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Research and demonstration of synchronization and grid-connection technology for
islanded grids based on grid-forming energy storage
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Abstract: With the widespread adoption of grid-forming energy storage systems, scenarios involving independent
operation of power grids are becoming increasingly common. Due to discrepancies in voltage parameters between
islanded systems and the main grid, synchronization control is required prior to grid connection to prevent protection
malfunctions caused by inrush currents. This paper proposes a synchronization and grid-connection method for islanded
grids based on grid-forming energy storage. By utilizing a single phase-locked loop (PLL) and active power closed-loop
control, precise phase tracking of the islanded grid voltage is achieved. Active and reactive power commands are
generated in real time by the energy storage coordination control for regulation. Taking the State Grid Hubei Xingang
50 MW/100 MWh energy storage power station as a case study, synchronization function retrofitting, algorithm
deployment, and on-site commissioning are carried out. Successful synchronized grid connection of a 110 kV islanded
system integrating source, grid, load, and storage is achieved. The results demonstrate that at the instant of grid
connection, the phase angle difference is less than 1°, the frequency deviation is below 0.005 Hz, and the voltage
deviation is less than 0.5%. The proposed approach offers advantages such as low retrofitting costs, high reliability, and
broad applicability. It provides a practical reference for scenarios such as black start, fault recovery, and flexible microgrid
deployment, demonstrating significant potential for wider deployment.
This work is supported by the National Natural Science Foundation of China (No. U24B20103).
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Fig. 13 Test waveform of simulated synchronization
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Table 5 Test results of simulated synchronization
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Table 6 Results of synchronization grid connection
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Table 7 Islanded grid profile
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I 1) MAZEIC)  FEEKV  HiZE/Hz
TikiE4A 17W224r 83728 71696  -0.546 0.005
G FEM 17 23 43 5.614 0.87 -0.506 0.001

IR R AR SCHE H I3 T I B i B 1 32 B
[FEHHER 8 SO iET R T B seiailE, 45K,
AT AT ARYE K R G R ARSI A R
Div JETiFa 4, 1 60 s A SEIRIET-44) I BL it RE
7 FRL D) R R B i T BRI A B e [R) R R, RS
ZIFZEN 0.87°, JEZ N 0.46%, #iiZ N 0.001 Hz,
BRI, TR SR A K7k
Al RN AR BRSO R I M 5.

4 £Eip

AR P 3 TH R R i RE 10 3 L R P 2
SHRAMTTE, PR TSGETAR, 4598WT .

1) 383 RS0 R 5 PLL BAH, 1R 44 I 2 g
BEAYN, BRI ¢ SR AT, AT
SCHL R A AR L ERERRICR s 24 W ZRL A B F) A o
R AR L R LS R A IR R 1 AL, 230 A )
ARG L EAEFAET %=

2) %5 1% AT HL I S 0 A S H R AT [ 3
W, @I 2 RIS REY, ZIER
FASHIRE LS LR . B R, T AR

[) 3 0 W B D 48 A 2, JE T 110 kv 2 BA
R {E A R R, T R AR A
BeE, FHRHOCLT/ RS .

3) ZIER & FE IR EE ), wid e
110 kVE VR it RGuH SEUE, S5 REHAR %
761 min PN 523007 B ) B S Bl JE R RE YR K 1
far [FVEAFEI,  FHEPIB Z A 22 <1°, R 2<0.5%, i
#<0.005 Hz, HLEPTE-FHrdlE, TRt

ATTEUR N B RE A EAA, 456HPLLS A
DI, e B o ¥ 5 3 RE /1, 110 kV &
VLB A @i tE o, M. &V &%
SR ERT AT, HEASOE AR, £
R m e, NAVER e, AR R AL g e
B, 35 7 I 5 {3k e/ L S S/t B R S 5 2 3 i N
-2 B R R T AL SRR R S
S 3k

(1] sgefl, dOUHE, PRar-r, S dRhr [0 s 3T e
VR IBIE A AT P PR AR E PR RO () [I].
HL RGP S, 2025, 53(16): 177-187.
MO Weike, LEI Jianxiong, CHEN Yiping, et al. Frequency
stability challenges and countermeasures in typical isolated
synchronous power grids with high penetration of renewable
energy (part [)[J]. Power System Protection and Control,
2025, 53(16): 177-187.

(2]  EEM, 257, BAME, 55 IS BUERE SR TR
HL AR AL, VR 2 SR ], [E R 77, 2025, 58(2): 103-110.



- 158 -

W) R Gy B

(5]

(7]

(9]

YAN Zhibin, LI Li, YANG Peng, et al. Optimal scheduling
strategy for microgrid considering the support capabilities of
grid forming energy storage[J]. Electric Power, 2025,
58(2): 103-110.
PUERD, TOBMER, A, 5. MR BUFIER DAY L 7
TR TR AR G B S (1 LG R LSRR [T]. W H
ik, 2024, 44(6): 77-89.
JIA Jiaoxin, SHEN Zhongyu, QIN Benshuang, et al.
Review on inertia response matching problem of hybrid
power systems with grid-forming and grid-following
power electronic devices[J]. Electric Power Automation
Equipment, 2024, 44(6): 77-89.
TENE, i, TRIERE, . BRUNGFLER)E S &
“4.28” RAFHFEMHT SRR, T E TR,
2025, 45(17): 6603-6611.
SHU Yinbiao, TANG Yong, ZHANG Zhengling, et al.
Analysis and lessons of the April 28, 2025 blackout in the
Iberian peninsula power system[J]. Proceedings of the
CSEE, 2025, 45(17): 6603-6611.
BRI, RIE, FHET, & WNRARR A E T
ZEIR[I]. H E AL TR 53R, 2023, 43(6): 2339-2359.
ZHAN Changjiang, WU Heng, WANG Xiongfei, et al.
An overview of stability studies of grid-forming voltage
source converters[J]. Proceedings of the CSEE, 2023, 43(6):
2339-2359.
Mtk dE, 2087, 115, 5. FIESOC MM iERES
5 XIEHI S R GRS RN, B S, 2025, 53(5):
8-15.
YANG Shiwei, LI Baohong, JIANG Qin, et al. Frequency
regulation strategy considering SOC for grid-forming
energy storage participating in wind-photovoltaic hydrogen
production systems[J]. Smart Power, 2025, 53(5): 8-15.
X, TR, INRT, & MR B AR R SRR R K
JEFRZEART]. oh R AL AR A4, 2025, 45(1): 277-297.
LIU Hui, YU Siqi, SUN Dawei, et al. An overview of
control technologies and principles for grid-forming
converters[J]. Proceedings of the CSEE, 2025, 45(1):
277-297.
EAE, DR, B, L MRREOR: SRR, T
AeEfL S M A RET]. HAIRGE I, 2025, 49(1):
1-13.
WANG Wei, ZHOU Shaoze, HUANG Meng, et al. Grid-
forming technologies: evolution history, function, and
application prospects[J]. Automation of Electric Power
Systems, 2025, 49(1): 1-13.
TN, PRI, XU, &%, T E &R UL AT
Fey D Y A i 4 AN A E MR SR T SRR AT 78 [T]. HB I R Gt
LRI 54541, 2025, 53(12): 57-68.

[10]

(11]

[12]

[13]

[14]

[15]

[16]

HUANG Bingzheng, CHEN Junru, LIU Muyang, et al.
Grid-forming converter transient stability enhancement
strategy based on adaptive virtual impedance[J]. Power
System Protection and Control, 2025, 53(12): 57-68.
BRAE, K, BER, & 2R MR AR
B0 R R M M AT [I]. AR AR R TR,
2025, 8(4): 418-430.

LI Yifeng, ZHANG Xue, WEI Tongzhen, et al. Output
characteristics and equivalence analysis of grid-forming
converters in complex application scenarios[J]. Journal of
Global Energy Interconnection, 2025, 8(4): 418-430.
RESLE, WFA1, W, 25 FET Lyapunov RERPRETIH
Pl AR 1 2 1 g 1) 24 s e R DL REL U S 3808 5 D V3 D).
HL 1 R G R 551, 2025, 53(6): 30-41.

XIONG Liangli, YOU Li, HAN Gang, et al. A Lyapunov
energy function-based virtual impedance parameter tuning
method for grid-forming energy storage under single loop
voltage magnitude control[J]. Power System Protection
and Control, 2025, 53(6): 30-41.

WRAS, REifp, T4EER, &5 N ZSE0 R H &N 7%
A R AN [R5 R rE ML ) SIS 0], WD RGL ORI S ),
2024, 52(23): 74-85.

CHEN lJie, CHENG lJing, WANG Weiqing, et al. Control
strategy for a virtual synchronous generator using a
multi-parameter cooperative adaptive method[J]. Power
System Protection and Control, 2024, 52(23): 74-85.
RbRE, BRRAE, BRKCF, 55 BN MMC-SVG il
J7 RMTHI]. R T, 2025, 53(4): 53-61.

LIANG Shaohui, CHEN Junru, CHEN Yongping, et al.
Design of grid-forming MMC-SVG control scheme[J].
Smart Power, 2025, 53(4): 53-61.

FRRBIE, BRdE, 5, & MRS KWLES E V7 A
5ot i ks []. B B3k &, 2025, 45(11):
123-129.

GUO Siyuan, CHEN Lei, MIN Yong, et al. Stability
analysis and improved control strategy of grid-forming
doubly-fed induction generator[J]. Electric
Automation Equipment, 2025, 45(11): 123-129.
AT, e, AR, L TR AR IR
VSG #EHIKME[J]. ARG S, 2021, 49(12):
33-40.

ZHAO Wei, LI Xiong, QIAO Renfei, et al. VSG control

strategy of an isolated microgrid based on hybrid energy

Power

storage[J]. Power System Protection and Control, 2021,
49(12): 33-40.

LIY, VILATHGAMUWA M D, LOH C P. Design, analysis,
and real-time testing of a controller for multibus microgrid
system[J]. IEEE Transactions on Power Electronics, 2004,



W 71, S BT Rk RE AT FE X R I BRI T R SIEE - 159 -

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

19(5): 1195-1204.

RAMEZANI M, LI S, MUSAVI F, GOLESTAN S.
Seamless transition of synchronous inverters using
synchronizing virtual torque and flux linkage[J]. IEEE
Transactions on Industrial Electronics, 2020, 67(1):
319-328.

JEVEIR, wit, VEERAK, &5, @SR N KOF M AR
w SN Ak RE BB BBV IR 7 1k K & R 1R 23 e [T].
L) R GRS s, 2025, 53(14): 69-79.

QU Keqing, GAO Chang, XU Yuecheng, et al. Design
method and robustness analysis of a novel phase-locked
loop considering the dynamic performance of grid-
connected inverters under high penetration[J]. Power
System Protection and Control, 2025, 53(14): 69-79.
SRIBL, B, KR, & N RGBT I
KCFHE T ] B RGP S ], 2019,
47(20): 7-15.

ZHANG Mingrui, WANG Jiaying, SONG Baihui, et al.
Study on stable operation and mode smooth transition of
microgrid[J]. Power System Protection and Control, 2019,
47(20): 7-15.

VERDUGO C, CANDELA J, RODRIGUEZ P. Re-
synchronization strategy for the synchronous power
controller in HVDC systems[C] // 2017 IEEE Energy
Conversion Congress and Exposition (ECCE), October
1-5, 2017, Cincinnati, OH, USA: 5186-5191.

LIU Teng, WANG Xiongfe, LIU Fangcheng, et al.
Transient stability analysis for grid-forming inverters
transitioning from islanded to grid-connected mode[J].
IEEE Open Journal of Power Electronics, 2022, 3: 419-432.
BT, 5KHE, Fhal, 5. HETREADIAR A EME S A
HUBLTRLF 20 A0, 0 &R 48 B ik, 2016, 40(12):
124-129.

WEI Yalong, ZHANG Hui, SUN Kai, et al. Pre-
synchronization method of virtual synchronous generator
using virtual power[J]. Automation of Electric Power
Systems, 2016, 40(12): 124-129.

SeE R, WKAL, BEkK, . E TR E LA
AR LT D 45 ) SR G [J]. BT T ROR, 2022,
56(5): 38-40.

CHALI Xiuhui, ZHANG Chunjiang, YANG Chunlai, et al.
Presynchronous control strategy of virtual synchronous
generator based on virtual power[J]. Power Electronics,
2022, 56(5): 38-40.

AMIN M. Resynchronization of distributed generation

based on the universal droop controller for seamless

transfer between operation modes[J]. IEEE Transactions
on Industrial Electronics, 2020, 67(9):7574-7582.

[25] SRINIVAS V, SINGH B, MISHRA S. Seamless mode
transition technique for virtual synchronous generators
and method thereof[J]. IEEE Transactions on Industrial
Informatics, 2020, 16(8): 5254-5266.

[26] SRINIVAS V, SINGH B, MISHRA S. Self-synchronizing
VSM with seamless operation during unintentional islanding
events[J]. IEEE Transactions on Industrial Informatics,
2020, 16(9): 5680-5690.

(27] JAMG, sk, BROR, 2. JET R AULRIH LR ] f U5t

RHLHLEL TR 2 9 R SRS [J]. 80 RB E 31k, 2020,
44(14): 71-78.
ZHOU Peng, ZHANG Xinyan, DI Qiang, et al. Pre-
synchronous grid-connection strategy of DFIG-based
wind turbine with virtual synchronous generator control[J].
Automation of Electric Power Systems, 2020, 44(14):
71-78.

[28] HUANG L, XIN H, ZHANG L. Synchronization and
frequency regulation of DFIG-based wind turbine generators
with synchronized control[J]. IEEE Transactions on Energy
Conversion, 2017, 32(3): 1251-1262.

[29] @k, 3EFFH, MWORSE, 45 3T BE A S 1S HIH
AP Bl P DX ) 20 A ) SRS [ ). P ) R ERAT S5 4%
2023, 51(6): 82-93.

YAO Wenlong, PEI Chunbo, CHI Ronghu, et al. Pre-
synchronization control strategy for a microgrid of
merchant marine with intelligent self-learning control[J].
Power System Protection and Control 2023, 51(6): 82-93.

[30] ALLA D S, SAHOO A K, NEGI S, et al. Linear
phase-locked loop based hybrid grid synchronization for
grid-forming inverters[C] // 2024 IEEE International
Conference on Power Electronics, Drives and Energy
Systems (PEDES), December 18-21, 2024, Mangalore,

India: 1-6.
WS HER: 2025-08-20; &EIHHA: 2025-12-02
EZ BN

# H1987—), F, AMit, ZAIEN, ARLFTEH
W, 7, F AR AR AT R A EE;  E-mail: youli90909@163.com
mEE1993—), F, L, TF, FRF @A
T B Ak Az HI AR S E-mail: xliangli@foxmail.com
2EF(1988—), B, @44, KA, TRIF, HL
77 6 A 4k AR AR A B4, E-mail: lzy_jm@sina.com
(4h#E Rl eH)



