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A bstract: Wind turbine manufacturers publish and certify power curves for their turbines. These turbine
power curves are used for planning purposes and estimating total wind power production. When a wind plant consisting
of many turbines connects to the utility grid and starts operation, the focus shifts to the entire plant’s performance. An
equivalent wind plant power-curve becomes highly desirable and useful in predicting plant output for a given wind
forecast. For the purposes of this paper detailed data have been collected from a wind power plant to develop such an
equivalent power curve. The method is evaluated using data from operational wind farms and the methods are compared
to a modified IEC 61400-12 bin method. This paper will summarize available data, methodology, discuss the validation
process and explore the applicability of such an approach on other wind power plants without detailed data.
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MPOIEHA HA CEBKYITHATA KPUBA HA MOKHOCT HA EJITHO BETEPHO I10OJIE

AmcTpaxk T [IponsBoanuTennTe Ha BETEPHU TypOMHH CO CHT'YPHOCT TapaHTHPAaT 3a TOYHOCTA Ha KPHBUTE Ha
MOKHOCT 3a HHMBHHTE TypOuHM. Cropes CooiBETHaTa KpHBa Ha MOKHOCT C€ W3TOTBYBAaaT NpPOLIEHH 32 BKYITHOTO
MPOU3BOJICTBO Ha EIEKTPUYHA EHEPrHja 0J] €HO BeTepHO noie. OTKaKo BETEPHOTO I0JIe Ke Ce MOBP3¢e Ha Mpexa U ke
3amovHe co paboTa, O] MHTEPeC ce CEeBKYNHHUTE KapaKTEPUCTHKH 3a OIleHA Ha Heromara pabora. M3roTByBamero Ha
CEeBKyIIHa KpPHUBAa HA MOKHOCT € MHOTY MOJIE3HO HpH IIaHUPAKETO HA paboTaTta Ha BETEPHOTO IONE HPH ITO3HATH
BETEPHH PEKMMHU Ha KOHKPETHATA JIOKAIMja. 3a TIOTPEOUTE Ha OBOj TP/l CE KOPUCTEHH JIETATHA MEPHH MTOJATOIHN O]
€HO BETEpHO MOJIe, 32 METOJOJONIKH a ce N3paboTH efHa CeBKyIHa KpHUBa Ha MOKHOCT. TOYHOCTa HA METOJOT €
MOTBP/ICHA CO Ccriopeada Ha nojaTounTe 00paboTeHu cropen OMH-METoOT, peTcTaBeH Bo cTanxapaot IEC 61400-12.
Bo TpynoT cymapHO ce nmpeTcTaBeHH 00paOdOTeHHUTE MOJATOIM, METOAUTE 3a U3pabOTKa Ha €KBUBAJICHTHATA KPHBA HA
MOKHOCT, MCIHTaHa € BaJIUJHOCTA Ha MPEUIOKEHUOT MOAET M MCTpaXKeHa € HeroBaTa INPUMEHIMBOCT 3a JPYrd
BETEPHU NOJIMba IIPU HEJOCTUT HA JICTATIHU MOJATOLH.

KJIy‘lHI/I 360p0BI/I: eHepmja Ol BETEPOT, KpHBa Ha MO]'(HOCT; TMprUKa3 Ha UCKOPHUCTINUBOCT, GHH-MGTOI[

INTRODUCTION

Wind turbine manufacturers publish and cer-
tify power curves for their turbines. These turbine
power curves are used for planning purposes and es-
timating total wind power production. When a wind
plant consisting of many turbines connects to the
utility grid and starts operation, the focus shifts to
the entire plant’s performance. An equivalent wind
plant power-curve becomes highly desirable and

useful in predicting plant output for a given wind
forecast. An equivalent power curve for the entire
plant can serve the same purpose for plant and sys-
tem operators to predict the plant output for a given
wind speed. However, unlike the single turbine
power curve, a single curve cannot capture all the
nuances of a wind plant consisting of tens or even
hundreds of turbines. A model consisting of a set of
power curves is required to fully characterize the
complex input/output relationship of a wind plant to
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(TTpommpena Bep3uja ox Tpyn0T objaBeH Bo 360pHUKOT Ha TpynoBH ox 10. CoseryBame Ha MAKO CHUI'PE, Oxpun, 24-26 cenrremspu 2017).
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account for the effects of different wind directions,
local terrain, and asymmetric turbine layout in a
wind plant. In this paper, the data are obtained from
the Wind Power Plant (WPP) Bogdanci, for the de-
velopment of such a model. The data include plant
output, wind speed and direction from meteorologi-
cal towers, and nacelle anemometer readings and
power output from each turbine. From this extensive
dataset, the distributions of wind speed and power
production of all turbines are analyzed over a wide
range of wind speeds. From these distributions, a
model is constructed to generate an equivalent
power curve for the plant.

GENERAL DATA FOR WPP BOGDANCI

Performance of a single wind turbine can be
characterized by a power curve — a graphical repre-
sentation of the turbine electric power output as a
function of the hub-height wind speed. With such a
curve, the turbine power output and energy produc-
tion can be predicted without detailed knowledge of
a turbine and its components. Turbine manufactur-
ers provide measured power curves for turbines
based on industry standard IEC 61400-12-1.1. Fig-
ure 1 below is an example of a power curve of a
wind turbine with active power control. The wind
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power plant analyzed for this report is located in
south-east part of the Republic of Macedonia. It
consists of 16 turbines from the same type — SIE-
MENS SWT-2,3-93 (80 m hub height). The power
plant covers a total area of approx. 10 ha although
only approx. 4 ha are used permanently for the
operation of the wind farm (equivalent to 40 % of
the total area of the site). The standard voltage level
for the internal cabling of wind parks is 20 kV. Each
turbine has its own 0.69/20 kV transformer. The
produced energy is transmitted through 110/20 kV
substation with two 31.5 MVA transformers. There
are two meteorological (MET) towers at this site
[2]. Figure 2 is a site map of the WPP Bogdanci.
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Fig. 1. Turbine power curve [1]

Fig. 2. Turbine and MET tower locations (phase 1 and phase 2) [2]
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The wind park area covers elevations of be-
tween 280 and 500 m above sea level. The long-
term average wind speed at an elevation of 500 m
has been established as 6.9 m/s at 50 m above
ground. The turbines are generally lined up in rows
which are perpendicular to the prevailing wind di-
rection (north-west) at the site. The average distance
between turbines in the same row is roughly 2.2 ro-
tor diameters. The two MET towers measure wind
speed (in m/s) and direction (from 0° to 359°) at
50 m. In addition, barometric pressure (in mb) and
temperature (in °C) are measured at both MET tow-
ers.

AVAILABLE DATA
AND DATA QUALITY ISSUES

The utility has installed a Plant Information
(PD) system to collect detailed operating information
of the wind plant. For each turbine, the collected
data includes turbine status: rotor speed (rpm),
power output (kW), nacelle position (degree), blade
position (degree), yaw position, humidity and wind
speed from the anemometer on top of the nacelle
(m/s). The output of the entire plant is monitored by
the utility’s supervisory control and data acquisition
(SCADA) system and transmitted to its PI system.
Together with wind speed, direction, barometric
pressure, and temperature data from the two MET
towers and with other diagnostic information of the
plant, there hundreds of thousands of data streams
from the wind plant being collected and stored.

For turbine power curve measurements, the
IEC standard recommends averaging the data over
10-minute periods. Following the IEC standard rec-
ommendation, all data from the PI system except for
the individual turbine status data were averaged
over 10-minute periods with the corresponding time
stamps attached [3]. Because the raw PI data
streams are not evenly spaced (i.e., the data are not
stored in any fixed time intervals), one turbine avail-
ability status reading every 10 minutes may not rep-
resent the true turbine status during the entire 10
minutes. A turbine could be down at the beginning
of the 10-minute period and returned to operation in
the next minute (or vice versa), but the turbine avail-
ability status reading taken at the beginning would
show the turbine was down (or up) for the entire 10-
minute period. Probably, that is the reason why
there are small discrepancies between the produced
and calculated energy from a single turbine.
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Many of the observed outliers in the initial da-
tabase, are due to problems with the MET tower an-
emometers, while other outliers may not be an error.
For example, the turbines may not experience the
same wind conditions as indicated by the MET
tower readings. Turbine availability status data also
have data quality issues. If a turbine is producing
power with an availability status of 0, there is obvi-
ously a conflict. However, the opposite condition of
no power from a turbine with an availability status
of 1 (and above cut-in wind speed at the hub height)
is difficult to validate. Validity of other situations
such as a rapid change in total numbers of available
turbines in consecutive 10-minute periods is also
harder to determine. However, a more rigorous
quality check on the data was needed to address
these issues. The first step was to remove data points
that are considered as outliers form the power output
of the 16 turbines available for generation. This is a
somewhat arbitrary criterion and the remaining data
have less than 1% uncertainty in output power. This
step removed 9 % of the points from the data stream.

METHOD OF BINS

The most straightforward approach is curve
fitting. Another approach is to use the method of the
bins specified in IEC 61400-12-1. Basically, this
method uses measured 10-minute average wind
speeds (at the hub height) and plant output power.
The 10-minute average wind speeds are separated
into 0.5 m/s contiguous bins centered on multiplies
of 0.5 m/s (1.0 m/s, 1.5 m/s, 2.0 m/s, etc.). The mean
value of power for each 0.5 m/s bin is then calcu-
lated and plotted against the mean wind speed of
each bin. The data shown in Figure 3 are normalized
data power output from each turbine, for 2015 year.
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Fig. 3. Scatter plot of measured power output and assumed
power output by the prescribed power curve
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It is clear that the relationship between wind
speed and power output is not linear. If the bin char-
acterized by wind speeds between 5 and 5.5 is ob-
served, and a cubic relationship between the differ-
ent variables is assumed, the theoretical power out-
put associated with the wind speed at the maximum
value of the bin is 33.1 % higher than that associated
with the wind speed at the minimum value of the
bin. To take into account the “nonlinear” relation-
ship between the wind speed and the power, a new
method of obtaining the V; and P; values is pro-
posed:

Vi —ViL

V==

(1)

N, k
1 Z BoiiVai,j
P: obs obs (2)

where:
Viu— is the maximum value of wind speed in bin 7,
Vi1 — is the minimum value of wind speed in bin i,

k —1is a factor that must be adjusted for each direc-
tion sector and each wind speed bin.

To get the theoretical power that corresponds
to any wind speed (V) the following steps must be
followed:

i) Select the bin that corresponds to the wind
speed chosen.

ii) Apply the following equation, in order to
consider the relationship shown in equation 2.

Py ==L (3)

where:

P, — is the theoretical power corresponding to
v,

Vi—1is the normalized and averaged wind speed
in bin i,

P;—is the normalized and averaged power out-
put in bin i.

To get the characterization some k values have
been tested from 0.5 to 3, in steps of 0.5. Each bin
has been characterized for the & value that optimizes
the mean squared error, obviously the data taken to
calculate the error are only those that belongs to this
bin [3-6].

To get the characterization some k& values have
been tested from 0.5 to 3, in steps of 0.5. Each bin

has been characterized for the k value that optimizes
the mean squared error, obviously the data taken to
calculate the error are only those that belongs to this
bin [3-6].

Figure 4 shows the distribution of wind direc-
tion at this wind plant as measured by wind vanes
on the MET tower. The prevailing wind direction
during the period when data are available is north-
west (between 293° and 338°). Wind blows from
this sector more than 25% of the time-noticing the
usable values of the wind speed, above 4 m/s.
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Fig. 4. Wind roes diagram

THE ENERGY MODEL

To estimate the energy generated by the tur-
bine at a given site over a period, the power charac-
teristics of the turbine are to be integrated with the
probabilities of different wind velocities expected at
the site.

The power curve of a wind turbine has three
clearly defined parts (Figures 1 and 3). Firstly, be-
tween 0 m/s and the cut-in wind speed (4 m/s) the
production is zero, then the power output increases
following a cubic relationship with wind speed until
the rated wind speed (11 m/s), and finally, the power
output is regulated to stay almost constant until the
cut-out or furling wind speed (25 m/s). This three-
part shape suggests that different polynomial rela-
tionships should be used for different wind speed
ranges. In this case, a linear regression is used to de-
fine the whole power curve of the power plant (Fig-
ure 3).

In the wind regime, the fraction of energy con-
tributed by any wind velocity V is the product of
power corresponding to V in the power curve, that

J. Electr. Eng. Inf. Technol., 2 (2) 105-111 (2017)



Equivalent wind farm power curve estimation 109

is P(V) and the probability of V in the probability
density curve, which is f{V) [4, 5]. Thus, at this site,
the total energy generated by the turbine E, over a
period 7, can be estimated by:

E=T IVV P f(V)dv. (4)

The power curve has two distinct productive
regions — from Vi to V' and from Vz to Vo. Thus, it
can be written:

E=EpR+ERo, &)

where Eir and Ero are the energy yield correspond-
ing to Vrto Vr and Vi to Vo, respectively. From the
foregoing discussions, it can be written:

Ep=T[ "Pf0/dv (6)

and

Ego=TPg[ " f(V)aV. ™)

Taking into account the relations for wind ve-
locity and Weibull probability density function, the
next relation for the produced energy from each tur-
bine can be derived:

Ty _pn k-l
Egp=TP:[ [n—Vlnlﬁ(Kj V1O gy =
v\ - |ele

:[ TPR ]J':R( n—V[n)%(K)k_le_(V/C)de.

Vg V[ ¢
(8)

For simplifying the above expression and
bringing it to a resolvable form, let us introduce the

variable X such that:
k
X = (K) . ©))
c
Then:
k-1

dsz[Kj and V =cX. (10)

c\c

With equation 9 it can be written:

k k k
X] :(ﬁ) , XR :[V—Rj and XOI(V—OJ
C C C

(11)
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With this substitution, and simplification the-
reafter, EIR can be expressed as:

TP, _
Eg= nRCnX"/k Xax
Ve =V; (12)
TPV [ _ _
_#[e X, _ X
Vg =V1
k-1
vok (V —(V/s)
EROZTPR v;[?j e ( S) dV (13)

= TPy (e‘X *—e o )

The above expressions can be evaluated nu-
merically [5]. The capacity factor CF — which is the
ratio of the energy actually produced by the turbine
to the energy that could has been produced by it, if
the machine would has operated at its rated power
throughout the time period — is given by:

E _ EIR +ERO
Pl Pl

CF =

, (14)

Thus:
C}'l

VR =i

Vi [—X X ] (—X X, )
Rl 124 I_e R + e R —e o .
Vi v

CF =

X
IXRX"/ke_XdX—
' (15)

The energy model discussed above is validated
with the field performance of a 2.3 MW wind tur-
bine in Figure 5. The turbine considered here has
cut-in, rated and cut-out wind speeds of 3, 11 and 25
m/s respectively. From the manufacturer’s power
curve, the velocity—power proportionality for the
design was found to be 2.16. It can be observed that
the predicted performance closely follows the meas-
ured values throughout the period.
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Fig. 5. Estimated and measured power output



110 M. Celeska, K. Najdenkoski, V. Dimcev, V. Stoilkov

EQUIVALENT PLANT POWER CURVE

A single turbine power curve is determined by
measuring the turbine output and inflow wind speed
at the hub height. The location of wind measure-
ment relative to the turbine is specified in IEC
61400-12-1. For an entire plant, there is no specifi-
cation to determine a single representative wind
speed that can characterize the wind condition of the
plant [7, 8]. The scatter plots of wind plant output in
Figure 3 suggest wind speed readings from either
MET tower can be used to construct an equivalent
power curve for the plant. The advantage of using
the metered output of the entire plant to construct an
equivalent power curve is that both array losses (due
to wake effects) and electric collecting system
losses are automatically included. The data are
mathematically reorganized so that in a simple way
it will lead to a conclusion. The method of bins,
above mentioned, is applied and the most straight-
forward approach-curve fitting.

The results of these two approaches using wind
speeds of MET tower are shown in Figure 6. It can
be seen that these two approaches produce similar
results. The jagged appearance of the method of the
bins curve at rated wind speeds manifests the chal-
lenge of modeling the wind power plant. After fil-
tering the data 100 % of wind speed distribution is
included in the range of 1.5-16.5 m/s. That is why
the whole range of wind speeds available for the tur-
bines can’t be validated. On the other hand, this co-
incidence almost completely fits with the flat por-
tion of the curve fitting trace. Since the curve fitting
if from the third order polynomial curve, after 15
m/s it starts bending downward beyond the inflec-
tion.
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Fig. 6. Equivalent wind plant power curves

The equivalent power curve can be used to pre-
dict plant output that is close to the measured value
[8]. Using 10-minute average metered power and
MET tower wind speeds, these two equivalent
power curves yield mean absolute errors (MAE) of
2.910 MW (method of bins) and 3.312 MW (curve
fitting), about 9% of the plant installed capacity.
This is an expected outcome because data used to
derive the equivalent power curves contain a wide
range of power levels for any given wind speed
value (Fig. 3).

CONCLUSION

Characterization of the wind turbine power
curves in relation to the wind speed recorded at a
meteorological mast that may be situated some dis-
tance from the turbine is a challenging problem that
must be solved in order to optimize the operation
and maintenance of the wind farm.

Many wind speed values are required to char-
acterize the plant operation. This point is clear by
the wide spread of the wind plant output at any
given wind speed shown in the scatter plots in this
report. Depending on how the wind speed values are
obtained, using them to characterize the plant oper-
ation can result in large uncertainty. There are other
variables besides wind speed that affect the plant
performance and output levels. The results of direc-
tionally equivalent power curves demonstrated that
separating the wind resource into major sectors mar-
ginally improves the representation. More data are
required to reduce the noise in the resulting equiva-
lent power curves. Finer wind sectors may incre-
mentally improve the accuracy further, but also in-
curs the problem of determining the wind directions
that are representative of the wind conditions for the
entire wind plant.

The direct estimate approach requires the most
amounts of input data, and produces the best results
compared to other approaches tested. This approach
is straightforward and the concept behind it is sim-
ple.

However, its success depends on finding the
average wind speed of the entire wind field in a
wind power plant, when it comes to method applica-
bility over different wind power plants. At the wind
plant, it turns out that average values of all nacelle
anemometer readings provide very accurate esti-
mates of the wind conditions for the entire wind
plant. This method neglects the wind direction and
yaw errors. It assumed that wind turbines will be

J. Electr. Eng. Inf. Technol., 2 (2) 105-111 (2017)
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turned into the wind within 10 minutes and the er-
rors of neglecting wind direction and yaw errors are
small compared to other uncertainties. If the average
wind speed at a wind plant can be forecast with
other methods or numerical models, the direct esti-
mate approach can predict the plant output accu-
rately, provided the numbers of online turbine are
known in advance.

The direct estimate method should be very use-
ful in practice because only one wind speed data
stream (along with temperature and barometric
pressure information to calculate air density values
for further adjustment, if necessary) and numbers of
turbines online are needed to estimate the plant out-
put. For wind plants without reliable MET tower
data streams, it is the only way to estimate plant out-
put, and can produce very useful results.
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