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An Integrated Control Strategy for Energy Storage Participating in Primary

Frequency Regulation Considering State of Charge Constraint
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Abstract: In view of the fact that battery energy storage pos-
sesses such advantages as fast response speed, high control ac-
curacy and flexible capacity configuration, it gains wide atten-
tion recently in power grid frequency regulation. However, tra-
ditional control method is easy to make over-charge or dis-
charge of the battery, so the power grid operation and battery
use are affected. In allusion to this situation, considering the
state of charge (abbr. SOC) constraint an integrated control
strategy with the participation of energy storage for power grid
primary frequency regulation is proposed. Firstly, an automatic
generation control (abbr. AGC) model with energy storage bat-
tery participating in power grid primary frequency regulation
was constructed, and a scheme to conduct the configure the en-
ergy storage capacity according to SOC constraint of the bat-
tery was proposed. Secondly, by means of the feature analysis
on virtual inertial control for energy storage and virtual droop

AR F7,2022,39(1)

control the distribution proportion coefficient was designed ac-
cording to the dynamic change of power grid frequency devi-
ation, thus the smooth change of the participation degree of the
two ways was realized. Thirdly, taking the parameter adaptive
regulation suited to the SOC condition of the battery as the ob-
jective, the adjustment of charging and discharging control
coefficients of energy storage was carried out to improve the
frequency regulation performance and the change feature of
SOC of the battery. Finally, by means of the simulation com-
parison of various methods the feasibility and effectiveness of

the proposed method are verified.

Keywords: energy storage battery; state of charge (SOC);

primary frequency modulation; charge and discharge control;

battery capacity
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Fig. 1 The control model of energy storage battery
participating in power grid primary frequency regulation
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AR F7,2022,39(1)

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com



100 m

K B A

202242 H

0 . . . . .
20 30 40 50 60 70 80
t/s
(@) Kwsoc)

0 1 1 1 1 1
20 30 40 50 60 70 80
t/s
(b) Kisoc)

B 5 fAfREEREFSHEN
Fig. 5 Variation of energy storage control parameters
under sudden load reduction

9
8.
.1
ol
2 st
S 4r
S 3
2r — Ffihe
1H — RTjik
o — HBHE

e AFEB L

0 10 20 30 40 50 60 70 80
t/s

B 6 51y SR Bt R I 87 2 4 22 A 2%
Fig. 6 Power grid frequency deviation curve under
sudden load reduction

Fifits G A% Go g il O SO LRG3, AR SO L I &
A G 0.1 pu, fifi B FLIE W] 4R SOC 2y 0.6 11
LT AT TR E T E, A 8 Bl il 1 Hhoxd i
T LSBT AT, (AR SO ik R it e s i =
B LT 4 DD 4k BE % 3k G - il 2R 1

AR F7,2022,39(1)

|
—_

&2 0.08 BRI BN FZ M TSR
Table 2 Frequency regulation index under the condition
of 0.08 step disturbance

I Afin socC
ToftRg 7.980x1073 —
AT 6.720x1073 0.764 2
HEYR 7.290x1073 0.862 4
eBS 5k 5.801x1073 0.900 0
1.0
09}
0.8}
0Tt
2
0.6}
05}
/ — ROy
0.4} — HZYIHIE
e 2RRS L
03 , , , , , X ,
0 10 20 30 40 50 60 70 80

t/s

B 7 fafrziEafiEsem it SOC T Lk
Fig.7 SOC Variation of energy storage battery under
sudden load reduction

e T 5 R 9 i BE F b 1 g & A B BR AR A ) I Rt
FlEE, 5435 A H U EE 0% AR P56 6% 6E it
SOC 5 i i 4 4= 1 R %, 2 =i i e SOC By 4k
FERCR

4 H X 67 far SE B BS), fi BE E THb CH Ry FL R
BEIRAME, &9 K3 3 nl A, AR iEMN T
TC A e B B4 )40 A8 DR R ) e Rl 22 119
eI B T 152% & 7.5%. S 530800
BORBAL TR, (B E 1005, FIHAE
S S5kl B fe S 585, B SOC fr ek
F| SOC FRAE 0.1, [H]HSfiff BEAR PR 491 2 5| ke o )
W R, IRIR AR SO R RE SOC {E 2k 0.23,
R4 PR R O AT B TR TR L AR B i
B K AR S 5B RE L M SOC 2R3 3500 43 4R v
T 16.5% ;% 10.7%, HLAFE R EMERSS5H
I — YA

3) FEOL 3. HL W g i SE B)

R TE 10 s B R I 67 47 2838 0.12 pu, 40 s i}
F, R0 671 A7 2808 0.18 pu, 70 s B HL R i 28484 0.16 pu
035 SE A a4 S, AN 11 s R AS 507 25T
e S EUB LA, 10 s X AP S 7EHL It SOC
T 0450, fERE LA KA S8t 71, U

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com



9539 % 5 1 BRI S . 2 AT RS LR A BE S 5 L 9 — DRI AT 2 45 42 il R ek 101

4.0

0 . . . . .
20 30 40 50 60 70 80
t/s
(a) Kyysoo)

0 1 1 1 1 1
20 30 40 50 60 70 80
t/s
(b) K(E(S()(I)
8 fMfySIEREREIR I S BTN
Fig. 8 Control parameter variation under
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/ N
w/
\

— Fefie
— A3
— A
oo B

10 20 30 40 50 60 70 80
t/s

B9 Gifar 52 et AR I 55 R 4 22 Hh £k
Fig. 9 Power grid frequency deviation under
sudden load increase

SOC % 0.45 b e il S5 B2k, Biikh
Wit s 40 s BF, HL ML SOC #AI%, ) LA B K Fe v,
SR, 68 s IR SOC ik BB, it 5
BF 9] 47 fi e s o R AL, 7 1k A T e e | AR
WAL, 70 s BEZSEO AT S 10 s B IS GO AR,
5 B A RN E 11—13 FiR.

X3

—0.1 Fr BRI B & 4 TR SRR AR

Table 3 Frequency regulation index under the condition

of —0.1 step disturbance

Jid: Ao socC
Tehitfe -9.974x1073 —
AICFH —8.086x1073 0.23
Bk -8.853x1073 0.14
2S5 ~7.254x107 0.1
0.7
— R
0.6 — HEDI%
e BRI
05+
04t
g
03}
02}
0.1}
0 10 20 30 40 50 60 70 80

t/s

10 SifaySSIEATfEREFE it SOC L Bh £k

Fig. 10 Curve

4.0

of SOC variation of energy storage battery
under sudden load increase

10 20 30 40 50 60 70 80 90 100

tls
(a) Kyysoc)

10 20 30 40 50 60 70 80 90 100

t/s
(b) K, G(SOC)

B 11 SEES e s S8 TH

Fig. 11 Cha

nge of energy storage control parameters

under continuous load disturbance

A, A7,2022,39(1)  http://xddl.ncepu.edu.cn  E-mail:xddl@vip.163.com



102 K B A

202242 H

— Tf#RE
10 b — KI5k

A — H#EYIHE
e RS

0 10 20 30 40 50 60 70 80 90 100
tls
B 12 Safsr e S 4A 5h i R 0 57 2 4 2 il 2%
Fig. 12 Power grid frequency deviation curve under
continuous load disturbance

0.7

— A7k
el ) — BRI
: \ e SRR 5T

0.5t O\ \

&) N

204 o
03} \
02t

Ol 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
tls
13 Safar S Bh A % BE FE it SOC 24K il 2%
Fig. 13 SOC variation curve of energy storage battery
under continuous load disturbance

WNE 12 R, SRR AR S AT B
P4 J7 1k 5 O Ak RE LA b 3 U512 A LE RE RS R A1
RGN IR RN 22, H AR S50 % i 22 5 T g
% 15 3 5 BRI K A TS 5 AT B8 55 8%
Ry BIRGERERTES HIEHI R LI T RG R K
W A 22 5 TS B e, B, W 13 B TE
i AEFL L SOC AERFRCR I I, T P-4 i SR M 1) 2%
REAE, RERHHHAEZNAERES S RGN,
AT AT LS v ik BB Fi vl D0 20 i

4 Hig

1) M 2545 s il SR s i it B 215 L I — 3K
PR , REAS W] R R R ORR A 22, By Lk A Y
WA AR, TR BEAE S HL SOC, B Lk H
[BRE o w)s G T RN O P

2) MR8 H P R Al 22 3 25 9 B 14 % fiE 20 I
Fepi 2%, RERs S Bl 2 M 7 sUR - T U

AR F7,2022,39(1)

FOrRIE B, M T MGRE . iUt
A HL I g KA R A 22 i B R BE T B, A R
T215%. 7.6%.

3) AR SOC H i L I & i BE 78 5 FL 1%
il 250, REMS B 1k HL OATR — R BRTE , 0
SOC FHiE, HIXTFHZEYIHE: . 22 5%, &
SCITEEAE SOC WAERFRE 177 T 4 BHE =5 749 16% .
11%.

SZ 3k

(1] ki, 928, sKEL, 55 STRG MR AT e o Z
(i) FRUBE PR i e [J]. BRAXHR 7, 2020, 37(1): 74-82.
ZHANG Chi, ZENG lJie, ZHANG Wei, et al. Multi-time
scale coordination control strategy of isolated microgrid
with hybrid energy storage[J]. Modern Electric Power,
2020, 37(1): 74-82(in Chinese).

(2] EFFA A5 F5 1. 75 FEAERE AT FUIRZSF 40 XU A A 44

LI 72 I P ) R RROH ¥R 1] AR T, 2020, 37(5):
518-525.
FENG Chunsheng, YANG Xiuyuan. Parabola regular vari-
able filtering fime constant method considering energy stor-
age soc state to smooth wind power[J]. Modern Electric
Power, 2020, 37(5): 518—525(in Chinese).

[3] KAMRUL A, HAQUE M H, AZIZ S M. Application of
battery energy storage systems to enhance power system in-
ertia[C]//2019 29th Australasian Universities Power Engin-
eering Conference (AUPEC), Nadi, Fiji, 2019: 1-6. doi:
10.1109/AUPEC48547.2019.211941.

(4] ™5, X%, BOWH]. H i fifE 25 i ) R G8—KR

14 Dy 5 73 BL HE WS [J]. 11 R GE A B4k, 2020, 44C14):
26-39.
YAN Gangui, LIU Ying, DUAN Shuangming. Power dis-
tribution strategy for battery energy storage unit group par-
ticipating in secondary frequency regulation of power sys-
tem[J]. Automation of Electric Power Systems, 2020,
44(14): 26-39(in Chinese).

(5] #AEEAR, DGR, KRBT FAE RBRIE AT SO A3k

FEHIBEFE LR S B[] 0 R 58 A sk, 2018, 42(8):
2-15.
HU Zechun, LUO Haocheng. Research status and prospect
of automatic generation control with integration of large re-
newable energy[J]. Automation of Electric Power Systems,
2018, 42(8): 2—15(in Chinese).

(6] Fitm=, FEVUIE, ST KUABEIE A TR T () RGN
FEFEST T, R REIR, 2015, 41(7): 2209-2216
MIAO Fufeng, TANG Xisheng, QI Zhiping. Analysis of
frequency characteristics of power system based on wind
farm-energy storage combined frequency regulation[J].

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com


https://doi.org/10.7500/AEPS20171025015
https://doi.org/10.7500/AEPS20171025015
https://doi.org/10.7500/AEPS20171025015
https://doi.org/10.7500/AEPS20171025015

9539 % 5 11

BRI S . 2 AT RS LR A BE S 5 L 9 — DRI AT 2 45 42 il R ek 103

High Voltage Engineering, 2015, 41(7): 2209-2216( in
Chinese).

[7] AKRAM U, KHALID M. A coordinated frequency regula-
tion framework based on hybrid battery-ultra capacitor en-
ergy technologies[J]. IEEE Access, 2018(6): 7310—7320.

(81 K, WIS, AR HL T At B 28 8 A I 42 o SR s 0],

ML RS A B ik, 2021, 33(2): 116-121.
WEI Wei, CHEN Han, ZHU lJie. Battery energy storage
system two-mode coordinated control strategy[J]. Proceed-
ings of the CSU-EPSA, 2021, 33(2): 116-121C in
Chinese).

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

(10] Z=8aik, F B, R, 45, 2% 0B RN 07 F00 ) i

H Yl 2 55 L ) — U A R SR 0], WL D R g A sk,
2019, 43(19): 87-93,148.
LI Peiqgiang, FENG Yunhe, TAN Zhuangxi, et al. Control
strategy for energy storage battery in primary frequency
regulation of power grid ultra-short-term  load
forecasting[J]. Automation of Electric Power Systems,
2019, 43(19): 87-93,148(in Chinese).

[11]KNAP V, CHAUDHARY S K, SWIERCZYNSKI M, ef al.
Sizing of an energy storage system for grid inertial re-
sponse and primary frequency[J]. IEEE Transactions on
Power Systems, 2016, 31(5): 3447-3456.

[12] DELILLE G. Dynamic frequency control support by en-
ergy storage to reduce the impact of wind and solar genera-
tion on power system's inertia[J]. IEEE Transactions on
Sustainable Energy, 2012, 3(4): 931-939.

(130 BT, £ M, BB, 55 B T XU 37 4R TP A AR Y XUk

Fe MR R W A ST [I]. ) R G AR 5 A, 2018,
46(6): 30-37.
JIA Chengzhen, WANG Lingmei, MENG Enlong, et al.
Research on flexible control strategy based on the central-
ized storage joint with wind farm[J]. Power System Protec-
tion and Control, 2018, 46(6): 30—37(in Chinese).

(14] BEBroT, 2R, % IEMHRES 5T IR S VR DL 28 B
e B R[], TR 2R, 2015, 30€12): 454464,
HUANG Jiyuan, LI Xinran. Capacity allocation of energy
storage system considering its action moment and depth in
rapid frequency regulation[J]. Transactions of China Elec-
trotechnical Society, 2015, 30(12): 454—464(in Chinese).

(15 2RIk OR, I SC. ARAE LIRS 55 HL I — DRI 1Y 1 T 1 42
R[], HB T AR 4], 2019, 34(18): 3897-3908.

LI Xinran, CUI Xiwen. The self-adaption control strategy

of energy storage batteries participating in the primary fre-

AR F7,2022,39(1)

quency regulation[J]. Transactions of China Electrotechnic-
al Society, 2019, 34(18): 3897-3908(in Chinese).

[16] XBEE, FhER, I 4. fRE S 5 — YR M £ 5 1

FFEE[T]. EHLEROR, 2018, 44(4): 1157-1165.
DENG Xia, SUN Wei, XIAO Haiwei. Integrated control
strategy of battery energy storage system in primary fre-
quency regulation[J]. High Voltage Engineering, 2018,
44(4): 1157-1165(in Chinese).

[17] Pandzi¢ H, Bobanac V. An accurate charging model of bat-
tery energy storage[J]. IEEE Transactions on Power Sys-
tems, 2019, 34(2): 1416—1426.

(18] RJAML, AL, sk, 45, A RES: 5 i I — AR

Y L N 25 P T SR IS 0], FL R AR, 2020, 44€10):
3829-3836.
WU Qifan, SONG Xinli, ZHANG lJingran, etal. Study on
self-adaptation comprehensive strategy of battery energy
storage in primary frequency regulation of power grid op-
timization of micro-grid primary frequency regulation re-
serve capacity and energy storage system[J]. Power Sys-
tem Technology, 2020, 44(10): 3829-3836(in Chinese).

(19] 222280, 3%, BB, 4. BT IR far B PRAS IR S 1Y)

EIERGES 5 — YR [J]. B3 R 58 A 3k, 2020,
44(19): 63-72.
LI Junhui, HOU Tao, MU Gang, et al. Primary frequency
regulation strategy with energy storage system based on
factors and state of charge recovery[J]. Automation of Elec-
tric Power Systems, 2020, 44(19): 63—72(in Chinese).

[20] B BRI, ARAZTE, 15, 45, TRINOLALPID Iy B 7 & X HL HY

J1 Z G AGCH BRI [J]. #8258 B I A s ik 4k,
2019, 31(3): 16-22.
ZHAO Xilin, LIN Zhenyu, FU Bo, et al. Application of
predictive optimization PID method to AGC of power sys-
tem with wind power[J]. Proceedings of the CSU-EPSA,
2019, 31(3): 16—22(in Chinese).

KR HE: 2021-01-08

EE T

BRI (1969), B, #Z, WA, BF57mh T
AZG s T 58 . Feeli A H , E-mail: zhaoxl@mail.hbut.
edu.cn;

SRRAE (1997), B, BEHFGEA, WF5E07 RN HTREIR A&
R A#RE R Gedathl, B-mail: 1821557688 @qq.com;

FEIH (1999), Lo, W-HWRRA, ARSI M RE AT
5¥ii, E-mail: 1084955387@qq.com;

ZEfh (1998), B, WUEBEIEAE, WF5COT IR ik RE K F A,
E-mail: 1596539726(@qq.com;

WARIC (1998), 55, AR, WFR 51 A TR N [ 3l
1, E-mail: 1106861584 @qq.com,

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com


https://doi.org/10.1109/TPWRS.2017.2655842
https://doi.org/10.7500/AEPS20181030001
https://doi.org/10.7500/AEPS20181030001
https://doi.org/10.1109/TPWRS.2015.25035
https://doi.org/10.1109/TPWRS.2015.25035
https://doi.org/10.1109/TSTE.2012.2205025
https://doi.org/10.1109/TSTE.2012.2205025
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2017.2655842
https://doi.org/10.7500/AEPS20181030001
https://doi.org/10.7500/AEPS20181030001
https://doi.org/10.1109/TPWRS.2015.25035
https://doi.org/10.1109/TPWRS.2015.25035
https://doi.org/10.1109/TSTE.2012.2205025
https://doi.org/10.1109/TSTE.2012.2205025
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2017.2655842
https://doi.org/10.7500/AEPS20181030001
https://doi.org/10.7500/AEPS20181030001
https://doi.org/10.1109/TPWRS.2015.25035
https://doi.org/10.1109/TPWRS.2015.25035
https://doi.org/10.1109/TSTE.2012.2205025
https://doi.org/10.1109/TSTE.2012.2205025
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2017.2655842
https://doi.org/10.7500/AEPS20181030001
https://doi.org/10.7500/AEPS20181030001
https://doi.org/10.1109/TPWRS.2015.25035
https://doi.org/10.1109/TPWRS.2015.25035
https://doi.org/10.1109/TSTE.2012.2205025
https://doi.org/10.1109/TSTE.2012.2205025
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.1109/TPWRS.2017.2655842
https://doi.org/10.7500/AEPS20181030001
https://doi.org/10.7500/AEPS20181030001
https://doi.org/10.1109/TPWRS.2015.25035
https://doi.org/10.1109/TPWRS.2015.25035
https://doi.org/10.1109/TSTE.2012.2205025
https://doi.org/10.1109/TSTE.2012.2205025
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.7667/PSPC170315
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.3969/j.issn.1000-6753.2015.12.058
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2018.2876466
https://doi.org/10.1109/TPWRS.2018.2876466

