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Double-layer Control Strategy of Combined Primary Frequency
Regulation for Battery Energy Storage System and Thermal Power Unit

YU Hui-qun, QI Ming-xin, PENG Dao-gang, SUN Hao-yi
(College of Automation Engineering, Shanghai University of Electric Power, Shanghai, China, Post Code;200090)

Abstract; Aiming at the problem of battery life loss caused by energy storage system participating in pri-
mary frequency regulation, a two-layer control strategy of combined primary frequency regulation for bat-
tery energy storage system and thermal power unit was proposed. By using the improved whale algorithm
to optimize the unit regulating power and distribution coefficient, the energy storage life loss was reduced
and the frequency regulation effect was improved. The simulation model of primary frequency regulation
for thermal power energy storage was built eventually. The simulation results show that under the continu-
ous load disturbance condition, the energy storage life loss of the proposed strategy is reduced by 61. 1%
and 32. 8% respectively compared with the fixed droop control and variable coefficient droop control, and
the root mean square of frequency deviation of this strategy is reduced by 40% , 100% and 150% respec-
tively compared with the fixed droop control, variable coefficient droop control and no energy storage con-
dition.
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energy storage system and thermal power unit
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Fig.2 Combined primary frequency regulation model for energy storage system and thermal power unit
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MNP R JZ AR AL DR S o - R R, BOE AR
fift RRIBE G PRI AU A | DGkt £ 3300 LI i 22 Af



55 6 31 T e, 5 RS - SRS — YRR 1R U244 T SR .53 -
fordr =t 3 FHA
A, + Ay #0
1A, 1 <1 3.1 HESH
1A, 1 <1 (15) TE Matlab/Simulink H 32 2 7 24 X 36 H X — ¥R
AL <1 PHIARY AL B 25 5 1 000 MW, iE & fiff g
1 = 400 FEE 10 MW (LSS | B, KR

STTEC BB A, AT A BEAT IR 8 1B B
PET T 2N 43 e 2R B0 3, B A e ¢ 1 ik B B
2.3 WEEHIRBEXEREH

fitiBe — KCHLIBE A R AR s G IR S A an 1) S T
INo ATLAF H FED R PR A 2 AR IBGRR J 391 17 ey 0000
Bl AR A e PR Y LA BB 77 P RE B
AN ER SR FH et e B 0k o e LTS e 4 o) R R
UL 4 ) g B 1 D SR T SR, PR S
B R B B IE IR LR R 45 BB ILZ
FBOBCRTEARBUAA T DR G , AR08 (2
Sk BB, SR FH st i e B8 0 LT A o) R 408
P ) R R AR S o B A R B A T S TR
TR AR T D) FE RN 5 B REAR L A R 20 it

B I

v |

I
I
I
|| BRI S S w4 B W E B IE R 5L
I
I
I

I
I
|
I
I
' ' |
J

i 1 B 5 T 3R
HHHTRERFLIZ

it REAF A2l

REHE v
K A REIDE 2 I

|
|
|
Y |
|
|
|
|

i%i&ﬁ%%%%ﬁ%ﬁI

v

| bR

B 5 ke - NEREXS SR M CBR S E
Fig.5 Associated structure diagram of combined
frequency regulation policy for energy storage

system and thermal power unit

X EE, RE SCRERE — K LI A — YR B 18 Uz 42 i 5
W Ry SR 1, SCRIRL 13 ] rp i 1 B [T HE 4801 e 4
] D123 14 [0 5 R AL T g il SRt g SR 2, SCRR [ 8 ]
i AR R T D) R A AR R BUR AU T
] AW A SR 3, JCA RE P SR D R 4, D SR ik
SRS A R, BT BR BN (120 s S AT B0
1900 s BELERMTHLSY , XM 1,2,3 ,4 HATHILE
x1 HESH

Tab. 1 Simulation parameters

E Ey¢(c
e/ NBCBEREE D, 0.2
e RIEAREL 1, 400
T EAR I )RR T 0.02
PCS BRI H 2L Tpes 0.1
R IR R AL Fyyp 0.3
PRSI YR RELF,p 0.3
REGL YRR R F 0.4
HWABU,, 0.5
KB IREE D, 0.8
DR Bt SR P A 30
TGRS 1] F AL Ty 10
RERTZE VRIS T R 4K T 0.5
T G2 ) H A Ty 0.3
FL PR o 5 4 T 10
BB B 78 4K T 0.1

3.2 MERAERzs TR

K 4 FhORIE XS bR ZAE 4 0. 05 p. u. BB ER T
TS HATIRUE . 4 FAS [) W JIT XoF 17 1) A9 3% g 22
mE 6 iR, WARTE bR FIE AR PR A0SR 2 Fis .
P 6 FIiZE 2 nIT, 24525 0.05 p. u. BB ER T4 3h
BF, SR WS 1 B A A BT R L SR g 2,3, 4 43 il R
19.9% ,21.8% F130.5% , HWE 1 (52002 M 22
FLHEmg 2,34 0070 4.2% ,19. 8% F121.8% , 3K
W& 1 i RE A A 45 FE LU SR WG 2 R0 3 4331/1N 33. 8% FiI
61.5%



- 54 . woaE B T 7 2023 4F
-5
- 0.10 |
T 10} aes
T f//; * 2 o0s|
: 0
Q% _20_7 ﬁ;
o ) et 1 = -0.05
& -2s5p e 5 &
30 i 1 1 1 1 1 1 +1ﬁmﬁ4 _0.10 L

0 5 10 15 20 25 30 35 40
fis Bl /s

El6 MrEkitzh TmZEmE Lk
Fig. 6 Frequency deviation curve under

step disturbance

®2 WERME T RAMIERT B BIER
Tab. 2 Frequency regulation and battery indexes

under step disturbance

" RIIRMZE,  FaSuE, REWRME, Faibie/

103 s 10~* 10~°
1 1.792 19.11 -8.72 6.56
2 1.892 22.93 -9.10 8.75
3 2.676 23.28 -10.46 10. 60
4 4.075 24.95 -10.63 —

7 40.05 p.u. rER S48 2 T 3 Fh SR WS 1)
SOC gk, WK 7 nl, %mg 1 13 1Y SOC ZE LA
KRB 2 LU K T2 A SOC A8 k8K,
M2 g RE L A5 Ay, Hh B3R e Br ol 8, SRS 1 1Y
— WA T oAt 3 F o me

0.505
0.500 =R
—— 2
0.495 ‘&g;;;;;;" -------- — s
o 0.490 | i, ———_—
S 0485 e
0.480 - e,
0.475 - L
s
0'470 C 1 1 1 1 1 1

0 5 10 15 2|0 25 30 35 40
i) /s
B7 MERILEIT SOC L fh 2k

Fig.7 SOC change curve under step disturbance

3.3 EZAMEITR
3.3.1 FaisEsL i sh T.00

RS UE— YR AT A S TR EC A 120 s
JHE S T AL S I LASUE B far P 3l ith 2 an 141 8
7R o AR SR AR i 22 1t 4 Fn SOC i Zean &l 9
FIE 10 7R, 4 Tl il SR m 00 8 A5 48 An an 5 3
7No HBFEPRANER 4 PR,

0 10 20 30 40 50 60 70 80 90 100 110 120
fis 18] /s
B8 120 s fAfrHizhihsk

Fig. 8 Load disturbance curve in 120 s

10 |

BN —

21

R 2/10-°Hz
& o W
pi 2 v 7

e
i >
.
il
fia <o
e
s
o, N
£ ..
LE = T
T

-10
0 20 40 60 80 100 120
B 1) /s

B9 120 s EEMBA TIREMRE K
Fig. 9 Frequency deviation curve in 120 s

under continuous disturbance

0510
0.508 hn
0.506
0.504

< 0.502
0.500

*0.498
0.496
0.494
0.492
0.490

T T
t
&
&

\

0 10 20 30 40 50 60 70 80 90100 110 120
B[] /s

10120 s BLEH BT SOC T #h £%

Fig. 10 SOC change curve in 120 s under

continuous disturbance

R3 120 s EEM B T RIS
Tab. 3 Frequency regulation index in 120 s under

continuous disturbance

e BARIRm2/10 3 iR w2 TR /10 73

1 2.961 1.477
2 4.147 2.080
3 5.795 2.968
4 7.397 3.734

M &l 9 A% 3 "I, 7E 120 s L sh T T,

TR 1 BB RATR i 22 LU 3RS 2,3 ,4 235/ 40%




56 M

ToxE A AERE — KA A — R OUZ 2 SRk .55 -

95% 1 149% #3422 4 75 M 53531 /)N 40% ,100%
F150% . HME 1 A AR 32 0% s BRI, 4 i B
PG PE 00 5 L A LG TR — 1 ] AR R
AR POTR R G  n)E, FR ] 10 AT SR 1 AfRE
R SOC MAEFFROR AT, 7% 120s ELL 3
BT, SOC ¥ RAE A 0. 500 41, /N T 5K Hg 2
35 itiHE 3R G L Tt 5 i 10 FE LU SR 2 3 /1N 30%
16.7% . 1 FAREARE AT, SR 1 AT LU R0/ i
REAF AT FE

R4 120 s BEMB T RIS

Tab. 4 Battery index in 120 s under continuous disturbance

WKW SOC e KWZE/10 % SOC #Jr iR ke 10 -°

A 12 FIER 5 T, SRS 1 AR RCR G
THA 3 FhERI SRS 75 900 s L2 AT S
SR TR KRR i 22 FE At 3 o ) SR et o
W/ 44% 114% F1 179% , H AR 1 0550 % 0w 25 1
J7 2/NT Al 3 Rl e . il 13 Fsk 6 mlAl,
TERMSRIEZELSN T, KM% 1 AERER 4L SOC I4ERS
MR IS, KW 1 Y SOC ¥R 0. 500 7, S0C
MR ARAS R 5.4 x 1070, /T AL 3 Fh il S g ;
M 1 BRI A AR 23 1 EE SIS 2 3 /) 61. 1% A
32.8% , 4L, RS 1 W LI RO B RES S — K
IR B A7 A SRR T w8 — DR ISOCR,

&5 900s ELLH B T IRRIEHR
Tab. 5 Frequency regulation index in 900 s under

continuous disturbance

s BB MmE107° R mEE /10 73

1 4.14 0.500 41 1.42

2 9.96 0.500 84 1.85

3 1.36 0.501 03 1.66
3.3.2  KAFEES GRS T80

R B A I [ 25 S AT I Bl A R, 900 s i
SRS AN 11 Frzs . 3 ol SR A9 450 Al 22
LANIE 12 R, RIS E SOC ZZ L2 niE 13
JIT7R o 5 SR R AR b AT M5 5 20 S0l A 5

* ” W ‘M " |

1 1
0 100 200 300 400 500 600 700 800 900
B} 1] /s

11 900 s AT B2k

Fig. 11 Load disturbance curve in 900 s

0.10

0.05
-0.05

-0.10

FAFs/MW
=]

|
W

PR /103 Hz

R
S

0 100 200 300 400 500 600 700 800 900
A [a]/s

B 12 900 s SR {m 2= B 2k

Fig. 12 Frequency deviation curve in 900 s

1 3.401 1.38
2 4.976 1.96
3 7.350 2.83
4 9.510 3.57
0.508
0.506
0.504
0.502 |
9 0.500
% 0.498
0.496
0.494
0.492 :
0‘490 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900
fist [B] /s

13900 s HLEH BT SOC AL #h 2%
Fig. 13 SOC change curve in 900 s under

continuous disturbance

R 6 900s ELH N T E MR
Tab. 6 Battery index in 900 s under continuous

disturbance

W SOC e RfW#£/10 5 SOC ¥R H At/ 10 -3

1 5.4 0.500 7 1.52
2 13 0.500 8 2.45
3 16 0.501 2 2.02

4 &

R RE — SIS — TR 14 XU Z 4% i S s 5



.56 - o mE

B o TR

2023 4

[0 7 R AL g o] 0 =3 A s o SR B R AU T
) Sy 25 -4 o SR s AR I i E 4% A SRS 4 LE, 75
PAF 454

(1) FEREE AT T, A SCHR H 1%

BE — LIRS — U PRI AR U2 42 T SR s LE A 3 o
1l SR Ik 1 401 24 A 22 34 75 KR 531 /1N 40% , 100%
F1150% .

(2) FEREEI AT EN L0 T, A SCHR H B i

A8 — KCHLIRE — YRR 8 L2242 T SR W 114 H Tt 7 i
AHURE 0 91 L HA Pl 5 A i 3 1) 42 1 SRt 0531 i/
61.1% F132.8% ,

S Xk

[1]

bk, hoxu I AR RRREHOR BlA 20 A XA R AR RE IR B
BUIR B2 & S ¥ [ J]. v THOR42,2016,31(14) :1 - 10.

LI Jian-lin,MA Hui-meng, HUI Dong. Present development condi-
tion and trends of energy storage technology in the integration of
distributed renewable energy [ J]. Transactions of China Electro-
technical Society ,2016,31(14) :1 -10.

MEE R LR I e N YN ST eI R
RGP A DG LR [J]. 5 R, 2017,54 (8)
39 -46.

FENG Qi,ZHOU Yi-bo,GUI Jian-zhong, et al. Literature review on
frequency regulation technologies of the power system with large
scale wind power[ J ]. Electrical Measurement & Instrumentation,
2017,54(8) :39 -46.

Xk, ak RIS, AR AR RE AR A HL M IR I AR 55 P Y
JSEFH BUCAR VR 504 (] A BE AL 22 5 HER, 2016, 5 (6)
909 -914.

LIU Bing,ZHANG Jing, LI Dai-xin, et al. Energy storage for peak
shaving and frequency regulation in the front of meter : progress and
prospect[ J]. Energy Storage Science and Technology,2016,5(6) :
909 -914.

sk RN e W, LA R RE R G S S I I B
RER S AMENURITRIEL )], B TRHOR ,2020,39(5) .71 -
77,84,

ZHANG Zhi,SHAO Yin-chi, LUN Tao, et al. Review on the poli-
cies and compensation mechanism of BESS participation in the
auxiliary service of frequency and peak modulation [ J]. Electric
Power Engineering Technology,2020,39(5) .71 —77,84.

XX MR,y e, 4. AL Tt o A Al ) — U A3 4 45 2 ot
Mgzd 52 [)]. 5124 ,2020,57(23) 119 - 125.

LIU Qi-xing, HE Shi-zhi, LU Wei-hui, et al. Model predictive

method for battery energy storage assisting secondary frequency reg-

[11]

[12]

[13]

ulation [ J ]. Electrical Measurement & Instrumentation, 2020,
57(23):119 - 125.
MENG Ya, LIU Xiao-long,CUI Xi-wen,et al. A control strategy for
battery energy storage systems participating in primary frequency
control considering the disturbance type[ J]. IEEE Access,2021,
9:102004 - 102018.
BEGLE BN W, TS TRAL S0C B
fERE— RIS R A (D], W RGP S R, 2021,
49(5):1-10.
LI Jun-hui, GAO Zhuo, YING Hong, et al. Primary frequency regu-
lation control strategy of energy storage based on dynamic droop co-
efficient and SOC reference[ J]. Power System Protection and Con-
trol,2021,49(5) :1 - 10.
dE A K W R T AR AR RE S S A I — U A A T
L a EmRm [ J]. B TR BERT R ,2021,40(6) 43 -49.
MENG Gao-jun, ZHANG Feng, ZHAO Yu, et al. Optimized inte-
grated control strategy of battery energy storage participating in pri-
mary frequency regulation of power grid[ J]. Advanced Technology
of Electrical Engineering and Energy,2021,40(6) :43 —49.
EH K BB AL, 5. T S0C B it it BE 2R 58— UK
WA TN LR AR ()] iy A Skl #,2021,41(10)
192 - 198,219.
WANG Yu-fei, YANG Ming-cheng, XUE Hua, et al. Self-adaptive
integrated control strategy of battery energy storage system consid-
ering SOC for primary frequency regulation [ J]. Electric Power
Automation Equipment,2021,41(10) ;192 - 198 ,219.
B K b A, R PE, 45. AR RE SR 2 5 L N — IR
PR FIHEREITZE L) ] TR RETR,2021,39 (1) :1530 —
1540.
FU Zhi-xin, ZHANG Jing-jing, CUI Xiao-dan, et al. Research on
optimal control strategy of photovoltaic system supported by ener-
gy storage participating in primary frequency regulation of power
grid [ J ].
1530 - 1540.
THEE A TUOR IR R 45 5 iR RE TR RUAE X 1) — DA 35
R [T T HOR R ,2019,34(10) 22102 - 2115.
MA Zhi-hui, LI Xin-ran, TAN Zhuang-xi, et al. Integrated control

Renewable Energy Resources, 2021, 39 (11 ).

of primary frequency regulation considering dead band of energy
storage[ J]. Transactions of China Electrotechnical Society,2019,
34(10) :2102 -2115.

XOERL I B H . SRR S S — R Y £
FEELT]. mHUESAR 2018 ,44(4) 11157 — 1165.

DENG Xia,SUN Wei, XIAO Hai-wei. Integrated control strategy
of battery energy storage system in primary frequency regulation
[J]. High Voltage Engineering,2018,44(4) :1157 - 1165.
RN R SC, BEBR T, A5, R AE RE R IS 5 L I — U



5 6 1]

Tt 55 AHRE - KRG —IR

TRLIAE I8 X2 4 il S s

.57 -

[14]

[15]

[16]

IR 3 R SR (D). 8 TR 241, 2019,34 (18)
3897 —3908.

LI Xin-ran, CUI Xi-wen, HUANG Ji-yuan, et al. The self-adaption
control strategy of energy storage batteries participating in the pri-
mary frequency regulation[ J]. Transactions of China Electrotech-
nical Society ,2019,34(18) :3897 —3908.

ZHANG Ying-jun,ZHAO Chang-hong, LOW S, et al. Profit-maxi-
mizing planning and control of battery energy storage systems for
primary frequency control[ J]. IEEE Transactions on Smart Grid,
2018,9(2) .712 -723.

TR WA, SN, 55, 25 BRI FE RO R RE - LIk
BVRSSRNE (1], B R G K H H Bk ¥ 2022,34 (9)
102 - 109.

YU Hui-qun, JIN Dong-hui, PENG Dao-gang, et al. Energy stor-
age thermal power combined frequency regulation considering pe-
riod loss[ J]. Proceedings of the CSU-EPSA ,2022,34(9) :102 -
109.

w AN, T R MRS, T Aa R G iEESS
TR Z B R s (1], AU T3, 2021,38 (2)
205 -212.

MENG Jie,DING Quan,CHEN Xiao-yu,et al. Economic feasibili-
ty in secondary frequency regulation considering hybrid energy
storage cycle life model [ J]. Modern Electric Power, 2021,
38(2) 205 -212.

[17]

by MR G BT AR AR Y R D ZR e L T A RE A A A
Fef [ D]. BB A PR R 2015,

YI Lin. Optimizing of the deployment of battery applied in power
system considering its lifetime characteristics[ D ]. Wuhan ; Hua-
zhong University of Science and Technology,2015.

FYN R AR BTGk s ARk
HWFEHITIAL)]. HTE,2021,51(5) :455 —459.

WU Tie-zhou, ZHANG Ming-yue, CHANG Chun. Li-ion battery
charging method based on improved whale optimization algorithm
[ J]. Battery Bimonthly,2021,51(5) :455 -459.

WA R W, TAERR. BT Ok A LR R U R S
REE LA L] BH# AR 5 T2, 2021,21(32) : 13714 -
13720.

TAN Zhi-gang, CHENG Jing, WANG Wei-qing. Energy optimiza-
tion management of microgrid based on improved whale optimiza-
tion algorithm [ J ]. Science Technology and Engineering, 2021,
21(32):13714 -13720.

X A AR BE B R AR L T R GE R R A R TS D].
R e RHE R 2% 2017,

DENG Rui. Research on frequency regulation for a power system
with battery energy storage[ D ]. Wuhan: Huazhong University of
Science and Technology,2017.

(Xl # %)



