.4 .- Monthly mean wind speed (in
' . m/s) '
9 - 80 24F3.2 - Diurnal cycle effect‘(multi-
- plier factor), 24 hours on
one caxd. '
15 .. 1-10 F10.3 Rated power in KW
11 - 20 . F10.3 Cut-in speed in m/s
21 -:30 F10.3 - Rated wind speed in m/s
31 - 40 F10.3 ‘ Cut-out speéd in m/s
16 . 1- 5 I5% Array size (i.e,, number of
' sites in a region)

17 -.28. 1- 5 F5.3 . Lag one hourly autocorrela-
: tion at a site -

6 - 10 F5.3 Zero lag spatial correlation
between 2 sites



11 - 15 F5.3 Lag one hourly spatial corre-
: lation between 2 sites

29 : Blank if end of data; a new
card 1 for another set of simu-

" lations (i.e., repeat cards
T 1 - 29)

* Right justified

The line printer output consiste of mean wind'speed (with the
diurnal cycle effect) b§ month and hour of the day; the equivalent linear-
ized wind turbine operating characteristics; the correlation coefficients;
and the mean and standard deviation of array power in KW. The simulated

hourly array power is written on magnetic tape in watts. The format is

)

YYMMDDHHPPPPPPPP
where YY Year, 1981 {Col. 1 - 2)
MM Month, 05 = May - - (Col. 3 - 4)
DD Day ' : (Col. 5 := 6)
HH Hour, 01 - 24 . (Col. 7 - 8)

P...P Arr;y power in interger watts (Col. 9 - 16)
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APPENDIX F

BRIEF SUMMARY OF MODIFIED STATISTICAL ANALYSIS PROGRAMS

Computer programs~WINDA?R; PERIR and RUTOCOR were modified,
respectively, from WINDAfB, PERSIST and AUTOCOR (Corotis, 1976, 1977).
The modification basically cénsists of reducing the computation time
by deleting the velocitf—cubed‘analyses-and adjusting the data (in
value) by a conversion factor in order to use the original programs.
efficiently. A power unit, PUN, is introduced which is defined in
every analysis from the input aata. It is recommended that PUN shquld

be greater than or equal to one-thirtieth of the total array power.

WINDATR

Program WINDATR computes the hourly, monthly, seasonal and annual

aVerage and variance. for arfay power. Through these statistics the

‘relative impottahée of diurnal, monthly, seasonal or annual pattern

can be evaluated with respect to either means or variances. The
basic input to this program is a sequence of hourly array power in

integer watts. These are read through a COMPASS* program fThis

‘program reads one month of array power at a time. The program is

written to analyze a minimum of one month of data and a maximum record
length of 25 years.
PERIR
Program PERIR analyzes array power data for duration of runs.
An array power'hiStOgram based on every two PUNs is computed for

eaéH ‘season. Run leévels based on every twd PBUNs are also used for



seasonal duration of runs. ‘The input for this program is basically . -
a record of hourly array power read by a COMPASS*program 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 »

fhe RUTOCOR program computes a ser%eé of seasonal autocorrelation
- function for the array powef.‘ The aﬁtocorrelation function is computed
‘for“aAmaximum time lag of 336 hours (2 weeks). The normalized corre-

.lation function
p(T) = 5y ' \ ' S (F.D)

where er) and R(O):are, regpectivély, the auto¢ortela£ioﬁ at time
~lag:of'T and zero-is’presented on Fhe output."The‘b;sic inpuf 6fufﬁis
' proqram'is the hourly array power read by a COMPASS*vp;Qggam 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 maximum of 25 years.

* The COMPASS program is unique.to_the'Northwéstern‘University CDC.

system, and would normally be rgplaced by a FORTRAN read statement

if used on another computer system.




- APPENDIX G

SUMMARY OF NEW NATIONAL WEATHER SERVICE SITES

Dunkirk (WBAN #14747) is located in New York at latitude 42°30','
longitude 79°17'. The data were recorded each hour for the period
1/1/49 - 12/31/53. The field elevation is about 200 m, and the

anemometer height was 9 m.

Livingston (WBAN #24150) is located in Montana at latitude 45°40°',
longitude 110°32'. The data were recorded each hour for the period
1/1/48 - 12/31/54. The field elevation is about 1400 m, and the

anemonmeter height was 7.6 m.

Cape Hatteras -(WBAN #93729) is located in North Carolina at latitude
35°16', longitude 75°33'. The data.were recorded each hour for the
period 3/1/57 - 12/31/64. The field elevation is about 2.4 m, and the

anemometer height was 9.75 m.

Dalhart, Texas (WBAN #93042) is located at latitude 36°01', longitude
102°33'. The data were recorded each hour for the period 1/1/49 -
12/31/54. The field elevation is about 1215 m, and the anemometer

height was 19.2 until 9/15/54, at which time it was changed to 7 m.

Laguardia (WBAN #14732) is located in New York at latitude 40°46°',
longitude 73°54'. The data were recorded each hour for the period
7/1/48 - 6/30/61. ‘the field elevation is about 12 m, and the

anemometer height was 25.3 m.

‘North Platte (WBAN #24023) is located in Nebraska at latitude 41°08°',
longitude 100°42' between 1/4/40 and 1/15/52, and at latitude.41°08',
longitude 100°41' between 1/15/52 and the present. The data were

G.1
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recorded each hour for the period 1/1/48 - 6/30/64.. The field elevation»

was 850 m from 1933 to 1952 and 848 m from 1952 to 1976, and the
anemometer height was 14.6 m from 1/4/40 to 1/15/52 and 9 75 m from

1/15/52 to 8/12/64.

Mount Shasta (WBAN #24215) is located in California at latitude 41°19',
longitude 122°19°'. The data were recorded each hour for the period

1/1/50 - 12/31/51. The fleld elevation is about 1090 m and the

anemometer height was 39.6 m.

Blue Canyon (WBAN #23225) is located in California at latitude 39°17',
longitude 120°42'. The data were recorded each hour for the period
1/1/48 - 12/31/51. The field elevatlon lS about 1610 m, and the

anemometer helght was 9 1 m.

Concord (WBAN #14745) is located in New Hampshire at latitude 43°12°',
longitude 71°31' between 5/1/41 and 8/8/62, and at latitude 43°12',
longitude 71°30' between 8/8/62 and the present. The data were recorded
each hour for the period 1/1/48 - 12/31/64. The field elevation is
about 100 m, and the anemometer height was 14.3 m from 5/1/41 to

8/8/62 and 6.1 m from 8/8/62 tu prebent

Manchester (WBAN #14710) is located in New Hampshire at latitude 42°56°,
longitude 71°26°'. AThe'dataAwere recorded each hour fox fhe period
4/i/51 - 3/31/67. The field elevation 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 to 4/66, and 3 m from 4/66 to 1968.



TS

A longitude 72°19'. The ddta were recorded each hour for the period

Portsmouth (WBAN #04743) is located in New Hampshire at latitude 43°05°',
longitude 70°49'. The data were recorded each hour for the period

4/1/56 - 12/31774. The field elevatibn is about 39'm, and the anemometer
height was.4.6 m from 1956 to 3}57, 4 m from 3/57 to 1/31/58, 32 m from

1/31/58 to 4/59, and 4 m from 4/59 to 1976.

Lebanon (WBAN #94765) is located in New Hampshire at latitude 43°38°',
1/1/59 - 12/31/64. ' The field elevation is about 172 m, and the

anemometer height was 11.9 m,

West Lebanon (WBAN #14776) is locateé in New Hampshire at latitude
43°38", longitﬁde 92°19'. The data were recorded each hour for the
period 1/1/49 - 12/31/58. The field elevation is about 172 m, and the
anemometer height was 14 m from 1947 to 10/29/53, aﬁd 11.9m from

10/29/53 to 1958. .



APPENDIX H

VIEW OF SITE USED

FOR CHAPTER 3 STUDY




FIGURE H.1l View Looking Northeast to Lake Michigan from
Anemometer ILocation

FIGURE H.2 View Looking Northeast toward Anemometer on Roof
from Ground

H.2
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