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ABSTRACT

This work investigates the dynamics of a strongly nonlinear magnetic pendulum subjected to external
magnetic excitation with a state-dependent phase. Magnetic pendulums are known to exhibit a wide range
of nonlinear responses, including periodic, multi-periodic, and chaotic oscillations [1], while state-
dependent control of forcing parameters in non-autonomous oscillators may generate rich hierarchies of
regular and irregular regimes [2]. In contrast to the classical formulation, where the excitation phase is
constant, the phase of the coil current is here adjusted proportionally to the instantaneous angular position
of the pendulum. This modification introduces a feedback-type phase modulation mechanism and
fundamentally changes the timing of energy transfer between the electromagnetic actuator and the
mechanical oscillator.

A mathematical model of the system is developed on the basis of an experimentally identified magnetic
torque characteristic and includes gravity, linear elastic restoring torque, viscous damping, and nonlinear
friction of Stribeck type. The model is validated against laboratory measurements for the classical
constant-phase case, showing good qualitative agreement in phase trajectories, Poincaré sections, and
bifurcation structure. On this basis, the influence of the phase-control coefficient on the system response
is analyzed numerically.

The obtained results reveal a rich organization of periodic and chaotic regimes, broad families of
coexisting attractors, and a significant reorganization of the bifurcation structure with respect to the
classical magnetic pendulum. A particularly important result is the existence of a robust intrawell period-
1 branch that persists over a wide range of excitation amplitudes despite substantial changes in the
magnetic forcing level. Energy balance analysis shows that this response is sustained by localized bursts
of magnetic power input concentrated near the lower equilibrium position, which compensate dissipation
on a cycle-by-cycle basis.

For higher excitation amplitudes, the system exhibits multistability and intricate basin structures. Basin
of attraction analysis reveals the coexistence of multiple periodic solutions and fractal basin boundaries,
quantified using both box-counting dimension and boundary basin entropy. The study demonstrates that
state-dependent phase control can be used as an efficient mechanism for attractor selection and regulation
of energy transfer in nonlinear magneto-mechanical oscillators.
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