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Group Control Strategy of Photovoltaic Power Station Based on TPA Improved GCN-LSTM
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Abstract: As the proportion of installed photovoltaic (PV) capacity increases year by year, accurate prediction
of PV output and the realization of group control and management of PV clusters become crucial. A multi-site PV
output prediction method that integrates deep fusion of graph convolutional neural network (GCN) , long short-
term memory (LSTM) , and temporal pattern attention (TPA) was proposed. First, the input features of multi-site
PV output time series curves and numerical weather forecast data were transformed into a graph structure to
establish a GCN-LSTM model, which extracts the hidden spatio-temporal dependencies among PV clusters.
Second, an attention mechanism was introduced to weight and correct input data features, enhancing the value of
key data. Then, based on the spatio-temporal prediction results of the PV clusters, dominant nodes that sensitively
reflect the voltage changes of the cluster were selected, and an inter-cluster coordinated optimization strategy was
constructed with the goals of ensuring no voltage limit violations in the entire regional nodes and minimizing the
system's network losses. Following that, an intra-cluster autonomous optimization and control strategy was
constructed within the cluster based on the coordinated optimization strategy results, aiming for the safe operation
of cluster node voltages, minimum cluster network losses, and maximum local consumption of distributed PVs.
Finally, simulation results of actual multi-site PV cluster output data show that the proposed method can efficiently

extract the spatio-temporal correlations between different PV stations, reduce the prediction error of PV output, and
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effectively improve the safety and economy of PV clusters.

Key words: PV output prediction; graph convolutional neural network (GCN) ; adaptive adjacency matrix;

temporal pattern attention (TPA)
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F1 AEFETHRREABMRESHEE

Tab.1 ~ Error and accuracyof PV power prediction

IIFR/MW

FA

2E/MW

P

}

under different methods

Ik RMSE/MW MAEIMW R?
Ik 0.478 0.346 0.86
Jk2 0.486 0.338 0.89
Jiik3 0.416 0.315 0.91
Jrik4 0.423 0.307 0.94

ARSIy 0.382 0.282 0.96

S5 B 5 SR AE B — 3k, IO iR 22 /N Ho 4 A 4R
R R TN SR AR . R
R B KA 5 25 A R A o L e
58, 38 T S BRIk T 3 )

ARSCHHE T 507 2 L AT X e, ph 4 SR T
1 GRU A6 R4 22 (9 £ 7T LA F00 50l Y AR 1 77
{H7E 14:00—16: 00 K< & A= A2 AL 2 (il S AR
F1587 | T BTN R 25 B W3 SRR 1A
X3k KA ARG BUAFAEAS 2, To ik 7843 I 25 1]
FRIE o AR SO 5 15 1) P 2 4 X 52 22 L 7 7 1 %
KT 18.5%.

AT S ik 2 B vk 3 T X L
FH 25 SR AT R0« 7 2 11 1 3 LA 448 I 246 i LR [i]
FRAE M RE A B, BU 45 SR S 80R 22 Tk 3 1
LSTM Hfi £ [ £ A5 1 EL AT 45 HUfan A B5CHR 0 1) 2 o
TERE 7, 2 = 1 T 445 SR 00 E A R 5 AR SO R
00 35 246 % 1R 25 AR T LSTM it 45 ) 45 455 704
7 10.5%.

RSO 50 B 4 AT AT L, ph 4 SR T
T2 B3 A TIOMORG B B S s, R B TPA 1l A
P R AR 2 i i AR (G BE T, AR K A S 34 o4
XFIRZEPEIRT 8.1%.

B FOA 4 R LR AR SO AR 5 I 1 R
h10.96, Fe P 1, d W RE R A T 5 512 o 1 A 422
AT, AR ) RO R A v

S T AT IIINORG E, AR S I B v e b
S E R, IERT #E—2 5] A Isolation Forest J7
SEPTUL R &/ R L N PO o (103 - o I A
AR RR WD TR (R B DR S AL L g
F1o LA, BhAS AR A 51 A (A5 AL R 05 AR 4l
I HS PR R L 3l ) S I, DT v ) s R
T B HERTE
33 RREHBHEBHFAHEER

e MR TEEE 33 %5 55 R4 A X R k1T
B0 3, TN AN S 7R o oA SR T 4
A ) 10 81 92 1) 5 ek FURE P S 92 1) SR ek 1) A 44
P, DAREAR TS 50 F R i 22 R AT L 7 22 48 488
AL B, B E S AR EET T L2
PR S R R L PR S S R R T BR
3N YT A TR E
3.3.1  BEEPMEOL LR uE 4T B4

& 6 F13E 2 43 il s T ARG 1 AR Y 5
(14 451 1 FEL e R (L % Ml 2 (LRI 2R 2 X 9t

57



B A AES 20265F H 564 F 3

B A, % TPA & # GCN-LSTM 49 564k W, 55 BE A BRI PR AL F kAT 5

I
l
::«) 20 21 zzl____ ___?‘jiz‘____l___ﬁjis__r_ﬁzﬁf__l
O O O ©
! I i
13 4s I_E" x 9 10 11 20 13 1415) T 16 1718 :
Ter [T '_:__'__'__'__'_'_'__'_ZL:__Z ______

KI5 LA IEEE 33715 5 A GUH A
Fig.5 Typical topology of IEEE 33 nodes system

0 5 10 15 20 25 30 33
By

K6 ZGEIH T wFF%w m LTS R (L CEE )
Fig.6  Voltage magnitudes of each node before and after
system regulation (between groups)
F2 PRBEREEEMREMNIR

Tab.2  Node voltage deviation magnitude and system power loss

= s
W RN TEER GRS
TR B et IR B

ZAH) (bR 4 fH)
EFWA B 0.106 0.046 0.605 98.54
HL AR 2 4
WHIRET  J§ 0.067 0.022 0.350 4971
Fgag B 0132 0.054 0440  215.03
WIEEER = o8 0014 0.147  271.98
Egar s B 0204 0.064 1.037  96.09

W = o1 0047 0660 5037

H & 6 M 3% 2 AT PR A AL S AR b TR R
W, FR W ARSI TE2UE NN 5T
F2 T A5 R 22 B A R T B 37.24% 1 e R
T Fi KA 22 FAE T [ 52.27% A0 o5 v, ST Al 22
FEAE Y R B 42.29%, 439112494 0.039 4 (FR 4 (HD)
0.024 2(bRr Z A8 ) F10.255 2(hR A1) , ZRG MH R
K% T 49.55%, %0 48.83 kW ; = 5745 i H J B b |-
M R 6T Z a0, i FES 817
et T BRAE, il & TR SR R, 2R
5 ERHE N T A 1 SRR RE A 7E 0.95~1.05 (BR 4
(B B 22 4> B TR X (6] P2 A7, B dg K T HoAth S
HR MR A R R . 32500 0 F e i 22 AL 1Y)

58

FURBE T 83.75% 15wt FL R Fe KA 25 1(E R R T
75.18% . 4= T 17w HE i 22 B B RN R R T
66.68% , 73 214 0.110 3(F5 £ 1H) .0.040 9 (bR
H)F10.293 6(hR X 1H) , REEMHAIE N T 26.48%,
2970 56.95 kW W AR TR T, 4
W32, H T ESF T A 2B T FR
{8, fil & 7 S 2R e, 20 Ak S RN T
AT S AREASTE 0.95~1.05 (bR ZAH ) B9 28 4 K
XA NIZ AT o 35S 19 A e i 25 15508 1) 0TS
T 42.26% . 17 R R R K e 2ZE B R FE T
25.47% . 4= HB T i e e 25 BEAE B R R R T
36.33%, 51 51%9°4 0.086 (Fr £ {A) .0.016 2(F5 X {H)
F10.376 7(br ZAH) , RGN T 47.58% , 24
1 45.72 kW,

LR 3R SR AR A R R W] A SR A
‘Ew}iﬂﬁm%ﬁﬂ%ﬁﬂlﬁ%ﬂzﬁiﬁﬁ“ﬁ%éfia‘ziﬁIX‘J
LRARE , LI A T M Aa T, EF s R

%?ililraﬁ?,ﬁﬁﬂiﬁumﬁﬁ%%ﬁwﬁ%%
FEAERFAE 2 4 DX, DR 2R 40 3 0 X A AR 1k o
332 HENRIATLALTRES (7 545 R

PIEEAS TEEE 33 95 55 R G0 b — D REXTEN
AR T s i Bt TR T R4
DA FOC AR IS B 2% 15 a5 H He 1 18 B2 i 22 155 1
B2 EEl fﬁ/ﬁ',

1.08
1.07F
1.06}

HH(bE 2 1)

F, R

0 5 10 15 20 25 30 33
17 RGNS AR S5 S AT A H R AR CRE D)
Fig.7 Voltage magnitudes of each node hefore and

after system regulation (inner gr()ups)

p &7 0, PR PR S A T IR R, 1R
HL BT T2 B N T, 1 5 R 25 8
LRI AR B T 34.7% 35 35 L 1R fie KA 22 B T
R 1 40.6% . 4 4 Mt T B 42.8%, 53 0 290
0.210(AR 4 1) .0.027 (bR L) F10.417 6(FR X 1H ) 5
SRR R RN PR A AR
VU EINE T /N T 1.03(hr 2 45) , 17 &



B LA, 5 . TPA 7k 3 GON-LSTM #9 ok v, 55 BE R AE I AE AL SR AT 7

wAET 20265 %564 %34

T ZE ARG AR R B T 53.17% 1 5 i e g Ko 22
B AR B T 65.17% . Z 48 W 45 43 51 484 i 17
22.9% , 17 s HL e i Rl 2 A I 4 i R R 4
1 0.078 1 (A% Z {H) T F%5]0.027 2(br 2 fH) . 15
SRR i 2 A (L A R0 7 i R R P S AR T
0.363 4(h5 ZMH) , RGEMPIIE I T 69.8 kW ; 15 8
HLUEBR T BRI T, WA R A& i N is
17, B KT 0.95 (bR L8 ) , 19 4 L e 25 5
FIFR BT 47.04% 19 50 R fie K A 25 A5 (E T B
T 45.16% . FZ G AT % T 57.58%, 4 B 40
0.086(Hr £ 1H) .0.016 2(br X 1H) .0.376 T(Fp 4 1) ,
S F R SR R I 25 (R I TR 4
0.087 9(FR 1) FFE510.048 2(FR Al 5
JE s 25 AR B R R4 F AR T 0.071 6 (B 2 {H)
ARG IR T 74.92 kW

3R 3 g S R s A SR I AR SR
WA IR LA SR B AN R R I R RAE L &
T FHEAT , I R AU AR R 40 M, S48 0 AL
£ Fe RA 5 7671 5 H HE AR Y OE Y R st BT DA
T R R A X IR 8 1T .

4 b

ARSI T — Fh R etk i s R A b
W 265 B9 AR HE TR AR | B T G AR H g
B 1 ] B 52 B0 T DGR LS A A R e A T AR E
BT, FELSLE .

1) JIF B 2 PR 35 B ol 448 W) 4% e 0 S ot I 4
FREL IS [ RAAE A RE ) 5 LSTM $2 B [A]4RR1E 1
VAR & EA D RN V&4 -]
EireA & H IR =8 - ARt SE NI 3= B R
R SR GRU Y Bk 10 454 5 2R 25 LSTM
P28 W 2 A4 8 D7 EE AR L, - 2 446 xR 22 1 — 3
R T 10.5% L) E

2) [ 3 I AP 45 A I 2 2 D YA RE RS F s e )
AN TRIAR R Sl 14 35 [ AH DG, E A R [ S 5004
R 0 a2 2 AR . T 5 AR R T HL AE
475 A TR 1 T I 20 D' ER: Ty i s 5 g sk O A
B ZI5 2 SIS 2R, DT 44 v TR 32

3) 38 1o P R A SR B AN AR B PN 45 AR Sk 52
BT IR BB % g PR iE AT Mo A OBk
RN, TFAEAN R ) 55 N A BT A H e g
75 K A

R BT EACR ARk R Ak GCN 5 LSTM
A R R B4 IS5 G AR R 45 HoR 501

FE TS0 A B A R ARG AR R o 19 52 I 4
AE. s Az AL RE T , TR AEA [R] X S
SRR AT XN S A, e e 2
Y PR EREIE . SIS I HOR, al LA B
AR AL W BT R AR, S TG A

B E 3k

[1] SRR, XVAkAR , By, 45 . LT s SR RRIE Bl 1 G AR )
YPPRFN T I5L)). HAUH% 3], 2021, 51(12) :66-73.

ZHANG Lin, LIU Jichun, MA Jingyu, et al. Short term power
forecasting method of photovoltaic based on functional charac-
teristic data[J]. Electric Drive,2021,51(12) :66-73.

[21 AFEFE, SRFF T, ARIE AL, % . 3L T TCN-BiLSTM-Attention-
ESN A 56 R 2y A T30 [J]. 7% BH BE2# 412 , 2024, 45(9) : 304~
316.

SHI Peiming, GUO Xuanyu, DU Qingcan, et al. Photovoltaic
power prediction based on TCN-BILSTM-Attention-ESN[J]. Ac-
ta Energiae Solaris Sinica,2024,45(9) :304-316.

[3] H#H, 2 d e, 45 . S T AR IR ) o AT ZOB R R 2

SR T7 UL OISk )], RIS 0T I BRI, 2024, 40(1) : 8-
17,28.
DONG Ming, LI Xiaofeng, YANG Zhang, et al. Research prog-
ress on data-driven prediction methods for distributed photovol-
taic power generation[J]. Power System and Clean Energy,2024,
40(1):8-17,28.

[4]  BCERBE, RV, A0, 55 . o34 SOGR AR D3 10

B2 (8] BAMREPERIR[D]. B R G A 81k, 2024,48(3) : 42—
50.
RUAN Chenglong, LI Kangping, LI Zhenghui, et al. Prelimi-
nary study on spatial complementarity characteristics of short-
term power prediction for distributed photovoltaic clusters[J].
Automation of Electric Power Systems,2024,48(3) :42-50.

[5]  BRER, 50500, D, 45 . BT 00 2 DRI P AR 1Y 3 A OB AR
Dy RS L A< BUML 1. h L H ), 2024, 57(12) :50-59.
CHEN Can, SU Zinuo, MA Yuan, et al. Ultra-short-term proba-
bilistic forecasting of distributed photovoltaic power based on
hierarchical correlation modeling[J]. Electric Power, 2024, 57
(12):50-59.

[6] BXTH%, BREER , ARSE , 55 . BB 0 2 M Y . 7 I JiE

Jr FA SN EE(T). BRACHL ST, 2021, 38(6) :591-600.
ZHAO Erdong, CHEN Jianmin, SONG Juechi, et al. Construc-
tion and comparation of power dispatched schemes considering
photovoltaic uncertainty[J]. Modern Electric Power, 2021, 38
(6):591-600.

(7] TR IR BRI, 4 . BT CNN-LSTM iR & i 22 4
BRI AR e FL At BN 7 IR 51 P4 2 A it 24 CFL AR
1R ,2024,39(1) :129-134.

WANG Denghai, AN Yuexin, LIAO Chenbo, et al. Research on

photovoltaic generation prediction method based on CNN-

LSTM hybrid neural network[J]. Journal of Xi” an Shiyou Uni-
59



wAEF 20265 FS56k F3H 7 LB, 5 : TPA 2t GON-LSTM #9 364K b 35 BE A BRI 4 AL Ko A
versity (Natural Science Edition),2024,39(1):129-134. (34):14596-14602.

(8] JHsR,BRIEH  BRA DS 5 FEF G R/ N 2 45 1ok [18] B%his , BT i, 55 . T I 23 (5 B A 1 A A 2Ok

R 2 T 7 VAL R ), 2024,52(4) : 78-84. AR TT AR TEL)). 2T A HL,2022,51(8) : 64-72.
ZHOU Qiang, ZHANG Xiaozhong, CHEN Jiuyi, et al. Power YANG Xiyun,ZHAO Zeyu, YANG Yan, et al. Research on dis-
generation forecasting methods of photovoltaic power plants tributed photovoltaic power prediction method based on combi-
based on genetic wavelet neural network method[J]. Smart Pow- nation of spatiotemporal information[J]. Thermal Power Genera-
er,2024,52(4):78-84. tion,2022,51(8) :64-72.

[9] KRN, N8, JAIRSE, 45  FET WA e R & [19] Sl , 30—k, FRiil, 45 . & A TE i i oA 206 IR %
BT L] KBRS, 2021,42(10) : 80-86. LRI R R DR R 0. P B TR 22402, 2019, 39(8) ¢
ZHANG Xuesong, LI Peng, ZHOU Yiyao, et al. Photovoltaic 2202-2212.
output combination forecasting method based on bayesian prob- CHAI Yuanyuan, LIU Yixin, WANG Chengshan, et al. Coordi-
ability[J]. Acta Energiae Solaris Sinica,2021,42(10) : 80-86. nated voltage control for distributed PVs clusters with incom-

[10] BETEFE 7 4 52, B /N, 45 36T FCM-WS-BP f96 AR H iy plete measurements[J]. Proceedings of the CSEE,2019,39(8) :
BT P TR, 2023,30(12) : 2254-2260. 2202-2212.

HUANG Boyang, HE Xiaomeng, XIAO Xiaobing, et al. Re- [20] B4, A nU], AR, 25 . 22 TR RUSE DR BE R Al ~1 't fik
search of photovoltaic day-ahead output power prediction based B v 0 R e D AR [T, H I ELPL TR 22 R, 2025, 45 (17) ¢
on FCM-WS-BP[J]. Control Engineering of China,2023,30(12) : 6709-6722.

2254-2260. HUANG Dongmei, YU Jingpeng, CUI Chenggang et al. Voltage

[11] SAAD P D, STEFAN B, LUKAS W, et al. Photovoltaic yield optimization for PV-ES distribution network with multi-times-
prediction using an irradiance forecast model based on multiple cale deep reinforcement learning method[J]. Proceedings of the
neural networks[J]. Journal of Modern Power Systems and Clean CSEE,2025,45(17) :6709-6722.
Energy,2018,6(2):255-267. [21] XBFF 2, R, v R 45 L T RLHA FRIE 2 B Kok itk

[12] HU Wei,ZHANG Xinyan,ZHU Lijuan, et al. Short-term photo- XGBoost ST Y T 43 A XSGR I8 W] g BURAREL()]. B J5
voltaic power prediction based on similar days and improved HRIEAR 2023, 17(12) :80-89.

SOA-DBN model[J]. IEEE Access,2021,8:1958-971. DENG Xuzhi, LIU Qi, YE Aoshuang, et al. Short-term output

[13] WOONGHEE L, KEONWOO K, JUNSEP P, et al. Forecasting forecasting model of user side distributed photovoltaic based on
solar power using long-short term memory and convolutional meteorological coupling characteristics analysis and improved
neural networks[J]. IEEE Access,2018,6:73068—73080. XGBoost algorithm[J]. Southern Power System Technology,

[14] TR, FIbE, K0 . 26T VMD-LSTM 51522 R0t (K 2023,17(12) :80-89.

S5 LRI S L), KIS, 2022,43(8) 96103, (220 TAESL R BRARP, S e 2 R LR S TR AL
WANG Fuzhong, WANG Shuaifeng, ZHANG Li, et al. Ultra >J R A AR 2y S BN (0], TS AL L 2023, 43(5)
short term power prediction of photovoltaic power generation 1647-1654.

based on VMD-LSTM and error compensation[J]. Acta Energiae DING Zhengkai, FU Qiming, CHEN Jianping, et al. Ultra-short-
Solaris Sinica,2022,43(8):96-103. term photovoltaic power prediction by deep reinforcement lear-

[15] TEHENE , 4500 25 TR 42, 25 . 35T XCBoost-LSTM £ & 4 ning based on attention mechanism(J]. Journal of Computer App-
(IR % e T 2. A PR, 2022, 43(8) : 7581 lications,2023,43(5) : 1647-1654.

TAN Haiwang, YANG Qiliang, XING Jianchun, et al. Photovol- 23] SHF4E BUS . 5 IR A0 TEIDLAR L T BN 9 75 5
taic power prediction based on combined XGBoost-LSTM model OPBTTELT). O A B 2018, 38(5):50-57,76.
[J]. Acta Energiae Solaris Sinica,2022,43(8):75-81. LI Jinghua, LAI Changwei. Singular spectrum analysis method

[16] HES2T b 25, Wk M , 465 . 3 T 4 30 7 4 ARl PONN-BiL- for short-term photovoltaic output prediction considering meteo-
STM (1 36 fk % v Ty 2648 4 300 U0 [0, o Jo0 A%, 2022, 46 rological factors[]]. Electric Power Automation Equipment,2018,
(9):3463-3476. 38(5):50-57,76.

BI Guihong, ZHAO Xin, CHEN Chenpeng, et al. Ultra-short- [(24] i, BORGHE 2200, 5 25 FEA A AR A 3 9

term prediction of photovoltaic power generation based on Z AR 10 S BOT A IR, 2020, 44(4) :

multi-channel input and PCNN-BiLSTM[J]. Power System Tech- 1376-1384.

nology,2022,46(9) : 3463-3476. WANG Jing, HUANG Yuehui, LI Chi, et al. Time series model-
(17) XSE B3 , R R 26 TR 2 2 0 508 P O O e o ing method for multi-photovoltaic power stations considering

TR, Blpdi AR 5 T, 2023,23(34) : 14596-14602.
LIU Yunchao, YANG Ning, CUI Chenggang, et al. Power pre-
diction of regional photovoltaic plants based on spatio-temporal

information[J]. Science Technology and Engineering, 2023, 23

60

spatial correlation and weather type classification|[J]. Power Sys-

tem Technology,2020, 44(4):1376-1384.

ks B 41:2024-09-23
ek H 1 :2024-10-29





