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Primary Frequency Regulation Control Strategy of Energy Storage Based on Prediction of
System Frequency and State of Charge
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Abstract: The existing control strategies of battery energy storage system (BESS) participating in primary frequency
regulation are difficult to maintain state of charge (SOC) within a reasonable range while ensuring the stability of system
frequency. To solve this problem, a primary frequency regulation control strategy for energy storage based on system fre-
quency and SOC state prediction is proposed. Firstly, according to the change of system frequency, fuzzy control is used
to adaptively allocate the output proportion of droop control, virtual inertia, and negative virtual inertia control of BESS.
Secondly, according to the current load disturbance of the sampling point, system state variables, and SOC, a model pre-
dictive control (MPC) prediction model is adopted to construct its cost function, and quadratic programming is solved to
obtain the current optimal charge and discharge coefficient of BESS. Thirdly, rolling optimization of MPC prediction
model and cost function are performed according to the output SOC and the actual value of system frequency. Finally, a
primary frequency regulation model containing BESS is built by using simulation software, and the effectiveness of this
strategy is verified by simulation under step and continuous disturbance conditions. The simulation results show that this
strategy can not only fully exert the frequency regulation potential of BESS, improve system frequency, reduce the num-
ber of unit frequency regulation actions, but also maintain SOC within a reasonable range. This strategy can provide a
useful reference for related research on energy storage participating in primary frequency regulation.
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Fig.2 Third-order mathematical model of steam turbine
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under negative disturbance
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1 MWh21, ok L HLZE — VRO A B8 X R R A
+0.033 Hz(br £ {84 0.000 66 pu), BESS i
TR £0.02 Hz(hr £ 48 0.000 4 pu), H R[4 2
iR B N 50 HZ24, MPC (2% &3 1E 2,
Jret=50 Hz, Srer=50, HARZHUWIFR A K A2 Fnl,
32 TSRS A E A

ARG MITE T BR S PRl DA S S S A 3 2
FiPah T FigdT, 458005 LiEReS 5
g AiERES 5N K JORIEPILL R E K 55K
WIEAT LA, DT 500 UE A S SR W ) A B DA S A A
Peo NT L, 1RSI0 85 R 464 K % 5E
SONGKEHE 1, 8 K IESRISE USRI 2, TofiEReS
5T A 2 SNSRI 3.

29)

FEBTER AT A UL, AR A
AR, HBS B R KR i 22 DA SR Bk
FE,  MTAABIAN R SEE N R RCR . S KR i
ZE RN FLBAA I okt S , 58 Y TR AT R
o, AN B A RIE O

| |

Vp = 30
S (30)

[, XFHufifne SOC fmZERF, LB sug
SOC b2 i) KAm#% & LA R Am A i o e KA &
N DL R A ¥ T R R 215, 1B SOC fifg e ,
BESS i 78 K4 RO B . Herr, SOC fm#%
)RR

= (1)
A ASwa N SOC WK IWFE & 16 TN K.

PR ATIAN O T, AR H K5 Y
SER, Ay BITHE 4 FhOAS [R) VR AT S o AR B T I
WP ZEAE IARAEZE ,  INTTT 20 AT AN [R] SREWE %o 92 F A3
FEAZ O TR EE . WA ZE(H SFRTEZE BN,
AR AR R R o [RIIE,  TH Ak K FATLZH
ARBEIX N IR, R SR [] A K AL AR A 1% T 00
TR EER A KENLA RIS E R, Ui
WIRORBRET . b, K RLZE BRI O S bR
N 0RO O 72 A K B ATLEEL T ATAE X P A2 4E
FBIEX AL, AR — K L RSN {E20), 45
AR ZE ) FRIE N

1

My = [ 2 (32)
s i=1

s N RECRFE A AN i AR RN R
G E -

LA RE SOC WL LE SR, THEL 4 FhAS[R] A 5k
e SOC fmZ=~F341H LA RdnitE Z 1) 7 5. SOC
P 22 V-3 DA S bRt ZE 80/, BEEHR SOC kAR
5E . SOC fZ FHMEARIRIEN:

NS
AS.
o 2 @)
av NS
A ASCASE i AREE ST SOC iz .
SOC FrtfE ZHIRIEAN:
1 &
A%:sz (34)

s i=1

3.3 MERHAEtah TR
Wik 4 Frias, 785 s BZIE RGN 0.02 pu
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BT ER ST 8, Horh e P sh () B e e B
100 MW, BESS HI#144 SOC {E# & N 0.5, FK15
FUS KB E N 30 24, FEIE 0L R IR A b ik
FELL K SOC P 5 F11& 6 fiizn. BESS HIH 7
& 7 s, Bk siah B — I AR bR
mE 1 fw, WrEkffmhish T SOC fetrink 2
FiR o
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=
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Fig.4 Waveform of step load disturbance
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Fig.5 Frequency comparison chart under step load disturbance
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FEANAE N PRI P JT T, AN SR WS LL TG it e SRS 18
13.24%, 7% K i30S Lo fif BE SR AE 12 10.80%, & K
VRIS EL o h AE SIS R 13.20%. HIEAT L, A5k
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Fig.7 BESS output curve under step load disturbance

R PHERAGPEED T 8 — KRR bR
Table 1 Evaluation index of primary frequency regulation

with step load disturbance

2 SR g fna/ Afinax/Hz v/(102 Hz's™")

AL W 72472 -0.109 7 48798
W 1 73743 —0.119 1 5.0172
g 2 7.752 8 —0.134 4 48819
g 3 7.6630 -0.149 8 5.6245

®2 PR Psl T SOC fikx
Table 2 Evaluation index of SOC with step load disturbance

) ) ) ) ) P g ASmax vs/1073

0 5 10 15 20 25 30 AL S ~0.174 8 6.992 4

s S 1 ~0.190 8 7.6322

B 6 Brikfiardiah Lt N SOC Xtk Sl 2 ~0.209 2 8.368 3
Heng 3 0 0

Fig.6. SOC comparison chart under step load disturbance
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HE 5 ATRUE H, A SCRS AR FR S R 2 E
KTHEms 1 Fsng 2. HIERAET: w6 Fx,
TE5 15 s WA A RS SOC &% 0.35, b SOC
NG IX 3, MPC FMEAI ) gs FFEGETH =,
ge FFUE T B, MPC HFas % RE I 78 BOR AT 230,
BN T REREIE I T, b S8 T2 R &M
T S T AR SC s it e SOC HIZI R DR T 42
K2 J 5 Kk, Be il S it A Rt bt G 78t e 52
[FI, — YRS Z2 5T, TERYER S fr i sh T4
N AT S SR RS R AR AR R 2 o

HRYE & 6 F13% 2 X EE & SR BE 1) SOC e sh 1 i«
WS TC A RE SRS, (X TE A ST S /AR K 25K W LA K 8
K VESRmE 2 I HEAT ST b . ATRAE Y, 7E AT,
TERAEHIER R, AR SRR 1) KB D L =
BOK, (675 BESS 7 KIE 7 P RS nfEH,
SOC fmZER K. 1124 RGMFEFHENFREN B, BT
MPC ZJ38 | BESS 7/ 24, Ktk SOC [y %
TZEE /N T oAk 2 Phokng . b, ARSCHmE 1) SOC
RAMZEME L E K 5/ 16.44%, A8 K 35608 0] 5
f) SOC i KA 2248 L 72 K L5 /)N 8.80% . £ SOC
AL Ty T, AR SCHEME L K LSS 12 16.43%,
A K VSRS L e KSR IE 12 8.79%. HHILTT L, A
SCAESEFEM#ERE SOC Ao /7 T FIFE R LA A%

TEMER AT LB T, ASCHnE 548 K ik
BT X EG, AR HAE SOC RAS AR K 4]
W, AR SCSREWE PR S5 KAl 22 DA B8 T okt S
BUNFAS K 3, 1024 SOC R 0.35 2 47 e/
XHERERIA D /). XA W] T A SRR LE SOC
RSH AP ELAR K 75 B8 R % % BE 0 R A0E:
e, ELAENS R G it RE R Fe i IO S

R FRR, TEMMER A RAN LU R, AR SO
TEVETE Bt KA R M 26 18 A AE TR T B 380 FE 7 THI 140 /2
4 FhIEARSEE b i /N, SO T AR SR .
BRIz Ab, K 35 SR mS R AU 2 A 1R i e R SOC i
B UL SOC e i FE AT Xof Fl AT 4, A ST e Hh
fitife SOC Ifs e M AR T A ok .

34 EHHAGHEIIR

5 sIHE RGN AFE(—0.025 pu, 0.025 pu) K
0]y 5h AR SR 7 50, BESS B4 SOC ¥ B N
0.5, PFERKE N 5 min, HI 300 s24, 781 T
N A PRSI K R R AR A WK 8 BT,
SOC K& 9 i, BESS H /1 #h £ tn & 10 fiow,
AN R I — R bR R 3 iR, 4k

Fr sl T 1 SOC $RFrlIER 4 Fis.
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Fig.8 Frequency comparison chart under continuous load
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Fig.10 BESS output curve under continuous load disturbance
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R3OELEMGEINB T K UGE T bR
Table 3 Evaluation index of primary frequency regulation

with continuous load disturbance

st S LS 21l /Hz fa/1073 HUABEREL
('S 0.073 6 19.701 9 6
1 0.0816 20.234 8 9
g 2 0.108 8 252871 17
%] 0.117 4 25.683 8 21

R4 EEHUHAN T SOC fatx

Table 4 Evaluation index of SOC with continuous load dis-

turbance
2 SR g WERZEME Sia/1072 Sa/1073
ARG 0.1717 3.9245 3.9368
Sl 1 0.164 1 3.763 3 -2.5267
Sl 2 0.130 0 2.6817 -18.194 7
Fen 3 0 0 0

HE 8 F1Z 3 iTLUE H, Tfitre S 5 R
WS AR B2 St BN Tl T FIAR I B e R %
Lb 4 Fh SR WS AR W 23 ZEAE T A, AR SCSREWE LU TG i
RESEMS /N 37.31%, A8 K VLR NE LU TG it BE S /s
30.49%, & K iESRBSLLICAfRESRIG /N 7.32%. *LL
4 FhORME (AR bR UEZE AR, AR SSRGS LU G i BE SR
W& /N 23.29%, A8 K 25K LG il BE SR IE /N 21.22%,
JE K LRI L TCAERE SRS /N 1.54%. HHULAT WL, 7E
B AREN T, AR T IR IES 22 E
DA S AT FRE ZE B /N T oA 3 Fhofems, UhBHTEIESE
FATPE) LOL T, A SCRBE AR LT HAR 3
T W

Bribz Ah, HHER 3 nTLUEH, ASCHRRS K
MU RSB E RN T oA 3 Fhfemg . Horr,
AL L TEAGRE RG> 71.43%, A8 K {ATRISEL
TCAGRESNG > 57.14%, & K VLIRS LLIChé BE SR Mg
> 19.05% o 45 FEUt B AR SCHEHE AR — e F2 FE i/
T K HMLZH R A B A 1 e S B 451, AT T
MU Fdr, $&F+ 7 HE T,

RIEE 9 FIK 4 747 BESS 7EAAS L F 19
SOC WahIEM., [FIFEZNE T 6L S 5 1R,
RAEAR SN AR K VR DL e KR SR 2 )k
FTHEE . I\ SOC S 2248 bl 22 PR, ARSUOR
WEHE KT K VRN, X2 BT A SRS TR SRAIE
SOC #EFFfEAEJuE NIRRT, NAREFEHET
BESS (SRR . & K LSS T 3508 150 K iE
BESS i RE, Bt SOC FrfE /N, SOC

S/, FRIRHZ SRS KB SOC MIZIRFE, Kk
SOC fZFHMERK, SOC Wi IX 6] 78 Fl i =3
SOC K3 AE1E .

TEFESE AT T, AN 54 K ik
BOMHEATR L . A SOC HERAS FokE, A
BEANINAR K iERRE, (HASCHRRE N SOC 4244k
FREA AT EERE T, BERES A
TR (PR AR B AR T K ik T8 K2
T LR, ST ORI RGE, &
IR RR R R I AR e, BRI E R RS
LSRR FE A PR o 1 AR ST SRS A R 1B e
REBg W EEAH E AR TE RS, EEREENNE
REWEE, BARIFIEIESER.

R EPnR, RS LA, M4 Fhik
WS RARCR EoRE, AR SCERBE IR AR T
&3 Mg . M SOC HIFsE M FoRE, AR
A K AR A Z B, Befl SOC {REFIE &3S
P o NI K EBLEHL AN B 38R ok
AL N 1 K ML B IR B s b

4 4Eig

D) ASCHT2 H 1) BESS 4l Bl K LA — IR A 4
TS e R G HAR IS R G I B 1 LR 1 T T
il RE AT DA S A R AR s R g H g b, A
oy K% T BESS WSS RE, (G358 T RAIFARE,
FEAIS 1 K AT LA RS s, 520t T LA A G

2) RIARFERERE SOC 14 HPIRAXT MPC AR
W bR B B R 2 BCE AT BOE B, RE AT
BESS 7£ SOC RAFIRZE T LET M, £ SOC K
HEIRZE N LIET SOC YR, Jii it % BESS )it 78
UL

3) AR MPC R K (1) 2 Gi 5 F i g
SOC HEATTM, *F BESS ¥ 78 U REUHAT R UG
B, ERIERGMFEREN TR A T BESS H
& SOC (e, $#&5 7 BESS [ %, M
P01 At e RS B S AR

XMt gE S5 — IR URAE, ARREAE 21
R ITC LA R B RES 5 — YR Sens kAT &
XTI

B 3% D0 A< 1) 9 2% il (http://hve.epri.sgce.com.cn).
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Fig.A3 Ratio of virtual inertia control membership curve
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Table A1 Language table of the control rules for the ratio of

virtual inertia control

Af
AfIAL
NB NM NS Z0 PS PM PB

NB VB M B VB Z0 Z0 70
NM B B B B

NS S M B B S

Z0 Z0 Z0 Z0 70 70 70 70

PS S S S B B M S
PM S S M B B B

PB Z0 Z0 Z0 VB B M VB
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0
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Fig.A4 Diagram of fuzzy logic reasoning results
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Fig.A7 System frequency error weight curve
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