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Wind Speed and Wind Farm Power
Models Overview
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Short Term Wind Speed Prediction Using
ARMA Model

» ARMA Model
» Mathematical Model of ARMA Model
» Simulated Results of ARMA Model



Mathematics of the ARMA Model

ARMA(1,1) model is given as:

y(t) + aly(t-1) = e(t) + cle(t-1)

AR (1) model has the form of a regression model in
which y(t) is regressed on its previous value.

In moving average (MA) model the time series is
regarded as a moving average or unevenly weighted
random series e(t).

e(t), e(t-1) are the residuals at times t and t-1.
c1 is the first-order moving average coefficient.
a1l is the autoregressive coefficient.



MATLAB Simulated Result of the ARMA Model
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Comparison of Actual and Predicted Wind Speed

Wind Data Statistics | Actual Wind Predicted Wind
Speed Data (m/s) | Speed Data (m/s)

Mean 9.95 4.88

Median .27 4.81

Standard Deviation |2.21 2.11




An Hour Ahead Wind Speed Prediction
Using Kalman Filter and Unscented
Kalman Filter

In the wind speed prediction part, an Auto Regressive
model and a non linear Auto Regressive Exogenous
model is used for a short term wind speed prediction to
predict an hourly average wind speed up to 1 hour in
advance.

The Kalman filter and the Unscented Kalman Filter are
used for filtering associated noise in the input wind
speed for accurate estimation.

The Kalman filter is used for linear system
Unscented Kalman filter for the non linear system.



System ldentification toolbox is used for processing the
iInput wind speed.

For the Kalman filter, the input wind speed is processed
using the Auto Regressive model of order 2 from the
linear parametric toolbox.

For the Unscented Kalman Filter, the input wind speed is
processed using the Non linear ARX model of order 2.

State space of AR model is used for Kalman filter as the
initial condition for the matrix.

State space of non linear ARX model is used for

Unscented Kalman filter as the initial condition for the
matrix.

More details of algorithm given in the thesis.



Simulated MATLAB R
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Measured and 1 step predicied ouitput
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The Kalman Filter and the Unscented
Kalman Filter State Estimation

Kalman Filter Wind Speed Estimation of State x1°
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Kalman Filter Wind Speed Estimation of <1
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Wind Speed (ms)

Wind Speed (m/s)

Unscented Kalman Filter Wind Speed Estimation from State X1(nlarx model)

25 T T T T T 5 5
Qf = 7 7Q
Rf = 0. 1"R
20 o
15 | —
T O R fors L e irsad Lo o i s A b e e = o At At e P el Bt i Ay S bl A e P M
r'r-v A s A eI g el e e e 3t A e g A el N -~ e
5 - -
o 2(.)0 4(.)0 660 8(I)0 10I00 12'00 14‘00
NMumber of Time Steps
UKF performance with increase in process noise.
Unscented Kalman Filter Wind Speed Estimation from State X1
25 T T T T T T T
Qf = 0. 17Q
Rf = 6R
20 —
15 —

10 Tumnm LY s U S A S £ Vi § i § O b 21 AR ] Y DL A A 3 & P TR P i g e g B A gl e B & A

e R P B L 3L Pt e A B e e e el A B e - S+~

1 1 1 1 1 1 1
200 400 600 300 1000 1200 1400
Number of Time Steps

UKF performance with increase in measurement noise.

15



Power Prediction of the Fermeuse
Newfoundland Wind Farm

 The Fermeuse wind farm is located in the community of
the Fermeuse on the Southern Shore, Avalon Peninsula
In Newfoundland.

« The wind farm has nine wind turbines in an operating
condition.

 The wind turbine used at the Fermeuse wind farm is the
Vestas V90 3MW, and the wind farm capacity is 27MW.

Carbq lllll
Torbay

D Bay Roberts

(1] Conce plion‘,‘)aravd';e oSt. John's
Bay South<" Mt Pearl

4wm Fermeuse



Overview of the Wind Power Model

» Wind Turbine Power Estimation

* Turbulence Intensity

» Vertical Shear

 Pressure

« Temperature

* Air Density

» Wind Farm Power Estimation

« Speed and Height of each wind turbine varies
 Wind Farm Layout

* Wind Direction

» Other Factors

« MET Tower, Hub Height, and Radius of Wind Turbine



» Requirement

« Manufacturer supplied power curve, Wind Turbine
Specifications.

* Input: Pressure, Temperature, Air density, Wind Speed,
Wind Direction

« Wind Data: Given in every 10 minutes 10,000 data set in
time series order.

* Qutput: Corrected power curve of wind turbine
« Software used: MS Excel, MATLAB



Layout of the Fermeuse Wind Farm

Fermeuse wind farm layout [1]
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» Wind Turbines at the Fermeuse Site.

Wind turbines at the Fermeuse wind farm [3]
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Designed Algorithm of Wind Power
Physical Model

 Digitizing manufacturer supplied power curve.

« Uncorrected Power Curve Equation
P1 (uncorr) = q(9)+ q(8)* x + q(7) #x"+ q(6) *x” + q(5)#x" + q(4) ¥’

bq(3) ex°4 q2)ex" 4 q(1)x

Herex= Uy, = Estimated disc speed value of Vestas V90,3 MW wind turbine

* Wind speed is determined from lower wind turbine rotor
tip to upper wind turbine rotor tip.



« Turbulence intensity (lu) is determined from the given
input wind speed (WS) and standard deviation data (o) at
certain heights of wind turbine rotor disc.

G
Iu= —
U

« Turbulence adjusted wind speed (U') is determined at the
given model level at certain heights of wind turbine rotor
disc using input wind speed (U) and turbulence intensity
(lu) at the model levels intersecting wind turbine rotor disc.

= J = ~ -
U (TD = [U3=(1+ 3I3)
N

* Wind shear exponent ‘o’ is determined from the turbulence
adjusted wind speed (U') at certain heights(H1, H2) of
wind turbine rotor disc. o

oo (U 2(TD.

0. —
H2.
log (g7)



* Disc speed (Udisk) adjusted for turbulence and vertical
shear is determined from lower rotor tip (H-R) to upper
rotor tip(H+R) of wind turbine by solving for Uz using the
power law equation of shear.

~H+R

2 I 3 3
7, — Z‘ U, VRZ— H? + 2HZ— Z2dZ
vH—-R

« Air density correction is applied to the uncorrected power
curve equation (Puncor) @and corrected power curve (Pcor)
of wind turbine is determined.

Pcorr = Puncorr *Actual Density/ Density at STP

Actual Density = 3.4837 * Pressure/Temperature
Density at STP = 1.225 kg/m”3




Wake Effect in Fermeuse Wind Farm

« Wind power of a wind turbine is reduced at a particular
wind direction in the wind farm.

tana = 0.04 (free stream) / 0.08(wake stream)

Rx =R+ X=*tanu

2¢ U, -35
t=355 L )
(UDisc)
~ | — R\ /AS
Uwake = Umsc*[l-v‘('l‘“-)*(ﬁ) *(I)]

P1(uncorr, g..)
=q(9) + q(8) * Uwake + q(7) * Uwake + q(6)* UPwake + q(5) * U*wake
+q(4) * Uwake + q(3) * Ubwake + q(2) * U'wake + q(1) * UPwake.
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P1(corr) = P1(uncorr) *

)

WC

pat5TP

n=n
P1(corr_wake) = Total Windfarm Wake Power

n=1

n=n
P1(corr) = Total Windfarm No_wake Power

n=1

~ Lp=y P1(corr_wake)

X221 P1(corr)
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Fermeuse Wind Farm Estimated Data

Specification of the Vestas V90, SAMW Wind Turbine.

Specifications of the Wind | Vestas V90 3MW Wind
Turbine Turbine

Cut in wind speed 3.5m/s

Rated wind speed 15 m/s

Rotor Diameter 90 m

Rated Power 3.0 MW

Hub Height 80m

Cut out wind speed 25 m/s

Four sets of input wind speed data are used.



Wind power of a wind turbine-2 in the wind farm using the
input wind data file1.

Average Value of Physical Estimated Average Power of
Factors of Wind Power Model | Vestas V 90, 3 MW Wind
considered from the Designed | Turbine

Algorithm

Vertical shear at hub height 1.43 MW

Turbulence adjusted speed at | 2.15 MW
hub height

Estimated disc speed at hub 1.86 MW
height

Estimated air density adjusted | 1.91 MW
disc speed




Wake coefficient data determined from the wind direction and
shadow effect of the wind turbines in the Fermeuse wind farm.

Time Series Wind Wind Direction All other Wind

Speed Data of Equal (450 +50; Direction

Length (10 min) 225° + 59) (except 459+ 59 ;
2250+ 50)

W.C of Wind Data 1 0.84 1.00

W.C of Wind Data 2 0.85 1.00

W.C of Wind Data 3 0.83 1.00

W.C of Wind Data 4 0.80 1.00




Estimated power output of the Fermeuse wind farm.

Time Series Wind Speed
Data of Equal Length (10
min)

Average Wind Farm Power of
Vestas V 90 Wind Turbines(3
MW- 9 WT)

Wind Data 1 17.34 MW
Wind Data 2 18.76 MW
Wind Data 3 16.26 MW
Wind Data 4 11.16 MW
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Transmission Loss

» Transmission Loss in the Wind farm: It occurs due to the
current flow in the cables and there is reduction in power.

» The transmission loss is about 1%. (ref ?)

» The loss factor is multiplied with the total power of the
wind farm.



Estimated Fermeuse wind farm power before and after
transmission loss (TL) in wind farm.

Input | TL Average Average Average | Average

Wind Wind Farm | Wind Farm | Wind Wind Farm

Data Power Power after | Farm Power
before TL TL Power after TL
(No-wake) (No-wake) | before TL | (Wake)

(Wake)

Wind (1.0% |17.34 MW [17.16 MW [16.37 MW |16.20 MW

Data1

Wind [1.0% |18.76 MW [18.57 MW [17.84 MW |17.66 MW

Data2

Wind |1.0% [16.26 MW |16.10 MW |15.32 MW |15.16 MW

Data3

Wind [1.0% |11.16 MW |11.04 MW 10.29 MW [10.18 MW

Data4




Estimated Loss in the power of the Fermeuse wind farm due
to power transmission.

Time Series Transmission |Loss in Power |Loss in Power
Input Wind Loss (No wake (Wake effect)
Speed Data of effect)

Equal Length

(10 min)

Wind Data 1 1.0% 0.17 MW 0.16 MW
Wind Data 2 1.0% 0.19 MW 0.18 MW
Wind Data 3 1.0% 0.16 MW 0.15 MW
Wind Data 4 1.0% 0.12 MW 0.10 MW




Simulated MATLAB Results of Fermeuse Wind Farm

Wind Speed (ms)
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Recorded sensor height wind speed data for the Vestas V90, 3MW
wind turbine-2. (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Turbulence Adjusted Speed of Vestas VWind Turbine-2
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Turbulence adjusted wind speed estimated for the Vestas V90 3MW wind turbine-2
at the hub height. (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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YWind Speed '

Vwake Speed of Vestas VWind Turbine-2
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Wake speed estimated for Vestas 3 MW wind turbine-2 at hub height
(Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Estimated power curve of the Vestas 3MW wind turbine adjusted with air density.
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No-wake(red)and VWake Power of Vestas VWind Turbine-2
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Comparison of the wind power of the wind turbine -2 operating at the
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Comparison of estimated wind farm power with the wake effect (red) and without wake effect (black) is plotted
with respect to time. (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Wind direction (degrees) at the wind farm site for a time span of 10,000 minutes.

(Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).

Wake Coefficient
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Wake coefficient determined from the wind direction is plotted with respect to time.
(Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Power Prediction of the Cedar Creek,
Colorado Wind farm

The Cedar Creek wind farm is located in the United States. The wind
farm has 274 wind turbines in an operating condition.

The wind turbines of the Cedar Creek-l wind farm are the 221,
Mitsubishi 1MW and 53, GE 1.5MW wind turbines and the total
capacity of the wind farm is 300MW.

The designed algorithm estimates the wind speed adjusted for shear
and turbulence for the wind turbine rotor disc from the lower rotor tip
to the upper rotor tip of the wind turbine.

The value estimated is the effective wind speed and is assumed to be
at the hub height.

Air density is adjusted to predict the wind power of each wind turbine.

]~.
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The speed and height for each wind turbine varies when
estimating power for the wind farm.

It depends on the distance between the wind turbines,
the contour height and the layout information.

The wake model is incorporated when the wind turbines
are located at a closer distance.

The wake power of the wind farm is estimated
considering the wind direction, the wind farm layout
information, the thrust coefficient of the wind turbine, and
the free disc speed.




Layout Information of Cedar Creek Colorado Wind Farm

Cedar Creek Wind Farm, Colorado
,_r—“A = GE 1.5 wind turbine
= - Mitsubishi 1.0 wind turbine
S - Meteorological Tower
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tmee promicea by The tmee Moo Cueen Emsatoe u Lecar

Cedar Creek- | Wind farm Layout [4].
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A section of the Cedar Creek Wind farm Layout [4].
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Designed Algorithm of the Cedar Creek
Wind Farm

The manufacturer supplied power curve of the GE
1.5MW wind turbine and the Mitsubishi 1.0 MW wind

turbine is digitized by plotting power vs. wind speed
characteristics.

For the GE 1.5MW wind turbine

GPuncor = q1(18) + q1(17).#(s)* + q1(16).#(s)* + q1(15).# (s)* + q1(14).# (s)*
+ 1(13)+ () + a1(12) (5)° +q1(11).(5)" + q1(10)+ (5)° + q1(9).
#(s)” +q1(8) % ()" +q1(7).(s)" + q1(6)* (s)* + q1(5)*(s)"
+q1(4) ()™ +q1(3)# ()™ + q1(2).* (s)** + q1(1)# (5)"

Here s= Estimated disc speed value of the GE 1.5 MW wind turbine
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For the Mitsubishi 1MW wind turbine

MPuncor = q2(19) + q2(18).* (r)! 4+ q2(17).# (r)* + q2(16).# (r)* + q2(15). (r)*
+ q2(14)x (1) + q2(13): (z)°+q?( 12)(1)" + g2(11) (r)° + g2(10).
#(r)”+ q2(9)x (1) +q2(8).x (1) +q2(7)x ()" +q2(6).x (x)!
O+ 22 0+ 20+ 2+ 07 + 020
r
Here r = Estimated disc speed value of the Mitsubishi 1 MW wind
turbine.

Hub height wind speed of the wind turbine is given by

Hhub
Uhub = U1 * (—)"0.143
H1 -
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The turbulence intensity (lu) at a known heights is
calculated using from an input wind speed (U) ata MET
tower height of 69m and 80m for Mitsubishi 1MW and
GE 1.5MW wind turbine respectively and using standard
deviation data (o) of the input wind speed.

Iu= —
U

The turbulence adjusted wind speed (U’ (Tl)) is
calculated from the input wind speed and the turbulence
intensity (lu) for the Mitsubishi 1MW and the GE 1.5 MW
wind turbine.

5 l . -
U'(TI) = '\‘,'U3 «(1+ 312)



Wind shear exponent,’a’ is calculated using power law
equation of shear.
U 2(TI).

log (m)

a p—
H2.
log (-H'l-)

The wind velocity across the wind turbine rotor disc
which is adjusted for turbulence and vertical shear is
determined from the lower rotor tip (H-R) to the upper
rotor tip (H+R) of the wind turbine.

. 2 H+R — . .
UDiS'k — Z[ UZ \"RA_ H/"'I" ZHZ— Z‘dZ
v H—R
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* Air density correction is applied to the uncorrected power

curve equation (Puncorr) and corrected power curve
(Pcorr) of a wind turbine is determined.

« Actual Density = 3.4837 * Pressure/Temperature

Density at STP = 1.225 kg/m”3
Pcorr = Puncorr *Actual Density/Density at STP

Where P(uncorr) = GP(uncorr) for the GE wind turbine and MP
(uncorr) for the Mitsubishi wind turbine.

P(corr) =GP(corr) for the GE wind turbine and MP(corr) for the
Mitsubishi wind turbine.



Wake Effect in the Wind Fa‘r<m

Wake Effect in a Wind farm [2] .

« Depending on the distance between the wind turbines
(X), the radius of the shadow cone Rx of the upstream
turbine is calculated from the radius of rotor (R) and
tana.

Rx = R+ X *tana«a

tana = 0.04 (free stream) / 0.08(wake stream)
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« Wind power of a wind farm with the wake effect

n—n
Z P2(corr_wake) = Total Windfarm Wake Power
n=1

* The thrust coefficient (Ct) of the wind turbine is
calculated from the disc speed adjusted for vertical shear

and turbulence. The disc speed is assumed to be at the
hub height of the wind turbine.

( Ustk o 35)

(:UDLsk.)A‘?‘

Ct=35+
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 The wake speed (Uwake) of a wind turbine is calculated
from the disc speed, the thrust coefficient, the radius of
the rotor disc, the radius of the shadow cone (Rx) of rotor
disc, the area of shadow region (AS) of rotor disc and the
area of the wind turbine rotor (A).

L - (R\* [AS
Uwake = UDLscl[l—\’.(l—Ct')g(ﬁ) g(x)]

* The uncorrected wake power of the wind turbine is
calculated for the GE 1.5MW and the Mitsubishi 1 MW

wind turbine respectively

GP(uncorr_wake)
= q1(18) + q1(17).* (Uwake1)® + q1(16).* (Uwake1)® + q1(15).
# (Uwake1)® + q1(14).= (Uwakel)* + q1(13).* (Uwakel)® + q1(12).
# (Uwake1)® + q1(11).* (Uwakel)” + q1(10).# (Uwake1)® + q1(9).
# (Uwake1)® + q1(8).# (Uwake1)?® + q1(7).* (Uwake1)* + q1(6).
# (Uwake1)®* + q1(5).* (Uwake1)®® + q1(4).* (Uwake1)** + q1(3).
# (Uwake1)®® + q1(2).* (Uwake1)® + q1(1).* (Uwake1)?’
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* For the Mitsubishi 1MW Wind Turbine

MP(uncorr,, .. )
= q2(19) + q2(18).# (Uwake2)* + q2(17).* (Uwake2)* + q2(16).
# (Uwake2)® + q2(15).* (Uwake2)*® + q2(14).* (Uwake2)® + q2(13).
# (Uwake2)® + q2(12).* (Uwake2)” + q2(11).* (Uwake2)® + q2(10).
# (Uwake2)® + q2(9).= (Uwake2)® + q2(8).* (Uwake2)?
+ q2(7).* (Uwake2)? + q2(6).# (Uwake2)*® + q2(5).* (Uwake2)*
+ q2(4).* (Uwake2)® + q2(3).= (Uwake2)® + q2(2).* (Uwake2)” + q2(1).
# (Uwake2)®

Here Uwake2 = The wake speed determined using equation

* Uncorrected power is adjusted with air density and wind
power is determined under the influence of wake effect.
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P
pat STP

P1(corr_wake) = P1(uncorr_wake)

Here P1(uncorr_wake) = GP(uncorr_wake) for GE wind turbine
and MP(uncorr_wake) for Mitsubishi wind turbine.

P1(corr_wake) = GP(corr_wake) for the GE wind turbine and
MP(corr_wake) for the Mitsubishi wind turbine.

Wind power of a wind farm with the wake effect.

n=n
2 P1(corr_wake) = Total Windfarm Wake Power
n=1

Wake coefficient of a wind turbines in the wind farm

21 P1(corr_wake)

WC=
E 1P1(corr)
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Cedar Creek Wind Farm Estimated Data

Specifications of the Wind Turbines

Specifications of | G.E. 1.5 MW | Mitsubishi 1
Wind Turbine wind turbine | MW wind
turbine
Rated wind speed | 12.5 m/s 12 m/s
Rotor Diameter 77 m 61.4 m
Rated Power 1.5 MW 1.0 MW
Hub Height 80 m 69 m
Cut out wind 25 m/s 25 m/s
speed




Wind power of a wind turbine-2 in the wind farm using the
input wind data file1.

Average Value of Estimated Estimated
Physical Factors of Average Power | Average Power
Wind Power Model of GE 1.5 MW of Mitsubishi
considered from the Wind Turbine 1 MW Wind
Designed Algorithm Turbine
Vertical shear at hub 628.86 KW 272 KW
height

Turbulence adjusted 1.148 MW 633.09 KW
speed at hub height

Estimated disc speed at | 1.124 MW 617.87 KW
hub height

Estimated air density 1.15 MW 632.1 KW
adjusted disc speed




Wake coefficient data determined from the wind direction and
shadow effect of the wind turbines in the wind farm.

Time Series Wind Wind Direction All other Wind

Speed Data of Equal (450 +50; 2250 Direction

Length (10 min) +50) (except 45% 59;
2250+ 50)

W.C of Wind Data 1 0.8451 1.0

W.C of Wind Data 2 0.8452 1.0

W.C of Wind Data 3 0.8440 1.0

W.C of Wind Data 4 0.8439 1.0




Estimated power output of the Cedar Creek Colorado wind farm.

Time Series G.E Wind Mitsubishi Average Wind
Wind Speed Turbines Wind Turbines |Farm Power.
Data of Equal (1.5 MW-53 |(1MW-221 (GE +

Length (10 min) |WT) WT) Mitsubishi)
Wind Data 1 49.10 MW 111.4 MW 160.5 MW
Wind Data 2 49.34 MW 112.1 MW 161.3 MW
Wind Data 3 49.55 MW 112.29 MW 161.7 MW
Wind Data 4 49.50 MW 112.19 MW 161.6 MW




Estimated Colorado wind farm power before and after the
transmission loss (TL) in wind farm.

Input |TL |Average Average Average Average

Wind Wind Farm | Wind Farm | Wind Wind Farm

Data Power Power Farm Power
before TL after Power after TL
(No-wake) | TL before TL | (Wake)

(No-wake) | (Wake)

Wind (1.0% |160.51 MW |158.89 MW |135.63 MW |134.27 MW

Data1

Wind (1.0% |161.31 MW |159.68 MW |136.33 MW |134.97 MW

Data2

Wind (1.0% |161.71 MW |160.08 MW |136.49 MW |135.12 MW

Data3

Wind [1.0% |161.64 MW |160.03 MW |136.41 MW |135.05 MW

Datad4




Estimated Loss in the power of the Colorado wind farm due to
power transmission.

Time Series Transmission |Loss in Power |Loss in Power
Input Wind Loss (No wake (Wake effect)
Speed Data of effect)

Equal Length

(10 min)

Wind Data 1 1.0% 1.605 MW 1.356 MW
Wind Data2 |1.0% 1.613 MW 1.3633 MW
Wind Data3 |1.0% 1.6172 MW 1.3649 MW
Wind Data4 |1.0% 1.616 MW 1.364 MW




Simulated Results of the designed
algorithm to estimate wind farm power

Mitsubishi 1 PMVW VWind-Turbine
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Power vs. Wind Speed characteristics of Mitsubishi 1 MW wind turbine (supplied power curve).
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Power vs. Wind Speed characteristics of GE 1.5 MW wind turbine (supplied power curve).



Wind Power (k)

Mitsubishi 1 MW Wind-Turbine
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Power vs. Wind Sbeed characteristics of Mitsubishi1 MW wind turbine (curve fitted).
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Power vs. Wind Speed characteristics of GE 1.5 MW wind turbine (curve fitted).
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Sensor Height of GE VWWind Turbine
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Sensor height wind speed data for the GE 1.5 MW wind turbine-2 recorded
from MET tower1. (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).

Sensor Height of Mitsubishi VWind Turbine
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Sensor height wind speed data for the Mitsubishi 1.0 MW wind turbine-2 recorded from MET tower2.

(Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Vertical Shear of GE Wind Turbine-2
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Hub height wind speed estimated for the GE 1.5 MW wind turbine-2. (Note: Time Scale:
X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).

Vertical Shear of Mitsubishi VWind Turbine-2
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Hub height wind speed estimated for the Mitsubishi 1MW wind turbine- 2. (Note: Time Scale:

X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Turbulence Adjusted Speed of GE VWind Turbine-2
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Turbulence adjusted wind speed estimated for GE 1.5 MW wind turbine- 2 at
hub height. (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Turbulence adjusted wind speed estimated for Mitsubishi 1.0 MW wind turbine-2 at hub
height. (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Estimated disc Speed (adjusted for turbulence and shear) for GE 1.5 MW
wind turbine-2 at hub height. (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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s

1
100

1
200

1 1 1
500 600 700
Time (min)

1 1
300 400

1
800

1
S00 1000

Estimated disc speed (adjusted for turbulence and shear) for Mitsubishi 1.0 MW wind
turbine-2 at hub height. (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Vind Speed ()

Vvake Speed of GE VWind Turbine-2
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Wake speed estimated for GE 1.5 MW wind turbine-2 at hub height (Note: Time Scale:
X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Wake speed estimated for Mitsubishi 1.0 MW wind turbine-2 at hub height. (Note: Time
Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Wind Porwer (kn)

Wind Porwer (kn)
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Estimated power curve of GE 1.5 MW wind turbine-1 adjusted with air density.
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Estimated power curve of the Mitsubishi 1MW wind turbine-1 adjusted with air density.
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No-wake(red)and Wake Power of GE VWind Turbine-2
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Comparison of power estimated with wake (black) and without wake (red) effect for GE 1.5 MW wind turbine-2.
(Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Comparison of power estimated with wake (black) and without wake (red) effect for Mitsubishi 1.0 MW wind
turbine-2. (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).



Winefarm Power (k)
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Comparison of estimated wind farm power with wake effect (red) and no-wake effect (black)
with respect to time. (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Wind direction (degrees) at the wind farm site for a time span of 5000 minutes. (Note: Time
Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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VWind Direction and Windfarm Efficiency
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Wake coefficient determined from wind direction is plotted with respect to time (Note: Time
Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).

WWindfarm Power Loss in Transmission (No-Wake Effect)
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Wind farm output power with power loss (1%) in transmission with no wake effect is
plotted with respect to time. (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).



VVvWindfarm Power Loss in Transmission (Wake Effect)
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Wind farm output power with power loss (1%) in transmission and wake effect is plotted with respect to time.
(Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Actual estimated wind farm power with transmission loss of 1% due to wake effect is plotted with respect
to time. (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Actual estimated wind farm power with transmission loss of 1% with no wake effect is plotted with respect
to time (Note: Time Scale: X axis: 1 unit =10 minute; 1000 unit = 10000 minutes).
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Conclusion

» The major contributing factors in the wind power
production and their effect on the wind power estimation
Is determined.

» The combined effect of the physical factors such as
vertical shear, turbulence intensity, air density has a
major effect on the wind turbine energy production.

» The wind farm layout, the influence of the wind direction,
the thrust coefficient of the wind turbine, and the wind
turbine placements in the wind farm have a greater
influence in determining the wake coefficient data and
the wind farm efficiency in the wind farm.

» ARMA model gives accurate result for short term wind
prediction.



Conclusion (continued.....)

» A wind speed predictor has been developed and
simulated in Matlab.

» A Mathematical power output model of Feremuse wind
farm has been developed and tested for four data sets.

» A Mathematical power output model of Colorado Cedar
Creek Wind Farm has be developed and tested for four
site recorded data sets.



Future Work

» The future research work on the wind speed forecasting
requires forecasting days ahead or a week ahead wind
speed from Numerical Weather Prediction model.

» |In the wind power forecasting, the future work should
focus on the effect of atmospheric humidity, the effect of
turbulent kinetic energy, and horizontal shear which has
a major contribution in the wind power estimation from
the wind turbines.

» The effect of icing conditions and the ice accumulation
on the wind turbine rotor blades has a greater influence
in the wind power generation. The future work should
focus on de-icing techniques under severe icing
conditions.
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