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Abstract: Addressing the voltage fluctuation issues caused by high-penetration distributed photovoltaic (PV) integra-
tion into distribution areas, a distributed PV voltage regulation strategy that takes into account the power quality of the area
is proposed. Firstly, based on the topology structure of the area, a distributed PV-load node connection graph is constructed.
This serves as the basis for dynamic regulation area division, key voltage node screening, and multi-objective optimization
function design. On this basis, a PV output prediction model based on time-frequency classification and mixture of experts
(MoE) is developed. By integrating time-domain variation characteristics and frequency-domain periodic patterns, the classi-
fication and representation ability of output fluctuations is enhanced. Additionally, MoE is utilized to improve prediction ac-
curacy and stability. Furthermore, using the prediction results as input, a model predictive control method is adopted to di-
rectly embed multiple constraints such as voltage constraints, active power output, and regulation frequency into the rolling

optimization objective, generating a forward-looking collaborative regulation strategy to address issues such as lagging regu-
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lation, frequent actions, and output derating of traditional inverters. To enhance the efficiency of area-level regulation and
reduce computational burden, an experience replay area with a self-optimizing update mechanism is designed. Combined
with regulation boundary self-sensing rules, a simplified regulation mode can be triggered after prediction completion, di-
rectly selecting similar historical strategies for execution. The strategy library is continuously optimized through a reward
mechanism, significantly improving response speed while ensuring regulation stability. Simulation results show that the pro-
posed method significantly outperforms multiple comparative schemes in prediction accuracy, achieving a test accuracy of
99.29%, a standard deviation of only 0.71%, and a fluctuation range controlled within 3.27%. In terms of voltage regulation
effects, the method achieves rapid and smooth voltage recovery in various scenarios such as voltage undershoot caused by
sudden load increases and voltage overshoot caused by PV output fluctuations. Specifically, in scenarios where the voltage
undershoots by 2%~10%, the regulation completion speed is increased by more than 2.4 times compared to existing meth-
ods. In scenarios where the voltage overshoots by 2%~7%, the regulation speed is increased by more than 1.5 times, and the
voltage deviation throughout the entire process remains within 2%, effectively avoiding frequent regulation and power gen-
eration losses. In scenarios where the voltage overshoots by 7%~10%, the proposed method achieves regulation within
2 seconds by reducing active power output, and the active power output is increased by about 3% compared to traditional
methods, significantly mitigating the risk of downtime caused by overvoltage protection. In summary, the voltage regulation
strategy that integrates precise prediction, rolling optimization, and experience replay mechanisms not only exhibits high
prediction accuracy and response speed, but also effectively ensures voltage stability in the substation area and enhances
photovoltaic output. This provides feasible technical support for the transformation of distributed renewable energy from
“scale expansion” to “quality improvement”.

Keywords: distributed photovoltaics; substation voltage regulation; time-frequency classification; hybrid expert net-
work; model predictive control; regulate boundary perception
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Figure 1 Generation principle of DPVI command current
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Figure 3 Example of topological distribution among four groups of

adjacent unit nodes
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Figure 4  Comparison of accuracy rates in distributed photovoltaic

output prediction
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Figure 5 The execution process of the voltage regulation strategy

generated by model predictive control
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Figure 6  Comparison of regulation effects when voltage is below the

minimum limit
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