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Fig.1 Schematic diagram of wind farm connected to
AC power system via VSC-HVDC
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Fig.2 Wind farm and VSC-HVDC closed-loop

interconnected system
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Fig.3 Typical connecting structure of wind farm
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Fig.4 Relative relationship schematic diagram of

modal calculation results
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Fig.5 Schematic diagram of wind farm when

adding number of wind turbines
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Equivalent modeling and small-signal stability analysis on PMSG-based large-scale
wind farm connected to power system via VSC-HVDC
REN Bixing'?,SUN Rong',LI Qiang',GAN Degiang’,ZHOU Qian',WANG Chenggen'
(1. State Grid Jiangsu Electric Power Company Limited Research Institute,Nanjing 211103, China;
2. State Grid Jiangsu Electric Power Company Limited, Nanjing 210024, China;
3. College of Electrical Engineering,Zhejiang University, Hangzhou 310027, China)
Abstract: The order of the detailed model for large-scale wind farm with wind turbines integrated to AC
system via VSC-HVDC (Voltage Source Converter-based High Voltage Direct Current) is too high, which
brings challenges to the small-signal stability analysis and instability mechanism research. For that, the
open-loop and closed-loop linear state space models of wind farm integrated to AC system via VSC-HVDC
are built. Based on the open-loop state space model of wind farm and the relationship between the nodal
voltage and current of wind farm,the full-order wind farm model is equivalent through the single wind tur-
bine dynamic and the information matrix of AC topology, meanwhile the impacts of output power of wind
turbine, interconnected location of wind turbine, topological structure of wind farm and number increase of
wind turbines on oscillation mode damping of wind farm are analyzed. The closed-loop interconnected model
of wind farm and VSC-HVDC system is derived based on the reduced-order model of wind farm,and the
influences of possible strong dynamic interaction between two subsystems on the small-signal stability are
analyzed when the number of wind turbines increases. The research shows that when the number of wind
turbines increases,the damping of dominated oscillation mode decreases. When it is closed to an open-loop
oscillation mode of VSC-HVDC converter, the strong dynamic interaction induced by modal resonance may
cause the system instability.
Key words: VSC-HVDC power transmission; large-scale wind farms; equivalent model; dynamic interaction;

small-signal stability analysis
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Table E1 Detailed parameters of study case

R BHIF 25 BE 28 A
B LA 2k % P P 7.5mQ E Lk A4mF
BRI 47.5uH A EL IR L 150kv
— A TR LA 0.5mF JEPHAT 0.9mH
5% d A 3E EL IRy 1.2/1000 d %l 4 F ELBITRL 2y 0.2/60
q FAPIR LB 53 1.5/1000 q IR LA Ay 0.1/50
PLL Ehf5l 2% 3.7 PLL #5341 50
HE Ty % 10MW HE KK 8(m/s)
AL HHh T 0.25 A BT 0.15
[ 5 T 3 1.1p.u. R 3p.u.
e 3t Alrad /s d i Le /AR 43 280 1/20
PMSG RSC o B4 L 05/55 o 1 PO L A 05/55
d FhANIR LIRS 1.2/3000 d %l I L5 Sy 0.1/60
ese Q HANFR L BB 0.5/10 o WP SR L BB 0.1/40
PLL PLL bt 2% 7.2 PLL B4 2% 70
A 37 S5 4. o L 0.01Q2/ km Lo 4 R 63uH / km
RS ML 4 5 2 0.5km PCC % i 1174 1km
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Table E2 Comparison of modal computation results of full and reduced-order model

EHRE XL 1 fs% Rl 2% K3 Hs%
—32.2+ 766 —33.2+ j753 —33.1+j756 —33.2+ 753
-33.9+ j744 -33.4% j750 -33.3+ 753 -33.4%j750
-33.9+ j747 -33.4% j750 -33.4% j753 -33.4%j750
-36.7+ 577 -37.0% j575 -37.1+ 576 -37.0% j575
-36.9+ j578 -36.8% j577 -36.8% j577 -36.8% j577
-36.9+ j577 ~36.7 576 -36.8% j577 -36.7+ 577
—9.27 £ 112 -9.19+ 112 ~9.28+ jl12 -9.31+ 113
-8.13+j105 -8.74 % 109 -8.87 + 110 -8.74. 1109
-8.07 £ j104 -8.72+ {108 -8.85+ j109 -8.72+ 107
-373+j6l4  -3.69+j613  -3.79+j61.6  -3.81%6L5
-4.08+j63.8  -4.12+j641  -413+j642  -4.12164.3
-415+ 643  -4.13+j643  -414+j643  -4.14%j64.3

BoRiRE 0.18% 0.33% 0.21%
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Table E3 Oscillation mode varies with number of PMSG

EEHA  RAAH SEXWLPLL R XEGHESHER

&
3

N=2 —4.02+ 63.38
N =3 ~4.13+ 64.24
N =4 -4.19+ j64.77
N =5 -4.21+ j64.97
N =6 -4.18+j64.73
N =7 ~4.04 £ |63.66
N =2 -4.02+ 63.33
N =3 ~4.12+ j64.09
N =4 ~4.18+ j64.59
N =5 -4.22+ 64.93
N =6 -4.25+ j65.15
N=7 ~4.27 £ j65.29
N =8 ~4.29 + 65.40
N =9 ~4.30 + 65.46
N =10 ~4.30 + 65.48
N =11 ~4.30 + 65.46
N =12 -4.29+ 65.41

~3.83+j62.25
~3.69+ j61.27
~3.23+j58.84
~2.57+ j54.53
~1.51+ j47.32
0.85+j33.72
~3.89+ j62.72
~3.83+ j62.52
~3.67+ j62.23
~3.41+ j60.98
~3.06+ j59.18
~2.63+j56.79
~2.09+ j53.83
~1.41+ j50.24
~0.82+ j46.11
~0.15+ j41.36
0.87 +j35.17
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Table E4 Impacts of output power on oscillation modes

. FEBHHA

EEHA ig ThE-20% ThEE+20% ThEE+40%

N=2 -385+j62.25 —3.79+j62.13  —3.73+j61.87

N=3 -374+j61.84 -347+j60.37 —-3.26+j59.13

N=4 -351+j60.51 —2.85+[56.48 —2.36+j53.36

# N=5 -3.12+[58.04 —1.81+j49.52  —0.62+j42.35

N=6 -254+j54.10  0.45+j36.21 3.42+j26.02
53 N=7 -1.65+j47.90
N=8  0.02+j37.19

N=2 -3.89+j62.57 -3.87+j62.77 —3.84+j62.71

N=3 —388+j62.91 —3.74+j62.46 —3.61+j61.84

N=4 -3.81+j62.83 —3.46+j61.19  —3.20+j59.74

N=5 -367+j62.33 -3.11+j59.05  —2.61+j56.51

3 N=6 —347+j61.40 —252+j56.10 -1.81+j52.13

N=7 -322+j60.08 -1.82+j52.30 —0.65+ j46.39

N=8 -291+j58.42  —0.87+j47.52  1.23+j38.87

53 N=9 —2.54%i56.39 0.53+ j41.51
N=16 0.13+j31.29
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Fig.E1 Calculation results of oscillation modes of wind farm and equivalent model
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