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Abstract: During the zero-voltage self-startup of an all-vanadium redox flow battery (VFB)
energy storage system supported by multiple converters, unequal power sharing may lead to
internal circulating currents and oscillations, thereby affecting startup stability. A parallel self-
startup power-sharing strategy based on dynamic virtual impedance is proposed. First, a
magnetization equivalent model of a dual split-winding transformer is established to analyze
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the relationship between transient main-flux offset and excitation inrush current. The zero-
voltage ramp-up time of the energy storage converters is then determined according to the
flux constraint. Next, an equivalent model of parallel virtual synchronous generator (VSG)-
controlled storage units is developed to investigate the effects of unequal line impedances on
active- and reactive-power sharing. A dynamic virtual impedance control method based on
reactive-power deviation is subsequently constructed, enabling more balanced load-power
sharing among the parallel units. A self-startup simulation model is built in Matlab/Simulink,
including two parallel 500 kW VFB energy storage units, a dual split-winding transformer, and
staged loads. A critical load of 180 kW + 80 kvar is connected at 1.0 s, followed by an
additional operating load of 200 kW + 100 kvar at 1.5 s. The results show that, after the two
load-insertion stages, the active power is equally shared by the two units at 90 kW and 190
kW, respectively. With fixed virtual impedance, the reactive-power outputs of the two units are
approximately 33.6/46.4 kvar and 79.7/100.3 kvar, respectively. After introducing dynamic
virtual impedance, the corresponding outputs improve to 40/40 kvar and 90/90 kvar. During
load switching, the voltage dip at the point of common coupling (PCC) remains below 2% and
recovers within approximately 0.2 s. The simulation results verify the effectiveness of the
proposed strategy in zero-voltage ramp-up, power sharing, and system stability.

Keywords: all-vanadium redox flow battery energy storage system; zero-voltage self-start;
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