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Status and Prospects of Pilot Projects of Multi—energy Systems
in Alpine Region
ZHAO Yuehao'",SUN Yun', WANG Yue!, LI Zhiyi?

(1.State Grid Jining Power Supply Company, Jining 272000, China;
2.College of Electrical Engineering , Zhejiang University , Hangzhou 310027, China)

Abstract : Multi—energy systems in alpine areas promote renewable energy consumption through multi—energy complementarity
and synergy, enhancing the system’ s overall energy efficiency. The status of multi—energy systems pilot projects in alpine
areas , both domestically and internationally , is reviewed and analyzed.Practical experiences from these pilot projects are also
summarized. The projects demonstrate that constructing multi—energy systems in alpine areas can facilitate the use of
intermittent renewable energy , improve energy efficiency, and enhance operational economy.By comparing these pilot projects ,

differences and gaps are identified.Based on the current development status of multi—energy systems in China's alpine regions ,

recommendations are proposed for future development.

Keywords:alpine areas; multi—energy systems; pilot projects ; renewable energy
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Risk Response and Regulation of Multi—energy Coupling Systems

Considering Flexible Resources Participation
HE Rongkai!, LI Wanxin', TANG Hua>*,ZHANG Tao', PAN Chao?
(1.State Grid Liaocheng Power Supply Company , Liaocheng 252001, China;

2.Key Laboratory of Modern Power System Simulation and Control & Renewable Energy Technology of Ministry of Education,
Northeast Electric Power University, Jilin 132012, China)

Abstract: Aiming at the characteristics of high latitude and severe cold climate in Northeast China, the safety response and
regulation of an electric—gas—heat multi—energy coupling system in risk scenarios under extreme conditions are studied.Firstly,
the composition of each energy flow system is analyzed, and the flexible resources in the domain are mined to enhance their
ability to participate in multi—energy flow interaction.Secondly, considering the extreme conditions, a risk mitigation system is
proposed. A risk definition criterion is constructed to categorize the risk types on both the source and load sides, the risk
identification index is used to explore the weak links of the network side, and the risk guarantee strategy is formulated
according to the supply guarantee state.Then, a flexible collaborative layering model is built to regulate and evaluate the system
operation from the aspects of risk assessment, flexible resistance , power supply stability and economic operation.Finally, taking
the actual systems in Northeast China and Shandong Province as the objects of study , the operation effect of various schemes is
analyzed , and the benefits of stability , flexibility , economy and low carbon are evaluated.The results show that the exploration of
flexible resources can improve the system s ability to resist extreme conditions.In the two typical risk scenarios, the system’s
security indicators are improved by 0.72 and 0.43 percentage points, respectively, and the flexibility is improved by 4.83 and
4.90 percentage points, respectively. At the same time, the participation of low—carbon units in regulation further reduces the
system’ s risk by 1.85 and 8.93 percentage points, respectively, which verifies that the hierarchical model based on the risk
mitigation system can effectively reduce the impact of supply and demand imbalance risks on the system.

Keywords: multi—energy coupling;risk identification ; flexible resources ; energy flow interaction
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Analysis and Optimization of Low—temperature Stability of Ground

Wire Energy Harvesting Device
ZHAO Dongsheng! , FAN Yazhou!, WANG Kaijin**, YANG Jun?

(1.Electric Power Research Institute of Guangdong Power Grid Corporation , Guangzhou 510080, China;

2.School of Mechanical and Electrical Engineering, University of Electronic Science and Technology of China,Chengdu 611731, China)

Abstract : In winter , the output power of the ground wire energy harvesting current transformer (represented as TA ) often falls
short. To investigate the causes and solutions of this phenomenon, a finite element model of the existing ground wire energy
harvesting TA is established and a finite element thermal-structural coupling simulation is conducted. It is found that the
ground wire energy harvesting TA deforms in low temperature environments , and this deformation causes the core of the TA to
separate at the bonding surface.Based on the characteristics of the induced current in overhead lines and the working principle
of the ground wire energy harvesting TA , the influence of the deformation on the output power is analyzed in detail.To address
the issue of air gaps forming at the core contact interface of the TA due to deformation in low temperatures, a new TA
structure design is proposed to reduce its low—temperature deformation.The simulation shows that the deformation caused by
temperature fluctuations in the optimized TA is significantly reduced.Two ground wire energy harvesting TAs are tested for
low—temperature energy harvesting in a low—temperature test chamber, and the output results of the two TAs are compared.The
results demonstrate that the optimized TA improves the stability of the output power of the ground energy harvesting device
under low—temperature conditions.

Keywords: ground wire energy harvesting ; excitation impedance ; thermal-structural coupling ; temperature sensitivity ; finite

element
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Fig.1 Principle structure of the energy harvesting device
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Fig.2 T-type equivalent model of the energy harvesting

system and TA
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F1 REMEMHSHR
Table 1 Epoxy resin material parameters table

gk B
I (kg/m?) 1490
X [ A /G Pa 165
Y [0)4% [ B /G Pa 9
Z [ [RAEHE/GPa 9
X AR LE 0.0185
Y AR L 0.5
AR/ 0.0185
AL R B (W/(mK)) 2.58
X I R EU (x1077/K) -0.47
Y Pk 22 A0 (x107/K) 712
Z BNk 240 (x107/K) 712
X [ PB4 1 /GPa 5.6
Y i PR /G Pa 2.8
Z [ P2 B /GPa 5.6

Geometry
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-

Y
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Fig.5 Finite element model of the existing TA
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Fig.6 Overall deformation of the TA
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Fig.7 Deformation of the existing TA cores at different

temperatures
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Table 2 Table of core clearance variation with temperature

before optimization

MEEC [i2] B5/mm

40 0

30 0

20 0.004
10 0.026
0 0.048

-10 0.068
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Fig.8 Optimized TA structure diagram
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Fig.9 Overall deformation of the optimized TA at low

temperature
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Fig.10 Deformation of the optimized TA core at various low

temperatures

®3 MUBKRTHEREETHR
Table 3 Table of core clearance variation with temperature

after optimization

REEC S35 /mm
0 0.029
-10 0.052
-20 0.056
-30 0.078
-40 0.087
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Fig.11 Optimized TA sample diagram
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Table 4 The relationship between the no—load output
voltage and temperature of the TA before and after

optimization
i LT/ V
HLEC
AT TA HEALIE TA
40 38.4 459
30 38.9 45.7
20 38.5 45.8
10 38 45.7
0 37.2 46.2
-10 30.5 47.7
-20 29.8 48.6
-30 28.8 48.9
-40 28.0 49.3
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A Forecasting—aid State Estimation Method for Distribution Networks

With False Data Injection Attack Detection
ZHANG Sheng, JIANG Yusen, LIN Tong, RUAN Xinyu, XU Junjun*
(College of Automation & College of Artificial Intelligence , Nanjing University of Posts and Telecommunications ,

Nanjing 210023, China)

Abstract: The distribution network state estimation ( SE ) combined with cyber—physical systems (CPS) faces challenges such
as data explosion and malicious attacks from hackers, affecting the accurate perception of the system operation state. A
dynamic SE method for false data injection attack (FDIA ) detection is proposed to effectively address FDIAs in distribution
networks. Firstly , a general imperfect FDIA model is introduced , which simulates real-world attack behavior through random
disturbances, providing a theoretical foundation for subsequent detection methods. Secondly, a measurement transformation
technique is employed to centralize dispersed measurement data , addressing the issue of inadequate measurement accuracy in
distribution networks.Building on this foundation, a dynamic state estimation algorithm for distribution networks is proposed ,
which integrates multi-source measurement data and leverages anadaptive unscented Kalman filter (AUKF ) for state correction.
Additionally, the projection statistics (PS) method effectively detects and suppresses disruptive outliers, enhancing the
network s adaptability and robustness to FDIA. Finally , simulations conducted on an improved IEEE 33-node test system
demonstrate that the proposed method significantly improves state estimation accuracy and enhances FDIA detection accuracy ,
providing essential technical support for the secure and stable operation of distribution networks.

Keywords:false data injection attack ; Kalman filtering ; dynamic state estimation ; multi-source data fusion
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AXCRESAMTHE S RSN EAS &, A T2
K FDIA B PS T e85 05 L, iZ 55 M T X
g N pi] i RTPR S TR0 ) 2 2H L R

Xk -1 Xi k-2

Zo- k() Z. -h(z,_,,..)
2y E SRR R E - 1 R ER
BT Z, - h(%,, )Z, = k(% )50
KK — LI 2R R QT

MR G 3Z FDIA J , 525 00 G158 (i AR S 7 i
Z A A M 2 32 BIAR CRE M . PRI, 35 PS X =
(24) HATGEITAG I, W] LAEES By oA It FDIA .
U2 357 FBR A T (4 PS B2 73 TR Ji & LA O
S G DAL e AR PS Z R, etk
M B AR Th 306t e L BIL Y S B D) R kA 7 10— 1k
SO LN

SR T A i HE 3 BB 2 (Mahalanobis distance,
MD)E X

L= (24)

I'u - X(lT u, lzu,)‘
B(l?u, ---,lju)
s dyy, HEEIE LSS o A7 S 0] 2 17 1 MD,
IL<o<q, Hrb g M LA EATEXF B354 L
TEI] it w7 W) EBGE R REAC- B FIbR e 22 . 4R
e 2 R B, MD 232 B 24 JERE R
4448 T 2080 IO 1140 52 Wi, 52 O AR A R T 2 T A U0
N T AR Z A AR B AHE SO DL 35 PS
(R R, 7E SR MD K3k b it A AR IR AR
H R 824 %o i 2 DR AR o AR T PS ke A i S

WA, PS B E IR AN

T
I"u — med (l,, u)’
I<b<q

(25)

dyp, = max
flull

dps, = ma

ax
[ull=1

(26)
1.4826 - IIQ&C!

I'u - lrgggdq (Z; u)‘
s d e, WHEIE L5 a A7) SCERIN ) 655 1) %) PS PR 5
UL R LD 3 50 N S L, B 5 a AT 2R b AT S 475
med (-) O REL . B w7 R AR

u =1, - (27)
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A, KK FDIA, 1 <a<h + o0, ST A, HTE97.5%
i EVEIKOE TR {loors BRI B AR, Horpr e AR AT 0]
K KT B dos, (H5 A, 2047 Heg, BV AT %
MR, R d,, < A, WISTETE FDIA ; 40 3R
dps, > A, I 1 32 FDIA, AT 38 5 28 (29) %t 46
DU B B A TREA AL 3

@ = [ med (L.} med (L..)] (28)

. d’
f(b—mln(l,d 2) (29)

A&, ) I ) i 0 AR R d Y S
B, W EBE R 1.5 min () S BUw/IME PREL
PR A ks ) 52 A TE K S22 0 bR o 22

A (30)

A s dps,, R 20 ) SO 1] L, B PS B
max () g Ui R AE PR
B IEJE SRR IEZE o, BB (23 ) o g 0 e
PR T ZEHE M o RS TG I B A S L Ko A O )
RZSHE N BARE, FOFa 1T IR B IR
TRt it o) B i, Al DA s A /s —5fe
(weighted least squares , WLS) i 1112 A5 ZIIR & Ak 1
A WLS it ROR A28 5 308k
%,,=(H'C/'H) HIC'Z, (31)
. € R BEY Z) Cholesky 43 PR 7 14356
SRJ BEBT b I 2R 22 B T 2R R, N
R,=(HC'H,)" (32)
20 7 & RS v, FR ARG (33) JUWRIR 254l
TR PSR B
| = 0| _<v (33)

¥, = max[l,
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41 MXREE T

AR SC T B TR A B AR A AL T HEZR 2 7E MATLAB
R2024a ¥ 55 i JF A 1), Horh B30 R Ge 45 B
FDIA H YALMIP T H4(FI IBM ILOG CPLEX 12.1
RIS R T AN BT LIRS R ST

U R 4E 15-11300H 2L F 2% . 450 3.10 GHz,
AT M 16 GB AN EEFTY .

T VAR B BRI AN T ik i PR BE L SR FH ekt
[ IEEE 33 15 ;5K R e b AT S0 TE 3BT o 1% 3R
GRS BTN AT 33 A R 32 ARk K,
FE U FL R G o 25 A 43 1 R 12,66 KV R 10 MVA,
8RN A SRR A A 7 B A DR R 4 rp g
T Z 4~ 5 A1 S AR (photo voltaic, PV) 1 = A1 XU #L
(wind turbines, WT) HL 3 , 312K F P—Q 51l 9 W 1
YRR RBO &R 0.9, HEABCE WNER 1R, SBiRm
I BEAILZS 43 % R 0.25 MW FIT0.5 MW, 76 5K
8 3 A v (o B A R A T AL, R A v 2 e 1R
K1 MVA, BB 22 G0 0 BT 17 s R AL T4
AR AT, LA U R PR,
1o Hi 2 R DER %5 2 M v ] 4R 350 VA Vi k7l 4K B
(o WA R G L 45 S H0F WL SCHk 28 1.
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Fig.1 Modified IEEE 33—node system
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Table 1 Deployment of DERs for the modified 33—node
test system

LR b LA /MW ML
4.9.13 PV 0.25 A
16.19 1Y 0.25 B
23.26.32 PV 0.25 C

11 WT 0.50 ABC

21 wT 0.50 ABC

28 wT 0.50 ABC

1 2 Bt i TEEE 33 75 s il il 5 48 BAT 5 4z vl
WL R T AR 1 K WPMU 222 A il BT 46 H 25 /s
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SR 2R G0 0 X 2 Ty vk S T Al B R A A
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W L6 X F DT RS N 107,

&2 s T A 152 FDIA I35 5 5 Ak i &
MR M 2. T LAWEE R, i EKF 3875 0 H R Al 112
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T RGBT BREERE S B 2T T 7E K B ) 3 o
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Fig.2 Voltage distribution diagram of Node 5
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W AN TEBCHERY 33 1 MR GE BT T 2SN
+ 25 B (Monte Carlo simulation, MCS) , LA — 2 TF
Al 3% 65 1 B Ak A BE R R . SR -4 4 %6k
H 43 1% 22 (mean absolute percentage error, MAPE )
eXpn FA1EE) 7 AR 1% 22 (root mean square error, RMSE)
erse V9 IO A B AR 25 A RS B2 B P B AL d8 45
Bp Ky

. 1 N, N,
Enare = Z':le:l
NN, =

[#] == x 100% (34)

[

e =2 S (B - %N,
A N, B RBG N, R B 0 S ]
PABRCU B0, 2 x = U R ey 5 ejee A HL R R (ELHY
MAPE 5 RMSE, 24 x = 0 B} e 5 eber M L JEAH £
) MAPE 5 RMSE;; %, , fll «, , 43551 A 56 i 5 55 k B} Z1]
FAVIRAS AS BT e s 220 B A B RN S B o

F 298 5% T M 100 R SR B AT R
S5 Hf, RN A A B9 MAPE F1 RMSE, AJ LW 22 3],
EKF Fl UKF [ AH 152 22 B i KT SR-UKF By FH iR
25, T BT 4 D7 v A A A A (R AN D T B Ak T
BRI PR, T B T A B R A AR T A BR
B R GRS AR A T B SO B AR RE A TR
B B R G ) B SORES , B A TR 2

(35)

2 HHEMNIBTRMRRZFHHIHRE
Table 2 Estimation errorinthe modified 33—-mode test

system
Bk exoi/ % Mo/ % b/ %o -
EKF 4.152 1.243 1.258 1.976
UKF 2.945 5.011 0.871 10751
SR-UKF 1.952 1.074 1.239 1.805
KSR 1.726 0.784 0.827 1.355
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SRt — 2 A3 BT AR ST AR T A BAR A AR T O v
TEH 32 FDIA B9 4G &50M: , 7E i 1Y IEEE 33 5 20l
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1) 2 AL R T TC AL T S 800 B B X 33 15 At
R Y00 FDIA J&: f 2eils 3 DL/ i e 5% Akl
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Fig.3 Voltage distribution diagram of Node 4
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Table 3 Phase angle difference of selected nodes
under case 3

] AR F522/(0)
S )
A B C A
1 0.196 0.203 0.231
2 0.244 0.269 0.285
3 0.336 0.352 0.398
4 0.457 0.471 0.513
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Table 4 CPU time required for dynamic state estimation

using different algorithms under case 2
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B ES: TM92 THRFR G A X E4HS :1007-9904(2025)11-0052-15

Meshing and Load Clustering in Distribution Networks Based on

Improved K—means and Cluster Generative Adversarial Network

XU Chunlei”, JIAO Hao,MA Zhoujun,XIAO Maoran, YIN Junjie
(State Grid Jiangsu Electric Power Co., Ltd., Nanjing 210024, China)

Abstract : Abstract: To optimize the load clustering strategy in distribution network grid space and improve the accuracy and
efficiency of load clustering, this paper proposes a meshing and load clustering method in distribution network grid space
based on improved K-means and cluster generative adversarial network (Cluster-GAN).The method performs preliminary
meshing of distribution network load data by improved K-means algorithm , and then uses Cluster—GAN for refined clustering
of gridded load data. Firstly, the initial processing of the distribution network load data is performed by introducing the
improved K-means algorithm based on the integrated meshing metrics. Subsequently, a Cluster—-GAN model incorporating
clustering loss is used to perform deep clustering analysis of complex load data within the grid.By generating sample data rich
in clustering information, Cluster—-GAN achieves efficient clustering in potential space, which effectively circumvents the
difficulty that traditional clustering methods are prone to fall into local optimum , and significantly improves the accuracy and
efficiency of load clustering.Simulation results show that the method can accurately depict the load distribution characteristics
of the distribution network , which lays a solid data foundation and technical support for the scientific management and
accurate portrayal of the distribution network and loads under the new power system.

Keywords:distribution network ; meshing ; load clustering ; Cluster—GAN ; K—~means

BELIR 1 T I8 4 B w R 30 B B0 i oA o i 5 0 5§
AR B RS (J2023121).

Slal.e G“rid Jiangsu Electric Power go. , Ltd. Scienc.e and Technol?gy Fﬁ%*+/ﬁ\éé E‘Ic E@E%ﬂ}u ﬁlé JE é:é': 1"’5] E(Ji_';jz: SiL} , %ﬁ.ﬂ
Project “Research on Accurate Mapping and Calculation and Deduction . . s B
Technology of Digital Power Grid”(J2023121). Eﬁjj %%ﬁ{ﬁﬁij‘?%fﬂ“ﬂﬁffi H 13]?%@%3}5&“]0

52



BT A LT G K—means FT Cluster—GAN B4 L X 4% K1) 43 5 17 e 3R 28

X BRI T REIR A FH AR i ek T BEIR
SERIREAL , S R AR A S B PTRR  Jre e
TEESCED L HX U S) TR RGN
PACALHERE , X i ) REER A BB AT 3 TR Y
P

BB ) R G SRR SR Bl R B C HL R SE )
AR BCHL R GUIE B AL ) BN R B RE R ATy
o) e 75 [l i 8 E P 2 48 19 D7y R PRl 2 TR o
TR RE RS T AT AR R IR R
P14 Tha) BJCPE FIAS B A P L LA R L3I o At g 2
B A A A PREES I, A ) R G B i e B
JIXEE LA T A4S B B0 s B9 i S P | BEATLPEAS T Y
I, s AR 2 27 L ) RGN K AR E
BATHR TR R

T X T8 S R 1 7 Al | 0 o SR S AR S
Bt b BEAN M, 4 5 2 B A RS A B B L B
TR R AURERE A B00T 2R, LA TR M 23 B 671 £ A
PET Ay S0 T AR R L SRS 0 B i Ak
3 B U ) E BT ST 7 v BTz 0 T g B e
Sy BT SR KR RE DR Hh T U AT SR S B A 4
B LR T AR R vk R R T
JEE Y7 B AL AR A 5 55 R o s —
DX I o i 20y, B — R B o — 3R o x5k
LS K B BOW] ¢ R4 L JRE
BAEX RAATRZ 0, AR R ER ., BIRERRE
B T A G R TP AR 2 R R BE T ]
PR AR RIEAESE . BT B A 7 1 I e o %
P SERE N B R T R 3 Ok T LU e IR A&
BRI RER IR . WA AR T B Y
M s (] SRR | RUHE T U R R Sy Bk
S o B TR T B AR Ak TR Y B 2 TR
A7 T8 A AR B R R BBV R 5
THERR B AR AR (EASE R R AR AR FE I, b BB A
et ALY R TR RS ST AT I B R R
VRN 2 S o 2 0 2% RS TR A

T X T S R 0 o Rl , T80 5 IR AR A B 5
Btk S B e Ao B R TG 2k 2 e
MR BEAS B e SRR T L ST e S A B
T 5 R AL A BT . SCHRL 18 15 | & U ke A4k
K-means AR o 0 AW 4 o0 i E R R 1R

THRBRCR S ROR , SCHR 119 100 51 ACKE 5~ FE 530 20t
K-means S V5 W] 46 58 28 o0 e B R) R AT Ak L B
TCEA B i A BB [0 R, SCAR [ 20 48 ) — b
S5 G L SR AR € BIE A B fr RSB T
SEIAR R AR A2 W TR M A R AR T A
X C S E T B A R B8 e e i) T 3 ok 5 |
A AR Ok 42 /8 R i A R 2 vl , A7 RO X
F, K R B SR AR 2 A R R, 0 DR B 26
ZERMTREVER T SEME . SBR[ 21 J45 5% F 04y
BT 5% LRl K-means RIS, AR R ES
RO, IR T A SR R A KBl it 5 S e T
BORAR T A PR . SCHR[ 22 48 —Fh e T — 451
FI it e 1 BB 5 2%, B T TR BE A2 9 £ iy i Ze i i
FPARHIE o %0 3l 3 e i e A AR OGBS 2., T
RO BT I R B BOIR S LA P 2%, LU THRR
T2 2D B HERATE o SR, LA 455 Bk RV R T
S, T BOR S 45 R R 5 A UER

Cluster—GAN 7E U5 GAN [ 451 25 pR B GEAily | 1
I T FEHT R pRER, DT filT 2E AR AS 1 SRR 254
& T 071 A1 SR SIS 0 M M AN ACR  BE RS AT R TR kb R
AIERAR G T EHB-ESSHE il s 5
PR B P D 2K 1 R 5 BE AL e 1 RS e
G T AEA ) ZREPE R IEROCR ; Cluster—-GAN
I AR S R AT SRR A | X T A 67 e R
P BEATAT RN SERNYTE , ik T ARG R I IAAE R
I tfe 2R B I LT 00 SR AN MR R) AL, Ak
T 4ub P e S ) 00 £ BCHRE L A TR Ak A TR A
JRE s Ak AR G A ) s T 2 7RV A A5 ]
WS E ROR S R T T B e RS R 1, 18
Shy J SR 8 B A PO R R U500 A A B A TR AR T A
T3 HE

PRI, T T T F, T T 8 A 67 e i A 1 K (4B
e A ) AL, 4t — Fh 3L T 2 iE K—means F1 Cluster—
GAN 1 e e, I R A% Jl o3 S5 T pr KT ik . i o, i
Xof T Ml DX A A Bl SR FHEACE K—means 330325 %) 2
AR 2 071 far B8R A 7400 26 0 28 | 308 3 3 B 6 A 39 A
{18 H SR G B RS S B AT B A 8 RO A ) 53 PR
TZ A b R R Az B S R A% AR K] 4 45 R a8
Cluster—GAN , X 171 17 B E 4727 ] R0 A ), 3l 2k A

53



5524 (B4 3361

L g ) HA

2025 4 113

Wik 27 ST SR, TR AAZ I LS A B R A
F 2 S DA R 1) A 07 A X A O FRGE T . e
Je 3 2k 24 At i S5 BRI A VA 2 ] B R AR R
WFERTE T T R AR PR

1 BT MR 5B R ) 5 far 3R 2E

1.1 [REEHLE

T FEL ) A 40 A B 38 ) 25 7 3L
TAC A, O YRR OO0 70 A S D Bl R &8 v TR 9 Y
AR F X R DB S R R A X
WGBS HIRE R T 25T, X
WA TR AL R 5 7 SR A et R AR SR IR B
PRR] X s a2 7 T ik Y S A 10 iy 5040 1), 66
S BE AR R BE SR B TR bR AAR &R R AT R
FTRAL I, 15 7558 U0 1 1 67 far B i — AR 3L, DA
KR AL L ek 5 S 1

BT PO A ) 23 4 B fer SRS Dk W) 2ok S
P AR R0 B B AT A AU AR A7 A =X Y 97
BE AL, REAS T A R A R AR AL ) R
W AT A3 AT o 20T AN RE S RN AS ] 7 7 25 2
SRS (I 4 NS A AR S D SR T I 7Y
s e Rl T R Cn B Z=9) By 2sfk
FUEE . A Bl T 0 o b Y0000 Rk B 0 R oK RE A
P rp I AR R RSO P A AT RE R A A H T BEUR AN 43
P EE
1.2 HEERE

P BT 2 i K—means Fl1 Cluster—GAN f% i H,
W g A5 Kl o3 5 B A B 26 O gkl o Al ok K-
means 592 AT HICHE POAR AL FUAL 38, FEAE T Cluster—
GAN 52 RS fif ARG 0 AL SR 2 i i SRk (A L 4 B A
S IR AN 5 R i S B B R AN A R A T
A AN 4, LA THIC I 4717 SR S T

TG 30 WS A DX P s A A R A S e B
OB AR B AT HO Uk LA 25 BRAS 58 8 5 10
Seo BRI VIS M X I B[R] SEHIOT- 8 f s, R4S
H A4 AR L EmBOE L0 W& ) 45 b5 . Fl
FHERCE ) K—means 559 | 2 T30 SE 45 A5 0] b X FE A7
W R, LIl 5 SEab B S I FE o TEwI 20 A&
Xl 53 B BEA b 25 A T A2 O 0 2% 335 78 4
LA PIRLIE S8

54

AR PO A 7 A e R 1 2 i 5 IR BT
BEMLES RO e DI SR s i ek BRIl g
i o eSO i uRa [k e S oI BE ill o S N T N
P 250, BB AR B A RE A A AL 08 132 1T LS 1
Ay 00 10 1B Bl o i A A R I 25 I R 2 ik
Ji s DA it F 48 BB 4 A R a0 , e e 1
B FLe o o B R iy SRR R . [, 0 T8
UESR R EE IR 1A R A B i P AR B R B b
PEAT VAR, e A5 2 150 FRL I I A ) 2315 07 i SRR B9
S, BB EHESR AN 1 7R o

GREIMER
E et | HET S |
| | gpiEdE | AR RELHR || AR
: : | I :
i : : mmm +, ,,,,,, ; :@*}m ﬁﬁ : :
| VR BT BfiK-me ans ' L
| k| R EEQ%%§H
! oo | HEEEl
: e R
R £
____ FRE ARG i
""""""""""""" N Y :
SEKE g Al
St 1 RN
LR I I
T o ZhEIL 5
dEsEp L WY D '
[5aE  i iC
lﬁﬁAUM?
 RRAEE ‘,
B | l l‘ -
. WEE el |
(P —()—(R)— 5 fif |
Hf PR R i

B BT Mg 5 BEe e W f far B KA R
Fig.1 Distribution network load clustering model based on

meshing

2  ETF i K-means Bk HIEDEE M RIH& X 4

21 ETHESBEEMREBENIERER
ARSI $ T R I A Rl 20 B 255 SR P IR Bl LA



BT A LT G K—means FT Cluster—GAN B4 L X 4% K1) 43 5 17 e 3R 28

PERT LA AN 34 b W8 BE R AT ISR JE B8 A
TN T T8 b T RIS P 451 A ) B I 6 i) )
HL SR B R T, LA O B DA A% o (AP 0 T b
Peo S B AR T3 — 5 U MRS N A A
VA A RIS A B R 0, A 2 G S ) 75 B —
5 A AT A 14 JE R 45
2.1.1 HASHRE AR

Sy i X s i) PR 5 T B i 35 T L R
MR A LR bR o ARG B4 brAH DB B A, PR B )
B RS A AR B R . RS R AR AR /)N, U]
RS SRR HL ., AR PR AR IR R

1 kk, .
P=%ZZ(%—%)¢(W) (1)

i ce, SR RS PN B 7 19 A5 S T BRI A kR
5 TR SN B AN, B AL Z A m
Ry A TR T ACZ R R S T AR R —
RIAE T @ (i) = 1,850 ¢ (i.j) =0,
ASCAR 4l TE F, IO A1 8 5 D 30 SR DA T A% 285 4
RE, 20 15 s 1R] B L AOCHRTE o A SCR A HL AR
BIE A a1 S AR S B e R . BRRE
it:j‘:’
AV = SAQ (2)

Sj/'
dijzlg? (3)

S Sy REUEERERE , Horp, S, Fom Fafar 39 1 j %
AR 0 AR IR A O, S o DA 1
JINFAE G S A B R A IR B O s AV K
L 128 Mt AQ S RN AL & 5 d, TR T T3
P st AT B B R AR S T A R AR R Y
R

H T AN R ) R P Sl A AR 25 5, HOAS
[7) 671 a7 S AU G A BN 1 F P S5 G AR AR A R 22
Fto PRI 3 0T B ARUIBORT B8, 45 R0 T %) (B A
B 48 Sy /N L AR BT T BN [R) v TR S5 R
SRR, AR 7 A Rdis 1) T

(i) B, PO A% PR B — 1 B T A L 7
G55 HA T R AT 2R 8 5 8, A R 3R
Ly

= (=) 4 (da=d) + et (dy - dy) (A
NV R G Ly RS S AR Y R 2

2

[ Py P ORI Y /N RS T s ) H, O S
AR/, BRI, I 455 AU B O L RS G &R
e; =1 - L,/max(L) (5)

s Lo LR B A 5 max (L) Ay L OB B e v
ICR R AE
2.1.2 ffar S Jm BEHE bR

WA AN I BTV LG R R G 5 1
FERIMED) RRIE o AN I 1) A% AR 25 i 5 4R Tk
BT B 52 % B, {75 R 8 0 42 T e B R Bk o g i
X IX — AL, AR SOR 9 i S BE AT S I 4 s, 8
aod e A 73 BT 2% TBC H 00 670 £ 0 A RIS ) B, 2
PO s KILASE 18y X 8 o3 A, R T ARG AR B ) B2 2% &
T R G R BARIB AT ROCR S R RRE . B 050
(6) frrn .

m(i.Q.)

A=
m(i.0 - Q) (6)

) 1
m(z,0i>=w§eg (7)
1
m(i,Q - Q)= €

0-0, R (&)

Ao R SRR EE AR AR QL Q. 23 i A S A AT R A
S AL T AT R § B B DA 3B R B e Y
SRR 521 A P BT AR A AR A T
LU AR5 0 B 59 a5 i FE RUAS NI B SRR EE SR E
5SmSR S R AT X L, A4S 2% R
fop 9 s SR B AR B
2.1.3 ZiftEbR

FELRAIE R FASE 25 7 11 W] BsF, Sy 447 I A 2R 50
1) 5 46) 50 B PR AT BB | 7R SORF L AUBE B B 5797 05
VA& BEARSS & TE L — P G 1 IS Xl oA v AR
S it PR A% R 3 i AR B bR . 2R AR FE s «

T=w,p+w,A (9)

Ko HE AL 5w, w, 200 A TR bR
A s S B AR AR IAE RE, How, +w, = 1, 1
Xof Rtk S 4 A A BCHE B 3 Ao R U Y (AR B 4]
KA B Em A 25, SR BRI 4.2 75
2.2 FEEBEMMIELS

AR Sl A HE K—means S8 28540 1 0 47ty B dis ok
7004k P, ST FE D) DA R . WL 2 TR, K-

55



5524 (B4 3361

L g ) HA

2025 4 113

means F7 725 38 1o 2 A0 T SR R ER 80 B2 v (1 24 X
RNy 0 KA, DUE S BLARRE R R 10 X5 1
IR SERERIXT R 85 B Kb . K—means DI
AT I3 9 S AN S R PR B, TEBE A2 4 R R b B4
FEAFE] T TR

=
@

B2 K-meansHEikEEHEE
Fig.2 K-means algorithm clustering map

FE Tkt K-means B35 A9 35 2500 40 S (45 A
Fugg ) A 2 N A X B af 37 057, AR Al 490 43 67 i 1)
A B, S KA B far 19 A A S KA A 1 v
O XA SR SR, TR AR T fr Y 5 S5 A
WA H A IR R B, S 30 B 8 /N ) AR I A, 4
B B A 5 o3 T A B R s SRR R R AR
T 25 8 A AT 114 PR I, R A R LA
ANREA AR 435 3, T 2 A R o0 25 SRS AR Ak, )
Oy SSRGS 03 7 % o
2.2.1 ML RITR AL S T B

&5t K—means L ZER) 46 O 19356 85 R F Bifi
BLI B J7 20, SRR 45 ARG | 38 2 2 kA
O BRI A R AR R A R . T AR Y A R
5 RO SO AR B, TEAE ) 46 B T rh O 40 00
| BEEUAERE L . BRI

DX FRE—AN i, TS A A 1 S
BE B L ={ Ly, Liay oy Ly}

VE A SRR WESEM K L, PR
AINBIRTEFHES , S BUHE T 5 55 M Ao R EE R
TR T e FEERL,. BERSRAETY 55 0 JRI BT
SUBRE W R SR 55 MO S
B O G, BT, B

EWEmIEET A, WESHT K, =

56

{ Liests Loz -+ Lgenn} T IT R M/INEIR T FHES |, 1EHL
HEP S5 58 T AT & WEAE R AR, 4845/ T (B 1Y
S T R AR BT s BN, SRR S A
RED=N QSR S E AN WS E =Y e RN O S o iy N PR N A
JE R IRECT B N EA IS E RO, T
By S8 B0 SRS R Hise = { L Lugez oo Lugenr}, TE
T AP e IR R AR R v sl A B R AR
HUOBETE I G AT 59 5 S .

A)EBRTEACIREC L = 1, N e S
H,,. 3 B0 248 B /N AR 1A A
il e, BT, N i 22 SR A H,, T EUGE
PG BRI SR 2 A AS thls &, 5 5 25T
EACKEC D> 1, WS Y R ., T
WOE IR B R SERE L+ 14 M
e, o

5) 2 M K—means SRR A RE 0 19 TR — i
W SR IBUBT T 1 1 R A v BT A AR AR SRR 5080 1) S4B A
RO EAE . A SCESBTE B A% Hhue 5 oA
5 R B R N AR SRR Y A e B

£, = arg min 2 L, (10)

A0 3 A DA TR A i T B TR PO R R
A AR R AV B 12 B ARy ¥ e D M O ARE 3, I R
e TR B VR RS A TR
222 Mk EOERE

TE WA 1) 3 B, A1 T 1k 3 S0 2 3 19 T A
ANECK, AEL RS B30 K8 BT 52 T I A% Rl 53 235 2R
FREFIR , PRI I 5 2 46 i o 2 WP KB X ) A%
R 73 RORHISER o AR SCR F A A% 7T A 5 T
& O TR 15 AR g I 3 2046 e 1 15 22 -
77 A1 (sum of the squared errors, SSE), HfI .

SSE: izm:[lm (11)

e Lo, 80 LAY RURIER kAN FUAR rhoC i AR
B9 K R PUAR S m Ry RS P R

S VE R AR S o0 B9 VE A 18 A , AR/ N 3R 2R
RACRMGT o SR, B WA KL K A8, S, B 5
TR BRI R TE K BN
BE BEEBTVE. WemfEol T, SRR A R
— PRSI, S BFERT WKL T REMLIRE L.
AL, e 3 KA AT g T W5 R A SR A 5



BT A LT G K—means FT Cluster—GAN B4 L X 4% K1) 43 5 17 e 3R 28

2, B PR SR AR S, T Z W SEBR N FH A TR . B
RUEOLT W TR S, T B-S5 A BEROT 15 21 F- 5 1Y
K, i, i 3 s

SseAfbrR

0 Ky s
B3 MiExlosiERENEHXR
Fig.3 Relationship between meshing metrics and number
of meshes

i R AT LA AE K, IR B K IS
TUSTATREACAL 1 SRR 3 4520, W O) 1 AR AIOAR
it 22, L RS 3 S e AR 0 03 32 ) ik 3 A ) o
2.3 Hiftin®E

fifi FH i K—means 535, DL&E— 17 far £ 40 o —
BT A, 75 DS 45 G T AR S BE R AR AN AR
JB R PRI LR B TRPRIR R | B B — AR R 43 7 %
T 3 25 28 WD AR AR A T e 5 R A AR
D528, U8/ 0 Ay DA 18 B 2430 4 i TR] 388 3 1) D o s
53 T 58 72 A5 USE AT S S 5 AR Sk AR, B e
PR Sl a5 R, BAR TR AN &L 4 Ff7s o

8 BT R4 Xt W 4089 W 1& =5 [8] £1 74

RE

3.1 BREEMITIMMLE

A JGTATE I 28 A R R B 2 2] U A R
AR S R R B R T2, GAN I8
b A s 5 R BT S, 3 o RN A B T %R
PEREAS , fift i ) R 0 B Bk S A ] Y
3 2o SRS AR UG I 2 A RUCHR v BUHE R A AR e
PUA FUERE S EUCRE 7, 52 PR Ab B RE ) 9 I 25 42
Fho TRV, 388 0 38 fin 9 SR S 401 % R B B A 2203
e, BEWS 7o IR1E 40 GAN REBUR A ) 5, 42

THT e Bl 9 R RCR

SRR

£ e

BT ARG T 50
AR

.
I LA

.

IR 2 R & o N 1 B v 2 X i
] HIREA I AR

T
iy

A

¥

"

RS

SR A%

i HH SRR

4 B K-means EiEin T2

Fig.4 Flowchart of the improved K—means algorithm

R S PU R 25 A& 5 Jr o, Az s 19 H AR
Fe 2 ) SRR B9 oA, I A R AT R LSRR
B BB AS 5 1000 590 5 R AT 55 UL DX 0 A B 530
Je FLSL I 2 AR e 2 A AR B > P
T3 e AR L 5 A AT 0 7 SEAT N G5, AN Ak
% A BETT, ELENAE AR RS A UL 8 LA K, 1
5 40 531 45 X L DX 23 Ak, AT 328 31— Ao 3 25 1 i
R

X TS GAN BRI, filf FH BEALIGE P A S g
AR REAS B S S BB R B (R e =S [ N Y
SR RS A M AN S W2 PR SR 2R A5 4, S BOHAE W R 25 1] Y
RICEHRIE IR ICE R o IR ATR T A bt R
F e ST e S W A, R I A A 4 R AR R B
F L HORREAT RS B ) N TE SR SRR, LR

57



55248 (B5E 336 1)

L g ) HA

2025 4 113

REERIRTLTCY , JCH 2 E] s , BARIIE 6 s .

Bl

BE5 RELEMITIMEEREN
Fig.5 Basic structure of clustering generative
adversarial network

6 SHOTMATGANBAEZEERRER
Fig.6 Latent space clustering results of GAN with Gaussian

distribution inputs

PRI , R O HL I 28 BT M S AT —FhiR
B PR RN ORISRl S 1B O A Gt )
S EE AR R ORI IE 1A A T
TN R ERAE NN 0 2 s 1 SRR Al AT P AIRL
Ko BHOEZHRG P RAESEIpIE e ol
z=(z,,2.,)
z2,~N (0,0°1,) (12)
z, = e k~U{1,2...K}
APz WA A B AR L oz, Bz K e,
R* RS kA SEA ] 5 L, R d, AE A BRI s o
N IEZSIIATTT 22 52, F9 s 2 i A ) i 2B AL AR
sz, NOMETE KD B R N RYBENLZ B
SR R I 28538 0 5 | A B HIGE 2R & B
ARANE g e e i AR, il A AR THREAR R Z e S
R, I RME 25 G BB S 2 A5 A WA 1 2 ) 15 B

58

55 FEALAR B 14 R 06 1, 1 A5 A2 B A i AE 4 ) e B
T BT SR, AN R AR TN R A SRS R, an
K7 Fios .

E7 SINBBESHENGANKRRER
Fig.7 Clustering results of GAN introducing discrete
continuous data

Cluster-GAN A 24 44 T $c4i 42 , (145 GAN LA
TR B SRR A ZE A 2 ) 1) B2 [ WA o 3 A3
S 1AL FRORS T B 3 R A AE T AE 23 IR AT IR 2Ky
Mro FERATERZEN b, %05 B8 LAZESE JFAA GAN
B > L R G B A R B ey AR R A T
AR R, S SR 2 A T I 2% i
i VRN TG 2 40 A 4 DA IR 2L R B, g s S
B far B0 IO RS A AL R 2 K T GAN B
st 5.
3.2 ME=EHBFTEE

AR SR 0 R 23 (8] 67 gy SRS 7 vkl L 45
G AR B AR AT S 67 107 25 B 508 | X £ A
BRI T 2 > TG 8 I B SR A B
1 252 43 A7 4 ok 52 B0 R R A VR R S TR 1 A R
A ARG A T B A e B () SRR A R BLAR
JEFRUNE 8 R o
3.2.1  FET IR AR AL R 45 1) 67 e SR 2

BRI (2 2 B ES) M
ST B ARG AT I A7 e T SR A R A 22
HHEA R

F=yr+(1 —y)& (13)

R 2 HIRA 2 HEEA x NENEB 2L AT
) LS B0 fr D) S5 5 % Sk A AR AR 40 A 4R 2 NI
BEATLIE 7 0 3R A BB 5 v S Bl A0 B AR R AL



HEE % LT K—means Fil Cluster—GAN F4TE HAL 9 A K] 43 5 17 fp B8 2K

___________

------------------------

H 5]
D

A2
G BEAW

iy
B

B8 AR ITHL N4 R E E
Fig.8 Schematic diagram of clustering generative

adversarial network

&458 GAN [ 2K R IR B R
%n%?EPJDuﬂ+EPJ1—DUXQH+

(14)
AE_,[IV.D(&)I, =T

A A RIS HG PO IR R E R AR (149 B30
fii sy R Sh AR IETT R R AEL0, 1]Vl BEHLH
ST WU, DAS S50 X £ £ a0 A 6 005 5
Moo Hfth Az i 5 LS DUR 5%

AR SCART SRR R AS A FURE AR TR 5 ol P A A
A AN R S g e R PR A Bh Ay 2N
i i e /N~ RSN R A AR 25 0 A 3 4
Z2400,.

JIr A7 FH ) 2R 2 X470 A B 28 A8 S AT GAN 43
R PR RL b3 T IR IR pR, LASE R B 1) i
i s R RIRCR , BRI (15) Fs

%%i@r’l BE. ,llz, —e(G(z))ll, +
B.E. ,H(z,8(G(z)))
A5 PR RER KT 2, - (G (2,))I, 8
b I A B R G B, BRI 0 e (G(2,)) 1S
Ji) FEl o0 A BRL G 3% i e G K0 43 5 ) SR 5 52 SR 30
H(z,e(G(z.))) ) T LAGR A A4 ol 1) 70 £ 2588 S
] T S5 GG E A 23 A, E kB, N B. 43 A i RSB R
NS SR R YA, e S A SR TR AN e
T DLBR 5% A
3.2.2 AR A R AN G A 00 S B8O B
B 1 Al A OGS BT 190 2% 1 00 s 2 AR I 2
Bt 8 S8 MR G M EFEA & F A s 15
B AR e A S A A A B & A
Iy 04 00 £ D) 2R B0 o i A KN 25, 45 0 00 45 1
ik
TEAN UL LR W25 2 B5ORN S it 2% 2 B0 L i |
4 H ) 2% 2 B i A Adam 8 16 8 2E 47 32 00
b, 15 B A I E S H, FI S S RN SR A Ul
8o, = Vo, ;D(f) —-D(x)+
A( VD), =)D
= (16) 1 FH 5 5 43 0K B0 1) 51 4% B g, 3@ aof
D(x) = D () e 31K ) 5] g 78 Az OM 7T I A o i) 0
PUAB 308 PH AR R AR Ry LAY R 3R 25 I LR AR
B, 1V.D(2)I, -y MR FRR RERK,
I A SECE B R MR | B i it 8
SR P S B S B0 ST
TEAN UL B DI 531 i 2 AR i ) 2 2 A B il
AR SR Adam DAL R TIEAIAL 15
BN A AR S o AR A SR TR A

g0, = Vo, (- DG()) + B, Y = BG4I, +
’ ’ =1 =1 (17)

(15)

(16)

B 3H L E(GL)
FHUB B RACHIIRD A B o
B VR R~ 3D (6(2)) WA sk

P 25 R AR DRI D 2 EL SRR AR O AR, 2R

FARRIR T RIRT TR o HAl AR T 5 LS DR 5% A
TEAN B S (I 1 45 2 MO B O A 2 2 Y

BEAl 1, g B s 280 A Adam (AL &R 2T AR

59



5524 (B4 3361

L g ) HA

2025 4 113

fifk 3B R g e S8 o, mis s S50 5
AN W]
8o, = V@.,(BL’ZH,IIZ,E" - E(G(Z")I, +

; (18)
BYH(ZE(G(Z"))))

2 A1 2t U 7 Ak B0 A RSB I ) 0 SR 2K 1)
M B AR AN G 2R R A AR S
AL 2 R0 B 2RI A SRS AR BT 2%
3.3 HEmBESXIIH

A AT Cluster—GAN 52 34 i B 171 far £1040 78
AR 23 (B B SR, D B A GAN ZRIERETT , i
T IR IR PR, 2% pR BT T A B RSB [ 9 A s T
4 B A i 5 SRS rp s 22 Ta] Y B, S B A 4 A T
TEAS A P IE R 2E o TR, 76 AR R B2 16) 4 i 3]
TRAEZS (W] B AR v, TS N G A A R 2R A REA
BELSCREAS WS [ 9 A 2 (R R A B B . i g
KA NG i 531 48 R0 s ) 88 R AT A A AR
DA DR A= 180 AR B4 S 5030 ek S e 5 B HEAE
TR s 6] P A ORI IEL 9 BT o

BEEEOME || IR | R
ﬁﬁ%% %ﬂéﬁf%%%
BEPLRAEMEAS | | BEEBAP B IR
Bl Adamfli Ak 75

BRI wrma s
7 f

RLREERCE] | FIRAE FO 5 [
i
I SR
A R
v
I 0 A B 25 ]
v
BRERGER

B9 AEREREE
Fig.9 Flowchart of load clustering

60

4 BB

4.1 BEINA

R B UEAS SO 07 R A A S R, R
T A HA AR 1) 2 PRIC H I AT SRS B . B
LR LL A H N e s R T
Z RGN IR 0 DR i 2 R AR
W bR BE AR S AR ] o3 i O B A T VT4 B
P75 P AE SEBRTC H, 0 e g 1 AR

T R AR BRI R BCE N A/ R A —
K, AT DR B 0 I 25 A PR . SR g B
Python [#) Scikit-learn [ , R FHAS SCHE H 1) 56 T ek
K-means Fl Cluster—GAN F*) Tt i, [ [ A% &l 43 i1 47 g
Ry B AT B A RS S T R IE | R B 4 A
Matplotlib #4758 AT AL SRR .
4.2 MERIS

o A% ) 53 15 5 0 i b A R 9 A R AR B AT R
B, B AR AN R AR AR 0 T I B vk T b A N S
FZEPERCHE VX M P R S (B LA R i )] R R A
SRR TR, DT i vy 3R 28 o i A A A

& 10 fs , BEAE FCE RECWHTR S A
JEFR BRI SRR B AR PR O . O T ARG LAY
RARACR A SR EIAE R E w, w0, 24 0.5,

09r
0.8F
I O

9z 0.6}
% 0.5
# 0.4}
E 0.3}
0.2}
0.1}
0 02 04 06 08 1.0
AR e b
E10 BSBEESHTREENXR

Fig.10 Relationship between electrical coupling degree

and load affiliation degree
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Table 1 Comparison of multiple clustering indicators

RETj ik ACC NMI ARI SH AU ARL
Cluster-GAN 0.99 0.99 0.99 0.92
Info-GAN 0.88 0.75 0.74 0.69
JAERZE 0.99 0.99 0.99 0.46
A fUE R 53 0.98 0.96 0.97 0.69
TERAE 0.99 0.98 0.98 0.90
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Table 2 Comparison of clustering efficiency of different

algorithms
(ERTS BRI/
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Fig.14 Real sample training reconstruction clustering results
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Table 3 Specification of grid space load clustering
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Fig.15 Clustering results of average load by region
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He TOCER Y olov10 L HLZR 23 2R R 4 2 [ B ksl
X Aa", AER, AR, MEXE, KT
(LERLAEES AN BARFALE, WA Fe 250003;2. BFL AL L AN LA GFd 250013)
FEEE O DR UERC HL 2R B 12 4 SARUE , S HER s R SR 2% 1 G o B0 T R 2 4 A A PR 44 2 1
HRBE B AR/ VT S 52 2% 3 1 T A S R A 3 5 1) [ R, AR SCHE H —F 20 ifE 7 Yoolov 10 (you only look once version 10) [
GF BB . e SR ATIE UM A IR G B SR RN , 8 REAR A AR AR O 26 2% T iR . UKL 7E Yolov10
B = 9 285 4R il ] AR A B LI 2 (deformable convolution networks version 4, DCNv4 ) 3 = % A [R]85 BB A9 38 by Pk | [\
I 75 199 28 S50 51 R Ie) 5 AIE 4 7 38 B A G R AE L b/ B AR RRAE 5 I o SR ] R TR S 22 JF HE (distance
intersection over union, DIoU) Y AER FAE 1 (non—maximum suppression, NMS) , Bl DIoU_NMS Jo AN PRI A | s R 2 i A
JRy 52 24 5 B0 H b P R A R AE B SR AR 0 o SR 207 IR AR 2 5% 1 BRI /N FAR B9 U3 AR R A S8R O 1T 4
B HrHGE , K EEH (mean average precision, mAP)IAE] T 83.2%, $& 155 14610 A4 vERR 4 A m] JE M
KB 5T 5 BN ; Yolov10; IEFUREAIR A58 s DCNv4

FE 4 2KS: TP391 XERPRERD B X EHS:1007-9904(2025)11-0067-09

Defect Detection of Overhead Line Insulators in Power Distribution

Networks Based on Improved Yolov10
LIU Hejin'",SU Guoqiang',ZUO Xinbin?, HE Jiahui!,ZHANG Pengping'
(1.State Grid Shandong Electric Power Research Institute , Jinan 250003 , China;
2.State Grid Shandong Electric Power Company , Jinan 250013, China)

Abstract: To ensure the safety and reliability of power distribution lines , it is essential to promptly and accurately detect faulty
insulators. Aiming at the problems of high miss rate and false alarm rate caused by the small target sizes of insulator defects
and complex backgrounds in inspection images of overhead power distribution lines , this paper proposes an improved you only
look once version 10 (Yolovl0) algorithm for insulator defect detection. Firstly, a positive and negative sample mixed
augmentation strategy is adopted to enrich the types of samples and reduce the false alarm rate of non—faulty insulators.
Secondly , deformable convolution networks version 4 (DCNv4) is integrated into the backbone network of Yolov10 to enhance
adaptability to various defect shapes.Meanwhile, a bidirectional feature pyramid is introduced in the neck of the network for
dynamic feature fusion, reducing the omission of small object features.Finally , the post—processing technique employed is non—
maximum suppression based on distance intersection over union (DIoU_NMS) ) , which improves the erroneous suppression of
detection boxes caused by occlusions due to complex wiring layouts. Experimental results demonstrate that this method
improves the recognition rate and reduces false positives for small insulator defects, achieving an overall mean average
precision (mAP) of 83.2% , thereby increasing the accuracy and reliability of detection.

Keywords:insulator ; defect detection ; Yolov10 ; mixed augmentation of positive and negative samples ; DCNv4
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Tl U, T E IR SR T T RCR A A i
AR T B A (14 A AR 5 %6

TRIEE “7 2] [ s A T 5 A M) 4 28 T 4% )
AE T, A 3 KK (8145 3R O 73 28 52 2 ) 4 5% 1
R, D TTITAS b R A7 266 2% 1 S A7 7 1) Bl s
B o Ling S5V PR X045 R 28 R0 25 (faster
region—based convolutional neural network , Faster R -
CNN") 56 X0 4 2% 5 o, AT FH U TR 2548 1 24 (U-
shaped network , U—net'*") K Il 73 1 3 > 19 <% 3%
AT ARG 2O TR R RO
SECTLLH I R A Sy BOdE 2 L R AR 22 M 4%
(residual network , ResNet'® ) £ Ay 3=~ 0 45 1) L[ Bt
Z HE KM (single shot multibox detector, SSDU) &k
HEAT ARG, B Ry 7RG R E R RN B AT A
— B . Miao 55 {20 By BE A 7 34 SSD
TR 25, 58 — By B fd ] COCO (common objects
in context) FHE A B ZRALFH W) 454k SSD LAY,
WL 2240 1 AL SO A2k, 55 — B B
e 2 I B 2 % 1 KU EAT AN, 2B E
S E H AR AT 55, 42 T T ARG s o AR AR
LA Yolov4 (you only look once version 4)""4E Ky H #5
6 I B 2 HE 22 [ ) 25 5 4% i 4K I 28 MobileNet
(mobile network )" Z5 R ASFR LA K H 3 1 #6448 2R
B W2 LA, B T A4 % T i B T A R R A
J¥ o Hao 55 ] 43 85 1 2 1 ALHI G AL Yolov4 1y
FT ML, IR AR & F X R RS
WOIT R T Y51 OB A E ALRS B . Deng
=S FH % 3l v X 4% MobileNetv3 (mobile network
version 3) "B Yolov4 1Y 3= T /&%, B K = 1 4
PR FE , FER 3T 3 S0 B0 T 48 2 1 s S I A
Zhang %57 i FH G GE 7 2 S W 4% SENet (squeeze —
and — excitation networks)'"®' X} Yolov5 (you only look
once vesion 5)"" HEATECHE , % 7 % 0T [ B X 4 2% 1
BB EAT E ALIF HAr e BT IR 450 Sl
AL BT 0 B L AT S AR A Al TR B ] )
2545 BRI B 1 ML X YolovSs (you only look
once version 5 small) #EATHLAL , Bl /D T AR S8, i
— i TG AT B . A 5 AE R YT
IR A B R A7 Bl P 4, 00 3l VR R ) M 4%
SENet X} Yolov10 (you only look once vesion 10)'%' i
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Aot R Th T i R 2 I T AR W s b TR LA 2
H AR R B

SRS I ARG I 5 A 4 % Gl A 45 35
LS B HIE T Yolov10 B BGHERS ATy SR
By VEA Yolo RANHHH — WAL, Yolov10 BAT
e UK BE . AR, Fh T T F 2R A 2R B T
I B 28 N b 4 T B I S 2R B AR K
K G A ) B BR 7 ELEE /DN 3 2 PR 224 SR X A N 55
A TP . I, AR SC R TR X Yolov10 Bk
VAT A 5 8 0, DL T 46 2% 1 09 2L AR R )

1 ERRTEBRAZTEGREARSELNE

1.1 BEFRIAFER

LI 2 % B A LS K A B AT RS .
3388 5 2 T2 v P EE 3 o 4 2% 5 SRR
JI 3 R 118 BRI 3 5 ), P A R B R 4 2% - 2 1
A ARG A IR S e, i 1T
TN o RHAR PTRE S B AN R T RN Y R AR A
BRI B2 PR g TR R R T
FT 40 %) DRy 2R S 43 B 2 X e A s T U 4 2 - 1Y
S8 R P R A5 AR B M, DTG ™ 5 e L AR
SRR G TR B Tl 20 KA et
T HL ) T, 3 R A A T TN DX B Y T
HLZR B BRI . i 2835 Y R 5, BATT AT LUE I
SR AR MR IR % T I A AU R B . 14 3
R A, AT LB B R A % 7 —
JZI5 G X )2 15 e PR W S5 T AT e R BUN %
MG XSO AN 23 BRI 28 2 1Y) 4 2 i J3E R T
FEBETT , i AT sk 48 2 b kL) 2 Ak 7, IR 3
7 EE 1) L T R
1.2 GREAHEALLE

TS PRIKAS T | 248 25 S5 R R AR i ke, 2 UL
FEAKCE A PR . B8 1 AR S bR v RERE R SRl A
o P, 78 HARRE AT 55 v, 5 i 3 iy vk
P REE A, LA S 2 AL RE T E . W
D, By A A 1 5 B AR A4 LA AR 48 (AN AR T T
SEFRS ) FE 25 [R) AR fe (TN B 2 B X ELE AR
FE) o XL R AT , BRI A U BB SR A N
FRIRTEE T B0 [ — PR AR R PR B 454 Y
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2 W
Fig.2 Damage

3 5%
Fig.3 Dirty

Ok — A S IR A 1) 22 R AN A 2R P, AR
R T ZREA S SR A, RV [R) A 22 AR
BAEFTH A, AL OE A B R B o 52 2% 1Y
Yyt o XM IERERNE T EAG I/ AAR s 5
PR AT 55 o TELR ST B BE AT, i TRy
BREE AR U N2 S TN R L AL ST ke
A SR AR AT ME DL SE S5 5 Ik B 20T, S B AL 45
AR

ARSCIRN N SR 9 o IR AT Bl i . B AT
BB AR I, B o, MR A P RERLIE IR 5
KA BRI ARSI 4 5K B B BOREAS s SRS,
5 PGSR A TR R0 ) T4k B (AN BB ML IE e 4 ik
FIPREAE) s 36, e Ak PR 1 1 5048 IR — E O A1 J)
PR — SR B R, I P25 A TR 2 1 1y 120 57
F AR 5 de i, o A B A PR U A B €0 2 ] 2
e, DABHUAS [R] B9 B PR AN BE PR EE . XA sEiT

— 77 A A W0/ B s B B 1 28 5 PR 50 1 B
P B PR R BE AN B A /N AR R B 00—
J7 ThI 2 5 R A IE AR (5 i ) AN R AR (TT ik
B , A5 BRI B 4~ o) 9 A5 R DA 1R S IX
SRR A H PR AOHER B RE A 4 R

—ANE
U9
7, sik
FarEAs
45k AN
SRR

4 ERHEKESHIELE
Fig.4 Mixed augmentation of positive and negative samples

2 BETREAMEBMET R

BT A SCHY 5 5K, ¥ Yolov101 (you only look
once version 10 large )/ A2 %~ Bit [ A I Y FE At A
B SR, WA R, RAEAEHY Yolov1Ol R 2%
GE GRS TR L RS R A 5]
AR SCNESCHE 38 5 | 0 45 25 AR A0 A R T 45 2R Ak 3
AR Yolov10l BEAT ki, & fE#E— P $2 THH
FEHCHL 7 5 ORI PERE , T AIFFE Y Yolov10 221k
Yolov101 K&l b AE A el . Hovp, Bicdf 4 58 07 i
i1 R B R A 1 R S 3 4 B 1 OE SRR A TR G 1 0
itk

PEALIE Y Yolov10 MIZEAAGUIEL 5 i, EZ M
F T ™ 4% (Backbone) | 3 & % £ (Neck) . £ ] 3k
(Head) 4 1

F 1 P4 (Backbone ) « X i A9 4 2+ KR iF
ITHFIE$E L . Backbone % & AL & 0 — 1L 5%
1% PR BB B (convolutions with batch normalization
and sigmoid linear unit, CBS) . 5 By Bt [ 4% # b
(faster implementation of cross stage partial bottleneck
with 2 convolutions , C2f) . 5% [F] 18 i fiff 5 [ R AF 451 B
(spatial-channel decoupled down sampling, SCDown) .
Bk E R OR S B Be M4 BL B (faster
implementation of cross stage partial compact inverted
bottleneck with 2 convolutions, C2fCIB) . % F
DCNv4 ' i e 38 25 [1] 4 7 35 3t £k A B (spatial
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: P5 §

(cafciB HYOLOHead)
: ;

CBS

(cafciB )—fgb(YOLOHead)E - - T( cBs | cBs }p{ add )
= : A ’

5 Ay Yolov10 M4 454y
Fig.5 Improved Yolov10 network architecture

pyramid pooling—fast based DCNv4, DCNv4-SPPF) LA
K Jey B B B S A (partial self—attention, PSA) .
CBS JH T X} b — 2 B FRRAE R4 T $2 ORI T, s
T J5 SR AR PEE B AR AR R R o C2f Ll H 5
W B 45 g o v AU 2 UCRRAE 181 1 32 45, A 0 Ok B
H 255 (A {5 8 . SCDown el i 1x1 3% S 45
0 TR, PR 3x3 MR A AR AT S () R R
FE TR B 530 A 9 [ 1) e R FR B2 O B A5 .
C2fCIB /& JH % B {8 # £ Bt (compact inverted
bottleneck , CIB) e C2f 7 (1Y bottleneck # 3R , FHIR
i 4 FX (depth convolution, DW) Jill 1% 5 4 £ FF #
bottleneck M1 A5 FL. DCNv4-SPPF i o 5] A
A 22 I 45 B DCNv4 3 58 25 [H] SR AR A9 RGP . PSA
& — Bl R RO R R B R B, TR U 1Y
FRAEf A 2 i £ 3k B 7 & 77 (multi — head self -
attention , MHSA ) 11 {1 & Y 4% (feedforward network ,
FEN) ZH Ji AR, 9K J5 K P 0 03 8 e e o P o
GRBETTRLG R e RERE )  BRITRE

R

70

R M 4 (Neck ) 321 W 45 42 B A [a] RO
M2 2T RE R AT RE S o R B R AE 4 T HE )
2% (bidirectional feature pyramid network , BiFPN ) !>/ %
FRIEUR I RRE 4 73 (feature pyramid networks , FPN)
A2 B A M 4% (path aggregation network , PAN)
SE R A R SRR AR RN R J2 R A 10 X1 3 Bl 5 TR
fle, 484t AN [) RUBE HRAIE P g ARG I Sk, HErp
Upsample Jy I >R FEH#:AE , BiFPNConcat (concat based
BiFPN) J 3T BiFPN AR 4 e 81

i Sk (Head ) « i H 465 2% - (5 56 7 288 31 o7 2
TR o TR 00 5% i AN [) RUBE AR L 43 1) 3 ik
G Sk HEAT AL B, AR SRR/ INAS [ 1) 30 LA, - 280t —
RIS O B et HARAE , 52320 2% 1 e H b
L AR TR/ H ARSI RE g, A SCFEAG I Sk R 3
BCE T PSS Sk, DU S SRS AN e 15 2
H5i ) 28 TR BE ) ARG IRG JEE
21 BERYPRIET E & FE L

7 0] 4z 7~ 35 i Ak (spatial pyramid pooling, SPP)
A X R T R FH AN [ /NG (A 1x1,5%5.,9%9
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13x13) Ay i KAk (max pooling , MaxPool ) , L EAN
FERRAE L, IF 4 PR (Concat) JE B It ZFAE R
WK 6(a) s, fif itk T HE R R RS S8y 2k
FURIE B BRI, SPPF R SPP Ayt , i FHZ
ASINRGE A AR R A%, an &l 6(b) iy
SPPF ffi 1] 3 J= 3x3 MR Kb AL , BERED i3
SRER I 2 RUE AR R 5 1O BE

BT SPPF L3, A SO H AU (convolution,
Conv) B4k AT AS JE 45 B DCNv4 3 35 45 41 ) i B 2t
FVFAS ARAEA B A 38 I B, G5 1 R AR B LY
RGPS HERM:, WK 6(c) s, DCNv4 BUH T %5
] 2R G T Y softmax IH— {0058 - T+ T REAL B2
I N RE I FNRIL T IRl AL TN AR B
TSI ES BB ORI A2 R AL B
SR A

Conv [ Conv j [ DCNV4]
: o
[ MaxPool j [ MaxPool]
v
- [MaxPool j [ MaxPnolj
H b’
MaxPool MaxPool
Co‘n'cal Concat Concat
) @
(a)SPP (b)SPPF (c¢)DCNv4-SPPF

E6 &FEMmlsH
Fig.6 Pyramid pooling architecture

2.2 XNE4FEEFE

FPN FIH FRFEH RG-S )24 5 215
MG B SRR IE R R W E M, W E 7 () s .
PAN 7E JL il [, 3 5 W) AR i, RE AL I
EEMRZE MR B AL, A& WK E R & E N E R
T, WE 7 (b) Fios , i — 4R T T 2 ROE FRAE$2 B
RES) B RSB AI R

BiFPN 7E4K7K FPN 1 PAN F3EAN |, 51 AL
XL ERHEAEREHLE, Qi 7 () B AR 45 2 Y
B RE A E S ASEB R R E A T RS o X
TPEAAR T O E BRI AR b T IEAL
FRAER) T, SC80 T =30 R e 22 RUBE H bRAs Dl
(] IR DR AR B 2 8

A K Yolov10 H (1) [ 7E 4544 FPN-PAN #5 4t
k3 1 BiFPN 5 44, LA S 305 /35 001 15y o R
fERLA . ELURM, Qi s fros, fi A R i i ad &
FRI2% , 72 P2 P3 . P4 P5 PUASAS[R] R BE A AR I
Horr, P5s RUEE By RRAE B 3% T k0t i) DCNv4—-SPPF i
1577 2 HRE 50 . RS , X80 22 RO RRE R E A
KA BIFPN B, AT IR A HLAS B Al G b B . e
2 mA JE AR AR R Rl Sk i i A AT 2 RUBE
H b A

7 FBEETFEEN
Fig.7 Feature pyramid architecture

2.3 DIloU_NMS

B RS L h g TR Z HE 2R A 5 i
I B B R O . PR, AR SO YRR TR B A2
It H (distance intersection over union, DIoU) BYAEAR K
{8 41 #] (non — maximum suppression, NMS) , Bf
DIoU_NMS,, fiff B A I HE £ 12 01 ] [ . DIoU_NMS
K DIoU A2 NMS [N, AN 7% Fg o 2 DX, i H
3 PR S ARSI AE 22 [ () Pl ;R B . A IUAE 2 15
BRI (D35

S:{S,[D<8 (0

0,l,z¢
A e s S REINHE ) 432 B AR B BUEL N O B, 122G )
FER MBS s & S NMS {57, M DIoU FO{E
I,=1- iz (2)

2
C

A d PR IUAE Y o PR RS 5 ¢ AL A
LI HE F4) f5e /INIMZHIE 6 F A K BE, i8] 8 s
1 2Ry WA ARG ALE 14 32 5 1 o
_Ans
AUB
Ao A S TAE ; B R HLAHE

(3)
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B8 DIloU_NMSJRIE
Fig.8 Principle of the DIoU_NMS

3 KBWHERKIDW

3.1 EWHIERITEIRE

R B BT HR T 2 B A M AR SRR TR Y 4
GBS . Horh IR 4 EEOR A
HAR 35 kV I 10 kV B2 L AL 2 A ik R v e A
BLFAHR ) IR S S A b 24 2% I LS 3L 5 176
gk (A —5K G il Ge A & Z R kg ), b & a2
T-H05 26 70401 LA B 4 % 515 8% B RS 0 AT
3300 5K .1 925 5K .1 560 5K . 2 BG4 B 446 2% - %]
1% 3 000 5K , T 1E i A IR A& 0 Bk ds 3 o, LAwin £
IR | PR DR T G S IR 2

AR SRS R I 2 1 S 00 B 4 35 8% R« Intel (R)
Xeon(R) CPU E5-2643 v4 b FRES , #4528 4 5K 11 GB
Nvidia GeForce Rix 2080 Ti GPU Ml Il 2. A FF
553 F ubuntul8.04 &4 . python3 *F 5 , it i Python
W A Pytorch ¥R B 2 S HE QL rh 5 Gl 958 17 IO 458 46
R IFATHARESR ) CUDA 11.4 A . % &4 R/
716, 1%k 300 A J 9, 611 Adam A4k 25 A4 5508
KO ) B WG 2 B E A 0.000 1,

3.2 KiMEEMERESHT

TE AR A BC R 42 2R A 1 UL o Wiy
i 2k 6 000x8 000, Ay H& T4 2% - Sl i A I A R0, A
SCLA 1 280x1 280 B3 HERAE M AR #7550 50

1 )8R TR Yolovs  Yolov8  Yolov10 Pl Jz A%
SCHRE 9 7 VA 26 S - B R 0 T ) SR A R
XK A [0 DL BT SRS B8 K — A G
T AR 19 LA, VAN AN [R] D7 1 0 466 2% 7 Bl B 104 ez )
A&7,

ST LRI AR SO I AE R I 4 2 B
MR Ik 3] 1 SR dr W S 45 1, V- YR B
(mean average precision, mAP)ik 2| T 83.2%, M5 iR
() Yolov10 B4R TF T 3.4 4 40 5, WA AR SCHE
()7 TR AL 2 T BB R I AT 55 1 HAT — g i34
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x1 WWMFHEITLE 1
Table 1 Comparison of detection methods 1

[oallpiR7S K51 1% 41115/ % F-EE RE R %
Yolovs 84.4 70.5 723
Yolov8 85.6 73.1 76.4
Yolov10 87.9 75.6 79.8

KI5k 91.3 77.8 83.2

B E AR SCRT AR J5 VA A Z2 FEAL T S5 P R 3
P, ISR VT b DX DL R ¥ g Tl XA 5 5 B 4 2%
T T A G PRI X LA B R e % iR 14
BT 2 635 gk ([a]— sk G b BE AL & 2 FPikfE ),
S SROL Y SR1TTIYINE (. SREr A
IS5 5146 1226 5K (1050 5K 830 7k . HEHUTCH
4 2 EIZ 500 5K, T IE SUREASTR & O B3 o

222 JE/R T Yolovs . Yolov8 . Yolov10 PA K AR
SCER I OTEE AW W B e 2 DS 4 2 1 1A
A AR B BB AS I 25 28 . JE s o3 A T, AR SOy
IR HLRIR T Yolov10 S35 mAP 2T T 224 43
s AT —ErZALRE )

F2 KM EITLE2
Table 2 Comparison of detection methods 2

R i K1 1% 41115/ % SR BRI %
Yolov5 79.2 68.3 70.7
Yolov8 80.5 70.4 72.8
Yolov10 83.7 73.1 75.4

AT 85.8 74.4 77.6

3.3 HRhLIE

TE Yolov10 = 2 A Sk 25 A4 A58 (1% JL Al I, e ik
i FHAR TR A EUR B SO E S BC A SCEit T
— RIS RBE BTH AR, W3R 3 PR, B7EPHA X
LU ARG AR A ARG I MR RE B R T RICR

AT 3 R BCHE AT AL, S8 R I Sk | el i
PR 25 [1] 4 538 3t Ak LA K 5 | A B2 R AIE 4 5 38 X
T4 2T/ B bR S B 0 R IR A — o 3R T
YER o v, B8 hm s A D Sk DL K5 | ABUZ R AIE 42
B SE RO TR X A BB, m AP {4351
PR 124 3 R 14 AN E o a5, Ul I —A~Ha
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ARG Sk, B9 A2 B A B TR /N H BRI RN AL
Heo MRUZFFIE G 5B BEAS AR I 45 5 1E 2 O HE 224
LICEAFKF, h B e AR E A TR
FROEAF B 4F R0k o ] R B AT 51 A1 mAP
{EERTE 0.9 11 73 a5, BEWTAFAE AR U R ) THE 845
SBIBREE AR 2 )RR SRR T —E 1

R3 LWERITLEA
Table 3 Comparison of experimental results1

KEE Al PR

1% FI1%  {HI%
Yolov10 87.9 756 798
Yolov10+DCNv4-SPPF 88.5 76.1 80.7
Yolov10+BiFPN 89.1 765 81.2
Yolov10+4 246k 89.3  76.7 81.0
Yolov10+DCNv4-SPPF+BiFPN 89.6 7638 81.8

Yolov10+DCNv4-SPPF+4 45 3k 89.8 77.1 81.6
Yolov10+BiFPN+4 ZA5 13k 902 774 82.1

Yolov10+DCNv4-SPPF+BiFPN+4 Z#sk 913 77.8 83.2

SR PR [+ 14 S5 36 5 ST 1) 525 268 2% 1 R
WY G TR B AT I B S B, SR N R 4 R
S IX PR A G IR A B A R, SR 3R
S T ARSI Sk | 5T AOBUZ AR 4 5 5 AL LR
FHRTAZTE 4 BB AR 15 mAP {8 AL A A [7) #2142
ThL Bk 1 SO R R S E AL

F4 FWERILE2
Table4 Comparison of experimental results 2

WE AECFREE

1
SN 1% %  FIEI%
Yolov10 83.7 731 754
Yolov10+DCNv4-SPPF 84.1 734 760
Yolov10+BiFPN 845 736 764
Yolov10+4 JZ K 3k 847 737  76.1
Yolov10+DCNv4-SPPF+BiFPN 847 738  76.7

Yolov10+DCNv4-SPPF+4 2465 sk 84.8 73.9 76.6
Yolov10+BiFPN+4 JZ K5 3k 852 74.1 76.8

Yolovl0+DCNv4-SPPF+BiFPN+4 2Kk 85.8  74.4 77.6

kg G i, PR i S i e SR B DL AR BILTRD , 45
P E HEATRAE AT AL, N 9 i . AL R
TEAHOG, I i A RRAAAH G, B B sk AR R b R Y
AFERE . A HE DR Yolov10 845, 5] A DCNv4-SPPF
55 BiFPN i , I 2% (1) 3 72 77 BE 5 M6 b A 1) i B X
B, A A B A0 /NEREE A B TR TN B bR SR TR
Pl

9 HMHREEHIAN
Fig.9 Heatmap of improvement strategies

3.4 WML RTRMN

AR SCBE XA R B AT T s AR XS Ee Ak 3 XA
W25 S 4T T AT AR 20 BT, a8l 10 Bros o AL 10
Ha] LU A AR SO i, SO B 34 N [ 7
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Abstract: As an effective carrier for photovoltaic access to large power grids, photovoltaic microgrids have attracted much
attention.However, with technological advancements, the challenge of efficiently integrating distributed photovoltaic power within
the grid has become increasingly prominent.The scheduleability of electric vehicle charging can effectively solve this problem.In
response to the problem of coordinated scheduling of electric vehicles in the photovoltaic microgrid , a game scheduling method is
proposed to optimize the upper and lower limits of broadcast electricity prices based on historical load prediction errors.
Specifically, we established a leader—follower game framework where the microgrid operator acts as the leader pursuing profit
maximization, while electric vehicle users serve as followers optimizing their charging strategies. The solution to this model
combines dual theory with mixed—integer linear programming methods.The solution further accounts for prediction errors affecting
real—time electricity procurement losses and designs a dynamic pricing mechanism based on EV charging load prediction errors.
This approach optimizes the feasible game domain while enhancing PV microgrid operators’ revenues and reducing EV users’
charging costs.Both case studies and simulation experiments validate the solution’s soundness and practicality.
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Table 1 Day—ahead market contract electricity price

i BE SN YoTw I B LNV
01:00—02:00 0.48 13:00—14:00 0.48
02:00—03:00 0.48 14:00—15:00 0.28
03:00—04:00 0.28 15:00—16:00 0.28
04:00—05:00 0.28 16:00—17:00 0.48
05:00—06:00 0.28 17:00—18:00 0.48
06:00—07:00 0.28 18:00—19:00 0.48
07:00—08:00 0.28 19:00—20:00 0.76
08:00—09:00 0.28 20:00—21:00 0.76
09:00—10:00 0.76 21:00—22:00 0.76
10:00—11:00 0.76 22:00—23:00 0.76
11:00—12:00 0.76 23:00—24:00 0.76
12:00—13:00 0.48 24:00—K H 01:00 0.48

EV B H M 25 Er = 72kW, EV 75 HL A 1 %
KFEHEIF R P =5kW, EV S5 ETEER EV
4 300 4 .

3.2 FMNEESW

kg S I i B AR A A R AS B9 LR s
() SGAR T I R 2 00 R A5 45 L o R R B A
iz E R AT S EV M SRS . 7 B A
T B, i SR ETIZMIX 1 AZE 7 H 85
I, XA HOG AR A EV S SR BEAT TN . R
i T 25 5, A 8 e H T R A IR ik
SET R LR BR . FE SR T B B, AR
EV il 525 DAEST 8 X5 Az 8w R
L pRE . R ARG — F2 TSR R, FRATT R KKT
ZRAERE T 20 P AR B/ N Tn) A e 4k ol |
JERETRG 2 AL | DR 52 4% () XL R A 70 A A,
S —A~ Lhizs 8 R RN S B bR )2 i e, %
[7) 1 f 22 4 3R 3R Ol — R B R Bk T R A BT A
B S, 35 Dy s T R 25 X w0 R T R EL A R R E
Al s ECC 5 i 25— A H P w2 22, JF
S56 RAN IRAE R AL, S A A BUER f  E A FLA
TR EZ R TR AR K 48 CPLEX X 1%
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Fig.4 EV charging load prediction curve
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Table 2 Prediction errors

2 epyse/% | WFZI s/ % 2] -0
01:00 1.8 09:00 11.0 17:00 44
02:00 1.1 10:00 9.0 18:00 9.8
03:00 1.1 11:00 11.0 19:00 10.4
04:00 1.7 12:00 8.9 20:00 11.5
05:00 5.8 13:00 15.7 21:00 8.2
06:00 33 14:00 17.6 22:00 4.7
07:00 29 15:00 4.8 23:00 6.9
08:00 43 16:00 8.6 24:00 17.1

i 2 2 ATz E R A AT BRI R AN ¢, ECC
Wl Pr PPt I (19) —XQ2) eI 46 #
W co BEEER1BNSEHLDXIINERELAY 15 36 2, T iR 2
AR R EBR CTBR ¢, o a2 3 Il 6
Ao TR, R T PR AR SCHE A IO R 25 A0 1
LA BT BRI SRR RE , FRATTBEE T X L
BEUE , 2R FHBUR 22 TF 23 I B A4 A [ 101 5 )
Sl [7] 8] BEASL R 20

®3 FHHEREERGERNDRE
Table 3 Initial tariff boundary values in two

co—dispatch models

AR oL BURAFF M S0

% - - - I

c, c, [ ¢
01:00 0.74 0.25 0.67 0.29
02:00 0.6 0.21 0.67 0.29
03:00 0.35 0.12 0.39 0.17
04:00 0.35 0.12 0.39 0.17
05:00 0.35 0.12 0.39 0.17
06:00 0.35 0.12 0.39 0.17
07:00 0.35 0.12 0.39 0.17
08:00 0.35 0.12 0.39 0.17
09:00 1.14 0.50 1.06 0.46

x®3(4)
ASCH MR O BUNAFF RS AT
ik Z1
c: c, c; 01
10:00 0.95 0.34 1.06 0.46
11:00 1.14 0.5 1.06 0.46
12:00 0.74 0.25 0.67 0.29
13:00 0.89 0.38 0.67 0.29
14:00 0.52 0.22 0.39 0.17
15:00 0.43 0.15 0.39 0.17
16:00 0.74 0.25 0.67 0.29
17:00 0.74 0.25 0.67 0.29
18:00 0.74 0.25 0.67 0.29
19:00 0.95 0.34 1.06 0.46
20:00 1.14 0.50 1.06 0.46
21:00 1.14 0.50 1.06 0.46
22:00 0.95 0.34 1.06 0.46
23:00 1.14 0.41 1.06 0.46
24:00 0.89 0.39 0.67 0.29
1.21
1.0r
0.8
2
e = @ e =
20.6
o
0.4F ‘ | ; 1
i \ by I
0.2 L | L |
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Fig.6 Initial tariff boundaries of two co—dispatch models
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Table 4 Operators’ optimal pricing strategies

ATCHT B ZERH R TG S
B RURACHN,  Fefthith/ i/ B/

(JG/AWh)  (JE/kWh) kWh kWh
01:00—02:00 0.60 0.39 153.86 0
02:00—03:00 0.60 0.39 133.92 0
03:00—04:00 0.35 0.39 133.92 0
04:00—05:00 0.35 0.39 133.92 0
05:00—06:00 0.35 0.39 133.92 0
06:00—07:00 0.35 0.39 133.92 0
07:00—08:00 0.35 0.39 66.96 0
08:00—09:00 0.35 0.39 30.24 0
09:00—10:00 0.79 1.06 115.69 0
10:00—11:00 0.54 1.06 0 0
11:00—12:00 0.50 0.46 0 351.96
12:00—13:00 0.35 0.39 0 0
13:00—14:00 0.38 0.39 0 1 .000.00
14:00—15:00 0.35 0.39 0 16.25
15:00—16:00 0.35 0.39 0 11.21
16:00—17:00 0.35 0.39 0 49.58
17:00—18:00 0.35 0.39 0 26.35
18:00—19:00 0.35 0.39 0 40.49
19:00—20:00 0.35 0.46 0 0
20:00—21:00 0.50 0.46 0 377.21
21:00—22:00 0.50 1.06 0 100.47
22:00—23:00 0.96 1.06 0 0
23:00—24:00 0.41 1.06 271.28 78.48
24:00—K H
0.39 0.39 195.49 0
01:00
147
12
1.0
R 0.8
Sos
0.4
0.2

O n s n n ]
00:00 04:00 08:00 12:00 16:00 20:00 24:00

fif %1
- ﬁﬁﬁmﬁ}l_]ﬂf“ S0 ZYER i AR IR AL
wmILT R B

7 Bﬂw%]f;%&’ﬂ%%ﬂiﬁ‘]%ﬁtr‘%%mcf
Fig.7 Optimal broadcast tariffsc, obtained from the two

scheduling models
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Table 6 Operation results of different programs

Table 5 PV microgrid operator profits and EV charging S L EES LR MR X 2R TR B %
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Optimization Scheduling Strategy for Microgrids Based on

Hierarchical Demand Response Mechanism
ZHANG Jie", PAN Shoufei, HU Congfei, LIU Hao, WANG Xiaolu
(State Grid Chengwu Power Supply Company , Heze 274200, China )

Abstract : In response to the multi-level stakeholder win—win and resource coordination issues of electric vehicles connected
to microgrids, this paper further schedules electric vehicles based on user demand response and proposes a microgrid
optimization scheduling strategy based on hierarchical demand response. Firstly , comprehensively taking into account the
electricity interaction relationship and energy interaction sequence between electric vehicle owners and users, a microgrid
system collaborative scheduling model is constructed.Secondly, a hierarchical demand response mechanism is introduced to
guide users and electric vehicle owners to participate in demand response in stages, thereby achieving the goal of precise
participation of different stakeholders on the load side in microgrid scheduling. Finally, a dual layer optimization model is
established to optimize the pricing strategy and demand response plan among different stakeholders within the microgrid.
Simulation analysis results show that the comprehensive scheduling strategy improved the microgrid system’s overall revenue
and demand side energy costs , while also enhancing the microgrid system’s new energy consumption capacity.

Keywords:electric vehicles ; microgrid ; hierarchical demand response ; stackelberg game ; dual layer optimization
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Table 6 Simulation results for different methods
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Short—term Wind Power Prediction Based on Multi—scale Dominant

Component Analysis and Hybrid Data—driven Model

FAN Chenliang', SHANG Hao?, CHUANG Xihong!,FU Wenlong**
(1.GD Power Development Co., Ltd., Beijing 100101, China;
2.Power China Huadong Engineering (Zhengzhou) Co., Ltd.,Zhengzhou 450000, China;
3.College of Electrical and New Energy, China Three Gorges University, Yichang 443002, China)

Abstract: Wind power prediction is of great significance in wind energy utilization and wind farm operation , among which
short—term prediction is crucial for real-time control and supply stability. Therefore , this paper proposes a short—term wind
power forecasting method based on multi-scale dominant component analysis and the hybrid data—driven model. Firstly,
variational mode decomposition (VMD) is used to perform multi-scale decomposition on the original wind power data to
capture different frequency characteristics. Then, singular spectrum analysis (SSA) is applied to extract the dominant
components to further reveal the underlying structure and key patterns in the data. Next, temporal convolutional network
(TCN) and shared weight long short—term memory (SWLSTM) are combined to construct a hybrid data—-driven model to
predict the extracted modal sequences.Finally, the prediction results of each mode are reconstructed to obtain the final wind
power prediction value. Experimental results show that the proposed method has excellent performance in wind power
prediction accuracy , and its performance indicators mean absolute error, root mean squared error, mean absolute percentage
error, and coefficient of determination are 0.415 MW, 0.550 MW, 3.968% and 0.998, respectively, which can meet the
performance requirements of short—term wind power prediction.

Keywords: wind power prediction ; multi-scale dominant component analysis ; singular spectrum analysis ; hybrid data—driven

model
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SSA REME A AL 25 BRI 18] F7 51 Hp 1 g AR 7, B
WO 2O SRR S B, A BT AR X A T R
i AR RS , FE T FE T XU D AR PR HE
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TR O R A HE BE T R SR Y B R
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TCN S FH T BT[] 75 5] 0 R A 8 TR 3 2
SJBRR Y 25T CNN WY FRAT T RE 1 FIE E1
25 M 2% (recurrent neural network , RNN) f{) 7 41 2245 GE
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Fig.1 Structure diagram of TCN
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Fig.2 Structure diagram of SWLSTM
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Fig.3 Flow chart of wind power prediction
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Fig.5 Wind power prediction results
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Fig.6 Wind power prediction results of different methods
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BN T TR AR R 2 RS R R HHAR
TXF 7, MDCA-TCN-SWLSTM HEME A R0 /)N Fit
MR 2, B iR 2 F e AEREMIE, R i T3
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Table 1 Prediction performance of different methods
Ik MAE/MW RMSE/MW MAPE/% R?
MDCA-CNN-SWLSTM 0.996 1.329 13.247 0.989
MDCA-TCN-L.STM 0.856 1.249 11.128 0.991
MDCA-TCN-SWLSTM 0.415 0.550 3.968 0.998
CNN-SWLSTM 2.522 3.567 27.635 0.929
TCN-LSTM 2.028 2.849 21.372 0.955
TCN-SWLSTM 1.216 1.747 16.503 0.983
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Fig.7 Wind power prediction errors of different methods
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Fig.8 Wind power prediction results for other dataset
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Table 2 Prediction performance of different methods on

other dataset

VRS MAE/MW RMSE/MW MAPE /% R?
MDCA-CNN-SWLSTM  0.917 1.456 14550  0.989
MDCA-TCN-LSTM 0.876 1.377 12392 0.992
MDCA-TCN-SWLSTM  0.642 0.976 6.155  0.997
CNN-SWLSTM 2558 3.798 29.171  0.925
TCN-LSTM 2.163 3.286 25.156  0.949
TCN-SWLSTM 1.902 3.056 23911  0.977
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Low—carbon Economic Dispatching of Renewable Energy Power

System Considering Security Constraints
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Abstract : The development of low—carbon power generation technology is an important means to realize the low—carbon power
system. However, the randomness of the output of renewable energy sources such as wind power will adversely affect system
security.To address these challenges, a security constrained low—carbon economic dispatch method is proposed for renewable
energy systems including wind power, thermal power, and gas turbines. First, with the goal of maximizing economic benefits
and minimizing carbon emissions, considering system operation constraints, safe operation constraints, and carbon emission
reduction constraints , a day—ahead optimal dispatch model for renewable energy power systems is established.According to the
characteristics of the optimal scheduling model constructed , the security constrained low—carbon economic scheduling model is
decoupled into three stages, namely normal state economic scheduling, normal state feasibility check, and N-1 contingency
safety check., Benders decomposition is utilized for iterative solution.Finally, the simulation results in the improved IEEE-39
bus system show the effectiveness of the proposed model and method..
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Fig.4 Low carbon economy dispatch results of case 1
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Modeling and Study of a Two-layer Prediction Structure for

Photovoltaic Power Based on CWOA-BiLSTM
QIU Zhixin", TANG Liang!, WANG Hongli?
(1.Shandong Electric Power Engineering Consulting Institute Co., Ltd., Jinan 250100, China;
2.University of Jinan, Jinan 250000, China )

Abstract : The uncertainty of photovoltaic power generation has brought challenges to the stable operation of the power system.
Accurate photovoltaic power prediction can help solve this problem. This study aims to investigate a two-layer prediction
structure for photovoltaic power, combining the whale optimization algorithm based on chaotic search strategy and the
bidirectional long short—term memory network (CWOA-BiLSTM) to improve the accuracy and stability of photovoltaic power
prediction. Firstly , the initial population is generated through population initialization using the reverse mapping of Tent;
secondly, the whale optimisation algorithm based on chaotic search strategy (CWOA) is used to continuously iteratively
optimize , and the optimal parameters of the bidirectional long short—term memory network (BiLSTM ) are output; finally, the
CWOA-BIiLSTM model is trained and verified by inputting real photovoltaic power history data.Through example analysis, it
can be found that compared with the whale optimization algorithm (WOA) — BiLSTM model , the mean absolute error, mean
square error and root mean square error of the proposed model are reduced by 17.71%, 25.70% and 14.00% , respectively ;
compared with the BiLSTM model, the mean absolute error, mean square error and root mean square error are reduced by
86.11% , 94.92% and 77.71% respectively, and its determination coefficient is higher, with increases of by 0.28% and
21.84% , respectively.
Keywords: photovoltaic power prediction; machine learning; whale optimization algorithm; bidirectional long short-term
memory network
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