5550 % 552 . 870-881 LN ZN Vol.50, No.2: 870-881
2024 %2 H 29 H High Voltage Engineering February 29, 2024

% R A AR TS — B Y 53 fh U1 BE B Ui — 3T
12 ) o g
oM BER FRAL BT, B!

(1. HHAHEKFEZEES A T2, M2 411201; 2. AdKFaa5EF 81425, K 410082;
3. B A bR R E) Kiv bl o E], ki 410007 )

. REE VT EARRIRLL BN,  H R A R L O IE T R SR E M E R B S RN A
fi# fi& FL 3 (distributed energy storage stations, DESS)Z 5 — VU 45 [ I (1 faf FEARZAS S5 0 R, $2H T — =5 jE 17 HIR
A (state of charge, SOC)— 3% (1) DESS Hh[RIFEHIEMS . 26, MIEE T &40 A 2 i B8 F i 1 X 3o IR AT Y, 4
BT T AR GERAE R 7R AL IR T REAE S B0dE FHT BRI R ) TR R TR AR A — Bt I R R s HR, AT T
FL R A3 5K 55 DESS ) SOC — BRI B F R Z B & 28 &, Bt 75T —ZhE R B AG SOC 731 2 f2 il SR
BET A T FRBPFA TR K I DESS — RS RIHEH 72, PR AT 7 R8sl S 80 Bt R W S BUE 7k . B
G, IR AR, S5E AR LT T BIUE, 25 REW . it il sng vy DA i B
WS B, EAIG I RT3 T SEM 2 A Re Haslifty SOC —Ei: i3y, /N T DESS £ Hf# SOC
BRPR RS, MR 7RSI AR .

KHEIR): MEREHNE; —RURML A ROIRES: AT — 8ok amaligae

Control Strategy of Primary Frequency Regulation for Distributed Energy Storage Stations
Considering SOC Consensus
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Abstract: As the proportion of renewable energy increases, the newly installed energy storage stations in power system
become the important means to improve the frequency stability of the power system. Aiming at the stable operation of the
distributed energy storage stations (DESS), we propose a coordinated control strategy in which the state of charge (SOC)
consensus is taken into consideration. Firstly, the frequency regulation model of regional power system with DESS is
constructed, based on which the characteristics of conventional frequency regulation strategy is analyzed, and the fre-
quency regulation and consensus demands with high penetration rate of renewable resources are discussed. Then, the
coupling relationship between the demands of frequency regulation and SOC consensus adjustment is analyzed, and the
distributed SOC control method is designed based on the consensus algorithm, which forms the coordinated primary fre-
quency regulation strategy. Besides, the key control parameters are analyzed with the designing principle and value
determination. Finally, the typical regional power grid model is built, with which the simulation verification is performed
under different frequency fluctuation conditions. The simulation results show that the proposed strategy can effectively
improve the frequency performance, realizes the SOC consensus of DESS under the premise of not increasing the system
frequency regulation burden, and reduces the SOC out-of-limit risk with the enhancement of aggregation control effect of
the DESS cluster.
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Fig.1 Frequency regulation model of regional power
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2.2 E[E SOC —H M KBS KAt EiEH

2.1 R T AU SOC — 3tk i 7 K i1 7
R Ve 1| I P 812t (s B S N i s 2 A 1L
T AT SR I 25 1 1 W
22,1 EARBEIX P fif e FE sl s [ 42 1

TEH I SEFRIZATIERE 2 Hp, AR i Ak T
PEBPEIX Y, FRE 3 E A+0.033 Hz. 482kt T-HEX
B, fifBE FEL AL TB AT B, SRR AR R4t
AR T S5t BE F (11 SOC —EP Ry o

fifs e HL S R — SO T BB A T 3l
VERFHLAIR AT TR N e P TFEERL, A ST 5%
I R G RE LS SOC WA 15 RS D% n]
W7 AR, 3T — R, SUASIE. LA
X AT, B fofeer A, MEET RGN K =
W KT T FETh 2, IRARAR . 4 usi<0, N
FWUETE i A Re F G SOC T2 A, =
AR AL D 2R I RIE L, A AT R SRR
BB, His s H s EIEA R, A=A AN 25
BT RARFE, TR Z A RS B s 7E S0 X AN AT
—EEBNE. AT RAThEARAD, fERE— SRR
RINBHER:

Ve P At > 0

ref ref
AP, = Poi |t 2. 9|9

JEN,

(17)
0, Afus’i <0

Py NRERE RGO TR AR R PO
A B I A E I TR . A TR, R
i BB AR Z (B Afies >O)H L iR FRLIE A A
F—BE I, SRR R

FoMR 20T AR SOC BT Rt AR
955 B B



BN, REER, R, SF: BT AR Bk A A RE L — U B ] SR 875

’ uK . -exp(—nAf) Cpeta
u+K, (exp(—nAf) - 1) >
T Ky, exp(nay) o0
y. = , P% <0
ke o))
s ya F ye 73 A e HL Sk () TROFRL 2 R R ORI 78
AR R, HAEAE N T AR —SMER T &)
KN, DLBEGRARAE X A — B T sh R DI 2R 55
RIS KRR RGANZRIE A T2 s e A B FL 1)
— BRI DR A L R, DA — B
DIZe, WD RGN HIANH E T
ACHW p BN 0.1, W] LALRIEAE A H G
— B TR T T AR 5 i 5 H i 1 R A 7S R D) A 2
— AR, TR G — B TR T DR K H R
BRI AT REYE. B 3 g5 T IAIAEIX A — Bt 7R
HL 2 o SR BB A 2 AR AR
222 VRSIHEIX AIMi R H sk b [E] 4 )
MRS mER 0.033 Hz i, KHEAAS
fBREFS, TR EE 2 5 — M, el B R F sk 1 3
BEH bR G5 L ZE R T ORI e FRh
) — PR 75 5k B I R 1 RE SR B2 E, fAp
PLFEAT SOC — B MEIA T 3hE, H Ay Lt — 25 it A
RIPHAR . G — T s EE, 46
P PR — BT T 75 SR TR, TN PE A9 3 i 22 1%
H1-0.033 Hz I, il fE Aot (R TECR DD %09

ref

¢s i
_K Af + /u ; i
APigs;= S0 max ¢ o (19)

—KsocA, ug A <0
[FIE AR, 2 fif AE Rl K — SRR 1 7R RO T
HLIF, JUZE A {2288 H+0.033 Hz B, fifi g Bt 1)
FEHIIHEA:

AP, u ,Af >0

ref

%ﬁﬂAgjﬁkAf>0
APygs,;= X @ (20)

—Koc A, ug A <0

B 4 g5 AT A R R SRR
B Se e R BHR AR AL &, W7 R G
RGN TSBEX, MITHE RGERIA LT
Z 5. HARGIERKT TH S0 Hz I, BL]R
GUBDIREA, N TR BAL T IRAEX, HE
il BE R K — BRI 57 7 78 LB IR SOC, Ty
DD BN —BUE SR IR R, MR
SR/ 50 Hz I, BRI RGUF IR AL, Shir
TR AT HAGEX, R EAERE 5 — SR

—KsocAf — 1

0.10 -
P
/

5 0.08 .
e i g RAR
= 0.06 i M-
® \ ‘ 1
# .04 » N
® \ /
R .02 \ /I

o —Af _7 Af

003 002 001 0 001 002 003
A 22 25 {0/Hz

K3 — SRR AR R ER 2
Fig.3 Characteristics of consensus power constraint

coefficient

FET TR R SOC, N H 7y DA rh s & i —
BUkoa iR HAREOL T, fEREH N A 2 515
MR, e A S S AL TR B IX LK T 3 53
N
2.3 ISR —H AT NIRRT

DNy BB L T R DA 4 ) S X R A AL & SOC
—EER R ARCR, R 2 P RS

fo =\/%Z(f(k)—fo)2 e
N
Soces = Z Soci (k) _NLZSOCi (k) (22)

K fo ABUESZE 50 Hz, kAR k I 210 kH R AE
BAH i NGERE AR S s n TR D P RFE UL
A B A KA 2

QDR T HE & LA ZEB I 7R,
FBEB/INR BRSNS, AR AT s 0(22)
FAE 75 i MR R 707 B 11N SOC i 25— 2L
PEZ B (H A58 ) FIREFE, HAR B /INR B %
Uit SOC —E LT AR BT . FRABHIIE, 55
THEAAT — ST, M TR SRR
K, FETHE Soce: FahRIF SOC %11 & X & ke
136 [ SOC 3418

3 HESH

N T IR AS ST AR 7 R AE o A S Ak E HL G B
H—URAsasch i mr AT, IR X S RN
FFE %, #£ MATLAB/Simulink ~F & @ 7 1
e (/) SR [X 358 R, D 0 3 i 937 7 BELASE U100, o) AN [
TR T AR . RAFERBENEN
1000 MW, A7, W& 3 oA hifse
Ml . FRAR R, PR RR SR S FR i e L
E 2y =0 R <SE NPT B YL VAS ViB D) Bl VA P )5



876 i LR AR

2024, 50(2)

DESS,Z 5

DESSAV— | |DESSAZ/E| | DESSX— | | DESS A 1E
kR A | R R | SohE R || R AL

i i DESS,Z 5 ¥ i
DESS AX i 4 o e

H—%tkww

4 PR S B R AR
Fig.4 Flow chart of the proposed strategy

KIRE, Hur T e 2 LS5 e DR g
el A, EDEERE 0.5C fERetit, RS
e A EIER D WA, BTREENEZ NS
25 (BB I R s ATINIR B BTy, ONT T R R R R A
MR T REUE, FT EROUR, A E A ERg
L TR ARLA i i R b RE R BN BN 2.5
MWh., 2 MWh, 3 MWh, HFEidHIHEE N 2C
g, HABMENE 1. Boh, Acfsh] s st
fiti e FLh ARG RE T, ASEEmR R B

ARFT o HNTE M BRI sh A S 5) 2 P! T
TN EEAT 1 ] SRS A RO IR . B ARG RN
H AT S5 — A ) it 8 FLs o A s S, RITE
W E AT R L B B4R SOC fEWILh &
ARZS, s Him % e SOC RSB T E AL
P 7 AR H R S E IR 1 R,
31 BER#tzm LR

R4 0s W@ RRL, IR mZERN 0, 34
it BEHL 3 (I 4H SOC 4358 0.7+ 0.5+ 0.4, 7E10s
%1, RG 0 (hr L {8) &4 0.01 Brik LT3,
S AT, RO L IERTE, TEERE AR S
T ERAY B N-0.088 Hz, MY AEGNHZSE
VA, PRI TR R K. B TR G SR T R A
BRI R BT, SR KIERTE N 0.052 Hz, A&
SN T RGN R I KBk N 0.041 Hz, RKHITE
TEEM RIS A ST R IR A RS RO B 4%

Rl HBEMSH

Table 1 Parameters of simulation model
B XN UE EE N UE
D(tr £ 18) 1 DESS, i€ Uj#%/MW 5
Mis 10 DESS, #il & Th#/MW 4
K, (b £48) 20 DESS; #il & Th#/MW 6
TCH/S 03 TRH/S 10
FHP(*B? Zﬁ) 0.5 Kmax 4

GG, HIFHRRZ, EMBRTUIX N, BARRAE
WAL 275 5K, B R AT F SOC —FUE Iy
R FER, FITE-0.033 Hz<Af<0 Hz X[E N, 15
it RE FLs T — B R R T A DI,
TTZESTAE 1 Ak HH B IX N 45 20 T 3047 1 T SCHE,
EH| 7L CBE” BISCHEER . i 6()fiR,
BT 20 1 5 AR =K H 77 75 r) AR 8] i — Sk
DiZe, ARITTET 1 Shfae s i )R TE5T7
%, REfHERSHEERTHENE, 81 51
A FLt ) 4 PR A A i B RS A€ D)3 5 MW

i 6(b)A] WL, 7E 10~300 s X[A]PN, 2 SfikhE
RSt ) — BRI HE 07 (B R R T SOC) 5
VAT 3K 7 7] CRE TSR D SR )M R, SR A S
WS AL SARE R, AT B, BABS
X IR AT A SRR EE A o RIAS SCERIES T 1) R G
PRIE R/ NTALG TR, BRI BN 2 S Ak AE Ll )
NFRHEGURIEIH T, 300s J5, BT 2 Sfifhe



BN, REER, R, SF: BT AR Bk A A RE L — U B ] SR 877

0.02 i i 7 7
5 KX
-G s
5 O e F i R R
5—0.04 R B et ey e e ey s

~0.06 -5 g2 Hz

~008[--0:0

-0.10

0 50 100 150 200 250 300 350 400 450 500
t/s

K5 Brkpish Tl T oz

Fig.5 Frequency deviation with step change disturbance

6
z
24
fop-—F X% = ]
5 —— — {55
0 50 100 150 200 250 300 350 400 450 500
t/s
(a) 1’5 fif fig B 0k HH 77
2.0
= \ —
g 1.5 \‘\—-_\_ .
4 1.0 e T T
205U |——&XHE
| —— 5%
0 50 100 150 200 250 300 350 400 450 500
t/s
(b) 25 s g HRL 3 HY A
1.5
=z
B e ot e
L oS- ——Fx %
< bk £ YR
0 50 100 150 200 250 300 350 400 450 500
t/s
(c) 35t R FLuk Hh 7y

6 fifife s — ORI )y T %
Fig.6 Output power of DESSs in primary frequency

regulation

B3 SOC = T — #1418 S5, » WO Bk AT
FRHRIENT, X5 MR AT R T 8 WO
RNE BN, NTERS 2 S A%6E s hTh& Bt
RGUTRAHD/NESG T, 32— DA T AR .
3 ShiEREHEE ) SOC K F—HATFSHMBZ R, 45
BUATIR, MR AT e i, (HIRE Rgukt
TH A R BTE RS, X 3 547 78 Bl
SRIBAL, W3 SAEREHSEIN S 5, ANE
1T SOC —# ML Y .

SOC —E A5 BRI bW 7 B« ££4¢
P Sms T, 3 AMit e B R B SOC [ AR 2k
W%, &id 500 s EUMFERRIZE R . MM S,
KRICTTET » St B R A ROAT 7308 S,

0.70 1
0.65
0.60 15 ff i L 3
R
0.45 B B e e
] e e -
O

0 50 100 150 200 250 300 350 400 450 500
t/s
() 1% 2t 4%t 3 05 4 e b 3 SO CAR AL,

0.70 :
oot 15 fif f6 #EL 3h]
] — — — 25 i} 4% B
0.60 p 345 it g FL sl
O 055 OCi
S TR 4
0. 50w P
0.45 R R e e s
T T

0 50 100 150 200 250 300 350 400 450 500
t/s
(b) A% 5T £ 1] 3 W& fif B8 HLEESOCAE 4k,

7 WYERHRE) TR SOC A2
Fig.7 SOC variation with step change disturbance

H SOC 7E—FPEF il /e F T 1 22 5 12808/ » 1 B
T BRI E . R 2 EAIE TR bR T
W, ARSCHET IR A8 5 R A% G 5 5 T+
T 25.7%, UVLHISERPE AN &R RS SOC
— AR bR 0 BIBAR R I EIRET T 37.8% 22.4%.
14.7%, VLEH T A7 ELEffRe FLEG SOC —E1H: 1
FTH A R
32 EEHMmTR

S D) 2B T2 B R O LB AT
R, AW RS 8% S/ Mg TR i sh i
P35, CASRUEA SO ERA Rk .

RGN 3.1 TR FRATE 0s @A B8k
B TN fua 224k an B 8 Firow , A far AR AL B (BF L {H)
1E+0.006 05 Bl N SEREHLAR AL, AT — RS 5
ATU/INIE T S AR R B SR T, 6 B ) R G ATRK
UK 9 fvr. TR RATI, AICKIE T R4
B ZE A B RIS, TS S T AR A
FARSCR NS ST Re R (8], HIRFEE, ARSOK
W PRAAE X N it R FELG ) — SR BN PE X R4
PR R T — SRR, A THRUN T 241
SERORABEIX, IIT3RAT T S84 AR - 4t
HHE 10 BIEn, SRAASCHREE T 1040 2 fk Re F ik
SOC ZFMWi#aT—3, 17 0.5 5. MHEIMNS, 1454
2 R R AT PRI ) SR T M RE FRES7E 1800 s



878 m HUEROAR 2024, 50(2)
R2 MBS LT RS AR 0.8
Table 2 Frequency regulation index with step change disturb- 07
S b S - S 0.6 2 s Y |
WA bR A5 1RG5 7 1% -2k HEEE A R A 35 6 i
fems 0.0210 0.0268
Socmmsi 0.107 0.172 . [ T
SOCrmsZ 0038 0049 0 4 Asal P PPTPTTIPY PP PP NANNPPOTT CTTTTTTTTY [TTTTTTTTT TYTTTTTTT
Socrms3 0.099 0.116 "0 200 400 600 800 1000 1200 1400 1600 1800
t/s
() 1% G 2 1] FENE 1 i FEL BESOCA AL
0.006 0.70
A(mm ————— 685
5 o I 0.60}- 15 f i 7 3
= 0 ‘ \ ) — — — 25 fif G HL vk
< (1114 e R 35 1l i P 3
& -0.002 ; T . NP NI S SR
< 0,50 frrimrmbe e e L T e e o bl
T e L e e R RN s
e e TS T
-0.006 1 1 1 1 | | | L1 e
0 200 400 600 800 1000 1200 1400 1600 1800 0.40 bzt
/s 0 200 400 600 800 1000 1200 1400 1600 1800
. NI N t/s
K8 HELRHLEN Lt N s D AR i (b) 7% 3 45 i 3 W % ik FBLEESOCTE AL
Fig.8 Load power variation with continuous disturbance 10 EZHE TR T SOC 254k,
Fig.10 SOC variation with continuous disturbance
1.5
N 1.0 ;
& |
S z 0.5 ¢
= 0 it
=5 T
o© /' ' !
010 <-0.5 {
70 200 400 600 800 1000 1200 1400 1600 1800 - ! S
s L0 - —fEGE
“15 i i i

KO EGHE T TR

Fig.9 Frequency deviation with continuous disturbance

IBATIHC AR ORI 22 57, I T s i
HIBR P EhAE 50 Hz METRENLAZ L,  ERATTR K
BEZCRN D2 AL, W 3 M e FL b ) SOC AR 1A
T AR .

W 10 wrRnL ARGUE S, RGN 6
RBOAWI SN Z 5 IR EIE, A ORI S T
R BT XA, SN 2 5 .
FL L, ARSI TOLE AT & bR R
R PENFFAL, BEEARAFT REIBIZIE R FETT, B
Sk BT M AR B R TTZ AR Y, SR AESEIX
A NEBEN L s 2 — 2D ], BET N & 4
R ARALAL AT AH . SR A SR AT I R 4
MR Bz, i L BETREIR A FR N B T SR A0
R E . P TOU SRR I 3
N ERPHETRAR T A R, AR (L

0 200 400 600 800 1000 1200 1400 1600 1800
t/s

KL LR

Fig.11 Frequency regulation power of conventional SG

R 3 OESPE TR SRR

Table 3 Frequency regulation index with continuous

disturbance
PSR bR AT (G WIRPS
Sfrms 0.0192 0.0834
Socrmst 1.025 2.365
Socms2 0.515 0.984
Socrms3 0.813 1.628

B TP AU R Tl R rL s ) SOC —Eitk
A, HIETH T RGERIEBIERE .

4 g

ASCEE XS 2 A A A BE L B S  — IR A
(s ATz R, $2h T — M5 R SOC — B by



BN, REER, R, SF: BT AR Bk A A RE L — U B ] SR 879

[ h sRns, EETAE RS T:

1) 0 L — R B e SR ) 2 A R AEREAT 1 7
BT, WIUE T FEIX N T i e SOC BB I 4T 1%, JF:
W% T EE SOC 1817 %24 1) — A= il

2) ot T RGPS RE SOC — B~ &
KX T RGN AR, 25t T A
P25 ] SRS R T SR U o A e Lk AT DAAE AN [E] R A0
BB M RG R DI B30T 5 & SOC —
AT, 8 % SOC T 5 i R rh B Ak DL R H
i [A] R o

30 BT At RE HL G oy B A AT, — R AR 8
Ra s fG SR 7 AT B LR SOC —
BT SR A ) R g, JEEIR T — AR
ANFE D)2 R TR SE 7. 20 B &
AT AR AL OFREw G L, AEEME
e, PR AT A e L 2 5 BEATL PR A0 () — O A
SR B, TG AR T R L AR D R A A )
SOC — ki 1k fe -

4) EFXT PR ) — B U [ ] SR E, BT T
R T B IT . B FL A R W P Sems v] LA
R LSRR T &, ZEANSE N AR G VR A 67 A IR i
PN S Z A RE HL s 1) SOC — Bk, s/ 1
A3 A 20 BE FEL S FE TR SOC FRRPR XU, B 1 H R
BIEHIRR

b8 & PP AR A A A2 0 2R ) 1S I DA K HL Y
Xt L T SEPE R EORIE T, 430 2 e HL Sl R A 1)
ST T R R SN A . ARk
ShE e HLuh SOBCR IR 1) SO ERR 4, WF TR
A5 % 2dEh g A 1 2 s Dt RS 7.

B 3% DA< 1) 9 2% il (http://hve.epri.sgec.com.cn).

S22 #k References

[ x5, X1 B, EiR, & Sl el i R ARG HLE K
HAMHNERR FLRR ], AR, 2022, 48(1): 95-113.
LIU Fang, LIU Wei, WANG Haodong, et al. Review on oscillation
mechanism and analysis methods of high proportion renewable energy
power system[J]. High Voltage Engineering, 2022, 48(1): 95-113.

[2] FHEERE, SEMOR, BEMN, S OBREIR fL ) RIS ST K
SURFERALD]. PEEAL TR, 2021, 41(3): 890-899.
GAO Huisheng, XIN Huanhai, HUANG Linbin, et al. Characteristic
analysis and quantification of common mode frequency in power sys-
tems with high penetration of renewable resources[J]. Proceedings of
the CSEE, 2021, 41(3): 890-899.

(B1 x B, B4, BEH, & AT ORGSR
RG] MAEHOR, 2022, 48(1): 178-188.
LIU Ju, ZHAO Hongsheng, LI Mengying, et al. An equivalent inertia

(4]

(3]

(6]

(7]

(8]

(9]

(10]

(1]

(12]

(13]

[14]

[15]

evaluation method of power system based on power spectral density
analysis[J]. High Voltage Engineering, 2022, 48(1): 178-188..

WK, ANV, B AF, S R AT R B RIS A BURD]. &
HIERAR, 2022, 48(2): 409-419.

JIANG lJiandong, SUN Shukai, DONG Cun, et al. Research status of
mid-long term wind power generation forecasting[J]. High Voltage
Engineering, 2022, 48(2): 409-419.

R, B E, B 58, S T AR AR R R RO L]
WAL E LR, 2018, 38(HET) 1): 24-31.

ZHAO Shanshan, ZHOU Qinyong, ZHAO Qiang, et al. Research on
maximum penetration level of wind generation considering frequency
constraint[J]. Proceedings of the CSEE, 2018, 38(Supplement 1):
24-31.

R, PEARZE. 2 R AR AT AN 5 M (0 TR R D A R T
W], HMEAR, 2022, 46(5): 1926-1933.

YU Jianming, PANG Chuanjun. Short-term wind power probabilistic
prediction considering data and model uncertainties[J]. Power System
Technology, 2022, 46(5): 1926-1933.

B, ESIP BHOK, & RALSARERE B S RAS ELR
VRIS o R S BOR AT AR IR (] m B EHOAR, 2020, 46(1):
51-61.

LI Jianlin, WANG lJianbo, GE Le, et al. Review on application tech-
nology of electrochemical energy storage power station group in ultra
high voltage AC/DC hybrid receiver power grid[J]. High Voltage En-
gineering, 2020, 46(1): 51-61.

HFHR, RRR, X Bk & SHTRREE N IEC M b A U
Re R GUEEH SRS (] Tk, 2021, 42(5): 81-89.

DONG Xinwei, PEI Chenchen, DENG Wei, et al. Research on control
strategy of distributed energy storage system in distribution network
with new energy[J]. Electric Power Construction, 2021, 42(5): 81-89.
EBIP, Bk, HEHE, & AT RNl RGE
FEUAC R LSRG )], W EROR, 2021, 47(8): 2742-2750.
WANG Jianbo, LI Jianlin, ZHOU Xichao, et al. Optimal scheduling
strategy of decentralized energy storage system based on panoramic
theory[J]. High Voltage Engineering, 2021, 47(8): 2742-2750.

TR, AR, EEERR, 55 BRI SUL X 1 — GRS
JRE]. BITHEARZE, 2019, 34(10): 2102-2115.

MA Zhihui, LI Xinran, TAN Zhuangxi, et al. Integrated control of
primary frequency regulation considering dead band of energy stor-
age[J]. Transactions of China Electrotechnical Society, 2019, 34(10):
2102-2115.

HERNANDEZ J C, BUENO P G, SANCHEZ-SUTIL F. Enhanced
utility-scale photovoltaic units with frequency support functions and
dynamic grid support for transmission systems[J]. IET Renewable
Power Generation, 2017, 11(3): 361-372.

OUDALOV A, CHARTOUNI D, OHLER C. Optimizing a battery
energy storage system for primary frequency control[J]. IEEE Trans-
actions on Power Systems, 2007, 22(3): 1259-1266.

STROE D I, KNAP V, SWIERCZYNSKI M, et al. Operation of a
grid-connected lithium-ion battery energy storage system for primary
frequency regulation: a battery lifetime perspective[J]. IEEE Transac-
tions on Industry Applications, 2017, 53(1): 430-438.

LIU H, HU Z C, SONG Y H, et al. Decentralized vehicle-to-grid
control for primary frequency regulation considering charging de-
mands[J]. IEEE Transactions on Power Systems, 2013, 28(3):
3480-3489.

LIU H, HU Z C, SONG Y H, et al. Vehicle-to-grid control for supple-
mentary frequency regulation considering charging demands([J]. IEEE
Transactions on Power Systems, 2015, 30(6): 3110-3119.



880

i LR AR

2024, 50(2)

[16]

(17]

(18]

[19]

(20]

[21]

[22]

(23]

[24]

[25]

ZHANG Y L, SONG Y Z, FEI S M. A distributed step-by-step fi-
nite-time consensus design for heterogeneous battery energy storage
devices with droop control[J]. CSEE Journal of Power and Energy
Systems, 2023, 9(5): 1893-1904.

HONG Y J, XU D Z, YANG W L, et al. A novel multi-agent mod-
el-free control for state-of-charge balancing between distributed
battery energy storage systems[J]. IEEE Transactions on Emerging
Topics in Computational Intelligence, 2021, 5(4): 679-688.

AE, wEe, B & % ETZEREANEIbL#HER RS SOC
I MG [J]. WiVLE A, 2020, 39(5): 35-40.

ZHOU Xichao, HONG Yujin, XIA Yan, et al. SOC balanced control
strategy for battery energy storage system based on multiple-agent[J].
Zhejiang Electric Power, 2020, 39(5): 35-40.

LI D M, WU Z J, ZHAO B, et al. An improved droop control for
balancing state of charge of battery energy storage systems in AC mi-
crogrid[J]. IEEE Access, 2020, 8: 71917-71929.

WANG B F, WANG Y, XU Y, et al. Consensus-based control of hybrid
energy storage system with a cascaded multiport converter in dc mi-
crogrids[J]. IEEE Transactions on Sustainable Energy, 2020, 11(4):
2356-2366.

PEES, X %, BOWW], . HIbGERE TS SR R X
VSR ThER SRR )], A RKE BN, 2020, 44(14): 26-34.
YAN Gangui, LIU Ying, DUAN Shuangming, et al. Power distribution
strategy for battery energy storage unit group participating in second-
ary frequency regulation of power system[J]. Automation of Electric
Power Systems, 2020, 44(14): 26-34.

5, Bk BT o s A R B SA R v i ERE A1 43 41
PERISES[T]. B LHARZAR, 2019, 34(23): 4991-5000.

GUO Wei, ZHAO Hongshan. Grouping control strategy of battery en-
ergy storage array system based on an improved distributed consensus
algorithm[J]. Transactions of China Electrotechnical Society, 2019,
34(23): 4991-5000.

KHAZAEI J, MIAO Z X. Consensus control for energy storage sys-
tems[J]. IEEE Transactions on Smart Grid, 2018, 9(4): 3009-3017.
WANG Y, XU Y, TANGY, et al. Aggregated energy storage for power
system frequency control: a finite-time consensus approach[J]. IEEE
Transactions on Smart Grid, 2019, 10(4): 3675-3686.

BEVRANI H. Robust power system frequency control[M]. 2nd ed.
Cham, Germany: Springer Press, 2014: 23-25.

[26] ¥, GERHE, XL &5 AT FHE TS R R RS

PRI ZRRT]. B TR ESR, 2021, 36(19): 4035-4049.
YANG Jun, HOU Junhao, LIU Yawei, et al. Distributed cooperative
control method and application in power system[J]. Transactions of
China Electrotechnical Society, 2021, 36(19): 4035-4049.

[27] HUANG C, FENG C L, CAO J D. Consensus of cyber-physical power

systems based on multi-agent systems with communication con-
straints[J]. Journal of Modern Power Systems and Clean Energy, 2019,
7(5): 1081-1093.

[28] OLFATI-SABER R, FAX J A, MURRAY R M. Consensus and coop-

eration in networked multi-agent systems[J]. Proceedings of the IEEE,
2007, 95(1): 215-233.

(291 XURMIT, BETX¢, RS, &5 BT —BUESENEE & XA

A RIHIRT). FHRIEROR, 2021, 47(12): 4431-4439

LIU Keyan, SHENG Wanxing, ZHAO Pengjie, et al. Distributed con-
trol strategy of photovoltaic cross-district based on consistency
algorithm[J]. High Voltage Engineering, 2021, 47(12): 4431-4439.

|

1991—, 9, {4, ml#EdE, ms
FEMNERERE AR R RA TS
s 1l 5 THD FEORE 7 A

E-mail: helifamily@foxmail.com

HE Li
Ph.D.

Associate professor

EAERRGEEEH)
1990—, 5, f@d:, mIBER, WiT
RN A AEREBOR S B BRI 75 T BT 7T AR

E-mail: tanzhuangxi@foxmail.com

TAN Zhuangxi
Ph.D.

Associate professor

Corresponding author

R E R 2022-11-13  EEIHA] 2023-06-10 @4 Rk



Fisk A
o fi Fie FEL 3G A — B MR 2R Ay
1
Gy (s)= ol (A1)

b AR § RoRH @ DMERERLYE, To ffRE R
LRI

Gov(s) 9 KU LAL I 8 25 A% 33 pR 4, In3X(A2)
B

Guov ()= 1+1sz~g (A2)
e Ty Jy s &5 I ()5 2
e G PR IR 13 R B (A3 TR .
6. (5)= 1+ FunTeus )
(1+ Tyes)(1+ Tiys)

XA Tons Tra M Fap 73 HOAIREEHUN 1% 8.
FAER I 8] ROM P A A 2

M1k B

AP,

AP{:iXdlsch

T

7KSOC,iAf

Af

max
APb,iich

-K soc,iAf Fo

Bl
Fig.B1

LT ) 0 A P — R A L D
Droop control based primary frequency regulation for

energy storage station

0.06
0.05
(.04
f}i 0.03
520.02
0.01

903997 29.94 9,96 4998 50.00 5002 50.04 50.06 50.08 50.10

FE X
FHL [P 45 %6/ Hz
BIB2 B g AT M 4 A 1

Fig.B2 Frequency probability distribution of certain provin-

cial power system

KSOC,i

Kmax,i e
P
-""
.
R
FEH 4
K
0.5K o !
’
0
T HR ks
.
L
riad
s
ee=” 1 1 o¢
0
SOCmin 0.5 SOCmax

K B4

KIB3  filiE LS5k 3 R AL 2

Fig.B3 Variation of equivalent droop coefficient of energy

storage station

W — B ]

VA — S5 7 SR 7 R ) s o S U

Fig.B4 Principle of the response of both frequency regulation

and SOC consensus control demands




<<
  /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


