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Abstract— This paper presents a simplified model to 
represent a wind farm in a power flow study. This model has 
been developed taking into account the variability in the 
generated power from windmills and its normal operation. Its 
main advantages are its simplicity and the possibility of 
calculating the voltage in the park’s network without having to 
run a power flow program. Another advantage of the proposed 
method is that it is based in the fourth-pole theory, widely used 
in electrical engineering. Finally, the uncertainty of the model is 
assessed.    

Up to now, distributed generation in Spain must inject power 
with unity power factor. But directive is going to change and 
some feasible regulations for reactive power are studied, 
attending specially to voltages across the grid. One possible 
application of this model is to study the management of reactive 
power in wind farms. Other possible application is to study the 
influence of nearby wind farms. 

  
Index Terms— wind energy, power flow, reactive power. 

I. INTRODUCTION 
The current legislation for generators included in the 

special regulation (mainly mini-hydraulic, wind and co-
generation plants up to 50 MW) in Spain was developed in 
1985 (Industry and Energy Ministry order 5/9/85). This order 
states that the electric plants included in this regulation must 
operate with unity power factor. 

This characteristic was adequate when the percentage of 
this type of generation was small, but the great increase of 
co-generation and wind generation was not foreseen. 

Moreover, conventional power plans must operate in 
accordance with procedure 7.4 (distribution network 
complementary voltage control service, published in BOE 
18/3/2000). However, this procedure is not adapted to the 
characteristics of the wind farms or the grids to which they 
are usually connected. 

Currently, AENOR is performing a review process of this 
regulation by means of the workgroup “Grid integration of 
wind generation”, in particular in the group “Wind 
generators” AEN/CTN 206/SC88. Its goal is achieving a new 
regulation that allows these power plants to help grid 
regulation, without causing an excessive increase in cost. 

According to the current regulation, reactive power 
compensation is performed in the plant’s point of connection 
and it does not take into account reactive power consumption 
and generation in lines and transformers. This worsens the 
power factor in the border nodes between the distribution and 
transport networks. 

Besides, a power plant modifies the voltage distribution in 
the grid. Distribution networks are usually limited, not for the 
maximum thermal current, but for the limits in voltage 
variation (specially at the end of the line). Because of that, 
distribution companies prefer distributed generation to be 
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connected to higher voltage levels, where its impact in 
voltage distribution is very small. However, connecting to a 
higher voltage level increases the cost of the plant. 

Traditionally, the maximum installable generation 
capability is calculated by using a deterministic load flow, 
usually based in the worse scenario of minimum load and 
maximum generation[1]. These studies do not take into 
account the probability of the different scenarios. However, 
the standards that establish voltage characteristics are 
expressed in statistic terms [2]. 

In addition, wind energy injection modifies the losses in 
the grid (losses reduction if the zone is mainly consuming 
and an increase if the area has a generation excess, as it 
happens in some wind farm concentrations). 

The method proposed in this paper can help to evaluate the 
affection to the net, as well as to compute voltages inside the 
wind farm. 

II. WIND FARM MODEL 
Within this point it is presented a new method to obtain the 

equivalent of a wind farm from the characteristics of its 
components. For the sake of simplicity, the method is applied 
to a farm composed by a single type of generator with the 
same load level. 

In this model, the farm is divided into the following parts: 
• substation (including the park’s substation and the 

portion of the line that goes to the PCC) 
• the medium voltage network that connects the substation 

to the wind turbines. 
• the wind turbines (including the MV to LV transformer 

that usually is located into the tower) 
 

The presented method is general and can be extended to 
more complex topologies using fourth-pole transformations. 

A.  FINAL REPRESENTATION OF THE WIND FARM 

a) Farm with fixed tap transformer. 
The equivalent circuit for the farm, that will be obtained at 

the end of the modeling, will be represented by the farm’s 
transmission matrix and the power generated by a turbine: 
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Figure 1: Model of the farm with fixed tap transformer using 
its transmission matrix. 

The basic operations required in order to obtain the 
transmission matrix for the park are the cascade connection 
of the elements (equivalent to multiplying the transmission 
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matrixes) and the parallel connection of circuits (equivalent 
to a weighted sum of the fourth-poles. 

Fig. 1 shows the circuit based on the single-phase 
equivalent. Thus, if the per unit method is not used, power 
and voltages should be transformed into phase values. 

In order to calculate the current injected to the grid, it is 
necessary to use the transmission matrix considering the  
network as primary side and the turbines as secondary side of 
the fourth-pole). J U0
IgridPCC

N = J 1 ZSCgrid
0 1

N
Thév

 J A B
C D

N
Farm

 J Uturbine
Iturbine

N
 

Two solutions are found for the PQ node. The solution of 
PQ node for stable operation of the turbine is given by the 
following equation: 

C1 = Uo2+ B HP− QL Conj@AD + A HP + QL Conj@BD  

Uturbine = & C1+
è
C12 −4HP2 + Q2L Abs@AD2 Abs@BD2

2Abs@AD2  
Iturbine =

− P+ jQ

Uturbine  
where P and Q is the power generated by the turbine (PQ 
node). A, B, C, D are the parameters of transmission matrix. 
U0 and Uturbine are voltage at primary and secondary side of 
the equivalent fourth-pole. If  U0 is voltage at infinite bus, the 
parameters of  the transmission matrix are JA B

C D
N = J 1 ZSCgrid

0 1
N
Thév

 J A B
C D

N
farm  

The voltage collapse occurs at the following primary voltage 
Uomin =-ik2" P2+ Q2 Abs@AD Abs@BD− BHP− QL Conj@AD −

AHP+ QL Conj@BDy{  
b) Farm with tap-changing transformer 

However, if the transformer allows load regulation, it is 
not operating at the maximum of minimum value and the 
voltage variation is slow, substation voltage at the MV side 
of the transformer is almost the commanded value. 

According to that, the steady-state simplified model of a 
park with this type of transformer can be divided into two 
uncoupled parts. Thus, the grid sees the park as a PQ node. 
The output of the transformer, seen from the MV circuit side, 
as a voltage source whose absorbed or generated power 
corresponds to a PQ node of the grid (power transmitted by a 
ideal transformer does not depend on the tap). 
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Figure 2b: Model of the farm from the utility point of view. 
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Figure 3b: Voltage uncoupled model for parks with load 

regulation transformer (model from the WT point of view). 

 
c) Dependence on voltage of the power generated by a 
turbine  

If the efficiency of a generator can be assessed as a 
function of voltage and the reactive power compensation 
policy is known, the turbine can be modeled as a node Sturbine 
= Pturbine·Uturbine

np + j Qturbine·Uturbine
nq.  

In this case, Uturbine can be find substituting P = 
Pturbine·Uturbine

np and Q = Qturbine·Uturbine
nq in the PQ equation 

and numerically solving the expression. The values obtained 
not taking into account the voltage dependence can be used 
as initial value. 
 

B.  SUBSTATION MODELING 
Substation is connected to the grid in the point of common 

coupling, PCC, with a HV line. In this model, the line and 
the transformer are going to be represented by their 
transmission matrixes (single-phase equivalent). 

 Equivalent circuit for 
the HV line 

Equivalent circuit for the 
transformer 

PCC

Igrid Icircuit MV

U
ci

rtu
ito

 M
V
 Zlin /2 Zlin /2 

Ylin

Z1 Z2 

Ztµ 

Auxiliary consumption, 
compensation, ... 

Y
c

Y
auxiliary 

loads

U
gr

id
 

rt : 1 

MV network

  

Figure 4: Model of the substation of the farm. 

C.  MODELING OF THE UNDERGROUND MV NETWORK 
Turbines are generally connected to an underground MV 

cable (usually 20 KV, although there are also parks with 
30 kW interior network). Usual distances among turbines are 
around 80-300 m, they have a low consumption or generation 
of reactive power, and the series impedance of the cable is 
moderate. Under these conditions, the voltage drop between 
the first and last turbine is small:  

PR QXU
U
+∆ ≈  

The voltage drop between the substation and the closest 
turbine is usually small if the substation is located in the 
park. In some cases, the substation is away from the park 
because of environmental problems. In these cases the 
voltage drop in the cable can be a limiting factor when 
choosing cable and MV network voltage. 

C.1 Added model of turbines using the model of moment 
A simple model that provides precise results even with 

significant voltage drops is based in the voltage drop 
calculation using the method of moment. 

This method is equivalent to concentrating all the 
generators in its load center of mass, which is at 1/3 of the 
distance between the first and the last turbine, closest to the 
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substation*. In the case of parks with different types of cable 
or different types of generators, this model can be adapted. 

Considering that the current injected by the turbines varies 
in an almost linear way for small voltage variations, like the 
ones that take place between the first and the last turbine, this 
model gives very accurate results.  
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Figure 5: Concentrated model of a MV circuit in a park.. 
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Figure 6: Model of the MV circuit and the turbines of a park. 

The power sent to the substation can be found using the 
parameters of the equivalent fourth-pole of the medium 
voltage cable. J AMT BMT
CMT DMT

N
cable

MT

= J 1+ Zc Ya Zc
Ya+ Yb+ YaYb Zc 1+ Zc Yb

N
 

where 
Zc = ZSub-1ªturbine + Z1ª-Ult turbine / 3 
Ya = YSub-1ªturbine / 2 + Y1ª-Ult turbine + Nturb Zµtrafo 
Yb = YSub-1ªturbine / 2 
Nturb number of turbines in the circuit 
Iturbine average current consumed by the turbines (negative 
while in production) 
Usubstation MV is the cable voltage in the substation terminals 
Y1ª-Last turb is the admittance of the part of the cable between 
the first and the last turbine  
YSub-1ª turb is the admittance of the part of the cable between 
the substation and the first turbine  
Z1ª-Ult turb is the series impedance of the part of the 
conductor between the first and the last turbine. 
 ZSub-1ª turb is the series impedance of the part of the 
conductor between the substation and the first turbine. 
Zµtrafo the magnetizing inductance of the transformer inside 
the turbine 

 

C.2 Aggregated model of the MV circuit branches 
In order to solve directly, without iteration, a park with 

various branches on the MV circuit, they must be grouped in 
a single equivalent branch. The equivalent voltage of the 
turbines is the weighted average of the circuits and the 
current send to the substation is the sum of all the circuits. 

 
* The centre of mass has been calculated using the criterion of equal cable 

power loss. If the criterion of equal average voltage in both the equivalent 
and the original circuits had been chosen, the turbines would be placed 
further, at 1/2 of the distance between the first and the last turbine. The 
power criterion is more realistic since the impedance of the cable usually 
increases in the sections far from substation. 

The voltage in all the branches in the MV circuit is similar 
if one of the following conditions takes place: 

 Circuits are short and, thus, the voltage drops are small. 
 Circuits are long, but all have similar length and similar 

number of turbines connected.  
  Like in the previous part, the equivalent models are based in 
the linearization of the behavior of the turbines around the 
average working voltage. 

If all the turbines are the same type, it is convenient to 
include the number of connected turbines in the transmission 
matrix. By doing this, at the end of all circuits there is the 
same PQ power corresponding to a single turbine. Inside the 
matrix, the current is multiplied by the number of turbines in 
each circuit. 
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Figure 7: Complete scheme of the medium voltage network, 

using the aggregated generator model. 
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Figure 8: Simplified scheme of the medium voltage network 

of the park with added generator model. 

The parameters of the equivalent fourth-pole are found 
adding the currents and calculating the equivalent voltage as 
a weighted average of the voltages in each branch. 

N= ‚
i=1

Ncircuits

Nturbi
 

AnetMV =
⁄i=1
NcircuitsNturbi Acircuit  i

N  

BnetMV =
‚

i=1

NcircuitsNturbi
2 Bcircuit  i

N2  
CnetMV = ‚

i=1

Ncircuits

Ccircuit  i

 
DnetMV =

⁄i=1
NcircuitNturbi Dcircuit  i

N  
 

This model can be extended to farms with turbines of 
different types and with complex layouts. 
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D. MODELING OF THE TURBINES 

D.1  Simplified model of the low voltage circuit 
In the LV side of a turbine, voltage usually is near its rated 

value thanks to the taps in the transformers. Small voltage 
changes modify lightly electrical losses and reactive power. 

Losses are due to Joule effect PCu ≈ Rcc S2 / U2 and iron 
losses, PFe ≈ RFe U2. Thus, losses depend on voltage with a 
function of the parameters of the generator. However, the 
efficiency of the generator is usually high and it does not 
depend greatly on voltage. Moreover, the effect of voltage 
fluctuations in electrical losses is small compared to the 
uncertainty in the power curve of the turbine. 

 Besides, reactive power consumed by the generator 
depends on the square of both voltage and current Qgen ≈ ( Xµ 
– Xcap) U2 + Xcc I2 = ( Xµ – Xcap) U2 + XccS2/U2.  However, 
reactive power consumption variations are nearly 
compensated by the control of the capacitor sets, as long as 
they are sufficiently sized. In other types of generators, the 
control acts regulating reactive power. 

The stochastic nature of wind affects the control, adding 
uncertainty regarding which generator (in a machine with 
two generators or one with different connections) or which 
capacitor sets are connected. On top of that, some auxiliary 
consumption shows an intermittent or cyclic behavior. 
  Because of all these reasons, the turbine can be 
approximated on a load flow study, in a quite realistic way, 
by a PQ node whose parameters are a function of the average 
powers at each wind speed. 

It is only necessary to consider the influence of voltage in 
those studies focused on the behavior of the park in extreme 
conditions (voltages out of normal operating range, 
homopolar or inverse sequence voltages,…) 

The value of active power as a function of wind speed can 
be derived from the power curve. The value of reactive 
power is not usually given by the manufacturer, but it can be 
measured. In generators with various LV circuits in the 
transformer, the power in all the LV circuits must be added 
(A direct measure of power in MV is difficult to perform). 

It is desirable to obtain the reactive power curve from the 
manufacturer as a function of active power or wind speed. If 
the turbine can control reactive power, it is necessary to 
know how the command is set (power factor, reactive 
power…) and its limitations (working PQ plane). 

D.2  Statistical model of the turbine 
When the turbines do not have the same load level, the 

previous equivalent circuit has some error. Active and 
reactive power consumed by the transformers is proportional 
to the square of the load level in each turbine, not to the 
square of the average load level. Thus, using that model 
underestimates the power consumed by the transformers 
when the load level variation is important. 

However, the previous model can be adapted to turbines 
with different load levels using a statistical approach. The 
turbine  works around an average working point with active 
and reactive powers µ Pi, µ Qi and variances σ Pi

2, σ Qi
2 [3]. 

Variance is due both to the difference in power among 
turbines (spatial variation), and to the time variation of the 
generated power. 

Spatial variation can be estimated from a wind potential 
study of the site, when measurements are not available. In 
such a case, this variation can be considered deterministic. 

Time variation of power can be estimated from the 
maximum and minimum power in a time period. Another 
option is to calculate the variance of the power according to 
the uncertainty of the power curve. The exact calculation of 
the joint variance requires knowing the correlation among the 
time power variations in the turbines. However, in most  
cases, it can be accepted that the time variations are 
independent in every turbine. 

Looking at the model in figure 7, a fairly simple model of 
the circuit can be found, based in statistic parameters. The 
sum of the generated power by the turbines is a statistic 
variable whose average, for the active and reactive power, is: 

µ ΣPturbines = ‚
i=1

Nturb
µPi −

ξRsc

Sbase
 J ‚

i=1

Nturb

µPi
2+ ‚
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2+ ‚
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Nturb

σPi
2 + ‚
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µ ΣQturbines = ‚

i=1
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 J ‚
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2+ ‚
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In order to estimate the uncertainty of the power generated 

by the turbines, it is necessary to have a statistic model of the 
park. Some dynamic wind models can be found in the 
literature [4-6]. However, taking into account that the aim of 
this paper is to find a simple model that can be characterized 
by few measurements, the following hypothesis are going to 
be made: 

Variance which appears in the previous formulae is due, 
on one hand to the time variation of the power in a measuring 
period and on the other hand to the spatial variation (along 
the circuit) of the power generated by the turbines [7, 8]. 

Spatial power variation is due mainly to fast fluctuations 
that can be considered independent form one machine to 
another. Spatial variations are correlated. For every 
predominant wind speed there are machines that, in average, 
generate more than others. This fact is taken into account 
applying a coefficient Ci, that is equivalent to the efficiency 
of the location of each turbine, and it is obtained from the 
micrositting of the park. 

In order to consider these effects, the power generated by 
every turbine is modeled as an average power 
P = average power in a working point 

Pi =  active p. from turbine i = Ci P + σP spatial Xi + σ P temporal Y 

Qi =  reactive power from turbine i = 

=  Ci Q + σQ spatial Xi + σ Q temporal Y 

X, Y = normalized statistical distributions, independent 
between them 

Xi =  distribution that represents the independent fluctuations 
for every turbine (mainly fast variations due to 
turbulence, tower shadow...). 

Y = distribution representing the fluctuations that affect 
proportionally at every turbine (mainly slow power 
variations) 

Ci =  efficiency coefficient of the location of a turbine inside 
the park, relative to farm average. 
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The equivalent average power in the turbine, in low 
voltage, is the average power of all turbines minus the 
average power consumption in the transformers. Performing 
the same analysis for the reactive power results in: 
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It is important to know the variance of Pequiv turbina y Qequiv 

turbina, because it is going to be the main contribution to the 
uncertainty on the power generated by the park 
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Figure 9: Joint model of the MV circuit and the turbines of a 

park. 

In order to have into account the consumption of active 
and reactive power when the load level is not the same in all 
the turbines, it is necessary to decrement the average power  
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Figure 10: Compact model, compensated for the variability 

of the power injected by the turbines. 

The parameter σcoeficients Ci can be found from the study of 
the micrositting of the park, or from the correlation of the 
active and reactive power of each turbine with the average in 
the park. 

The parameter σspatial can be determined from an operating 
park, through the remote measurement system, with the 
correlation matrix. For a farm that is not operating yet, the 
order can be estimated from, at least two wind measurements 
and the active and reactive power curves. 

The parameter σtemporal can be found measuring the 
standard deviation of active and reactive power in one 
turbine whose turbulence is on the same order as the one of 
the park. It can also be estimated from the maximum and 
minimum power in the time period, although this method has 
less precision. 

D.3  Electronically controlled generators. 
Models for generators controlled by power converters can 

be found in the literature. The more frequent configuration is 
the doubly-fed induction generator, because of the lower cost 
of the power stages. However, it is becoming more common 
to find squirrel cage induction generators or synchronous 
generators connected to the grid through converters, in order 
to achieve variable speed. 

The main problem when trying to model this type of 
generators is that there is no precise information about the 
control of the machine. In general, it is useless to try to find a 
precise model of the machine in a power flow study when the 
control strategies have to be “guessed” and whose parameters 
vary in each farm in order to achieve maximum efficiency at 
every location. 

Taking into account that the efficiency of the generator is  
high, that the voltage is within a narrow range, that usually 
the information about the control is insufficient and that the 
power curve has a uncertainty from 3% to 5%, it is 
acceptable to approximate the group generator + electronics 
+ auxiliary consumption by a PQ model. 

Because of that, unless there is in-deep information about 
the generator (usually available only for the manufacturer), 
the model to be used is the simplified one.  

D.4  Specific model for induction generators, directly 
connected to the grid. 

The typical induction generator can be modeled as the 
cascade connection of the fourth-pole corresponding to the 
equivalent circuit of the generator, power factor correction 
capacitors and transformer. The variable resistor on the left 
represents the mechanical power in the generator. 
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Figure 11: Equivalent circuit of a turbine with a directly 
connected induction generator. 

The transmission matrix is the cascade composition of the 
transmission matrix of the equivalent circuit of the generator 
(without the variable resistor), the capacitors and the 
transformer, (ξgenerator’ is the e.m.f.. of the generator in the 
rotor, referred to the stator). 

If it is assumed that all the generators in the circuit work 
at the same point, the inverse transmission matrix can be 
found by cascade multiplying all the corresponding fourth-
poles. 
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Figure 12: Complete model of a park with directly-connected 

induction generators, valid when the number of capacitors 
and the auxiliary consumption can be estimated. 
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The slip of the generator depends on the terminal voltage. 
However, induction generators operate with at low slip 
(around 1% at full load) and it can be considered that blade 
speed is almost constant and thus, Pmi does not depend on 
voltage. 

If the number of capacitor banks and the auxiliary 
consumption can be estimated, the influence of voltage in 
active and reactive power can be approximated by a power of 
voltage. In order to obtain the optimum power, the following 
equation can be solved with the rated values of the turbine. 

 
∂HPturbina@UMT, PmiD UMT−nPL

∂UMT
= 0

Pturbina@UMT, PmiD ≈ Pturbina@ Unominal, PmiD⋅
ik UMT
Unominal

y{nP  
 
∂HQturbina@UMT, PmiD UMT−nqL

∂UMT
= 0

Qturbina@UMT, PmiD ≈ Qturbina@ Unominal, PmiD⋅
ik UMT
Unominal

y{nq  
Coefficients nP y nQ can be calculated analytically as a 

function of the inverse transmission coefficients. For sim-
plicity, the quotes have been omitted from A’, B’, C’ y D’): 

C1 = CosB ArgB$ HBC− ADL2+ 4BDPmi

B2 D2
FF

 

C2 = BDHBC+ ADL$ HBC−ADL2 + 4BDPmi

B2D2  
nP = ReB−1−

C1HBC−ADL2 − C2

C1HHBC− ADL2+ 4BDPmiL −C2
F

 
nQ = ReB−1−

HBC− ADL2+ 8BDPmiHBC− ADL2+ 4BDPmi
F

 
For a 600 kW turbine, the following curves have been 

obtained. 
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Figure 13: Influence of voltage on active and reactive power. 

Powers nP or nQ near cero show little influence of voltage. 
In the previous example, it can be seen that the influence of 
voltage in P and Q is small because the machine operates 
with power factor near unity and the resistance in the system 
is small. 

The previous expressions have been obtained with a fixed 
number of capacitors connected (without power factor 
regulation with voltage).  

The generator emf referred to the stator, ξgenerator , can be 
calculated from the voltage at the PCC, solving the PQ node. 
Then, the generator terminal voltage can be easily calculated 
using the impedances of the generator equivalent circuit. 

 

Uterminal
generator

= ξgenerator'
ik1+

Zr
Zgµ

y{ −
ik Pmi

ξgenerator'

y{∗

 
ikZr Zs+

Zr Zs
Zgµ

y{
 

 

E. UNCERTAINTY OF THE MODEL 
 The uncertainty of the power injected to the grid by the 
wind farm can be divided in two parts, depending on its 
origin. One part is due to the stochastic behavior of the wind, 
and the other is due to the electric model [9]. 
a)  Uncertainty due to the stochastic behavior of the park. 
 The main source of uncertainty is originated by the 
variability of the primary source of energy, the wind. This 
affects directly both Pturbine and Qturbine. 

In the part dedicated to the stochastic modeling of the 
turbines, a very simplified model has been used. In practice, 
wind will interactuate with aerodynamics and the control 
system. The uncertainties can be found from data measured 
in a park. 

2
2 P spatial

P  due to the wind farm P temporal

2
2 Q spatial

Q due to the wind farm Q temporal

u P
N

u Q
N

σ
≈ σ +

σ
≈ σ +

 

 
Uncertainty due to the stochastic operation can be around 

5%, although depends greatly on the measuring period and 
the power sampling speed. If uncertainty is calculated from 
field data, these will include the effect of outage of the 
turbines. 

 
b) Uncertainty due to the simplified model of the park. 

In general, the uncertainties introduced by the park model 
will be much lower than the ones introduced by the wind, 
because in normal operation ∆V < 3 %. 

The uncertainty due to the approximate solving of the 
circuit of the park depends on the voltage difference among 
turbines. The model is based in the assumption that all the 
turbines work at the average voltage. In practice, errors are 
introduced because the behavior is not lineal. The uncertainty 
associated to the voltage distribution is, as a function of the 
impedances of the circuit in p.u. 
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There are other sources of uncertainty, like the dependence 

of generated power with voltage. However, the behavior of 
the turbine is highly dependent on the technology used and 
on the parameters of the machine, so it would be necessary to 
measure or simulate it precisely. 

Using these data, the turbine can be represented by a node 
Sturbine = Pturbina·Vp.u.

np + j Qturbine·Vp.u.
nq, where the parameters 

np y nq show the influence of voltage. Uncertainty from these 
parameters is: 

np nq

turbine turbine
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c) Uncertainty due to grid voltage 

In the model it has be assumed an infinite bus voltage Uo 
corresponding to the Thevenin equivalent. This voltage 
varies in parks connected to distribution networks, lines with 
highly variable consumption… The uncertainty associated to 
voltage variations in the grid is: 

( )
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d) Total uncertainty 
In order to calculate the total uncertainty of the power 

injected to the utility, due to all the factors previously 
mentioned, the square addition law must be used. In general, 
it is normal to use the total extended uncertainty k=2 (interval 
where power is the 95% of the time, for a given set of 
operating conditions). 

 

2 2 2 2
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III. CONCLUSIONS 
The paper shows a statistical model of the farm that can be 

used in power flow studies, and a methodology for adjusting 
its parameters to the available data (if it is already operating) 
or using data from micrositting and power curve of wind 
turbine (if it is under project state).  

The model is fairly simple and reflects the normal 
operation of the farm. Moreover, the minimum voltage for 
stable operation is assessed in farms with asynchronous 
generators. 

The uncertainty of the model is also estimated. The 
sources of uncertainty are stochastic operation of wind farm, 
employ of a simplified model and grid voltage. 

REFERENCES 
[1] Andrés E. Feijóo, José Cidrás "Modeling of Wind Farms 

in the Load Flow Analysis", IEEE Trans. Power Systems, 
Vol. 15, No. 2, Feb. 2000, pp. 110-115. 

[2] UNE-EN 50160 “Características de la tensión 
suministrada por las redes generales de distribución”. 

[3] Andrés E. Feijoo, J. Cidrás, J.L.G. Dórenlas, “Wind 
speed simulation in wind farms for steady-state security 
assessment of electrical power systems”, IEEE Trans, on 
Energy Conv., Vol. 14, No 4, Dec. 1999, pp 1582-1588. 

[4] Rui M.G. Castro, J.M. Ferreira de Jesus "A Wind Park 
Reduced-Order Model Using Singular Perturbations 
Theory", IEEE Trans. Energy Conversion, Vol. 11, No. 
4,Dec. 1996, pp. 735-742. 

[5] Cristian Nichita et al., “Large Band Simulation of the 
Wind Speed for Real Time Wind Turbine Simulators”, 
IEEE Trans on Energy Conv., Vol. 17, No. 4, Dec 2002 

[6] Sami H. Karaki, Bassel A. Salim and Riad B. Chedid, 
“Probabilistic Model of a Two-Site Wind Energy 
Conversion System”, IEEE Trans on Energy Conv., Vol. 
17, No. 4, Dec 2002 

[7] G. McNerney and R. Richardson “The Statistical 
smoothing of power delivered to utilities by multiple 
wind turbines”, IEEE Trans. on Energy Conv., Vol 7, No 
4, December 1992, pp. 644-647 

[8] Gary C. Thomann, Michael J. Barfield “The time 
variation of wind speeds and windfarm power output in 
Kansas”, IEEE Trans. on Energy Conv., Vol. 3, Nº 1, 
March 1988, PP 44-49. 

[9] ISO – Guide to the expression of uncertainty in 
measurement, 1995. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /ESP <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


