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Abstract

With the deep advancement of intelligent manufacturing and digital transformation, digital twin
technology, as a core enabling tool for physical-information integration, has established a novel research
paradigm for fault diagnosis of complex equipment. As a critical component of transmission systems, the
operational integrity of gearboxes directly determines the stable operation of production lines. Nevertheless,
practical industrial scenarios are plagued by challenges such as scarce fault samples, fluctuating operating
conditions, and limited data accessibility, which severely restrict the engineering application of
conventional diagnostic methods. Against this backdrop, this study focuses on the dynamic characteristics
of industrial gearboxes and conducts research based on a physical prototype test bench. It aims to develop
an integrated fault diagnosis approach and construct an intelligent diagnostic system featuring
virtual-physical integration and data-driven analysis.

This study first establishes high-fidelity three-dimensional models and dynamic simulation models of
the PT400mini gear and bearing test bench using SolidWorks and ANSYS. Virtual fault injection and
physical data acquisition are realized, and a comprehensive dataset is constructed. The dataset encompasses
seven typical fault conditions, including normal operation, bearing faults, gear faults, and composite faults,
consisting of 6,480 vibration signal samples in total.

On this basis, a dual-branch parallel diagnostic model integrating an adaptive multi-scale
convolutional network (A-MSCNN) and an Informer temporal encoder is proposed. A bidirectional
cross-attention mechanism is employed to achieve deep fusion of local features and global dependencies.
The proposed model demonstrates superior classification performance on both simulated and measured
datasets. Experimental results reveal that the model achieves an average diagnostic accuracy of 95.61% on
measured datasets and an F1 score of 91.58% on imbalanced CFD datasets. Its comprehensive performance
significantly outperforms traditional diagnostic models such as wide deep convolutional neural networks
(WDCNN) and one-dimensional residual networks (1D-ResNet).

To address the challenge of cross-condition diagnosis in practical operating environments, a
hierarchical domain adversarial transfer learning (HDATL) approach is further proposed. Targeting the
multi-scale characteristics of gearbox vibration signals and the specific requirements of fault diagnosis
tasks, a hierarchical feature alignment mechanism and a class-aware adversarial training strategy are
designed. This approach effectively enhances knowledge transfer capability across varying operating
conditions and improves diagnostic accuracy, enabling feature distribution alignment between simulated
and measured data as well as cross-condition adaptive diagnosis. Experimental results demonstrate that the

proposed method achieves an average accuracy of 92.37% across six cross-condition tasks, substantially



improving the generalization capability of the model under variable operating conditions.

Finally, a digital twin system integrating visual monitoring, fault diagnosis, and interactive control
functions is developed on the Unity3D platform. Real-time data communication is realized via the Modbus
RTU protocol, and a MySQL database is adopted for equipment condition management. Black-box testing
verifies the functional feasibility and operational stability of the system, enabling a closed-loop operation
and maintenance framework covering data perception, intelligent diagnosis, and decision feedback. This
research provides a scalable and transferable digital twin solution for intelligent operation and maintenance
of gearboxes, offering valuable practical implications for advancing the digital transformation of the

manufacturing industry.
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