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RESEARCH ON DISTRIBUTED ENERGY STORAGE
AGGREGATION AND COORDINATED FREQUENCY
CONTROL

ABSTRACT

In 2020, with the proposal of China's "carbon peaking and carbon
neutrality" policy, the high penetration of renewable energy sources,
primarily photovoltaic and wind power, has intensified challenges such as
declining system inertia, reduced frequency regulation margins, and
surging frequency modulation demands caused by renewable power
fluctuations. Traditional synchronous generators, limited by their slow
response and low regulation accuracy, struggle to meet the frequency
stability requirements of modern power systems. Distributed energy
storage systems (ESS), with their rapid power response and flexible
regulation capabilities, offer a promising technical pathway for enhancing
grid frequency stability. This paper focuses on three key aspects:
distributed energy storage aggregation methods, control strategies for
aggregated ESS participation in primary frequency regulation, and
coordinated frequency control strategies for multi-resource systems.

In the study of distributed energy storage aggregation, a distributed
energy storage aggregation method considering dynamic and static

parameters is proposed. First, aggregation is performed based on three
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static parameters at the system level: system stability, system reliability,
and response capability, which are influenced by the integration of
distributed energy storage. Subsequently, a secondary aggregation is
conducted by incorporating three dynamic parameters at the energy storage
unit level: available power output, aggregation time, and dispatchable
capacity. Finally, the effectiveness of the aggregation method is validated
through dynamic parameter evaluation, achieving efficient aggregation of
distributed energy storage and laying the foundation for aggregated energy
storage participation in system frequency regulation control.

In the study of energy storage participation in primary frequency
regulation control, a primary frequency regulation strategy is proposed
based on fuzzy control-based energy storage dead-zone configuration and
fuzzy neural network (FNN) control. First, a frequency response model
incorporating hybrid energy storage systems is established, accounting for
the operational characteristics of lithium-ion batteries and supercapacitors.
A fuzzy logic-based method is employed to configure the dead-zones for
hybrid energy storage. Subsequently, building on the fundamental control
modes of energy storage participation in primary frequency regulation, the
study analyzes the complementary characteristics of virtual droop control
and virtual inertia control. An FNN-based adaptive control strategy is
designed to dynamically optimize the coordination ratio between these two
control modes. Finally, a simulation model is developed in

v
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Matlab/Simulink to validate the effectiveness of the proposed frequency
dead-zone configuration and frequency regulation strategies.

In the study of coordinated frequency control for energy storage
systems, a multi-agent consensus-based coordinated frequency control
strategy is proposed, integrating an improved genetic algorithm and cluster
partitioning. First, a frequency response model incorporating multiple
types of frequency regulation resources, including thermal power units,
energy storage systems, renewable energy sources, and controllable loads
are established. The total droop coefficient required to meet frequency
deviation constraints is calculated, and a consensus algorithm is applied to
adaptively allocate this coefficient across resources, achieving coordinated
frequency regulation. Second, convergence parameters within the
consensus algorithm are optimized using an improved genetic algorithm,
significantly reducing iteration cycles and enhancing computational
efficiency. Finally, to address both frequency control and state-of-charge
(SOC) balancing, frequency regulation resources are categorized into
clusters based on their operational characteristics. Intra-cluster
coordination within energy storage groups ensures SOC equilibrium, while
inter-cluster coordination among heterogeneous resource clusters
maintains system-wide frequency stability.

Xinlong Wu (Electrical Engineering)

Supervised by Prof. Yuan Ge
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