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Analysis of subsynchronous oscillation characteristics of photovoltaic
virtual synchronous generators integrated with MMC-HVDC
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Abstract: To address the issue of subsynchronous oscillation (SSO) arising when photovoltaic virtual synchronous
generators (VSG_PV) transmit power through modular multi-level converter-based high-voltage direct current
(MMC-HVDC) systems, a linearized mathematical model of the system is developed. An improved virtual
synchronous control strategy is proposed. Using the eigenvalue analysis method, the study reveals that, under
power disturbances, several factors-including the active and reactive control links, virtual inductance, MMC-
HVDC bridge arm inductance, and current vector control loop-significantly affect the damping and frequency
characteristics of SSO in the VSG-PV system. These findings are validated through simulation on the PSCAD/
EMTDC platform. Results show that the integration of the VSG function introduces a sub-synchronous oscillation

mode in which both the photovoltaic VSG and MMC-HVDC participate during power disturbances in the
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outgoing system. On the VSG side, an excessively large active frequency modulation coefficient K, or a too-small
virtual inductance L, can lead to system instability; on the MMC-HVDC side, increasing the integral coefficient of
the voltage loop K, may induce system instability, whereas increasing the bridge arm inductance L, enhances
system stability.

Keywords: virtual synchronous generators; MMC-HVDC; subsynchronous oscillation (SSO); small signal analysis
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Fig.1 Topology of VSG_PYV integrated with MMC-HVDC
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Fig.2 Topology of VSG_PV
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Fig.4 VSG_PYV reactive control structure
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Fig.5 VSG_PYV virtual impedance loop control structure
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Fig. 6 VSG_PYV current inner loop control structure
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Fig. 7 Topology of MMC
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A N TR Lo AL H o AUR T B rad/s .
AR A T Bl S R T

dummc} _ 1 l + ummcich isq ummcicd[) isd u cirg0 icirq U cirdo icird ( 8 )
mme_de ’
dt 6Cmmc 4C mmec ummcidco 4C mme uxnmc7d00 2(:mmc ummcidc() 2C mmec ummcidco

K C N TR F 5w e o 7 AR 3TN 2 W N 1 d g Bl 50 350, 0, 20 HIARR TEA
MMC 1Y d . q SR I 53 5 5 00,0 oo U o 77 AR 3 THHEAT 2 5 ¥ 00 d g 000 B 00y 1t T, 3 AR R UL
a8 A IE i d g o

MMC 52 Jit 1 2l 25 K0 455 8 Oy

dAiy _ Augy n NAu,14 — wAiyn Sq+N Auacluncirq = At erq Alh cirg n
At L, 2L -

2L eq ummcidc

- ZAM mme_c Aummcicd - Au ac2g Aummcicd + Auaczd Aummc?cq

N )
2ch A1flmmc7dc ( 9)
dAisq _ Ausq + NAuaclq + a)Aimmc 5d+N AuacldAucird_ Auacluncirq +
dt Lo 2L, : 2Ly Athme ac
N - 2Aummc7c Aummcicq - Auacszummcicq + AuachAummch
2chAummc7dc ’
L =L +L Lok TR H
TR AT B 3 A s A Dy
dAicird R Aummc cN N NAummc c Auc 1 NAummc c{lAuc 1d
T = 20 Ny = A = Aty = Al g Qe lg oa Qe
dt @Al ! Lg Ferd LgAummc7d00 Herd 2Lg Hacad 2LgAummcidc 2LgAummc7dc (10)
dAicirq . Rv , AMmm\: (:N N NAummc chuc 1d NAummc chuc 1
— =2 Acir _iA cir -—— A cir -—A ac2q = —+ = =
dt @Bl Lg : ! LgAun1n1c7d00 " ! 2Lg " * 2LgAummc?dc 2l’gAummc?dc

1.42 MMC 2 #]3f 5 ME 5 AL A

MMC # i 35 43 40 5 HL 3 2% 42 42 i (vector current control, VCC) & 43 H1 B8 37 # il CCSC BB 4y . Hivh
VCC F il F8 45 AL 55 41 B0 4 i RN B 42 ), 76 VCC A BR 45 i rb A 45 5 A ) Ty S 00 8 0 I H R A o O 4%
), 5 JC Ty Ty 3 E 2 i H H A ) (TE D42 ) ), SC i e SR FE A D Dl R T sl e i O A BRI
47 1) 25 2 O 1 i) MMLC 1N 7 B R 3

VCC R4 F21 FR Ge 4 1 an 8 Fi i .
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Fig. 8 VCC control loop structure
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Attygre1== Aiyy Loy /2 = K5 Ax; — Kis Axs,

Attyqrer == Ny Loy /2 + K s Ax3 = Kis AXy,

dﬁ;“ —— A+ Ko Ax, + KAy,

%:—Aisd+Kp4Axl+Ki4A)&1, (11)
dﬁ;“ = AP~ AP,

G AQ - Q.

T 2 Uy e 7390 0 MMC 0 G5 B S LR o g il 20 i 225 {05 K, K, 20 01 0 TR 30 L 491 B> BB K K
390 R LR R He )RR R AR
CCSC A It 1 il 42 1 45 ¥4 4 P& 9 P /s o

. dg
Lcirdrer =0 Ugira
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=
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260
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Fig. 9 CCSC circulation suppression control structure

CCSC It il 38 73 3h 25 B e A L
Aucirdref= 2Al’cirqa)Lg - Kpf:Aﬁ - KiéAﬁo
Aucqurefz_ ZAiclrdeg - KpGAﬁ - KiGAﬁo

dA

d‘tf‘l :Aicirdref_Aicird’ ( 12)
dA
Tf‘z = Aicirqref - Aicirq’

F 2 1 U 7T AR TR CCSC F5E il i 1 L d g Bl 50 8 5 d i, 0 AR R AB WA d g il o 1 5 K K OT
AR CCSCHE M H B U R AL
1.5 2RG/MESHER

BEXF 3R VSG_PV B HE %  MMC A AR S 42 6l 38 43 /MG S5 AR, 15 8] VSG_PV 28 MMC-HVDC #h3% 1y
AWM S AR X T R B R AT 2 M A B R G ME SRR RE AR

dA
E8Y _ 4Ax+BAu, (13)

dt
S Av=[Aw AO Ae A, Ai, Au,, Au,, AP, AQ, Aiy Aiy Auy, Aty Aty . Al Ay, Ay, Aty Ay, Ady Ay, Ay,

Ax, Ax, Ax; Ax, Af, AS R GUIRE B Au=[AP ; AQ, Au,,. o Aty A "8 RGP b Ax 3k 28 30, i
9Ty VSG_ PV RGUIRE & PRl 4 T R % 28 BOIR S & B 5 15308 MMC #ii #s M HAs il R GRS &

2 VSG_PVZ MMC-HVDC F# M SSO #& =

BT 13 B 2 ST R B AR A SR AR AR A 43 BT v 6B R VSG 4 MMC-HVDC 4 i R GE ) SSO e tE it 1T
AT EREANRGEH SSORFHRA G, MBS 5HF40, 48 VSG_PV 5 MMC-HVDC 7 2 5 # ik %
A
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SCH LA RE AR 28 A f B ARG AR L 3, SR T 1 000 & IR OB AR 068 % 10 3R 5 S H 775 . VSG_PV Hls
AP AT IR Q539124 105 kW I 0 Var; 76 K HUEOE R B 3l 09 55 S 60750 TR 5 58 I
BB EH S B SR AIAME 3. VSG_PV ZREL S HMEEH S H £ 1 Fix .

®1 VSG_PVERFZEMSHRIEZHSH
Table 1 Structure and control parameters of VSG_PV

S8 AR RE A ZH HER R LA RESFEBA
e /MW 0.3 300 Ty %55 {H/ Var 0 0
i E 5 /MVA 0.4 400 RPN EE S 2.5 25
2 % Hz 50 50 B 1 B ] 8 0.09 0.09
IE M R/ V 400 400 TR R 100 100
U HL 2 /F 100x10°° 107 ToT M 22 R 10 000 10 000
8 LR L /H 600x10™° 600x10~ AU BH 4T 500 uH/0.01 Q 500 uH/0.01 Q
U % LRk L,/ H 225%x10°° 225%107 P ER £ K,=100 K,=0.9
GRIPIES =2 ENYY 300 300 HPIFE K,,=100 K,,=0.9

MMC #B 440,45 3 B  VCC 5 Al CCSC ¥ 1ill 335843, Horh VCC £ #1355 43 R H & A D Y1 R A g L3 2
R, MM C-HVDC Ml 25 ¥4 F 45 i 2 500 56 2 Fis .

%®2 MMC-HVDC &z 558
Table 2 Structure and control parameters of MMC-HVDC

g | S5 BAE
HUE B /IMVA 600
E AR /Hz 50
e K i /pou. 1.1
BT B R /KV 640
T e i 25 {6 /mF 10
MMC A A& EB 43
PR TR AN B 100
W e 8% /mH 75
LR [ HL B /p.u. 0.008 8
HIZ % /p.u. 2.779 8
R I L p L. 0.793 3
HPER ] K =1,K,=10
VCC £l
A PR 1 K =1,K.=10
CCSCF i K K, K =0.8,K,=0.01

2.1 IRGER

HRHE 2 195 BT 85789 VSG_PV 4 MMC-HVDC Jf W 2 4t 1) /M5 S R0 %k Ho gk 47 R A8 3 H 550, ] A4S 3]
ARG EEIR G, SO A X SSO MR % BEAT 4 Hr , 0 1 U ] A PR ¥ 3 L (2.5~49.5 Hz) N RS4R3 A X
FRAEAE o0 A & SR 36 3 s .
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R3 HAEESITER
Table 3 Eigenvalue Analysis Results

RS FHIEAH P 39 i % /Hz
T™M1(2, ,) -7.24+j106.76 16.99
T™2(2, ) -14.09+j150.72 23.38
T™M3(2, ) -5.914+j169.56 26.43
T™M4(2, ) -2.49+j192.12 28.71
TM5(2, ) 5.54+j219.80 34.98
TM6(A,, ,,) -8.26+j244.92 38.55

20 A, RGAAAE S DR FE IR G A, BT TMS SR AE (8 52 36 0 IE , %8 38 — X AR F4 2 i SSO
B, H T DL B Z A 2k 2R e 0 32 R PR A 2 LR 5 4% Ol 34.98 Hz,

XF b R REAE AR 43 A7 45 SR SR AT 05 ELIGIE 4% BR R 1 R G454 K1/ PSCAD/EMTDC Hh#% i {5 BB R | =2 s B
FIH XS, ERG T A RGE 2 10% G faf (20 MW ) BLDH 9 P & A i D R 3 sh FH 04 . VSG fir i A 2
T A B I A7 ELp I a8l 10 i .

15
0.16
3
£
R 0.12
g 1.0} 3
=N
@ = 0.08
> pus
n-l S
&
> 0.04 {1
0.00 ©
3 2 3 4
tls %/Hz '\9 &
(a) VSGEIZIH /1 (b) FFT4r i R

10 VSGHINHAFMFFT SR
Fig. 10 VSG active output and FFT analysis results

H & 10 A 1, VSG_PV 28 MMC-HVDC #hi% R 48 o] LAARE 817, 75 1=2.0 s I B4R [ D) 24 8l , R4t &
AT ESPRN 36 Hz 1Y SSO, 5 BRI 7 Hrai R —2 . el LIBERT , 24 VSG_PV £ MMC-HVDC %
W 2R G AF A U TR A PR35 AU | 0 1 4 AiF 8 20 B s 78 AR 28 45 b O v f
22 B5REFHH

ZH5RFRERBAGRE L& SRGHEAXZ MR ERGE KA R, X5 i g 57 57 1R
B TM1-TM6 £ 2 54 & 3E47 4001, 2 3 6 FidiR G A0 2 5 B F o0 B 45 R &l 11 s .

F P AT D, 3% i R G e M A2 VCC #5364y \MMC W i B & VSG_PV 52, 15 25 T B Uit 41 il
X MMC N B A E R B 52 71, Shik R GE A€ PEILT- A 32 MMC N BB 3 285 152 0 .
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Fig. 12 Effects of VSG_PV parameters on stability

G0 0% R R AU BB I LB R L,=540 uH, w] WL s L 38 R X 28 G B JE sl /) 114 35k R K T BELTE 8 i 9 4
B IX BB T dg R G AL, DT HE— 25 5 i AT D i PR . 7E PSCAD/EMTDC HfX} B iR 43 7 245 2 iF
A7 S 07 ELIG I , 76 =2 s AT TP IF K S, VSG_ PV #5 il #8 2 B0t d 45 B i £ 4 1 13 o .

15

3

= ‘ i

R _H“‘}.\},n

aﬁg 0L ‘ “ywlmw\ \h:“‘ _:.!' I

£ Wit

D-‘I

o

wn

>
——K=2.5,K,=100
- - - K=3.5,K,=90

0.5 1 3 ]

1 2 3 4

tls
13 VSG_PVIEHIZES M &

Fig. 13 Time domain simulation of VSG_PV controller parameters
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Fig. 15 Time domain simulation of MMC controller parameters
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Table 4 Parameter variation range and system stability

ZH AL FaE Tk Fase
K, 2.5~10 WA 4R 5 — R e >3
K, 0~100 R -

L, 300~650 W IR G —FE 340~540
K, 1~2 W[k 5 — B >1.6
K, 1~10 VEEZ 3] -
K, 1~2 e -
K, 1~10 e -

L, 75~150 W) 24k 5 — B 100~150

4 & 8

TR IAAR 4 MMC-HVDC % i% £ 48 i 72 19 SSO ] J8, 3¢ #5796 fk VSG 4 MMC-HVDC #h % &
G B AR LR VAL B A AR | SR FH R AE A 20 B 325 58 IR AN Ah ik R 4 R iR o AR SR 2 5 T 1 10 40 i, 33 VSG_ PV
M5 MMC 25 R 45 SSO I K, LA KX £ G5 Fa s MR v i i 52 i, O 5% i S 05 B 07 s R AT B0 3 o 483 &

G ek VSG B 5 MMC 2B R GRS ETERT I . 258 U0F -

D TZEJGR VSG 4 MMC-HVDC Ahi%k R Ge b, 245 T R E st W Ah ik & 40 B & A SSO 1y XU Fl [H 25, 47

TE64K VSG 5 MMC-HVDC [/ & 5 IR,

2) 51 A VSG #5 il J5 , 2 GEAE R RE 1 MRS PR B U, 53 Sh bk R G2 BURT A9 IR 5 B2, HLBE S BHL e B2

5,4 VSGS R AEH, 2GSk,

3) G A S R A ZR K I/ TE T R R R K TR LG R K G R R, A R TR T R A Sl i)

Ak R4 KA SSO AU -

4) I 5 L5 R0 IE T A% R AR Bl 4 M 9 IE # P, 7T R VSG_PV £ MMC-HVDC #hi% R G 1 S 8

itz % .



% 9o MNEE,F AR ENR T L EMZHELAM L E L REBT R 35

B S A B 45 R 5 R A AR A T 4 SR — 3, BISIE B 7 VSG 4 MMC-HVDC 4} 3% & G £ 7 SSO ALK o JiF 45

F 9 2 H0% ARG B AT DA o [ 400MW i FOGAR T B BRI S

2% Uk

[1]

[12]

FEHA . BB SR AL, B I AR AR A B - (2030 4F B RIS W AT 3 O FDMREE (] ik, 2021(12): 22-25.
Wang X L. Actively respond to climate change and promote clean and low-carbon transformation: interpretation of peak carbon
dioxide emissions action plan to 2030[J]. China Electric Power, 2021(12): 22-25. (in Chinese)

#HIess, B0, 5K 55, 45 Wb IR XUH 37 o M F 3R 40 U IR) 2D 0 R i R S PR e 52 R PR ER A3 T (D). B R R, 2017, 43(1):
321-328.
Dong X L, Tian X, Zhang Y, et al. Practical SSR incidence and influencing factor analysis of DFIG-based series-compensated
transmission system in Guyuan farms[J]. High Voltage Engineering, 2017, 43(1): 321-328. (in Chinese)
EFb BB AL 3 A B R R GE WA 2P k35 20 7 [D]. 35 Ak AR B ) o, 2021,
Wang D. Subsynchronou oscillation analysis of DFIG based wind farms connected with the series compensated transmission
network[D].Jilin: Northeast Dianli University, 2021. (in Chinese)

ST, WHNSR, XD, A5 ORUB KU A AL ER R L R B 4B AT KU IR R A R A BT (9], FL AL R, 2014, 38(9): 2429-
2433.
Dong X L, Xie X R, Liu H, et al. SSR characteristics of a wind farm connected to series-compensated transmission system
under all operation region of DFIG[J]. Power System Technology, 2014, 38(9): 2429-2433. (in Chinese)

Jot 5 B SR RS DX H, 37 48 AR i AL ZEL G T 25 4k 3 BELJE AR s el BF 52 (D], bt b L g R4, 2021,

Gu Z M. Study on the influence of large-scale wind farms connected to the grid on the damping characteristics of the
subsynchronous oscillation of thermal power unit[D].Beijing: North China Electric Power University, 2021. (in Chinese)
Sun J. Impedance-based stability criterion for grid-connected inverters[J]. IEEE Transactions on Power Electronics, 2011, 26
(11): 3075-3078.
B, #0, k A 45, 45 T B XU 5 4 MMC-HVDC - [ i1 BHL 0 4 R A% 58 P 43 BT (0], b B DL AR 22 41, 2016, 36(14):
3771-3781.
Li J, Cai X, Zhang Z K, et al. Impedance modeling and stability analysis of MMC-based HVDC for offshore wind farms[J].
Proceedings of the CSEE, 2016, 36(14): 3771-3781. (in Chinese)
# IS, W/DNOR, U, AF L RUE KUBL AR R i HL AR 8 U IR 2D 0 R 5 TR R B R E DX B4 AT (0], LRI EOR, 2015, 39(1):
189-193.
Dong X L, Xie X R, Yang Y, et al. Impacting factors and stable area analysis of subsynchronous resonance in DFIG based wind
farms connected to series-compensated power system[J]. Power System Technology, 2015, 39(1): 189-193. (in Chinese)
AR VKV, B0, ¥ B, 45 2 EK KUBL 28 22 B I R e A UK TR 5 3R 5 X 5 5 DR 1 58 45 B 43 BT 0], e R 22 41,
2023, 38(3): 754-769.
Shao B B, Zhao Z, Xiao Q, et al. Weak robustness analysis of close subsynchronous oscillation modes' participation factors in
multiple direct-drive wind turbines with the VSC-HVDC system[J]. Transactions of China Electrotechnical Society, 2023, 38
(3): 754-769. (in Chinese)
Montero-Cassinello J, Cheah-Mane M, Prieto-Araujo E, et al. Small-signal analysis of a fast central control for large scale PV
power plants[J]. International Journal of Electrical Power & Energy Systems, 2022, 141: 108157.
R KO R Z W W ZR GE U IR 25 4R % 20 A S5 4 F 5 [D]. b et A db B iR, 2019,
Li R. Sub synchronous oscillation analysis and suppression of grid-connected multi-source systems[D]. Beijing: North China
Electric Power University, 2019. (in Chinese)
AT, A, E AR, A OGAR IR A 85 S U H RO ) 2D IR WL AR 234 (D). P R R AL AR 24 R, 2018, 38(24): 7215-
7225, 7448.
Zhao S Q, Li R, Gao B F, et al. Analysis of mechanism and characteristics in sub synchronous oscillation between PV and

weak AC networks[J]. Proceedings of the CSEE, 2018, 38(24): 7215-7225, 7448. (in Chinese)



36 T RKRKFFR % 48 %
[13] &5, ARULEL, X KA, 45 . AR i 48 A% Z ML J) R Ge AR AR &7 19 3% e 23 BT 0. F8 0 R 48 B 3l ik, 2016, 40(22): 63-70.

[14]

[16]

[18]

[19]

Ge J, Du H J, Zhao D W, et al. Influences of grid-connected photovoltaic power plants on low frequency oscillation of multi-

machine power systems[J]. Automation of Electric Power Systems, 2016, 40(22): 63-70. (in Chinese)

Y5 MMC R G800 i SR 5 HLBE KA ) 77 220158 [D]. b st fdb s Jr sy, 2022.

Peng Y. Research on high-frequency oscillation mechanism and suppression approach of MMC system[D]. Beijing: North

China Electric Power University, 2022. (in Chinese)

JAWT G, UG, MLHY, S — R T VSG AR 19 6 AR H 3 6 2L R GE M ARR 5 11 35 07 42 1 SR (], v e 2 2 (A AR B

2£hR), 2022, 53(8): 2920-2931.

Zhou X Y, Cheng S, Wu X, et al. An adaptive low frequency oscillation control strategy of VSG-based photovoltaic power

plants to multi-machine power systems[J]. Journal of Central South University (Science and Technology), 2022, 53(8): 2920-

2931. (in Chinese)

EAE IR 25 K B LA R SRR 32 R PR i 2 e AF 5T [D]. dbat: ARk J K2, 2021.

Wang Q. Research on effect of virtual synchronous generator on low frequency oscillation characteristics of system[D].Beijing:

North China Electric Power University, 2021. (in Chinese)

TR, i, T, A R UIR A5 S AL R SRR R B Y 52 B A ) 7 s 2R (D], K FHAEAE 4R, 2023, 44(8):

119-129.

Cheng S S, Wang H X, Yang Z H, et al. Overview of effect of virtual synchronous generators on low-frequency oscillation of

power system and suppression methods[J]. Acta Energiae Solaris Sinica, 2023, 44(8): 119-129. (in Chinese)

Bevrani H, Ise T, Miura Y. Virtual synchronous generators: a survey and new perspectives[J]. International Journal of Electrical

Power & Energy Systems, 2014, 54: 244-254.

Chao W J, Deng C P, Huang J W, et al. A sub-synchronous oscillation suppression strategy based on active disturbance

rejection control for renewable energy integration system via MMC-HVDC[J]. Electronics, 2023, 12(13): 2885.

R, W — %, ILA70 . B REWRFRP R % I BE 5 75 i M. AL st B2 W Rk, 2009.

Cheng S J, Cao Y J, Jiang Q Y. Electricity power system’s theory and method[M]. Beijing: Science Press, 2009. (in Chinese)
(i EH&F)



