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Abstract

In the well-known process of the turbine design, turbulence intensity (TI) plays a vital role in prediction of the
power output and loads on the turbine’s structure. TI is believed to be an important statistical parameter of
the wind speed that can be extracted from the signals recorded by the dedicated sensors in the wind energy
area. Despite the limitations of the mast-mounted sensors, they are probably more popular than LIDARs in
wind energy applications. Although the sonic anemometers are reference tools in measuring turbulent features
of wind, they are expensive instruments to be employed in a large-scale. In this regard, the cup anemometers
appear to be the most commonly used instruments in the wind energy community. Accordingly, it would be
tremendously advantageous if the 1-Hz cup anemometer data can be employed with the synthetic down-scaling
idea to build the turbulence-like velocity signal fields. In this research, small-scale fluctuations are constructed
via the Fractal Interpolation (FI) technique. In addition, this study aims to assess the compatibility of the FI
technique in enhancing the cup anemometer data. The analysis has been carried out for the data collected in
September 2018. Through this analysis, it is deduced that the cup anemometer data can be improved using the
FI method. Subsequently, by applying the FI method, in most of the cases, the standard deviation values of
the cup anemometer data are increased.

1 Introduction

Although the wind’s irregularity seems fairly random, it has particular characteristics. These properties are
described with some statistical parameters such as turbulence intensity, the probability density function of wind
speed, the auto-correlation function, and the power spectral density function. In this regard, turbulence intensity
(TT) is one of the most crucial parameters in the wind energy community that has noticeable applications in
this field. TT is the ratio of the wind speed standard deviation to the mean wind speed [§]. In the well-known
process of turbine design, both the power output estimation, as well as loads on the turbine’s structure, are
significantly affected by T1I [18]. A rise in TT causes an increase in not only the power output but also the loads
on the turbine’s system [18]. Thus, TI plays a deterministic role in the turbine’s system design.

To calculate T1, it is necessary to record a velocity signal of the wind. To this end, the wind speed can be
measured using some popular instruments such as the cup anemometer, the sonic anemometer, and LIDAR. Cup
and sonic anemometers are mast-mounted instruments, while LIDAR can be placed in both offshore and onshore
platforms [6]. Besides, cup anemometers can be affected by environmental conditions like blowing dust or ice.
The presence of dust and ice can lead to the friction increment and thus the reduction of the speed readings.
Accordingly, the maintenance, service visits, and calibration of these instruments are substantially required [8].
Moreover, sonic anemometers can crash during the prolonged span of measurements under some meteorological
situations like sandy storms, heavy rain, and snow, as well as icing [20]. Nowadays, with increasing the wind
turbines’ hub and rotor heights, meteorological towers must be constructed taller to measure the wind speed at
desired levels. Not only does this lead to a more expensive project, but also in some countries it is prohibited
to build towers taller than a particular height [6]. Nonetheless, tower-mounted sensors such as the cup and the
sonic anemometers are still widely used in the wind energy field [6]. Furthermore, the wind energy community is
comprehensively utilizing the anemometers, despite the fact that LIDAR is believed to be a high-tech instrument.
This fact is due to the two reasons: control of the wind turbines’ functionality, and estimating of the wind energy
output in the field [10]. Besides, LIDAR is an extremely more expensive instrument compared to anemometers.

This research concentrates on the cup and sonic anemometers. These two anemometers are different in terms
of the measurement techniques. With sonic anemometers, it is possible to have a straightforward measurement
of the wind velocity in three directions x, ¥y, and z. This measurement method allows the users to utilize a very
high sampling frequency until 100 Hz or even beyond. These properties lead to a straight-forward measurement
of turbulent momentum as well as turbulent buoyancy flux with the help of the eddy covariance method [17].
In [9], Penia stated that the present comprehension of atmospheric turbulence, to a serious extent, is dependent
on three-dimensional sonic anemometers mounted on towers. Therefore, the sonic anemometer appears to be
a reference tool in measurements of turbulence-like velocities in the wind energy and atmospheric turbulence
field as well. On the other hand, among the various instruments dedicated to estimating wind speed, the cup
anemometer is currently the most utilized gadget in the wind energy area [11], due to being more economical in
comparison with other tools such as the sonic anemometer. Additionally, it represents a linear response in the
range of normal wind speed [10]. Kristensen [7] referred to the cup anemometer as a strong and trustworthy
tool that is simple to install, calibrate as well as it is a highly accurate sensor [7].

Since the cup anemometer is an inexpensive and high-accuracy tool in the wind energy community, this study
suggests that it would be extremely convenient and worthwhile if one uses cup anemometer data with a synthetic
down-scaling approach. The Fractal Interpolation (FI) technique is applied into the cup anemometer data, to



build synthetic turbulence. In this regard, this research wants to investigate whether the sonic anemometer
data can be replaced by post-processed cup anemometer data using the FI technique. The data is collected
from NREL website [19] at Colorado, USA. In section 2, the data will be described more in detail. In the
sequel, section 3 is about the FI technique that is proposed by Barnsley [1] and improved by Ding in his paper
[3] that is about Spatially-Randomized Fractal Interpolation (SRFI). Then, section 4 includes the results of
the application of the aforementioned techniques in every ten-minute velocity signal of NREL website. Finally,
conclusions about this idea would be presented in section 5.

2 Description of the data

The data is collected from the website [19] of National Renewable Energy Laboratory (NREL), National Wind
Technology Center (NWTC), Colorado, USA. At the NREL site, there are three meteorological towers M2,
M4, and M5 with the height of 80, 135, and 135 meters, respectively. In this study, the M5 tower located
at the northeast end of the site is chosen for the further investigation. This tower measures the inflow into a
wind turbine and contains various instruments at different heights from 3 to 134 meters. These instruments
determine meteorological conditions including temperature, wind speed, and wind direction.

This research is interested in two known sensors that measure wind speed, the sonic anemometer, and the
cup anemometer. The sonic anemometer at M5 tower measures wind speed in three directions «, y, and z, while
the cup anemometer measures a single horizontal-direction wind speed. Also, the sonic anemometer is a 20-Hz
sensor, whereas the cup anemometer is a 1-Hz sensor at the NERL site. Unfortunately, the sonic and the cup
anemometers are not positioned at the same level in M5 tower. Therefore, two different heights with the least
difference should be chosen. Hence, the data from the cup anemometer at 122 m altitude and sonic anemometer
at 119 m altitudes is considered to be the input data for the analysis in this study.

As mentioned before, this research aims to build the synthetic turbulence signal with 1-Hz cup anemometer
data to construct small-scale fluctuations and thus larger turbulence intensity. The sonic anemometer data is
used to validate the synthetic velocity signals. Owing to the fact that these two sensors are not at the same
level, the mean wind speed that is recorded by each sensor may differ from each other. Therefore, it is not
possible to compare the TI values of two sensors. To this end, the mean wind speed is removed from the formula
of TI and the standard deviation of the signals are considered to obtain an apple to apple comparison.

Moreover, the analysis is performed for the data that are collected in the course of September 2018. The
Fractal Interpolation method is applied for every 10-minute velocity signal that is provided on the website [19].
In more detail, in the NERL website, for each day, there are 144 10-minute Matlab files containing different
values for multiple instruments. Since the cup anemometer measures the horizontal wind speed, the horizontal
wind speed components of the sonic anemometer u,, u, should be utilized. In this regard, the NERL data-set has
the equivalent horizontal wind speed option for sonic anemometer that could be calculated using \/uz? + u,2.

3 Materials and Methods

To construct synthetic turbulence, two methods are utilized in this research. The first method is a fractal
interpolation (FI) that was introduced by Barnsley [1]. The second one is the so-called spatially-randomized
fractal interpolation (SRFI) that has been proposed by Ke-Qi Ding [3]. In the following subsections, these
methods will be explained.

3.1 Fractal Interpolation

This technique is a kind of iterative affine mapping process to generate an artificial small-scale signal for the
known large-scale anchor points. This process has been determined by Barnsley in his book [1] via an iterative
function system (IFS). Let us consider only three anchor points {(zg, @), (21, %1), (22,%2)}. In this case, the

IFS is:
w(E 0 )



where the term w,, is the FI operator and d,, is the vertical stretching factor. In addition, a,, c,, f, and e, are
parameters that can be calculated in terms of d,, for n =1,2 :
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Furthermore, to guarantee the continuity, the transformation should have these two conditions for n =1, 2:
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After each iteration, there will be a new point exactly between each two anchor points. In the sequel, the newly
generated points are going to be the anchor points for the next iteration. After some iterations a new synthetic
signal is produced that has small-scale fluctuations compared to the initial setpoints, as long as the stretching
factor d,, fulfills (0 < |d,| < 1) [1]. With this condition, FI is a contractive mapping function in the interval
[0, T2).

The vertical stretching factor d,, plays a key role in terms of fractal dimensions. In this regard, Scotti and
Meneveau in [12, 13], decided to choose |di| = |do| = 27'/3. Their choice is in agreement with the fractal sizes
that turbulent velocity signal fields poss. Besides, the energy spectrum of their synthetic fields obeys the —5/3
scaling law.

In [2], Basu improved the method by taking advantage of choosing two different values for the stretching
factors. He aimed to ensure the multi-fractal characteristics of turbulent fields. To this end, d; = —0.887, dy =
0.676 were determined as vertical scaling factors in his study.

In this study, FI is applied in every 10-minute signal in a way that, every three consecutive points like
{(zo, @o), (z1,U1), (x2,Uz2)} is divided into two intervals [xg, 1] and [z1, x2]. For each interval, the scaling factor
is determined through a random procedure from this set {+0.887,+0.676}. It should be noted that, absolute
value of the chosen scaling factors must be different. For instance, this combination d; = —0.887,dy = 0.887 is
not acceptable.
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Figure 1: The figure represents the FI scheme, with given anchor points {(0,1.4),(0.5,1),(1,2)}. The plots at
the top-left, top-right, bottom-left and bottom-right, show the constructed turbulence-like signals after 1,2,3
and 10 iterations, respectively.



In [3], Ding mentioned, although FI can build small-scale fluctuations, there is a local similarity property in
this process that can be rarely found in the real turbulent fields. In turbulence-like velocity fields, the position
of similar fluctuations has a homogeneous random distribution. Besides, FI is highly dependent on the condition
of each three points concerning each other. When the three points are nearly on a line, FI produces too small
fluctuations that lead to the so-called co-linearity problem.

3.2 Spatially-Randomized Fractal Interpolation

In 2010, Ding offered another approach to build a synthetic turbulence signal [3]. Because of the local similarity
problem in FI, Ding suggested the use of Spatially-Randomized Fractal Interpolation (SRFI). Besides, one of
the largest differences between FI and SRFTI is the absolute value of the vertical scaling factor. In the following,
the SRFI procedure will be explained.

Initially, consider there are 2N anchor points {z;},7 =0, 1,...,(2N — 1) in the interval [zo, 22y —1)] Which is
the original signal domain. At each step, through the particular IFS, the SRFI method is implemented in this
research. Equation 2 represents the IFS of SRFI method:
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Where, Wggrrr is the SRFI operator, the first and second term is the linear interpolation for the original signal,
d; is the vertical stretching factor, and the term V;(;)[u](y) is calculated as
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Equation 3 generates the large-scale fluctuations that is defined for any continuous function f with identical
values at the anchor points {z;},¢ = 0,1, ..., (2N —1). Each large-scale fluctuation in the interval [xo;, 2212, =
0,1,2,...,(N—1), corresponds to only two sub-intervals [x;,, Ti, +1], [Tiss Tiy+1] if 41,92 € {0,1,2, ..., 2N —=1)|i; #
i}. In other words, there are only and only two small-fluctuations that are made out from a particular large-
scale fluctuation. This mapping is done through a homogeneous random process.

The only remaining parameter that should be driven is the vertical stretching factor d;. In each step, d; has
a random sign and its absolute value |d;| is produced by a Log-Poisson distribution [4, 15] in equation 4,
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In this research, the values of 3,~ are chosen to be (2/ 3)1/3,1 /9. The reader can gain more information about
the parameters 3, in the paper [3].
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Figure 2: The figure represents the SRFI scheme, with given anchor points {(0,1.4),(0.5,1),(1,2)}. The plots
at the top-left, top-right, bottom-left and bottom-right, show the constructed turbulence-like signals after 1,2,3
and 10 iterations, respectively.
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Figure 3: The left and right plots depict the FI and SRFI scheme after 10 iterations, with given anchor points
{(0,1.4),(0.5,0.7),(1,0.5), (1.5, —0.1), (2, —0.5)}. It can be seen that when three points are nearly on a line, FI
cannot produce turbulence-like fluctuations. Rather, SRFI can be better regarding the co-linearity problem.

In addition, for the both aforementioned methods, higher-order structure functions are computed. The
q'"-order structure function, S,(r) can be calculated like [2]:

Sq(r) = (lu(z + 1) = u()|?) ~ré (5)

where 7 is the interval length that can change in a known range (inertial range in turbulence) and the angular
bracket is dedicated to compute the mean in space. In case the velocity field is mono-affine, the term ¢, should
be a linear function of g. On the other hand, if {; is a non-linear function of ¢, the field is called multi-affine.
In this regard, Kolmogorov’s celebrated 1941 hypothesis (K41) based on global scale invariance estimates that
the term ¢, should be ¢/3 in the inertial range [2, 5, 16]. Any deflection from ¢, = ¢/3 represents the inertial
range intermittency and disprove the K41 hypothesis. Despite the strong experimental proofs for the existence
of inertial range intermittency, it is still an unanswered issue [2].

Basu proved that with stretching factors of |d;| = 271/, the FI method constructs a mono-affine field. In
this case, the term (, is compatible with the K41 prediction (¢, = ¢/3). However, this is in contrast with the
characteristics of the real turbulence-like velocity fields [2]. Accordingly, to consider the multi-fractal properties



of real velocity signal fields, Basu decided to choose the scaling factors |d1| = 0.887,|d2| = 0.676 for the FI
method.

Moreover, the scaling exponents of the SRFI method, obey the She-Leveque 1994 (SL94) model [14]

o=2+2(1-F). ©)

In Figure 4, the velocity structure functions of FI and SRFT are illustrated. It can be seen that SRFI produces
more smooth structure functions, while FI’s structure functions have some spurious oscillations.
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Figure 4: Plots from left to right show the 2nd, 4th, 6th orders of the velocity structure functions for the FI
and the SRFI methods.

For readers who are interested in programming FI, SRFI, and velocity structure functions, the Python code
of these functions is in the Appendix.

4 Results and Discussion

To apply FI and SRFI methods for real data, the analysis has been performed for September 2018. As the
NREL website provides one file for every 10 minutes, there are 4320(144 x 30) files in the analysis for the
entire month. Figure 5 represents an arbitrary 10-minute velocity signal. As illustrated in Figure 5, the sonic
anemometer shows small-scale fluctuations (20 Hz), while the cup anemometer provides 1-Hz velocity signals.
FI and SRFT are performed for each velocity signal of cup anemometer to increase the frequency rate from 1 Hz
to more than 20 Hz. Such an analysis is done through all the 10-minute velocity signals for September 2018.
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Figure 5: The figure demonstrates four plots which are the velocity signals of the sonic anemometer, cup
anemometer, FI, and SRFI, subsequently.

As it is mentioned before, sonic and cup anemometers are positioned at two different heights on M5 tower.
In this regard, the comparison of the TT values is irrelevant since the mean values of the velocity signals are
different. Thus, the standard deviation is chosen as a relevant parameter for the assessment of FI and SRFI.
Figures 6 and 7 show the probability density functions of standard deviation (STD) ratios for FI and SRFIL.
Firstly, it should be noted that in the data-set from the NREL website, cup anemometer data are very well



in agreement with the sonic anemometer data, but in most of the cases, cup anemometer data underestimate
the STD values since the sampling rate of cup anemometer is much less than the sampling rate of the sonic
anemometer. Nevertheless, the middle plot in Figures 6 and 7 demonstrates that FI and SRFI increase the STD
values up to 8% and 4%. Figure 6 depicts that more than 70% of cup anemometer STD values are increased up
to 8%. Similarly, Figure 7 illustrates that SRFI increases the cup anemometer STD values in more than 40%
of cases.
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Moreover, it ought to be noticed that 1 Hz cup anemometer data are not generally provided by the wind
energy companies. In the wind energy community, companies generally provide 10-minute averaged data. For
future work, the author suggests that it would be more applicable if one can apply the FI technique for the
10-minute averaged data. But one should be careful that every three points in the 10-minute averaged data can
not be used directly in the FI technique since those triplets are the mean of each 10-minute interval. Also, in
this research, it is assumed that three points represent down-samples of the original series, while in [13] Scotti
assumed that three points represent both filtered and down-samples of the original series. Based on [13], it is
possible to retrieve STD values of the FI signals with three averaged points as inputs. In this way, the integral
moments of FI signals should be calculated. For more information regarding this issue, the reader is encouraged
to read papers [2, 12, 13].

Besides, since both the FI and SRFI methods have random processes in their IFS, it would be better to carry
out more realizations for each 10-minute velocity signal. In the sequel, through statistical relationships, one can
use the 90" percentile of produced STD values. Accordingly, with performing a large number of realizations
one can gain more STD values.



5 Conclusions

It can be concluded that FI techniques are reliable mathematical tools for constructing turbulence-like velocities.
Not only do these techniques provide small-scale fluctuations, but the multi-fractal properties of real turbulence-
like velocity fields can be modeled up to a reliable extent. Besides, both methods are applicable in increasing
STD values of cup anemometers data. In recent studies, the FI technique has been used to build synthetic
turbulence in finer scales for models like Large-Eddy Simulation. In this study, the FI methods are applied to
the cup anemometer data to make finer-scale fluctuations. Since the cup anemometers are not only reasonably
economical compared to the sonic anemometers but also the most commonly used anemometers in the wind
energy community. In the end, the author suggests that the application of the post-processed cup anemometers
data via the FI techniques can be improved and widely used in the wind energy community by companies
and universities. Economically, this idea is extremely beneficial for the organizations that are not interested in
spending budgets on vast sonic anemometers.
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Appendix
The Python code for FI, SRFI, and structure functions is available in this section.

import numpy as np
# FI

# This function produces small-scale fluctuations for every triplet.
# The NN term determines the number of iteratioms.
def FI(x,u,d,NN):
b = x[2]-x[0]
= np.zeros(2)
= np.zeros(2)
np.zeros(2)
= np.zeros(2)

H o 0O @
Il

for n in [1,2]:
aln-1] = (x[n]-x[n-1])/b
e[n-1] = (x[2]*x[n-1]-x[0]*x[n])/b
c[n-1] = (ulnl-uln-11-d[n-11*(ul2]-ul01))/b
f[n-1] (x[2]*uln-1]-x[0] *u[n]-d[n-1]*(x[2]*u[0]-x[0]*u[2])) /b

M1 = np.zeros((2,2))
M1[0] = [a[0],0]
M1[1] = [c[0],d[0]1]
M2 = np.zeros((2,2))
M2[0] = [a[1],0]
M2[1] = [c[1],d[1]1]
EF1 = np.zeros((2,1))
EF1[0] = e[0]

EF1[1] = £[0]

EF2 = np.zeros((2,1))
EF2[0] = e[1]

EF2[1] = £[1]

OLD = np.zeros((2,3))



OLD[O, :]
OLDI[1,:] u
for i in np.arange(1,NN):
NEW_1 = M1 @ OLD + EFl*np.ones((1,len(OLD[0,:])))
NEW_2 = M2 @ OLD + EF2#*np.ones((1,1en(0LD[0,:1)))
X = np.concatenate((NEW_1[0,:],NEW_2[0,:]), axis = None)
u = np.concatenate((NEW_1[1,:],NEW_2[1,:]), axis = None)
OLD = np.zeros((2,len(x)))
OLD[O,:] X
OLD[1,:]

X

u

X, Xxi = np.unique(x, return_index = True)
u = ulxi]

X = np.zeros((2,len(x)))

X[0,:] = x
X[1,:1] =u
return X

# FIT function is employed for performing FI function through a 10-min velocity signal.
def FIT(xx,uu,NN):

XX =[]
uu = []
L = len(xx)

for i in np.arange(1,L-1,2):
X = np.array([xx[i-1],xx[1],xx[i+1]1])
U = np.array([uuli-1],uuli],uuli+1]])

dx = [0.887,-0.887,-0.676,0.676]

rl = np.random.random(1)

dl = dx[0]*(r1>=0.5) + dx[1]*(r1<0.5)

r2 = np.random.random(1)

d2 = dx[2]*(r2>=0.5) + dx[3]*(r2<0.5)

r3 = np.random.random(1)

d [d1,d2] * (¥r3>=0.5) + [d2,d1] * (r3<0.5)
d = np.squeeze(d)

f = FI(X,U,d,NN)
XX.extend (£[0,:])
UU.extend(f[1,:]1)

X1 =n
X1[o0,:
X1[1,:

p.zeros((2,1en(XX)))
] = XX #x2
1 = UU #y2

return X1

# SRFI
# To build small-scale fluctuations using the SRFI method, three functions V, W and SRFI
# are utilized. To use the SRFI method, it is enough to use SRFI function
# in this code with N iteratioms.
def V(x,u):
X = np.array(x)
u = np.array(u)



def

v = np.zeros(len(x))
for i in np.arange(l,len(x),2):
v[i] = uli] - 0.5 * (uli-1]+uli+1])

return v
W(x,u):

X = np.zeros(2xlen(x)-1)

for i in range(len(x)):
X[2#i] = x[il

for i in range(len(x)-1):
X[2*i+1] = 0.5x(x[i]+x[i+1])

a
]

np.zeros(2*len(x)-1)
for i in range(len(x)):
U[2%i] = ulil
for i in range(len(x)-1):
U[2*i+1] = 0.5*%(ul[il+uli+1])

v = V(x,u)

v_nonzero = np.zeros(int(len(v)/2))
for i in range(len(v_nonzero)):
v_nonzero[i] = v[2*i+1]
fluc_raw = np.concatenate((v_nonzero,v_nonzero), axis = None)

fluc_random = np.random.choice(fluc_raw, size = len(fluc_raw),replace = False)

fr = fluc_raw
nn = 1000 #int(m.factorial(len(fr))/m.factorial (len(fr)/2)*%*2)
for i in range(nn):
fluc_random = np.random.choice(fr, size = len(fr),replace = False)
j = np.arange(len(fluc_random)-1)
if (np.all(fluc_random[j]!=fluc_random[j+1])):
break

dx [-0.887,0.887,-0.676,0.676]
di = np.random.choice(dx,size = len(fluc_random))

gamma = 1/9
beta = (2/3) *x (1/3)
lamda = (1-3*gamma)/(1-beta**3)+*np.log(2)
pp = [1,2]
di = np.zeros(len(fluc_random))
for i in range(len(fluc_random)):
pl = (np.random.poisson(lamda,1) [0])
rrl = np.random.choice(pp,1) [0]
di[i] = ((1/2)**gamma * beta *x pl * (-1)**rrl)

fluc_random = fluc_random * di
fluc = np.zeros(len(X))
for i in range(len(fluc_random)) :

fluc[2*i+1] = fluc_random[il

U_new = U + fluc
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return X, U_new
def SRFI(x,u,N):

for i in range(N):

x,u = W(x,u)

return x,u
# Sturcture Function
# Si: The i-th order of velocity structure function
def StructureFunction_NaN(x,noct):

N
N

len(x)
np.int (N)

a0 =1

nvoie 10

scales = np.arange(np.log2(a0), noct+np.log2(a0) , 1/nvoie)
R np.unique(np.around(2 ** scales))

S1 = np.zeros(len(R))
S2 = np.zeros(len(R))
S3 = np.zeros(len(R))
S4 = np.zeros(len(R))
S5 = np.zeros(len(R))
S6 = np.zeros(len(R))

k =
for i in np.arange(l,len(R)+1):

= R[i-1] #int(R[i])

np.int(r)

np.arange(1,N - r + 1) #1: (N-r);
j.astype(int)
np.abs(x[j+r-11-x[j-11)

< H R PO
I

S1[k] = np.nanmean (y**1)
S2[k] = np.nanmean (y**2)
S3[k] = np.nanmean (y**3)
S4[k] = np.nanmean (y**4)
S5[k] = np.nanmean (y**5)
S6[k] = np.nanmean (y**6)

k = k+1

return [S1,S2,S3,54,55,56,R]
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