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Abstract: The stochastic behavior of wind speed is a particular characteristic of wind energy
production, which affects the degradation mechanism of the turbine, resulting in stochastic charging
on the wind turbine. A model stochastic is used in this study to evaluate the efficiency of wind
turbine power of whatever degree given fluctuating wind turbulence data. This model is based
on the Langevin equations, which characterize, by two coefficients, drift and diffusion functions.
These coefficients describe the behavior of the transformation process from the input wind speed
to the output data that need to be determined. For this present work, the computation of drift and
diffusion functions has been carried out by using the stochastic model to assess the output variables in
terms of the torque and power curves as a function of time, and it is compared by the classical method.
The results show that the model stochastic can define the efficiency of wind turbine generation
more precisely.
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1. Introduction

Wind energy has become one of the most encouraging responses to global energy troubles. This is
due to recent advances and intense research activities in engineering, meteorology, and physical
sciences. However, there are still important difficulties to overcome, such as the following: firstly,
the predictability and optimization of power production; and secondly, the high cost of constructing
wind turbines by optimizing their control and monitoring [1]. In fact, the devices dedicated to the
measure of some load types are expensive. Moreover, the unpredictable manner of wind makes
it primordial to place more than one device at each turbine, in order to prevent the loss of load
measurement accuracy. The estimation of loads applied to the wind turbine is important to estimate
the life expectancy of the turbine. The arrangement of wind speed measurements at different wind
turbines was used for generating the torque. This can serve to assess fatigue analysis of the wind
turbine and the blades.

The pioneering work of Peinke and Friedrich in 1997 [2] was at the origin of the development
of the Langevin approach, which consists of a direct method for extracting the evolution equation of
a stochastic series of measurements. Improving the methods necessary for predicting the electrical
power produced by wind farms is essential to increase the wind energy contribution to electrical and
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power production. In this context, several studies were conducted during the last decennary [3,4].
The framework developed by Milan et al. [5] consists of deriving a stochastic differential equation
describing the evolution of the torque at one wind turbine. It shows through this method that,
using only the load measurements at one single turbine and the set of wind speed measurements,
the fatigue loads in any wind turbine within one wind park can be accurately estimated. In another
study [6], and in order to establish a new stochastic modeling approach for the wake of a wind turbine,
data were generated and analyzed by the turbulence-resolving large-eddy simulation (LES) PALM
model. A procedure to derive stochastic wake models from costly computational fluid dynamics (CFD)
was also presented. Lind, and her. [7] presented a stochastic approach to model the conversion process
operated by a wind energy converter (WEC) used to convert wind fluctuations and wind gusts into
electrical power fluctuations and power gusts fed into the grid. The result of the study they conducted
shows the effect of turbulence on wind power production, as well as the importance of turbulence
research to completely convert more wind energy into electrical networks. A more emphasized and
detailed study conducted by the same researchers [8] had as an objective the development of a new
stochastic approach in order to describe and remodel the conversion process of a wind farm considering
the wind farm as a dynamical system described as a stochastic drift/diffusion model [9]. The Langevin
equation was then used and adapted to the current system to model a synthetic signal of power output
for any given wind speed/direction signals.

In this study, we carried out a stochastic analysis to model wind fluctuations created by a turbulent
wind flow. A Langevin equation-based procedure was used. At that point, the electric power derived
from wind was assessed by taking into account the dynamic response of a standard wind turbine
under these wind field speed fluctuations. Then, the differential equations of the stochastic model were
implemented by using Matlab simulation. The numerical simulation allowed the power variance to be
extracted, based on wind velocity. Therefore, we conclude by showing that the results of stochastic
modeling and the classical formula used for estimating the power are coherent. However, for reliable
prediction of wind energy potential in a given site where wind speed is recorded instantaneously,
the stochastic model is suggested. In future work, a comparative study of experimental data will
be performed.

2. Features of the Wind Energy Converter Dynamics

One of the biggest issues in wind energy development is to properly estimate the output
characterization of the wind turbine. Data estimation is needed to determine the power curve of a
given machine. After all, it is certain that the wind speed u(t) and the power output P(t) are needed.
It can also use the wind direction

→
u(t) as theory relates the following:

The study of wind is an essential step before any wind turbine installation project. Wind is a
variable element and its change can depend on many phenomena, such as temporal phenomena and
phenomena related to altitude. Typically, wind speed is measured by using an anemometer, as shown
in Figure 1. The most common types are cup anemometers and ultrasonic anemometers. However,
these sensors should be used for more than a year to characterize wind farms.

Measure Requirements

To simulate a wind energy converter’s power output properly, the stochastic model must be
parameterized. Effective parameters can be derived from a calculation of interest taken out in advance
at the WEC.

The variables to be evaluated are the WEC’s simultaneous wind speed u(t) and power output
P(t) time signals. The sampling frequency of the time series must be of the order of 1 Hz, as shown in
Figure 2.

Over most important features, the irregular tasteful essence of the wind is observed. This reflects
the need for high-frequency measurements containing extensive information on the rapid variability,
which is not available with the generic ten-minute average measurement technique.
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Figure 1. Measuring equipment of the wind speed and electrical power [10].

This basically motivated us to study this aspect, as the most important aim to present this method
is to model the complex statistics.

Figure 2. Schematization of the wind speed u(t) (right) and power output P(t) (left) at a frequency of
1 Hz.

For an accurate display of the dynamics of the WEC, the original measurement should be
sufficiently long to cover all the necessary wind conditions. Therefore, the wind speed u(t) should be
estimated from the mast at hub height approach, as defined in the standard International Electrotechnical
Commission power curve. For optimal performance, actual data requirements and corrections as
defined in the IEC standard could be applied here [11]. Only the reported data sampling frequency
must be in the range of 1 Hz instead of the average of ten minutes specified in the IEC standard.

For that reason, by definition, the stochastic model is applicable to power curve methods, since it
attempts to transform wind velocity into power output. This intrinsic possible connection makes
it a versatile tool that could be applied to any WEC design showing a clearly defined power curve.
The measurement data used in this work contain 100 points, and the frequency takes the value of
25 Hz [12].
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3. Mathematical Formulation

3.1. Basic Model

The equation of the kinetic energy of the wind is

Pwind =
1
2
× SwindTurbine × ρ× u3, (1)

The recovered power for a wind turbine is

PwindTurbine = Cp × Pwind, (2)

where Cp represents the power coefficient, SwindTurbine indicates the surface swept by the wind turbine
(m2), ρ is the air density (1.225 kg/m3), and u represents the wind speed (m/s).

3.2. Stochastic Model

Differential equations are widely used to describe dynamic complex, nonlinear systems. Regardless
of the ensemble averages, the focus is only on the instantaneous electric wind turbine power
output [13–15]. This work covers the analysis stochastic based on a current model for rebuilding the
increment statistics of the torque in single wind turbines as a tool for estimating fatigue loads of one
wind turbine as well as of its neighbors. The condition of the Langevin equation used here as the
model is defined as

dT
dt

= D(1)(T, u) +
√

D(2)(T, u)Γt, (3)

where T represents the torque at the wind turbine, u is the wind speed, Γt is a Gaussian, δ is the
correlated white noise, D1 is the drift function, and D2 is the diffusion function.

D1 and D2, appearing in Equation (3), can be calculated by using a time record of torque by means
of the first and second statistical conditional moments, respectively:

M1
u∗(T, τ) =

〈
T(t + τ) − T(t)

〉∣∣∣T(t)=T,u(T)=u∗ , (4)

M2
u∗(T, τ) =

〈
(T(t + τ) − T(t))2

〉∣∣∣T(t)=T,u(T)=u∗ , (5)

where 〈.〉
∣∣∣T(t)=T indicates the average over the full time series, whenever T(t) takes the value T and

wind speed u = u∗ [7].
In order to stochastically model the torque, we use the Langevin Equation (3) referred to above to

produce the torque by coordinating wind speed measurements at various wind turbines. It will serve
to test wind turbine power performance.

4. Results and Discussion

From Figure 3 that represents the values of torque 1 and torque 2 calculated using the classical
instantaneous method, the coefficients D11, D12, D21, and D22 are calculated from Equations (4) and (5),
respectively. These coefficients are shown in Table 1.



Proceedings 2020, 63, 32 5 of 8

Figure 3. Representations of torque 1 T(t) (line 1) and torque 2 T(t) (line 2), which were used to
calculate D1 and D2.

Table 1. Coefficients values used as inputs in the Matlab code.

D11 D12 D21 D22

1.3829 1.7395 × 105 1.6116 1.9925 × 105
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The results obtained by the implemented Equation (3) in the Matlab code using the coefficients
indicated in Table 1 are shown in Figure 4. As we can see clearly in Figure 4 (left), which presents the
distribution curves of the torque, there is a good coherence between the classical mechanical model
(blue line) and the stochastic model that we proposed (red line). This model, as it gives us a large
interval of torque values for a single wind speed value, helps us to control, more precisely, the value of
the torque and, therefore, the value of the extracted power, which is clearly a significant advantage of
using the stochastic model.

Figure 4. Representations of the numerical computation power (w) (up) and torque (N.m) (down)
curves at a frequency of 25 Hz containing 100 points; the frequency is similar to [12].
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We can also see that the torque spectrum has an upper limit, which gives us a more real picture
of the wind turbine’s operation. Since wind is very dynamic in nature, the resulting forces are also
dynamic in nature. A stochastic approach is proposed not only for modeling, but also for accessing
and extracting most of the information available in the torque and power dynamics.

In the operation of the wind turbine, we find that the torque probability density functions are
limited to extreme wind speeds, which helps to explain the effect of turbulence on the quality and
quantity of aerodynamic torque.

5. Conclusions

This paper had as an objective the development of a stochastic analysis to help predict the capacity
of wind energy given the instantaneous records of wind speed. To do so, our approach consists of
using a stochastic drift/diffusion model based on the Langevin equation to describe the attraction
towards the power curve and the additional turbulent fluctuations, respectively.

This method characterizes wind turbine power curves and torque more accurately and
independently of specific parameters of the site such as intense turbulence. This approach can
be used to conduct numerical simulation in order to estimate the wind velocity and, therefore, it seems
to be fully capable of treating the turbulent field. In addition, it can be used to re-estimate, more reliably,
the expected amount of electric energy that is available for a given implementation site in a wind
farm. It can be concluded that the stochastic approach can improve the accuracy of the standard
determined approach.

With these objectives in mind, we are going to focus on the application of the presented approach
in this article on real generated data in our future work.

Conflicts of Interest: The author declare no conflict of interest.
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