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A B S T R A C T 

A new model for estimating the wind turbulence intensity under different 
atmospheric stability classes has been proposed in this study. The data used 
were recorded at 10 m above the ground on a time scale of 10 min at the 
Cotonou Port site. From the Cheung model combined with the expression 
of the average wind shear profile proposed by Panofsky, we modified the 
first term of the model in multiplying it by the wind speed. The adjustment 
parameters of this new model thus obtained are determined by numerical 
simulation based on the Nelder-Mead algorithm. Results indicate that at our 
study site, the turbulence intensity decreases from the lowest wind speeds 
(0-1 m.s-1) to reach a threshold value between 7 and 12 m.s-1 depending on 
the time of year. It then increases to reach values of the order of 0.65. The 
model proposed in this study performs well whatever the time of the year. 
The Root Mean Square Error (RMSE) and the Mean Absolute Error (MAE) 
vary from (0.018; 0.015) in December to (0.13; 0.108) in March. Finally, 
the comparative study between the new model and the Normal Turbulence 
Model (NTM) of the IEC (International Electrotechnical Commission) 
standard revealed that only the model proposed is suitable for the site of 
Cotonou with the lowest estimation errors (0.03; 0.05). This model can 
therefore be used for the design of new wind turbines along the Benin coast 
in Cotonou. 

I. INTRODUCTION 

The turbulence intensity is an important parameter for 
the design of wind turbines as well as for the estimation 
of the output power of these turbines. During their 
operation, they may be exposed to complex 
meteorological conditions due to wind turbulence, the 
latter of which causes different loads on the blades such 
as fatigue and static (Cheung et al., 2016 ; Peña et al., 
2015 ; Dimitrov et al., 2017 ; Kim et al., 2015). To better 
understand the behavior of such a turbulent system, wind 
fluctuation models are very important for the design and 
operation ofwind turbines (Leu et al., 2014). Thus, the 
IEC (International Electrotechnical Commission) 
standard (IEC 61400) developed by European and US 
countries is a set of design requirements to ensure the 
proper operation and lifetime of wind turbines. This 
standard therefore provides the wind turbine designer 
with a normal turbulence model (NTM) serving as a 
reference for calculating the induced load on wind 
turbines. These loads, which are then evaluated from this 
model, are used in the wind tunnel to test the resistance of 
blades before their use on site. 

However, hypotheses about the weather conditions to 
which the wind turbines will be exposed are formulated 
in this model during the design phase. After evaluating it 
in some turbulent environments, several authors came to 
the conclusion that these assumptions do not always 
include all the design models and wind dynamics 
associated with these types of sites (Wang et al., 2013; 
Ren et al., 2018; Lopez-Villalobos et al., 2018). Its use 
can therefore lead to structural damage to the 
technologies installed in these areas, thus resulting in an 
underproduction of energy. 

In our study area which is suitable for wind energy 
exploitation according to Donnou et al., 2019a, the work 
of Houngninou et al., 2017a revealed high fluctuations in 
surface winds. The correct turbulence intensity modeling 
is therefore essential for estimating the fatigue load 
during the design of wind turbines (Wang et al., 2013). 
To do this, the model proposed by Cheung et al., 2016 
was used in combination with the formulations of the 
average wind shear profile proposed by Panofsky, 1973 
and reported by Peña et al., 2008. We then modified the 
parameters of the model thus obtained in order to propose 
a new model for the Cotonou site. A numerical 
simulation allowed us to determine the adjustment 
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constants of the new model. Finally, a comparison 
between the proposed model and the model of the IEC 
standard was made. 

II. MATERIAL AND METHODS 

II.1. Material 

a- Study site 

Our study site is located in the coastal area of Benin 
in the Gulf of Guinea. It is 125 km in length. This zone is 
between 6 ° 10' and 6 ° 40' N, 1 ° 40 ' and 2 ° 45' E 
(Figure 1). 

 
Figure 1.Geographic location of Benin’s coastal zone on 

the map of Africa. 
 

b- Data 

The wind speed and direction data measured during 
the first MCA (Millennium Challenge Account) compact 
were used in this study. These raw data were recorded 
every 10 min at 10 m above the ground during the period 
from June 1st, 2011 to April 30th, 2014. Figure 2 shows 
the experimental site of Cotonou Port where 
measurements are performed at the seaside. 

 

 
 

Figure 2.:  Experimental site of Cotonou Port (Richard 
and Dolle, 2011) 

II.2. Theory 

a- Wind Turbulence intensity 
The wind turbulence intensity is the index of wind 
turbulence at low frequencies. It is the ratio of the wind 
standard deviation to the average horizontal wind speed 
(Mirhosseini et al., 2011): 

 UI U
V

  (1) 

 
V is the wind standard deviation (m.s-1) and U is the 
horizontal wind speed (m.s-1). 
 

c- IEC standards 

For the design of small wind turbines, the IEC 
standard 61400-2 was used to estimate the wind 
turbulence intensity. It expresses the 50th and 90th 
percentile (IEC 61400.2-2013): 
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refI equal to 0.18 represents the characteristic value of 
turbulence intensity at awing speed of 15 m.s-1, a is the 
slope parameter, the values 0.56 and -2 correspond to the 
characteristic coefficient of the standard deviation 
variation. 
 

d- Turbulence intensity modeling 

In a study carried out by Cheung et al., 2016 on the 
modeling of the wind turbulence intensity, a simple 
model for estimating the turbulence intensity 𝐼𝑈 was 
proposed: 
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0I is an adjustment constant. The standard deviation is 
given by: 
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0V  and 0W are the adjustment constants, 𝑙𝑀𝐵  is the scale 

length in the middle part of the atmosphere (m), U
Z

w
w

is 

the average wind shear profile. In the case of our study 
where the data are measured at 10 m above the 
ground,  𝑙𝑀𝐵  is equal to 𝑙𝑆𝐿  (scale length in the surface 
layer). According to Peña et al., 2008, this length is a 

function of altitude ( SLl = z ). Equation (4) then becomes: 
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According to the studies of Panofsky, 1973 and 

reported by Peña et al., 2008, the average wind shear 
profile is given by: 
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*u is the wind friction velocity (m.s-1), N is the von-

Karman constant ( 0.40| ), mI is the correction 
function of the atmospheric stability. By integrating 
equation (7) into equation (6) we have: 
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where the expression of mI  is given for each 

atmospheric stability class: 

- For an unstable atmosphere : 
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- For a neutral atmosphere : 
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- For a stable atmosphere : 
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P , Q are adjustment constants. L is the Obukhov 
length (m) which characterizes the state of the 

atmospheric stability. The friction velocity *u  and the 
Obukhov length were determined for the Cotonou site by 
Donnou et al., 2019a and used in this study. By 
modifying the parameters of equation (8), we included 
the wind speed in the first term of this equation by 

multiplying it by 0I . We thus obtain a new model for 
estimating the wind turbulence intensity: 
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1E and 2E are adjustment constants. The different 
adjustment constants found in the models of equation 
(12) were determined by an optimal approach using the 
Nelder-Mead algorithm (Lagarias et al., 2018). This 
algorithm is modeled by the fminsearch function under 
Matlab. 

III. RESULTS AND DISCUSSION 

III.1. Adjustment of the analytical model to the 
data 

In Figures 3 and 4, the modified model for estimating 
the wind turbulence intensity has been simulated for 
stable and unstable atmospheric conditions. These 
stability conditions at the study site are indicated in the 
study by Donnou et al., 2019a. The different adjustment 
constants obtained after simulation are presented in Table 
1. The Root Mean Square Error (RMSE) and the Mean 
Absolute Error (MAE) are two indicators, which have 
been used in this study to evaluate the estimation errors 
between the proposed model and the wind turbulence 
intensity data. When the RSME and MAE values are 
close to zero, the model is better and can suitably 
generate the data again. 

In Figures 3 and 4, we notice that during the year, 
except the months of August, July, September, 
December, the wind turbulence intensity is not a 
decreasing function of the wind speed. Indeed, it varies 
from the low wind speeds (0-1 m.s-1), with a value of the 
order of 3.2 for the month of March (unstable 
atmospheric class), to the threshold speeds between 7 and 
12 m.s-1 depending on the period of the year. Beyond 
these threshold values, the turbulence increases to reach 
other maxima of the order of 0.65 observed during the 
months of March, May, October and November. These 
high values would be due to the thermal turbulence, 
surface roughness and wind shear, as mentioned in the 
studies of Wang et al., 2013 and Turk and Emeis, 2010. 
The values recorded above 0.20 are at the origin of 
several structural malfunctions that could be observed on 
wind turbine blades, reducing their lifetime and also 
leading to an underproduction of energy according to the 
work of Stival et al., 2017, Siddiqui et al., 2015, 
Chowdhury et al., 2013, Adaramola and Krogstad, 2011, 
and Lubitz, 2011. These values must therefore be taken 
into account when designing future wind turbines to be 
operated on the Cotonou site. The lowest values of the 
wind turbulence are obtained in July and August 
whatever the atmospheric stability conditions and are due 
to the presence of the West African monsoon. Indeed, 
during this period, the temperatures are low, the winds 
are regular, and their speeds are almost constant. 
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Figure 3. Evaluation of the proposed model with turbulence intensity data at 10 m above the ground (unstable 
atmosphere)
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Figure 4. Evaluation of the proposed model with turbulence intensity data at 10 m above the ground (stable 

atmosphere) 
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Table 1. Calibration constant values of the modified turbulence intensity model 
 Proposed model (unstable/stable classes) 

Period 
0I  1E  0V  0W  

P  Q  
2E  

Jan 0.08 0.001 0.29 1.96 -1.02 -2.6 1 1.77 -0.32 1.4 1.04 1 1.74 1.54 
Feb 0.02 0.002 1.11 2.02 -0.19 -6.1 0.73 15.1 -0.58 -1.9 0.79 1 1.60 1.51 
Mar 0.006 1.66 1.60 -1.09 1.25 0.3 0.38 -0.19 -3.62 0.27 -0.21 1 1.40 -1.45 
Apr 0.004 0.006 1.70 1.42 1.34 1.5 0.16 -1.9 -0.28 -1.1 -1 1 1.44 1.21 
May 2.02 1.26 -1.87 -1.23 1.15 0.12 -0.38 -0.05 -0.38 1.73 1.28 1 -1.15 -3.03 
Jun 1.57 1.68 -1.48 -1.56 0.02 1.71 0.23 -1.04 0.41 1.5 0.31 1 -0.79 -1.38 
Jul 1.10 0.0002 -0.96 2.6 -0.18 0.92 0.28 0.91 0.23 -0.16 -0.38 1 -1.37 1.07 

Aug -0.28 0.016 -0.10 -0.07 0.61 0.98 1.19 -0.02 -0.27 -0.52 0.27 1 0.58 0.95 
Sep 0.007 1.03 1.5 -0.98 1.62 0.34 9.92 -0.43 -25.1 0.04 -2.87 1 1.69 -1.20 
Oct 1.77 1.02 -1.89 -1.8 0.15 0.46 -0.06 0.97 0.76 -1.54 -1 1 -1.47 - 0.85 
Nov 0.01 1.42 1.45 -1.77 1.4 -0.005 8.39 4.01 -0.26 -1.87 -8.66 1 1.71 -1.87 
Dec 1.65 0.003 -1.71 1.30 -0.05 0.83 0.65 0.03 0.43 -1.37 1.48 1 -1.06 1.19 
Ann 0.079 1.32 1.53 -1.46 3.30 0.12 -3.29 0.34 -1.26 -1.8 -0.70 1 1.72 -1.09 

We also noticed that the modified model for 
estimating the wind turbulence intensity which is a 
function of atmospheric stability conditions, the ground 
friction velocity (or the roughness length) and the wind 
speed, gives a better fit with the data. The lowest values 
of the error estimators (RMSE and the MAE) are 
recorded during the month of December (0.024; 0.019) 
for the unstable class and for the stable class (0.0183; 
0.0152). The highest values are observed in May (0.13; 
0.094) for the unstable class and in March (0.1321; 
0.1087) for the stable class. The calibration constant 
values that are input parameters for the proposed model 
vary from one month to another. This model can then be 
used to estimate the fatigue loads induced on wind 
turbine blades in southern Benin. Accordingly, new types 
of wind turbines can be designed from the actual model 
for optimizing energy production. 

 

III.2. Comparison between the proposed model 
and the model of the IEC standard. 

Figure 5 presents a comparison between the model of 
the IEC standard and the proposed model. It follows from 
this that only the model proposed is in agreement with the 
data whatever the period of the year with low MAE 
values. The model of the IEC standard has therefore 
demonstrated its limitations and is not suitable to the site. 
This result is confirmed by the studies of Ishihara et al., 
2012, Wang et al., 2013, Leu et al., 2014, Lopez-
Villalobos et al., 2018 and Ren et al., 2018 performed at 
others sites. The hypothesis of the wind turbulence 
intensity decrease over the entire range of wind speeds 
contained in the IEC standard is thus not verified. This 
turbulence distribution observed at our site is in keeping 
with the studies of Turk and Emeis, 2010 and Wang et 
al., 2013. 

In table 2, we have summarized the different results 
obtained in this study. 

 
Figure 5. Comparison of the proposed model with the IEC model for small wind turbines at 10 m above the ground
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Table 2. Recap of the results obtained 
 

N° Models Mathematical formulation Estimation errors 
1 Data 
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IV. Conclusion 

Wind speed and direction data were used to model the 
wind turbulence intensity at the Cotonou site in order to 
optimize energy production. From the model proposed by 
Cheung et al., 2016, we integrated the expression of the 
average wind shear profile proposed by Panofsky, 1973 
and reported by Peña et al., 2008. The model obtained 
was then modified. The adjustment parameters in this 
new model were determined by numerical simulation 
based on the Nelder-Mead algorithm. The study shows 
that the turbulence intensity is not always a decreasing 
function of the wind speed. At our site, it decreases from 
the lowest wind speeds to reach a threshold value 
between 7 and 12 m.s-1 depending on the time of year and 
then increases to reach values of the order of 0.65. The 
proposed model is more adapted to the Cotonou site and 
is better than the normal turbulence model of the IEC 
standard with low RMSE and MAE values. It can 
therefore be used for the design of new wind turbines 
able to withstand the weather conditions along the coast 
of Benin. 
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