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SOC Balancing Scheme of Non-equal Capacity Lithium Battery in Microgrid Based on VSG
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(1. College of Electronic Information Engineering, Taiyuan University of Science and Technology, Taiyuan 030024, China;

2. Electric Power Research Institute of State Grid Shanxi Electric Power Company, Taiyuan 030001, China)

Abstract: The traditional virtual synchronous generator (VSG) control scheme and the existing VSG-based state of
charge (SOC) balancing scheme of the microgrid lithium battery inverter cannot achieve SOC balancing of non-equal ca-
pacity lithium batteries. In order to achieve SOC balancing of non-equal capacity lithium batteries, a non-equal capacity
lithium battery SOC balancing scheme based on VSG control is proposed. By modifying the traditional VSG control pa-
rameters and line impedance parameters, the inverter output active power is proportional to the battery capacity,
eliminating the influence of capacity on SOC, and then the inverter output active power with SOC is adjusted as the vari-
able to achieve SOC balancing for non-equal capacity lithium batteries. In addition, a VSG small signal model is
established to analyze the influence of control parameters on system stability. Finally, the Matlab/Simulink simulation
software and experimental platform are used for simulation and experimental verification. The results show that the pro-
posed scheme can be adopted to achieve SOC balancing of multiple equal and non-equal capacity lithium batteries,
extend the service life of lithium batteries. It is verified that the control parameters can affect the system stability.

Key words: microgrid; non-equal capacity lithium battery; virtual synchronous generator; power distribution; state of

charge balancing; small signal modeling

0 35

T L PN R L LT R AR . XL AR R AR
fitJF (renewable energy sources, RES), HAKHKHE
B R FRAEPEEEOL A, R TR S Rk g A g
HA” HARIE BT B2, AR M R X
M55 RES K HL A A ENE, NIRRT T T 52

ESRBIMAE: EEKEAPRKIRIQ018YFA0707305);  LLITh 4 %2
R B8 BT BT (20211289) NN /AR S s BT E|
(520530200015).

Project supported by National Key R&D Program of China
(2018YFA0707305), Scientific and Technological Innovation Projects of
Higher Institutions in Shanxi Province (2021L289), Science and Technology
Project of State Grid Shanxi Electric Power Company (520530200015).

SEfLH, JEH 2K RES 54 H A% RE R Si(lithium
battery energy storage systems, LBESS)ifjidilfi 45 2%
FENF|HMB), 52 LBESS %2375 8. S DL &
Hil3E T2 22 BT IS4, LBESS 2 A KWt
SOC FZ8 il o EASHH A, A5 76 i e o 3o
LBESS ] SOC T [ A—F, M<x{f SOC BAIK
(1) LBESS ZJe5e UM HL, MM FEAIC LBESS (4 &
FIF A F 75 ls), (R, 42528 LBESS 1) SOC
Yty B

J9SEl LBESS ] SOC ¥#i, &4 TR T
NPT 5. SCHR[6]HE H Bt A R e
SOC i s, il it 51 A SOC Th#H45 4 T SOC



REFWE, FERAK, XISLHEE, 2. BT VSG W AR A2 I SOC ¥y 22 5143

MR, E#% LBESS (1) SOC %7, {Hi% 5%
WA ES| LBESS JESEA M BI5 0L, Xt itk a2,
SCHRL7]EE H —Fh o A 2N TR, 8 SOC Pl
DRl -4 1) 10 AR 2 tH A D Dh 2, AT S B AR S 25
LBESS 1] SOC #4ffif . iR FE+ T ] [1) SOC
W7 RATAEMME AN, RG 5 RFEHIB 5

BE0P R R E /NS R R, S PR T R
B K L (virtual DC generator, VDCG)F1 L[]
U & #Hl(virtual synchronous generator, VSG)$ i
FemE 891, CHR[10]32 H T VDCG XL 2028 e
AP SR, 75 TAERE Y48 SOC & 2 FRR Y
DEED, IR KRG RT3 SCER[11]4%
7 — LT VDCG =i SOC ¥#i77%, RHE
LBESS ¥ SOC ¥MEX AT/, KM T2 H
475 LBESS 1 SOC i, {H1%7 EAEH T8
TR o XA R, SCHR[12]42 H — Ffi st
W1 E &R VSG $5 i 5%, k9 7 LBESS 7/ FI
SOC PR, 1HAM K SOC KX . 4% SOC
W AR, SCRR[1318EH T — R T RA R H
WAL e 28 1) LBESS 20413\ VSG #5732, HiZ
FIUEH T H M. SCER[141452H —Fh e 4
TS T VSG HIH B ERE RSt SOC 1 g,
H1Z 77 FANR I R G4 B A LBESS HIA =M%

2z FRrigR, AT VSG [ SOC ¥ J5 =3
TEEAAESZINIESS 25 LBESS 1) SOC i A 2
Nk, ASCHRH—FEET VSG RS54 LBESS 1)
SOC ¥ 77 & . 1% 7 R e TR &% 74 SOC
B ROR I, 45 MRS LBESS 5t F VSG
ekt ik, JFiE I A o Ao AR 2% 4 H 10 Thah
SRS 2S LBESS (1) SOC i ARG 2%
/MBS, S BT i S5O0 R SRR P RE i ;
I Je 7 BN SE G IGE T BT HR S [ T AT

1 %% VSG =I5k

1.1 154 VSG HI454

VSG iU RI A & LB SMEREE, BT [H
R BHAEA R 250 N E 2 E8ee iy, Kt
Jte I, SR 2 AR VSG % OB,
HH I RE0S g

P
Jdﬂ):ﬁ——e—D(a)—wo)
o o
de
_:a)

dt

(D

K P AHUBRINER;  Pe NS 26 (R AR 258 4
HA DY PUOY, J ORI E: D AM)E REL:
o~ @0 SRR AR FIAE AR 0 N
.

45 VSG $x | BFE A Dh-Sie szl . TL-/ Ik
Pl H R HL RO IR A, A AT ] ]
1 FoRl7, Hodt, Use NEFHEEE, RN
AR, Lev Cr 20 5983 FUBAIIES; 2R, Zine
RF LT -

VSG A Th-Aie s il i ik ke 0L A A % 1AL
BT RESRSZEL, R AL AT B 1 R IA R0l

B,=h+K,(0,-®) (2)
KH: Pooy VSG EIE D)2 Ko MR REL
VSG JEH-H 4z i R IE A
E=Ey+Ky(0,-0) (3)
X Ev Ex2r 5108 VSG Sz e A4 2 o T ;
Oo. O 7198 VSG HITE )2 (E A SE T D) T 26 5
Ko Nl & &5
1.2 1£% VSG =4 LBESS # SOC 459 4h

HES LS VSG 5| LBESS ] SOC fF
P, 15T 5455 LBESS K SOC 18, H4E SCHR[20]
321 SOC i H it H AW T

[ide
Coor =Coon =7 =

el

LI
UDCCei
A Csoo M1 i 4359 LBESS #1465 SOC Al Hi
HLL; Upc A LBESS ¥ s Cei 9 LBESS B4
PN AR Th R

2 2 £IE%%5 LBESS HESR &4 VSG
EEhlR R, fiEhiRE 2 & LBESS M#/4h

Csoo -

(b) F il E &
Bl 1 {4 VSG sikisdER

Fig.1 Traditional VSG overall control diagram



5144 i LR AR

2024, 50(11)

SOC 4314 90%F1 80%, Z¥HE:4)7°4 50 Ah Fil 25 Ah,
1=0.6 s I INE A g R4 (4 rT 5, BT ¥)4h SOC
MAEENZES, S3& 2(a)F 2 & LBESS /] SOC
Toikse . B 2(0)rT 51, 48 VSG #5HF,
FRASH 2 AR H A DR T RE
[EI, AT LA H VSG N R G002 8

2 ETTEEHIRERMSOCHER RS

SCHR[21] 32 th — Fh 2 T 8 2 32 1 (1 3E 5 R
LBESS (] SOC #fii /5, HREAXMA (S,
2T RAEGIAMB BRI R LG, FEX SOC
HISZ B yE B 1, @I SOC BT K ¥ G
(G=(1—ksocCsoi)) A LA S 3 %) 131 A% 28 i A Dh D) %6
BT, AT SOC ¥ iz il .

S =Tt _%P(l_ksoccsm) ()

€l

A frer NBUEIE; Coi FRnEA LBESS A &=
m/Ce TR GRBEM KM RZE: (1 —ksocCso) R
SOC 1A ¥

FESCHER[211R$E I SOC i 7 5% VSG
il L, BRI EEWE 3 fR. iETFRE 2
£ LBESS 7 &4 B4 50 Ah A 25 Ah, ¥]#h SOC
5N 90%F 80%, fE =6.0 s FHINE g, HIE
3 H, HTRAHE J A D SEEm, S5
SOC ToiZ s 41T . 18] 3(b) JyifiAe dsfm th iK1 T 1)
2, HTIIANEERY, FEERSHAIIIEARE
By . Bk, AR —MET VSG MAEER
LBESS ] SOC ¥4 77 % .

3 FiREFRIERM SOC %A R

3.1 AEx SOC BN

LBESS 13 FL s — M o AH S5 1 i 20220, SR T 5k
bRt 2B, ZAFRRE. A E bl i
T2%J5 M50, LBESS Z A AERAER
. LA 2 & LBESS AHIEAT /4T, R @4), %2
& LBESS [#] SOC 7, 35 £ 2X(6).

ik 2 GRS 2:1, B
Ca=2C, (7)
FR 4 X (6)F=(7) T %1, SOC Ffi Al i A2 :
[Rdt _ [P dt ®

2ZJDC Ce 2 UDC Ce2

90

85| \socl
S
g 80F
2 75 \socz
70}

0 0.1 02 03 04 05 06 0.7 08 09 1.0
tls

() SOC
3.0+
2.5+
P
2.0+ 1
B i
= 1.5F
1.0F \p2
0.5

1 1 1 1 1 1 1 1 1
0 0.1 02 03 04 05 06 0.7 08 09 1.0
t/s

(b) A DT
K2 4ES%% LBESS SRAIMESE VSG 2l (B Id 2
Fig.2 Discharge process of non-equal capacity LBESS con-

trolled by traditional VSG

SOC/%

P/kW
i EDLED Bor

Moo Umo LMo NS
T T T

|
(=}

tls
(b) BT Yy =

3 LBESS SR SCHR[21]177 2R i 72
Fig.3 Discharging process of LBESS with reference [21]

A z0(8) AT %N, FEAHSZI LBESS ) SOC 47,
5 EE B B SOC KIS, f# LBESS B4R 3%
RS E R ET AR, I ER©9).

R=2h ©))
3.2 3EF A LBESS EThER RN

AL 2 & LBESS JFECAH], AEEINT 2
£ LBESS F B2 g &l 4 Fis. Eiv 60: 35
N VSG B R IRAEANAR AR, Z=Ritj X 5304 % BH



REFWE, FERAK, XISLHEE, 2. BT VSG W AR A2 I SOC ¥y 22 5145

Pl o ARG, LG=1. 285 I, Zu o adt
T, UL NSRBI, B
FHIE] 4 FAT, LBESS Jf I 1828 4 th (1947 2
RN
p_ U cos(a,-6) - U,*cosa,
; Z

i

(10)

HAA0) &1, HID &z W RIE(E . A A A
LR THPUE T, A5 MG, AF
TRAREIEBIT . 5L %Pt 2R
cosa~0, HRAJFTIBITH 0 1R/,  sinf=6124],
FH X (10) PI935 2 4 HA R D D2 b oAy
R _E6X, an
P2 E292X1
SRIMAESZPRIZEATH, VSG A A F A A ],
AL AL 2ZE RS, TSR E T w2
& VSG it mEREA 25, HHEZESTZEH
LRI PUE PRI R, Aot TERRRO, R Tl
AN A BN R P 5
TSRS RS RIS T
w2, HBERES VSG 5624, % 2 & LBESS
AR N, BAFIZE Py BRI ZE Po AL
SENF Po i Bl A2 -
R:P=F, :F,=F:F=N (12)
RT3 VSG IS8 J D R R, ¥
KB T WU T TR AT hr IR 415
{JSACU = L_P_ DA,
@, @, (13)
s0=w

B AP MM 0 RKIEAN:

(P, -P 1
O(s)==| m . + 14
(5) s( @, Js+D a)oj (14)

HI ARG 73 B AT 41, VSG )% AR R R A AH 1]
FoMALZE 9%, b a(14) 8 F 448 8 B4

}ggAH(t) = ll_r}(}sAH(s) =0 (15)
N(sz_ljz):}?nl_ﬁ :PmZ_})Z (16)
Jis+D, Js+D  Jys+D,
et T
Ji_D
—=—=N
7, D, 17

AN, 1RGSR BT R £ RIS, AR
% o W, AR Q)T
A _ Ry +K (0, - )
B BytKy@-o)
GAFEGE

=N (18)

=N (19)

B LA BBl 43, S ThIh 28 Al F it 2%
BARIELL, 7R A2 DU 24

SE = (20)

3.3 LBESS 89 SOC #9#5%
FHEI TR, EdRES VSG 1El S
e, AR EM B R RRIEL, HET AR
X} SOC 1 ¥iszma . JysSEl LBESS (1) SOC 4,
HSEESL SOC % 7t 5 IR 2 R RIE L N:
jAPdt
ACso = ACsoo T 4 (21)
UDCCC
R TAE ACso=0, TFEMMLE SOC KK % 7
5y, HTHUIhR Pn 5 VSG 3N Ih R A A [H
PR R 2T, A AR S T SRR, P
ICRMHEE . PR, GBI AT P SR SO0 AR 25 1 46
%, A SOC & 1) LBESS #irth B 2 1%,
fi SOC B LBESS i BRI Th & . A SCHEfE
4t VSG A il &ah b, #inT &+ socC
Byt o, HeEHEEwE 5 frs.
H SOC ¥fiigahilbE & n] LIS 2] R gifa iz qT
I R D AR A R
E)CSOi P

=@y +—————
""K,+D K, +D (22)

6 I SOC FAH HEns (¥ i th £k , S A0

DRMARIA N IR ME, Bz 1 12 ol 2 &
LBESS i AF 2851 Hi (1) DA h 28 « U6 Cso1>Csoz,

R, X, 1, 1, X, R,

E, /6

VSG1 VSG2

K4 LBESS JfI%5 24 i i 5]
Fig.4 LBESS parallel equivalent circuit diagram

K5 JET VSG 1 SOC Lz i HE 5]
Fig.5 SOC balancing control block diagram based on VSG



5146 i LR AR

2024, 50(11)

6 £

Fig.6 Power frequency curve

R @22)nTH1 SOC B RHTBHME WS, 2 &7
LBESS 73 B TAET 40 F1 By /i WRAERT T 19204,
RGREBATN TR mHMMEMEE, 2 &
LBESS 1) TAE s 70l A% 22 A2 1 By, LLE) Pi>Po;
FRAE (@) AT A Csor B R FEEE KT Cso2, SOC %
Hk>, BEER R, 2 & LBESS 1 SOC ¥
BT .

4 RBMESRES

BT VSG EHIT RN ARG HIE MR R E1E
WIS EIFEME . 3% T REE EAL VSG /ME S
M, R RESE Koy J B D 3t RGE R E IR
Wil o R FTET A9 20 B FEIN T SOC H iy F42 i 30
5, 133 o FFREN:

R)CSOi -P

0=y +t—————
0 Jays +Day + K, (23)

H5R@). ORI ME SR 15
f)m :E)éso,' +K, (0, - o)
Pty
X,
H= R)éSOi _i) (24)
Jays +Day + K,
P
sUpcC,
A N CAMENERIAR R, AR TR AR K

AR AT AL -

Csoi =

=50 (25)
LREAIE VSG /ME SHIIN R A B AL f
TN HES AR RGEEIE T FEA
Jay,Ks® +(Dey, + K,)Ks* + AKs+ PA=0  (26)
A A=E;UL/X:; K=UpcCeio
VSG #2H N SRR S H J.D M Ko J5 IR

5P LB A B A2, BRAE T FE S B S A % AL,
K A2(a) N THREZN IR J IR, J M 0.2 3K
25, HE A2a)n] FIbEAE A J 1B K, 13
FERRFEAAS, 4 A A 3B ) A P ), R
R ARG FRE R 2, Fik J MEEAE
K. B A2(b)NBHE &% D M 1 HKE] 100 1%F
TERR A 0L, WIUART RG22 MREET RS, BE
FHIHJE /B R, X 2 AMRIZE LR EEE, <
JG A ERE), LA, R RS
EMERIFRL 2, 2 JH0.5 1 D B 20 I, Ko H
1.0 rad/kW 2546 5] 10.0 rad/kW, ZZERIHEAR 40 &
A2(c)fim, WG Ko HEUD, BEE KoEK, 25t
(1) 2 AR 20 F A2 3B 1) 22 B B, R GRS PR3 o,
W45 Ko QREEHK, VRS2l m A R 17 M #3),
UER Zgab TG SR e RS . Fk, GELESEJ. D
Hl Ko IK/NKE VSG $21 Fse 8-+ 2.

5 MESSRIE

RIGUEFTHEEE T VSG dE4E%F LBESS ) SOC
Yyt )5 04 %50, FIH Matlab/Simulink 477 B #2F
K 188 7 2 655 /4E5 % LBESS M 1
FEA [N, I S0 S A e S LT & X T T &
AT SRIGIE, AT 7 R 00 TR R A R .
5 FAI S0 S UL P 5% A 3R A2,

51 {AEWIE
5.1.1 4875 LBESS KH P 7 &

7 N%%¥ LBESS K AT 77 R MBCE R 2,
2 f5 LBESS BI¥IMHA =4 50 Ah. B 7(@)h2 &
LBESS ] SOC # /¥, fE =6.0 s I NE 7, HI4k
SOC 43 %15 90%F1 80%, HH & 7(a)n] %1 2 & LBESS
(1) SOC 7£ =4.0 s LUJa MRFEE—2, Wz R
A LIS 4528 LBESS ) SOC Y7, & 7(b)is B #E
LBESS 5251 LI T, AR i 1A Th D) 2635
gy, FHHAEW IR B W, 5 B A5 RAE R
i 7 & H T4 %% LBESS [ SOC ¥4
5.1.2  dFZ%% LBESS KA AT 7 &

] 8(a) & 8(b)/2 55 %% LBESS K AT#i 5 %
I, 2 BHLHEILAES AN 50 Ah Fl
25 Ah, £ =6.0 s i} il 5 6467, H146 SOC 43518 90%
1 80%. HIIK 8(a)Fl &, 2 G4 Ik SOC Z{HiZ
WidiN, HAES s WEA, WHZT R0k
SEZSAR LAY SOC ¥ty . I 8(b)AT 401, @it 3.2
AT T Ay R, AT DL AR S A AR



BT VSG i i R AR S A8 FLith SOC i 77 %6

5147

SOC/%

(b) A T &
S54¥ LBESS KT J5 BRI AR
Fig.7 Discharge process of the equal capacities LBESS using

Kl 7
the proposed scheme
SHUIYFEETHERQ:]), MRS
LBESSSOC )i ity 54
5.1.3  ¥EHISHON R Gk e P

CLA T Th 2R 0 B 32 ) S 00 R gofa e v
B . B9 AMARSE J. D M K, 51548 250 1
BB I, WA =1, /=0.5, Di=20. D»>=10,
Ko1=5 000, Kwo=2 500, {#%F D 1 Ko A%, ¥ i
Loyl RE 2 M1 JEREDIThER P P,
fE0~1 s N, REEEAFIZPEINEK, HATH
MBS RT A, FEE R R R ANt
EME TR, 2 J R/ Ko A, Dy fl D238 KZ 50 Fi
25 JGHIATHIhE N Ps Al Py, B 9 ATHATE 0~1 s
WA D ZhZP a0/, iR KR e 2% D ART
RGFE, HAGITH ALK, Ps Al Po NIREEJ
A D ARAE, K43 H13EKZ 10 000 15 000 J& (A
iohE, HE 9 WA K, Ok RS R E MEAR T,
1E 0~1 s B YIZRPBAZ /N
5.1.4 %4 LBESS R &

ISR TR T R R R, K RS0 LBESS
PR H 2 YRR 3 &, WIEERE SN 60 Ah,
40 Ah 120 Ah, fE =6.0 s I N & fig7, HEl 10(a)
A%, 3 & LBESS ) SOC 433l M 100%-90%F!1 80%
FEUR T B, BEE B B 38 0 SOC &1 . Kl 10(b)
NI A D ThE, RS A DI A A
TARENG2:1). Fik, Pt £AMEERE 2 &

Pt

SOC/%

P/kW
St IO L

oo UmoOUmO LD

|
S

90
80
70
60
50
40
30

&S
—_
ok
w
a~
93
<
<
o

t/s
(b) BT Yy =

8 %545 LBESS RH Frde 7 it i2

Fig.8 Discharge process of the non-equal capacities LBESS

P/kW
S  ormisoitate &
LMoo oo o
= %

|

using the proposed scheme

t/s

K9 2 280 RGtRE ML

Fig.9 Influence of control parameters on system stability

SOC/%

P/kW

|

6~

) P,

4 i

3

2’—///_&

1 £
Ok/,/_,,’/i
1c 1 1 1 1 1 1 1 |
0 1 2 3 4 5 6 7 8

t/s
(OE:RPES

Kl 10 £ ¢ LBESS it 2
Fig.10 Discharging process of multiple LBESS



5148 i LR AR

2024, 50(11)

LBESS KJ SOC ¥Jfj, i&H F%£ & LBESS [alf
SOC .

5.2 SCIRIHE

52.1 4575 LBESS KH P&

Nk IR A R AT SENE, SRR &
X TR T R TSI IOAIE . % TSI A A
MR ISR, AN 07 . Tk AT SE G 30, &
11 7Rt 2 RAE B SEIR Y . SL8e , 2 & LBESS

B 1 1 /i
W &H: SOC, 0.2/4%

SOC,

X
AL 0 2 F i RRRAT
*

Nojes

(a) SOC

TR ¢, 1 5/8%
PNHL: A I Th %, S00W/HKk

(b) ALy Th =
*ﬁ?ﬂléz t, 1 s/t
PR Af, 0.1 Hz/A%
Rl 2 il
ﬁ\\ - =
RN
/!

VSGH% il

(c) T 2 £z 1 ATV SGH2 il T 50 BE X L
B 11 3T VSG ) SOC #5145 e 5250 ik
Fig.11 Experimental waveforms of SOC equalization strategy

based on VSG

REYIN 40 Ah, TF 0 BZ A — &M RS-
M 11(c) F I HI M VSG 2 H] T 51 % i #2 18
MO rer NN LB TE T LB R, VSG $ il
N, RGEMERE T . B 1 SERR AR 7 47 B
TEHAR—E, W T BT R R R s
5.2.2 JF%E%¥ LBESS RHIATIR TR

LBESS JE%5%5 T F FrHe il 77 R i # il 2k
R 12, s2igH 2 & LBESS #4078 40 Ah
F120 Ah, 75 6 BFZIVIN S g 2. 5K 8 [l RUR
FEAR—F, RYAFTIE T R SL I RS T R
SOC i, HADThFREHBIE A =R LI R .

6 %Eip

1LBESS [45 8 7 7 4252 SOC FISA1H R,
Wi XHESE VSG Al SOC Z¥4i &0 Hr, HES HIFE
M E. HERBAHERE 3 ANSHUFES
LBESS Ik, ZepgFHbt S b AR, 74 fe
TR B2 Fx SOC KI5 .

2)1E VSG il 75 LAt 5]\ SOC ¥4,

B £, 1 s/
SOC, P SOC, 0.2/5%

“""“"‘-4

SOC, B

(a) SOC

TR ¢, 1 5/8%
Y A T T #, 5000W/A%

(b) HIY IR
K 12 E%75 LBESS [X] SOC YA 5% S i %

Fig.12 Experimental waveforms of SOC balancing strategy

for non-equal capacity LBESS



RFUE, FEBRAK, XISCEE, 5. BT VSG G RS 284 Fith SOC 44 77 % 5149

I AT VSG it (1A DD S8 SOC ¥4 . I
B /ME S, Bk TR E . BHJE KRB
R RBON R B s E

3) P UT RIRAN TR TN GRS
B SOC ¥4 75 ZANE T VSG # 77 Z A
PEANRIA AL, TR 7 AT VSG #EH # SOC 1
i 77 RIS AR S 2 B it SOC M IRk A

B =5 LA 1] ) 8 i (http://hve.epri.sgec.com.cn) o

S22 #k References

(1] RREEERR, /R, s, 25 Bl I RGN ER ] B
MEAR, 2023, 47(5): 1741-1750.

KANG Chongging, DU Ershun, GUO hongye, et al. Primary explora-
tion of six essential factors in new power system[J]. Power System
Technology, 2023, 47(5): 1741-1750.

(2] kEETE, RS, W%, S EIRGUNIN 20 RS B R 3l S
BHIEARD]. mHERAR, 2022, 48(10): 4006-4016.

ZHANG Xiangyu, ZHAO Xinyan, FU Yuan, et al. Multi-terminal
transient voltage active support control technology for DC mi-
crogrid[J]. High Voltage Engineering, 2022, 48(10): 4006-4016.

[31 MIAO M, LOU S H, ZHANG Y X, et al. Research on the optimized
operation of hybrid wind and battery energy storage system based on
peak-valley electricity price[J]. Energies, 2021, 14(12): 3707.

[4]  xi B%, 4 W, A, % HEAHSEA-BUEREEE RS

LRI ALEIRT]. ARG E BN, 2021, 45(19): 15-23.
LIU Lu, NIU Meng, ZHENG Weijie, et al. Modeling of lithium-ion
battery packs for energy storage system considering inconsistency of
internal battery parameters[J]. Automation of Electric Power Systems,
2021, 45(19): 15-23.

[5S] MORSTYN T, SAVKIN AV, HREDZAK B, et al. Multi-Agent sliding
mode control for state of charge balancing between battery energy
storage systems distributed in a DC microgrid[J]. IEEE Transactions
on Smart Grid, 2018, 9(5): 4735-4743.

[6] %, B, R, % FET OOl T S i MR g

fERSE SOC HHRIKI]. ARG RISk, 2021, 49(22):
120-129.
HU Yanqin, ZHOU Renyou, HUANG Tianxiang, et al. SOC balancing
strategy of a grid-connected cascaded-type energy storage system
based on advanced droop control[J]. Power System Protection and
Control, 2021, 49(22): 120-129.

(7] REW, N0, FHERG, . 5T A =T EEE b K5 R oA

AERE RS SOC P sEug[1]. i TH AR 24, 2018, 33(6):
1247-1256.
WU Qingfeng, SUN Xiaofeng, WANG Yanan, et al. A distributed con-
trol strategy for SOC balancing of distributed energy storage systems
in microgrid[J]. Transactions of China Electrotechnical Society, 2018,
33(6): 1247-1256.

[8] HHHLFE, 32 K, JRBESE, % EWMMiEREEICH) R IESRELR
R PRI FHRERAR, 2020, 46(7): 2316-2326.

TIAN Yanjun, PENG Fei, ZHU Xiaorong, et al. Flexible analogous
virtual synchronous generator control for energy storage units in DC
microgrid[J]High Voltage Engineering, 2020, 46(7): 2316-2326.

91 FFFik, B—%, @i, % 5T 8GN R T ik
AFRE NG H MR [T]. AR, 2023, 49(2): 831-839.
WANG Kairang, ZHAO Yiming, MENG lJianhui, et al. Smooth

(10]

(1]

(12]

(13]

[14]

[15]

[16]

(17]

(18]

(19]

(20]

(21]

[22]

grid-connected strategy for photovoltaic-storage virtual synchronous
generator based on adaptive model predictive control[J]High Voltage
Engineering, 2023, 49(2): 831-839.

TR, AR, XM, A R TR B RRATLK UG BT
LR P SRS BT FE ()], s IR, 2020, 46(11): 3819-3829.
MA Yuechao, WANG Shengtie, LIU Guangchen, et al. Research on
virtual DC generator-based control strategy of DC microgrid with
wind/energy storage[J]. High Voltage Engineering, 2020, 46(11):
3819-3829.

FIER, S, 2w, % EMERKBEHUESET SOC K
DIFA D). FIREHR, 2021, 47(8): 2923-2931.

WANG Zhengnan, ZHANG Xinhui, PENG Ke, et al. SOC balanced
power distribution strategy under the control of virtual DC genera-
tor[J]. High Voltage Engineering, 2021, 47(8): 2923-2931.

TRARRG, [ 8L, NP S T VSG HOR MR M fif e A E
IRATEHIFEIR[D]. BMHEA, 2019, 43(6): 2109-2115.

ZHANG Fumin, BAI Song, LI Zhankai, et al. Control strategy for mi-
crogrid storage system's state of charge based on virtual synchronous
generator[J]. Power System Technology, 2019, 43(6): 2109-2115.
CAI'Y C, QI D L. A distributed VSG control method for a battery
energy storage system with a cascaded H-bridge in a grid-connected
mode[J]. Global Energy Interconnection, 2022, 5(4): 343-352.

CHEN M, ZHOU D, BLAABIJERG F. A decentralized adaptive SOC
balancing strategy in VSG-based islanded power system[C]/IECON
2021 — 47th Annual Conference of the IEEE Industrial Electronics So-
ciety. Toronto, Canada: IEEE, 2021: 1-6.

LIANG X D, ANDALIB-BIN-KARIM C, LI W X, et al. Adaptive
virtual impedance-based reactive power sharing in virtual synchronous
generator controlled microgrids[J]. IEEE Transactions on Industry Ap-
plications, 2021, 57(1): 46-60.

(R3S, B, x| XK, & FETRAERE R AR R 4%
IS8R SRIE[T]. B TEAR W, 2019, 34(1):
128-138.

REN Biying, QIU Jiaojiao, LU Huan, et al. Optimization control
strategy of self-adjusting parameter based on dual-parallel virtual syn-
chronous generators[J]. Transactions of China Electrotechnical Society,
2019, 34(1): 128-138.

LIU A D, LIU J, WU Q. Improvement of VSG transient performance
based on power feedforward decoupling control[J]. IET Generation,
Transmission & Distribution, 2022, 16(20): 4080-4095.

KOIWA K, INOO K, ZANMA T, et al. Virtual voltage control of VSG
for overcurrent suppression under symmetrical and asymmetrical
voltage dips[J]. IEEE Transactions on Industrial Electronics, 2022,
69(11): 11177-11186.

B, WEY, ML, & g SRE RSN VSG 2
HORE R AR ], b E LR, 2022, 42(6): 2109-2123.
GE Pingjuan, TU Chunming, XIAO Fan, et al. Transient stability en-
hancement of a VSG based on flexible switching of control
parameters[J]. Proceedings of the CSEE, 2022, 42(6): 2109-2123.
R, BN, T, 5 T 2K R A R R
Gifk BOIRE T 7 R[], KBRS, 2022, 43(2): 104-112.
WU Qingfeng, ZHI Zeying, YU Shaojuan, et al. SOH balancing
scheme for distributed energy storage systems in microgrid based on
multi-agent[J]. Acta Energiae Solaris Sinica, 2022, 43(2): 104-112.
WU Q F, GUAN R Z, SUN X F, et al. SOC balancing strategy for
multiple energy storage units with different capacities in islanded mi-
crogrids based on droop control[J]. IEEE Journal of Emerging and
Selected Topics in Power Electronics, 2018, 6(4): 1932-1941.
PASETTI M, FERRARI P, BELLAGENTE P, et al. Artificial neural



5150 e B R 2024, 50(11)

network-based stealth attack on battery energy storage systems[J]. tors system[J]. Proceedings of the CSEE, 2022, 42(7): 2427-2437.
IEEE Transactions on Smart Grid, 2021, 12(6): 5310-5321. [28] CHEN S M, SUN Y, HAN H, et al. A modified VSG control scheme

[23] FKAEAS, FPBCE, AL, S5 VSG H B s it [ E A i S s F with virtual resistance to enhance both small-signal stability and tran-
F[I]. KFHAEAH, 2020, 41(10): 93-100. sient synchronization stability[J]. IEEE Transactions on Power
ZHANG Fudong, PIAO Zhengguo, GUO Yuqi, et al. Research on Electronics, 2023, 38(5): 6005-6014.

adaptive control strategy of VSG rotational inertia[J]. Acta Energiae
Solaris Sinica, 2020, 41(10): 93-100.

[24] HOU X C, SUN Y, ZHANG X, et al. Improvement of frequency regu-
lation in VSG-Based AC microgrid via adaptive virtual inertia[J]. FZNTH BRI I M F A B . iR RGUIRAS
IEEE Transactions on Power Electronics, 2020, 35(2): 1589-1602. SRS I AR L

251 M W, £ K, ZFHE, & IS IFBORIIED K B A TR A < E-mail: 827211907@qq.com
SYTEAVE T SRR BT HEARYR, 2019, 34T 2): ' ‘

REECEEES)
1987—, 4, i+, ml#EeR, WS

654-663.

ZHOU Hui, WANG Yue, LI Mingxuan, et al. Analysis and optimal WU Qingfeng
control of transient active power sharing between islanded parallel Ph.D.

virtual synchronous generators[J]. Transactions of China Electrotech- Associate professor
nical Society, 2019, 34(Supplement2): 654-663. Corresponding author

[26] TIWER, fETR, TUME, & BT RIERD K BALK 2 WA R T
ROk SR [T]. FAL S 45 %4k, 2020, 24(2): 118-127.
WAN Xiaofeng, ZHAN Zilu, DING Xiaohua, et al. Improved control
strategy of multi-inverter parallel based on virtual synchronous gener-
ator[J]. Electric Machines and Control, 2020, 24(2): 118-127.

[27] VFRT BR BG AAHE AR EET SR SRMIRBELEENL
RGNME SR HT] HEEN TREER, 2022, 42(7):
2427-2437.

XU Zhenyu, CHEN Yin, SHI Mengxuan, et al. Small-signal analysis
of consensus-algorithm-based parallel virtual synchronization genera- Wk E ] 2023-01-17 4BRIHEYT 2023-08-10 4w IRk

FERERR

1998—, 9, itk
FENEE G R G AL B BRI
E-mail: 1561803690@qq.com

CHU Xiaolin



150

1 & A ﬁ 1 Csoi 100f ks
Jw,stDotK, S UpcCl,s ﬂl—\
50
X

- A A, 2
HT : = g y
Bl Al VSG /M2 w 0 e

Fig.A1 VSG small signal model ~50k x \\/'
1, ,,@‘,

. N -100F *
£ Al BETREMN aa

Table A1 Characteristic equation parameters -150 L L L L
-500 -400 -300 -200 -100 0
SRR e il S
o 1 (a) 0.2<J<5, D=20, K,=5 000
FLIAVAUE LT/ V Ve 700 450
LBESS % =/Ah Cei 50
B S rads7) o0 314 100 f
X
R (kg m?) J 0.2~5 - = [
B X
FELJE ZH/(N'm's rad ™) D 1~100 i 2 1
B ‘ 1 2 /13
R AR/ UL 300 py O o0 X
B AW Py 10 ol "
s R B/ E 313 %\
% Z 50 (rad KW1) Ko 1~10 -100r- ‘k&(
SRR X 0.15 . , . . . . .
-350 300 250 200 -150 -100 50 0
SEE
£ A2 EA B (b)J=0.5, 1<D<100, K,=5 000
200
Table A2 Simulation and experimental parameters
e - . 1501 (XXX
ZH (o P FAH SCEH XX
X
ELHE RV Unc 700 200 100 xx’ﬁ
Zinel 0.01+j0.25 0.2+1.0 50 A x i
LHRFHHTQ B A3
Ziine2 0.02+j0.5 0.4+j2.0 i 0 Y00
i 5E A AR/ _
HUETA: o 314 314 50r .
(rad-s™") A A,
-100r *x
S—— Po 30 0.4 Xxxx
AE D) ER _
Po 15 0.2 150- XXxx
% . ,ﬂa»;a/ Jl 1 0.02 _200 1 1 1 1 1 1 1
S -400 -350 -300 -250 200 -150 -100 -50 0
(kg'm?) Ja 0.5 0.01 % A
(¢)J=0.5, D=20, 1 000<K,<10 000
I EEX D 20 0.4 ) )
‘m-srad-! K A2 J. DA K BAUI R GRS AEAR P
(N'm-s-rad™) D> 10 02
Fig.A2 Root locus of system characteristics with J, D and Ko
B 1] Ko 5.0 0.06

changes
(rad kW) Ko 25 0.03 ¢





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


