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A METHODOLOGY FOR WIND POWER SERIES EXTENSION: DATA
FOR INVESTMENTS, OPERATION AND EXPANSION PLANNING OF
THE POWER SECTOR

Joaquim Garcia & Alexandre Street

Abstract

Wind power industry has grown a lot in the last few years and it will grow even faster
in the next decade. Its participation in nowadays power systems is becoming more and more
expressive every day, which brings difficulties for operation, certification and expansion
planning, moreover investments in the area are growing in many countries. However this
sector experiences a significant lack of data, because in most regions wind farms are very
recent. Since this data is very important we propose a static methodology with physical
background to extend existing short and medium term time series in order to obtain long term
series.

Keywords
Wind power series; Long-term wind series; Multivariate regression; Reanalysis
datasets; Time series extension.

I Introduction

Wind Energy Generation has been growing extremely fast in the last ten years, the
global annual growth average is 22%. In 2012 this growth was represented by the installation
of almost 45GW which correspond to 56 billion of euros. World’s installed capacity of about
282.5GW is mostly concentrated in Europe, United States and China, which together
represent 86.5% of the global Total. Nevertheless some countries have shown significant
growth in 2012, Brazil led Latin America in this developing industry with the installation of
more than 1GW in 2012, which represented about 31% of regional installed capacity at the
end that year [1].

Moreover, Brazilian government foresaw that by 2021 the installed capacity will reach
16GW, which is very significant compared to nowadays’ capacity of 2.5GW [1][2]. Although
this source is clean and has a great potential, it is highly seasonal and intermittent, which
brings lots of difficulties to its commercialization and operation. Thus it is essential to study
and understand it’s behavior in order to simulate and forecast wind power.

This understanding is made necessary because Brazilian’s energy market has been
growing consistently after the crisis in 2001. In the last 12 years that market have been
modified and restructured in order to attract private investment and grow sustainably [4]. This
was when long-term contracts became the main responsible by the effective expansion of the
energy offer and by the attractive prices for private industry. Two negotiation environments
were created, the free trade environment (ACL) and the regulated environment (ACR). In the
free trade environment private dealer and consumers can trade energy via bilateral contracts.
In the regulated environment, energy is sold in public auctions [5] and in this second
environment renewable energy has been stimulated since Brazilian government launched
PROINFA in 2004 [6]. Wind energy was really shown as competitive in 2009 when the first
auction for this kind of resource took place [7], and nowadays this is the second cheaper
energy source in Brazil. In a market such as this, simulation and forecasting wind power are
almost necessary for the private investor. In the regulated market wind energy contracts
commonly last for 20 years that is why the owner of the plant has to have a great knowledge
of his plant behavior in order to be able to offer competitive prices for his energy in the
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regulated market. In the free trade environment this knowledge is also vital because here the
dealer is exposed to rules, in which a farm that isn’t producing the contracted energy have to
buy it on the highly volatile spot market [8].

Besides all those changes in energy regulation and commercialization, after the crisis
the operation of the electrical system has changed a lot. Since then the system was
interconnected creating one of the biggest power systems worldwide, what makes the system
more efficient, however, harder to operate. To solve this issue, operation was centralized and
is planned in short-term, mid-term and long-term by the National Operator of the System
ONS [9]. Brazilian energy matrix is mostly composed of hydro plants and only complemented
by thermo plants and recently by wind plants, consequently planning the operation in Brazil is
quite challenging. In the wet period is important to save water for the dry period, which
makes long term planning so important and difficult. Taking into account most plants
connected to the system is important to control demand and load. As said before, wind energy
is seasonal and intermittent, thus studies, simulations and forecasting of this resource are
made necessary.

Future simulations in large resolutions such as weeks and months are the ones needed
for most investment planning, for instance [3], as well as for long term-planning. Most
contracts are in weekly monthly basis and the spot price is only changed weekly though the
mean production in these resolutions is extremely important for investment analysis. The
operation of the electrical system is also planned in many resolutions, although hourly
operation is important, it is important to remember that long term operation is essential in
Brazil for that reason great effort has been directed to this long-term planning, finally monthly
and weekly resolution information are necessary for Brazilian system operation models such
as NEWAVE [9].

Wind power stochastic behavior and seasonal characteristics vary from plant to plant,
and may have long-term effects. The wide comprehension of those phenomena relies on the
existence of long-term wind power series. However, Brazilian wind farms have started
operating recently, most of the oldest large wind farms have been operating for no more than
2 years. This article proposes a methodology for extending this short wind time series
applying statistics techniques with physical background. This history extension is a way to
solve the problem of the lack of long term wind power data, which is extremely valuable for
both public and private sectors.

It is worth emphasizing that a history extension like the proposed one is also useful for
certification purposes. Every wind farm operating and commercializing in Brazilian market
have to be certificated and must possess a firm energy certification (FEC) [10], the extended
history can be used for this purpose once it represents the way the farm would have been
operating for the past decades.

The development of this methodology was made possible by the existence of
international weather databases, also known as Global Reanalysis datasets [11] [12] [13] [14].
Those datasets provide meteorological information about wind which is essential for the
proposed methodology. On the other hand the is no impediment of using real data collect
from weather stations, they are not used in the study cases simply because we are going to use
wind information of wind farm site, and sites very close to weather stations are rare in Brazil.

This work is organized as follows: In section Il a brief explanation of the model inputs
will be made, these inputs may be global reanalysis datasets or measured wind series from
meteorological stations. Section Il outlines wind power characteristics that will be
incorporated to the statistical model. Section IV describes the model. Section V illustrates the
application of the model in case studies of 5 Brazilian wind farms. Finally, conclusions are
presented in Section VI.
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11 Model Inputs

The model proposed is generic enough to have/receive as input any wind series to
extend the power series. It is possible to feed the model with long wind series measured “in
locus” or in meteorological stations nearby. The main requirement is that the wind series must
include one of the following couples: a wind absolute speed series and a wind direction series,
or series of wind speed in two orthogonal directions (both parallel to the floor).

It is common in wind resource assessment to use global reanalysis datasets. These
datasets are generated by applying physical models to satellite observations. Some of the most
famous datasets are NNRP, the NCAR/NCEP Reanalysis Project produced in the mid
90°s[15]; CFSR[16], produced by NOAA, National Weather Service and NCEP; ERA-
Interi[17] produced by European Centre for Medium Range Weather Forecasts; and
MERRA[18] produced by NASA. These last three were produced in the 2000°s with 34 years
of satellite data and their latitude and longitude discretization is less than 0.5 degrees. Due to
the possibility of obtaining data from these datasets for almost everywhere in the world, they
were chosen to be used in this work.

111 Wind and Wind Power Characteristics
The conversion from wind data to Wind Power is highly non-linear. A simplification
of steady-state the response of a single wind turbine, similar to the one used in [19], is given
by Figure 1. The figure is divided in four main segments; in the first no power is produced at
all due to inertia, those low wind speeds are not enough to move the turbine; the following
segment is the hardest to model because is where wind to power conversion is mostly non-
linear and is the region in which the generator is operating most time; the third region of the
curve is where the turbine is operating at full power; finally, in the last part of the curve, the
generator does not produce any energy at all, because the elevated wind speeds can damage
the generator. Multi-Turbines response is even more complex, Norgaard and Holtinen show
that in [20].
Power (%) , ‘
03 I

T T -

11

50 1

11

L 111 11

I | [l v
0 5 10 15 20 25
Wind Speed(m/s)

Figure 1 - Wind power transfer function

I11.1 The Energy of Fluids

It is common to model the second segment of the wind power curve, see Figure 1, as a
linear function due to its huge simplicity. However we are going to use another approach to
improve the model’s accuracy.

For a physically correct approach we ought to begin with the kinetic energy equation:
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1
E= Emvz (1)

As said in [21] this equation is based in the fact that the mass of a moving solid is
constant, wind as the motion of a fluid (air) has it density and speed varying in time, but
considering the mass constant, for now, is a good approximation. Deriving equation (1) we
obtain the power of moving particles:

p dE 1 dm ) )
4t 2de’ @

The mass m of the fluid is equal to pV, where p is the air density and V is the volume
occupied by the fluid, on the other hand, V can be seen as the product of area(4) and
length(l): V = Al, which can be derived in time, considering the area and density as
constants:

dm d(pAl)  dl
ac . ar | Par

=pAv  (3)

Finally, substituting (3) in (2) we obtain:

1
P= EpAv3 (4)

This is a good simplification of the power of a moving fluid with density p and speed
v, passing through an area A. This cubic relation between wind speed and power, which is
also used in [22] and [23] [24], will be applied in the model proposed.

111.2 Wind Direction

Wind turbines are of two main types horizontal axis wind turbines (HAWT) and
vertical axis wind turbines (VAWT), the second one has the interesting characteristic that
wind direction is theoretically irrelevant due to its cylindrical symmetry, the power production
of the first kind of turbine is affected by wind direction since wind flow facing the blades
generates much more power than parallel flows. Horizontal axis turbines are the most widely
used, mainly in Brazil, which is the first reason for considering wind in the model. It is true
that most HAWT can move, allowing them to face wind and improve their power generation
efficiency, even so this movement cost energy and is not very fast consequently this
mechanism does not solve the problem.

Furthermore, empirical studies have shown that wind direction affects wind power
generation. In [25] and [26], wind data is separated in eight groups of directions and then one
independent curve is fitted separately for each. The approach here will take into account the
direction of wind, however, we are going to consider two variables, which together represent
both wind speed and wind direction, these variables will be two orthogonal values of wind
speed.

111.3 Wind at different heights

Wind turbines can be installed at various heights, however wind series do not provide
information for every single mast height and not rarely only provide wind data for one single
height, it is usual to apply the following formula, also used in [19] and [24].
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v = v, (%) ©)

Where v, is wind speed at the original altitude, h is the new altitude, h, is the original
altitude and « is a constant that depends on the terrain and localization, values are obtained
empirically such as in [27].

111.4 Wind Power Cycles

Wind is caused by differences of pressure, which is mainly caused by the incidence of
sun radiation onto earth, global winds are also affected by earth motion and these variations of
wind speed and direction affect directly wind power production. Therefore, many patterns can
be observed, the two most easy to observe are daily and monthly patterns. The first is mainly
caused by the difference of insolation during the hours of the day, and can be enhanced or
smoothed by the proximity or distance from the sea, which can conserve heat due to water’s
high thermic capacity. The second pattern is due to the different sun radiation in each month
and season of the year. This two patterns have been studied in [28] [29] [30].

These patterns are outlined in Figure 2, which shows that generation in each month
has significant differences, and for each hour of the day it is also possible to see wind speed
variations.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dez

% [
=== Days of the Month
Month Average

:Iour: ofthé s;y
Figure 2 - Wind generation patterns for year 2011

IV The Model

After this review the model shall be presented. The extension model will be a
multivariable regression [32] whose variables will be based on the previous discussion.

Firstly, the understanding of wind direction effect on wind power generation outlined
in section 111.2 induces us to consider somehow this variable in the model. Since wind
direction is a circular variable it is hard to use it directly as a variable in a linear regression
model. For instance, it is easy to see that the value 1 degree and 364 degrees are almost the
same, however with a single coefficient multiplying wind direction the output would be
significantly different these numbers. What is more, the probability distribution of wind
direction is not rarely multimodal another effect that a linear regression cannot capture. There
are two evident ways for solving this problem, the first is to make multiple regressions, one
for each group of wind directions as it is done in [25][26], the second is to decompose the
wind speed in two variables:

v, = Vo, cos(§)  (6a)
vy, = vy, sin(@)  (6b)
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Where v, is the original wind is speed and ¢ is the wind direction. Now we have to
orthogonal wind speeds that together represent both wind speed and wind direction.

From section I11.1 we found evidence that a model to capture wind proportionality to
wind power should consider the cube of the wind speed. The speed to power curve of a
generator can be modeled in many ways with polynomials, piecewise linear or piecewise
polynomials [19]. [22] shows that the power curve in a single generator can be modeled with
high accuracy with a third degree polynomial, thus we are going to use this approach here,
even though we are trying to model an entire farm.
By now we have the following model:

Power; = Bo + B1vs; + Bové + Bave + Pave, + Bsvi + BeVl + & (7)

Where ¢; is a random error for period i.

One might say that the transformation of wind from its original altitude to wind in the
altitude of the generators should be done, but the widely used model, presented in section 111.3
consists in simply multiplying the wind by a constant, thus this operation is not necessary
because this constant will be “included” in the variable multipliers decided by the regression
model.

The last step is to take into account the knowledge of wind cycles evidenced in section
I11.4. In order to consider these seasonal and diurnal cycles’ dummy variables will be added to
the model. The model can be applied for datasets in many different time resolutions.
Depending on the discretization daily dummies we are possible to be used or not. The usually
series like these have hourly resolution, so the model will include on dummy for each hour of
the day and a dummy for each month of the year, consequently the average generation of each
hour at each month will be considered in the proposed model. Dummy variables for day hour
are very good for enhancing the model accuracy, but they can be discarded or changed by
other dummy if the data is in a different resolution.

The model now is:

Power; = By + B1vs, + Bove + Bavs + Bave, + Bsvé + Bevl, + & + hour (i) qummy
+ month(i)dummy (8)

Where month (i) gymmy is the month to which period i belong, for hour (i) gymmy the
idea is the same. The whole process is shown in Figure 3.
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Figure 3 - Wind power series extension process
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V.1 A first enhancement

Different data sets usually contain different information, which can be seen in Figure 4
where a scatterplot of wind speed from NNRP dataset and ERA-Interim is shown. Although
there is an evident linear relation between the sets, but the data spread is significant and the
intercept is not in the origin, these characteristics evidence the difference of the sets.

16

Wind speed (m/s) ERA-Interim

15

Wisnd speed (m/s) NKJIRP
Figure 4 - Comparisson between different datasets

Therefore it is possible to include multiple datasets in the regression model giving rise
to the following model:

Poweri = ﬂO + Z :Bl,kvsi‘k + ﬁz,kvszi_k + ﬁ3,kv$?)i‘k + :84,kvci‘k + ﬁS,kaZi_k + ﬁG,kvgi’k + &
keDS
+ hour (D) gummy + month(D) gummy  (9)

Where DS the set of wind data sets.

IV.2 A Non-Linear Adjustment

Since the model is based on a regression with wind and dummies variables it can have
as output some physically impossible information. There is nothing in the model that prevents
it from outputting negative generation and generation larger than a hundred percent of the
installed capacity of the farm. Empirical tests have shown that these cases do not occur with
significant frequency, to the following procedure of does not insert much non-linearity in the
model.

if Power; > 1then
Power; =1

if Power; < 0 then
Power; =0

With this procedure the model is completely determined and it is physically consistent.

V Case Studies

The developed model was applied in five wind farms in Brazil: Icaraizinho, Bons
Ventos, Enacel and Canoa Quebrada in the north-east and Sangradouro in the south. The
hourly power production time series and basic information such as their localization, installed
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power capacity and the date of beginning of commercial operation was obtained from ONS
and MME (Brazilian Energy Secretary). That information is disposed in Table 1.

Name Beginning of Localization Capacity
Operation (MW)
Icaraizinho October 2009 03°21°56*’S  39°49’58°’W 54.6
Bons Ventos February 2010 04°27°19°S  37°45°14”W 57.0
Canoa Qubrada January 2010 04°32°02”’S  37°41°28°W 50.0
Enacel March 2012 04°33°05’S  37°44°43°W 315
Sangradouro September 2006 29°55°30’S  50°18°00°W 50.0

Table 1 - Brazilian wind farms in the case study

The plants localization was used to obtain reanalyzed wind series from NNRP, ERA-
Interim datasets. The reanalyzed wind series have hourly resolution beginning at January first
1981 and ending at September thirtieth 2012. Some of the series have wind polar
representation, speed and direction are separated, other have wind in Cartesian representation,
two orthogonal wind speed series. The model needs the wind series in the second form, so
whether they are disposed in the first form they are converted following the methodology
proposed in equations 6a and 6b from section IV.

In order to compare easily the results of the extension of different power plants their
hourly generation was normalized, by simply dividing their generation by their nominal
power, thus the generation in the case studies will be in percentage of generation.

Firstly we will present the detailed results of the application of the methodology for
one of the plants, Icaraizinho, and then the results for the remaining plants will be presented
in a simplified way.

The Described Model was applied to the corresponding data for the plant of
Icaraizinho. The regression was done in hour resolution. The data was extended in sample to
check the accuracy of the model, which means that after the regression coefficients were
obtained via ordinary least squares we the model was applied in sample. The result is
displayed in Figure 5, which show in blue the original data from the power plant generation,

and in red is the in sample modeled data, the modeled data.

== Original Data
= Modeled Data

Generation (% of Capacity)

; E

I

1
i
%

Figure 5 - Icaraizinho hourly generation time-series
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It is possible to see that many patterns were caught by the model since the red line is
following the blue one. However, one can note that generation spikes, up spikes or down
spikes, are hardly caught by the model, that is due to the fact that in this study, it was used
meteorological data from reanalysis datasets, therefore the wind data is not the exact verified
wind in that spot. [22] and [26] for instance use on site measured data, in such case it would
be possible to caught more spikes.

More statistical tests were performed to provide us a wider understanding of the model
behavior. Figure 6 is the histogram of the model error, i.e., the difference between the original
data and the modeled data. Figure 8 is a QQ-Plots that contrasts de original and the modeled
data if shows once more that extreme generation either very high or very low are hardly
captured, though as said before this fact is mostly due to the input series. Finally, Figure 7 is
the error plot, i.e., the series originated from the difference between original and modeled data
most of the time the absolute difference is smaller than 20% however many spikes cross this
error margin.

2500

Number of observations

-%.3 -0.6 -04 -0.2 0 0.2 04 0.6 0.8

) ) Model Error ] )
Figure 6 - Histogram of the model error in hour resolution
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Figure 7 — Model’s Error ﬁigt in hour resolution
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Model Data - Quantiles
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Figure 8 - QQ-plot in hour resolution

As said before, results in other resolutions such as days, weeks and months are
extremely valuable and in many occasions they are the exact kind of data needed, for instance,
week and month data used by Brazilian investors since the contracts in Brazil are settled in
monthly or weekly basis. Thus we go further in this study to present results for this other
resolutions.

The results that follow were obtained by averaging the model output presented above.
Firstly, Figure 9, Figure 10 and Figure 11 show the analogous results for daily resolution.
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Figure 9 - Icaraizinho daily generation time-series
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Figure 10 - Model’s Error plot in day resolution
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Figure 11 - QQ-plot in day resolution

Now, one can see that even extreme value were well modeled, the quantiles of
modeled and original data coincide a lot and the error is now mostly contained in 10%
margin. Daily averages are more well behaved than hourly values and do not have lots of up
and down spikes, so the reanalyzed data from the datasets make it possible to have this far

better fit.
Figure 12, Figure 13 and Figure 14 show the results for weekly resolution:
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At this point the model output is capturing almost all the information contained in the
power generation series, the adherence statistics shown in table are extremely satisfactory,
figure shows that extreme values are being modeled and figure shows that the absolute error is
almost never more than 15% and most of the time it is smaller than 5%.

At last Figure 15, Figure 16 and Figure 17 show the results for monthly resolution.
One can observe that the model is even better than the already good results from weekly
resolution, the absolute error is always smaller than 8% and it is usually smaller than 4%.
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Figure 15 - Icaraizinho monthly generation time-series
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Figure 16 - Model’s Error plot in month resolution
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Completing the case study, the adherence statistics of the remaining wind farms are
presented in Table 2, R2 is the r-square, MAE is the mean absolute error and MSE stands for
mean square error. NE and S stand for North-east and South of Brazil respectively.

Name Region Hourly | Daily | Weekly | Monthly
Icaraizinho NE |R2 0.705 | 0.8517 | 0.9285 | 0.9699
MAE 0.1264 | 0.0753 | 0.0467 | 0.0307
MSE 0.0272 | 0.01 0.004 | 0.0014
Bons Ventos NE |R2 0.6881 | 0.8472 | 0.9452 | 0.9805
MAE 0.1229 | 0.0647 | 0.0337 | 0.0193
MSE 0.0266 | 0.0069 | 0.0018 | 0.0005
Enacel NE |R2 0.6833 | 0.8457 | 0.9421 | 0.9725
MAE 0.1245 | 0.0645 | 0.0351 | 0.0241
MSE 0.0264 | 0.0068 | 0.002 | 0.0008

Canoa NE |R2 0.6825 | 0.8444 | 0.9374 | 0.9728
Quebrada MAE 0.128 | 0.0685 | 0.0366 | 0.0203

MSE 0.0286 | 0.0076 | 0.0023 | 0.0008
Sangradouro S R2 0.6489 | 0.8057 | 0.8735 | 0.9753

MAE 0.142 | 0.0828 | 0.0352 | 0.0114
MSE 0.0372 | 0.0123 | 0.0018 | 0.0002
Table 2 - Statistical tests for case study

This table is a simplified way of showing the results for many plants, the pattern is the
same as the observed in Icaraizinho case. Hourly extension works well and are satisfactory
approximations of reality, daily averaging are capturing plenty of information and weekly and
monthly extensions exhibit outstanding approximations.

VI Conclusions

The results presented in the last section illustrate how accurate the model behaves in
each time resolution, the extension of all the plants in the case study turned to be statically
satisfactory approximations of reality with improving results as we obtain larger resolutions.
Hourly and daily series are useful for primary studies since they are good approximation, final
studies in these resolutions would require on site measurements. Weekly and monthly series



Departamento de Enegenharia Elétrica

show excellent results, thus they can be widely used by agents of the sector for purposes of
certification, expansion planning, operation in countries like Brazil in which the system is
operated in resolution such as weekly and monthly, this data can also be used by the private
sector for investment planning.

Future developments include the application of the developed methodology to wind
power series extension with on-site data.
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