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Figure 2 System-side harmonic impedance estimation model
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Table 1 Amplitude estimation results from ablation experiments in Simulation 1 Q
DHKELM MD MPD MPTD MPID
MAE  RMSE  MAE  RMSE MAE RMSE MAE RMSE MAE RMSE
0.1 1.33 1.52 0.8 1.05 2.85x107>  4.07x107>  4.24x10™*  4.01x107°  2.39x107* 7.77x107*
0.5 1.50 1.63 1.40 1.62 5.88x107> 9.32x107>  8.34x10™*  3.71x107°  5.11x107*  1.24x10°°
0.9 1.59 1.78 1.47 1.71  4.39x107  6.60x107>  7.31x10™*  5.69x10°  4.67x107*  1.57x10°°
1.3 1.91 2.15 1.46 1.60 5.45x107>  9.21x107>  2.36x107°  1.48x107%>  6.74x10* 2.12x10°
2 FEIHMIEHEMMGKITER
Table 2 Phase estimation results from ablation experiments in Simulation 1 (°)
DHKELM MD MPD MPTD MPID
g MAE  RMSE  MAE  RMSE MAE RMSE MAE RMSE MAE RMSE
0.1 0.79 0.92 0.71 0.8 5.21x107  8.39x107>  7.03x10™*  6.30x107°  4.24x10™*  1.42x10°°
0.5 0.96 1.14 0.77 0.93  1.05x107" 1.63x107"  1.68x107°  7.46x10°  9.16x10™*  2.31x10°
0.9 0.93 1.12 0.83 0.99 8.59x107>  1.34x10”" 1.44x107°  1.25x107%  9.19x107*  3.33x10~°
1.3 0.95 1.13  0.92 1.06 1.03x107" 1.73x107"  4.20x107°  2.38x107%>  1.14x107°  3.53x10°
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Figure 3 Four-segment impedance estimation error
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Figure 4 Estimation results from Simulation 1 comparison experiment
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Table 4 Capacitor connection capacity

FEA WAL B/ kvar
1~2 000 6 000

2 001 ~4 000 5 800

4 001~6 000 5 000
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Figure 6 Simulation 2 ablation experiment results
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Table 5 Estimation results from Simulation 2

comparison experiment

MAE RMSE
WiRN — ~ — -
HE/Q Mo I/ Q ML/
CNN 0.032 0 0.242 0. 042 0.320
LSTM 0.165 0 1.178 0.192 1.382
GRU 0.031 0 0.216 0.037 0.265
CNN-LSTM ~ 0.019 0 0.111 0. 026 0.158
ELM 0.035 0 0. 260 0.043 0.325
DBO-HKELM 0. 020 0 0.175 0. 029 0.245
MPID 0.000 3 0. 009 0. 002 0.058
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Figure 7 Third harmonic voltage and current at PCC
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Table 6 Estimation results of the ablation experiment
Sk _ MAE _ _ RMSE _
WEE/Q e WEE/Q Af/e
DHKELM 18.93 7.81 20. 11 8.30
MD 18. 04 7.44 18. 68 7.71
MPD 1.08 0.63 1.52 0.92
MPTD 0. 06 0. 04 0. 15 0. 10
MPID 0.01 0.01 0.03 0.02
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Table 7 Estimation results of the comparison experiment

. MAE RMSE
ik WE/Q  Mhi/e IRE/Q  AHMfi/°
CNN 10. 18 4.19 13. 81 5.69
LSTM 16.23 6.70 18.30 7.55
GRU 16. 16 6.67 18.51 7.64

CNN-LSTM 11.11 4.60 14. 74 6.08
ELM 29.11 12.01 29.23 12. 06

DBO-HKELM  20.91 8.63 21. 44 8. 85

MPID 0.010 0.010 0. 030 0. 020
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Harmonic Impedance Estimation Method Based on Improved Tornado

Optimization Algorithm

XIA Yankun', ZHENG Gaoping', HUANG Peng’, ZHANG Heng', ZHOU Hang'

(1. School of Electrical Engineering and Electronic Information, Xihua University, Chengdu 610039, China; 2. State Grid Yibin Power
Supply Company, Yibin 644000, China)

Abstract: To address the issue of sudden changes in system-side harmonic impedance under operating conditions
such as changes in power grid operating modes and capacitor switching, as well as the decline in estimation accura-
cy when background harmonic fluctuations are significant, a harmonic impedance estimation method based on the
deep hybrid kernel exireme learning machine ( DHKELM ) optimized by improved tornado optimization algorithm
was proposed. Firstly, to mitigate the effects of background harmonics and outliers, the maximum information coef-
ficient (MIC) was used to filter data with strong correlations between harmonic voltage and harmonic current ampli-
tudes. Secondly, the harmonic data samples were segmented based on the abrupt change points in the coarse im-
pedance estimates detected by the PELT algorithm. Finally, the system-side harmonic impedance was estimated for
each segment of harmonic data using the DHKELM. Furthermore, to improve the model’s prediction accuracy, a
tornado optimization algorithm (ITOC) enhanced by multi-strategy chaos and the Nelder-Mead simplex method was
proposed to optimize the number of hidden layer nodes, kernel parameters, and weights of the DHKELM model.
Simulations were conducted using the Norton equivalent model and an IEEE 13-node system, and case studies were
performed in conjunction with measured data. The results showed that, when the harmonic impedance on the cus-
tomer-side was no greater than that on the system-side, the errors in impedance estimation under different back-
ground harmonic coefficients in the Norton simulation were all relatively small. In the IEEE 13-node system simula-
tion, the RMSE for amplitude and phase angle estimates were 0. 002 () and 0. 058°, respectively. In the case study
analysis, the RMSE for amplitude and phase angle were 0. 03 ) and 0. 02°, respectively, demonstrating high esti-
mation accuracy and stability.

Keywords: system-side harmonic impedance ; maximum information coefficient; PELT algorithm; deep hybrid ker-

nel extreme learning machine; tornado optimization algorithm
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