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ABSTRACT One of the main trends in the electric power industry is the use of green energy – renewable
energy sources (RES), especially wind power generation. The penetration of large wind turbine (WT) power
capacity leads to changes in the topology and characteristics of electric power systems (EPS), which can
cause an increase the likelihood of emergency processes and a decrease in the steady-state and transient
EPS stability. The issue arises in ensuring the EPS stability with RES units, especially in the case of large
disturbances. The main way to solve this issue is mathematical modeling. However, almost all the main
currently used software programs are based on deterministic methods for calculating EPS processes, which
are not able to consider all possible state uncertainties. To reliably determine all possible states of the system
in which it can be, it is necessary to determine in a non-deterministic form how the values in the nodes and
branches will be distributed. The peculiarity of this paper is associated with the use of a set of approaches to
increase the accuracy of the results obtained: the approximation method in combination with two goodness-
of-fit criteria for wind; the SIBD method, which generates the required probability density without loss of
density values; and the controlled discretization of input variables. This paper assumes the formation of a
WT stochastic model to study the impact of RES on stability in a non-deterministic form using the example
of IEEE standard bus systems in the Matpower program.

INDEX TERMS Wind turbine, wind speed time series, probability density function, cumulative distribution
function, power system stability, numerical simulation.

I. INTRODUCTION
Currently, due to the environmental challenges associated
with the use of fossil fuels as the main energy sources for
power production, wind energy has become the most promis-
ing alternative among renewable energy sources (RES). This
is due to the rapid development of generation and distribu-
tion technologies, power conversion, and new policies that
encourage the use of new generation technologies in electric
power systems (EPS).

According to the International Renewable Energy Agency
(IRENA) analysts, the RES penetration, as well as electrifica-
tion and increased energy efficiency, will provide more than
90% of the greenhouse gas emissions reduction needed to
achieve the Paris Agreement aim. According to the IRENA
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forecasts, wind power generation will provide more than a
third of the world’s electricity demand by 2050.

It is worth noting the risks associated with an inaccurate
knowledge of the probability distribution function (PDF)
describing these sources [1]. The stochastic nature of the
generated power can adversely affect the EPS stability, exces-
sively decrease the total system inertia, which can also lead
to unforeseen accidents (Fig. 1). The calculation of electricity
consumption is not only the basis for studying the entire EPS,
but also a criterion for the steady-state and transient stability
assessment [2].

To study this issue, in order to minimize the possible dif-
ference between the required and generated power, the con-
sideration of the RES penetration must be carried out in a
non-deterministic form, as well as it is necessary to find
the full probabilistic characteristics. The main issue is that
obtaining probabilistic characteristics by standard statisti-
cal methods does not have a comprehensive solution [3].
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FIGURE 1. Impact of wind power generation on power system operation.

Unlike conventional generating units (synchronous genera-
tors), the output characteristics of RES depend on the geo-
graphic features of the area where the units are installed, the
season and the average wind speed [4].

Based on the results of the existing scientific works anal-
ysis, several options for modeling wind turbines can be
noted. The first one is a deterministic modeling of wind
generation units and the study of the steady-state and tran-
sient processes [5]. In addition, a number of works con-
sider which wind laws can be applied to the modeling of
wind turbines during approximating full-scale measurements
using the goodness-of-fit criteria [6]. Moreover, the current
methods for reliable approximation of the probability dis-
tribution laws based on the available wind time series and
the goodness-of-fit criteria are studied. The difference from
previous literature sources is that no limitations on the types
of laws are used in Ref. [7]. There are results of model-
ing the impact of wind turbines on the EPS stability in a
non-deterministic form, when the input characteristic of the
wind turbine (WT) is a predetermined probability distribution
law, and the initial EPS load power is set randomly, using
the Monte Carlo method [8]. However, more and more often,
a full-fledged version of calculations is used with a specific,
full-scale example of the wind law, and an assessment of
the goodness-of-fit criteria [9]. Finally, the modifications of
Monte Carlo algorithm using the economic component of the
RES penetration are developed. The modeling of the most
common uncertainties (such as load demand, electricity price,
RES generation), as well as possible variants of the modified
Monte Carlo methods, and other methods of stochastic EPS
modeling have been described in detail in Ref. [10].

Most of the power systemmodeling programs currently use
deterministic methods and are unspecialized for stochastic
EPS modeling. To obtain probabilistic characteristics, single
calculations or a number of calculations are used with a
randomly set of wind turbine power and its probabilistic
characteristics, respectively. In addition, there are various
scientific works aimed at the assessment of the wind prob-
abilistic characteristics and their accuracy, as well as the
correct formation of the WT power curve using different

power functions (linear, quadratic, etc.). However, there are
practically no, or extremely rare, works devoted to a complete
and comprehensive analysis of the full probabilistic char-
acteristics of the EPS parameters, including wind turbines,
based on the full and reliable probabilistic characteristics of
the initial generation and load data.

To solve this issue, it was decided to form an algorithm for
a unified calculation process, which includes the use of justi-
fiedWTprobabilistic data, in conjunctionwith the probabilis-
tic data of the EPS load and generation. This approach allows
to carry out non-deterministic calculations of steady-state
EPS operation. The most relevant software package for the
implementation of such approach is the Matlab Matpower,
which is used in this paper, due to the ease of monitoring and
changing of any data involved in the calculation process, and
the existing base of IEEE test systems. Moreover, the rela-
tionship of this subroutine to the Matlab program allows to
implement a proposed algorithm and a calculation of any
complexity. To do this, it is required to create an appropriate
model and probabilistic characteristics of a wind turbine
generator that can work in this program based on real wind
time series data using approximation methods and goodness-
of-fit criteria. In this regard, the following requirements are
imposed on the developed WT model:
• the use of complete and reliable WT data, obtained by
wind time series approximation;

• the use of controlled EPS arguments discretization to
take into account the data of rare repeatability;

• the possibility of stochastic EPS calculating and obtain-
ing reliable probabilistic characteristics of the system
parameters on the entire data interval of the probability
density formation, in accordance with the selection of
interval boundaries of input and output data (SIBD)
method.

For high-quality modeling of EPSwith RES, it is necessary
to use wind turbine generator models with the possibility
of taking into account stochastic changes. Considering the
features of well-known EPS modeling programs (Eurostag,
PSS R© E, etc.) when using macros, Matlab was chosen to
study the issue, which has the ability to program all the
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required functions. Several of previous works have already
studied the possibility of obtaining the probabilistic charac-
teristics of the steady-state using the proposed SIBD method
in Matpower [11], [12].

Matpower is a special package of Matlab R©M-files, using
to calculate power flow (PF) and optimal power flow (OPF)
tasks [13]. Its main feature, in comparison with Simulink
and Simscape Electrical, is that Matpower allows to quickly
solve large-scale power systems. In this paper the nonlinear
AC model with corresponding options will be used, the solu-
tion of which will be carried out using the ‘NR’ method –
Newton’s method [14], since it provides the fastest system
solution, all other things being equal.

II. PROBLEM STATEMENT FOR DFIG MODELING
Throughout the development and implementation of wind
turbines, the use of various types of generators has been
studied – fixed speed cage or wound-rotor induction genera-
tors, variable speed doubly-fed induction generators (DFIG)
and permanent-magnet generators (PMG). The most state-
of-the-art WTs are Type-3 (with DFIG) and Type-4 (with
gearless PMG) wind turbine generators. This paper focuses
on the application of DFIGs, since they are gaining wide
acceptance in the power industry among the different types
of WTs, which is due to several reasons. The main reason can
be considered the ability to flexibly vary its operating speed
to gain optimum WT power generation. This is achieved
by supplying the rotor circuit with real and reactive power
from the back-to-back converter, as shown in Fig. 2. The
converter circuit makes it possible to both produce and con-
sume reactive power, which is not possible for fixed speed
induction generators. Consequently, DFIGs do not cause the
same voltage instability issues as the latter [15].

FIGURE 2. Standard configuration of a DFIG turbine.

After determining the DFIG power factor, the nodes asso-
ciated with wind power installation location is considered
as time-varying P-Q nodes with active power as a function
of wind speed and reactive power as a function of active
power and voltage at generator terminals. If the generator
voltage has been set in advance, and the reactive power of
the wind turbine is adjustable, the nodes will be considered
as P-V nodes, changing over time series. In practice, these
two types of node models are interchangeable. For modeling
in Matpower, it is also possible to model DFIGs as P-Q or
P-V nodes, depending on the objectives of the study [16].

In the case ofmodeling aDFIG as aP-Q node, it is assumed
that the wind turbine is operating in the power factor control
mode, i.e. the initial value of reactive power is equal to zero.
In the case of modeling a DFIG as aP-V node (voltage control
mode) – the reactive power limits are applied. For dispatch-
able generators it is required to define ‘type’ = 2 (P-V) in
Matpower, and set the generator data. For non-dispatchable
generators (such as wind power), it is required to set node as
‘type’ = 1 (P-Q) and define the power injected as negative
load.

Currently, one of the main trends in the EPS with RES
development and management is to keep a given voltage level
in the network nodes. According to this, the wind turbine
generator will be set as a P-V node, in order to be able to
set the required voltage, including in a probabilistic form.
The logic of the experimental studies consists in the wind
turbine probabilistic analysis, which requires the use of the
wind turbine generator as a controlled unit, while the P-Q
type simulation is better suited for deterministic use of the
EPS with RES calculation and analysis.

III. THE WIND SPEED PROBABILITY DISTRIBUTION
APPROXIMATION
The wind turbine power capacity highly depends on the tur-
bine type used in the wind farm and geographical location.
The accuracy of wind power generation forecasting can be
achieved by taking into account all possible factors that may
affect the final capacity [17]. The wind speed on the area
varies randomly, and its change in a certain region over a
certain period of time can be represented by various PDF. The
selection of a suitable probability distribution law to describe
the actual wind speed distribution is one of themost important
tasks for the accuracy of forecasting, studying and modeling.

Themost commonly used distribution is the two-parameter
Weibull distribution [18], which can be described by Eq. (1).
It is a versatile PDF, is simple to use, and is found to be
accurate for most of the wind characteristics encountered in
nature [19]. However, Weibull distribution is not suitable for
certain wind regimes.

PDF(v) =
(
k
c

)(v
c

)k−1
exp

[
−

(v
c

)k]
(1)

where k and c are the shape and scale factor of the Weibull
PDF, respectively.

The selection of the distribution law depends on many
factors, including the features of specific task. To determine
the calculated wind speed, the main requirement is a reliable
coincidence of empirical and theoretical distributions in the
high values region. The wind speed distribution has also
been described in the literature using several other PDFs,
which include lognormal, beta, and gamma distributions.
A detailed review of different PDFs for wind speed modeling
and techniques for estimation of their parameters is given
in Ref. [20]. Subsequently, the approximation of the wind
speed distribution by the Weibull and Weibull-Goodrich law
has become one of the most widely used. Along with this
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law, the normal distribution law is often used for theoretical
alignment, but a large sample size is required for reliable
estimation of the distribution parameters.

The wind is stochastic in nature. To deal with wind speed,
it is necessary to describe its behavior by a probability den-
sity function. The distribution that is used to describe wind
speed affects the estimate of the wind energy potential due
to the cubic dependence between wind speed and power,
consequently, even a small change in wind speed can lead
to a significant change in power. For this reason, the chosen
distribution should fit well with the measured wind speed
data.

The wind speed data used in this paper will be extracted
using a graphical method and an appropriate check will be
carried out using the Pearson and Kolmogorov goodness-of-
fit criteria [21]. For the experimental studies, a sample of
wind time series data with an unknown cumulative distribu-
tion function (CDF) was taken (Fig. 3).

FIGURE 3. Wind time series data.

The sample size is 9000measurements. Based on the infor-
mation provided, preliminary conclusions can be drawn about
the frequency of thewind values, the bothmaximumobserved
and average values.

Before starting the process of finding a suitable CDF and
validating it against the goodness-of-fit criteria, the wind
input data needs to be processed. To do this, the unique values
that occur in the wind time series were extracted, as well as
the number of occurrences of each unique wind speed value
was found. After this, the total number of measurements,
the cumulative frequency and density of the distribution at
the last step were obtained (Fig. 4). This procedure is per-
formed using a script that computes the distribution param-
eters from the wind time series, programming in Matlab
by Robin Roche [22]. In this case, the Weibull law was
accepted.

Further, the Weibull parameters through the linearize
distributions using the polynomial curve fitting function

FIGURE 4. Extracted probabilistic characteristics.

FIGURE 5. Polynomial curve fitting function.

FIGURE 6. Obtained wind data CDF.

were extracted [23]. The results are shown in Fig. 5.
The parameters for constructing the model were following:
k = 1.4028 and c = 5.2612, respectively (Fig. 6).
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FIGURE 7. Wind turbine power curve characteristics.

The suitability of the chosen theoretical distribution for
describing the empirical probability of a given meteorolog-
ical argument is verified using the goodness-of-fit criteria
(Table 1):

TABLE 1. Goodness-of-fit testing results.

According to the goodness-of-fit tests, by applying both
criteria (with a given 5% significance level), the selected the-
oretical distribution function can be reliably used for indirect
calculations.

IV. WIND TURBINE POWER CURVE MODELING
The power curve of a wind turbine represents the relationship
between the input wind speed and the output mechanical
power, and is an important characteristic of the turbine. With
the growth of wind power generation, WTs are installed
in various climatic conditions, both onshore and offshore,
as well as in difficult landscapes, which leads to a signif-
icant deviation of these curves from the guaranteed val-
ues. Accurate power curve models can play an important
role in improving the wind generation performance. Possible
models of the wind turbine power curve can be found in
Ref. [24].

In this paper, to test the general structure of the algorithm
of finding the steady-state probabilistic characteristics with
RES, it is sufficient to use a simplified model [25]. The
generated power of a wind turbine is determined using its

speed and power curve as in Eq. (2).

Pwi =


0 if v ≤ vin or v ≥ vout
v2 − v2in

v2rated − v
2
in

Pwi,r if vin ≤ v ≤ vrated

Pwi,r else

(2)

where Pwi,r is a rated power of wind turbine installed in node
i, Pwi is a generated power of wind turbine in node i, vout is a
cut-out speed, vin is a cut-in speed and vrated is a rated speed
of the wind turbine.

For experimental studies, the NREL 5.0 MW Baseline
Wind Turbine was selected (Table 2) [26].

TABLE 2. Parameters of DFIG.

According to the data in Table 2, taking into account the
Eq. (2), it is possible to form a WT power curve and the
corresponding probability density (Figs. 7a and 7b). To sim-
plify the model, the electrical and mechanical losses can be
ignored. In the case of studying transient stability, the used
models of the generator, gearbox, and converter can have a
major impact on the results accuracy, especially during the
disturbances near the RES location.
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V. EXPERIMENTAL RESULTS
The computational algorithm was tested on the IEEE 14-bus
system model (Fig. 8). It is part of the American power
grid (Midwestern US), as of February 1962. The system has
14 buses, 5 generators, and 11 loads. The basic power of the
system is 100 MVA. Detailed information is provided in the
technical documentation [27].

FIGURE 8. IEEE 14-bus system.

Active power and voltage level of the generators, active and
reactive power of the loads are set according to predetermined
expected value (EV) and standard deviation (SD), and all
non-deterministic vectors are calculated with respect to the
inverse normal and uniform CDF distribution as in Eq. (3).

f1n(n1), f1q(q1), . . . , fin(ni), fiq(qi),
fg1n(ng1), fg1u(ug1), . . . , fgkn(ngi), fgku(ugi),
c1n(n1), c1q(q1), . . . , cin(ni), ciq(qi),
cg1n(ng1), cg1u(ug1), . . . , cgkn(ngi), cgku(ugi);

(3)

At this stage, the initial WT probabilistic data was also set
in the calculation program.

After that, the quantile orders of the source data were
selected, which will be adhered to, from the range from 0 to
1 (0,. . . , p1. . . , pj. . . , 1) with a uniform step. The preparation
of quantiles and quantile orders of the variable mode values
is necessary for solving the main problem, since this allows
using of probabilistically determined data.

If there is no dependence between the parameters in the
nodes, the system can be simplified as in Eq. (4) (for the zero
quantile order).

n10 = f −11n (0), q10 = f −11q (0),

ni0 = f −1i1n (0), qi0 = f −1iq (0),

ng10 = f −1g1n(0), ug10 = f −1g1u(0),

ngk0 = f −1gkn (0), ugk0 = f −1gku (0);

(4)

The solution is formed for all quantile variants of a given
order for the case of independent components at network

nodes. If necessary, this dependence can be taken into account
by adding a correlation coefficient. Further, the PDF of the
values from the zero-order random value (RV) quantiles can
be formed as in Eq. (5).{

c1n(n10), c1q(q10), . . . , cin(ni0), ciq(qi0),
cg1n(ng10), cg1u(ug10), . . . , cgkn(ngk0), cgku(ugk0);

(5)

The probabilistic data is generated for all quantile orders.
The produced data is used to calculate the steady-state of the
EPS. In parallel, the multiplied values of the probabilistic
characteristic quantiles are calculated for each individual
steady-state with probabilistically determined initial data as
in Eq. (6).{
c1n(n10) · c1q(q10), . . . , cin(ni0) · ciq(qi0),
cg1n(ng10) · cg1u(ug10), . . . , cgkn(ngk0) · cgku(ugk0);

(6)

A flow chart of solving the power flow with the proposed
model is determined in Fig. 9.

FIGURE 9. Flow chart of solving the power flow with the proposed WT
model.

After the calculations performed using all quantile orders
in their various combinations, all possible values of oper-
ating parameters in the nodes and branches, as well as
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FIGURE 10. CDF of power losses in branch 14.

multiplied values of the probabilistic characteristic quantiles
were obtained. Further, for the selected investigated value,
separate arrays are taken, that contain data on all possible
functional dependency (FD) values and the corresponding
PDF. According to the obtained FD, a separate series of
uniformly distributed values is formed. With a given delta,
the multiplicative PDF is summed when the corresponding
FD value is equal to the value from the series. This is carried
out for each FD value from the series. At the end of the
calculation, the PDF is normalized.

The output probabilistic characteristics were taken from
the previous research, where the steady-state was calculated
in a non-deterministic form. According to the results, the
largest power losses were obtained in branches 1, 2 and 14.
Since the slack bus of the system is located near the branches
1 and 2, a more distant node 8 (branch 14) were considered
for experimental studies.

The planned penetrated capacity of RES is 5, 10, 20 and
50 MVA. With an increase in the penetrated WT capacity,
the wind farm will be considered with the same probabilistic
characteristics as a single unit. Within each iteration of the
steady-state calculation, a wind turbine generator with P-V
settings will be added to node 8. After that, the calculation of
power losses and EPS parameters was made. Further, the cal-
culation and normalization of CDF and PDF parameters were
preformed. A little less than half a million steady-state cal-
culations were performed for each individual installed WT
capacity.

For greater clarity, Figure 10 shows the density of the
apparent power loss in branch 14 without WT (Fig. 10a) and
with 50 MVA WT (Fig. 10b).

According to the results obtained, with 50 MVA penetra-
tion, the total power loss in the branch 14 can increase by
about 2.5 times (Table 3). Within the obtained distribution
limits, the values that are beyond 0.99 of CDF have the largest
spread with the minimum occurrence probability. According
to the main CDF logic, the power loss with a 99% probability
will not exceed the value at 20.59 MVA, which is 78.30%

of the maximum. In the case of the wind turbine generators
absence, the FDwith 99% probability will not exceed 53.93%
of its value in 6.56 MVA. The study of CDF in some cases
will contribute to the power losses analysis and determine
the maximum possible losses with a minimum occurrence
probability in the future.

In addition, with an increase of WT power, a shift of
the expected value and a decrease in the probability of the
power losses can be observed. The analysis of repeatability
of certain WT power values will make it possible to assess
the impact of the power CDF on the steady-state stability.
Table 3 summarizes all the data obtained during the different
WT capacities penetration. It can be determined that when
the WT penetration level increases, the maximum apparent
power loss and power losses percentage also increase, but
their assessment requires additional study of all the obtained
probabilistic characteristics.

As a result, the calculated operating parameters in the
nodes and branches were also obtained. Figure 11 shows the
minimum and maximum possible fluctuations of the voltage
value (Fig. 11a) and voltage angle (Fig. 11b) for the case
of 50 MVA penetration for each bus, which were found
together with the main calculations.

In accordance with the logic of the calculation method,
there is no practical problem with the adaptation of the algo-
rithm to large-scale EPS. The experimental studies on the
example of the IEEE 57-bus system with and without wind
power penetration were also carried out. The WT capacity
was equal to 20 and 50 MVA, the studies were conducted in
order to compare the tendency of changes in the probabilistic
power losses characteristics. The general calculation process
corresponds to Fig. 9. Test case system is not modified, it has
7 generators, 57 buses and 42 loads [28]. The basic power
of the system is 100 MVA. Preliminarily, the calculation of
the steady-state EPS operation without RES was carried out.
According to the results, the maximum possible power loss
can occur in branches 1, 8 and 15. An example of the initial
power loss probabilistic characteristic is shown in Fig. 12a.
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TABLE 3. Power losses results for IEEE 14-bus system.

FIGURE 11. The minimum and maximum possible fluctuations of the voltage value and voltage angle.

The WTs were penetrated in node 9, which related to
branch 8, because as in the previous experiment, the studies
are focused on probabilistic characteristics at a distant nodes.
According to the results obtained, the total power loss can
increase by 1.5 times, and, as in the previous experiment,
there is a change in the probability characteristic intensity and
a shift in the EV (Fig. 12b).

Despite the general similarity of the experiments, in this
case for the studied branch a decrease in the power loss
percentage can be observed, which may indicate a decrease
in a particular branch loss (Table 4). However, depending on
the branch under study, the effect of power penetration is
individual. For example, in the case of branch 15 of IEEE
57-bus system and branch 2 of IEEE 14-bus system, the
WT penetration does not have significant impact on the total
power losses.

According to the data presented in Tables 3 and 4, it can
be concluded that in the probabilistic modeling of EPS with
WT, the RES penetration affects individual EPS parame-
ters ambiguously. Depending on the penetration capacity
and the specific EPS scheme, the operating parameters and
their probabilistic data change individually. For probabilis-
tic analysis, it is necessary to investigate the values lim-
its, EVs, and CDFs changes in aggregate, e.g., to find the
optimal WT capacity for installation, or other optimization
problems.

Further scientific work will be devoted to a full assessment
of the obtained characteristics. In addition, the use of different
wind time series will be considered for the study of CDF
changes in the nodes and branches (EV, SD, assessment by
the goodness-of-fit criteria), and the necessary modifying
of the wind turbine generator model will be made, according
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FIGURE 12. CDF of power losses in branch 8.

TABLE 4. Power losses results for IEEE 57-bus system.

to the mechanical losses, the specific conditions of connec-
tion to the network, etc.

VI. CONCLUSION
For the probabilistic formulation of the problem and the EPS
with WTs calculation, the use of probabilistically reliable
information is required, as a result of which, for its correct
processing and modeling, it is necessary to use a set of
methods and tools that can present data not only with a
minimum error, but also for all wind repeatability values.
Within the framework of the proposed probabilistic approach,
a stochastic model of a wind turbine generator was presented
for calculating EPS states in a non-deterministic form in the
Matpower.

The adequacy of the physical parameters is due to the use
of the selected quadratic power curve mathematical model,
taking into account the pitch angle control and the technical
data of a practical wind turbine. The probabilistic data are
supported by the use of a graphical approximation method in
conjunction with the goodness-of-fit criteria, according to the
results of which the wind time series probability distribution
was determined as the Weibull law.

The WT model was successfully tested in IEEE
14 and 57-bus systems using the SIBD method. In addition,

the possible fluctuations of the system generation and load
were taken into account. The maximum power losses in
the branches were determined, as well as their probabilistic
characteristics. According to the results obtained, changes in
the probabilistic characteristics occur individually, with a pre-
dominant trend towards an increase in possible power losses
with EV and SD shift, respectively. Nevertheless, in some
cases it is possible to observe the absence of dependence of
power losses on the penetrated WT capacity, or a tendency to
decrease.

The aggregate model of the wind turbine generator and
the results obtained will be used to study the impact of wind
power penetration in both test and practical power systems.
A comparative analysis of the probability distributions of
systems without and with wind generation will be carried out
to determine the optimal installation locations and maximum
penetration capacities.
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