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Multi-Area Cooperative Algorithm Under Large-Scale New Energy Access to
Power Grid
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Abstract: The large-scale access of renewable energy to the power grid has intermittent and strong random characteristics, which is
easy to cause significant frequency fluctuations. For multi-area power grids, the existing multi-agent cooperative algorithms based on
neural networks often have unsatisfactory control performance due to gradient explosion and gradient disappearance in the face of
strong random disturbances. To this end, this paper proposes an adaptive weight residual proximal policy optimization method for
automatic power generation control. This method connects the layers of the agent policy neural network through residual connections,
and adds a trainable adaptive weight to the residual connection to achieve the optimal residual ratio and alleviate the problem of gradi-
ent explosion and gradient disappearance of the neural network, so that the training process of the deep network is more stable and ef-
ficient, and then the multi-area cooperative optimal solution under strong random disturbance is obtained faster to eliminate the
frequency fluctuation caused by strong random disturbance. The effectiveness of the proposed algorithm is verified by simulation
tests on IEEE two-area and three-area load frequency control systems. Compared with various reinforcement learning algorithms, the
proposed algorithm has faster convergence and stronger stability, higher frequency stability and control performance.
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Fig. 4 Pre-learning load tracking curves
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Tab. 4 Evaluation indexes of load tracking effect
X 15k RS YRR ZEFr (IAE{H) IR 22 B (ISEfH) BERS IR 2R UEZE (STDME)  BRHFR 2277 22 (VAR
Ares-PPO 83 645.1060 2816 713.901 16. 633 605 276. 676 802
Res-PPO 112 507.5150 4244 174. 586 20.236 283 409. 507 131
Area A PPO 164 667.471 0 6203 761. 855 24.581 626 604. 256 334
Ares-DQN 322 828.034 6 28 571 033. 200 50. 003 962 2 500. 396 231
DQN 256 847.5253 10229 997.510 31. 057 692 964. 580 262
Ares-PPO 97 514. 581 47 5917 490. 179 24.206 540 585. 956 564
Res-PPO 167 097.577 9 19 619 746. 260 44.207 988 1954.346 182
Area B PPO 209 177.651 6 38900 215. 430 61.775972 3816.270 701
Ares-DQN 514 125.6770 77 273 334. 400 86. 955 595 7561.275532
DQN 354942.009 9 26 736 855. 200 42.957 202 1845.321 227
Ares-PPO 143 067. 534 7 17 660 112. 680 41.973 136 1761.744 126
Res-PPO 314 956. 8351 44 104 085. 060 66. 182 274 4 380. 093 429
Area C PPO 1472261.3170 340982 366. 100 118. 592 401 14 064. 157 590
Ares-DQN 1953 761.460 0 1378 313 027. 000 362. 257 907 131 230. 791 200
DQN 1181186.3510 425 675 057. 500 206. 307 581 42 562. 817 870




186 FEITRMEEA

919 %

®5 MENMAFMIH TH=ZXELFC A
Tab. 5 Three-area LFC performance under random load
disturbance

IACEl/

X J5% HY: IAfIHz CPS1/% CPS2/% CPS/%

Ares-PPO
Res-PPO
Area A PPO
Ares-DQN
DQN

0.0006 2.0944 199.9707 98.83 100
0.0009 2.7166 199.9555 97.35 100
0.0022 8.7812 199.4078 92.54 100
0.0030 5.2155 199.9507 99.25 100
0.0133 66.3665 191.3772 69.88 91.34
0.0023 8.3085 199.5238 93.45 100
Res-PPO  0.003 3 12.560 8 199.078 6 90. 05 100
Area B PPO 0.0036 14.1405 198.9104 87.90 100
0
0
0
0
0
0
0

Ares-PPO

Ares-DQN 0.0082 36.5168 195.1332 86.12 93.99
DQN .0056 13.1206 199.8699 97.03 100

Ares-PPO  0.0004 0.8397 199.9968 100 100

98. 44 100

Res-PPO  0.0007 1.9476 199.9708
.0023 9.2014 199.3905 091.86 100
.0028 3.3179 199.9759 99.53 100

.0050 2.3324 199.9946 100 100

Area C PPO
Ares-DQN
DQN

o, s Ak 2R 2] SR BIR AR - B AR R R B SO 4a i A%
REAWEW T, BAh, DA AR 2= > By
Be, BIWXTRER A ARAL, B = X LFC R4
MIBENL T T, Ares-PPOTER KR 24 s N R
PR R R M R L VT K RN s R R
W, FUIPTHRALRE S R IE R AL TR WG LU X B A
b, FA L T AR N g5 TR etk 54
AP

5 #i¢

%t AT P AR BE IR I 5 RS Y ) R GE A Bl L
BN R, A SCHE YT RE RS 27 A SR W DO 26 A6 32 i A
BURR T H 2 19 28 RE AR 3 [R] 5512 Ares-PPO.  Ares-
PPO iifi if AWR-Connection 7% 1 [ 2% , M FEIS L
JET%lﬂ%H%ﬁ'fuuﬁﬂyﬂ%ﬁﬁ?ﬁ'%E"J*ﬁ)’i%ﬁ%hlﬂ

A0 3 A P X = DX 7 AR s ) R G b AT
17‘35, Bk T PR S e S I 1O 22 Xl R AR

FERAREE], H AR T DQN. PPO S H AR,
FIT AR Y SO B R, R R e O A
P PERE

Ares-PPO 1] 4" i =GR AR o Hh g A9 5 X 3
L ISR P il Y o o AR, LSBT 1A e 2R
A2 A fELk 27 jﬂ@ﬁ‘%im‘%, VLS e R e

SRS ] 5 ST BR

\

[1]

(3]

(4]

(5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

SE 0k

ALOMOUSH M 1. Load frequency control and automatic
generation control using fractional-order controllers [T]. Electri-
cal Engineering, 2010, 91(7): 357 - 368.

P XINAEE, 2R, SR TR H A sl kA 2] B Y
A EJJZ-Z%T?%'J (V] I RPLT R 2 40R 2023, 43(4) : 1359 -
1369.
XI Lei,
control based on lagrangian relaxation reinforcement learning

LIU Zhihong, LI Yanying. Automatic generation

algorithm [J]. Proceedings of the CSEE, 2023, 43(4): 1359 -
1369.
LI Jiawen, YU Tao, ZHANG Xiaoshun. Coordinated

automatic generation control of interconnected power system
with imitation guided exploration multi-agent deep reinforce-
ment learning [J]. International Journal of Electrical Power &
Energy Systems, 2022 (136):1 — 22.

XIAO Hao, PEI Wei, WU Lei, et al. A novel deep learning
based probabilistic power flow method for multi-microgrids
distribution system with incomplete network information [J].
Applied Energy, 2023(335):1 - 21.

XIAO Hao, PU Xiaowei,
management method for networked multi-energy microgrids
based on improved DQN [J]. IEEE Transactions on Smart
Grid, 2023,14(6) : 4912- 4926.

YU Tao, ZHANG Xisoshun. Coordinated load
frequency control of multi-area integrated energy system using

PEI Wei, et al. A novel energy

LI Jiawen,

multi-agent deep reinforcement learning [J]. Applied Energy,
2022(306): 1 - 12.

HUO Zhihong, XU Chang. Distributed cooperative automatic
generation control and multi-event triggered mechanisms co-
design for networked wind-integrated power systems [J].
Renewable Energy, 2022(193): 41 - 56.

ZHANG Xiaoshun, TAN Tian, ZHOU Bin, et al. Adaptive
distributed auction-based algorithm for optimal mileage based
AGC dispatch with high participation of renewable energy [J].
International Journal of Electrical Power & Energy Systems,
2021(124): 1 - 12.

BABAEI F, SAFARI A, FARROKHIFAR M, et al. Participa-
tion of electric vehicles in a delay-dependent stability analysis
of LFC considering demand response control [J]. Electronics,
2022, 11(22):1-19.

KHAN M, SUN H. Complete provision of MPC-based LFC by
electric vehicles with inertial and droop support from DFIG-
based wind farm [J]. IEEE Transactions on Power Delivery,
2022, 37(2): 716 - 726.

M, A, XA L, 5 T IS R R R QI 2
AER B 7] AGC 373 [V ]. i AL TR £ R, 2023, 49 (6) : 2286 -
2298.

XI Lei, QUAN Yue, LIU Zhihong, et al. Multi-agent col-
laborative agc algorithm based on self-adaptive reinforcement-
exploration maxmin Q[J]. High Voltage Engineering, 2023, 49
(6):2286 — 2298.

WATKINS CICH, DAYAN P. Q-learning[J]. Machine Learn-
ing, 1992, 8(3): 279 - 292.

YU Tao, ZHOU Bin. A novel self-tuning CPS controller based
on Q-learning method [C// Proceedings of the Power &



59 4

RN, A5 HUBALHTRE IR A L T A 22 DX b [R) B0k 187

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Energy Society General Meeting-conversion & Delivery of
Electrical Energy in the Century, July 20 - 24, 2008,
Pittsburgh, USA. New York:IEEE, 2008: 1 - 5.

ZHANG Xiaoshun, MENG Die, CAI Jiahui, et al. A swarm
based double Q-learning for optimal PV array reconfiguration
with a coordinated control of hydrogen energy storage system
[J]. Energy, 2023(266): 1 - 15.

ZHAO Wenmeng, ZENG Tuo, LIU Zhihong, et al. Automatic
generation control in a distributed power grid based on multi-
step reinforcement learning [J]. Protection and Control of
Modern Power Systems, 2024(4): 1-12.

ZHANG Xiaoshun, YU Tao, PAN Zhenning, et al. Lifelong
learning for complementary generation control of intercon-
nected power grids with high-penetration renewables and EVs
[J]. IEEE Transactions on Power Systems, 2018, 33 (4) .
4097 - 4110.

XI Lei, YU Lu, XU Yanchun, et al. A novel multi-agent
DDQN-AD method-based distributed strategy for automatic
generation control of integrated energy systems [J]. IEEE
Transactions on Sustainable Energy, 2020, 11 (4) : 2417 -
2426.

XIE Lihui, WU Junnan, LI Yanying, et al. Automatic genera-
tion control strategy for integrated energy system based on
ubiquitous power Internet of Things [J]. IEEE Internet of
Things Journal, 2022,10(9): 1 - 10.

YIN Linfei, HE Xiaoyu. Artificial emotionab deep Q learning
for real-time smart voltage control of cyber-physical social
power systems [J]. Energy, 2023(273):1 - 15.

ZHANG Xiaoshun, LI Qing, YU Tao. Consensus transfer q-
learning for decentralized generation command dispatch based
on virtual generation tribe [J]. IEEE Transactions on Smart

Grid, 2018,9(3): 2152 - 2165.

[21] YAN Ziming, XU Yan. Data-driven load frequency control for
stochastic power systems: a deep reinforcement learning
method with continuous action search [J]. IEEE Transactions
on Power Systems, 2019, 34(2): 1653 - 1656.

[22] LIU Zhihong, XI Lei, QUAN Yue, et al. Brain-inspired col-
laborative power dynamic dispatch for the digital twin smart
generation system [J]. IEEE Transactions on Industry Applica-
tions, 2025,61(1): 1420 - 1430.

[23] BUSONIU Lucian, DE Bruin Tim, TOLIC Domagoj, et al.
Reinforcement learning for control: performance, stability,
and deep approximators [J]. Annual Reviews in Control, 2018
(46): 8 - 28.

[24] CHEN Ting, KORNBLITH Simon, SWERSKY Kevin, et al.
Big self-supervised models are strong semi-supervised learners
[J]. arXiv.2006.10029.

[25] BELLMAN Richard. A Markovian decision process [J].
Journal of Mathematics and Mechanics, 1957:679 — 684.

[26] JALEELI Nasser, VANSLYCK L S. NERC’s new control
performance standards [J]. IEEE Transactions on Power
Systems, 1999, 14(3): 1092 - 1099.

Wrhs B EA: 2024-11-04; M4k E % HHEA:2025-07-30
EHE N

ZpA(1988), B, LA, W, KFEH RESH . E47
L yed) . AR Mk T4, 871340366@qq. com;

XNE(1974), B, @@L, HAITEF, HE, KFXLA
RAKE MG AL F o4 T4, liuwei3@csg. cn;

X AR(1986), B, SHAIARIF, AMt, KFEEWHyH, 547
554 T4E, 1ms2800@qg. com.,

R O O O U ) A U AU AUV

(£ % 106 @ Continued from Page 106)

[25]

[26]

[27]

(28]

DEBNATH U K, AHMAD I, HABIBI D. Quantifying
economic benefits of second life batteries of gridable vehicles
in the smart grid [J]. International Journal of Electrical Power
& Energy Systems, 2014, 63(12): 577 - 587.

2, B, BoL T, AR R T RUIBAEBE SOC Y IRIA | J Jt ik
ARHRE T ] R R, 2023,59(7):48 - 55, 74.

LI Ying, ZHAO Wei, ZHAO Lining, et al. mixed control
strategy of peak regulation and frequency modulation based on
SOC of battery energy storage [J]. High Voltage Engineering,
2023,59(7):48 - 55, 74.

BT, KR AR L A T BRSSO b L
ATk R ERIAR . 2024, 50(6) : 2410 - 2423
YAN Ning , ZHANG Qian , LI Xiangjun , et al. A two-layer
dynamic equalization method for battery modules based on
state of charge [J]. High Voltage Engineering, 2024, 50(6) :
2410 - 2423.

SREA], A, TR . JRPAU ]S A A7 SR RS 41 88/LIC002
FL it A i (52 M e A [0, A AR AR 2R, 2022, 17(2) 2 38
- 48.

ZHANG Bozhao, GOU Bin, XU Yanzhang. Effect analysis of
recycling and storage conditions on graphite/LiCoO?2 battery life
[J]. Journal of Electrical Engineering, 2022, 17(2): 38 — 48.

[29] HASAN M, HEDAYAT S, SHAHRAM J. Power-to-gas
utilization in optimal sizing of hybrid power, water, and
hydrogen microgrids with energy and gas storage[J]. Journal of
Energy Storage, 2022(45): 103745.1 — 103745.11.

[30] FANGY, LIU ZJ, LIU X, et al. Two-layer collaborative
optimization for a renewable energy system combining electric-
ity storage, hydrogen storage, and heat storage [J]. Energy,
2022, 259(15): 1 - 19.

[31] ZHOU J L, WU Y N, ZHONG Z M, et al. Modeling and
configuration  optimization of the natural gas-wind-

photovoltaic-hydrogen integrated energy system: a novel devia-

tion satisfaction strategy [J]. Energy Conversion and Manage-

ment, 2021(243): 114340.

ks B HEA: 2025-04-22; M4 HE & BHEA:2025-08-22
1EEEN:
E7(1981), B, @dfE4EH, al#ax, M, ARTaNE A
RGBT HRACIEH Aol M Z 2 HALELE , wnbull@ysu. edu. cn;
BAFE(1999), 4, BhFE TR, ML, BRI @ A LEAERR
e E , gyw202304@163. com;
Fib A (1984), B, THIF, ME, FRF G HESRRIES
=4, disin—2000@ 163. com,



ERCESE AR
2025 -9 H

Fa 77 R AR
SOUTHERN POWER SYSTEM TECHNOLOGY

Vol. 19, No. 9
Sep. 2025

/ e
it s B =
(P 7 Ha I g AR ) i P T i e TR A R 3245 R )
Bl 5T e A BRI AT 5 I 00 J1 BOAR B W), 17 =
WANATF 4T FIB BT 2GR RMIF R &3t TR A
FEIBAT B MR G AE &5 )7 1 A R & A Eh 2, T2
BRI 5 A 3, AR LR o T B A
K5 4% RG0Sty EH S5y O E S E s WA
R CHL IR AR AT R e N A 2 H VRS e R AIG
Wi HE FEERE H o RGN AN L R IE B TR AR
YN A A g

1 MREX

1) SCR LA AE ALY b & 2R3, SO 20T 1 SR
HOBIIFIEY . WAZABAPE AR SE I E 18
SUTHA BE T A SO B R T IR S R OO
i 2k JER W E AT S

2) 2RISR GB 7713— 1987 Bl 8 R 220018
ORI AR SR TEAR ) 1S 50RO E A 9 0007
(EFGE RS R IE) A E . FREEHUT a,b,e,d,e 1
i ;

A VEHE 2 ORI 7 07) AFE& AL HuhE  HE
email 15 F6 AR BLZRTD 5

b)Y SO E R 2 B 985 30, VR 1t 44 DU PR

OVEH BT, 4G k44 I AR AR MBSO CIRBR 4
(AT P A A R (S T

d)350 F A7 Y R SCHR B, 3 ~ 8 AN, L R Ji B AT O
TR I A S SCSCA . HEESR SR S AME B WA RIS
SCHYE Y 7R SRS

e) 7 Ay [ 58 Bk 4 e W 0ot B Bl | 4s R R BT e oG I
R H 4B R
2 BEBK

D IR IE SCFS R 55 DCEFER AR, JfF Ik
A Times New Roman , Ay & 714Ky Symbol . SC i 2R AT G
R SCRITE

2) P B SR A B 3 T B A R R R
SR Ckeflem? R “ppm” A TR BR BT E A

3) SCHR AT 2 R B TR VA I A IR T SCRD (A 3C e
X B HFE) KNG BT AE TR RS RN R
T 1) A FH AR SRR sl R B B

4) SCRR AR AN BT 45 W 3R] (f 71355 RO A FH B B
A0 ) 5 B R IE SC b %) 4 W AR LR 5 — YR L IR 6 0 Y 4
FR S5 N5 B 4w e

3 RIBAEEIRSE

DFEFRRERACZLE". ERN LT ERTFNERSL .
FANA @Y E P BESCRA I . RERAERIE, 5
A TABUF LAV Sk HERR

) RE MR R A EFRIE 4 . B4R H B E
B 44515 . TARE AR R R SR A AutoCAD

Adobe Illustrator B, Corel DRAW i AF42 1, T8 & AN B <RI 5
FEA B R bR LS | PR ZAR I 4R 7 5 S R, Ak b
S B EABME B B I A B A R
200 J7 BURFE UL L.

3) &l R R A R SO AR R B B SR A T
7

4) 52 SCHR N FH S T & R B BERE, 325 1 B 28 5 IO
SIRT e, VAL L] 2] 455, B 5 IE CH R R PS5
— 8, UFER S S 2% CEkE S, GB/T 7714—
2015) FNCH FE 2= AR R ORI B R S IEM BRI, CAT-
CD B/T 12006 & 3T J 47 e ) 1 25K 3 5% SCJR 555 S0k
WSS SR R B B S S (WR B (6 TR ) o

SCHRZER T HRREUN 3@ E B M ] &g e[ e iRt
EIN WIS )] 2208 3D ] IRE (R briE[S ] &
FIPTEHmIGTHARIB] 501, 2% T AIK] HAb AR UL
A SCRR AL, 0 20 BT 28 FF O BORFA T BOSR T ] 4 5 S0 ATl
WRAF Y EAR RS TAEFMLZ]. W EWIRIL)/OL]; M
HTFAETEB/OL] . HL P30k M 75 7E 2k i bric 5 in - & %
sCEH H I OMEFES) 511 H I On s 365 ) A Sk
k.

4 i

1) 388 5 Cp 7 H X R D i 5358 I 3 https < //nfdwis.csg.
en, PP VEF B B SO S5 R PR R I n
A, 85 5307 T BRI S E0R 020-36625646 1) .

2) B Rt 55 WA 11 R LIS (FALAE) .

3) GRS AR AT R R S A B . R
TR AN 25 1 ] A (R 1 FL I B R ) 2 i S 0 3 L B s A 9
YT 2L 020-36625642 36625643 5 K 1% B, - 1 14 3]
nfdwjs@csg.cn 1] 4848 T i #H Fr 1B O

4)EE— L R, R S E 1 B S AL, 7
SCEEGRAA TR, B S5 ARG AR RIEHRE

SE L E RGN RG]
(1] xIES, RGN, EXE . B E M. Jbat w3 8E R
#:.,1957:15-18.

(2] Bhschk . AELR PRI TR EE M I T T [C L 38 . ia
BAEMAE SN H— T EIE BF S IR R S W
L VY E TR R AT, 1996:468-471.

(3] PGHF . RSk s D 4 3E 5 s 01 A5 AR (9 LBB 43 M [R]. b
IR R EAR BT L 1997.

(4]  PEEZREAEHEZE N2 R85 30K 25 S0k M
W : GB/T 7714—2015[S ]. Jbut: dr E AR AL, 2015.

[5]  XB—HI. 2% AE 17 :200610171314.3[P]. 2006-12-13.
R . JCER A AR AR B H o 45 38 v i o FH 55 R T ). R H
WA ,2009,3(6) :85-89.

CHEN Xiang. Development of wireless technology in modern
power grid management and its perspective [J]. Southern Power
System Technology ,2009,3(6) : 85-89.

(7] EB5E . T b B 2% AR R A vl Ak B 2 2R e TR kg
[EB/OL]. (1998-08-16) [ 1998-10-04]. http://www. cajed. edu.
cn/pub/wml.txt/980810-2.html.

(7 A % 435



