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Abstract. Wind turbines are complex electromechanical systems that require continuous monitoring to ensure operational
efficiency, reduce maintenance costs, and prevent critical failures. Machine learning has shown great promise in structural
health monitoring (SHM) by enabling automated fault detection through data-driven approaches. However, challenges remain
in adapting SHM methods to complex environmental conditions while maintaining reliable fault detection and classification.
This work proposes a hybrid model that combines supervised and unsupervised learning techniques for classifying operational
failures in wind turbines. The proposed framework integrates multiphysics data, combining structural and environmental infor-
mation, to monitor four distinct operational states. The approach begins with the analysis of sensor signals and the extraction
of descriptive features that capture the dynamic behaviour of the turbine. The k-means algorithm is applied to label and cluster
the dataset, while feature and sensor selection are performed using canonical correlation analysis to rank the most informative
variables. A novel relative change damage index is introduced to normalise and scale features based on their relative vari-
ability, enhancing the accuracy of clustering and fault classification. Classification is conducted using six different machine
learning algorithms. Experimental results demonstrate strong performance in both binary and multiclass tasks, including the
detection of pitch drive faults and the accurate identification of rotor icing and aerodynamic imbalance. The model achieved up
to 100% classification accuracy, highlighting its effectiveness in diagnosing wind turbine conditions and improving the overall

reliability and operational safety of these systems.

1 Introduction

Wind turbines are complex electromechanical systems that operate in hazardous environments and contain critical compo-
nents, including blades, the main bearing, main shaft, gearbox, nacelle, tower, foundation, yaw system, and connecting bolts.
Continuous monitoring of these components is essential to ensure their integrity, reduce costs, and enhance the operational
efficiency of those turbines Veers et al. (2023). Like any other electromechanical system, wind turbines are subject to several
unforeseen and serious failures that can result in fatal disasters (Asian et al., 2017; Machado and Dutkiewicz, 2024). Failure

mechanisms in wind turbines can be classified into three main categories (Thomas, 2024): mechanical, electrical and environ-
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mental causes. Mechanical failures typically affect components such as the rotor blades, gearbox, bearings, and main shaft,
which can compromise the turbine’s performance. In the electrical system, which includes generators, converters, and control
systems, failures can result from insulation degradation, thermal voltages, and electrical transients, impacting the efficiency and
safety of operation (Liu et al., 2024). Environmental factors, such as extreme temperatures, atmospheric discharges, humidity,
wind direction and speed, and corrosion, pose significant challenges to turbine reliability and service life (Figueiredo et al.,
2010; Morozovska et al., 2024). Current research into fault detection of turbine components employing machine learning (ML)
techniques has advanced over the past decade, but it remains an ongoing area of study. The integration of structural health
monitoring (SHM) with ML approaches can effectively detect structural defects and operational failures, enabling precise and
automated monitoring processes by extracting features from sensor data and classifying them to detect faults.

Machine learning techniques have significantly enhanced the efficiency and accuracy of SHM systems by automating data
analysis and improving damage detection (Smarsly et al., 2016; Flah et al., 2020; Farrar and Worden, 2012). These algorithms
process large volumes of vibration data, identifying patterns and anomalies that may indicate structural deterioration. Unlike
traditional methods that rely on hand-crafted features, machine learning enables real-time monitoring and early issue detection
by learning from historical and newly acquired data. Beyond vibration analysis (Ciang et al., 2008; Kim et al., 2017; Weijtjens
et al., 2017; Nguyen et al., 2017). ML can integrate data from various sources, including spectral, temperature, and moisture
sensors, as well as visual inputs from cameras or drones, among others. By analysing these diverse data streams jointly, the
model can sort out correlations between different physical effects, for instance, distinguishing temperature-induced variations
from actual fault signatures. This multidimensional approach not only enhances anomaly detection but also improves predictive
capabilities by capturing the underlying system dynamics. Additionally, ML algorithms continuously refine their performance,
adapting to new data and increasing the accuracy and efficiency of SHM systems over time. These advancements contribute to
early intervention, reducing the risk of structural failures.

Recent studies have investigated the integration of ML and SHM techniques for system monitoring, mainly by using vi-
bration data to detect faults (Jia and Li, 2023). Wind turbine blade monitoring have been investigated in Antoniadou et al.
(2013, 2015) by neural networks and Gaussian processes for pattern recognition and fault discrimination, initially using Fre-
quency Response Function measurements with multilayer perceptrons (MLPs) and radial basis function (RBF) networks,
then later focusing on data-driven vibration analysis and SCADA data. Tsiapoki et al. (2018) tested a three-layer monitoring
framework on rotor blade data, examining environmental and operational impacts on structural dynamics and using unsu-
pervised clustering to enhance damage detection accuracy. A vibration-based fault classification method that addresses blade
cracks, erosion, and connection issues, finding functional trees to be highly effective, was investigated in (Joshuva. and Sug-
umaran., 2017). Further, the authors tested twelve rule-based classifiers, demonstrating their adaptability to complex fault
patterns (Joshuva et al., 2019). Khazaee et al. (2022) proposed a convolutional neural network (CNN) for analysing tower vi-
brations with high detection accuracy, and Dervilis et al. (2014b, a) introduced neural networks, such as auto-associative Neural
Networks (AANN) and RBF networks, which effectively identify structural anomalies with high sensitivity and minimal false
positives. Random forest classifier was investigated in (Milani et al., 2025) for active monitoring of blade pitch misalignment

in wind turbines, successfully detecting small misalignments.
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The turbine support structures, such as towers and foundations, are also vulnerable to damage, necessitating reliable SHM
strategies to prevent catastrophic failures. Vidal et al. (2020) proposed a data-driven methodology for diagnosing cracks at spe-
cific locations in jacket-type foundations, utilising accelerometer data for vibration responses. Principal component analysis
(PCA) was applied for dimensionality reduction and feature extraction, followed by classification using k-nearest neighbors
(kNN) and support vector machines (SVM) to detect and localise damage. Similarly, Leon-Medina et al. (2021) developed
an SHM method for offshore turbine foundations, incorporating data preprocessing, principal component analysis (PCA), and
classification using XGBoost. Tested on a small-scale model with varying structural states, this method effectively distin-
guished intact from damaged conditions. Ren and Yong (2022) further advanced SHM for turbine towers by using a k-means
clustering model optimised with a dynamic weighting algorithm to categorise fault types, highlighting the adaptability of unsu-
pervised clustering methods for classifying fault patterns under complex structural configurations and operational conditions.
Artificial neural networks (ANNs) to assess damage in wind turbine towers, utilising modal parameters such as mode shapes
and frequencies to identify damaged elements and quantify their severity in a simulated tower structure, were investigated in
(Nguyen et al., 2018), and a strategy utilising vibration responses to detect damage proposed in (Hoxha et al., 2020) employing
classifiers such as kNN, quadratic SVM, and Gaussian SVM.

Regarding drivetrain components addressed by ML-based SHM strategies. Zarrin et al. (2021) developed a neuromorphic
ML model to classify accelerometer data from healthy and damaged gearbox conditions. Praveen et al. (2022) introduced signal
segmentation to isolate specific gearbox vibration stages, which was validated using machine learning algorithms, including
decision trees, SVM, and deep neural networks. Elforjani (2020) utilised ANN, Gaussian Processes, and SVM for gearbox
fault detection, enhancing classification accuracy with feature extraction and PCA. Gao et al. (2021) proposed a CNN solution
for detecting mechanical faults in bearings and gearboxes. For bearing fault detection, Vives et al. (Vives, 2022) demonstrated
the effectiveness of kNN and SVM, later integrating deep learning for advanced monitoring (Vives et al., 2022). Amin et al.
(2023) employed a CNN with cyclostationary features for fault detection, whereas Meyer (2022) investigated unsupervised
CNN-based learning for health state classification. Bolt connections, crucial for structural stability but prone to loosening,
are monitored using ML. Studies using Gaussian Process Regression (GPR) highlight that high vibration amplitudes increase
loosening risk, underscoring SHM’s role in maintaining integrity and preventing failures (Mehmanparast et al., 2020).

Despite recent advances, significant challenges remain in adapting SHM techniques to complex operational and environ-
mental conditions, as well as in improving detection accuracy and reliability. While many studies employ supervised or unsu-
pervised learning approaches to enhance anomaly detection or optimise classifiers for specific turbine components, integrating
both techniques into a unified SHM framework remains a major research hurdle. In this study, the unsupervised clustering
algorithm k-means is employed to label and group data into homogeneous clusters, enabling pattern recognition without the
need for predefined labels, and six supervised ML algorithms for binary or multiple classification. The proposed PyYMLDA
open-source tool (Coelho et al., 2024a) is utilised to support damage assessment based on dynamic sensoring information
received from the wind turbine. It combines hybrid machine learning algorithms with signal processing, feature extraction,
and sensor selection to enhance SHM applications. The model’s flexibility in accepting diverse input features reinforces SHM

decision-making by facilitating the identification, classification, and quantification of damage levels. Therefore, the novelty of
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this work lies in two proposed contributions: (i) a feature relative change strategy for data normalisation, and (ii) a feature and
sensor selection process based on canonical correlation analysis. These enhancements improve failure classification accuracy
and allow for the inclusion of multiphysics information within the dataset. The integration of these hybrid methods signifi-
cantly strengthens diagnostic capabilities, increasing both the efficiency and precision of structural condition monitoring. The
results demonstrated the model’s high performance in both binary and multiclass classification of operational failures of wind

turbines, confirming its robustness and effectiveness in real SHM scenarios.

2 Method description

The proposed framework is based on the PYMLDA open-code !(Coelho et al., 2024a), which aims to predict damage assess-
ment based on numerical or experimental data obtained from the dynamic response of systems. The proposed monitoring
model consists of eight steps, as illustrated in Fig. 1, including: (1) receiving the acquired data; (2) data processing; (3) fea-
ture extraction and normalisation; (4) unsupervised pattern recognition; feature labelling and clustering; (5) feature and sensor
selection; (6) data splitting;, (7) operational classification; and (8) model evaluation. The final step also outputs the estimated
damage state(operational failure) and identifies the best-performing ML algorithm based on its classification accuracy. The
main novelty introduced in this study, and implemented in the improved PyMLDA framework, lies in the feature and sensor se-
lection, normalisation procedures, and the integration of unsupervised classification and clustering techniques. The Algorithm

1 pipeline can be stated as follows:
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Figure 1. Pipeline representation of a machine learning model for fault classification on the Aventa 6.7 kW wind turbine.

Uhttps://github.com/mromarcela/wedowind-challenge-ASCE-EMI
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Algorithm 1 PyMLDA for wind turbine failure classification

1: Data Acquisition: Receive structural from the time-domain responses.

2: Data Processing: Involves correcting raw data by checking for missing values and applying signal processing techniques.

3: Feature extraction and normalisation: Fifteen techniques are applied to extract features from the time-domain signal, see section 2.3.
4: Pattern Recognition and Clustering: Use the k-means unsupervised algorithm to cluster the data: J = Y7 ming (|| — T H2)

5: Feature and sensor selection performed via Canonical-correlation-based selection

6: Data Splitting: Split the dataset into training and testing as listed in Table 3, respectively.

7: Classification ML algorithms: Applied ML algorithms for detection, such as SVM, K-NN, RF, NB, DT and XGBoost.

8: Model Evaluation: Calculate the Performance for the ML classifiers (Cross-validation, Accuracy, Precision, Recall, and F1-score).

Final decision: Information about damage state based on classification and regression algorithm outcomes.

2.1 Data processing, signal and sensor analysis

The wind turbine monitored in this study is the Aventa AV-7 model, manufactured by Aventa AG (Switzerland) and commis-
sioned by ETH. This turbine has a rated power of 6.7 kW and operates using a belt-driven generator coupled with a frequency
converter and a variable-speed drive. It begins generating power at a wind speed of 2 m/s and has a cut-off speed of 14 m/s. The
rotor has a diameter of 12.8 m with three blades and is mounted at a hub height of 18 m. The maximum rotational speed reaches
63 RPM. Turbine control is managed through a variable-speed and -pitch mechanism. The turbine is installed in Taggenberg,
Switzerland (coordinates: 47°31°12.2"N, 8°40°55.7"E). Instrumentation and data acquisition were provided in (Eleni Chatzi
et al., 2023) and include 14 accelerometers strategically placed along the tower, on the nacelle main frame, the main bearing,
and the generator. Additionally, two full-bridge strain gauges are mounted at the tower base to measure fore-aft and side-to-side
strain, which can be converted into bending moments. Acceleration and strain signals are sampled at 200 Hz. Environmental
measurements, including temperature and humidity, are collected at the tower base with a sampling rate of 1 Hz. Operational
performance data (SCADA), including wind speed, nacelle yaw orientation, rotor RPM, power output, and turbine status, are
recorded at 10 Hz. To ensure data quality and enhance the reliability of anomaly detection, a comprehensive data preprocess-
ing pipeline was implemented. This included a supervised sensor analysis, outlier removal, signal segmentation, detrending,
feature extraction, and feature normalisation.

The data preprocessing stage begins by analysing the sensors’ physics and evaluating the contribution of each one to failure
identification. The pre-established failures are the rotor icing event (RI), the flexible coupling of the linear drive of the collective
pitch system (FC), and aerodynamic imbalance on one blade (AI). The Aventa dataset provides three-axis acceleration signals.
For this study, the x-axis (side-to-side turbine motion) and y-axis (fore-aft turbine motion) signals were included in the moni-
toring to capture the most information about the damage dynamic behaviour. Figure 2 illustrates the sensor locations within the
nacelle, where three accelerometers, GEN_ACC (orange), NMF_ACC (blue), and MSB_ACC (yellow), record signals under

different operational conditions, including normal operation (NO). Figure 2 also presents the raw spectral data available in
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Figure 2. Schematic representation of the turbine and sensors position in the nacelle. Temporal section comparison of the turbine’s normal

operation and operation with failures: (Top) sensor GEN NO-FC, NO-RI, and NO-AI placed from left to right, respectively. (Middle) sensor
MSB NO-FC, NO-RI, and NO-AI; and (Bottom) sensor NMF NO-FC, NO-RI, and NO-AIL

Table 1. Sensor channel and corresponding location of accelerometers and SACDA adopted in the analysis.

Location Channel name
Tower L5_X 01 L5_Y_01 L5.X 02 L5.Y_02
Nacelle NMF_Y 01 NMF_X 02 NMF_Y_02
Main Shaft Bearing MSH_X 01 MSH_Z 01 - -
Generator GEN_X_01 GENACC_Y_01 GEN_Z_01
SCADA Temperatute ~ Wind speed -

the dataset. In the acceleration graphs, black lines indicate normal turbine operation, whereas coloured lines represent various

failure conditions. To ensure consistent comparisons, all signals were selected from the same day, minimising the influence

of changing environmental conditions. The top row of graphs shows the x-axis response from the generator-mounted sensor

(GEN), comparing NO with failures FC, RI, and Al, from left to right. The middle row displays the x-axis response from the

main shaft bearing sensor (MSB), and the bottom row shows the same for the nacelle main frame sensor (NMF), following

the same failure comparison pattern. Both x- and y-axis signals were analysed, revealing consistent trends: FC failure caused

a pronounced amplitude reduction, whereas RI and Al failures resulted in only minor amplitude changes. These variations

may fluctuate daily due to environmental conditions. To ensure effective fault detection, data from vibration sensors placed
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at the tower top, nacelle, main shaft bearing, and generator were used in the model, based on their sensitivity to structural,
mechanical, and aerodynamic failures, as well as vibration. Wind speed and temperature are from the SCADA system. Table 1

lists the adopted sensors, channel names and SCADA information.
2.2 Dataset organisation

During data analysis, duplicate files were identified, prompting a data redistribution strategy to eliminate redundancies and
streamline the process. The data was categorised and colour-coded according to operational conditions and events, making
patterns, such as seasonality, frequency, and duration, more apparent and visually accessible. These cleaning and reorganisation
steps ensure that the same data is not reused across different turbine operations, thereby reducing the risk of misclassification

and misinterpretation during monitoring.
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Figure 3. The feature dataset volume over the monitoring timeline categorised by yellow indicates RI, blue denotes NO, purple corresponds
to Al and orange represents the FC condition (a-top). Wind speed boxplot (a-middle), and mean temperature (a-bottom). Boxplot of FO5

sensor feature by wind speed variation (b), and feature by temperature variation (c).

Feature extraction was performed after this reorganisation. Aside from the accelerometer sensors, the supervisory control
and data acquisition (SCADA) data includes the temperature, wind speed, humidity, and power output. Temperature, wind
speed, and acceleration response are used in the monitoring. Figure 3(a) shows the maximum values of the temporal spectrum
for each operational condition mapped over the monitoring timeline. Each condition is colour-coded for clarity: yellow for RI,

blue for NO, purple for Al, and orange for flexible FC. Events are plotted along the horizontal axis to highlight their tempo-



155

160

165

170

https://doi.org/10.5194/wes-2025-131 WIND

Preprint. Discussion started: 7 August 2025 e WE\ ENERGY
Auth 2025. BY 4.0 Li .
© " Or(S) 0 5 CC O reense european academy of wind energy SCI ENCE

ral distribution. The timeline begins with a NO sample, followed by a pitch drive coupling failure recorded on 2022-02-16,
which required replacement. From April to November 2022, the turbine operated normally, during which Al was intentionally
simulated using roughness tape on the blades. Additionally, naturally occurring RI events were observed between December
2022 and February 2023. Wind speed fluctuates throughout the monitoring period, as indicated by the boxplot, which displays
the minimum, maximum, median, and first and third quartiles of the wind speed data. Meanwhile, ambient temperature ranges
from -2°C to 26°C throughout the year (see Fig 3c)

Both environmental conditions, wind speed and temperature, significantly influence the dynamic response of the wind turbine
over time. Figures 3(b—c) present boxplots showing the feature values corrected by wind speed and temperature, respectively.
This analysis focuses on the maximum value of sensor L05-1 (Fig. 9e), which is selected for its highest-scoring features
and well-defined failure patterns, representing the general behaviour of the features. When correlating feature values with
wind speed, the FC and Al conditions exhibit the greatest sensitivity to increasing wind speeds, though with relatively low
dispersion. Conversely, RI, NO, and FC show higher maximum, minimum, and quartile values at lower wind speeds. Regarding
temperature, rising temperatures primarily affect NO and Al conditions, whereas lower temperatures have a greater impact on
FC and RI. These findings underscore the importance of incorporating environmental variables into the monitoring framework

to improve the robustness and accuracy of fault classification.
2.3 Feature extraction and normalisation

Feature selection involves choosing a subset of variables from the original dataset. This step transforms the spectrum data into
new variables to create a refined dataset (Christopher M. Bishop, 2006). Fifteen features are formulated using the time-domain
signal (Knittel et al., 2019; Barreto et al., 2021), as presented in Table 2, where z is the spectrum signal, and p is the sampling

points value.

Table 2. Spectral and statistical formulation used for feature extraction.

Statistical Spectral

Feature Formulation Feature Formulation
Maximum value Max = max(|z|) Amplitude range (Peak-to-peak) ~ Amp : Tmax — Tmin
Minimum value Min = min(z) Root mean square RMS = \/ % b a?
Median value Median = () Energy of the signal Energy = > 1, 2}
Mean value Mean = p = % bl Energy of the centred signal Ec:X:f:1 (x —p)°
Variance Var =+ 30 (2 — p)° Shannon Entropy Es(X)=-_,_, 7} *log, (z})
Skewness Skewness = % b (“0_73")3 Signal rate SR = max(m"‘:“’);mi“(mk:“’)
Standard deviation ~STD = \/% > (wi— ©)? | Kurtosis Kurtosis = % b @:74“)4 -3
Moment order Mo; = E\SZ;j‘Z)L (i=>5:10)
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Figure 4. Features extracted groups combining the four turbine operation conditions. The black dashed-dot line is the threshold of the NO

condition. (RHS) RMS and median, and (LHS) Max, Min, Amp, Var, EC, and SR.

The formulation used to extract the feature includes maximum, minimum, amplitude range, median, mean, variance, energy,
energy centre, skewness, kurtosis, higher-order moments, Shannon entropy, signal rate, and RMS. These features are organ-
ised into a dataset encompassing all four operational states. However, some features, such as energy, kurtosis, higher-order
moments, and Shannon entropy, exhibited low sensitivity to failures and were therefore discarded during the subsequent nor-
malisation and analysis stages. Despite this refinement, the remaining features still present a challenge because their amplitude
variation is minimal, with differences of less than three digits. This small variation poses a significant obstacle for accurate ML
classification. To address this issue, the proposed damage index integrates a normalisation step based on the relative change of

each feature, defined as

_ Ay

where Ay = (max(X) — X) represents the difference between each element in the feature‘s vector, X = {Max,RMS, ..., n},
and RC is the feature’s relative change, calculated by dividing A ; by its maximum value. By applying the normalised damage
index related to the relative change proposed in Eq. (1), one can scale the A f values without losing the intrinsic dynamic
behaviour for time and normalise the features between unity and zero, preserving their essential characteristics imposed by
the operational condition while enabling consistent feature comparison. The features most sensitive to failure include the
maximum (max) and minimum (min) values, amplitude range, root mean square (RMS), variance, energy centre, and signal
rate. These eight normalised features are grouped by similarity, as illustrated in Fig. 4. From these groups, four features, RMS,
max, variance, and amplitude range, are selected to create the global dataset and serve as input for the unsupervised k-means

clustering algorithm.
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3 Hybrid machine learning model
3.1 Pattern Recognition and clustering

The next steps in the monitoring process are unsupervised pattern recognition, labelling and clustering of the selected nor-
malised features using the k-means algorithm, with the elbow method used to determine the optimal number of clusters. For
validation, the elbow method was confirmed using « = 2 for binary classification and x = 4 for multi-classification, where «
represents the number of classes to identify clusters within unlabelled data. The outputs are subsequently used as inputs for the
feature and sensor selection. Furthermore, the samples were randomly divided, and the clustered dataset was split into train-
ing 56.20%, test 25%, and validation 18.80%, which were used for model construction and evaluation, as shown in Table 3.
Each classifier was assessed using a 5-fold cross-validation procedure to enhance training accuracy, which was achieved by

randomly partitioning the training dataset into five distinct subsets.

Table 3. Explicit description of the datasets used for training, validation, and testing.

Classification Cases Training Test Validation
NO and FC 981 436 327
NO and Al 524 234 175
Multiclass NO, FC, RI and Al 1772 788 591

3.2 Feature and sensor fast selection

The supervised features analysis indicates that changes in the turbine’s dynamic behaviour are related to specific events. For
subsequent procedures, a feature and sensor selection is performed using the Canonical-correlation-based selection method
introduced by Zhang et al. (2025). In this work, feature and sensor selection is a two-step procedure, beginning with the
selection of the best feature(s) of each sensor, followed by the indication of the best sensor(s). The pseudocode for this process

is given in Algorithm 2, which is repeated for each fault diagnosis.

Ran RNxm

The feature matrix is defined as X € , comprising n features over N instances, and the target matrix as Ye
consisting of m label variables, defined by the k-means. The objective is to identify a subset of 7 informative features from X
that contribute most significantly to modelling Y. The selection process is guided by the sum of squared canonical correlation
coefficients(SSC), which serves as the ranking criterion by quantifying the shared variance (i.e., coefficient of determination
R?(X,y)) between the features and each target vector y. At each iteration i € 0,1,...,7 — 1, a search is executed to select
the (i + 1)th most relevant feature x4 € RV*!, conditioned on the previously selected set X, € RV, This iterative process
continues until the best 7 features are selected, ensuring maximum explanatory power to the target response, where
(i+1)Am
d = argmax = R ((Xs,%5)]Y) )
J k=1

10
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for the canonical correlation coefficients based on the 7-cosine in the SSC is given by

nAm nAm nom
S OREXY) =) cos?(Ok(W,V) =D > cos®(£(wi,vi)) (3)
k=1 k=1 i=1j=1

for W and V whose columns form an orthogonal basis, and © (W, V) the angle between both bases (for further details, please
see (Zhang et al., 2025)). This process involves looping through the features for each sensor in an interaction. In sequence, a
similar procedure is performed for sensor ranking, with the feature matrix defined as X, € R®**, where X, contain the highest

ranking feature(s) of each sensor.

Algorithm 2 Pseudocode for the feature and sensor selection with canonical correlation

Input: Xe RYX™  Candidate feature matrix

Input: Y € RVX™  Target multi-label matrix

Output: d € R**7, where d = (dy,da,...,d;) Index of the feature with the highest ranking score

Output: q € R***, where q = (¢1,¢2,...,¢s) Index of the feature with the highest ranking score associated to the sensor

1: 7 € N Number of features to be selected

2: s€S Number of sensor

3: Xs «— 0 Candidate feature matrix coating the best feature(s) of each sensor. The threshold is Score > 0.6
4: for j +— 1tosdo

5. Xc¢ «— [X—mean(X)], Yo < [Y —mean(Y)]

6:  if use n-cosine then

7: [U,S, V)] —svd([Xc | Yo))

8: Xclu | [Yelo — SV,

9: endif
10: RZ«—O0fori=1,...,n Feature ranking scores

11: d;«—O0fori=1,...,¢t Outputindices vector, where ¢t € N is the number of features to be selected
11: procedure FASTCAN(X, Y, t, tol, alg)  Function described in (Zhang et al., 2025)
12: d «— argmax; R?
13:  returnd

14: X, «X[:,max(d)] Highest score feature
15: end for

15: procedure FASTCAN(Xs, Y, s, tol, alg)

16: q < argmax; Rf
17: return q

3.3 Classification and model evaluation

ML algorithms are applied to classify the operational condition of the wind turbine by analysing datasets. As an automated

approach, ML identifies patterns in data through various algorithms and uses these learned patterns for predictive analysis and

11
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decision-making. The proposed model follows a hybrid unsupervised-supervised ML-based framework, incorporating classi-
fication strategies to improve structured data attributes. The data-driven ML models are fed with selected features extracted
from the multiphysics database, incorporating vibration responses and environmental data, and the output corresponds to the
wind turbine’s classification operational state.

For the classification task, six ML algorithms are utilised. The unsupervised k-means algorithm is used for initial clustering.
At the same time, the supervised classifiers naive bayes (NB), DT, random forest (RF), kNN, SVM, and extreme gradient
boosting (XGB) are employed to detect the system’s operational conditions. The ML algorithms embedded in the framework
are based on the open-source Scikit-learn library. These algorithms perform the final classification based on the initial clus-
tering results, generating outputs that include confusion matrices and performance metrics. The selection of hyperparameters
follows the recommendations in (de Sousa et al., 2023; Coelho et al., 2024b), which identified optimal configurations for this
application. Specifically, the SVM model employs a linear kernel with a penalty parameter of C = 100, a one-vs-one multiclass
strategy, and a tolerance of 1 x 10~3. For kNN, the number of neighbours is set to k = 3, using the Euclidean distance metric,
uniform weights, and a leaf size of 30. The RF and DT algorithms both use 100 trees, a maximum depth of 3, and the Gini split-
ting criterion. The Naive Bayes classifier employs a Gaussian model, while XGBoost uses the XGBClassifier implementation.
These configurations have shown high accuracy and robustness in prior studies, and are adopted here to optimise classification
performance.

The final step involves evaluating model performance on a previously separated test dataset. Hyperparameters may be fine-
tuned to improve Accuracy, Precision, Recall, and F1-score. A confusion matrix is also analysed to provide further diagnostic
insight. To prevent overfitting and ensure generalisability, a 5-fold cross-validation scheme is employed. Performance metrics
and confusion matrices are generated for all algorithms, enabling the framework to identify the most accurate model and guide

users in selecting the most suitable ML algorithm for wind turbine monitoring.

4 Results and discussion

During the monitoring process, various sensor data are available from the acquisition system. To ensure accurate failure iden-
tification and classification, it is essential to evaluate the most informative sensor(s) data. In the proposed framework, both
feature and sensor scores are used to rank the inputs, ensuring that only the most sensitive information related to the specific
failure is selected and further input to the ML algorithm for wind turbine condition classification. The feature and sensor scores,
normalised between zero and one, are returned from the ranking process. Features with scores above 0.6 are appointed to build
the dataset used in the ML algorithms. Hence, the dataset comprises the high-score features of each sensor, as well as the
SCADA wind speed and temperature.

The evaluation of the turbine’s operational condition includes both binary and multiclass classification tasks. For binary clas-
sification between normal operation and flexible coupling failure, the feature matrix is composed of XNo-rc) = {RMS_YO]MSH7

Max_YOlLO5 , Amp_ZOlGEN, RMS_XOZNMF} identified in the selection step. The individual feature scores for each accelerom-

12
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eter are shown in Fig. 5(a—d). Subsequently, in the sensor ranking, the NMF sensor (RMS_X02"MF) yields the highest score,

indicating it as the most sensitive to FC-related failures, as shown in Fig. 8(a).
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Figure 5. Feature scores for the accelerometer in the x-y-z directions and the corresponding dispersion diagrams for the highest-scoring

features: (a,e) MSH; (b,f) LOS (sensors 01 and 02); (c,g) GEN; and (d,h) NMF (sensors 01 and 02).
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Figure 6. Feature scores for the accelerometer in the x-y-z directions and the corresponding dispersion diagrams for the highest-scoring

features: (a,e) MSH; (b,f) LOS (sensors 01 and 02); (c,g) GEN; and (d,h) NMF (sensors 01 and 02).

The k-means algorithm is applied to label and organise the data based on similarities among the selected features. Incorpo-

rating a larger number of informative features enhances both pattern recognition and classification accuracy. Although each
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Figure 7. Feature scores for the accelerometer in the x-y-z directions and the corresponding dispersion diagrams for the highest-scoring

features: (a,e) MSH; (b,f) LOS5 (sensors 01 and 02); (c,g) GEN; and (d,h) NMF (sensors 01 and 02).

feature is visualised individually for clarity, the final classification integrates all selected features along with SCADA data to
strengthen the overall decision-making process. Features with minimal overlap between operational states are especially valu-
able, as they contribute to clearer distinctions and improved ML performance in identifying fault conditions. Scatter plots in
Fig. 5(e-h) display the correlation between Feature-1 and Feature-2, which represents two groups derived from splitting each
selected feature column. These diagrams highlight how high-scoring features cluster across sensors, revealing patterns that dif-
ferentiate between normal and faulty operating conditions. The identified clusters exhibit consistent grouping and dispersion,
thereby enhancing the interpretability of each operational condition.

For classification between NO and RI, the feature matrix is defined as Xno-rn = {RMS_XOIMSH, Var_YOlLO5 , Max_ZOlGEN7
RMS_XOZNMF}. Feature scores for each accelerometer are shown in Fig. 6(a-d), with the GEN sensor (Max_Z01%ENy achiev-
ing the highest score, indicating strong sensitivity to RI-related anomalies, as indicated in Fig. 8(b). The k-means clustering is
applied to the selected features to identify patterns and assign labels. Scatter plots in Fig. 6(e-h) display the highest-scoring
feature pairs (feature-1 vs. feature-2) per sensor, revealing clear cluster separation between NO and RI. These dispersion di-
agrams highlight how specific failures impact dynamic behaviour, with minimal overlap between classes indicating highly
informative features for classification.

The feature matrix for the NO and Al is Xno.an = { RMS_Y01M" RMS_X01" Var_Z01°*N RMS_X02"™F}, where

the feature ranking scores of each accelerometer are presented in Fig. 7(a-d), where the GEN sensor (Max_Z01%EN

) shows
the highest relevance, indicating strong responsiveness to RI-related conditions, Fig. 8(c). k-means clustering is applied to the
selected features to identify patterns and assign labels. The resulting scatter plots in Fig. 7(e-h) show the top-ranked feature pairs

(Feature-1 vs. Feature-2) for each sensor, revealing distinct cluster boundaries between NO and RI. These diagrams illustrate

14
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Figure 8. Sensor score based on the top-performing features of each operation condition: (a) NO-FC, (b) NO-AI, (c) NO-RI, and (d) multi.

how different faults affect the turbine’s dynamic behaviour, with low class overlap indicating that the selected features are
280 highly effective for classification.

In the multiclass classification, the k-means algorithm identifies four clusters corresponding to NO, FC, RI, and Al con-
ditions, organising the dataset accordingly into response clusters. These clusters support further validation of classification
through performance metrics. Figures 9 and 10 display the highest-scoring features of each sensor and their related dispersion
diagrams, labelled by k-means and ranked by Algorithm 2, respectively. Each class is colour-coded to facilitate quick visual

285 identification and analysis of overlaps between operational states.

Figure 9(a-d) gives the top-ranked features from each sensor, MSH, L05, NMF, and GEN, respectively, highlighting the
most sensitive sensors selected for multiclass classification. Likewise, in the binary case, features with scores higher than 0.5
are included in the global dataset for the classification task, where the feature matrix is defined as Xy = {RMS_XOlMSH,
Var_YOIMSH | var_X01"%°, Max_X02"%%, Max_Y01"%, Amp_X01°EN, var_z01°N RMS_X02"MF Var_X02"MF}. The

290 GEN and MNF sensors show the highest relevance, indicating strong sensitivity, as shown in Fig. 8(d).
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Figure 9. Feature selection based on the top-performing features of each sensor: (a) MSH, (b) L0S, (c) MNF, and (d) GEN.

Each selected feature is visualised through its dispersion correlation in Fig. 10(a-c), corresponding to results from sensors
GEN, MSH, and NMF, respectively. Figures 10(d—f), in turn, show the results for LO5 sensors. Overall, k-means effectively
labels classes associated with each operational fault. Certain features exhibit a clear separation between normal conditions
and fault types, although overlap among fault classes is evident in all cases. This suggests that while individual features
may help detect abnormal behaviour, they are not self-sufficient alone to discriminate between specific failure modes. These
individual feature analyses reveal important patterns. However, when classification models are applied, features are considered
in combination. This integrated approach improves both classification accuracy and the robustness of the performance metrics.

While some features aid in distinguishing normal from faulty states, reliable fault classification generally requires the combined

contribution of multiple informative features.
4.1 Operational condition classification and metrics evaluation

The fault classification uses six classification machine learning algorithms, including kNN, SVM, DT, RF, Naive Bayes, and

XGB. These algorithms perform the final classification based on the input dataset, providing outputs as confusion matrices and
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Figure 10. Correlation plots of multiple conditions failure (NO, FC, RI, and Al) for the highest scored features of each sensor: (a) GEN, (b)
MSH, (c) NMF, and (d-f) LO5.

performance metrics. The selection of hyperparameters is based on the investigations of (de Sousa et al., 2023), which specify
optimal configurations for this assignment and are briefly described in Section 3.3.

305 Table 4 presents the performance of ML models in binary classification (NO-FC, NO-RI, and NO-AI) and multiple fail-
ure conditions evaluated through cross-validation and metrics such as accuracy, precision, recall, and F1-score. For metric
estimation, micro-, macro-, and weighted averages were tested, assuming Micro as the standard. Micro-averaging computes
classification metrics by globally summing true positives, false positives, and false negatives across all classes, resulting in
similar Precision, Recall, and F1-score. Macro-averaging, in turn, calculates these metrics for each class separately and then

310 averages them, treating all classes equally. Weighted averaging follows the same approach as macro-averaging but adjusts for

class frequencies, ensuring that more frequent classes contribute proportionally to the final score.
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Table 4. Performance metrics of the ML algorithms SVM, kNN, NB, RF, DT, and XGB for binary and multiple classification

. SVM / kNN . SVM / kNN
Metrics Perfomance XGB Metrics Perfomance XGB
RF /DT RF /DT
NO-FC 100% 95,60% 100% NO-FC 100% 96,39% 100%
Cross NO-RI 100% 9424%  99.86% | F1.Score = NO-RI 100% 95,06%  100%
validation Ny Ay 100%  99,65%  100% NO-AI 100% 100%  100%
Multiclass 100% 97,12% 100% Multiclass 100% 96,92% 100%
NO-FC 100% 94,17% 100% NO-FC 100% 88,39% 100%
Accuracy NO-RI 100% 92,79% 100% Recall NO-RI 100% 89,47% 100%
NO-AI 100% 100% 100% NO-AI 100% 100% 100%
Multiclass 100% 95,94% 100% Multiclass 100% 91,90% 100%
NO-FC 100% 91,56% 100%
Precision NO-RI 100% 91,52% 100%
NO-AI 100% 100% 100%
Multiclass 100% 94,06% 100%
SVM/NO-FC SVM/NO-RI SVM/NO-A SVM
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Figure 11. Confusion matrix of binary operational classification for (a) NO-FC, (b) NO-RI, (c) NO-AI, and (d) for multi-classification. The

dataset assumes the best features plus SCADA data (temperature and wind speed) in each analysis.

Among the ML methods used for classification of turbine state operation, the SVM algorithm achieves excellent metrics,

reaching a value of 1 across all evaluated measures (Accuracy, Precision, Recall, and F1-score) in the three binary classification

scenarios. The performance of SVM is especially remarkable in NO-RI, where it attains peak scores. Although kNN, NB, DT,

RF, and XGB also show strong metric results, with less pronounced variations, SVM stands out, offering greater interpretation

and precision. This analysis highlights the crucial importance of considering feature and sensor selection in dataset construction

for training classification models. Confusion matrices are generated for all algorithms, but based on the results, the SVM
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is selected as the model for detailed analysis across the three scenarios. This selection allows for a focused presentation,
particularly on the educational aspects of the findings, given the extensive number of graphical results obtained.

The performance metrics of the SVM, kNN, NB, RF, DT, and XGB algorithms for a multiclass classification are presented
in Table 4. The evaluation is based on cross-validation, accuracy, precision, recall, and F1-score, providing a comprehensive
assessment of the effectiveness of each algorithm. SVM stood out as the best-performing model overall, achieving superior
results. KNN, XGB, and RF also showed consistent performance. In contrast, the NB model demonstrated lower performance
metrics. Based on SVM’s exceptional results, it will be used for further analysis, including the evaluation of confusion matrices
for the features of selected sensors, as well as SCADA, where it achieved the highest performance.

The confusion matrices shown in Figs. 11(a—c) present the results of binary classification using the SVM algorithm. In the
NO-FC case, the model achieved high accuracy, correctly classifying 360 samples as NO (80.72%) and 86 as FC (19.28%).
For the NO-RI classification, the performance remained strong, with 243 correct predictions for NO (72.97%) and 90 for RI
(27.03%), and notably, no false positives were observed. In the NO—-AI scenario, the model correctly classified 196 samples
as Al (77.78%) and 56 as NO (22.22%), indicating a slight performance decrease, which may be attributed to the increased
complexity or class imbalance in the Al dataset. Figure 11(d) displays the confusion matrix for the multiclass classification
involving Al, FC, NO, and RI. The model correctly identified 42 samples as Al (5.33%), 46 as FC (5.84%), 218 as RI (27.66%),
and 482 as NO (61.17%). Notably, no false positives were detected for the NO class, highlighting the model’s high precision

in identifying normal operating conditions.
5 Conclusions

This work proposes a framework for classifying operational conditions (normal operation, pitch drive faults, rotor icing, and
aerodynamic imbalance) of the wind turbine using experimental data. The monitoring follows an eight-step process, including
data processing, feature and sensor selection, normalisation, data splitting, unsupervised clustering, machine learning classifi-
cation, and model evaluation. A novel feature normalisation strategy was introduced to enhance the differentiation of dynamic
responses. Among the fifteen extracted features, eight were identified as the most sensitive and ranked using canonical correla-
tion analysis. In addition to vibration signals acquired from six accelerometers positioned throughout the turbine, environmental
parameters such as temperature and wind speed were incorporated into the monitoring process. The operational conditions were
labelled and grouped using the unsupervised k-means algorithm to uncover distinct clusters in the data. For binary classifica-
tion tasks, the SVM consistently achieved perfect performance metrics (accuracy = 1.0), demonstrating exceptional capability
in distinguishing between normal and faulty conditions across various sensor orientations. Confusion matrices confirmed the
model’s reliability, showing minimal misclassifications and no false positives. While other algorithms, including kNN, NB,
and XGB, also performed well, SVM stood out for its consistency and precision. In multiclass classification involving multiple
operational conditions, SVM again delivered the best results, achieving high accuracy and strong class discrimination. Overall,
SVM proved to be the most robust and effective model for both binary and multiclass fault detection. These results highlight
the potential of the proposed framework, implemented as PyYMLDA open-code, for structural health monitoring of complex

systems, which demonstrated outstanding performance in wind turbine condition diagnostics.
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