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Extended Impedance Modal Analysis of the Internal Dynamics in
Grid-Forming Inverters
Zheng Le
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102206 China)
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North China Electric Power University

Abstract The dynamic characteristic of grid-forming inverter (GFM) is mainly affected by the control
strategy, and the interaction with the power grid may cause instability such as oscillation. At the same time, the
interactive coupling between different time-scale controllers in GFM makes the stability analysis more
complicated. Modal analysis based on the state-space model (MASS) uses the participation factor (PF) to quantify
the contribution of each state variable to a particular pattern. However, the number of electrical components in
new power systems is increasing explosively, and the difficulty of state-space modeling of the whole system is
increasing rapidly. In addition, state-space modeling requires detailed system structure topology and complete
control parameters of each electrical component, and inverters usually only have impedance models that describe
the characteristics of voltage and current ports, with gray box or black box characteristics.

In order to explore the interaction characteristics among all electrical components of the system, the dynamic
model of the whole system is constructed by the closed-loop feedback formula of the whole system dynamic matrix.
Based on this foundation, the modal analysis based on impedance model (MAI) can evaluate the contribution of
each power device to oscillation modes at the device level. However, MAI treats inverters as single, holistic
components, which limits its ability to identify dominant system dynamics at the control loop or state variable
level. Decomposing different control loops into equivalent circuit components enables the stability analysis of
internal inverter dynamics. However, the decomposition of synchronization control loops remains to be explored.
This paper proposes an extended modal analysis based on impedance model (EMAI) method to address the current
challenges faced by MAI.
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proposed, which can adjust the active and reactive reference values according to the degree of system perturbation,
without switching the control strategy and changing the structure of the grid-forming control strategy. The energy
storage converter still exhibits the characteristics of the voltage source during the distribution period, and it has
the ability of active support for the system. It realizes effective limitation of the distribution current in the course
of maintaining the stability of the system. At the same time, the disturbance current is effectively limited. Finally,
the effectiveness of the proposed control strategy is verified by simulation and semi-physical experiment.

Keywords: New power system, energy storage converter, grid-forming control, low-voltage ride-through

(RE FFmMF)

(L#% 2723 1)

First, a decomposition method for the GFM impedance model based on the matrix inversion lemma was
proposed, dividing GFM dynamics into synchronous dynamics (SD), dominated by the power frequency
synchronization loop (PFL), and electromagnetic dynamics (ED), governed by the voltage control loop (VCL).
The detailed categorization of dynamics facilitates an in-depth exploration of the complex coupling mechanisms
among controllers operating on different time scales. Subsequently, overall impedance participation factors and
participation ratios (PR) were introduced to characterize different internal dynamics of GFM, enabling the
evaluation of SD and ED contributions at the control loop level. These metrics help identify the dominant system
dynamics and trace the root causes of system instability. Finally, an explicit parameter PF was introduced to
precisely locate the critical control parameters of identified loops, serving as a metric for optimizing control
parameters and enhancing system damping.

The analysis yields the following conclusion: as the frequency of oscillation modes decreases, the dominant
dynamics within each GFM gradually shift from ED to SD. MAI can provide an overall assessment of GFM
participation but fails to capture the dominant dynamics of individual GFMs. EMAI not only identifies interactions
between various GFMs and the grid but also evaluates the contributions of ED and SD within GFM through overall
impedance participation factors, thereby pinpointing the primary causes affecting system dynamics to specific
control loops. Moreover, the results of EMAI and MASS in assessing the participation levels of different GFM
dynamics are highly consistent, validating the effectiveness of the EMAI method. Furthermore, the explicit
parameter PF provides effective recommendations for improving system damping and enhancing stability. EMAI
offers nuanced insights into system stability analysis, enabling the rapid identification of the root causes of system
instability.

Keywords: Grid-forming inverter (GFM), extended impedance modal analysis, impedance decomposition,

participation factor

(wmig H F)





