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Electromechanical transient modeling of energy storage based on
virtual synchronous machine technology

HE Ping, LI Zhao, LI Congshan, FANG Qiyuan, ZHENG Mingming
(School of Electrical and Information Engineering, Zhengzhou University of Light Industry, Zhengzhou 450002, China)

Abstract: By simulating the characteristics of the traditional synchronous generator, virtual synchronous machine
technology allows the power supply using the converter to have the characteristics of inertia, damping, frequency and
voltage adjustment of the synchronous generator. It is an important technical means for the stable operation of the new
energy power generation connected to the power grid. This paper proposes an electromechanical transient modeling
method of energy storage based on virtual synchronous machine technology. The energy storage model includes virtual
synchronous machine control, energy storage restriction and a model interface module, and takes into account the rotor
equation of the virtual synchronous machine, energy storage charge and discharge power, charged state, operating
efficiency, dead zone and inverter limitation characteristics. Based on power system analysis and a synthesis program, the
model is built by a user-defined method. The IEEE 4 machine 2 region and Henan power grid are selected for simulation
verification. The simulation results show that the modeling technology proposed has advantages over the traditional
method.
This work is supported by the National Natural Science Foundation of China (No. 51607158).
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Fig. 1 VSG control structure diagram
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Fig. 2 Grid-connected equivalent circuit of
energy storage converter
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2.3 fifgEAKIRE

fitt e TCAF B A () A I 0 2 458 28 v Ry 78 iR
WA, NREREFESHN R, PR AR
£ 0T 2 A FRAS i B oA 9 3 S 4 e
WA FEIAE AL B A P (1) S TR R R S 4
SR IE (S R T R s 5 Vi VR 3 7 e SRS
fitt BEAS A 2R S5 e I 28 S R A1) 115 2 80 i
EHE, Aa RS B EIRE JEX IR,
TEAT R L FE T H ) e PR B i o 25 BRI

1) fg ey RS FE ] R VLI A & 5 &%
KHERMHS, REBFEREERNZ D, XTH
RIS EHEFmEAEZEM . AT
Hi IR 2% (State of Charge, SOC)FK) J7 122 42 i i Evds «
T B TR 3R A 28 B 28 1 | R IR B Rl SRR 25 120,
ASCR 2 A8 HL T R e 24 v SOC.

2) it e 7% 12 B 1)t R 2 55 i fie HE Vb A HEIR S
M T —AEHE X, Bk 7e sl o st g
4% -

3) FRIS R DA B2 T BE o2, 2L
fEfERE RAAEAEARBOR IR F R

4) G BEIB AT AR AL B Al e PR IS AT BCR AT
JITHLF B3, AR SCH F it far FUIRZS (19 28 A fidt
REIZAT R R AT ik, AR SCHR[20) 4 B ik iz
17T —

5) it 78 7 =R il 45 B T TAER fif B8 A D
R Z I AT RIET, Fkma A — et
Dy Re ), HRHADIYIZFENE . TLYIThE N4
HRTERE Ty T B

6) AL X IR (4 FH R AE &R G0l 2 BN LB
T G it BRI 70 8 FR BRI i B 2 i i AR R EL R B
((SUE N

G LA EJREI, w2 H kAT

o P dt

0" set

SOC =S0C, +

tot

If SOC ¢[SOC min,SOCmax],P=0
P <P<P,_

_Qmangngax

Qmax = “Sz - PZ

P=nP,

If f e[fmin' fmax]vPZO

A To AHUE DI T BCAITE; SOCo JyHL A
s HINIIRIRL Pe MRMERETCIF R AT 20
TR, AN L R A Th DR P AT R BiAE.
ISR A IR P AP SN IE, ORI SO,

(11)




-16 - Y EE X T EE S

K/INZAd e s K 78 I F DR BRI, TG Th D) Q 52
WA AR A R PRI, (L) i B A PR 2 B R
BUWER 2 Fs.

=2 EESHORE

Table 2 Energy storage parameter setting

25 EE

il RGBT IR n 0.85

AR IR T HUIRZS SOCo 0.6

i i /i FR A SOCmin 0.2

R B KA FERZS SOCmax 0.8

HE D)3 T TR LN T Teor 200
B IEIX e/ ME. f L, 49.96
BERTEIX B KA £ 50.033

FECHL DR BR G AHREISAT R M X AT 1E

Kl 8 AhIATh B R B S B, T S ifRE
BATRCR IO BUIRASTHE R BRI H 25 PR 1
w9 At

™9

T™3

™9
-ij(OMPH AND H }—- T™MI0

9 fEREPRBIEATS

Fig. 9 Energy storage restriction link

2.4 REEO

T PSASP & JE -5 i L NV B A )
B IIRENBI RS, MW= 4 1 ThEh %
P. TLHIIE Q 75 UAA THHIRSEES vy A D HIE
I P A Wi i

b o BRI ] R GEE ANThEE, AT O Y A
BEEHEU ISR Ur, SN Ure TIIATSRILHE
R P Q M#E I 1, KRG

S=ur’ =(UR +jUI)(IR _j||)=P+jQ

| :URP+U|Q

SRTESTN (12)
_UP-U,Q

FHE(12), ] H H g e IR B D0 & 10

. b VTIR Fl VTLI 455 %k o7 REZR He s 52358
Ur SREEE Uy, ITR FTITI A3 567 1 FT 1o

™I

; ALY
VTIR v

T™2
VTR

T™I

\L]I:

VTIR

VTIR

10 FMREED
Fig. 10 Grid-connected interface model

3 EBEHISih

3.1 IEEE 4 #] 2 X185}

NIRUEA ORISR 21, A SCTE IEEE 4
ML 2 XIR ARG RN R ek Hsh At RE AR 7Y 3
70T RGEMAEERNE 11 iR, KHEHL Gi.
G2 FT{EX IR —F1 Gav Gy I X 455 38 i XU R e 4%
RATIER:, RGUHEMEREN 100 MVA, UG K H
HLAE 25 5 900 MVA, HIhH 77 700 MW, FER
JE 20KV, BRESLAEHTIZ 400 MW, JLH R HL
Gs NPT 8, B KN 0.01s. fERE ST
FE X ik ity REZR 6 Adh DA 55 FiE, D) 18 47 R

R 12! Coas 16 17

\ 1 | | I

| | } i 1

| fifes btk g L R |
X 41 [x kg2

& 11 IEEE 4 # 2 X RS
Fig. 11 IEEE 4-machine 2-zone system

REM LRSI RS8R 3 fos, H T,
DI BT B E I o D AR LSRN R HL 3 4 N BE 2
10, AR Nyt ThaR 73507 48 MW A1 30 MW,
fifi BE B ARSI R tH D308 0, AXAE MU A A4 5)
JEREATH T, IR ARG .
*3 HERESHRE
Table 3 Simulation model parameter setting

ZH Bl ZH Bl

L/mH 1 ke 0.02
J 0.3 Urer 1.02
D 10 Oref 1
kv 0.035 T 0.01
Kai 0.007 Ty 0.01




Al %%

ST R AL AU HLBOR I il RERLF BT AR kA5 - 17 -

NIGUEA ST VSG il BER AL AN L 5L
fits REAR A LE SNHIHT BEIR I sl 1 2, AFH VSG
i RERE AL OB 1, SCER[TIFTER2E T Pl 4=k e
WL RSB A 2, PSASP #ofk b fif ik Al
BN 3, H A A 2 AR IAEE I HE B WA 12 BT o
TE 22 00 8 W0 8 A 3 R R AR ) R L )
. BRHEHE. ZRERThR . fEREE T & Prony
AT R R G IR R AT LR 5 e .

_K_ X
® P
Yonin

AT X,

12 128 2 ShER I BR 451
Fig. 12 Outer loop controller structure of model 2

3.1.1 Ry 5otk f ik th /1 5)

B THWE 13 fir, BB X EZMN
t=2s 32 BIFE XS, KIEFFaEIE N, JEEt=3s
I RGEIA I RAE 8 mifs, Fifi Ji B U T k55, t=4 s
I KR BHTLR KT SR FUETE t= 1 s I 52 3
WA, RGN SWIm2 B, 1E t=3 s
Ik B B RAE I e R RS . t=4s INGIRGREETT4R
DLFRER R R BEAE, B t=6sBIRaigm, Jelfam
FEWRE B HTURTE -

8 [T G

IR/ (mis)
ISR /(W/m?®)

0 1 2 3 4 5 6
/s IR i)/s

() SR HL g R B ) (b) AR L W P AR 1
13 KR I7 K SRR w4 5
Fig. 13 Disturbance of wind farms and
photovoltaic power plants

W& 14 0T HAURATBUE Y, A7 1 IR 2
i BE AR L 7E 52 21 KGR ' [ G E PRl (1 00 T~ 41 1
IR BN BRI BN .2, R 3 5% i e d il
uli T R s . AR 1 AR 2 R L
Thff. BREOQIE . BRERER AR DR (i N h 2k XA
BUFRIRCR, RGRE A U RitE, HEA 158

SEPCIEB e s, PR R ke, 2
VG, B ROR R

10,10 = ] 29.6
? 10,08 < 204
£ 10.06 = 195
o 10.04 o =
< <
Z10.02 < 290
] : =)
= 10001} = 28
= 998 &
gl #2856
0 10 20 30 40 50 60 D 10 20 30 40 50 60
M) [/ [ [h)/s
(a) RIBHLG1-G2) (b) R HHLG1-G33h )
0.9780 _ 203
L 0977514 I :
& 09770} 2
=2
Eo09765 = 201
% 09760F ] # €
8 00755t | 2,00
T o09rs0p F X 199
0.9745 ¥
0.9740 TR S = 198 y
0 10 20 30 40 50 60 0 10 20 30 40 50 GO

i} fi)/s 0] [hl/s
(c) FFEESHLIE (d) VR [RLER LR A A L 2
14 TEIMEBEMA T REHRHRIZ
Fig. 14 Oscillation curve of the system with different
energy storage added

3.1.2 Prony 43 BT REINN J& R Gudl 37 Fr it
BE— B, T EEMAIL VSG ] Skt
RGAAE M IGE, 73 AN VSG £k ik R 4t
RN RE RGuEAT Prony ARG T, @I
Proh Ml RS, BN RERIRGHZE. 1
JE. MREARHMERR . BLEILSNE 1A DIThHREr
RN, LAY/ N P UL 5 25 SR AN . 45 SRk
4 firow, sl 1 A XKEaR G, B 2 9k
—JR ARG, B3 NIXIE TR R .
* 4 SHEEMATRGIRHIER
Table 4 System oscillation modes under the
addition of energy storage

WL L TEP

s RAIEAR o % P (L3N

—0.497%j4.092 0.651 12.052 -0.497 1

1 -1.112 4%j7.197 1.145 15.276 -1.112 2
-1.102 4%j7.208 1.147 15.120 -1.102 3

-0.506 6+j3.955  0.629 12.705 -0.506 1

2 -1.092 5+j7.205 1.147 14.991 -1.093 2
—1.184 4+j7.045 1.121 16.579 -1.184 3

-0.108 5%j3.722  0.592 12.914 -0.108 1

3 -1.139 9+j7.184 1.143 15.671 -1.140 2
-1.185 5+j7.062 1.124 16.561 -1.186 3

HIZE 4 W AR, I BERE Y 1, 2 AR
3 MAGHRGAT RS, RGXERRG L
RORIEIN, KGN, FRAEARAERS, TR B0,



-18- Y EE X T EE S

B RERREA 2 ARG BOR Bl o % F X3 — R
Vi, AP RER R B LA, AR 3 RO BT,
TR 1, A 2 [HJE Lhidk, SR, 45
WA, FRAREURK, BRRZE. T
PRI, B 1 PN sh R e 22, A 2 B
B, HEHBHERK, REGMFER/DN, RHERAER
I3 HAM . SRR 1. 2 ks ROR A B .
3.1.3 B4 Lk = AH ke B e
RNISEANFNEAT L0 T R S Re M, oo
KM G1 H 74 620 MW, G, Hi 779 600 MW, £}
25 9 AbHiti A 1 667 MW, AN slack 7% 55 & B AL
Ga I IR 717 MW, U B 28 2R A% 4 Th 2R sk /)
F) 230 MW. EEIBEINt=05s iR 7. BF2k 8
2 NAVIRE 28 — FH A s e b, 78 t = 0.51 s B R IR
T t =2 s BRI REER 7 AbPT 67 i A D3 5 MW, 6
I35 10 MW FE7E t = 2.1 s IS e sh i e
WEL B & LT A . BEE HRZE WA 15 Fios.
HE 15 Fos, 7R AR LA JIRRAIG, B
RIRAL TR IR, RGE 2RISR TR 117
BRI P sh e 11, KENIHABEsh L 15
WK SRR, Bas & itk 7 BETE 5s Wk,
ke 26 D3P S A D R A i/, B B4

FHLG1-G3 T /(%)

R HHIG1-G2U /(%)

5 0 :
[ h/s I il/s
(a) R HHLGI-G2Lh (b) K HHLG1-G3 )

BRI /poa.

R L4 DT % .

0.98
0

i ful /s I i/
(c) PR TH IR (d) OB AR S Al T L 1R
15 RgESHPEEMEEEIER T MLk
Fig. 15 Grid curve under energy storage after
system transient fault

3.2 SAFEMAE

T ELR 2018—2019 R “Or i KA E,
B BT, oo, EhiREE” BATE,
HERRZ pi A R S R ST LAE, TR AR SO
W22 4. T REVR m RORIF J R0 . TSR 2 H b

BAT/RWE. AT RAEAR ST AR 5 07 B R
U AT PERTE R X R R e, U S T e FE
W15 BH X 500 KV XU [E] 28 iy~ Hi 2k, T itk
LR PRAE I B F R P AL T g X, R 5 2 R Ehid
R e P ) . FL P SR 16 TR, RGiIEHE
AEN 100 MVA. G H] AU G UK ENLA
G1—Gy4, H Giv G B HIH 77 300 MW, Gs.
G4 %A Tht 71 660 MW, -7 H1 500 KV 28 ##1E
AT ThIh AN 325 MW, 7 ] IR & H . 4
FL B fifAe F o A U N A2 . RIS
A, S, Mlign. RSk, SR 1A s DA
SR ik e AE FL Y 32 0 RGeS L, Hdh s
it BE LY RE A T D%y 20 MW,

e

©) 220 kv LY
@) 500 kv
— 220 kVEkit
500 kVEE i

@) Bl

& 16 ARG RS A X 4R 4Eta E
Fig. 16 Structure diagram of the grid of Xinyang
District in Henan Power Grid

3.2.1 BRAR LR AR A B HE b

WETETHON t=1s B35 # 500 KV £
PR PR R B, JEAE t= 1.01 s I EREIRE . &
B RE SR UA A Thim s 10 MW, =R ERERTIZE It
TR ATHIh R . BRI K REERAT R AR b
EanE 17 fios.

I
=
ed

0.4

0.6+

S LG 1-G2Zh /(%)

5 10 15 0 5 10 15
B i) /s I /s

(a) A WLHLG1I-G22 (b) A HHLG1-G3Thfh

y — BT
3 Hi

e - 43
,‘ j

I n)/s N fi)/s
() 5T 500 kVEE S o s (d) {500 kVEE i

—HiL
— {2
R L]

0.986

W 500 kv E #5

0.984

WRT500 KV 2L % s /p.u.

0.982
0



Al %%

ST R AL AU HLBOR I il RERLF BT AR kA5 - 19 -

0.10 = —
— i
T A i
| i
! -\\ =

ALY AA®)

il fe A AT Shh = pou,
(=]
(=]
0

0 3 10 15 0065 5 10 15
I fi)/s [ al/s
(e) B 5B F2G1 )10 (f) fififie i th A th %
17 iRl ER BR AR AT BS S b BB {7 B i 2%
Fig. 17 Single-phase short-circuit ground fault simulation
curve of Shihe-chunshen line

ATCLUEH, AT g RER 1 AR 2, 3
TECE R LI AP RIS AR 2 2R MR
¥ RTE, BRI RS e, KGR
RPN RIS 4, 76 FAH e %
HC T B DX A R S P

Kl 17(e) ¥ VSG IZh -5 R AL L fAAEXT
FAT R, WE AL REAEE, RIER A
HRIFFESEE, Beigdemimyr [F BN AT ot
HL AT T . =i R AT T D)2 % bb
ATCLEH, BT RN, s A 1
1A Thign R 2 IECR TR ETE, RN
HERIRAS, B 2 ST 3 M AR FREE (IR R
& o UWIAT 500 KV BEZR AT (156 Ll B mT DA
1 AT B RN I IR i 22, EIR
AR AE B A, o) e R B S A
3.2.2 i fay TR B

NEE R GAEAN R IZAT i B A O,
VB RIS B Fr AT t= 1.2 s IH ThINER K
ANE TR 200 MW, fif REAE M pir AN A ThEh R,
At REAS TR LE B R B2 T R h 25 8 4 P 18 FTw

I 18 nI 15, 7 H B BRI R AR AL =P fig
AR (1% 22 S A s R B e B A B . o 1] 18 (a) A
OIS 3SR N L ERSE I GE R e S B R Sl Y
i, $MHI RGIRG IR/, REE7E R I [R] AR
HRaE . 1 18(b) A 1 A D oh 5 & iR
FasE N-23.6 MW, B 2 5571 3 [ o Th &b

=2
> £ 0.0
= 3
& =
= =
[~ = 0.1}F
Q o
Qg 5?; -0.2
= N
= 3=
k 3
g =-03

T 20 10 20 30
N il/s I ia)/s
(a) BT G1-G2Eh £ (b) il fiE il A1 Th o 4

%)
[=1
=]

50.06

50.04

50.02

WHT500 kVEE #4454/ Hz

0005510 15 20 25 30

/s I il s

(d) fifi ey HAR S
18 SafarbfBR M 2 /5 E A4k

Fig. 18 Load step response simulation curve

EERVERUEREREG. B 18(c) A 2 AR 3 7
t =12 s il BEER A HIL B B KAH 50.05 Hz, B )5 2%
BT, B 1 7E t=3.6s N AFHEmMEN
50.01 Hz, fE t =17 s #t NFads, IAZHET-Pr AL, ik
I ARG E R — AT, BEEAEA 50.004 Hz. HT
R 1 S5 3 1A ThIh a4 AR Z= 50K, B 18(d)
R RS I Z R BN B3
3.2.3 ANABAT S R UINL b

Syt — UG UE K F R 4L [R] 25 WL A2 ) 1 ik R
Ui 2 5 K40 BT A R, d e
TR LA G Al Gy 7R ELEAN [A] T T fil e
TR 2 R G0 14 R o WA 152 EONTE t=1 s IR TR
HLJ AL Gu Al G IHL, VINLELHIA 0.2, fifBE Hisk
WHERES TAHE J1. KRG shEm RN AERER R H /)
3l 19 FE 20 Frax, AR AL TR 1)
NG A =5 P L i RERR A AN AEAS [I8 4T 55
AR R

BE2k L6 AL A Th % 326 MW.316 MW F1 306 MW
Sy IR L G M G, AT A
300 MW. 400 MW #1500 MW. R4 H 500 kV
REZR A2 97 i 286 B 0 7 A SO s B A 1 75 =
FEIPIRES T IR R 2 53 32928 0.2 Hz, 0.3
Hz A1 0.35 Hz, AHES MR AE BRI IS . BE
ERIRAL I R R B R G sh BN, A 1 =
FHIZATIRAS T RIE IR SR SR 038 t = 4.3 s, 5
FEET 2 FIAEAY 3 312 8 5 A1 10 s ik BT FAZS 14,
RGBSR EAKPE HEMRTE, Ui
REe A Rt th. eefa 1 i -
HFHEBKLLm A ER R0k, &
t=8.7 s IAFIRAK 4, B4t shis Bfae .
2 T 3 A1 — RAVINRGIFIE t=2s it dh
WRG, (HRTY 2 BEfE 2R I, B2 TR
SE S TR ], TR 3 IIIAE t =10 s I PR B 3
o VPR 1w R G E NI, TR
VTR A R AT RS s AR K AR H 7R3

(c) WHT500 kv &k ik $i4



-20 - Y EE X T EE S

il He

49,94 ; 49.94
49.92 R 49,092

50.00 50.00
49.96 - . 49.96
L=
—
3

34

) . o . 12
32 3.0
3.0 28

2.8 26

WA g 4500 kv REE
BES

1.9

1.7
1.6

T - Ak
)
n P
Z55555
ﬂ c
CEBEIEE_EBB S
ﬁ c

1.4

=)
=
o
S
)
=)
=

I il /s
(a) MCE 2R AL 13326 MW

(b) AR ER AL AT L 316 MW

15 T /s [ /s
() IEs £k AL 4 T 4306 MW

E 19 BETREIERER R IR L T T E AR XL
Fig. 19 Comparison of simulation results of power change in tie-line with different energy storage models

; 03 —wm| 03 0.4

iy —_— R

; 0.2 e 0.2 03

= 0.2

=

e 0 0.1 0.1

= 00 m 5 0 00 0.0

2

S ¥ 39 39

5 36 36 36

%J 33 33 33

@ - 30

2 30 10 20 50 % 10 20 30 0 10 20 30
I [fl/s 11 [al/s 11l /s

() BEER 2R R4 LD %326 MW

(b) IRER AL %316 MW

() IEERER AL A L3306 MW

20 fiREARBUFEBRAR LA TR BT K N IB T EE

Fig. 20 Comparison of energy storage model's power output changes in tie-line

BREEGA AW T iX— 5, =Fs RS N B A
£ 1028 5 Tl 2R g 2 AR L SR ) 9 ) e I B B A1 a5
AR E S

XTNEE 19 (BRI LLE . EREREA 1 A
AR 2 R 3 7E R G0 R AR I R 7 B e AR
BE N R G LA & S 43 DA B AT i 2 AN 1
i, X5E 20 HEREREEL N ESECE T Rt
HURAS AR — —XF R, R BT 2 fif e A 2 1) IE
.

4 LEip

AR SCAE RS RE 2R G510 70 A 20 T AR SR B AT
A B Al ST T T R AU R D M LA A ) i REATL
PR, RS 7 M A F ] S X L
BT . G204,

1) T fif BE AR 0 45 ) Ji BRI R AU R] 20 B 4% il
ftr SHLE RS RE T, &0 —REAFED

MU g BENL FE BT SRR A, IR X A — R 43
HEAT VRN A

2) 7E PSASP {i BV & LS8 T A S ST HL
HAERE RS EThRE, B 2R TU R B &
FEMEAT, BB BONES M, KE
T ABRERETY (KA SR IE R, BERS S [ EALI
PSR RE IS TR

3) AP B RR . Fe U IR IR 1. far e
IRASIRF . AR ARNAE . BEX 4, B PupL—
[X 22 G FVA] T B ) R S48 900l 20 AT T ik R N EL Y
fut RS2 AE A, R IIER BA R AP RE
FVEE T I 38 FH A

AR SC TR B A] Ny 2 5 A AT A RS O AR N
LR 2 gl 7 iS5 .
BE Tk
(1] s, FhF, $EEE, 2. T RSH=MEA K I

it % Pt 3 S B ) B H— A TR 0 4[],



Al %%

ST R AL AU HLBOR I il RERLF BT AR kA5

- 21 -

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

rp [ B AL TR 4R, 2020, 40(15): 4854-4866.

LIU Chuang, SUN Tong, CAI Guowvei, et al. Third-order
synchronous machine model based active support control
of battery storage power plant and its contribution
analysis for primary frequency response[J]. Proceedings
of the CSEE, 2020, 40(15): 4854-4866.

HRI, BRRZE, BRR—, 5. MAE DK LR &
JRH). B ARS A B, 2015, 39(21): 165-175.
ZHENG Tianwen, CHEN Laijun, CHEN Tianyi, et al.
Review and prospect of virtual synchronous generator
technologies[J]. Automation of Electric Power Systems,
2015, 39(21): 165-175.

ERDIWANSYAH, MAHIDIN, HUSIN H, et al. Acritical
review of the integration of renewable energy sources
with various technologies[J]. Protection and Control of
Modern Power Systems, 2021, 6(1): 37-54.

BRZE T, Mk, WIS, S5 BT O RE
ARG AERT 0] E L DR R, 2018,
38(17): 4999-5008, 5297.

HU Anping, YANG Bo, PAN Pengpeng, et al. Study on
inertial characteristics of energy storage system with
power electronic interface[J]. Proceedings of the CSEE,
2018, 38(17): 4999-5008, 5297.

ANEKE M, WANG M. Energy storage technologies and
real life applications — a state of the art review[J].
Applied Energy, 2016, 179: 350-377.

T E I RREAT R R, B RS LR S R (PSASP)
AP FMR] Abst: s EERRE TR, 2019.
China Electric Power Research Institute. Power system
analysis software package user’s manual[R]. Beijing:
China Electric Power Research Institute, 2019.

TR, SRR, Yhbe, & HFEMEREE FACTS 26 &1
PSASP &4 547 FL[J]. HLMHIR, 2010, 34(3): 31-36.
ZHANG Buhan, MA Zhiquan, XIE Guanglong, et al.
Modeling and simulation of parallel FACTS with energy
storage in power system analysis software package[J].
Power System Technology, 2010, 34(3): 31-36.

R, AR, TR, 25 AIbMRE RGNS
FARRII]. BT HRZEHR, 2018, 33(8): 1911-1918.

LI Jianlin, NIU Meng, ZHANG Boyue, et al. Simulation
model of battery energy storage system in electromechanical
transient[J]. Transactions of China Electrotechnical Society,
2018, 33(8): 1911-1918.

W, S, £, 2 B E REBCEE
PSASP @M FL[J]. HMEIAR, 2012, 36(1): 51-57.

LI Yan, XING Panpan, WANG Li, et al. A mathematical
model of versatile energy storage system and its modeling
by power system analysis software package[J]. Power

[10]

[11]

[12]

[13]

[14]

[15]

[16]

System Technology, 2012, 36(1): 51-57.

I, AR, TR, S BT ESH RSN
REmESREEMITL]. B A% R B ER,
2017, 29(5): 41-47.

LI Peng, LI Xinran, WEI Xiaoyan, et al. Research on
Improving transient stability by energy storage system
based on transient potential energy control[J]. Proceedings
of the CSU-EPSA, 2017, 29(5): 41-47.

BERY, mE, B, & ETHSNERYS SOC
B R RE — OB B SRS [J]. B R GRS
#i1l, 2021, 49(5): 1-10.

LI Junhui, GAO Zhuo, YING Hong, et al. Primary
frequency regulation control strategy of energy storage
based on dynamic droop coefficient and SOC reference[J].
Power System Protection and Control, 2021, 49(5): 1-10.
FRER, i, R YT, S B ELIK A SRR E I
PR DK FRASE Pl i 28 200 D X 42 1) SR B2 FH [9]. FL )
HiAR, 2013, 37(2): 327-333.

WANG Haohuai, TANG Yong, HOU Junxian, et al.
Grid-integration control strategy of large-scale battery
energy storage system and its application to improve
transient stability of interconnected power grid[J]. Power
System Technology, 2013, 37(2): 327-333.

Wk Em, M, AR, S Z0FERER B iE R RSt
RN R HI[I]. o FHL AR 2R, 2013, 33(16):
86-93, 14.

LU Qiuyu, HU Wei, ZHENG Le, et al. Modeling and
analysis of battery energy storage systems in multitime
scales application[J]. Proceedings of the CSEE, 2013,
33(16): 86-93, 14.

N, X, R, &5 R AERE RS 2 TR R
JEEATT AT FE S KA W Re 1 234 [9]. 0 L
TFE2AR, 2015, 35(11): 2635-2644.

YE Xiaohui, LIU Tao, WU Guoyang, et al. Multi-time
scale simulation modeling and characteristic analysis of
large-scale grid-connected battery energy storage system[J].
Proceedings of the CSEE, 2015, 35(11): 2635-2644.
FART, KT, BN, SE. bl AR ) R
Gt AR KR RBREEN]. R4 A3k, 2021,
45(9): 171-191.

ZHUO Zhenyu, ZHANG Ning, XIE Xiaorong, et al. Key
technologies and developing challenges of power system
with high proportion of renewable energy[J]. Automation
of Electric Power Systems, 2021, 45(9): 171-191.
VHIRT:, ARE, T, &5 BT ISR RERT Mk
I R AU IR AL 42 ) SR B /MBS B 2 Hr 3], o
FLHL T RE 243, 2020, 40(20): 6236-6248.

XU Zhenyu, SHI Mengxuan, ZHOU Jianyu, et al. Small



-22- A &P D EH
signal model analysis of network/storage coordination ZHANG Xingwei, TAN Liping, CHEN Wenhao, et al.
virtual synchronous generator control based on flywheel Inertial lifting method of an energy storage converter
energy storage system[J]. Proceedings of the CSEE, 2020, based on secondary system optimization[J]. Power System
40(20): 6236-6248. Protection and Control, 2021, 49(8): 128-135.

(17] ZFpaE, £36, H2F, & ST M En S m R i [25] LIU J, YANG D, YAO W, et al. PV-based virtual
F) 0L IR 5 FL B A A 0], F 4R, 2020, 44(11): synchronous generator with variable inertia to enhance
4227-4236. power system transient stability utilizing the energy storage
JIANG Jingya, WANG Wei, TANG Fen, et al. Black-box system[J]. Protection and Control of Modern Power
modeling of virtual synchronous generator based on transient Systems, 2017, 2(4): 429-437.
response analysis under grid disturbances[J]. Power System [26] ZWekE, 7T, BT, 25 KEMFEFRN RS
Technology, 2020, 44(11): 4227-4236. HUG B S8 5 — M h R E AL T [0]. I RS H

(18] BZJc, Wifl, fHyf, & JRI-HAREEE ) R RGN ik, 2018, 42(9): 36-43.

{6 o [ S B 2 R R SR L 0], H) R G AR S5, QIN Xiaohui, SU Lining, CHI Yongning, et al. Functional
2020, 48(24): 1-8. orientation discrimination of inertia support and primary
ZHAO Dongyuan, HU Nan, FU Jing, et al. Research on frequency regulation of virtual synchronous generator in
the practice and road map of enhancing the flexibility of large power grid[J]. Automation of Electric Power Systems,
a new generation power system in China[J]. Power 2018, 42(9): 36-43.

System Protection and Control, 2020, 48(24): 1-8. (27] &b, ¥k, EIE, 55 BRI e EE

[19] ZHANG B, YAN X W, ALTAHIR S Y. Control design MAESTER]. 1RSI A SN, 2015, 39(19): 82-89.
and small-signal modeling of multi-parallel virtual CHENG Chong, YANG Huan, ZENG Zheng, et al. Rotor
synchronous generators[C] // IEEE International Conference inertia adaptive control method of VSG[J]. Automation
on Compatibility, Power Electronics and Power of Electric Power Systems, 2015, 39(19): 82-89.
Engineering (CPE-POWERENG), April 4-6, 2017, Cadiz, (28] EEMS, B, XNk, % BUFESHEARTERS
Spain: 471-476. AR S PR D]. T E AL TR, 2017,

[20] fEZE=E, BRI, XUXK, 5. FT Rl RIS A FALXL 37(2): 349-360.

FERA G SE A Wi H R E [J]. B LR LU Zhipeng, SHENG Wanxing, LIU Haitao, et al.
%, 2019, 34(1): 128-138. Application and challenge of virtual synchronous machine
REN Biying, QIU Jiagjiao, LIU Huan, et al. Optimization technology in power system[J]. Proceedings of the CSEE,
control strategy of self-adjusting parameter based on 2017, 37(2): 349-359.

dual-parallel virtual synchronous generators[J]. Transactions [29] TOMANA M, CIPINA R, CERVINKA D, et al. Li-ion
of China Electrotechnical Society, 2019, 34(1): 128-138. battery charging efficiency[J]. ECS Transactions, 2016,

[21] BAF, 2o, FHK, 45 BETRGHAEIIUR MM VSG 74(1): 37-43.

FEHIANE ] IR G RS 515, 2021, 49(12): 33-40. [30] ILEEE, AR, R, & FIEMERERMIEIX K —
ZHAO Wi, LI Xiong, QIAO Renfei, et al. VSG control YO A ) J7 23] B TR R 22 4R, 2019, 34(10):
strategy of an isolated microgrid based on hybrid energy 2102-2115.

storage[J]. Power System Protection and Control, 2021, MA Zhihui, LI Xinran, TAN Zhuangxi, et al. Integrated
49(12): 33-40. control of primary frequency regulation considering dead

[22] LI D, ZHU Q, LIN S, et al. A self-adaptive inertia and band of energy storage[J]. Transactions of China
damping combination control of VSG to support frequency Electrotechnical Society, 2019, 34(10): 2102-2115.
stability[J]. IEEE Transactions on Energy Conversion,

2016, 32(1): 397-398. ks HEA: 2021-07-01; i&EI HEA: 2021-10-26
[23] ZHANG X, MAO F, XU H, et al. An optimal coordination fE&EIN: ) )
. L Fo o FF(1980—), &, i, SR, HARITEAHES
control strategy of micro-grid inverter and energy storage o A . e e .
based on variable virtual inertia and damping of VSG[J]. FAAL RS AT S 2] AR E-mail: hplkz@
Chinese Journal of Electrical Engineering, 2017, 3(3): 25-33. 126.com
[24] 4Hh, WADT, BROSCH, % BT KRGS & A09967), B, METLL, FILT @R HER

AE AR A MR T H VL] ARG R 5 iEd],
2021, 49(8): 128-135.

87
H R 54ERe A, E-mail: 1izhao0616@126.com
(%%t B 3Im)


https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60

