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ABSTRACT

With the expansion of urban rail transit systems and the growing importance of reducing energy
consumption and environmental emissions, regenerative braking energy recovery has become
a key component in improving the energy efficiency of railway networks. In this context,
flywheel energy storage systems equipped with magnetic bearings have emerged as a promising
option for energy storage in metro systems due to their high-power density, rapid charging and
discharging capability, favorable round-trip efficiency, long service life, and low maintenance
requirements. The present study aims to develop an integrated framework for the design,
modeling, and performance optimization of a flywheel energy storage system with magnetic
bearings for regenerative braking energy recovery, traction power support, and energy
efficiency enhancement in urban rail transit systems. Within this framework, flywheel structural
design, rotor material selection, magnetic bearing modeling, electromechanical coupling of the
motor—generator, thermal management, and integration of the energy storage system with the
traction power supply network are investigated. Furthermore, the effects of key parameters on
rotor dynamic stability, vibration control, transient response, power-flow management, and
system performance optimization strategies under different operating conditions are analyzed.
In addition, technical and implementation challenges, including the high cost of advanced
materials, the complexity of magnetic bearing control, thermal limitations, and reliability
requirements, are evaluated, and potential solutions are proposed to improve system
performance and facilitate the practical implementation of this technology. The findings of this
study provide a scientific and engineering basis for the development of high-efficiency flywheel
energy storage systems and demonstrate the potential of this technology to enhance
regenerative braking energy recovery, provide power support, mitigate fluctuations in traction
power networks, and improve energy efficiency in urban rail transit systems.

Keywords: Flywheel Energy Storage System with Magnetic Bearing, Regenerative Braking
Energy Recovery, Traction Power Support, Multi-Objective Optimization of System
Performance, Energy Management in Urban Rail Transportation, Integration of Storage System
with Traction Network
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