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Objetivo

* Besides wind generation, modeling and forecasting, this work aims to
integrate these results in the current Brazilian hydro-thermal dispatch
model, without the need of any structural change in the optimization
model, by updating the calculation of the non-dispatched plants

* The Frequency and Duration (F&D) methodological principle is used,
combining via Markov chain Monte Carlo method the states of
generation and load capacity to determine those ones of net demand

and the corresponding probabilities
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Metodologia

Historical data Wind speed association Technical parameters

Wind power transformation
Wind farm Weather database - Calculate minimum distance between Number of turbines

Latitude - Latitude weather station and wind farms Hourly wind speed for each power - Cut-in wind speed - Estimate the wind power for each
Longitude -  Longitude - Associates a wind speed historical for plant - Rated wind speed wind farm by combining the Weibull
Hub height -  Wind speed each plant - Cut-off wind speed distribution function and the

- Measurement height Calculate and apply the height - Rated power technical parameters
correction factor

MCMC simulation " "
MCMC parameters Wind generation by submarket
- Calculate the number of states via K-

Simulation start date means clustering technigue [ Wind power future scenarios +.
Simulation end date - Calculate the Markov chain transition

Number of scenarios matrix for each month

K Perform Monte Carlo simulation

Aggregated wind generation

Estimate the wind generation by
Start data into operation submarket by considering the start
data into operation of each wind farm

Historical wind power

Observed monthly wind generation

[ Wind generation future scenarios +p

Wind power calibration

Calibrates the hourly wind power
from the monthly data observed

Hourly wind power for each power
plant

Load data

Forecast monthly load
Standard hourly load profile

Hourly load calculation

Transform the future load monthly
values in hourly values through the
standard hourly load profile

/ Load data preparation Wind generation data preparation

- Calculate the number of states via K- - Calculate the number of states via K- Net demand calculation
[ e | SO o sty |- st e e
- alculate the Markov chain transition - alculate the Markov chain transition Probability calculation for each state Wind generation forecast
matrix for each month matrix for each month )
- Final net demand values

- Calculate the steady states - Calculate the steady states

k probabilities probabilities

CPAMP - Comissao Permanente para Analise de Metodologias e Programas Computacionais do Setor Elétrico
GT METODOLOGIA

Hydro-termal technical parameters

Hydroelectric and thermal

Planning horizon

ergy considered

Optimization dispatch (SDDP)

Replacement of official wind energy
values with values obtained through
the net demand approach

Run Stochastic Dual Dynamic
Programming algorithm

Storage energy in the future
Thermal generation in the future




Criacao das séries historicas

1. Obtaining a full year history of hourly wind speed series at the

selected location

* Through the CFSR it is possible to obtain the desired information according to geographic
coordinates, with a spatial resolution of 0.25° by 0.25°

2. The association of a wind speed series to a wind farm was carried
out by searching for the measurement point that minimizes the
distance between them
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Criacao das séries historicas

3. As a consequence of the difference in height between the
measurement of wind speed (10 m) and the height of the turbines,
it is necessary to consider a height correction factor

l()g(HT) HF;: height correction factor
HF. = ' HT;: turbine height
l longHMl) HM;: measurement height

4. The final wind speed, associated with the wind farms is the result of
multiplying the height correction factor by the original wind speed

WSh,d,ml — HFl X OWSh,d,m,l WSh,d,m,i:finalwind speed

OW Sy am i: original wind speed
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Criacao das séries historicas

5. The transformation of wind speed into wind power is made by a
parametric model of the power curve of wind turbine

WPAp qm,;: total wind power

WS < v., WS > U . .
0 h.d,m,i ct h,d,m,i co v,;: cut in velocity
WPAgmi =19V) Vei <WSham,i <7Vr v, rated velocity
P, Ve S WShami < Ve v, cut off velocity

P.: rated Power

6. Weibull distribution function to the wind speed data from each
month (parameter k is estimated through ML)

k k
v." WShd o
C[(U) - < km - k T km — lkm )Pr

— m —
vci v, V., vci
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Criacao das séries historicas

7. The calibration factor will be calculated from the observed monthly
wind generation values and also the calculated monthly wind
generation values

O, WPy 4m,i: calibrated wind power
WP, ; O.,.i: observed wind generation

WPy gmi = WPAp 4. i X
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Simulacao e obtencao de cenarios futuros

1. Application of the K-means clustering technique to transform the
wind power data into a finite number of states

(€1, it WPpam,: € ¢
Cy, if WPh,d,m,i S Cy

Cy. centroid value of cluster k

WPSy gmi =3

\Ck, if WPh,d,m,i S Cr

2. Creation of transitions matrices by month

P11 P12 - Pik]
P21 D22 - D2k _ Ngp
: : . . pa,b —
Zk na,b

Pind —

Prk1 Prk2 - Dkl
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Simulacao e obtencao de cenarios futuros

3. The transition probability from state a to b, for all indices 1 <
(a,b) < k, can be calculated by

P . na,b
b —
‘ Zk na,b

4. Cumulative matrices can be created, so that its last column is equal
to one for every row and month

Ng p 1S the number of transitions from a to b

P11 P11t P12 0 P11t P12t T Dk
_|P21 P21t P22 o P21t D22t T Dok

Poum = : : :
Pk1 DPk1 tTDPk2 = DPki1tDPrk2t "+ Dril
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Simulacao e obtencao de cenarios futuros

5. Randomly select the initial state z and a value between [0,1]
(uniform distribution)

6. Obtain the next state by comparing the value of the random
number with the elements of the zth row of the cumulative
probability transition

7. This procedure is repeated in order to simulate wind power data (by
hour)

WSIMy gmyis =Ck U Ck—1 < DPunif [01] < Ck

WSIMy, g my,i s Simulated wind power for hour
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Simulacao e obtencao de cenarios futuros

8. To create the wind generation data by submarket, it is first
necessary to consider the starting date of operation in the wind
power simulated in the previous step and then sum the wind farms
corresponding to each submarket

G (0, if d < dipitiar » M < Mypitiar » Y < Vinitial
h;d;m)y;l;S WSIMh’d’m’y’l',S OtherWise

Gh,d,m,y,j,s — z Gh,d,m,y,i,s

i€j
Gn,amy,i,s Simulated wind power for a given submarket
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Simulacao e obtencao de cenarios futuros

9. After obtain the hourly load data for each submarket the K-means
algorithm is used again to discretize both the wind power
generation and load series into states

10.In addition, in a subsequent step, the Markov chain transition
matrices for each month (and scenario) are created, following the
same steps described before

The need to recalculate the states and transition matrices for the wind generation series comes from the fact that the series
originated in the previous step has changed with the input of the starting dates of operation and the transformation into
submarkets.
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Simulacao e obtencao de cenarios futuros

11.The steady-state probability represents the occurrence of each state
and is used to obtain the Net Demand states

12.The final output of this system is a value for each month and year in
the forecasted period
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Caso exemplo

* The proposed methodology is applied to the Brazilian Northeast
region in order to forecast the wind power generation from July 2017
to December 2021

* The year 2016 is used as the base year, so the wind speed series
extracted from CFSR are hourly from 1 January to 31 December
(2016) and the standard load profile is built based on the hourly load
for 2016, obtained from the National System Operator
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Caso exemplo
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Caso exemplo

* Only 6 measurement points were needed and the maximum distance

found was approximately 12 km

Station Latitude Longitude
NASA 1362 —4.40 -39.07
NASA 1628 -5.21 -36.20
NASA 2046 —6.64 -40.91
NASA 2192 -7.05 -36.82
NASA 2622 -8.48 -39.07
NASA 3427 -11.14 —41.93
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Caso exemplo

* Only 7 turbine manufacturers serve this region with 12 models

Hub Cut-in Wind Rated Wind  Cut-Off Wind Rated

Manufacturer Model Height Speed (m/s) Speed (m/s) Speed (m/s) Power
(m) (kW)
Acciona AW-3000/116 120 3 10.6 20 3000
Alstom ECO-122/2700 139 3 10 25 2700
Alstom ECO-86/1670 80 3 10 25 1670
Gamesa G106/2500 93 2 12 24 2500
Gamesa G97/2000 120 3 14 25 2000
GE 1.6-100 100 3.5 11 25 1600
GE 1.85-82.5 80 3 13 25 1850
GE 1.7-103 96 3 10 23 1700
GE 1.68-100 100 3.5 11 25 1680
Siemens SWT-2.3-101 100 3 12 20 2300
Weg AWG 110/2.1 120 2.5 11 20 2100
Wobben £92/2350 138 2 13 25 2350

* The maximum wind turbine height found was 139 m and the
minimum was 80 m, so the height correction factor varies from 1.90
to 2.14
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Caso exemplo

* Transition matrix example

State b (MW)

State a (MW)

0 0,32 1,20 2,18 3,32 4,47 5,71 7,03 857 10,20 11,77 13,555 15,53 17,60
0 0,50 0,50 0 0 0 0 0 0 0 0 0 0 0 0
0,32 0,01 0,84 0,13 0,02 0O 0 0 0 0 0 0 0 0 0
1,20 0 014 058 0250030 O O O O 0 0 0 0
2,18 0 004 021 041 0,28 0,04 003 0 0 O 0 0 0 0
3,32 0 0 0,05 0,20 0,34 0,23 0,06 0,08 0,02 0,02 O 0 0 0
4,47 0 0 0,02 0,07 0,22 0,31 0,24 0,10 0,03 0,00 O 0 0 0
571 0 0 0 0,04 0,07 0,21 0,29 0,21 0,09 0,07 0,02 O 0 0
7,03 o o0 0 003003010 024 032 0,15 0,06 0,05 0,02 0 0
8,57 0 0 0 0,00 0,02 0,06 0,04 0,21 0,31 0,27 0,08 0,08 0,04 O
10,20 0 0 0 0,00 0 0 0,04 0,09 026 024 026 007 O 0,04
11,77 0 0 0 0,02 0 0,02 0,02 0,05 0,11 0,30 0,23 0,11 0,11 0,02
13,55 0 0 0 0 0 0 0 0 0,08 0,04 0,31 031 0,15 0,12
15,53 o o O 0040 O O O O 011 019 011 030 0,26
17,60 0 0 0 0 0 0 0 0,03 0 0 0,02 003 0,14 0,78
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Caso exemplo

* Cumulative transition matrix example

State b (MW)
State a (MW)
0 032 1,20 2,18 332 447 571 703 857 10,20 11,77 13,55 15,53 1760

0 050 1 1 1 1 1 1 1 1 1 1 1 1 1
a,32 001 085 098 1 1 1 1 1 1 1 1 1 1 1
1,20 0 014 072 057 1 1 1 1 1 1 1 1 1 1
2,18 0 004 025 066 093 057 1 1 1 1 1 1 1 1
3,32 0 o 005 025 059 0,83 0,89 057 098 1 1 1 1 1
4,47 0 0o 002 009 031 062 0806 057 1 1 1 1 1 1
5,71 0 0 0 004 011 032 061 0,82 091 095 1 1 1 1
7,03 0 0 0 003 006 016 040 073 087 054 095 1 1 1
8,57 0 0 0 o o002 008 012 033 083 081 085 096 1 1
10,20 0 0 0 0 0 0 004 013 039 063 089 09 096 1
11,77 0 0 o o002 002 005 007 011 023 052 075 086 058 1
13,35 0 0 0 0 0 0 0 0 o008 012 042 073 088 1
15,33 0 0 0 004 004 004 004 004 004 015 033 044 074 1
17,60 0 0 0 0 0 0 0 003 003 003 00> 008 022 1
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Caso exemplo

* Cumulative transition matrix example

>tat

State a (MW |

0 2,18 3.3

e D

% FTAT
viVY

To simulate the hourly wind power values, it is
first necessary to randomly select the initial state,
for instance, state 3 (1.20 MW in the example)
and then to choose a value from the uniform [0,1]

189 O distribution. Assume it is 0.92. This means that

s 0 the first simulated value is 1.20 MW and the

1 o] second is 2.18 MW, since 0.92 is more than 0.72
w0 of (state 3) and less than 0.97 (state 4)
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Caso exemplo

Abil wind farm

12

10

Wind turbine power output (M)

T
2017-01-01 00:00:00

T
2018-02-21 15:00:00

T
2019-04-14 07:00:00

Time

T
2020-06-03 23:00:00

T
2021-07-25 15:00:00

Month Mean (MW) Standard Deviation (MW)
Measured Data Simulated Data Measured Data Simulated Data
Jan 3.2204 3.2727 3.5331 3.5668
Feb 5.6109 5.5751 4.2978 4.3025
Mar 6.3998 6.4795 5.3218 5.3187
Apr 7.0073 6.9852 5.6116 5.6165
May 7.1462 7.1800 5.8127 5.8084
Jun 9.0496 9.3804 6.3166 6.3166
Jul 9.9104 9.9181 6.0918 6.1196
Aug 9.6687 9.7155 6.2547 6.2793
Sep 10.5886 10.2190 6.5827 6.6192
Oct 10.1114 10.2143 6.3178 6.3066
Nov 9.1185 8.7986 6.7229 6.6391
Dec 8.2729 8.3653 6.3252 6.3179
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Caso exemplo
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Caso exemplo

Expected Wind Power
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ConclusoOes

* The results obtained confirm that the expected wind power forecast using the
proposed methodology is more conservative than the official expectations

e That is, in periods of higher wind power generation in the Northeast, the net
demand approach expects less generation than the government, with the same for
periods with smaller generation

* These values indicate a lower expectation of water storage in the future, translated
into energy storage, and also higher generation from thermal plants

* The main consequences of such differences between what is expected by the
government and the forecast calculated here are the depletion of hydroelectric
reservoirs and also the "non-optimization" of dispatch

* Therefore, we can conclude that the consideration of probabilistic scenarios of
wind energy generation as proposed in the net demand approach can mitigate
errors in decision making by the Brazilian National Electric System Operator
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Direcionamentos futuros

* For future research, we suggest:

* Using other databases to provide wind speed series in addition to
obtain a history of more than one year in order to capture yearly
variability

* Application of other technigues to forecast wind power generation and
consideration of different approaches for insertion of such generation
in @ mainly water and thermal dispatch

. A}pplication of methods that specifically consider the night/day effects
of wind time series

* Construct confidence intervals to increase the reliability of the applied
simulation method

. Aﬁply the proposed approach to other renewable sources, such as
photovoltaic
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