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Abstract

Abstract

The extensive use of fiber-reinforced composites is essential for achieving
lightweight, integrated, and highly reliable structures in next-generation aerospace
engineering. The radial circular braiding machine is a critical piece of equipment for the
efficient and precise forming of these composites. During operation, the motor speed of
a radial circular braiding machine usually remains below 400 rpm, resulting in vibration
energy being concentrated primarily in the low-frequency range. Furthermore, the
braiding process is influenced by complex dynamic factors such as nonlinear effects,
multi-period excitations, and local impacts, all of which induce vibrations. Such
vibrations can readily lead to instability and process disruption, thereby impairing the
quality of the braided products. To ensure stable and reliable operation, it is necessary to
implement effective vibration control measures. As a widely used technique, dynamic
vibration absorption enables the transfer and dissipation of vibration energy from the
primary system and has been extensively applied in engineering practice. However,
traditional absorbers suffer from limitations such as a narrow effective frequency range,
non-tunable bandwidth, and a single structural frequency, which make them prone to
detuning and lead to rapid deterioration of absorption performance. Tunable absorbers
can adjust system parameters within a certain range to match the frequency, but they
generally rely on external sensors to acquire and identify vibration signals. Alternatively,
introducing nonlinearity into absorbers can broaden the effective bandwidth and
enhance vibration suppression performance, though at the expense of increased
structural complexity and reduced robustness. The tumbler, as an inertia structure,
exhibits low-frequency oscillations around its equilibrium position under external
excitation, converting input energy into mechanical energy of its swinging motion and
dissipating it through damping. This unique energy transfer mechanism offers a new
perspective for realizing low-frequency broadband vibration suppression in radial
circular braiding machines. However, the theoretical models of tumbler structures are
underdeveloped, the low-frequency mechanisms are unclear, and effective control

strategies remain lacking, all of which hinder broader application and development.
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To address these issues, this research establishes a dynamic model of the tumbler
structure, clarifies its broadband vibration absorption mechanism, and proposes a
magnetically tuned semi-active absorber. It also develops an electromagnetic
self-sensing model based on a Long Short-Term Memory (LSTM) neural network and
designs a self-sensing absorber tailored for the radial circular braider. The main
contributions of this work are as follows:

The study developed a theoretical model for the tumbler structure. It derived its
dynamic equations and calculated an approximate resonance frequency. The effects of
geometric parameters, equivalent mass, and damping on system response were analyzed.
The mechanism of low-frequency vibration absorption was revealed. The nonlinear
dynamic behavior of the system was investigated. A prototype and test platform were
constructed, and results showed a low-frequency resonance at 2.7 Hz, validating the
theoretical model.

A tumbler-inspired dynamic vibration absorber was designed. Its motion equations
were derived. The amplitude-frequency response was obtained using harmonic balance
methods. Both analytical and numerical solutions were solved to evaluate amplitude
magnification factors. The effects of key parameters were analyzed. The role of
frequency ratios in vibration suppression was clarified. System parameters were
optimized using a multi-objective genetic algorithm. Prototype tests showed that the
absorber exhibited excellent broadband performance over a natural frequency ratio
range of 0.25 to 1.

A semi-active magnetic control method for the tumbler vibration absorber was
proposed. A calculation approach for electromagnetic forces with non-parallel axes
between the coil and the internal permanent magnet of the tumbler was established, and
a magnetically tuned coupling model of the tumbler was constructed. The regulatory
effects of electromagnetic forces on the system’s natural frequency and vibration
absorption characteristics were clarified, thereby revealing the frequency tuning
mechanism of the tumbler structure. Experimental studies on the semi-active tumbler
absorber demonstrated that adjusting the coil current achieved a maximum reduction of
72% in the primary system amplitude and an effective vibration reduction bandwidth of
3.7 Hz.

An electromagnetic self-sensing model based on an LSTM neural network was

developed. A coupled force-electric-magnetic model was built. The voltage response
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was derived, and the electromechanical coupling characteristics were analyzed. A
nonlinear mapping between output voltage and input excitation was established using
the LSTM network. Experimental validation showed that the model could accurately
identify acceleration amplitude and frequency, with identification errors controlled
within 5% and 10%, respectively.

The self-sensing vibration absorption model for radial circular braiding machines
was established based on an electromagnetic tumbler structure. Key modal parameters
were extracted. Vibration characteristics and energy distribution were analyzed. A
scaled experimental model was built. A coupled system model was established to derive
amplitude-frequency responses. Performance was evaluated analytically and
numerically. Experimental results showed that the absorber reduced the first-mode
vibration amplitude of the machine by up to 98.4%, extended the effective bandwidth to
9.8 Hz, and could simultaneously sense acceleration excitation with errors below 7%.

In summary, this study establishes a theoretical model of the tumbler structure and
elucidates its low-frequency vibration mechanism. A tumbler-inspired dynamic
vibration absorber model is further constructed to reveal its broadband vibration
suppression characteristics. A magnetic tuning method for the absorber is proposed, and
an electromagnetic self-sensing model based on the LSTM neural network is developed.
By integrating these models and methods, a self-sensing vibration absorption
technology for radial circular braiding machines is developed based on the
electromagnetic tumbler-inspired structure. This research enriches the theoretical
framework of nonlinear vibration absorption, provides both a theoretical foundation and
technical support for the engineering application of electromagnetic tumbler-inspired
self-sensing absorbers, and promotes the advancement of tunable nonlinear broadband

vibration suppression technologies.
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