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Abstract-The intermittency in wind power can face electrical 
network with some challenges such as power quality, frequency 
deviation and reliability of the system. So estimated power 
fluctuation in wind farm has to be known in order to reach to the 
grid integration requirements. In this paper the wind farm power 
fluctuation is investigated by considering the three factors; wake 
effect, turbulence and spatial smoothing, simultaneously. The 
wake effect is investigated for the mean value and turbulence part 
of the wind speed separately because of different effects of the 
wake. The engineering models in fluid mechanics is used for 
analyzing the wake effect and spatial smoothing. The proposed 
approach is sued for a 160 MW wind farm as a case study. 

Keywords- wind speed; power intermittency; spatial smoothing; 
turbulence; wake effect; wind/arm. 

I. INTRODUCTION 

Among the renewable energies, the wind power is more 
interested. There are some countries in which the wind power 
constitutes up to 40 percent of the total energy. But the 
intermittency in wind power can face electrical network with 
some challenges such as power quality, frequency deviation and 
reliability of the system [I]. 

The power fluctuation of wind turbine is due to intermittency 
in wind speed profile. Temporal variations in wind speed may 
be in the range of year, seasonal, month, day or several hours, 
because of atmospheric variations such as differential heating of 
the earth's surface during the daily relation cycle. In addition, 
there is small time scale variations in wind because of boundary 
layer conditions that includes turbulence in wind [2]. On the 
other hand a wind farm includes several wind turbines, the 
output powers of which are gathered to form the total farm 
power. The wind speed profiles over the different locations are 
not same and the correlation factor is not unit, so consequently 
the power profiles for individuals wind turbine have not the 
same variations. Therefor the total power of wind fann, that is 
the summation of uncorrelated profiles, has less fluctuation 
compared to summation of correlated profiles. This phenomena 
is known as spatial smoothing i.e. the power smoothing because 
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of space distribution of wind turbines over a farm [3, 4]. In 
addition to temporal variation and turbulence in wind speed, 
there is another factor that affects the wind speed profile over 
the wind fann. A wind turbine extracts energy from the wind and 
consequently slows down the wind field behind the turbine. 
Another turbine positioned in the wake of the first one will 
generate less energy for a given free stream wind speed [5]. The 
wake behavior is different for average wind speed and 
turbulence so that there is an increment in the turbulence level 
together whereas the mean wind speed is decreased in wake. 
Therefore, it leads to significantly larger turbulence intensities 
in comparison with free flow [6]. Therefore wake effect can 
effect power fluctuation in wind fann because of changing the 
turbulence level in different locations. 

There are a few papers that consider short time variations in 
the wind power, e.g. [7], which only analyzes the effect of 
turbulence on available power of a single wind turbine. In the 
present paper, not only the dynamic model of wind speed is used, 
but also the wake effect on mean wind speed and the turbulence 
part are analyzed and the effect of instantaneous wind profile on 
the wind farm power fluctuations is investigated simultaneously. 
In fact in this paper the effect of three factors; wind speed 
turbulence, wake effect and spatial smoothing, on the output 
power of a wind farm are investigated, simultaneously. 

In section II the principles of wind and wake effect are 
presented. Then in section III the wind farm power is analyzed. 
In section IV the results are shown and the average wind speed 
mode is compared with instantaneous mode. Finally in section 
V the conclusion is presented. 

II. WAKE EFFECT 

In this section, first the wind speed profile is surveyed and 
then the wake effect for mean and turbulence speed is analyzed 
according to the engineering model in fluid mechanics. 
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A. Wind 

Global winds are created by pressure difference across the 
earth surface due to uneven heating of the earth by solar 
radiation. The spatial variation in heat transfer to earth's 
atmosphere create variation in the atmospheric pressure field 
that causes air to move from high to low pressure. Atmospheric 
motions vary in time and space. [t is dependent on local 
topographical and ground cover variations. Of course, in this 
paper a flat terrain is assumed and the variation due to the 
topographical condition is neglected. Temporal variations may 
be in the range of year, seasonal, month, day or several hours, 
because of atmospheric variation such as differential heating of 
the earth's surface during the daily relation cycle. [n addition, 
there is small time scale variations in wind because of boundary 
layer conditions that includes turbulence in wind. 

Turbulence is a random variation that is imposed on the 
average wind speed. A wind speed can be considered as two 
terms; average (V) and turbulence (v) speed: 

V = V + v(1) 

(1) 1 lilt V = - V(t)dt 
Mo 

The time period M is usually taken as 10 minutes [2]. The 
basic definition of turbulence is related to the turbulence 
intensity, the ratio of standard deviation of the wind speed to its 
mean value (2). 

(J 
[--iT (2) 

The wind turbulence can be considered as a random variable 
with normal distribution [2], so the probability density function 
for wind speed can be written as below: 

1 - 2 2 p(v) = __ e-(V-V) /2([ 

(J-f[ii 
(3) 

B. Wake Effect 

Wind turbine extracts energy from the wind and 
consequently slows down the wind field behind the turbine. 
Another turbine positioned in the wake of the first one will 
generate less energy for a given free stream wind speed [5]. 
Exact study of the wake effect needs to numerical calculations 
such as computational fluid dynamic (CFD) code. Fortunately 
there are some useful works, done before, which expresses some 
engineering relationships to quantity the wake effect. The wake 
effect is different for average wind speed and turbulence, so that, 
there is an increment in the turbulence level, whereas the mean 
wind speed is decreased by wake. Therefore, it leads to 
significantly larger turbulence intensities in comparison with 
free flow [6]. In addition, the wake behavior varies with distance 
behind the turbine, so that basically two regions are defined as 
near and far wake [8]. The near wake research is concentrated 
on the performance of one wind turbine, but the far wake is 
focused on mutual influence of wind turbines in wind farms. In 
this paper it is focused on the far wake effect because in a wind 
farm the distance between the wind turbines is in the far region. 

Several wake models have been developed for average wind 
speed deficit in wake such as, Katic model, Larsen model, 
Ainslie model. Also for turbulence model there are several 
models such as, Quarton model, Larsen model, Frandsen model, 
IEC 61400 model [9] and Crespo model [10]. These models 
have been compared in [8]. In this paper, Katic and Crespo 
models are employed, respectively for average and turbulence 
wake. 

1) Wind speed deficit 
Velocity deficit in Katic model for one wind turbine IS 

described in the following relationship [5]. 

1 _ _ V =....:...-C 1_-----'.J'--1_-----::;C--=-t) 

Voo (1 + 2~X)2 
(4) 

[n which, Voo is the free wind speed, V is the wind speed at 
distance (x) behind the turbine, Ct is the trust coefficient, and the 
coefficient k varies according to the surface type from 0.04 for 
offshore surface to 0.075 for onshore surface [9]. For multiple 
wind turbines in a wind farm, the wake effect on the second 
turbine along the wind direction has the most deficit, but for 
other wind turbines, because of merging with atmosphere layer, 
the wake effect would be less, and the wind speed remains 
almost constant. The wind speed due to mutual wakes in Katic 
model is defined as below. 

n 

(1 - ~)2 = '\' (1 _ Vij)2 
Voo L Voo 

1=1 

(5) 

[n which 1-) is wind speed atjth wind turbine, with the wakes 
of former wind turbines taken into account. 

2) Turbulence intensity 
It is assumed that the wind turbine creates an additional 

turbulent kinetic energy that should be added to the ambient 
turbulence (100) [8]. It is defined as turbulence intensity variation 
(M). 

M = Jf2 - [~ (6) 

The expression for added turbulence in Crespo model is 
defmed as below [10]: 

M = O. 73ao.83 [2;0325 (D / X)0.32 (7) 

[n which a is the induced velocity factor, D is the rotor 
diameter and x is the distance between wind turbines. This 
model is an experimental relationship that is obtained from CFD 
model. Of course there are some other models that considered 
the turbulence due to adjacent turbines [11], but in this paper the 
(7) is used for simplification. So using (6), (7) and (2), the 
standard deviation of wind speed in the wake can be calculated. 

Therefore, the wake effect can be calculated for mean and 
turbulence part of wind speed separately. 
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III. WIND FARM 

The wind farm includes several wind turbines, the output 
powers of which are gathered to fonn the total farm power. In 
this section, first the turbine output characteristics is expressed 
and then, the wind fann power is analyzed. 

A. Wind Turbine Power 

The wind power is related to the wind speed by: 

Pw = O.5pSCp (ll, f3)VJ (8) 

In which, p is air density, S is the area swept by turbine 

blades of radius R, A is tip speed ratio (A = RWT) and Cp is a 
Vw 

nonlinear wind power coeffIcient. At maximum power condition 
the power coefficient is set to the maximum value and the power, 
in per unit, can be written as: 

Pg = V; (9) 

The intermittent wind speed causes fluctuated output power 
in each wind turbine. Of course it depends on wind speed region. 
For above rated speed, since the output power must be limited 
to the rated value, the wind fluctuations can be compensate by 
pitch angle and rotor speed control. But for below rated speed, 
the maximum power point tracking (MPPT) strategy is 
employed, so fluctuations will appear in the output power. For 
below the cut-in and above the cut-out speeds, the output power 
is zero. Therefore, although the wind speed turbulence has a 
nonnal distribution but the output power is not necessary 
normally distributed. Based on the above discussion, the speed
power relationship can be described as follows: 

{ 

0, 

Pw = V;, 
Pr , 

0, 

Vw ~ Vcut-in 

Vcut-in < Vw ~ Vr 
Vr ~ Vw < Vcut-out 

Vw 2': Vcut-out 

(10) 

According to (3) and (10), an improved probability density 
function can be extracted for wind speed from the viewpoint of 
power generation, as expressed in (11). 

Pnew(v) 
0, 

a * 8(v = Vcut-in), 

p(v), 
f3 * 8(v = Vr), 

y * 8(v = Vcut-out), 

0, 

In which: 

Vw < Vcut-in 

Vw = Vcut-in 

Vcut-in < Vw < Vr 
Vw = Vr 
Vw = Vcut-out 

Vw > Vcut-out 

rVcut-in 

a = P(Vw :s; Vcut-in) = Jo p(v)dv 

(11) 

fVcut-out 

f3 = p(Vr :s; Vw :s; Vcut-out) = p( v )dv , 
vr 

y = p(Vw ;2'; Vcut-out) = f p(v)dv 

Vw2:Vcut-out 

Considering (10) and (11), the mean value and standard 
deviation of power can be calculated as follows: 

P = f Pw Pnew(v)dv 

fVr 

= va, * p(v)dv + Pr 
Vcut-in 

*f3 

(J2 = f CPw - p)2 * Pnew(v)dv 
-2 

= P *a 

fVr 

+ (va, - p)2 
Vcut-in 

* p(v)dv + CPr - p)2 * f3 
-2 

+P *y 

(12) 

According to (12), the power fluctuation depends on the 
wind speed range. Different wind speed ranges are shown in 
Fig.I. For ranges 1,5 and 7 the output power is constant and 
power fluctuation level is zero. The most power fluctuation may 
happen in range 6, when the output power is switched between 
zero and rated value for wind speed variation. However, since 
the wind speed rarely fluctuates around the cut-out speed, so it 
can be ignored in the following discussion. In the ranges 2 and 
4, fluctuation is partly cancelled and the fluctuation level is 
moderate. In range 3 the entire wind speed fluctuation is 
transferred into the power, so the most power fluctuation 
happens in this range. 

~
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Fig.l. Speed-Power curve and ditIerent wind speed ranges 

According to the wind speed characteristics and (12), the 
characteristics ofthe output power; mean and standard deviation 
for each individual wind turbine can be obtained. 

B. Wind Farm Power 

The output power of a wind farm is the sum all wind turbines 
power. So the total power deviation depends on power deviation 
in individual wind turbines and the amount of correlation 
between their profiles. One of the correlation analyzing methods 
is using coherence in frequency domain [12]. In frequency 
domain, the fluctuation is expressed as power spectra density 
(psd) function. In fact the amount of power spectra is equal to 
the energy in each frequency. On the other hand, the total energy 
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in the turbulence is equal to total variance, so this concept can 
be expressed as the below relationship [12]. 

loo SCf)df = er 2 (13) 

In which Set) is the power spectra density function of 
output power. In addition, a cross spectra density function is 
defined to state the correlation between the power fluctuations 
of individual wind turbines (Sijet)) [12]. 

Finally the power spectra for total deviation in turbulence 
range can be written as below [12]. 

SICf) = L L SijCf) 
i j 

(14) 

In which Sij et) is the cross spectra density for a pair of wind 
turbines. The cross spectra can be stated in terms of coherence 
and individual spectra densities [12] as. 

ISijCf)12 
YijCf) = SiCf) * SjCf) 

(15) 

The exponential coherence function is often used in micro 
metrology [12]. This function is defined as below: 

2 _ Xij 
Yij Cf) = e a-vI (16) 

In which a is the decay constant (usually it taken 50 [14]), 
Xij spacing between points i and j, V is the mean wind speed, 
and fis the frequency. In addition, the [13] shows that the wake 
does not affect the coherence for far wake region. So the 
coherence in the far wake can be expressed as (16). 

In fact this function estimates the amount of coherence in 
wind speed for different frequencies between different locations. 
On the other hand, for the low speed region (region 3 in Fig. 1), 
the correlation between power profiles can be assumed as the 
correlation between wind speed profiles, so (16) can be used for 
power profiles coherence. In a typical wind farm, usually the 
distance between wind turbines is around several times the wind 
turbine diameter. For example the Horns Rev 1 offshore wind 
farm that is used as a case study in this paper, has an area equal 
to 20km2 , with 80 turbines (in 8*10 array) [14]. The distance 
between wind turbines is around SOOm. Therefore, for the wind 
speed 16m/s and turbulence length scale of 500m, the 
coherence function vs frequency is shown in Fig.2. 
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Fig.2. Coherence function for wind power profile in blow the rated speed 
region 

As it is seen, the coherence for turbulence range is almost 
zero, so according to (14) the cross spectra density for 
frequencies in turbulence range would be zero (Sij et) = 0 i =I=

j), consequently, the power spectra for total wind farm power 
can be expressed as follows: 

SICf) = L SuCf) (17) 
i 

In which Su et) is individual power spectra density. Finally 
the power deviation for total wind farm power is obtained from 
(13). 

erE = f SICf) df 

= f L SuCf) df 
i 

(18) 

= L f SuCf)df = L erl 
i i 

If the wake effect on the turbulence level is neglected [3], 
then the power spectra for all wind turbines would be the same 
(Suet) = set)) and regarding (18) and (13), the total power 
spectra becomes S"Let) = NSct) (N is the number of wind 
turbines in the wind farm) and the variance of total power is N 
times that of individual wind turbine. Thus, the fluctuation level 
(the ratio of standard deviation to mean value (2)) is decreased 
by l/VN, compared to that of individual wind turbine. 
Nevertheless, since according to (7) the turbulence level is 
increased for downstream wind turbines, so the factor of 
decrement in fluctuation level of total power is less thanl/VN, 
which is considered in this paper. 

Some previous studies state that deviations in the range of 10 
minutes do not appear in the total wind farm power [4]. They 
considered the wind speed profile as a moving wave that it has 
just a time delay for wind turbines along the wind direction. Also 
they did not consider the wake effect. Some papers don't 
consider the coherence between wind turbine profiles and 
assume the same turbulence wave (unit coherence) for all units, 
which causes larger deviation in the total wind farm power [15]. 
Moreover, the wake effect is not separated for the wind speed 
mean value and turbulence. 

IV. RESULTS 

In this section at first the power characteristics of individual 
wind turbines are obtained and then the total power of wind farm 
is analyzed . 

A. Wind Turbine Power 

For a typical wind speed (Fig.3), the mean value and 
turbulence intensity are given in table I. Also the mean value and 
standard deviation of the output power for one wind turbine are 
calculated according to (10), as given in table I. Also the output 
power, obtained by simulation in MATLAB software is shown 
in FigA. The mean value and standard deviation of this profile 
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is also presented in table I for comparing with the results of 
proposed method given by (12). 
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Fig.3. Typical wind speed profile. 
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Fig.4. Output power of a wind turbine. 

Table I. Mean and standard deviation for wind speed and 
power of individual wind turbine 

Mean 
standard Turbulence 

deviation (a) intensity (I %) 

Wind Speed 
10.6 (m/s) 1.7 

16 
(0.66p.u*) (0.1 p.u) 

Power 
(proposed O.313p.u** 0.14 44.7 
method) 
Power 

0.315p.u** 0.13 41.2 
(simulation) 

*1 p.u is equivalent to 16m/s, **1 p.u is equivalent to 2MW. 

As table I indicates, simulation results confirm (12), i.e. the 
wind speed and output power have normal distribution and the 
standard deviations obtained by the two approaches are very 
close. Since for the other wind turbines, the wind profiles are not 
available, the mean value and standard deviation ((5), (7)) are 
used to obtain their power fluctuation level from (12). 

B. Wind Farm Power 

The Horns Rev 1 offshore wind farm with 80 turbines (in 
8* I 0 array) is considered as a typical wind farm to determining 
the battery capacity [14]. To calculate characteristics of the wind 
farm total power, first the wind speed characteristics at the 
location of all wind turbines should be obtained. It is assumed 
that the wind speed at the location of the first row of wind 
turbines has the profile shown in Fig.3. Then according to (5), 
(6) and (7), considering the wake effect, wind speed 
characteristics for the other wind turbines are calculated. The 
results are presented in table II. For simplicity, the wake effect 
due to lateral wind turbines is neglected and just the effect of 

upstream wind turbine is considered. Each column in table II 
corresponds to the 8 turbines of a row along the wind direction. 

Then according to (12), the power characteristic for other 
wind turbines are shown in table III. 

[n addition the results for without wake effect condition is 
shown in table IV. In this condition the mean and turbulence 
level for all wind turbines are same. 

The variance of total power is calculated using (18) and the 
farm total mean power is the sum of individual wind turbines' 
mean value. The characteristics of total power is shown in table 
V.As it can be seen, if the wake effect is neglected, so the 
fluctuation level is the same for all wind turbines and the 
fluctuation level of the total power is decreased from 45% for 
individual wind turbine to 5%, because of uncorrelated 
components in the range of turbulence. However, the wake 
effect causes increase in the turbulence level at down wind 
turbines, so fluctuation level in the total power is decreased to 
6.6%. [n overall, the results shows that the output power of wind 
farm has fluctuations in range of less than 10 minutes. The effect 
of this fluctuation on the required battery capacity is shown in 
next subsection. In addition the results for average condition, 
neglecting the turbulence, is shown for comparison. 

V. CONCLUSIONS 

[n this paper the effect of three factors; wake, turbulence and 
power smoothing on the power fluctuation in a wind farm are 
analyzed, simultaneously. At first the wake effects on the mean 
value and the turbulence level of wind speed are analyzed. Then 
the total power of wind farm with considering the wake effect 
and the spatial smoothing is obtained. The wind speed and 
power profile is defined according to the mean value and 
standard deviation characteristics. [t is shown that despite the 
spatial smoothing in wind farm; that causes decrease in 
fluctuation level of the total power, there are still some 
deviations in total power. The power fluctuation level is affected 
by wake and turbulence intensity. 
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