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Abstract: The rapid development of deep learning has brought transformative advances to intelligent fault diagnosis,
providing powerful end-to-end feature learning capabilities that enable more effective analysis of rolling bearing
vibration signals. However, conventional convolutional neural network (CNN), with their fixed architectures, have
difficulty capturing the dynamically changing time-frequency features of vibration signals. In addition, most existing
models lack effective mechanisms to suppress noise and vibration interference during monitoring, leading to a marked
drop in diagnostic accuracy under non-stationary and noisy conditions.To improve the model’s ability to process non-
stationary signals, this study introduces a multi-module diagnostic framework, VMD-CNN-Transformer, which
integrates Variational Mode Decomposition (VMD), CNN, and Transformer architectures. The framework first applies
VMD to decompose the vibration signals into representative intrinsic mode functions, enhancing the multi-scale
representation of the original signals. The CNN module then extracts key local features and integrates multi-scale
information. Finally, the Transformer captures long-range dependencies, allowing detailed characterization of complex
fault patterns.Comparative experiments on benchmark datasets, including CWRU, XJTU, and DIRG, show that the
proposed method achieves superior robustness and generalization under challenging conditions with noise and varying
operating states. The framework outperforms mainstream methods and provides a novel technical solution for
intelligent industrial equipment monitoring, demonstrating strong potential for practical engineering applications.
Keywords: Rolling bearing; Variational mode decomposition; Convolutional neural network; Transformer; Fault
diagnosis

Rolling bearings, as essential components of rotating machinery, play a key role in supporting rotational motion and
minimizing frictional losses in high-end manufacturing sectors, including aero engines, wind turbines, and rail transit
systems [1]. The operating condition of rolling bearings is closely tied to economic performance and has critical
implications for public safety [2]. Therefore, the development of high-precision intelligent fault diagnosis systems for
rolling bearings is crucial for ensuring motor stability. These systems also form a core technological foundation for
intelligent maintenance of industrial equipment, improving both operational safety and economic efficiency [3].
Recent breakthroughs in artificial intelligence have revitalized the field of intelligent fault diagnosis. Deep learning,
owing to its strong nonlinear feature extraction and end-to-end adaptive learning capabilities, has shown significant
technical advantages in this field. Convolutional Neural Network (CNN) [4], with their hierarchical architectures,
effectively capture spatial correlations in signals and are particularly suited to extracting localized fault features. Long
Short-Term Memory (LSTM) networks [5], via gating mechanisms, model the dynamic evolution of temporal signals.
Furthermore, the Transformer architecture [6], employing self-attention mechanisms, overcomes sequence length
limitations of traditional models and provides an innovative solution for modeling long-range dependencies. The
combined development of these technologies offers diverse technical approaches for fault diagnosis under complex
operating conditions. Zhilin et al. [7] proposed a one-dimensional improved self-attention-enhanced CNN (1D-ISACNN)
based on empirical wavelet transform, achieving 100% classification accuracy on three bearing datasets. A hybrid
CNN-LSTM model was developed [8] to classify bearing faults under progressive wear conditions using vibration
signals, achieving 99% accuracy in experiments. However, despite promising results, most deep learning models lack
robust data preprocessing procedures [9]. Under complex operating conditions, fault features often appear as weak
signals overlapped by strong noise, severely disrupting feature extraction and significantly reducing model robustness.
To address these challenges, Xia et al. [10] proposed a hybrid model combining optimized Variational Mode
Decomposition (VMD), Fuzzy Dispersion Entropy (FDE), and Support Vector Machines (SVM), demonstrating
effective diagnosis across various fault types and severities in rolling bearings. Additionally, Chen et al. [11] presented
a fault diagnosis method integrating VMD-based denoising and feature enhancement with Transformer-based
classification, achieving 98.1% accuracy in experiments.
Despite recent progress, numerous challenges persist in real-world industrial environments. To begin with, vibration
signals often exhibit strong non-stationary characteristics [12], with statistical properties that vary significantly over
time. Traditional signal processing techniques and static models often fail to capture these time-varying features,
limiting their effectiveness in representing meaningful information. Moreover, most deep learning models focus on
extracting features from local windows but struggle to capture global temporal dependencies, making it difficult to
recognize long-term fault evolution patterns. This limitation hinders the interpretation and classification of complex
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temporal features. Therefore, achieving robust and accurate feature extraction and temporal modeling in non-stationary
environments remains a key challenge in advancing intelligent fault diagnosis systems.
To address these challenges, this study proposes a novel intelligent diagnostic model that integrates VMD with a hybrid
CNN–Transformer architecture. The model uses VMD for data denoising and combines the strengths of CNN and
Transformer architectures, thereby significantly improving accuracy and robustness in noisy and complex operational
settings.
Specifically, the proposed method employs a multimodal fusion architecture, where VMD is used in signal
preprocessing to extract physically meaningful intrinsic mode functions (IMFs), thereby improving the multi-scale
representation capability of the original signal. During feature extraction, the CNN module leverages its local receptive
fields and weight-sharing mechanism to effectively capture transient impulses and localized fault patterns in the signal.
Simultaneously, the Transformer module utilizes a multi-head self-attention mechanism to overcome the limitations of
traditional convolutional networks, enabling global modeling of long-range dependencies in sequential signals. This
hierarchical feature extraction strategy preserves local details and builds global contextual relationships, enabling
comprehensive characterization and accurate identification of complex fault features. The main contributions of this
study are summarized as follows:
(1) VMD is used in signal preprocessing to extract physically meaningful IMFs, enhancing the multi-scale
representation capability of the original signal;
(2) CNN is employed to extract local fault features across multiple scales and perform feature fusion;
(3) The Transformer architecture models global dependencies in long sequences, enabling precise identification and
representation of complex fault patterns.
The paper is organized as follows: Section 2 elaborates the overall structure and key module principles of the proposed
model; Section 3 presents specific experimental setups and performance evaluation results, comparing them with
existing methods; Section 4 concludes the paper, discussing the engineering significance and future directions of the
research.

2.1 Variational Mode Decomposition

VMD, introduced by Dragomiretskiy et al. [13], is an adaptive signal decomposition technique. Unlike Empirical Mode
Decomposition (EMD) [14], VMD effectively suppresses endpoint effects and mode mixing, allowing for improved
separation of complex, nonlinear, and non-stationary signals into distinct spectral components. The core concept of
VMD is to decompose the original signal ( )f t into K IMFs, each centered at a specific frequency, with their
bandwidths minimized. The variational model is formulated as follows:
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Here, K denotes the predefined number of modes, ( )ku t is the k th IMF, and kw is its center frequency. ( )t
denotes the Dirac delta function, and ( )t indicates the time derivative. To solve the constrained optimization problem,
a quadratic penalty term  and a Lagrange multiplier ( )t are introduced, resulting in the augmented Lagrangian
formulation:
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VMD performance depends on choosing its key parameters: the number of IMFs K and the penalty factor  .A too
small K causes mode mixing and hampers the separation of critical fault information.In contrast, too large a K
introduces redundant modes, lowers computational efficiency, and adds noise.The penalty factor  determines the
bandwidth compactness of each mode.A larger  yields smoother components, favoring low-frequency feature
extraction. Conversely, a smaller  produces more abrupt variations, aiding detection of high-frequency impulsive
faults.Therefore, optimizing VMD requires selecting the optimal combination of K and  .

2.2 Convolutional Neural Network

CNN have shown excellent performance in image recognition and sequence modeling [15]. They offer strong local
perception and feature-sharing capabilities, allowing automatic extraction of deep and discriminative features from raw
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signals. This approach addresses the limitations of traditional methods that depend heavily on handcrafted features and
expert knowledge.
CNNs mainly consist of convolutional layers, pooling layers, and nonlinear activation functions, such as ReLU. These
components together form a mechanism for local receptive fields and hierarchical feature abstraction. For a one-
dimensional input sequence nx , the convolution operation is defined as:
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where kw denotes the convolution kernel weights, b is the bias, and k is the kernel size. The activation function
( )  , such as the Rectified Linear Unit (ReLU) [16], is defined as:

( ) max(0, )x x  . (4)
Pooling layers perform downsampling to reduce feature dimensionality and improve translational invariance.
Mathematically, the pooling operation is defined as:

1 1max{ , , , }i i i i pz y y y    , (5)
where p denotes the pooling window size and iz is the pooled output. In this study, multiple modules combining
convolution, activation, and pooling are employed to progressively extract local features at various levels.
Fault signals often exhibit a range of localized feature patterns—such as transients, modulated components, and
frequency drifts—that are typically restricted to specific time intervals. CNN, leveraging local receptive fields and
weight-sharing mechanisms, effectively capture these localized and non-stationary structures. This design increases the
network’s sensitivity to local anomalies and enhances its ability to detect incipient faults. Furthermore, the use of multi-
scale convolutional kernels enhances the network's ability to extract information across various temporal scales, thereby
facilitating a more comprehensive representation of complex signal characteristics.

2.3 Transformer

Transformer was originally developed for natural language processing tasks [17]. Due to its powerful
sequence-modeling and parallel- computing capabilities, it has found wide applications in fields such as time- series
analysis and fault diagnosis. The core of the Transformer architecture is the multi- head self- attention mechanism,
which captures dependencies in different subspaces by computing multiple attention mappings in parallel.
Given an input n dX  , the query, key, and value matrices are computed using linear projections as follows:

, ,  Q K VQ XW K XW V XW . (6)
The attention scores are calculated using scaled dot- product attention:

Attention( , , ) softmax
T
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QKQ K V V . (7)

The outputs of multiple attention heads are concatenated and passed through a linear transformation:

1MultiHead( , , ) Concat(head , ,head )h  OQ K V W . (8)

In Equs. (6)–(8), , , kd dQ K VW W W  are the linear projection matrices for queries, keys, and values, respectively; The
matrices , ,Q K V , each of size kn d , represent the query, key, and value vectors, respectively. kd is the

dimensionality of each attention head, and h denotes the number of heads. khd dOW  is the projection matrix applied
after concatenating all attention- head outputs.The softmax() function normalizes the attention weights, and ihead
denotes the output of the i th attention head.
Each Transformer encoder layer comprises a multi-head attention sub-layer and a feedforward neural network (FFN)
sub-layer. The FFN includes two linear transformations with a ReLU activation function applied between them,
mathematically defined as:

1 2FFN( ) max(0, )x x b b  1 2W W (9)

where n dx  represents the encoder layer input; 1 2,ff ffd d d dW W    are the FFN weight matrices, where ffd
indicates the hidden layer dimension. 1 2,b b are bias terms, and max( ) denotes the ReLU activation function.Each sub-
layer employs residual connections followed by layer normalization, expressed as:

Output LayerNorm( SubLayer( ))x x  (10)
In this expression, SubLayer( )x denotes a sub-layer transformation applied to the input x , while LayerNorm refers to
the layer normalization function, which accelerates convergence and enhances model stability.
Unlike recurrent neural networks (RNNs) and long short-term memory (LSTM) networks [18], Transformers enable
direct information exchange between arbitrary time steps via self-attention, effectively mitigating the gradient vanishing
issue commonly seen in long-sequence training. This results in an improved capacity for modeling long-term
dependencies. Furthermore, the Transformer’s parallel computation mechanism greatly enhances training efficiency,
making it well-suited for modeling complex long-range dependencies in non-stationary vibration signals.
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2.4 Bearing Intelligent Diagnosis Model Based on VMD-CNN-Transformer

This study develops a VMD-CNN-Transformer model for intelligent rolling bearing diagnosis, comprising three key
modules: VMD signal decomposition, CNN-based local feature extraction, and Transformer-based global modeling.
The overall architecture is illustrated in Figure 1. First, to effectively handle the strong non-stationarity and multi-
frequency modulation in rolling bearing vibration signals, the model front end applies the VMD algorithm for adaptive
decomposition of the raw signals. During feature extraction, the CNN module inputs multi-scale signals reconstructed
by VMD and employs multi-layer convolutional kernels and nonlinear activation functions to progressively abstract
local signal features. Pooling and normalization strategies are applied to suppress overfitting and improve the
robustness of local fault feature detection, including transient impacts and periodic modulations. Finally, the
Transformer module receives temporal feature maps from the CNN and captures long-term dependencies across
sequences using a multi-head self-attention mechanism. It also integrates positional encoding and residual connections
to enhance modeling of non-stationary dynamic evolutions. With its three-level structure—signal decomposition, local
feature extraction, and global modeling—this model achieves high fault identification accuracy and strong
generalization in multi-condition and noisy environments. It offers an efficient and scalable intelligent solution for
rolling bearing health monitoring under complex industrial conditions.

Figure 1 Bearing Intelligent Diagnosis Model Based on VMD-CNN-Transformer

3.1 Dataset Description

To thoroughly assess the adaptability and generalization performance of the proposed VMD-CNN-Transformer model
in multi-source and multi-condition settings, three representative public rolling bearing datasets were selected. These
datasets span laboratory, industrial, and high-speed aerospace application environments, as detailed below:
(1) Case Western Reserve University Bearing Dataset (CWRU Dataset) : This widely used benchmark for bearing fault
diagnosis includes four fault types—Normal, Inner Race Fault (IF), Outer Race Fault (OF), and Ball Fault (BF)—all
generated via electrical discharge machining. The dataset was collected under varying loads (0–3 hp) and speeds (1730–
1797 rpm), using a 16-channel acquisition system at 12 kHz. A torque sensor recorded power and speed data to ensure
high experimental repeatability.
(2) Xi’an Jiaotong University Bearing Dataset (XJTU Dataset) : Acquired from a bearing life-cycle test platform, this
dataset includes IF, OF, BF, and Compound Fault (CF) types, with a sampling rate of 20.48 kHz. Continuous long-term
monitoring enables clear degradation trends. A selected subset of the vibration signals was used to evaluate the model’s
robustness under noise and progressive degradation.
(3) Politecnico di Torino Aerospace Bearing Dataset (DIRG Dataset) : Designed for high-speed aerospace bearing
diagnostics, this dataset was collected at 51.2 kHz under rotational speeds up to 30,000 rpm. Faults were introduced via
Rockwell indentations, with severity graded from 0A (healthy) to 6A (severe). Fourteen condition signals, acquired at
200 Hz under two load scenarios, were used to assess diagnostic stability in dynamic environments.

3.2 Data Preprocessing and Experimental Setup

To ensure computational efficiency and experimental reproducibility, all experiments were conducted on a platform
featuring a 13th-generation Intel® Core™ i9-13900H processor and integrated Intel® Iris® Xe Graphics. The
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experimental workflow was developed using Python 3.9, with model construction and training performed via the
PyTorch deep learning framework. Performance metrics were calculated using the Scikit-learn library, resulting in an
end-to-end integrated pipeline for model development and evaluation.
Before training, all vibration signals were normalized using Min-Max scaling, which linearly maps feature values to the
[0, 1] range. This preprocessing step minimizes the influence of feature scale differences on learning and speeds up
convergence. To improve training stability and maintain evaluation independence, the dataset was divided into training
(60%), validation (10%), and test (30%) sets. As shown in Figure 2, both the model’s loss and classification accuracy
converged rapidly within 50 epochs, demonstrating robust fitting and convergence even under complex data
distributions.
Three standard classification metrics were adopted to comprehensively evaluate the model’s performance. Accuracy
measured overall prediction correctness, while recall evaluated the model’s ability to identify positive samples. The F1-
score, balancing precision and recall, was especially useful in scenarios with class imbalance. Collectively, these
metrics provide a systematic evaluation of the model’s generalization ability and diagnostic performance under diverse
operating conditions and sample distributions.

Figure 2 Convergence Curves of Loss and Accuracy During Training

3.3 Results and Analysis

3.3.1 Comparison of multi-model performance and advantage validation
To thoroughly assess the fault diagnosis performance of the proposed VMD-CNN-Transformer model, five
representative baseline methods were evaluated on three publicly available bearing datasets. The baseline methods
include K-Nearest Neighbors (KNN), Support Vector Machine (SVM), Multilayer Perceptron (MLP), a standard CNN,
and an unoptimized CNN-Transformer model. The classification accuracies of all methods across the three datasets are
summarized in Table 1.
The proposed VMD–CNN–Transformer model achieves the highest classification accuracy across all datasets, reaching
99.73%, 94.86%, and 97.96% on the CWRU, XJTU, and DIRG datasets, respectively. These results significantly
outperform those of other methods, demonstrating the model’s superior capability in extracting features from multi-
source signals and modeling complex data distributions.
Traditional methods such as KNN and SVM consistently show lower performance across all datasets, especially on the
XJTU dataset, where they achieve only 78.05% and 75.36% accuracy, respectively. These methods struggle to handle
the challenges posed by complex operating conditions and variations in modal characteristics. In contrast, MLP and
CNN, as representative deep neural networks, offer certain advantages in feature extraction. However, they still
inadequately capture local or global features, resulting in slightly reduced performance on the DIRG dataset, with
accuracies of 86.28% and 90.74%, respectively.

Table 1 Performance Comparison of Different Models on Three Datasets
Methods CWRU XJTU DIRG
KNN 84.62 78.05 80.66
SVM 80.42 75.36 77.53
MLP 90.12 85.41 86.28
CNN 92.64 89.52 90.74

CNN-Transformer 96.52 91.93 93.46
VMD-CNN-Transformer 99.73 94.86 97.96

The CNN–Transformer model, which incorporates multi-scale convolution and attention mechanisms, performs well on
all three datasets, confirming the effectiveness of the Transformer architecture in enhancing local feature awareness and
modeling long-range dependencies. However, compared to the proposed VMD–CNN–Transformer model, it still shows
a noticeable accuracy gap. This discrepancy is primarily due to the VMD module’s ability to adaptively decompose and
denoise raw signals at the input stage, thereby enhancing the network’s sensitivity to critical time-frequency features
and improving overall classification robustness and generalization.
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3.3.2 Ablation study
To comprehensively evaluate the contribution of each component in the proposed VMD–CNN–Transformer model,
ablation experiments were conducted using three simplified variants: VMD–CNN (containing only the CNN structure
with VMD-decomposed signals as input), VMD–Transformer (containing only the Transformer structure with VMD-
decomposed signals as input), and CNN–Transformer (which omits VMD decomposition and directly uses raw signals).
All models were evaluated under identical experimental conditions and dataset configurations using three key metrics:
recall, F1-score, and accuracy. The experimental results are illustrated in Figure 3(a).

(a) Results of the ablation study (b) Visualization of the confusion matrix
Figure 3 Results of the Experiment

Overall, the complete VMD–CNN–Transformer model achieved superior performance over all simplified variants, with
recall, F1-score, and accuracy reaching 99.76%, 99.83%, and 99.61%, respectively. These results highlight the model’s
synergistic advantages in feature extraction, fault sensitivity, and global recognition capabilities. Furthermore,
confusion matrices were utilized to provide a more intuitive evaluation of the model’s diagnostic performance, as
shown in Figure 3(b).
In the structural component analysis, the VMD–CNN model exhibited the lowest performance across all three metrics.
This indicates that while VMD offers basic time-frequency decomposition, its integration with a shallow CNN is
inadequate for capturing deep patterns and long-range dependencies present in complex fault signals. By contrast, the
CNN–Transformer model showed notable performance improvements owing to the attention mechanism, confirming
the Transformer’s effectiveness in enhancing feature representation and capturing global temporal dependencies.
However, the absence of a front-end decomposition process limits its capability to suppress high-frequency noise and
address local ambiguities in raw signals.The VMD–Transformer model, excluding the CNN module, still achieved
relatively strong performance. This result suggests that VMD plays a critical role in enhancing signal separability and
mitigating feature aliasing. It also highlights the Transformer’s ability to effectively integrate high-quality time-
frequency features extracted through VMD processing.
In summary, the VMD module strengthens the model’s capacity to extract key frequency components, the CNN module
enhances local spatial feature learning, and the Transformer significantly improves modeling of temporal dependencies.
The integration of these modules in the VMD–CNN–Transformer model yields optimal performance across multiple
evaluation metrics, demonstrating superior robustness and generalization under complex operating conditions. These
findings validate the rationality and complementarity of each module, offering theoretical support for model design and
a practical architectural reference for real-world fault diagnosis systems.

To address the non-stationary and nonlinear characteristics of rolling bearing vibration signals, and to capture their
global temporal dependencies and deep fault patterns, this paper proposes an intelligent diagnostic framework based on
VMD–CNN–Transformer. The proposed method significantly improves diagnostic accuracy and robustness under high
noise interference. The main conclusions are as follows:
(1)The model utilizes Variational Mode Decomposition (VMD) to adaptively decompose raw signals, enhancing fault-
relevant components and suppressing redundant noise, thereby improving the quality of signal representation. During
feature extraction, a Convolutional Neural Network (CNN) module captures local time-frequency features of the
vibration signals, while a multi-scale fusion strategy further enriches hierarchical feature representations. Additionally,
a Transformer module models long-range dependencies in temporal sequences, enabling deep modeling and accurate
identification of complex fault patterns.
(2)The proposed model is trained and evaluated on three real-world bearing datasets. Performance is comprehensively
evaluated using classification accuracy, recall, F1-score, and confusion matrices. The results confirm the model’s high
diagnostic accuracy and robustness under diverse conditions.
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(3) Comparative experiments are conducted between the proposed VMD–CNN–Transformer and several state-of-the-art
fault diagnosis methods. Results show that the proposed model surpasses others in fault identification accuracy and
stability, highlighting its broad adaptability and application potential in practical engineering scenarios.
The VMD–CNN–Transformer effectively extracts key features and captures deep temporal representations of sequential
data, achieving highly accurate fault identification for rolling bearings even under heavy noise interference. However,
in real-world industrial applications, the lack of high-quality, accurately labeled training samples remains a major
barrier to large-scale model deployment. Future research should therefore focus on leveraging operational and
maintenance data from existing equipment to develop efficient and reliable diagnostic models.
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