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ABSTRACT

This paper discusses the reliability modelling of
generating systems including WECS. The
methodology involved in the testing of hypo-
thesized distributions is applied to demonstrate
that the Weibull distribution in its hybrid form was
Jfound to be the most suitable model for represent-
ing empirical wind speed distributions in Trinidad
and Tobago. Furthermore, the method of
maximum likelihood parametric estimators
produced a model which was far more accurate
than either the method of moments or method of
linear least squares estimators. A multistate model
Jor WECS developed on the basis of the Weibull
model, convolved with standard models for
conventional generators were used to perform the
reliability assessment of an isolated power
system. The sensitivity tests conducted revealed
that, from a reliability perspective the incentive
to connect additional WECS to the electrical grid
decreases as the penetration of WECS increases
and the confidence in WECS is enhanced by
better wind regimes.

1.0 INTRODUCTION

The substantial increases in fossil fuel prices sub-
sequent to the oil crisis of 1973, together with the
uncertainity as to the continuing availability of oil
at or near required production levels served as an
impetus which encouraged many nations to
initiate substantial renewable energy R & D
programmes. Wind energy has now emerged as
one of the most promising if not the most promis-
ing of the renewable energy technologies.

Several mathematical models have been

advocated in an effort to find known probability
density functions which model wind speed distri-
butions. Section 3 explores the reasonableness of
four such models - the Raleigh, Log-normal,

Gamma and Weibull for representing the actual
wind speed data in Trinidad and Tobago. Having
established the Weibull model as being the most
accurate, the relative merits of three procedures
for determining the Weibull parameters are
considered.

Since wind energy, like all other renewable
energy sources is intermittant, the fluctuating
power output of WECS cannot be accurately

represented by the two state Markov model.

There are five methods for modelling and
incorporating the stochastically varying power
output of WECS in reliability studies. This paper
focuses on the priniciples behind the development
of one of these methods (the multistate unit
approach) which essentially involves the
combination of the performance characteristic of
a selected wind turbine with the extrapolated
Weibull modelled wind speed probability
distribution to obtain a probabilistic profile of the
loss of wind generation capacity due to (i) the
inherent variability of the wind input and (ii) the
FOR of the WECS. This profile (the multistate
model) convolved with standard 2-state Markov
models for conventional units was used to
compute the LOLE reliability index using a
program developed by the authors and data
supplied by the Trinidad and Tobago Electricity
Commission (T&TEC), under different scenarios.
The results obtained are discussed and some
conclusions are drawn regarding the reliability of
wind-assisted utility systems.

20 FREQUENCY ANALYSIS OF THE
WIND SPEED RECORDS

Trinidad and Tobago is not unlike many countries,
in that, mean hourly wind speed data is recorded
only at sparse locations: Piarco International
airport, Crown Point International airport and Textel
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station at Matura. These measurements demonstrate a
high degree of propriety for the synthesis of the
multistate model with respect to both the type of
anemometer employed and conformity to the ideal
exposure as defined by the World Meteorological
Organization [1].

Using the hourly wind speed data at these sites for
1988, monthly frequency tables were constructed, from
which the monthly mean wind speeds were computed.
These were used to identify three months for each site
that represent maximum, typical average and minimum
values of mean wind speed. (Table 1). The fitness of
the wind speed models would be tested with references
to these nine months. The following pertinent
statistics were then obtained:

@) values of the monthly standard deviations for
the nine months (Table2)

(i) probabilities of wind speeds occcuring within
1m/s intervals for (a) the nine months of Table
1 and (b) the year 1988

3.0 SELECTION OF THE WIND SPEED
DISTRIBUTION MODEL

3.1 Probability Models

Several statistical models, notably the Rayleigh, Log-
Normal, Gamma and Weibull have been
suggested to model wind speed distributions [2].

The Rayleigh distribution, being a single parameter
distribution and hence the easiest to use is given by
the probability density function.

2
f(u) = % exv[—% (-E) J 1)

The natural variability of the wind, however , tends to
limit the need for greater sophistication of the follow-
ing two-parameter models:

The Log-normal distribution given by the probability
density function

1 o _(nu -d)?
= Tomw exP[ 2.k? ] @

The Gamma distribution given by the probability
density function

f(u) =cg“r'(kg) V™" exp [-%] 3)

The Weibull distribution given by the probability
density function

f(u) = %(g) exp [—( -gk )] @

The equivalent cumulative distribution function of the
Weibull is

K
F(u) = 1-exp —(%) »)

3.2 Estimation Of Parameters

Applying the principle of the ‘method of moments’
[3] to equations 2-4, with respect to the first momemt
about zero and the second moment about the mean,
the following relations are obtained for the 2-para-
meter models:

The Log-normal - u = exp (cl +kl)

S =exp (2.l +Kl).(exp [k?]-1)

The Gamma- u =kg.cg
S =kg.cg
The Weibull -~ u=cT(1+ ¥{)

82 = e?[r(1+3¢)-r*(1+ %]

Thus, the simultaneous solution of each pair of
relation using the computed monthly means and
variances gives the shape scale parameters of the
mathematically modelled wind speed distributions for
the designated nine months (see Table 2).

3.3 Reasonableness of the Models

When a theoretical distribution has been assumed to
represent a physical phenomenon, two different
approaches can be employed to assess its fitness to the
actual data.
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MONTH
CROWN POINT
CLASS CATEGORY PIARCO AIRPORT AIRPORT MATURA
| Maximum value of
mean wind speed MAY MAY MAY
I Typical average
wind speed JANUARY JANUARY JULY
m Minimum value of )
mean wind speed AUGUST AUGUST JANUARY

Table 1: Months representing Maximum (Class I), Typical Average (Class ll)
and Minimum (Class Ill) values of Mean Wind Speed

SITE MATURA PIARCO AIRPORT CROWN POINT AIRPORT
Month | May July January | May January | August | May January | August
u/ms! 6014 3.619 1.846 4.385 2.984 1.510 4.100 2.530 1.760
s/ms™1 1.557 1.768 1.616 2.162 2.619 1.885 1.499 1.841 1.729
Raylelgh [u/ms! [6.014 3.619 1.846 4.385 2.984 1.510 4,100 2.530 1.760
log - ki 0.255 0.463 .0.754 0.467 0.756 0.969 0.354 0.652 0.822
normal | cl 1.762 1.179 0.329 1,369 0.808 -0.058 1.348 0.716 0.228
Gamma | kg 14.919 14.190 1.305 4.14 1.298 0.642 7.482 1.889 1.036
CngS'] 0.403 0.864 1.415 1.066 2.299 2.353 0.548 1.340 1.699
Weibull | k 4.339 2177 1.166 2.155 1.152 0.786 2.982 1.412 1.020
c/ms7! | 6.604 4.087 1.942 4,951 3.137 1.316 4.593 2.780 1.774

Table 2: Means, Standard Deviations and
Moment Estimators of Parameters for Classes |, Il and Il Months
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The first technique, illustrated in Figures 1-3,
involves the graphic comparison of f(u) with the wind
speed frequency curve. The wind speed curve is
simply a plot of the probabilities of wind speeds
occuring within 1m/s intrervals vs the wind speed
interval medians. This method is frequently used in
wind power analysis, albeit its subjective nature.
Examination of the plots reveal (i) the greater versatil-
ity afforded by the 2-parameter models results in an
improvement to the fit and (ii) the fit of the Weibull is
better than the Gamma and Log-normal, especially in
the tail of the distributions.

Statistical tests, which constitute the other
technique, are more objective and can be useful in
supplementing the former method. Referring to Table
3 which gives the computed Chi-squared test statistic
X20[4] for the months under consideration, it is
concluded in every case that the empirical wind speed
data contradicts the assumption of all four models for
wind speed probability distribution since X2 5>
C0.999,F; but with such large large quantities of data
this is only to be expected. In spite of this however,
the Chi-squared goodness-of-fit test has substantiated
the findings elucidated by the former technique i.e the

Weibull is superior to the other three models because
(i) X ¢ for the Weibull is the least in five out of nine

cases and (ii) the summation of (oi-ei)z/ei in the
Weibull is less than the corresponding summation of
the Rayleigh (its closest rival) for three out of the
remaining four cases (Table 4).

3.4 Two other Methods for the

Parametric Estimation of the Weibull
Taking logarithms twice on equation 5 transforms it to
the linear form y = ax + b by the relations Xi =1nuyj

and yj = 1n[—|n(1 -F(u, )] Using a frequency table,
the best-fit linear coefficients a + b can be found by

the weighted least squares process [5]. The Weibull
parameters are related to the linear coefficients by

k=a and c=exp [—%]

Applying the logic of the method of maximum
likelihood [4] to the Weibull distribution , the likeli-
hood parametric estimators for a frequency table are
obtained from the equations reported in reference 6.
Since the solution of these equations require about 20-
40 iterations for successful convergence [71, an
approach, incorporating the Newton-Raphson second
method, was contrived by the authors which was more
economical in computer time [1].

11

The ‘method of linear least squares’ and ‘method
of maximum likelihood’ estimators for the nine months
are listed in Table §.

3.5 Accuracy of the Three Methods
Assuming an atmospheric pressure of 101.3 N/m2 and
a temperature of 303K, the actual average wind power
density for a frequency table of wind speed is [1]

Pwa = 0.5817 ¥ p(ui)u’

i=1

(6)

W,
Von?

The theoretical average power density based on
the Weibull model is

Pwt = 0.5817c* T(1+3{) %/,

The magnitude in the disparity betwen equations
(6) and (7) is indicative of the accuracy of the Weibull
models obtained using the methods of moments least
squares and maximum likelihood. These values are
tabulated in Table 5. On examination of Table §,itis
inferred that the Weibull parameters are best obtained
using the maximum likelihood method because the
resulting Weibull model most accurately predicts the
average available power in the wind.

)

3.6  Welbull Hybrid Density Function

A limitation with the Weibull model,
encountered thus far, is its inability to properly
account for calms since equation 4 vanishes at u=o. A
way of reducing this problem is through the use of the

hybrid density function of the form [6].

fa(u) = p(u=0)a(u)+[1-p(u=0)]f(u) @®)

where f(u) is equation4 withk — khand ¢ — Ch are
estimated from the wind speed frequency table after
calms are removed. The corresponding theoretical
average power density is

Pwi= 0.58171-pu=0)], TA+3{,)

Table 6 summarizes the pertinent quantities for
classes III,and ITI months. A comparison of the priate























































































