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ABSTRACT

The paper analyzes the influence of the rotation speed of a DFIG (Doubly-Fed Induction Generator) wind turbine
generator on the temperature in the operating mode and in the idle state, based on one-year data from the SCADA
(Supervisory Control and Data Acquisition) system. The aim is to quantitatively determine the intensity and statistical
significance of this relationship. The methodology includes data filtering, linear regression and correlation analysis, with
the calculation of the Pearson coefficient (r) and the coefficient of determination (R?). The accuracy of the model was
assessed by RMSE and MAE, while statistical validation was carried out by ANOVA analysis and residual analysis.
The results show a moderately strong positive correlation between rotation speed and temperature (» = 0.7034), with
R? = 0.4949 indicating that speed changes explain about 49.5% of the variability. In idle state, the temperature depends
mainly on external factors (ambient temperature, wind, solar radiation, humidity and surrounding objects). The proposed
model enables reliable temperature prediction in the operating mode and can be used for operation optimization,
monitoring and predictive maintenance of wind turbines.
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1. INTRODUCTION

Wind energy is one of several renewable energy sources used in the production of electricity due to rising electricity
consumption and environmental pollution [1]. Advances in wind energy technology have significantly decreased the cost
of producing electricity from this renewable source. Nowadays, the generation of energy from wind sources plays a crucial
role to increasing the green energy [2]. WPPs have become more popular in recent decades as they are cleaner, greener,
and more sustainable [3].

The most prevalent wind power generator is the variable-speed wound-rotor doubly fed induction generator (DFIG) [4].
The DFIG technology has the advantage that it extracts maximum energy from the wind for low wind speeds by
optimizing the turbine speed, also by minimizing the mechanical stresses on the turbine during sudden gusts of wind [5].
Doubly Fed Induction Generators (DFIGs) are equipped with a rotor winding that is powered through a power electronic
converter. This configuration enables efficient control of both the generator’s rota-tional speed and output power [6].
The stator of DFIG is directly connected to the grid, while the rotor is connected to the grid through a back-to-back power
electronic converter, which is composed of a rotor-side converter (RSC) and a grid-side converter (GSC) [7].
A gearbox couples the rotor and generator of DFIG to manage the speed range differences between rotor and generator
speed [8]. Bidirectionally powered induction generator of wind turbine is shown in Figure 1 [9].

Thermal analysis of a generator is a complex problem where a number of heat exchanges are involved Since per-formance
and efficiency of a generator depends on the thermal condition of its windings, understanding the power losses and the
thermal mechanism within a DFIG are of great importance to the industry [10]. The rotation speed of a DFIG generator
is a fundamental factor that directly affects the thermal load and functional reliability of the generator. DFIG systems are
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designed to operate at variable rotation speeds, which allows for maximum utilization of the kinetic energy of the wind
and improves the efficiency of electricity generation. Changes in rotation speed directly affect the stator and rotor currents,
causing changes in copper and iron losses, which leads to an increase in the generator temperature.
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Figure 1: Bidirectionally powered induction wind turbine generator

Power losses of the generator and the temperature of stator winding increase with wind speed. As the induction generator
torque is subject to the rotor current and stator voltage, therefore any unbalance of the stator voltage will cause an unstable
rotor current in order to maintain an appropriate torque value rather than to maintain a constant power output. Therefore,
an increase of stator voltage will cause a slight increase of stator current, and thus an increase of winding temperature
[10]. The increase in power dissipation and changes in thermal conductivity lead to an increase in the temperature of the
stator winding, and therefore of the entire generator.

The contribution of the work is reflected in the quantification of the influence of rotation speed on the temperature load
of the generator based on measurements at one representative point, with a separate analysis of the operating mode and
the idle state. The work applied linear regression analysis to determine the dependence between rotation speed and
temperature, using Pearson's correlation coefficient, regression function parameters (slope and intercept), coefficient of
determination, as well as statistical indicators of model accuracy and significance, including RMSE, MAE, p-value,
t-statistics and residual analysis.

However, it is important to emphasize that the temperature analysis in this paper is based on measurements at a single
selected point of the generator, which is considered representative for assessing the overall thermal state of the system.
Although in real conditions the temperature of the generator is monitored at multiple locations, including the stator and
rotor windings, as well as other critical parts, this approach implies a certain level of simplification. Accordingly, the
obtained results describe local temperature characteristics and do not encompass the complete spatial distribution of
temperature within the generator. The aforementioned limitation should be kept in mind when interpreting the results,
while future research may be directed towards the application of multi-point measurements and more advanced thermal
models.

The paper is organized as follows: after the introduction, the mathematical foundations of linear regression are presented
in the second chapter, the analysis of the influence of the rotation speed on the generator temperature is given in the third
chapter, while the conclusions and an overview of the literature used are presented at the end of the paper.

2. MATHEMATICAL BASIS OF LINEAR REGRESSION

The analysis of the influence of the rotation speed of a wind turbine DFIG generator on the generator temperature is based
on the application of appropriate statistical methods that allow quantitative description and measurement of the degree of
correlation between the observed quantities. In this context, simple linear regression represents the basic model for
examining the linear relationship between the rotation speed as an independent variable and the generator temperature as
a dependent variable.

In order to enable a detailed and quantitative analysis of the observed dependence, the mathematical foundations of the
Pearson correlation coefficient (), the coefficient of determination (R?), as well as the parameters of the linear regression
function, including the slope and intercept of the regression line, are presented below. In addition, the basic equation of
the simple linear regression model is given, which allows for the description and prediction of the change in generator
temperature depending on the change in rotation speed.

Pearson's correlation coefficient (7) is an indicator of the linear relationship between two quantitative variables. Its value
reflects the direction and strength of the relationship between the variables being analyzed. In other words, it shows how
much a change in one variable affects a change in the other, either in the same (positive correlation) or opposite
(negative correlation) direction.

Based on the value of the Pearson correlation coefficient, the direction and strength of the linear relationship between the
observed variables can be determined.

The direction and strength of the linear association of the variables depending on the value of the Pearson correlation
coefficient are shown in Table 1 [11].
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Table 1: The direction and strength of the linear association of the
variables depending on the value of the Pearson correlation coefficient

The value of the Pearson Direction and strength of linear
correlation coefficient correlation of variables
r=- functional negative correlation
r= functional positive correlation
—-1<r<-0,8 strong negative correlation
0,8<r<l1 strong positive correlation
-0,8<r<-0,5 medium strong negative correlation
0,5<5r<0,8 medium strong positive correlation
—0,5<r<0 weak negative correlation
0<r<0,5 weak positive correlation
r=0 there is no correlation

A scatter plot shows the relationship between two numerical variables using dots. A scatter diagram showing data with
zero, complete positive, incomplete positive, complete negative, and incomplete negative correlations is shown in
Figure 2.
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Figure 2: Scatter plot showing data with: (a) zero correlation, (b) complete positive correlation, (¢) incomplete positive
correlation, (d) complete negative correlation, and (¢) incomplete negative correlation

The value of Pearson's correlation coefficient ranges from —1 to +1. A value of » = 0 indicates the absence of a linear
relationship between variables, which does not necessarily mean that there is no relationship between them, but only that
the relationship is not linear. A value of » = +1 indicates a complete positive linear relationship between the variables,
while » = —1 indicates a complete negative linear relationship between the variables.

A complete positive linear relationship means that an increase in the value of one variable always follows an increase in
the value of the other, that is, that the variables move in the same direction. Incomplete positive correlation exists when
two variables tend to increase together, but the relationship is not perfectly linear. In this case, the increase in one variable
usually follows the increase in the other, but the points in the scatter plot do not lie exactly on a straight line.

A perfect negative linear relationship means that an increase in the value of one variable is accompanied by a simultaneous
decrease in the value of the other. An incomplete negative correlation exists when an increase in one variable often
accompanies a decrease in the value of the other, but the relationship is not perfectly linear and the points in the scatterplot
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do not lie exactly on a straight line, meaning that the variables change in opposite directions. The closer the value of the
Pearson coefficient is to the values 1 or —1, the stronger the linear correlation.

Pearson's correlation coefficient is represented by the following equation [12]:
(- 1) (=)
= —2 —2
VS-S

(M

where:
e x;, y: - individual values of the observed variables related to the rotation speed and temperature of the wind
turbine generator.
e x,y - arithmetic means of data sets related to the rotation speed and temperature of the wind turbine generator,
respectively.
e 1n-sample size.
The coefficient of determination (R?) in linear regression indicates how well the model explains changes in the dependent

variable (wind turbine generator temperature) by the independent variable (wind turbine generator rotation speed).
The coefficient of determination (R?) is defined as the square of the Pearson correlation coefficient, i.e. R* = 7.

The coefficient of determination (R?) in linear regression is represented by the following equation:

2
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The value of the coefficient of determination is in the interval from 0 to 1, i.e. 0 < R? <1. The value of R?> = 0 means that
the linear model does not explain changes in the dependent variable at all, while R? =1 indicates that the model perfectly
explains all changes in the dependent variable. A higher value of the coefficient of determination indicates a better ability
of the regression model to describe changes in the dependent variable.

Equation (2) represents the basis for analyzing the quality of a linear regression model, as it allows quantifying the degree
and reliability of the linear dependence between two variables.

The slope b in a linear regression model indicates how much the dependent variable changes when the independent
variable increases by one unit.

The slope in linear regression is represented by the following equation [13]:

(xi=x)(»i~»)

e 3)

1 (ﬁ—}f
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where:

x; - individual values of the rotation speed of the wind turbine generator.

yi - individual temperature values of wind turbine generators.
e  Xx - the arithmetic mean of all values of the rotation speed of the wind turbine generator.

ey - the arithmetic mean of all the temperature values of the wind turbine generator.

The slope shows the direction and strength of the linear relationship between the independent and dependent variable.
If the slope is positive (b > 0), it means that the value of the dependent variable increases as the value of the independent
variable increases. In this case, the diagram shows a straight line going up from left to right.

If the slope is negative (b < 0), the value of the dependent variable decreases as the independent variable increases, which
is shown in the diagram by a straight line going downward from left to right. In the case where the slope is zero (b = 0),
there is no linear trend between the independent and dependent variables. The line is horizontal, indicating that changes
in the independent variable have no effect on the values of the dependent variable.

The intercept in a linear regression model indicates the value of the dependent variable when the independent variable is
zero. In the linear regression model, the intercept is represented by the following equation [13]:

by = b x )
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The intercept indicates the point where the regression line intersects the y-axis. A simple linear regression model is
represented by the following equation [13]:

E(Y‘x) = 'BO + ,31 X (%)
where:

e FE (Y |x) - predicted (expected) value of the dependent variable Y for a given level of the variable x.
. ﬁo - the intercept of the regression line.

. ﬂl - the slope of the regression line.

A simple linear regression model is an analytical method that describes and quantifies the degree of linear relationship
between an observed dependent and independent variable. A simple linear regression model is used in this paper, since
the influence of one independent variable (generator rotation speed) on a dependent variable (generator temperature) is
analyzed. The purpose is to determine the appropriate regression line that best depicts changes in the dependent variable
in relation to the independent variable.

3. RESULTS AND ANALYSIS OF THE DEPENDENCE OF DFIG GENERATOR
TEMPERATURE ON ROTATION SPEED

This chapter analyzes the influence of wind turbine generator rotation speed on generator temperature. The data used in
the analysis were collected from one wind turbine of the Rudine wind farm. The generator temperature data were taken
from the SCADA system and refer to one measurement point, i.e. one built-in temperature sensor, while at the same time
the rotation speed data is included. The original dataset contains 52,510 time series records, which represents a high
measurement resolution, but at the same time a significant processing load in standard software tools, including Microsoft
Excel.

Downsampling is subsetting data such that the timestamps occur at a lower frequency than in the original time series [14].
In order to efficiently process data while preserving relevant information, a downsampling method was applied. From the
original data set, systematic sampling was performed by selecting every fourth sample, reducing the total number of data
records to 13,128.

This approach is a common technique in time series analysis, which reduces the size of the data set while preserving the
basic characteristics of the observed process, thereby ensuring the representativeness of the reduced set. In this way, the
data set used retains the key trends in the changes in the observed variables and allows for reliable statistical analysis of
the relationship between the rotation speed as an independent variable and the generator temperature as a dependent
variable. The relationship between the observed variables was examined using a linear regression model, which enabled
quantification of the impact of changes in rotation speed on changes in generator temperature. The dependence of
temperature on rotation speed was analyzed using a scatter diagram with a linear trend line, while the statistical
characterization of temperature distribution was performed using a box-plot diagram for different generator operating
modes.

3.1. Generator Temperature in Operating Mode

This subsection analyzes the influence of the rotation speed of the DFIG generator of a wind turbine on the temperature
of the generator, as well as the temperature distribution, which illustrates the thermal behavior in the operating mode.

The influence of the rotation speed of the DFIG wind turbine generator on the temperature of the generator is shown in
Figure 3.
The influence of the rotation speed of the DFIG wind turbine
generator on the temperature of the generator
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Figure 3: The influence of the rotation speed of the DFIG wind turbine generator on the temperature of the generator
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Figure 3 shows a graphical representation of the dependence of the generator temperature on the rotation speed of the
DFIG generator in operating mode. The blue dots represent ordered pairs of measured values, i.e. the corresponding
values of the rotation speed and the generator temperature.

The dependence is approximated by a linear regression model, which confirms the obtained regression lines. However,
the scattering of experimental points around the regression line indicates deviations from ideal linear behavior, which can
be attributed to the influence of additional operating and ambient factors (generator load, cooling conditions, ambient
temperature, etc.).

It is observed that at lower rotation speeds the temperatures are lower and relatively stable, while with increasing speed
there is a slight but continuous increase in temperature. At higher rotation speeds there is more pronounced heating and
greater dispersion of measured values, which indicates an increased sensitivity of the thermal regime of the generator in
that range.

An approximately linear dependence with moderate deviations is observed, where the rotation speed is a significant factor
in determining the thermal state of the generator, but not the only one.

Figure 3 shows a linear regression line that illustrates the trend of generator temperature versus rotation speed.
The equation of the regression line (red dashed line) is given by the following expression:

y =0,0138- x + 34,571 (6)
where:

e y-temperature of the wind turbine generator (°C).
e X - rotation speed of the wind turbine generator (rpm).

The slope of the regression line is b; = 0.0138, which indicates that for each increase in the generator rotation speed by
one revolution per minute, the generator temperature increases by approximately 0.0138 °C on average.

The intercept of the regression line is bo = 34.571 and corresponds to the estimated generator temperature at zero rotation
speed (0 rpm). This value serves as a reference point and allows for the estimation of the initial temperature of the gener-
ator when not in operation.

The Pearson correlation coefficient is » = 0.7034, which indicates a medium-strong positive correlation between the ro-
tation speed of the wind turbine generator and its temperature. With increasing rotation speed, a tendency for the generator
temperature to increase is observed. This result confirms the existence of a significant linear dependence between the
observed variables.

The value of the coefficient of determination R? = 0.4949 indicates a moderate level of statistical correlation between the
rotation speed and the generator temperature. The results show that the rotation speed explains approximately 49.5% of
the temperature variability, while the remaining part of the variation (about 50.5%) depends on other factors, such as
cooling quality, generator load, ambient temperature, etc. Therefore, the rotation speed can be seen as a significant, but
not dominant parameter in modeling the thermal behavior of the generator under operating conditions.

The generator temperature distributions, which illustrate the thermal behavior in the operating mode (# > 0 rpm) depend-
ing on the rotation speed, are shown using box-plot diagrams in Figure 4.

Generator temperature distributions. illustrating thermal behavior in operating
maode (n> 0 rpm) depending onrotation speed
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Figure 4: Generator temperature distributions illustrating thermal behavior in operating mode

The first quartile (Q1) is 39.28 °C and represents the value below which 25% of the measured temperatures are located.
The median temperature is 45.97 °C and represents the central, i.e. representative, value of the thermal state of the gen-
erator in operating mode. The third quartile (Q3) is 53.83 °C and defines the value below which 75% of the measured
temperatures are located, and represents the upper limit of the interquartile range. Based on the displayed parameters, it
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can be concluded that most of the measured temperatures are in the interval from 39.28 °C to 53.83 °C. The arithmetic
mean of the temperature is 47.36 °C and represents the average value of the measured temperatures. The minimum and
maximum temperature values are 18.65 °C and 89.77 °C, respectively.

3.2. Generator Idle Temperature

The generator temperature distributions, which illustrate the thermal behavior in the idle mode (n = 0 rpm), are shown
using a box-plot diagram in Figure 5.

Generator temperature distributions illustrating thermal behavior in idle mode
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Figure 5: Generator temperature distributions illustrating thermal behavior in idle mode

The first quartile is 32 °C and indicates the value below which 25% of the measured temperatures are located. The median
temperature is 36.51 °C and represents the central value of the thermal state of the generator in idle mode. The third
quartile is 40.94 °C and indicates the value below which 75% of the measured temperatures are located, representing the
upper limit of the interquartile range.

Based on the parameters shown, it can be concluded that the temperatures in the idle mode are relatively stable, with
moderate dispersion and no pronounced extreme deviations. The arithmetic mean temperature is 36.22 °C and represents
the average value of the measured temperatures, while the minimum and maximum values are 19.97 °C and 53.76 °C,
respectively, which defines the overall range of temperature variation.

The analysis of the generator temperature distribution in the operating mode and the idle mode provides insight into the
basic statistical parameters and differences between the observed data sets. The minimum generator temperature in the
operating mode is 18.65 °C and is lower than the temperature in the idle mode, which is 19.97 °C. This phenomenon can
be explained by the influence of ambient conditions, time asynchrony of the measurements and the measurement uncer-
tainty of the sensor, where the difference of 1.32 °C belongs to the range of expected experimental variability.

In the idle mode, the generator temperatures are characterized by lower values and greater stability, with less dispersion
and a more uniform distribution of measurement data. In contrast, in the operating mode, the temperature increases with
increasing rotation speed, accompanied by more pronounced variability and a wider range of values, which indicates
a more complex thermal behavior of the generator due to the action of additional influencing factors.

4. MODEL AND RESIDUAL ANALYSIS

This chapter presents the statistical validation of the developed model, as well as the analysis of residuals with the aim of
assessing its adequacy.

4.1. Statistical Validation of the Model

ANOVA detects the presence or absence of a global effect of the independent variable on the dependent variable [15].
The ANOVA (Analysis of Variance) table of the regression model includes degrees of freedom (df), sum of squares (SS),
mean squares (MS), F-statistics, and the corresponding p-value of the F-test (Significance F'). The listed elements are
systematically arranged according to the principal components of the model, including regression, residual (error), and
total variance. ANOVA within the regression model was performed using the Data Analysis — Regression tool in [Mi-
crosoft Excel, and the results are shown in Table 2.

Table 2: ANOVA regression model

df SS MS F Significance F
Regression 1 2429939429 | 2429939429 | 12027.17717 0

Residual | 12275 | 2480008907 | 202037.3855

Total 12276 | 4909948336

FMCE Kraljevo E17



ET 2026 Vrnjacka Banja, Serbia, 25 — 27 June 2026

In order to analyze the effect of the rotation speed of the wind turbine DFIG generator on its temperature, the linear
regression method was applied, while the statistical significance of the model was assessed using the ANOVA approach.
ANOVA analysis allows the decomposition of the total variability of the dependent variable into the part explained by
the regression model and the part attributed to residual (unexplained) variation. The degrees of freedom (df) in the
ANOVA table represent the number of independent pieces of information used to estimate the generator temperature
variability, with the total degrees of freedom divided into the component associated with the regression model that
includes the wind turbine DFIG generator rotation speed and the residual error component.

The resulting F-value indicates a high ratio between explained and unexplained variation, with the generator temperature
variation explained by the DFIG generator rotation speed being significantly higher than the residual variation.
The accompanying p-value of the F-test (Significance F' =~ 0) shows that the effect of the DFIG generator rotation speed
on the generator temperature is statistically highly significant, i.e. the probability that the observed relationship between
these two variables arose by chance is negligibly small. This confirms that the rotation speed has a real and measurable
effect on the generator temperature changes in the observed model. Based on the above results, it can be concluded that
the linear regression model is statistically highly significant, i.e. that the rotation speed of the DFIG generator has a
statistically significant effect on the generator temperature. The results confirm a statistically significant linear depend-
ence between the observed variables.

The model shows high statistical significance; however, its validity is limited by the assumption of linearity of the
relationship between the observed variables. Furthermore, the model does not consider additional physical influences,
such as load changes, cooling system configuration and ambient conditions, which have a significant impact on the
thermal processes in the generator. Based on the results obtained, ANOVA analysis confirms that the linear regression
model adequately describes the statistical relationship between rotation speed and generator temperature, with the
influence of rotation speed being statistically significant and dominant in explaining temperature variability. The high
value of the #-statistic (109.67) and the negligibly small p-value (= 0) confirm that the influence of rotation speed on
generator temperature is statistically highly significant, with the probability that the observed effect is the result of chance
being practically negligible.

The RMSE and MAE values, which in this case are 8.28 and have identical numerical values, represent the basic indicators
of the accuracy and quality of the prediction of the linear regression model that describes the influence of the rotation
speed of the DFIG generator on the generator temperature. RMSE represents the root mean square error and is used as
a measure that gives greater importance to larger deviations, which is why it is more sensitive to the presence of larger
errors in the model prediction. MAE represents the mean absolute error, or the average absolute difference between the
actual and predicted temperature values, where the obtained value shows that the model deviates on average by about
8.28 temperature units from the measured values, without taking into account the direction of the deviation. The identity
of the RMSE and MAE values indicates that the model errors are relatively uniform, i.e. there are no pronounced extreme
deviations that would lead to a significant increase in RMSE relative to MAE. This is an important indicator of model
stability, as it indicates that the linear regression model consistently describes the relationship between rotation speed and
generator temperature, without the presence of significant local deviations.

In the context of DFIG wind turbine generators, the obtained error values indicate that the model approximates the thermal
behavior of the system with relatively high accuracy. The average deviation of about 8.28 temperature units can be viewed
as a systematic error of the model, which is probably a consequence of neglected physical factors, such as load changes,
cooling regime, wind turbulence and ambient conditions. Nevertheless, the low and stable error value indicates that the
linear regression model has good predictive ability and is adequate to describe the general trend of the dependence of
temperature on the generator rotation speed.

4.2. Residual Analysis

In order to verify the adequacy of the developed model for estimating the temperature of the DFIG generator, a residual
analysis was performed. The residuals represent the difference between the measured and model-predicted generator
temperature values, and provide insight into possible model deviations, the presence of systematic errors, and data
variability. The residual diagram as a function of the generator rotation speed is shown in Figure 6.
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Figure 6: Residual diagram as a function of generator rotation speed
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Figure 6 shows a diagram of residuals as a function of generator rotation speed, which allows a visual assessment of the
existence of a dependence between these quantities. The blue points on the diagram represent ordered pairs
(generator rotation speed, temperature residual), with each point corresponding to one measurement sample. Based on
the diagram of residuals, it can be seen that the residuals are approximately randomly distributed around the zero value,
without a clearly expressed systematic pattern, which indicates that the assumption of linearity of the model is satisfied
and there is no significant systematic deviation.

However, there is a variation in the dispersion of the residuals along the generator rotation speed range, which suggests
a deviation from the assumption of homoscedasticity. Also, the observed range of residuals and the presence of extreme
values indicate limitations of the model in terms of the accuracy of temperature prediction in certain generator operating
modes.

The observed changes in the variability of the residuals suggest that additional factors, such as load, cooling conditions
and operating modes, can have a significant impact on the generator temperature, and that their inclusion in the model
could contribute to improving its accuracy. Based on the overall analysis, the model shows a satisfactory level of
adequacy, however, the observed deviations indicate the need for its further improvement by applying more complex
model approaches, in order to increase the reliability and accuracy of the prediction.

Based on the analysis of the residuals, it can be concluded that the assumption of linearity of the model is satisfied, while
the observed indications of impaired homoscedasticity indicate certain limitations of the observed model.

5. CONCLUSION

In this paper, a quantitative analysis of the dependence of the temperature of a wind turbine DFIG generator on its rotation
speed was conducted, using linear regression analysis and statistical processing of SCADA data. The results of the
correlation analysis confirm the existence of a medium-strong positive linear dependence between the observed quantities
(r = 0.7034), while the coefficient of determination (R? = 0.4949) shows that the rotation speed explains almost half of
the total variability of the generator temperature.

The results of the statistical validation of the model based on ANOVA analysis confirm its high statistical significance,
with the F-test and f-statistics indicating a significant influence of the rotation speed on the generator temperature.
The results of the error analysis (RMSE and MAE = 8.28) indicate a uniform and stable pattern of model deviations,
without the presence of pronounced extreme values, which further confirms the high reliability and consistency of its
predictions.

The findings of the residual analysis indicate their random distribution around the zero value, which confirms the
adequacy of the linearity assumption of the model. However, the identified variability of the residual variance indicates
a deviation from the homoscedasticity assumption, which indicates the presence of additional factors that affect the
thermal behavior of the generator, such as load, cooling conditions and ambient influences.

Although the developed linear regression model confirms a statistically significant relationship between the rotation speed
and the temperature of the DFIG generator, it is necessary to point out certain limitations of the applied approach.
The developed model is based on a single independent variable, while other relevant factors, such as generator load,
cooling regime and ambient conditions, are not included in the analysis. In addition, the temperature analysis is based on
measurements at a single representative point, which limits the possibility of observing the spatial distribution of the
thermal field inside the generator.

Although the linearity assumption is statistically confirmed on the observed data set, it may lead to a decrease in the
accuracy of the model in conditions of nonlinear system behavior at extreme operating modes. The observed
heteroskedasticity indicates that the application of more robust models could improve the reliability of the analysis.

Based on the obtained results, it can be concluded that the linear regression model adequately describes the basic
dependence between the rotation speed and the temperature of the DFIG generator under operating conditions, and
represents a reliable and efficient approach for assessing the thermal behavior of the system. However, the observed
limitations in explaining the overall variability, as well as the presence of heteroscedasticity, indicate the need to improve
the model by including additional input variables or applying more advanced nonlinear and multivariate approaches, in
order to improve the accuracy and reliability of the generator temperature prediction.

In future research, it is recommended to expand the set of input variables, as well as the application of advanced
multivariate regression models and machine learning methods, including neural networks and ensemble methods, in order
to improve the accuracy, robustness and generalization ability of the model for generator temperature prediction under
different operating conditions. Also, the application of multipoint measurements would enable a more detailed analysis
of the spatial distribution of temperature within the DFIG system, which would improve the understanding of local
thermal gradients and their impact on the generator operating characteristics and reliability.
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