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Abstract: Current small-signal modeling and analysis of grid-forming (GFM) modular multilevel converter-based high
voltage direct current (MMC-HVDC) systems often employ simplified models neglecting MMC'’s internal dynamics, po-
tentially leading to stability judgment errors in practical applications. To deeply investigate the small-signal stability of
grid-forming MMC-HVDC systems, a detailed 40th-order small-signal model incorporating MMC'’s internal dynamics is
established to investigate GFM MMC-HVDC small-signal stability. The study systematically investigates the impacts of
key system components on small-signal stability and critical modes when considering MMC internal dynamics. Results
demonstrate that the critical mode is influenced by AC grid impedance characteristics and DC voltage synchronization
control, showing minimal sensitivity to MMC internal dynamics under optimized circulating current suppression control
(CCSC) parameters. However, parameter mismatch in CCSC may lead to subsynchronous oscillation instability risks. An
equivalent method for main circuit parameters of simplified average models ignoring submodule capacitor dynamics is
proposed. The mechanism of stability judgment errors in simplified models is analyzed, and the applicable scope of sim-
plified models in system stability analysis is clarified. The simplified model can meet the requirements of stability
analysis accuracy under weak grid conditions and shows potential application prospects in MMC-HVDC projects.
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Table A3  State variable indices in participation factor analysis

e AR AL Husfoke
T 0.01-02
D 0.1-2 77=0.05
Kpde 0.000 1-0.1
Kige 0.000 01—0.5

RAS EHZHRAN RGRE B E £ REES 5
Table A5 System stability and key participation loops in re-

sponse to changes in control parameter

eI BUE FsE T L FEZH5HAY
0.01~0.03 Fas
f 0.03~0.2 K
0.1~0.6 i

D

0.6~2 FasE

0.000 1~0.002 0 Kka ARALAE A1
Kpdc 0.002 0~0.078 4 FasE
0.078 4~0.1 K
0.00001~0.2095 Fas
Ko 0.2095-0.5 SR

Hi'T XoF PR AR AR

1—5 Aucde, Aute1p, Auter9, Aucap, Aucap
6—10 Aige, Aisp, Aisg, Alcip, Alciro
11—15 AUgem, Ax1, Axa, Ax3, Axs
16—20 Axeirp, Axeirg, Axde, Aw, Abpse
2125 Axar, Axa, Axas, Axas, Axas
26—30 Axqs, Axar, Axas, Axao, Axdaio
31—35 Axan, Axaiz, Axaiz, Axdia, Axars

36—40 Axai6, Axd17, Axdis, Axarg, Axa

RA6 RS S5 7o RS &R 5
Table A6  State variable indices in participation factor analysis

of the simplified model

s o REARAS AL B
1—5 Aige, Aisp, AUgem, Ax1, Axz
6—10 Ax3, Axa, Axde, Aw, AGpse
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