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Abstract: With the proposal of the national dual-carbon strategic goal, distributed photovoltaic ( PV) ushers in
new development opportunities, and the management of voltage quality for photovoltaic power stations becomes a
key challenge. Based on the dual flow long short-term memory-convolutional neural network ( LSTM-CNN) model,
this paper proposes an interaction layer and a multi-feature fusion prediction module to achieve the prediction of
photovoltaic user voltage quality indicators. The operating status feedback data of different periods and the same in-
terval is monitored, and the data is filtered by exponential moving average to reduce the influence of noise. The du-
al-stream LSTM-CNN model for sequence modeling is constructed, with the introduction of attention mechanism
aimed at enhancing attention to key features. We propose a multi-feature fusion module, which fully leverages digit-
al information from different levels to enrich the feature representation for prediction. This module consists of six
prediction heads, allowing us to predict future voltage fluctuations, voltage variations, and voltage deviations (volt-
age quality indices). Model performance is evaluated using the mean absolute error (MAE) and the root mean

square error (RMSE) , where the simulation of voltage deviation MAE is 0.029 0, showing a small prediction er-
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ror. The experimental results demonstrate that the proposed method can effectively predict the voltage quality of low

voltage distributed PV, and provide important support and reference for the stable operation of low voltage distribu-

ted PV platform area.

Keywords: low-voltage distributed generation, photovoltaic power station, voltage quality prediction, neural net-

work , attention mechanism, feature fusion
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Fig. 1  Structure diagram of LSTM-CNN model combined with attention mechanism
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Tab.2 Experimental parameter settings

E e ZHUH
LR 0.005
Epoch Number 2 000
Batch size(B) 64
Optimizer ADAM
sequence_length 32
hidden_size 32
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Tab.3 Prediction errors of voltage quality indices in different prediction models

A NI AL LR 3h F T i 2

LAY YK /min -+ S5dE/M
MAE RMSE MAE RMSE MAE RMSE
BEHLARAR 45 0.089 8 1.687 1.854 1.254 3 1.354 6 1.124 8 1.024 8
S 40 0.079 6 1.235 1.752 1.652 6 1.224 9 1.296 5 1.002 5
CNN 61 0.116 3 0.218 0.832 0.217 0.799 0.247 5 0.298 2
RNN 62 0.103 2 0.321 0.798 2 0.398 5 0.813 1 0.194 2 0.3115
LSTM 65 0.118 1 0.167 8 0.432 0.1142 0.220 9 0.1258 0.1358
LSTM-CNN 70 0.190 9 0.574 6 0.6129 0.0829 0.193 5 0.0859 0.096 5
LSTM-CNN-ATT 100 0.487 4 0.0459 0.1110 0.077 7 0.1852 0.029 0 0.043 6
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Tab.4 Effect of different branches and modules
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1 Vv 0.218 0.217 0.247 5 0.832 0.799. 0.298 2
2 Vv Vv 0.574 6 0.0829 0.0859 0.6129 0.193 5 0.096 5
3 Vv Vv vV 0.253 9 0.081 2 0.052 7 0.4233 0.187 6 0.086 5
4 Vv Vv vV Vv 0.045 9 0.077 7 0.029 0 0.1110 0.1852 0.043 6

e LR B0 ) T BT R AR () RMSE A
BT HABA L B0 T 1,169 4 .0.613 8.0.035 7
F10.008 3, Ire By HA T /N2, FrEesinl
MAE AT HAB SR 54308 /0 1 1,176 6 .0. 139 3
0.036 5 F10.005 2, A% T4 AL A2 > 1B Bl
0 50 10 150 200 BLARMRRI B — A VR 2 ST R CNN I LSTM, S0

L R NS 4 e/ %
B

| |

[ ol BURIET: LSTM Al CNN 488, FUAT e 4 e
S 0 FF 9 B K G 2 FIUR SRR AE 1R fE 7, M
?\5 6 5(b) ATLLAE i, LSTM-CNN-ATT 58 55 B JR ) 3 1)
2 .l 2 B 5 SR ) ELA S (0L HE | B T O 1 M
3 2| S S SHe P 9 95 80, 4 ek O 0 B A4 A 1

(I) 56 10IO ISIO 2(;0 ﬁgfﬁﬁgao
SRl B 2 14 T 225 SR () S (R R, T 418 o1y

FET 7 S HLEI Y LSTM_CNN ) ) RMSE AH#%
THEHLARAK . CNN  LSTM , LSTM-CNN FHith 2 43 1)
W07 0.981 2.0.254 6.0.092 2 F10.052 9, 3 H.
JI AL 1) MAE AH A8 T H Al 53 3 43 0l s 2 T
1.095 8.0.218 5.0.096 8 F10.056 9, F f2 4% %I A

B R 22 1 4 /%
PN

— LSTM-CNN-ATT — SZpRfii

0 50 100 150 200
P 1] fmin AE/NRERZE . LA E 05 A5 R AT A, LSTM-CNN-
A5 AR E AR S A AR A ATT SRR YA 4 LAt 553 AR LA B/ NG %
Fig.5 Comparison between the predicted values and RN S KGR, 456 1 R EE 2% > T 91 i A A0
actual values of the model voltage quality indices P R BURFE Z IRV AETE AR GV , B4 R iz Ak g

— 133 —



%63k H3W € Al
2026 £3 A 15 H

5 L %

Electrical Measurement & Instrumentation

Vol. 63 No.3
Mar. 15, 2026

77, HAZ R RRAS I I AS [ 4T 55 FUR R B 46 T 1
FEL B S A 0N, 330 X6 552 o g FH e T X AN (]
JEAR I R B AR E 2 X TR oA OB R
REMEESEMTEERAEEZEE L,

AN [ S 50 P T B B AT L 3K, B
HLARAR () B AR R 3 2 38 2 o) I 22 1 Bt LR
FEFIRTRRAE (0 Bl AL 6 25 171 A5 B Y, PSR 1 o 3k
A AR A 28 i 32 SO TR IR
JEFIRRAS T R 20 A, T R R T 25
FSEARY AR 25 R RR R BT B0 11030 2 B ARG, Rl AL
AR Z R, R A — e 0L T T B L
—IRRWRINE AR TR B X E NS
B /N, 439 0.089 8 M F10.079 6 M, i
AL R AR X AL R, X TR CNN | RNN Al
LSTM X $e5 7k B S 4L 2 0 PR it , S 802 7] 2
> A EE R 22, 4393 2R 0. 116 3 M,0. 103 2 M,
0.118 1 M, 315 3 &£t #H £, LSTM-CNN, LSTM-
CNN-ATT BILEE G T 2R S A, B 5 5§
DR TRR Bl % J2 A 22 25 A L, S 8O A AR
R T AR AR R RN A R AR SCHET T S
PEEE FF LSTM JZE0 %4 R 2 CNN [ 98 % #5 Bt 4%
MR T s, WA 2 ARl A wol 17 1
FEAT AL B [ e 03 B B, 25 B B ] BB A AR M O
(TIN5 5 | B2 0 T S R A R AT HEBR 1 O ik
JIFA TR A YA S drg TR, AR v 2 Ak
B, LSTM-CNN-ATT 5%k th F 7838 1.2 i A
RSB X AR 51 AR AS TR 4 B AL G
W K BXT AT TS AMABGRAE IS I A 2 5E
TETRI AR AL BE 6 A5 ARHIE , B9 T #o a1t
S, P K, (HAR BT A 3 e i A
LA /NI R 25 R S RS
4.4 FEZER

Nk 4 Fros, 400 14 M AR W 45 53 32 DL SR
BB A P 8R4 b T e o 4 A 1 PR R
Hor ) 1 HEFT CNN B P AR BE P RE RO 22,
TR FEAT RS 24 AT 55 ek s 400 2 #4647 LSTM-
CNN U2 hb ¥R MR T & 127, Hb
JEINZE MAE Fl RMSE 53 [% %2 0. 574 6 #10.612 9,
FEW LSTM 43 32X FAT: 45 1A B[] e 5 el A 65 B
Pem TR PERE, BB A5 A AU B R E A i
SRR A B 5C &2 . TR 3 Th 5] ASCEHZE,
XRS5 32 LSTM_CNN Ji5 O RRAE 247 28 SUHE T AL
il A B B AN [ REAE 22 18] A A S A A B AR

— 134 —

HE— 25 T AR N [ J2 RN R U AR B
FUF FEREE AT 55 X RRAE AT AL, 5% 4 5 L &
DRAE | FEL R 38 5l A E A 2 AH 56 B R AR, DATT $2 75
THRHER SRR UL S5 R e, HP RN AR MAE
H1 RMSE 43 I 2% 0. 253 9 H1 0. 423 3, B L J% )
MAE F1 RMSE 43 5[4 %2 0. 081 2 F10. 187 6 ; 7E4H 1]
4 205 A Z R AR SINAR Y | Herh Z R Al S Y
6 M43 B2 2033 CNN ZHEE X 40t LSTM
HIERIE X° JEASH 2 X X BEA7 38 TE 2 HL
IS B RERAE X, X, LA R 23 n=k (10) FIk (11)
B AR AL B (Y B B AE X, X' SXORE 2 R LA
CNN \LSTM A2 HJZW{E B iR 80 0 Z R v A A
bl I RAR 6 AT Sk 45 5, e i By BE %
SR Sl i B T 45 SRAE AR B TR R (AT
HEBR W BT AT (B A AR R e A BUE X Fh 2 HE
TR G B A E T3 A R [RR IR B 15 B, (A3 455
FE % T 4 T b 27 iy A5 )RR AT i e % R R B
A T FE A 00 oA TN BE Ty dR 28 R TN AR
MAE Fl RMSE ‘2.3 08/N%2E 0.045 9 f10. 111 0, B JE
2% MAE F1 RMSE 2508 /N%20.029 0 #10.043 6,
XFFINAS sl 22 0 T AR 4 A T, 2R %
MG L5 S ST RE B) T O E . X — R4
SRR T T SO AR A PR RS U SE T o A 2
FEAR HL 3 F R SO B A 04 B RN X — AR X
TR 10 AR R G0 0 W 5 4 BEEL A S B
A,

5 % it

BEXPAR R 43 A 20 P G AR R 0T A A 4 A
YRR IO () B, 45 T — b L TR ML A XU
LSTM-CNN W8I A1 2GR i He S5 it 4 A Tt
BAY IR B, AT A T AL A T =4
i ( FELFE DAAE | F PR 30 20 R R Al 22 ) L 3PS T e
FERIPERE , W3 52 LSTM-CNN % 2% i B 4 Hb 3l 412
G h SR, 51 A S SRR IALE, 2 5 R
ZIP M, A sl 2E I B Th i S E R, f s
TEZAHER S B 0 5 48w T T AL 55 Tk fg , &
W Z2 R IE A 606 T R DN A2 | R R 05 30 R R, T Al
ZE T ELA R X,

A0 TAE AT DA — 25 0 AR A5 1Y 7 25 4 F1 =
BRI SO R AE 3R ORI R oR Jr ik, R,
AL SRS I AT Z2 SRR 2 A i R R kS
Bl o AR A AT AR R TR0 AR B (9 25 A M R
[FIERE , 76 S5 A7 0 0% 40 W7 7 T, T DA gk — 20 AR 40 )



%63k H3W € Al
2026 £3 A 15 H

Electrical Measurement & Instrumentation

Vol. 63 No.3
Mar. 15, 2026

S 3

SE R F AR FITIN {EL A W 5 175 0, AT BE 4R il
SR IR0 B A M I RS B Tt A, o mT DL — 2
A5 PR A [ A8 ¢ B LA AL, R A 425 3 FL s
2& R 2l A ERL T A28 22 () B P9 PR BB R $ HH A
JO7 (R igp R 5 58, LA BEARR e A AOE AR L 3l 1y 7l 425
SR JEADEIR I R G E 21T,

& % X

[1] ERpE, XK, B, % ETAHURSILE ML

AOGARIF P 2 GE ARl e 2B il SR (0] W A1 3
i, 2023, 43(4) ; 99-105.
WANG Shiwen, LIU Fei, ZHUANG Yizhan,et al. Low-
voltage ride-through control strategy for two-stage photovol-
taic grid-connected systems based on active power com-
mand sharing[ J]. Electric Power Automation Equipment
2023, 43(4) . 99-105.

[2] W, mitd, i OBk + fRe7e R TS
RUWFE SE[T]. 5T, 2022, 41(12) : 62-66.
XIE Min, GAO Haorui, HU Haifeng. Research and dis-
cussion on distributed photovoltaic + energy storage in civil
buildings[ J]. Building Electricity, 2022, 41(12) ; 62-66.

(3] BRERE, Fatlst, IV —, 45, JefRe s A B kX

NRGRENAR R[], RERLER, 2011(22) ; 19-
22.
CHEN Qianjun, TAO Meiyu, SUN Zhiyi, et al. The influ-
ence of the photovoltaic power station connected to the
power grid on the voltage flicker of the power system[ J].
Low-voltage electrical appliance, 2011(22) : 19-22.

[4] BRAY, Brgdim, W/h=2, S5 o3 An SOGIREEAKTBCHL

HUR B EIR T[T ). TR, 2023, 61(3) : 9497,
102.
WEI Xing, RUAN Shaojiong, ZENG Xiaolan, et al. Anal-
ysis of the influence of distributed PV access on the voltage
quality of the distribution network [ J]. Electrical Switch,
2023, 61(3): 94-97, 102.

[5] deil, Vrils, Mandh, 4. JE Tl Mgl st

TREE A ) BRI AR DR BN [ )], AR,
2021, 45 (12) . 4721-4728. .
MENG Anbo, XU Xuancong, CHEN Jiaming, et al. Ul-
tra-short-term photovoltaic power forecasting based on rein-
forcement learning and combined deep learning models
[J]. Power System Technology, 2021, 45(12) . 4721-4728.

[6] Hepter, #IFEis, PRENS, 55, JE TR/ 2 R I
JAPEIF Res-GRU-AT (1 HURE SIS A PSR ). W
RGPS, 2024, 52(4) ; 12-25.

BI Guihong, BAO Tongyu, CHEN Chenpeng, et al. Com-
posite PQDs identification based on a hybrid decomposition

multi-scale time — frequency map and Res-GRU-AT[]].
Power System Protection and Control, 2024, 52(4) ; 12-25.

[7] WANG Z C, PENG Y F, LIU Y F, et al. Photovoltaic
power quality analysis based on the modulation broadband
mode decomposition algorithm[ J]. Energies, 2021, 14
(23) . 7948-7948.

[8] BEEWE, =T, Wk, 5. FETHITER AR

REFI Jrib s k(] RIAREK, 2022, 43(11)
224-234.
ZHAO Zeni, YUN Sining, JIA Lingyun, et al. Research
progress of short-term wind energy prediction method based
on statistical model[ J]. Acta Energiae Solaris Sinica,
2022, 43(11) ; 224-234.

(9] BRRSL. HETISLARMIIEN 10 kv o HL R 5 A 5
SERLJTELT]. HEMER, 2023, 64(11) : 196-198. .
CHEN Tianli. An automatic fault location method for 10 kv
distribution networks based on isolation forest algorithm
[J]. Automation Application, 2023, 64(11): 196-198.

(10 BREEAR, sk, #h. 3T 154 CNN-LSTM A8 il

PGAN HEHU Y A W & FOM XS LU AR (] il 543,
2023, 60(10) : 98-103.
CHEN Ludong, LU Sibin, XU Chang. Based on tradition-
al CNN-LSTM model and PGAN model comparative study
on power consumption prediction[ J]. Electrical Measure-
ment & Instrumentation, 2023, 60(10) ; 98-103.

[IARA, 7™, mISCM, A%, FET ALK @K % 5

ISMA-HKELM f6AR A DA T ]. AL UREHT, 2023,
42(3): 16-26.
WAN Junjie, FANG Yan, SI Wenxu, et al. Photovoltaic
power prediction based on entropy right-grey correlation
method and ISMA-HKELM [ J]. Electrical Applications,
2023, 42(3) . 16-26.

(121808, B, S5IRTE, 55, &TF CNN-LSTM-AM zh 54

JEAEAY A r il KA LIR S B 595 [0 ] AR 74,
2023, 44 (4). 19-27.
WEI Wei, LV You, QI Xinyu, et al. Power station fan
state prediction method based on CNN-LSTM-AM dynam-
icintegration model [ J]. Chinese Journal of Scientific In-
strument, 2023, 44(4) . 19-27.

L1314, MR, B8R, 45 ST PR CNN-BIG-
RU BRI J/OL]. MU RGELH A kA 1-
10[2023-06-25]DOI:10. 19635/j. cnki. csu-epsa. 001257.
YANG Chao, RAN Qiwu, LUO Dehu, et al. Short-term e-
lectricity price forecast of CNN-BIGRU based on attention
mechanism[ J/OL]. Journal of Electric Power System and
Its Automation; 1-10[ 2023-06-25]DOI ;10. 19635/j. cnki. csu-
epsa. 001257.

[14]CHEN J, ZHANG X, ZHOU X, et al. An approach based

— 135 —



%63k H3W € Al
2026 £3 A 15 H

5 L %

Electrical Measurement & Instrumentation

Vol. 63 No.3
Mar. 15, 2026

on cross-attention mechanism and label-enhancement algo-
rithm for legal judgment prediction[J]. Mathematics,
2023, 11(9): 9-14.

(15 2RI, B89, iR, . BeADGIRIT M R G b
Rl FAMESLL ] TR, 2021, 34(5) : 28-37.
LUO Gang, QIAN Gang, FAN Qiang, et al. The harmonic
current detection and compensation algorithm for the modi-
fied photovoltaic grid-connected system[ J]. Guangdong E-
lectric Power, 2021, 34(5) . 28-37.

[16]8LH:, HiiF, KT, 5. 2T CNN-LSTM-AM 254

AL L KHLIRAS TN D7 vk [ 1] AR A0
2023, 44 (4) . 19-27.
WEI Wei, LU You, QI Xinyu, et al. Power station fan
state prediction method based on CNN-LSTM-AM dynamic
integration model[ J]. Chinese Journal of Scientific Instru-
ment, 2023, 44 (4). 19-27.

(17 150, PR, FHIRDG, 5. BETRRAHEIZ IR
PEGRIE ¢ > B R XU D AR S I ()] s 0 A Bl
it ss, 2023, 43(3) : 110-116.

YANG Jingyu, LUO Longfu, YANG Tongguang, et al.
Short-term wind power forecasting based on meteorological
feature mining and improved deep learning model[ J]. E-
lectric Power Automation Equipment, 2023, 43(3) ; 110-116.
18]Ik, Mok, fEMERR, 45 L TRt TOPSIS 19 5 X fIk
HLUTIA BB O E PR BIEFE (D). BN 54k, 2018,
55(7): 16-22.
HU Bin, YE Bin, REN Xijun, et al. Study on optimal e-
valuation of low voltage control measures in platform area
based on improved TOPSIS[ J]. Electrical Measurement &
Instrumentation, 2018, 55(7) : 16-22.

— 136 —

[19]ZHAO X Z, YA QZ, AO L, et al. Wild terrestrial animal
re-identification based on an improved locally aware trans-

former with a cross-attention mechanism[J]. Animals,

2022, 12(24) . 3503.

[20]CAOL C, LI J C, ZHANG L B, et al. Cross-attention-
based multi-sensing signals fusion for penetration state mo-
nitoring during laser welding of aluminum alloy[J].
Knowledge-Based Systems, 2023, 26(1) ; 10-18.

F HEE. 2023-11-01;
EE R

PR (1982—) 2o GBAFVES , W TARRIW , DF5E 07 10 2R
BB TR BRI N TR AR B
B2 Wi AR . E-mail :71591160@ qq. com

TR (1984—) ., M+, w0 TR IW, WF 58 5 ] S H )
ICERACR R AN L B i i i A

XUTHEAE(1990—) 3, B TR2IW , BF 52 75 1] S A =55 i
HL AR 5 R AR

X3 (2000—) , 2, BB IT A BFST 7 17 SR 0 BE HL IR
B RGERBAE 1)

R (1989—) W3 AL, e g TRV, BFS 5 1l S 4 e
LA I 5 R A

B2 3C(1968—) , 2, 18+, 8, W5 77 1l S %8 R P I
T B Z AR

P (1988—) , % Wit Bl B2, B9 J5 ) v SR8
KopraeliiE A f o RGBT,

S5 (1971—) I Wi B2 W5 Oy Il b L R G4
BS54 | ARV IR 0 R ) 2R 58 KB

&EIHHf . 2024-05-16

(9 AR5



