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Abstract: In order to fully tap the potential of primary frequency modulation in the energy
storage unit of the thermal-storage combined system and reduce the frequency regulation of
thermal power units, a twin delayed deep deterministic policy gradient algorithm based energy
storage assisted primary frequency regulation control strategy for thermal power unit is proposed.
A typical regional power grid primary frequency regulation model containing thermal-storage
combined frequency regulation system is established. Optimization problems with multiple
objectives such as improving the frequency control effect of the power grid, maintaining a stable

state of charge (SOC), and reducing the frequency regulation actions of thermal power unit are
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set. Taking into account the constraints of power grid operation status and frequency regulation
actions, the primary frequency regulation problem of thermal power unit assisted by energy
storage is modeled as a Markov decision process. Twin delayed deep deterministic policy gradient
algorithm is used for optimization problem solving. The simulation results of typical frequency
regulation task scenarios show that compared with traditional frequency regulation system control
algorithms, the proposed energy storage assisted intelligent frequency regulation control strategy
for thermal power units can reduce the average frequency difference of the power grid by about
10. 4%, and reduce the frequency regulation actions of thermal power unit by about 56.2%. This
verifies that the strategy can effectively release the frequency regulation potential of the thermal-
storage combined system while significantly reducing frequency regulation of thermal power units.

Keywords: primary frequency control; deep reinforcement learning; droop control; frequency

dead band; state of charge
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Fig. 1 Model of primary frequency regulation in power grid

with energy storage and thermal power units
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Table 1 Dynamic model parameters for primary frequency

regulation of power grid including energy storage

and thermal power units
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Table 2 Comparison of control effects under typical disturbances

BARAEER A EKYE WK OAXHE
WRMmZHM/ 10 He  1.183 1.153 1.102
SOC 1 22 34 1 0.1250 0.1236 0.1223
2K ERL L R AT U B 44 43 16

2 2 W] 1, AR SCHR TSR W T 1 083 i 22 24
N X SR W 1 5 33X 3R W AR SR W B A RO 5 At
P BE J1 . A SCHE R ig T SOC i 22 34 (8 K
0.122 3, /NFE K #:/90.1250 LIZF K A9 0. 123 6,
WA SR WE R B0 A H IR SR 268 ) AT, far FROIRES
PEHRIRE SR, 45 A R 4 Al AR SCHR WS R 4 3R
Bl G 2 Ak T R LA IR AT BE X P A B ) 45 5%
LU SR W B AL AR SO I 7E A R AR AR L b RE R
TR LG

T L HLZH 8 930 3 A R b AR 5 s BOR) L SR
WA M R BRI, 2 2 Al AR SO el R
K FLHIL A R B 2l AR R BCER X L SR W I R 5020
LG 6 AT LLE B 7E 440~520 s Z[A], X b 7 B
T LA 285 B INBR R A ) A 2 R AR
R ER KB HLAITE A AT R, BoR i T
AR S5 R X A DX R I 1Y) v L B A A R 1Y) i A
TR FH S DT 2R R sl 20 1 2k R AL 2 9 431 50 A Uk 8

http: // zkxb. xjtu. edu. cn

t/s
IR TE Sy EE 0N

Fig. 4 Comparison of frequency control effects

80

70
X 60
<

E 40 SEKT:
— WKk
30 — R3Trk
- - - = o HURAS R AP
20 1 1 1 1 J
0 200 400 600 800 1000

t/s
Bl 5 A4 5K B SOC 1% Gl Xt L

Fig. 5 Comparison of SOC situation of different control

strategies
e —
12 WA VY
IR B | [ |
= 8f J
s -2 L . 1 . )
~ 440 460 480 500 520 540
= ool NN A
= FEKIE
X -4} FK
— AT
_8 1 1 1 1 J
0 200 400 600 800 1 000

t/s
6 it BEAS [ 42 1 SR s T iy AL YR30 Bl 4 %o L
Fig. 6 Comparison of frequency regulation output of thermal
power units under different control strategies for energy

storage

3.4 BEHLGATTHE TSR

IR 1R S R L Ak S 1 B R R A 22 Uk B
BILGF ar BE 2l o % FL 4% ) RCR i AT S i O S
Hop B RO e an 26 3 FraR o AT H7E faf HUDR 25 45
ROCRAHIE T o A SOy B A0 3R A 22 Y (EAH L F 8 K %
BEART 10.4% 8848 K ¥EBEART 6. 2% . 76K HLHL
YRR Bl AR BT T, AR SRR E K BRI T
56. 2% 3078 K LI T 54. 6% . A] WA SC 7 L)
KD T ok A AL B IR A Bl R R KL




o506 1

AU A T 18] A T ARl D K R AL 2 — R TR A TR B A SR

191

A3 MM S T 424 R 2
Table 3 Comparison of control effects under random

(5]

disturbances
PN FE AR
AR 25 9 {H /10" Hz
SOC 1 22 ¥ {5
K EEL B ZH A A VR B

K% A
1.063 0. 997

0.1238 0.1236
39.4 17.9

E K%
1.113

0.124 3
40. 9

4% B

N FE I I KB IR A 2R 2 T i R R T Y — U
TR 3 5 [ s a2 R BILZEL TR R L AR SCHR Y T —
P LT TD3 Ak BE i B K R ML 2 — U ) 431 42 il 5
W, I 5 AL G4 i SR E K5 DL RO KO3k AT 5
XL AT AR AT 298

L) 7S A ) S5 s R 0 44 T PR IO AR ol T 1 R
AR LA R Ak B Ay HEL R 285 22 ol fit B A By kA LA — K
TR AT AR v R A R 5

(2 AR 3% o] R W A R Dl 2 1 K R AL 2 A R
B X B0 ST 114 /0 B2 g 9T 25— Y IR 03 8 A U A R
98 2 1 K L AL — UCIRAR UK

(6]

7]

S 3K .

(1] k&=, U, Bree i & iE i ) RGMR R
et L] B HAL TR 4, 2020, 40(11): 3498~
3506.

ZHANG Jianyun, LI Mingjie. Analysis of the frequen-

cy characteristic of the power systems highly penetra-

(8]

ted by new energy generation [J]. Proceedings of the
CSEE, 2020, 40(11) . 3498-3506.

mbR, ERLE. BT, L MR E T ER ) RERR
R 3 A D e R DA AR R SR M R [T, R A
A, 2023, 47(2); 446-462.

YE Lin, WANG Kaifeng, LAI Yening, et al. Review

of frequency characteristics analysis and battery energy

[2]

[9]

storage frequency regulation control strategies in pow-
er system under low inertia level [J]. Power System
Technology, 2023, 47(2): 446-462.

LIU Ju, YAO Wei, WEN Jinyu, et al. Impact of power
grid strength and PLL parameters on stability of grid-
connected DFIG wind farm [J]. IEEE Transactions on
Sustainable Energy, 2020, 11(1). 545-557.

AEL, BT, BRA, &5 —Fbi m AL 12
AT K HLATLEH ¥ — U U AR g g AR O i [T, L R
AR, 2022, 46(12): 4947-4953.

ZHANG Xiaoke, WANG ZI Jie, XIA Dawei, et al.

New modeling for primary frequency regulation capa-

(3]

N

[4]

bility of thermal power units under deep peak regula-

(10]

[11]

http: // zkxb. xjtu. edu. cn

tion [J]. Power System Technology, 2022, 46(12):
4947-4953.

BZRTT. WA, Y, & RTEHRR IR R ) RS RIE
PERY R SE e Mk SRR [J). RGPS
i, 2020, 48(24): 1-8.

ZHAO Dongyuan, HU Nan, FU Jing, et al. Research
on the practice and road map of enhancing the flexibil-
ity of a new generation power system in China [J].
Power System Protection and Control, 2020, 48(24) .
1-8.

SR, KT, WS, AL L T R A BE R R )
REREHAR L EREES [J]. B R% A I,
2021, 45(9) . 171-191.

ZHUO Zhenyu, ZHANG Ning, XIE Xiaorong, et al.
Key technologies and developing challenges of power
system with high proportion of renewable energy [J].
Automation of Electric Power Systems, 2021, 45(9):
171-191.

TRERE, MIEE. L, SF BIEBIRZ LN LR
SRR E5BITRAM GRS RE [J]. BMEAR,
2022, 46(1) . 250-264.

ZHANG Chengming, LIU Lu, CHENG Haozhong, et
al. Review and prospects of planning and operation op-
timization for electrical power systems considering fre-
quency security [ J]. Power System Technology » 2022, 46
(1): 250-264.

Xy, s, AR B, A, A AR R 4L S BT R
A BB IR L Y R IR 2 s AT AT gR iR (7] T E
HLT.RE2#42, 2020, 40(1): 1-18.

LIU Chang, ZHUO Jiankun, ZHAO Dongming, et al.
A review on the utilization of energy storage system for
the flexible and safe operation of renewable energy mi-
crogrids [J]. Proceedings of the CSEE, 2020, 40(1):
1-18.

ZERRIR, X, EProT, 5. fHREH S 5 M #E
PR B 3 R [T m R EROR, 2017, 43
(7): 2362-2369.

LI Xinran, DENG Tao, HUANG Jiyuan, et al. Bat-
tery energy storage systems selffadaptation control
strategy in fast frequency regulation [J]. High Volt-
age Engineering, 2017, 43(7): 2362-2369.

ET, P, HIEEE. MERER S S WA 2R S
BTk ], mdER AR, 2018, 44(4): 1157-1165.
DENG Xia, SUN Wei, XIAO Haiwei. Integrated con-
trol strategy of battery energy storage system in prima-
ry frequency regulation [J]. High Voltage Engineer-
ing, 2018, 44(4). 1157-1165.

ZERSR . EESC, WPROT, B BMERERIES S H
P — YRR B 3 S (1], B DR AR,
2019, 34(18): 3897-3908.




192 [ T I N 4 o558 %
LI Xinran, CUI Xiwen, HUANG Jiyuan, et al. The ZHANG Feng, YOU Huanhuan, DING Lei. Influen-
Self-Adaption control strategy of energy storage batteries tial mechanism modelling of dead band in primary fre-
participating in the primary frequency regulation [ ] ]. quency regulation of renewable energy and its coeffi-
Transactions of China Electrotechnical Society, 2019, cient correction strategy [J]. Automation of Electric
34(18): 3897-3908. Power Systems, 2023,47(6) . 158-167.

(120 RABWL, KRBT, SRR, 45 RGeS S5 K — [18] HU Junyan, NIU Hanlin, CARRASCO J, et al.
WIS B SN SR ERIIE [J]. BRMEAR, Voronoi-based multi-robot autonomous exploration in un-
2020, 44(10) . 3829-3836. known environments via deep reinforcement learning [J].
WU Qifan, SONG Xinli, ZHANG Jingran, et al. IEEE Transactions on Vehicular Technology, 2020, 69
Study on self-adaptation comprehensive strategy of (12): 14413-14423.
battery energy storage in primary frequency regulation [19] FUJIMOTO S.VAN HOOF H, MEGER D. Address-
of power grid [J]. Power System Technology. 2020, ing function approximation error in actor-critic methods
44(10) : 3829-3836. [C]//Proceedings of the 35th International Conference

[13] ZEZ0R0, i, B, . B TS H 7 MR on Machine Learning. Chia Laguna Resort, Sardinia,
WE MR RS2 5 — s (1. R % Ttaly: PMLR, 2018: 1587-1596.

Ak, 2020, 44(19); 63-72. [20] LILLICRAP T P, HUNT J J, PRITZEL A, et al.
LI Junhui, HOU Tao, MU Gang, et al. Primary fre- Continuous control with deep reinforcement learning
quency regulation strategy with energy storage system [EB/OL]. (2019-07-05)[2023-06-06 ]. https://arx-
based on weight factors and state of charge recovery iv. org/abs/1509. 02971,
[21] ZHANG Yingjun, ZHAO Changhong, TANG Wan-
[J]. Automation of Electric Power Systems, 2020, 44
rong, et al. Profit-maximizing planning and control of
(12: 6372 . e o . battery energy storage systems for primary frequency

(1) EHC Bk, B4, 5. 1T SOC R T i R control [ J]. TEEE Transactions on Smart Grid, 2018,
G5 — YA A I N 2 SR LT, B A sl bk 0(2). 712-723.

o 2021, 1100 1927195, 219, [22] Xk, WAEZ . Bi6F 5. %18 SOC 19 4 it
WANG Yufei, YANG Mingcheng, XUE Hua, et al. RGNS (1], W RGPS
Self-adaptive integrated control strategy of battery en- 2022, 50(13): 107-118.

ergy storage system considering SOC for primary fre- LIU Yingpei» TIAN Shijie. LIANG Haiping. et al.
quency regulation [J]. Electric Power Automation Control strategy of a battery energy storage system
Equipment, 2021, 41(10): 192-198, 219. considering SOC in primary frequency regulation of

(15] %R ma, N, 4. T8 T ERLS SOC power grid [J]. Power System Protection and Control,
He U BE — YO A L s (1), R R GRS 2022, 50(13); 107-118.

i, 2021, 49(5): 1-10. [23] & ek, REdErs. HEGSE, %. 32 J0F I 45 6l i JF
L1 Junhui. GAO Zhuo. YING Hong. et al. Primary ARSI RIELIC A A BT [1], 7% 500 K22 01
frequency regulation control strategy of energy storage 2018, 52(12): 112-120.

based on dynamic droop coefficient and SOC reference XIU Liancheng, XIONG Liansong, KANG Zhiliang,
[J]. Power System Protection and Control, 2021, 49 et al. Analysis on dynamic characteristics of grid-tied
(5): 1-10. energy storage system with droop control [J]. Journal

[16] L&y E, 2 iksk, EEE, 2 32 4645 8 5020 X 1Y of Xi’an Jiaotong University, 2018, 52(12): 112-120.
—RE R T (1], B T AR 2R, 2019, 34 [24] FRADLEY J, PREECE R, BARNES M. Fast frequen-
(10): 2102-2115. cy response from MMC-HVDC with varying dead band
MA Zhihui, LI Xinran. TAN Zhuangxi, et al. Inte- implementation [ ]J]. IFAC-PapersOnLine, 2018, 51
grated control of primary frequency regulation consid- (28): 49-54.

[25] LIU Muyang, BIZZARRI F, BRAMBILLA A M, et

[17]

ering dead band of energy storage [J]. Transactions of

China Electrotechnical 2019, 34 (10):
2102-2115.

sk, WERUC, T & BT RE IR — UK I S5 AE IX 5 i AL B
AR REEIERNE (] B RE Ak, 2023, 47

(6): 158-167.

Society »

http: // zkxb. xjtu. edu. cn

al. On the impact of the dead-band of power system
stabilizers and frequency regulation on power system
stability [J]. IEEE Transactions on Power Systems,
2019, 34(5): 3977-3979.

(it AR




