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synchronization stability
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x3 TEAEHSHTREAEERSHEER
Table 3 Stability criterion and simulation results with
different control parameters

E7p HESRD/  HEEZ%U/ 0 APEA/ VA A

B E  ((N-m-s)/rad) (kg/m?) rad g gh IR
a 1500 80 0.0650 KEx Kz
b 1500 40 —0.0616 faE faE
¢ 1667 70 0 RE e
d 1925 80 —0.0370 FaE faw
e 1925 40 —0.1191 #E faw
i 1600 70 0.0112 RE g

x4 EHSHEDMIHMEULEITER

Table 4 Optimal design results of control parameters

D and J
T D,/ Jo/ T/ D/
(ALS ((N-m-s)/rad)  (kg/m”)  (kg/m®) ((N-m-s)/rad)
a 1 500 80 57 1782
b 1 500 40 57 1260
¢ 1667 70 70 1667
d 1925 80 93 1782
e 1925 40 93 1260
I 1600 70 64 1667

Moa AL B A0, R E I A B 0.065 0 rad A8 R
—0.0616 rad, RGRE KRR MR E HESH
Wrh R — 2 a Ml d HAEAMF JFRAF D T o(r)
ERE,SDMI1500 (N-m-s)/rad 84 i &
1925 (N-m-s)/rad, X W & 7 S a B h 3] 5 d, Fa
FE I A 0.065 0 rad 48 —0.037 O rad , H Wi 25
R RRAE MR E , 507 B — 3 e X R R HE A =
—0.119 1 rad, A0 L &l 8 rf HAth A% B0 £ 2 PE T 47, B2
FEFIHE A WA BN 26 01 BT S ) 45 R e 1k A
LIRSS R BEUE W] T 2 B rh A B (9 IE B PR 5 R
T RaE FYE AT R

8o X B Fa % ¥l P8 A=0rad, 4 D H
1667 (N+*m-+s)/rad Ji /& 1 600 (N+m=+s)/rad I},
FasE FIPE A =0.011 2 rad, F & 45 KL 5, i 0y &
SER R RGRAE . B BT T R A 2 8 R T
20T i B I [ AT O YA AR B A AR R 22 R
FldE B — s e R AR T R E
P T 4R 4 — 2 I A R
4.4 SNEEESRHELER

WA BESREMT L FEEA EAC E &G
g PR A (transient energy function, TEF) 3%, i & M
B2 58 4 — B0, BRI AR SCRR L 208 B JE 1Y
TEF/EAC Y, SCEk[ 27 15 %F GEFM-GCI 1y K BH
JERRIE B T — FhBHJE BE B R B0 B DRTEF 3%,
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AN DX
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- - - ZWs PR I TEF/EACTE:; — AR SCH#AT I
- - - DRTEF#; — Bl Hik.
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Fig.9 Comparison of stable boundary of four methods

#E— 2L BT B S BB E  FE U,—0.373U, 1,
&9 A1 820,80) F i B(1 820, 72) #EHl S8 T
1) do/de-6 1 H 45 R an bk 5% B & B3 s, & 48 ¥ %
SR LR, ETAHIH, HAMEABY
FoE FIHIE A<CO rad BT, )5 25 35 R Ra o 5 20 Bl
Je ) TEF/EAC 52315 3| 550 A i BXT I S 80Uk f
45 TR 25 5 s DRTEF ¥ 215 21 55 A X R 2 80k
HEL B XN 280 B R R A 2R .

5 SLIIIE

Sk 56 IR e 5 0 EL A BT 00 E M AR T R AT A
PFAE IR S I IE . S5 F 5 A sk B K B4 ik, &
B SN ERAL(PC) s B 7 5 5 AL B 4%
(DSP) (TI TMS320F28377D) ; #% #% #% (DB37-
G2) ; RT-LAB 3 % % & (OP5700) ;5 75 i #%
(Tektronix MOS54) . H i, 3 i % #5 ## 78 RT-
LAB V- & o s #2158 43 #5 & /E DSP 1 ; RT-LAB #l
DSP i i % £ 2% 1715 B384 s PCAE N W 5 55 50
B Y L A B B A i T

S0 SR 5 4 L o A ) R S 8, 4 i AE
LR T A7 as 7 T 00 1, U,=0.55U,, % il 2
Han bl sk A AL;EE T T 2 £ 4,U,~0.373U,,
il Sy WX R E 7T b e a s iE AT T 5 H6,
Uy=0.373U,, 4% il Z B o3 5 xf BL 181 9t A B o
ELABE {4 AE B S0 50 45 R A 5 C | CL AR C2



F R o

2 Uy=0.55U, 1 , an fff 5% C & C1(a) Frox | i
LI 7, 28 i HR JE  AE AR ELIRE A TR, 8 AE
W R A TG 29 1 s R IR AR A5 MH 0.38 rad B 1487 1 E2
AAH0.74 rad , HERS M B 1 0L 5 A 4 SR A —
. K CL(b)A(e)Fm Uy=0.373U 1 iz 47 T4
201 3 5%6F o 114 9 1 2 80T DURIE RGBS F AR
LRSI 144 rad, BRI C1(d)EWTEIB
A7 T 00 A Xt B i S50 0 R, R 8 AW
HkFa . EC2(a) M) MR T T RGEMRIFE S
6] 25 83 %8, F B AR SC BT 48 J7 5 A E 220 B2 1
TEF/EAC # 1 DRTEF % B A <7 ¥ 3 % /9 {
P SCI S RIUE T T B AR AT R RS i S IR 1)
B AT D R MR T S B8 T e A R .

6 %iE

AR AR 5L EAC LR I 2% i BH e 4% 1 |
MAAE B AR E 0 B GEM-GCT 5 il 2 800 8 & 6] 2 5
FEVERY R HLEE . ARG A 48 22 RUBE ¥R i 1 # #
Ui 5 5 AT A kT AR AT R 15 B GEM-GCTE &
] A5 e i AL IR AE L3RRl 25 T — ot ) R4
BRI RE WA H S 80T k. a5 B 5 5
B0 UE T A SCHIR A BT Ty A il AT R DL R 4 )
Bt ik A RO BRSS IR R

)3T B e i EACH /R T H 28008
A5 TR 2B B M 7 AR 52 i) 4 BRI A < 3G K BE e S8
D F /NG i S 50T AR T U0 S AL )
M8/ 2R e i B, 2 R g AR R e 1k

2) B F 22 RUBE 1 41 1 T A fire A A AR BB A Ry
T 1l S B R Bl B GFM-GCL Y ) A Fa 2
A RRE

3) T i b7 e 42 0 ) S B8 O kL B
Mg FE AR LR E T GFM-GCI i 5 ) 2 5%
T, 5 BUA % G083 3 0 7 WA LG AR SE A A,
GFM-GCE il Z 505 1T H2 A8 i 2 e =2 4

AR SC W AR 43T 22 4 I R 5 A 2 IR G R g b T
AT B I A R . EZ AR R G b A
HAE Z ) B AS IR 2P AR R, 38 T 2 LTI R 4
B AT o BT A R T B B R R N A

B 5% DL 7% F1) I 48 R (http : //www.aeps-info.com/

aeps/ch/index.aspx) , AR XHE G Z 4537 M F1IE
W 4& 232,

EUTRAE T BBH R A 0 L 5 o 395 A 8 T A [ AP A T

2 % x o

(1] SRR, O e, v, A5 . Q3 3l i 58 L ot ol 190 13 A7 5 42 o BF
FEERT] ARG A BME,2021,45(24) : 174-188.

SHEN Xia, SHUAI Zhikang, SHEN Chao, et al. Review on
operation and control of AC microgrid under large disturbance
[J]. Automation of Electric Power Systems, 2021, 45 (24) :
174-188.

R TR AR I, A5 o 255 B 5 I AL 4 S O L
P BH T AR E P 2> B M AR TSRS (D] d ) R 88 A Sk, 2022, 46
(24):121-131.

HU Yufei, TIAN Zhen, ZHA Xiaoming, et al. Impedance

—
Do
[}

stability analysis and promotion strategy of islanded microgrid
dominated by grid-connected and grid-following converters [J].
Automation of Electric Power Systems, 2022, 46(24): 121-131.

[3] FUXK, SUNJJ, HUANG M, et al. Large-signal stability of
grid-forming and grid-following controls in voltage source
converter: a comparative study [J]. TEEE Transactions on
Power Electronics, 2021, 36(7): 7832-7840.

[4] WU H, WANG X F. Design-oriented transient stability analysis
of PLL-synchronized voltage-source IEEE
Transactions on Power Electronics, 2019, 35(4): 3573-3589.

[5] HE X Q, GENG H,

converters [J].

LI R Q, et al. Transient stability analysis
and enhancement of renewable energy conversion system during
LVRT [J]. IEEE Transactions on Sustainable Energy, 2020,
11(3): 1612-1623.

(6] skF*, SRER, SN0, 45 JF 190 72 8t 45 ) 9 285 A 20 B3 28 PR 2 7 < B2

WA 5 BUE PRI L] b I H LT R 2241, 2022,42(21) - 7871-
7883.
ZHANG Yu, ZHANG Chen, CAI Xu, et al. Transient grid-
synchronization stability analysis of grid-tied voltage source
converters: stability region estimation and stabilization control
[J]. Proceedings of the CSEE, 2022, 42(21): 7871-7883.

(7] B i b RO 36 32 97 58 M HOCHEBOR ] BT ) R &
A 51k, 2022,46(21) : 1-10.

XU Zheng. Main schemes and key technical problems for grid
integration of offshore wind farm [J]. Automation of Electric
Power Systems, 2022, 46(21): 1-10.

(8] Bkl , Ty 24 B R B L 55 . fE P0LIR 25 & A ML B LA ol v 160 o
AR LT Y. p B L HL TR 2 4, 2014, 34(16) : 2591-2603.

LU Zhipeng, SHENG Wanxing, ZHONG Qingchang, et al.
Virtual synchronous generator and its applications in micro-grid
[J]. Proceedings of the CSEE, 2014, 34(16): 2591-2603.

(O] # a6 B ofe Bl A8, 55 BT B el ) &R e R R UL IR) 2B L o £
AL LT ). e 07 R S8 A Bk, 2023,47(4) 1 190-207.
CAO Wei, QIN Huancheng, LU Jianzhong, et al. Orientation
and application prospect of virtual synchronous generator in new
power system|[J]. Automation of Electric Power Systems, 2023,
47(4): 190-207.

[10] WU H, RUAN X B, YANG D S, et al. Small-signal

modeling and parameters design for virtual synchronous

generators [J]. IEEE Transactions on Industrial Electronics,

http : //www.aeps-info.com 205



2023, 47(15)

2016, 63(7): 4292-4303.

[11] POURESMAEIL M, SANGRODY R, TAHERI S, et al.
An adaptive parameter-based control technique of virtual
synchronous generator for smooth transient between islanded
and grid-connected mode of operation[J]. IEEE Access, 2021,
9: 137322-137337.

[12] BASCHR , RIEZE S e, A5 . 0 e 0L IR] 20 BL A FLARR v T i e

P [T, s RS A Sk, 2018,42(9) :100-107,
HU Wengiang, WU Zaijun, DOU Xiaobo, et al. Load virtual
synchronous machine and its low voltage ride-through control
[J]. Automation of Electric Power Systems, 2018, 42 (9) :
100-107.

[13] QUAN X J, HUANG A Q, YU H. A novel order reduced
synchronous power control for grid-forming inverters[J]. IEEE
Transactions on Industrial Electronics, 2020, 67(12): 10989-
10995.

[14] CHEN M, ZHOU D, BLAABJERG F. Enhanced transient
angle stability control of grid-forming converter based on virtual
synchronous generator [J]. TEEE Transactions on Industrial
Electronics, 2022, 69(9): 9133-9144.

[15] HU W Q, WU Z J, LV X X, et al. Robust secondary
frequency control for virtual synchronous machine-based
microgrid cluster using equivalent modeling [J]. IEEE
Transactions on Smart Grid, 2021, 12(4): 2879-2889.

[16] B Wl 3=, Ah , 45 B T S8 fa 0 7 ik 2 028 4

D FEE S AL [T). R SE A B4k, 2023,47(1) : 162-171.

LOU Guannan, JIANG Xiaoyu, GU Wei, et al. Simulation

modeling and optimization of multiple inverters based on

parameterized fixed-admittance method [J]. Automation of

Electric Power Systems, 2023, 47(1): 162-171.

AN R LR 2 LIS AT RS TR O 6 BE R 4t 1A 3l A a4

[Tl REE A 3k ,2022,46(23) : 144-150.

GUAN Minyuan. Automatic energy control of grid-connected

—
—
I

[}

energy storage system under virtual synchronous generator
operation[ J]. Automation of Electric Power Systems, 2022, 46
(23): 144-150.
(18] VLB ZE , INEAR 4G 2, 45 B T JC S S0 R 1Y o L 1013 g
01 Z e b i B A ML M [T ] R GE A Bk, 2022, 46
(24):57-65.
SHEN Zhengwei, SUN Huadong, ZHONG Wuzhi, et al. Key
event based analysis of evolution law of cascading failures in
power system with high proportion of renewable energy [J].
Automation of Electric Power Systems, 2022, 46(24): 57-65.
TR D R, AR R B R AU 2D LT R el g o R e s R
Go o A A R sE Moy M [T]. M J R 58 A Bliik, 2021, 45(10)
115-123.
SHEN Chao, SHUAI Zhikang, CHENG Huijie. Transient

—
—
Nej

[t

synchronization stability analysis of system with paralleled
virtual synchronous generators and current-controlled converters
[J]. Automation of Electric Power Systems, 2021, 45(10) :
115-123.

[20] PAN D H, WANG X F, LIUF C, et al. Transient stability of

206

&t

- A

voltage-source converters with grid-forming control: a design-
oriented study [J]. IEEE Journal of Emerging and Selected
Topics in Power Electronics, 2019, 8(2): 1019-1033.

[21] XIONG X L, WU C, HU B, et al. Transient damping

[l

method for improving the synchronization stability of virtual
synchronous generators [J]. IEEE Transactions on Power
Electronics, 2021, 36(7): 7820-7831.
[22] WU H, WANG X F. Design-oriented transient stability
analysis ~ of  grid-connected  converters  with  power
synchronization control [J]. TEEE Transactions on Industrial
Electronics, 2019, 66(8): 6473-6482.
RS, WA T B B U 9 OF 32 7
[l R E P[] i s R 55 A B4k, 2022,46(18) : 208-215.
LI Xilin, TANG Yingjie, TIAN Zhen, et al. Synchronization

[23

[}

stability analysis of grid-connected inverter based on improved
equal area criterion[ J]. Automation of Electric Power Systems,
2022, 46(18): 208-215.

BV IRENS L, A R SR E AR R T VSG 2L
HRAE R[], b LT RS 4, 2022,42(6) : 2109-2123.
GE Pingjuan, TU Chunming, XIAO Fan, et al. Transient

—
[\
=

i

stability enhancement of a VSG based on flexible switching of
control parameters [J]. Proceedings of the CSEE, 2022, 42
(6):2109-2123.

ZHAO J T, HUANG M, YAN H, et al. Nonlinear and

—
Do
(o]

[t}

transient stability analysis of phase-locked loops in grid-

connected converters [J]. IEEE Transactions on Power
Electronics, 2021, 36(1): 1018-1029.

[26] [F12€, B 0], B, 4F i RIS 3 N OF MR e fs REE S

FaE Vs lI]. i &8 A sk, 2021,45(18) - 78-84.

YAN Han, HUANG Meng, TANG Yingjie, et al. Transient

stability analysis of grid-connected converter system considering

frequency disturbance of power grid [J]. Automation of Electric

Power Systems, 2021, 45(18): 78-84.

MOON Y H, CHOI B K, ROH T H. Estimating the domain

ﬁ
™)
N

=

of attraction for power systems via a group of damping-reflected
energy functions[ J]. Automatica, 2000, 36(3): 419-425.

[28] SHUAT Z K, SHEN C, LIU X, et al. Transient angle
stability of virtual synchronous generators using Lyapunov’ s
direct method [J]. IEEE Transactions on Smart Grid, 2019,
10(4): 4648-4661.

FM1997—), B R EHR A, LB @5 X
w5 e M, E-mail:Imf971022@163.com

ZEZEN975—), B @ H 4 Ha EA 37,
R o R W AR & A DN 3 F R A N A
FH 1, E-mail:zjwu@seu.edu.cn

A8 F(1985—), B 1+, 8l #4% , M+ 4 505, £ &5
RAG:EAEFIH HETAS 2N BRIEHZEAR,
E-mail : xquan@seu.edu.cn

(g EH %)



EUTRAE T BBH R A 0 L 5 o 395 A 8 T A [ AP A T

Transient Synchronization Stability Analysis of Grid-forming Grid-connected Inverter

Considering Damping Characteristics

LI Mz‘ngfez'l, wU Zaz‘jbml, QUAN Xz‘ang]'unl, ZHU Lz‘ngz, LI Wei?, HUANG Renzhi'
(1. School of Electrical Engineering, Southeast University, Nanjing 210096, China;
2. NARI Technology Co., Ltd., Nanjing 211106, China)

Abstract: The grid-forming grid-connected inverter (GEM-GCI) can provide the voltage and frequency support for power grids,
which is beneficial to grid stability improvement. Firstly, aiming at the transient synchronization stability problem of GFM-GCI,
the influence mechanism of GFM-GCI control parameters on the transient synchronization stability 1s qualitatively analyzed from
the perspective of energy by the equal area criterion considering the damping characteristics. Secondly, the explicit analytical
solution of the nonlinear second-order differential equation of the power angle is obtained by using the multi-scale method in
perturbation theory, and the influence of control parameters on the GFM-GCI transient synchronization stability 1s quantitatively
analyzed. Then, based on the analytical solution and transient synchronization stability boundary, a control parameter design
method for GFM-GCI transient synchronization stability 1s presented. The proposed control parameter design method is less
conservative than the existing traditional transient analysis methods. Finally, the validity of the theoretical analysis, the analytical
model and the proposed control parameters design method is verified by simulation and experiment.
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