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Fig. 2 Time domain response curves of Agz(s) and Acg(s)
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Fig. 4 Simulation results of system dynamic responses

F1 3#MESSIEEXNTHRSEETITENIEIR
Table 1 System frequency regulation evaluation
index with three signal allocation modes

BRRE 2 /Hz HE /Hz Bif a) /s

AR K Wk —9.03X1073%  2.388Xx 103 34
HEFARRGES/H  —2.23x102  3.112X10°° 32
T ACEfES I —9.03X107%  4.204X107° 78

K 4(b) B, 4 BESS Bt Ak B ML 2F 17 I8 45
B, BESS ph F HPe s g 0 e M A R 480 1A Y
o THLA 7 7e e Wi T2 s IR, o 17l
SOC K& A= K i B8 23 32 i 98 /0t 77, % 1 R L4 7
P BT . A SCRISAE 2 TR 5 2
Foo 7 LT AL fif BEAS [A] 1 £ R FEAE , BESS3 H
T2 2w B VR A 3R 8RR /INFE T TR O B b

http : //www.aeps-info.com 5



XXXX, XX(XX)

R T HAE SR/, T B 1R SOC i £ 18 4
BAS R B R Y R R A, BESS3 R S8 FE A
J1o B F BESS2 (45 i A< & %0/ F BESS1 H I
Zm L0 I BESS2 (9 H 1 ip 24 T BESS . 1
FLak R IR N 6 s 27 A IR R ER YR HY 7 3 S e R A
{55/ A U ACE 20 it 28 S ARR 43 it 530

] 4 (o) a] 50, 76 8 JT R B, BESS3 T 31
A A% R B AR FR B /M SE T R B SOC T RE
e, (H R ) B T B R A SOC i A% 055 R AR 2 80
1 SOC N R 2% . [ i F BESS2 1 9 i
WA ZBU/NT BESST H H A #/NF BESST, 1
Z 1) BESS2 1) SOC T 3 fF it Pt F BESST, & 8
T AR SCR W LA 70 43 5 FEAS [ A0 H Y8 B R SRR AR 1Y
e .
3.3 WMEEFRBERSMW

X 2R 45 43 ) e I B BR A g B 2 A 2k A g B
3l 5 HBHE R 100 s A2 PR AT 5 43 Be A =X AH [ 19
TEOLT K o fERE SR mE R 1) T S EMA =
43T g (SR 2) 5 AR SO AT A B
5Ca) F1(b) 43 5 A B BR B fof 6 8 5 28 22 S fr 3l F
AR SR WS R () R G i 25 4k . 38 2 AT

f5bFxF I
0
& 001
K -0.03 e

-0.04

0 10 20 30 40 50 60 70 80 90 100
t/s

(2) BYERIL SN T 1) RGUIAR D 22 Hh 4

10.02 '
:0.01EQ |
1 0 1
885 | — AR
"
0.02 .- 1002 5 S

101 — g1

FiR A 24/ Hz
o

1 1
0 10 20 30 40 50 60 70 80 90 100
t/s
(b) LB 1 RGN 22 2k

5 MERAEMHMELZATIRHITH
Fig. 5 Frequency deviation curves under step load
disturbance and continuous load disturbance

Pl 5 1 3% 2 2 W 7S SC SR % I 38 2 7 490 ) 090 5% i
2 38 2 A W) VRO AR Ty T S 5 B A 4 OR <
ML T IO BE 2 55 R0 A4 SR 1, B B 6 for 2 3 R
fff A SC 5w I B R B e R R i 22 e T

6

* XXXX -

66.4 %0 , 4 2 22 24 5 AR/ T 75.2 %6 5 3% 2k 1 A
Y3 i F A S I R 4 28 5 B KA SR A 22 0k /N T
21.8% , W i 22 ¥4 07 ARAE I /N T 15.7% , 28 it AH
Fb A% G2 AL ALAF F 1 TE B S5 B it BE A 58 Hh g b
(A R T E R A A AR R B A8 R R B e B B i
e

F2 3WMEMTHRGASITNIER

Table 2 System frequency regulation evaluation
index with three control strategies

. e FRMse RS R
Wah sk rr PR 3 /s AR o *
ARTCEME —1.10X 1072 2.940X107%  6.570
Wy BR 41 5l Femg 1 —3.27X1072 1.184X10 2
k2 —1.28X10°2 3.252X10°°  7.615
AR A 1.15X1072 4.757X107%  0.014

L B gemg 1 1.47X10°2 5.646X10 3
F g 2 —1.37X10°2 5.488X10°%  0.021

FH A T 2 T Bl 25 VR A o ) TE Y SR 2, B X
I IR 97 467 I 30 1 2 00 £ 40 3 2 BN R T80, AR 3
FIRY KL 2 il 548 5 3 o 2 30 22 0 IR )2 0 fL D3R AT ¢
A 049 A 73 BE RE 08 A A% B AR IR BUSAS | B T AR Ak
BESS k5 K UL 2 5 98 0 oo 7 v i 2 55 1 5 1l
IR Bl A 4 R I 0 A X MPC 2 — 2N R 5
Hie RO i 22 T 3% Al 2 249 T MR, A7 20808 T &
PR o

4 Z5iE

R U R BT B A RE R AT R T AW
AGC 5 TR RE AN BEAE A 0] 20, A SCH2
T HBLAL A BE 2 5 R A X2 15 ] O 0 15 3
VIR 458

D)X HLEL AL BESS 2 5 Ha (W 8 4, A< SC 2
TR 5 A B XA T4 B AL L A B BR R e
Wl FRE IR I M 22 & ACE (S 5 /0 o B = Al ARR
(ERER N =y W 3 L B 3 D WA NS N S
it 2 0 RS R T 9 206 Jee AR 23R K A2 IsF TR] R LK

2) A% SCHR 0 8L A SR g )2 2 AR Ak
A3 e J2 4T 5 RS T O TR R AR R VR 1Y 2 R AR AE , K
Y77 BESS Wi 7 3 Fi2 P Fn AL 41 9 4 258 5 12 0 0 3
DL R A AR e /N SR B BRI Ak 25 8 5L YR L T
S A4, W6 R A AL BESS BES K LA 3 5 R M
AR R R R . R, T2 R s 2
WA T2 WAk 45 R F MPC 32 BT R 430 Ha 15 1)
A AR, LN 2R Z R, T
TR AR

Ji B2 % 8 R A RE R A VR RE T, X 6 g



{14 22 DX 35k 22 b IR0 10 A L 19X 80 03045 7 SR s e O i
— LR

AXFRBEATHHFE ) TRERHA
PR~ B LA e B 0 B I X 4R A R R
ARKBRRELEENEETERITF AT E
W ¢ By, S B

B 5% DL 7S F1) ) £& Rl ( http : //www.aeps-info.com/
aeps/ch/index.aspx) , AR X E f§ Z 475 A LB i
W 4843,

(1] AR, B0 0 MRS AT 2R BE IR ATF 50 R 11 3l e v 3 4
W BUIR SR E[T]. 8 ) R 48 A sk, 2018,42(8) : 1-15.
HU Zechun, LUO Haocheng. Research status and prospect of
automatic generation control with integration of large-scale
renewable energy [J]. Automation of Electric Power Systems,
2018, 42(8): 1-15.
[2] BTHL, ™ T 5%, 5k B 05, 45 ZOUAR L 2 15 v ) 90 32 908 35 19 5
AU HLELI]. BT RS A Bk, 2019,43(24) : 59-66.
JJA Qi, YAN Gangui, ZHANG Shanfeng, et al. Dynamic
coordination mechanism of grid frequency regulation with
multiple photovoltaic generation units[J]. Automation of Electric
Power Systems, 2019, 43(24): 59-66.
[3] 2 B, ik , 70, 45 . 2% JEo A 51 A DXL Gz A 30 A3 47 B M
% T s SR R [T] W B8 A Bk, 2020, 44(8)
66-74.
YANG Jiaqi, YU Jie, TIAN Hongjie, et al. Clearing and
scheduling strategy of frequency regulation ancillary service
market considering performance risk of renewable energy [J].
Automation of Electric Power Systems, 2020, 44(8): 66-74.
BEEDK RE L PR L A T A SR U S 0 i ) I - R
JEE I8 450 fif i A B O AL IC (T s R 2018, 42(9) = 2930-
2937.
JIA Yanbing, ZHENG Jin, CHEN Hao, et al. Capacity

—
I
fha

allocation optimization of energy storage in thermal-storage
frequency regulation dispatch system based on EEMD[J]. Power
System Technology, 2018, 42(9): 2930-2937.

B B NS, 1S W, A5 KURR IR S R HL AR S R i B Y
AL T 4 ) SR [T ] B ) R 8 A B4k, 2019,43(12) £ 36-43.
YU Linbo, KOU Peng, FENG Yutao, et al. Model predictive

control strategy for combined wind-storage system to participate

[5

[

in frequency response [J]. Automation of Electric Power
Systems, 2019, 43(12): 36-43.

[6] EREFERILHMEEINAE . VLI585 B g5 (IR i 58
S B CAE SR 25 WA ) [EB/OLJ.[2019-12-25]. http://jsb.nea.
gov.cn/news/2019-12/20191225173450.htm .

Jiangsu Energy Regulatory Office of National Energy
Administration of the People’s Republic of China. Jiangsu
power auxiliary service (frequency regulation) market trading
rules (draft for comments) [EB/OL]. [2019-12-25]. http://
jsb. mnea. gov. cn/news/2019-12/20191225173450. htm (in

SRAFIS , A MUBLAL K BE 2 15 vl 100 AR ) U2 42 o) e i

Chinese) .

[7] XU Bolun, DVORKIN Y, KIRSCHEN D S, et al. A
comparison of policies on the participation of storage in U. S.
frequency regulation markets [C]// IEEE Power and Energy
Society General Meeting (PESGM) , July 17-21, 2016,
Boston, USA: 1-5.

[81 T4 XS, /K i, 45 56 T AS0R 42 1 1y vl vl £ B % ¢ 4l D
AGCIBT ik [T]. 1 R G4 5, 2015,43(8) :81-87.
DING Dong, LIU Zongqi, YANG Shuili, et al. Battery energy
storage aid automatic generation control for load frequency
control based on fuzzy control[J]. Power System Protection and
Control, 2015, 43(8): 81-87.

(9] #k/NR B, 2R 4 06 T 22 H AR RS 1A 320 07 48 5% 3002 (1) i i

A4 25 AGC Lz dem [T]. rL 4R, 2019,43(6) : 2116-
2124.
LU Xiaojun, YI Jianwei, LI Yan. Optimal control strategy of
AGC with participation of energy storage system based on multi-
objective mesh adaptive direct search algorithm [J]. Power
System Technology, 2019, 43(6): 2116-2124.

[10] 247, AR OK IRE R, 46 B RE i 2 5 “ OB &5 4

el ms (1], gy R 58 A B4k, 2018,42(8) - 74-82.
LI Ruo, LI Xinran, TAN Zhuangxi, et al. Integrated control
strategy considering energy storage battery participating in
secondary frequency regulation [J]. Automation of Electric
Power Systems, 2018, 42(8): 74-82.

[11] DATTA M, SENJYU T. Fuzzy control of distributed PV
inverters/energy storage systems/electric vehicles for frequency
regulation in a large power system [J]. IEEE Transactions on
Smart Grid, 2013, 4(1): 479-488.

[12] CHENG Yunzhi, TABRIZI M, SAHNI M, et al. Dynamic

available AGC based approach for enhancing utility scale energy

storage performance [J]. IEEE Transactions on Smart Grid,

2014, 5(2): 1070-1078.

AR HBR T, BRI Y , 4 T REUE ST AE RIS 5

YR B e [T AL TR S, 2017, 32(12) : 224-233.

LI Xinran, HUANG Jiyuan, CHEN Yuanyang, et al. Battery

energy storage control strategy in secondary frequency

[13

[}

regulation considering its action moment and depth [J].
Transactions of China Electrotechnical Society, 2017, 32(12) :
224-233.

[14] SR AR IR, 3, 25 . 35 6 BE BE IR 2 5 1Y 11 3l v 478 i SR g

WEFELT]. B AL TR 27 40, 2014, 34(29) : 5080-5087.
HU Zechun, XIE Xu, ZHANG Fang, et al. Research on
automatic generation control strategy incorporating energy
storage resources[J]. Proceedings of the CSEE, 2014, 34(29) :
5080-5087.

[15] BE/NES  XUTF K5, AR A, 55 56 1 302 B0 A 19000 45 A 1 35 X 3k
AGC HUZL B A 4% 6] 5w [T ], b [ s AL R 22 41, 2019,
39(16): 4674-4685.
LIAO Xiaobing, LIU Kaipei, YUE Jian, et al. Coordinated
control strategy for AGC units across areas based on bi-level
model predictive control[J]. Proceedings of the CSEE, 2019,
39(16): 4674-4685.

[16] JIN Chunlian, LU Ning, LU Shuai, et al. A coordinating

algorithm for dispatching regulation services between slow and

http : //www.aeps-info.com 7



XXXX, XX(XX)

fast power regulating resources [J]. IEEE Transactions on
Smart grid, 2014, 5(2): 1043-1050.
ZHAO Changhong, MALLADA E, LOW S, et al. A unified

framework for frequency control and congestion management

—
—
-3

[

[C]// Power Systems Computation Conference (PSCC) ,
June 20-24, 2016, Genoa, Italy.

[18] XUAN Zhang, NA Li, ANTONIS P. Achieving real-time
economic dispatch in power networks via a saddle point design
approach [C]// TEEE Power &. Energy Society General
Meeting, July 26-30, 2015, Denver, USA.

[19] NA Li, CHEN Lijun, ZHAO Changhong, et al. connecting
automatic generation control and economic dispatch from an
optimization view[C]// American Control Conference, July 21,
2014, Denver, USA: 735-740.

[20] BARRE A, DEGUILHEM B, GROLLEAU S, et al. A
review on lithium-ion battery ageing mechanisms and
estimations for automotive applications [J]. Journal of Power
Sources, 2013, 241(11): 680-689.

[21] NAMOR E, TORREGROSSA D, FABRIZIO S, et al.
Assessment of battery ageing and implementation of an ageing
aware control strategy for a load leveling application of a

Lithium titanate battery energy storage system [C]// IEEE

* XXXX -

Electronics (COMPEL) , June 27-30, 2016, Trondheim,
Norway.

[22] ke, 5 AR T I, 48 MBI ARRE S 5 A9 L I i 3
PEfb il sms [T]. 0y A 9 i 4, 2019,39(5) - 82-88.
ZHANG Shengqi, YUAN Bei, XU Qingshan, et al. Optimal
control strategy of secondary frequency regulation for power grid
with large-scale energy storages[J]. Electric Power Automation
Equipment, 2019, 39(5): 82-88.

(23] JE#E e, 2 A, Ml AS R T 42 o) —— BDIR SBR[ T]. A 3l
fE244R , 2013, 39(3) : 222-236.

XTI Yugeng, LI Dewei, LIN Shu. Model predictive Control—
Status and challenges[J]. Acta Automatica Sinica, 2013, 39(3) :
222-236.

RAFHE(1996—), 5 , A AT 50 A&, £ HATHL T &) 0 M 4
AR IR 4R A AL R R 24T, E-mail: 1043264292@qq.com

FAE(1982—), F B EH W £, 83U, ERATR
e B — AR e W AT Bl B A A 5 A7 . E-mail:
dongshufeng@zju.edu.cn

BB (1995—), B, M EATA, T LA LT & Lr bk
R AR GEAT (Bew M AL, E-mail:3140103128@zju.edu.cn

(H%E &AL H0)

Bi-level Control Strategy for Power Grid Frequency Regulation with Participation of

17th Workshop on Control and Modeling for Power

Large-scale Energy Storage

ZHANG Shupeng', DONG Shufeng', XU Chengsi', HAN Rongjie’, SHOU Ting”, LI Jianbin®
(1. College of Electrical Engineering, Zhejiang University, Hangzhou 310027, China;
2. Hangzhou Xiaoshan Power Supply Company of State Grid Zhejiang Electric Power Co., Ltd., Hangzhou 311200, China)

Abstract: With the integration of large-scale renewable energy such as wind power into power grid, the intermittency and
fluctuation would bring problems such as insufficient frequency regulation capacity and unsatisfactory frequency regulation effect to
power grid. Therefore, a bi-level control strategy for power grid frequency regulation with participation of large-scale energy
storage is proposed. Firstly, for large-scale energy storage participating in frequency regulation, a criterion for switching time of
area regulation requirement allocation mode and area control error allocation mode is proposed based on the analysis of complex
frequency domain. Secondly, comprehensively considering the technical characteristics of different power sources for frequency
regulation, a bi-level control strategy is proposed for the coordinated response to automatic generation control instructions with
large-scale battery energy storage and thermal power generation unit. In the upper layer, the economic distribution of power is
realized based on the frequency regulation cost function of power sources, and in the lower layer, distributed optimal control of
frequency i1s realized based on model predictive control. Finally, the economics and effectiveness of the proposed strategy are
verified by simulation.
this work is supported by National Key R &D Program of China (No. 2016 YFB0901300).

Key words: large-scale energy storage; frequency regulation; allocation mode; cost function; model predictive control




SRET G L A5

B % A

v

F= PIES Y

FUBLAL At S 5 ol 100 I 450 19 30022 92 o) R

AT

(87 Posrer ] [ Pourer] [ Ponrer] |
TE MPC | | MPC |---| MPC
AF] Py P, Pl |
X35 ML4l | | BESS |- --| BESS

E Al WEREFIER

Fig. A1 Bi-level control framework
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Table A1 Parameters of simulation model

S8 BE A S8 BeE A
M 3 Tg 0.08
D 1 Ten 0.3
Ty 0.02 K 20

Fuy 0.5 B 21

Trin 10 K, 0.15
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