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Single—phase Ground Fault Location Method for Low Resistance

System Based on Zero Sequence Voltage Projection

ZHU Wenhe', LI Shouqin?, LI Guang', QI Lantao®,ZHANG Zhihua'”
(1.School of New Energy , China University of Petroleum (East China) , Qingdao 266580, China;
2.Dongxin Oil Production Plant, Shengli Oilfield, SINOPEC, Dongying 257094, China;
3.Zhongyuan Oilfield Company, SINOPEC, Puyang 457001, China)

Abstract: Aiming at the problem of low power supply reliability caused by long time—consuming manual line inspection after
single—phase grounding faults of low-resistance grounding systems, a fault location method based on zero—sequence voltage
projection gradient is proposed to determine the accurate fault location.Firstly , the distribution characteristics of zero—sequence
current and zero—sequence voltage after single—phase grounding of low resistance grounding system are analyzed by using a
zero—sequence equivalent circuit diagram. Secondly, the distribution characteristics of zero—sequence voltage projections of
single—type lines and hybrid lines are analyzed by the phasor diagram of zero—sequence voltage changes of fault lines.It is
found that after the hybrid lines are equivalent, the projections of both are linear functions of the distance to the bus.Finally,
on the basis of accurately obtaining the location results of the section, a ranging method based on the gradient of zero—
sequence voltage projection is proposed. A 10 kV small resistance grounding distribution network is built by MATLAB/
Simulink , and simulation experiments are carried out on different line types.The results show that the method has high ranging
accuracy and can effectively overcome the influence of inaccurate parameters of a single type of line on ranging results.

Keywords: single—phase ground fault; low-resistance systems; zero—sequence voltage projection; distribution characteristics;

gradient ranging
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Table 1 The ranging result of only one detection

point exists
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Optimal Operation of Distribution Networks With Carbon Emission

Flow Considering Network Losses
XU Jianjun, WANG Bei*, PENG Cheng,ZHAO Shugqi

(School of Electrical and Information Engineering, Northeast Petroleum University , Daqing 163319, China)

Abstract : Under the background of the "Carbon Peak and Carbon Neutrality" goals , the integration of carbon emission flow
with the optimal operation of distribution networks is a key research focus.Based on this, this paper proposes an optimal
operation model for distribution networks based on the carbon emission flow calculation method for lossy networks.Firstly , a
network equivalence method for lossy networks using complex power is proposed, and the updated system power flow is
utilized to calculate the new nodal carbon potential.Secondly, an optimal dispatch model for distribution networks based on
second—order cone power flow programming is established, incorporating a demand response model. This model guides
electricity users to adjust their consumption behavior during peak hours or system emergencies, enabling flexible load
regulation.Thirdly , the model is constructed with the objectives of minimizing the total operating cost and carbon emissions of
the distribution network.Finally , the feasibility of the carbon emission flow calculation method is verified using a two—machine
four-node system , and simulation analysis is conducted on the modified 33—-node system , and three comparative scenarios are
provided to analyze the algorithm effectiveness.The experimental results demonstrate that the proposed carbon emission flow
calculation method can improve the accuracy of carbon flow , and the proposed model can effectively reduce carbon emissions
and operating costs while ensuring computational efficiency , showing promising application prospects.

Keywords: carbon emission flow calculation; optimal dispatch model; demand response; nodal carbon potential ; second—order

cone model
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Research on Fault Line Selection Method for Distribution Networks

Based on Phase Voltage Modal Transformation and Chaotic Oscillator

LYU Dongfei”,MA Tao,GUO Yan, LIU Guang, KONG Xuecheng
(State Grid Zibo Power Supply Company, Zibo 255020, China)

Abstract: To address the issue of low accuracy in identifying single-phase grounding faults and selecting fault lines in
distribution networks, an innovative method based on phase voltage modal transformation and chaotic oscillators is proposed.
First, modal transformation technique is employed to obtain the modal components of the voltage signals.Next, an optimized
noise reduction and smoothing model is established to effectively balance the trade—off between waveform similarity and
smoothness. This process not only reduces the impact of noise on the signals but also enhances the discernibility of fault
features.Finally , the processed voltage modal components are input into a chaotic oscillator system to obtain the phase diagram
trajectories for each line.The chaotic oscillator system captures the complex dynamic characteristics of the signals.By analyzing
the texture parameters of the phase diagrams and utilizing the Euclidean distance method to assess the chaotic state of the
trajectories , accurate fault line selection is achieved. Simulation results indicate that this method demonstrates strong
robustness against factors such as transition resistance , fault closing angle, and noise interference , effectively improving the
accuracy of fault line selection.

Keywords:fault line selection; intrinsic mode function ; excellent noise reduction ; chaotic oscillator; texture parameters
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Abstract: The high proportion of new energy access has attracted more attention to power system flexibility. Accurately
quantifying the flexibility adjustment demand caused by the uncertain output of new energy and reasonably evaluating and
improving the flexibility balance capacity of the system are necessary measures to improve the system’s acceptance capacity of
new energy.A novel modeling methodology is proposed to characterize renewable energy uncertainty , where flexibility demand
is determined based on confidence intervals of forecasting errors .Concurrently, flexibility supply capacities of conventional
units are systematically modeled. Comprehensive flexibility evaluation indices are developed from the perspective of flexibility
supply—demand equilibrium.Then, an optimal scheduling model incorporating flexibility requirements is constructed , and the
proposed index is applied to evaluate the current insufficient flexibility of the system.Finally, the flexible transformation path
of thermal power and the future development of new energy installed capacity are simulated to verify the role of flexible
transformation of units in improving flexibility.
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(Day 333, Period 9)
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Table 4 Comparison of flexibility evaluation indicators
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BATHLAR 10870 - 7.31 1.80(~75%)
4.65 4.75 (+2%)




LRI, 45 2 SEORT RETRANBR E VR 1 HE ) R G R G PR VAN O 1k S IR T HE It

BRe 0 AN s AT AR, 5 2b T
FEIPI S HLAL, AR 5 2a A P
43 EERREUZTHVEERNRFREMRIHEE
MBI R

KLU R 1 P T A e 475 9 U i EE
TEY R I Jm A5 ) S50 O 1 DT R BE AN [F] A Ji&
W Bt oK L A b E AT B S HLZH R M
WA o S55 B R R PR B TR F 7 e STt 2%
A il 5 KRG PGS 5 5N - D AR RETCR AL
FEIK F 309% A4 o w8 e HLAL TR BE VR I RE T 5 2) 73T
RECEAL 5 LUIB B 40% Rifat— 4R T HlL4 I
A 3) AT RE IR AL o5 L ik B 50% Rk — 2% 1&
HLLH R J5 5, s AR 1 1 B S AR A AR LA
TR R

T PR K SR PR N B T AR G R P
i B v B RE URTH 9 BE 1 B RIOCR , XF L LR = A
st

Yis 3a: AFIER TN, A2 (31)—x(32)
P AL GER B

Yyt 3b: B IR R G TERYI EEAE

Y5t 3e: it — 20 % AL A R P R i A R
o

H1 T 2R G803 RE IR A FE 4 RE ) JF A R TE R K
(4, B HTRE TR L LU B o, RETA 10 F R
PRI FE AL I = B, % R TR RE IR AN BE AN
Wi BB AR ARG T I RGP E AL B AR
FITCIEWAED , PR 4 ABTREIR 2 8 B X

AR ZR SR 0] T RGP R AR A B £
Aoy T % 22 AR DX TE) O BE TR AL ot B P A Al Ok
F IR 5% BN RGER TG E ZOR . RS
JERSE AT W RGP R AR AN 12(a)
Fi7R o

FT T 12 W] i TN R 2 A DX [ MR RE TR
ML HE R e, 1] T R PR AR B W
DA P FE M B R 1Y 5% Ry e AR i —FAT
xoy FF- T, U2 T 5 2R 35 1 AN AR il T P 22 4k
B A B RE IR AN BE ) 1 2k, B SO PRI 2R A &
GERTEETCM AT, —E PO R 22 B 15 X 8] 4 &
GEXTHTBEIR AR ANGE 11 . LG ERUE , RER
TP S B RN 5% I, T 5% 22 A5 X TA) 2 509%
I AT ST RE IR 7 HE 24k 29% , T 24 N R 22 AR

X [E] 3 5 5 95% I, Al 24N iR e TR 5 E R 16%

i

(98]

o o o o
(3]

] RIEHEA R

NeJ
0SS —

50

]}@7@5 40

30

. » 20
& 50710 L Yel%

I$Q/ ’I?7/9v

()% 3a

fitey, 50710 A

(b) %% 3b

(SRS

[ R RIGPEA AR
© o o o
—

0
95
%}g 70 40 50
gy so10 20 30 1%
Yy, IRl
(c) % 3c
3 \ —it3a
< —%gw
E 3%5'\30
X
'HJ_II
& 0!
i
=
=S
50 L 1 ]
10 20 30 40 50
HTREIRSEHL /%

() EZAF e
E12 AEFH=THEERENLFITLE
Fig.12 Comparison of new energy acceptance boundaries
under different scenarios

41



5552 % (R 334 3))

L g ) HA

2025455 9 HH

7% 8 RGP B R B RN i — 20 5 B AL R
P A B R B RT AAS B SR8 R R 2 40 g
R, E 12(h) (e) iR o ¥ = Fhig s i sc 2k
B3 B i) — i, i 12(d) Fis B 8RS = R
(145 BE 5 42 A e ) i S0 Tl /D B RAR IR Oy < 37 55%
3a. 375 3b 75 3c.

XFH = A M4 mT UL, A% e i BE A T 1 e T
F 20 300 FAE T 52 2 AR DX R T B 2 70% CGB g IR
FEHLIR 26% ) J 2L A5 AR 15 HMBE I , 1 = B i)
e 22 AR DRI T B, BRI RE IR T0UI00RS B2 19 4 e %
J5 SR Z B RE IR R A RCR A TR . T i R A
PR ) FE AR R A e KRR B A # M i R e ) R 1
W7, JE AR 158 22 45 X BRI, A b TR 50
TR E RS TR e . BRI
JEAILZH R T M ol m R AR T BB TR g i B
M2 iy 28 fe g A b B P22 A e T HA P R 5t
I 2RI AN 50% AT REVR R BE R 40 A B R
TE T

5 #RiE

e LU RE IR A LA R AN B 8 P L T AR 8
FRIGER S B S5 THRE T VIR R . A SR
HTREIR S 1 B AT R S R B
3 Y S AR AR U RE IR HG ) B A R 22 DX 8],
FHERAT G D s oA R AR B B O T o 7E
FNGVEAL T AR -, 2% b8 R -7 A I8 B A
TIRENS FE 00 S5 R GE A Y RIS PR BE T, IR A
ARSI P 0 RIG PRV b T AR &5
D HLE RT3 KT RGOS S8 % & A
U5AT R | R A U T 2R e Xt RFBH RE IR 22 A 19
IR e

S22 3Tk

(1] REST, Juibgate, BB, 55 3 S AL 4 ne 1 B g I

R G R T VEVER LA BE T3k ()] B ) R Ge A 5 il
2023,51(11):15-26.
ZANG Yanxue, BIAN Xiaoyan, LIANG Siqi, et al. Flexibility
evaluation and optimal dispatching method of a renewable energy
power system considering line transmission capacity [J]. Power
System Protection and Control ,2023,51(11) : 15-26.

[2] RAHMAN M M,DADON S H, HE M, et al. An overview of power

system flexibility : high renewable energy penetration scenarios [ ] ].

42

[10]

Energies,2024,17(24) :6393.

TR, KL, AP, 45 BTREIR B E R G RGP 4R fE
TR I BT ] AR TR, 2023, 46(12) : 117-123.
WANG Xiaobin, ZHANG Gaohang, YU Zhongping, et al. Research
on evaluation method of flexibility and supply capacity of high
permeability new energy system [J]. Modern Electronics
Technique,2023,46(12) : 117-123.

WS, BRI, 28 B B R ) ZR e SR R P S RN S
FIEAL 5 S A B HLRI AT Fe 5d () ] i 8, 2024, 45(9)
142-163.

JU Liwei, LYU Shuoshuo, LI Peng. Review of novel demand-side
flexibility resource spatio—temporal co—optimization and dynamic
equilibrium mechanism of power systems [J]. Electric Power
Construction,2024,45(9) : 142-163.

MA X Y,SUN Y Z, FANG H L.Scenario generation of wind power
based on statistical uncertainty and variability [J]. IEEE
Transactions on Sustainable Energy,2013,4(4) :894-904.
YINGY Q,WU Y J,SUY Q,et al.Dispatching approach for active
distribution network considering PV generation reliability and load
predicting interval [J]. The Journal of Engineering, 2017, 2017
(13):2433-2437.

MONTOYA O D, GRISALES-NORENA L F, RAMOS-PAJA C A.
Optimal allocation and sizing of PV generation units in distribution
networks via the generalized normal distribution optimization
approach[J ].Computers,2022,11(4):53.

PR R, 2 BE S T R S Rt A R o
I 25 B 1) 22 AU HL 3 D 26 H 3% 5 A 7 vk [I70L ] i [ e g
2024:1-13 [2024-11-15].http: / kns. cnki. net/ KCMS/ detail /
detail. aspxfilename=ZGD1.20240205002&dbname=CJFD&dbcode
=CJFQ.

LI Dan, LIANG Yunyan, MIAO Shuwei, et al.Daily power scenario
generation method for multiple wind farms based on gaussian
mixture conditional  variational
autoencoder [ ]/ OL]. Electric Power, 2024: 1-13 [2024-11-15].
http: / kns. cnki. net / KCMS / detail / detail. aspxfilename=
7.GDL.20240205002&dbname=CJFD&dbcode=CJFQ.

IR AR, R e ) T R AR R IO 0 1 v T R R R
PEVPA 5P LI . P I AL T AR 41, 2017,37(1) :9-20.
LU Zongxiang, LI Haibo, QIAO Ying. Flexibility evaluation and

clustering and  improved

supply / demand balance principle of power system with high—
penetration renewable electricity [J]. Proceedings of the CSEE,
2017,37(1):9-20.

ER ARG R, 2= 0e ], 45 5 AL Z T A R IR AL 5t
R A RS BT () ] B D 15, 2017,38(1) : 131-137.

WANG Ying, LIN Youkuo, LAN Xiaoming, et al. Flexibility
analysis of conventional generation with random fluctuation
renewable energy [ J]. Electric Power Construction, 2017, 38 (1) :
131-137.



LRI, 45 2 SEORT RETRANBR E VR 1 HE ) R G R G PR VAN O 1k S IR T HE It

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

2R WA B GE L, A T AR ST R M Y R PR RE I A
PEARLI). LA, 2017,41(7) :2187-2194.

LI Zeheng, CHEN Lei, LU Xiaomin, et al. Assessment of renewable
energy accommodation based on system flexibility analysis [J].
Power System Technology,2017,41(7) :2187-2194.

XUTES B, A58, 55w F O XU AR L ) 2R 8 S T
S HAeL ] Iy, 2019,40(9) : 1-10.

LIU Yingqi, XIE Min, WEI Wei, et al. Assessment and optimization
for power system flexibility with high proportion of wind power[J].
Electric Power Construction,2019,40(9) : 1-10.

WANG Q, HODGE B M. Enhancing power system operational
flexibility with flexible ramping products: a review [J]. IEEE
Transactions on Industrial Informatics,2017,13(4): 1652-1664.
W2 3t , EREG, WP R, AR 25 0] PR AR TR R U RN
P HL PR SIS MR A (D], 8 00 B B Ak B4, 2015, 35(7) -
120-125.

XIAO Dingyao, WANG Chengmin, ZENG Pingliang, et al. Power
source flexibility evaluation considering renewable energy
generation uncertainty [ J]. Electric Power Automation Equipment,
2015,35(7):120-125.

ZHAO J Y,ZHENG T X, LITVINOV E.Variable resource dispatch
through do—not—exceed limit [J]. IEEE Transactions on Power
Systems, 2015,30(2) : 820-828.

Al Q, XIANG J Q, LIU Y L, et al. Multi-scenario flexibility
assessment of power systems considering renewable energy output
uncertainty[ ] ].Frontiers in Energy Research,2024,12:1359233.
YUXUAN T, JUNJIE H, XUETAO L. Quantification of flexibility
supply and demand and distributionally robust optimal dispatch of
renewable energy dominated power systems [J]. Automation of
Electric Power Systems,2023,47(15) : 80-90.

HU J X, CAO Y M, LIU Y M, et al. Optimal scenario reduction
method for stochastic programming via probabilistic similarity
function[ C] /2024 36th Chinese Control and Decision Conference
(CCDC).IEEE, 2024.

SRELL R, T ORI, 55 HT I L R 8 A ME IR T R
AL ARSI HERE , 2024, 20(3) :316-326.

ZHANG Kai, YUAN Jiahai, DING Baodi, et al. Evaluation of
flexibility enhancement benefits for the new power system [J].
Climate Change Research,2024,20(3):316-326.

ZEH, A, oA A XU H bR R R R e R
B R AT SE ()] h T ARRL2E,2024,26(4) : 108-120.
LI Zheng, LI Weiqi, ZHANG Zhongwei, et al.Development Strategy

. . A
of flexible resources in china’ s power system under the carbon

peaking and carbon neutrality goals [J]. Strategic Study of CAE,

2024,26(4) :108-120.

MOUTON D, MARARAKANYE N, BEKKER B. Assessment of
methods to measure power system flexibility: a review [ C ] /2021
56th International Universities Power Engineering Conference
(UPEC).IEEE,2021.

R AR R A, S5 AR R L T A RR IR T RGBT R
TR ] B R S8 A 31,2022, 46(16) :3-16.

LU Zongxiang, LIN Yisha, QIAO Ying, et al. Flexibility supply—
demand balance in power system with ultra=high proportion of
renewable energy[ ] |. Automation of Electric Power Systems , 2022,
46(16) :3-16.

FIIRL, BRELH WRA: , 55 3R 10 5 BUTTAN 4 b 1 . ) R G )2
RIGPERSELT ] B RGeS, 2020,48(10) :52-60.
BAI Fan, CHEN Hongkun, CHEN Lei, et al. Research on
dispatching flexibility of power system based on deterministic
evaluation index[ ] ].Power System Protection and Control ,2020,48
(10):52-60.

FER R, T3, s 2 B XU T D[R] ) L ) R G0 R T T
i (1] 545 50,2023 ,53(7) :49-55.

TANG Junyi, DING Biwei, YANG Qi. Power system flexibility
evaluation method considering wind power prediction interval [J].
Electric Drive,2023,53(7) :49-55.

JROCAR, JRWY, PhERE 45 3 s Ml s H ) R GE B AT R
PEEN T T [T ] MR, 2019,43(6) :2139-2146.

HOU Guangdong, ZHOU Ming, SUN Liying, et al. Research on
operational flexibility evaluation approach of power system with
variable sources [J]. Power System Technology, 2019, 43 (6) :
2139-2146.

TEMEDR, 2%, BRER MY, 45— Rh KUGIB S 1 ) B AR ARy
RGP S R, 2020,48(10) :22-29.

WANG Weiyuan, DOU Fei, CHENG Jinmin, et al. A modeling
method for a wind and photovoltaic joint power probability model

[J].Power System Protection and Control ,2020,48(10) :22-29.

s B HE:2024-11-15
&8 B #5:2025-05-09
EEE N :

TR (1973) , 38 {5 1E # (fengshuhai@epri.sgee.com.cen) , %5 il

e BESE DL R AR BT T ) S H D ) R e A SRS

SUBTEL(1990) , L AL, i g TR AR 07 16 A vl Jr T 3545 5
IBMEAE(1982) , 3 Bl t: , FSE 13 8 e 2 TR0l WF 52 75 170 by L g

DiEZE N

A &(1981), 55 Wi, @ g RN, BF 5T 05 18] S HL T g

NARG AN

(WAEHmEE  FR3)

43



WLE & YA
o552 (A 3341) SHANDONG ELECTRIC POWER 2025 4F 45 91

DOI:10.20097/j.cnki.issn1007-9904.2025.09.005

B R & L BRI ) R8s 1T )i KR i ik
B R REHE e
(1LBRL AL AN & ARFHRE, LA Fd  250003;2. L ERFERALIALLR, %G H% 710049)

A B R IR A REALIE A sh PR i ) R G % AR i AT R PR, 20 D AN TR T A BE IR i K7 T HL ) R GE I ia 4T
O AN A B s AT AR H B, L, Bt — R BRI ) RGEIAIE 1T SN SR8 DT IERESE . 0, SR SEBRas AT B A
JE B T R, ) PR P B AL A= 7 R DL PR il s R BRI o O, 45 5 T SR 0 AR R R o b7 5, 3T v T AR RE RIS B R
T BVERLEAR AT MU , Y6 IE R B IR T T RGEIA T RE T o SRS, R M DR I e R BRI A e A AT A e R A, R TR
I P SR 2, 45 6 B B 2 M 25 (convolutional neural network , CNN) FUR ] 4 48 11092 M 2% (bidirectional long short—
term memory network , Bi—LSTM ) 4L A4 IR P F1 8 25, 1) FH Sl 285 i P AR A S ARDLYE JBE Bk By I P SR 262 e A A
JERAR R AR BRI L o IR T R4S G I 1 S PR RIS L 0 AT AN RIS B 5 T R SE R  IE i th 5%
T2 A A , TR YRS S o S0 X B8 3 37 55 14 R T 80CR

SFKEEIA < oy LU R RE AL s IR BEAIL A 7 AL s TR L IR SR 2R AR s A A 05 25 0 R o i

FES %S TMT721 SCHRARAEAD : A X EHHS :11007-9904(2025)09-0044-14

Clustering Analysis Method for Operational Modes of
High—-proportion Renewable Energy Power Systems

Considering Temporal Characteristics
GAO Song" ,PANG Xiangkun' ,CHEN Siying®, CAO Qi*, XIE Haipeng’
(1.State Grid Shandong Electric Power Research Institute , Jinan 250003, China;
2.School of Electrical Engineering,Xi’ an Jiaotong University , Xi’an 710049, China)

Abstract : The randomness and volatility of renewable energy pose challenges to the safe and stable operation of power systems.
Analyzing the operational modes of power systems under different levels of renewable energy penetration is crucial for their
scheduling and operation. Therefore , a comprehensive methodology framework is proposed for extracting typical operational
modes of power systems.First, to address the issue of insufficient operational data, a temporal stochastic production simulation
is used to quickly generate high—dimensional data.Then, by combining demand response models and extreme scenarios,
potential operational risks under high renewable energy penetration are analyzed , and the effectiveness of flexible resources in
enhancing system regulation is validated. Subsequently, to solve the high—dimensional and nonlinear issues in temporal data
clustering , a deep temporal clustering algorithm is employed.This algorithm integrates a temporal autoencoder , which combines
convolutional neural networks (CNN) and bidirectional long short—term memory (Bi—-LSTM) networks, with a temporal
clustering layer using dynamic time warping as a similarity measure.The clustering centers are derived by jointly optimizing the
loss functions of both layers.. Finally, based on real and simulated data from a provincial power grid, the clustering results
under different penetration levels are analyzed , confirming the effectiveness of the proposed algorithm and demonstrating the
role of demand response in regulating extreme scenarios.

Keywords: high—proportion renewable energy; temporal stochastic production simulation; deep temporal clustering algorithm;

typical operational modes ; demand-side response
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Science and Technology Project of State Grid Shandong Electric Power Company “Research on Adequacy Analysis and Risk Warning Technology of New
Power Systems Based on Comprehensive Indicators” (520626220021 ).
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The Power Fluctuation Suppression Optimization Strategy of Electric

Hydrogen Energy Microgrid Considering the Feasible Domain

Aggregation of Cluster Electric Vehicles
TONG Yuxuan', LI Can?
(1.Cixi Power Supply Company of State Grid Zhejiang Electric Power Co., Ltd., Cixi 315300, China;
2.Zhejiang Elcetric Transmission & Transformation Co., Ltd., Hangzhou 310020,China)

Abstract: The access of high proportion of fluctuating power sources increases the power fluctuation of the contact line

between the microgrid and the upper—level power grid.lt challenges the safe and stable operation of energy system.Aiming at

the problem of insufficient adjustable capacity of energy microgrid, an electric hydrogen energy microgrid architecture

incorporating cluster electric vehicles is proposed. First, following the idea of "unified quantification of feasible domains" -

"efficient aggregation of feasible domains" for resources, the adjustable capability of differentiated electric vehicles is

quantified in a unified manner based on the virtual battery model.The power feasible domain of clustered electric vehicles is

aggregated using the relaxed Minkowski summation method. Second, considering the uncertainty in photovoltaic output

fluctuations , a stochastic optimization model for power suppression in the microgrid is established based on DTW-K-means

scenario reduction.Finally , simulation results show that the proposed model has a positive effect in promoting the suppression

of power fluctuations in the energy microgrid.

Keywords: electric-hydrogen energy microgrid; electric vehicles; virtual battery model; feasible region aggregation; power

fluctuation suppression ; stochastic optimization

0 3l

il

25 4 e VR 7 M (integrated energy microgrid ,
TEM) 7 $i iy i, 0 R 35 4 Jy 1o ke 38 e AR 1, 0l
o Al A A I BE IR S 2 Rl e A S T, IEM
RE % 15 1V A~ [7] f4 981 35 75 5K I 52 B 22 F RE IUE 3X 0
HAMNFI o BEAE o OB B AT BEAL B Sl e B4 Al

58

SR R AR B 5 b 2 L R B 24 £ T R )
B S RO, BT R G A AR E A8 AT T I IR
etk

FURBAE Ry —Fh i T 19 KRB IR, e 4B U2 M
H A RE @ R0, I 4F 78 RE R AR 48 D 19 b 07 02 7 4R
o TE DR AR (b SRR , R SRR R b T
R Re s RE , AR AT LU S H AR A n) Re IR A A



P, G5 B RN A B4 A TR S 1 H SR DR I B R P s - A S

B ERE A I RE IR AR & o WHE R, @it
fift KA P R, R R R AR RE 8 14 B L 2 i it
80%. FILZ T, Helik—2 T W hefead #2, H
B B LR AR AN, B 3 7 A0 BB e AR T R 2%
TRER 60% LAT™ 1 T 2URE B HAE T 0w 0R Ry
PE B HA S0 ] T B e il B RE IR Y 37 5%, g R
T PR SR A 1 A R IR G0 v, AT DA R T
BARER ARG RARE S RIETE. BT SRR IR
R © W) A ia A A B 28 B R RETO BT AR TR I
NV AE U A TE SRR TR R Hh i S M FL TR S
P RIENE SR
L 8l 75 4 (electric vehicle, EV ) BH # 3% HE

PR, AT LS B 5 R R G B9 B n] BE & . 3)) (vehicle
to grid, V2G) , & i B RE MR, 1T & 5
H P e A R A 2 A R H SR
BT REEWIRZE AR/ R R %
%, 5 R G MIREAE S A L% DL S S
JE , DRI AR 2 50 00 4 B g 0 5 90 ) R T 901 E
SN LB IR G HEATREA T H AT B ST AT
T2 T L Bl R A A T R R AT B AR R
P AT D) RAIIC 27 R TEAL B /D L SR AR 2
R AR 1Y B AL B ORASE Y F 3l R 4E BE RN 2
SHEOTEE AR 2R BT, BT IE Y 4R B0
ME” S SR (15 142 BRI O e g SRR
5307 BN B T B SR 4 AT R AR L, (HL S
B b - A 1 1 S il o 2 v 1 24 2 ) B, AT e 2 X6
Tp— T HEIITUA . SCHR [ 1617 J3d 4 %4 5K 5
7 R L SR RS S R G RE ) A
Bl 3Lk v, B VR4 1Y 3 AT AR X R T H R £ 52
BIZ 7 v 2 1 RGP B I 0 52 bR Al T RE 7, B,
IR RIGPEA R TSR DRl 2 2 — 1
TN R ZAE IR RPR A, E LT TEAN
6] 2640 T A AT AT BV L, 52 3 2 R R (e it
AR FEHLTR R AE) M2 o b3 n] R A X
ERE L B IR AT 0 00 S B 40 BT 5 0 T o AR
PR M A 5 A b B L B IR A I DR AT AT Ay
AR A TR bR AL B SRR A
T 2200 X B HE AL B 1 R AN A RE A8 1 Il
W SR A ST O R IR AR BE T L IR RE S L D A R
LA ERfE—> WL HL D) THAE ) L, i HRE % 7E
AR T 50T 205 Hb R B A 2O AR ) H

RGBT

BEAh, BE AR o A R TR ) B AR Y
AN T, 2 0 (ol o 15 2% 24 B - R RO 7 AR
e o X TR %) £ 7 it 2 2 AT 37 5 A ORI, 75 3
S Ty e h 2, ATiTEE ST BEHLOE AR, S8l
WL RAEAH E M S FB . HETRER X% T
e T 2 1) 1) 0 7 e o ) i e AT R
2o AL G0 B i B T R TR P 8 sl R et ek 1
T et ]y A I, Bk BT SR TlH [R] s 208 T
T 352 B3~ 400 v I DG AN [i] s ] e 270 A S I B 5
AR EAE B BR8Pk 3h 3% 5oy
AP

BEXE IR AAAE R IR, 428 ) — 25 TR AR R L 5
TR R H SRR 5 B0 2 175 1 1Y) B TR Fl o 15 245 2k oy o6
SEAMAREAY , FEEANHT R - 1) R AR SR 4 BT IR AT
P B8 0 20 Y A2 2% B kT R 40 T (virtual
battery , VB) #5022 534l HL 2l 1R 4 D 8] A7 Sk A 7
g5 —h Ak 5 2) 3z FI A 5t Y B AT I i B ok Ay gk x4
PRI R DR Al AT IR G, 42 FHRR R i 1 2%
353) F IEOGAR 1 B S ASHA R 1 57 b i Y
TEAR L AR UM , 37 T JEF DTW-K-means 37 5t Hl
ol ) 4 P ) S A B AL A A 2

1 BERWMIZITIESR

AR R B VAE AL EU A T B £ S RE TR
T BE 8 41 1t 28 8 P 22 RE R 19 B AD 15 57 75 oK
I RIGVLHC . ASSCEAL GEA AR U b (gas boiler,
GB) . # L B 7 (cogeneration combined heat and
power , CHP) [ 3 25 5 RE IR ZEAE BL Al |, B 1
ZUBRRLHEL M (hydrogen fuel cell, HFC) | H J5g 52 i #i
(methane reactor, MR ) A Jit 22 #6 Jii H, fif 4% (proton
exchange membrane , PEM) , [ i %5 J& H1 2l 75 4 1) R
W PE TR RE 0 o AR AR R SRR L Sy A
2 8 FL SR A B 0T T DA KRR i RE R B B AT
B RIG M. Bk (photovoltaic, PV) % B, vl {1t I 2% 4,
LD, BEIR R0 T Ui 5 B A ) B KR
M H. B TR AMRE B L1, A, H Bl PR A 15 K e
DL N REIR ARG R RS s AT iR — e e, 4k
TE FL S PR 4 R L UM B BT D 25 RE TR UM iz 47
SN 1R,

59



5552 % (R 334 3))

L g ) HA

2025455 9 HH

- LA RE IR

S TTE R L 8 J
RN 1 [ S | A
M LB 4 e | B
\ e 3

uh— L e el L]

s | A ] [

PO p o Tk il |
G . L 1 s

B1 SE#HENRFENRE-SREEMMESITIESR
Fig.1 Operation framework of electric-hydrogen energy
microgrid incorporating cluster electric vehicles

2 EFEMERERNEREDRETT
HAA R TR LR

21 HBEHREFEFATENEN

HL 2 VR 2 1Y RO RE ) T AR R R SR AR AE
— 2 I [B) B2 N AT AR (R T R i 4 ) B R ]
8. BRAMBNREM YIRS Z 8 A B3
T ERL B 1 U R B ], I L AH 48 st B 1y B ol 3 % s
e, >R FH P73 92 DA — A~ AT b R e+ 1A B B2 1) s
PR PEAT IR BRI, IR 2 F R . R AR SR R
T A] A7 3 g R, G rp 2T o Xk Y e R
SO XN DN AT, AE 2 SR B R R AR
FH B (e f i/ MEZI IR T B kB k+1EFEL) , 5
TZI BORE OC I T Z8 T A Tl SR W 2% 1 2 B —
ANE A A 2 S BRI A FH 0 e BB (A Fi et de
KAELIAHR T B k2 k+1 BB ) , S5 B SC D) Fen]
TR S e 4, ol Bl — A B AR A A
AR TRRH EEAEISR VR 4 T A sk fu 2 4 T L RfiE &
FREERETIN, XoF 2 BRG B RNASCR A T o i A R

E P(k+1)

/’%

()2 BFTREFH R (b)2 B B AR 2 5 7T 47 3%
B2 BHE R R FE AR PR I X T Z AT 4TI 40 25 )
Fig.2 The influence of time—coupled resource electric

P(k)

energy constraints on the power feasible region

60

A ST o A S 3 v T R UL P T AR e Ak
R I H SR G B B SR A AT
F DA AT AT I, AT X 22 S A i 3l R 42 1 T I 5 BE
NG — Ak, DL AR S I B A N
RPRER AT LA R0 8 5235 1 i 2 I ) RUBE Y R
TG PERAAE , BT F Bl V48 T Ay 220 i ) 5 e e
(] BN, R 400 F, b ASE R AT DA BRI T 7 T A5 R 2R 8 110
SRR, 388 FH 8 R AE R P A7 ) 3 0 B Pl 3R 4 O
FERY TR SR o L Bl 1R 4 M AU P T A B 1) ) A8
RE AN

B = min{(Ep, + P (1= 7)) Epf (D

Bty = max{(By, + P (1= 7)7) o] (2)

E»Fthm = maX{(Ei,ex - Pi,max(Ti,(l - t)T)aEi,m;n} (3)

B = max (BT EE) (4)
ELIV+1 ax Ell'it\/min
P —min{ —, P, } (5)
T
ELLV+ Lmin Ef‘t\max
Pi}?t\./min = max {l’ Pi,(min} (6)
T
AL MES D 5 R B A I B RE
i BB D R EE L, 2350 o e I IR BE 1) ) 4 B

AESE & FROFN py B I B B 1) A R BE R R R P, AN
PE R U SR AT B IR TR, 2 3
REFEIL IO BR W o 1 ad HOB L Shy A 3 MR LAE
VIR U B RE B S SR A i B E
REREIN G Jlad AR SR A AT AT I Be g i i 7 22
H5HUE MR, ENRAF . P, P,
N PR SR SRR SR TR, 5 e b
ARGE, W ME, R R N A BT
BR 5 E o, FE, R85 400 L BI04 A s R 30 22 2 1)
I RE S T, A0 T, 58 0 F Sl 1 R 2 e s
[ 5 7 Ay ] ]

FEL B 1 R BE A I DO R T 2 J B BR P
£ ST Rl A, TG 1% PRAIE FRL B 9 4 S HR I R RE

IV 1 B TE LM, Dh A A Rk 2, St
ML BB T IE

ENm =E W, (W, - W) (7)

ERS =E W, (W, -W,.,) (8)

AEL . = B - B (9)



P, G5 B RN A B4 A TR S 1 H SR DR I B R P s - A S

A B FES 5355 SR TR + T
Z FLRE T O TS I B () BT R A 5 AEYY | AR R L BN
KR + 1B 2 RR S B R A s W, 565 o i 3K
ZEXE I ZIAE Y RS AR o HCLARR AN B0 AR 3R
I
22 EHBEHMRFEATEHRSE

FE 20 Y3 4 D) 2] AT Bk ) SR A8 W AN By
B, R A R A S AT B Ok i
T X AT I L AT (Minkowski sum ) 2% A i $E 0] 1745
PR) R SR S A S AR Jo b AR DO L LA s T v
17 MBIz, A 5 e A7 5A] DUk 4R
B2WITA TSI EES 1 A 5h— R r s 5
XS SRS 1R IFEE K 3 TR o X —ad R3S
T IR B AN U B 2, O HLBE S 2 R AR
PYIGHC SRR SR G BIRCR 45 W35 (RO TR,
XF T A2 [E] R RS B SR G, R EEARARAR K
ER] I 38 5 >R R 8 U T A 38k 4 i R vk 3R TR A
(Y&

Mincowsky sum I P(k)
Pk Py(k) \\
\\\
% A
1 — N\
5 162
P,(k+1) Py(k+1)
PEIR A Ak i e R ] 4 ek ) i
DRI e o it 5 PED

3 WTHREATXHFERS
Fig.3 Minkowski aggregation of feasible domains

AR SR FH — T s st 1 B AT 5307 B R A7 v L LA
HMIE T 1Y J7 2O 224> B SR A BT IR T AT BT R
G B e E T R L A AR A L B AR R
T P DS R AE 19 ™ 2 MK (Polytopes ) JE 20 3
i, S Bl AT I 5 BE ) I D)3 AT AT S8l
Wes . HRENmEIE N

E b
P = {Pi'Aipi < bi} L A pis b¥ (10)

BV TS S i R PR Y DRV IR SR Y S )
BRZE IR BE )R 0] 65 A, b, 43 51 A BN FL B A
A R B AN S5 2R BOE M A8 ) 45 E O B R
W s A O 55 LI ST SR | r R R R AR

A IR A SCI B AR AL 5 b) S HL SR 4 D) R0
FLH 1) d T L Ep, < b, RV R B 9K A RGP AY
DA bF O M B R 45 i 0 R [ a0 R
A7 p, < by B R LB E R TG T R 2
XFF(10) R B 2 A 3R G D AT 1Tl o,
Fl o, AT RIR A
P, = {p1|A,p] < b]}
P2= {p2 A, p, < bz}
R A= A5, AT A, = A, = A, BB 2 B R 5
P AT I B oR AT LR A
P=p Dg 2={p’Ap<b1 +b2} (12)

—F LT, F(12) 44 B A R G ] A7 00 I R]
Ay S AT 7 i oty A5 80 AR ot R A R LR f 0 )
ok, oAb B R Bl Ui, 7 2 I Be it sh i 42 3)
RO AT HRFIR T B0 T A ot By P vl R S0 KL A
HERR Y

FT I PR o A H Bl A AT S i S A
F, 75 R FES W i 5 R ) BE A TR, RV AT 4
FURRF A SRR R G IR AT BRI
IEIRL R E 2SIt

(11)

N N
[):::I\’mins PLEV < PiEl\mux (13)
N N
E i < ED < QB (14)
N
EY = EM + PPr+ Y AEY (15)
i=1

A PP ED g R3Sl A o 6 20 9 SE T R
RHMERE s N o2 IR R AL s i R . AL ghii
B3 5 AU PR A R A SRR R AT R L R
SRR AR R D R B 1N B 32 R4 Y
SRR RCE RRETN , AT LR IR B2 AR e 5 i 4 4
B R RRCR

3 HSEERHMMEHFRE

3.1 BRFXMRIREMEE

FEL PR 7 ) SRR AT LA 55 BE 5 Bl 0 ) 3355 A
RE T, R AR AT FRL AR A T S ) S SRS 75, o 52
FEL R R E A PR B D SR B RE T, Has AT g DR
P, AR L P L il B R A% 33 17 TR ol 14 Iy 3¢
SR BE . KA ARy

61



5552 % (R 334 3))

L g ) HA

2025455 9 HH

PEM,H2 _ PEM.E
Pt - nPF,Vl Pt
P'iE‘ME < P[PEMA,E < PiEﬁi,E ( 16)
PEM,E PEM.E PEM.E PEM,E
_APmax <P1+1 _Pl SAlelx

A PP Sy R SRR o BF 24 4 7 S AR Y O
R 221 B4 FH P D 385 o A P AR 1) P — S 8
Pt FLP I S o P AR R BR s AP Dy
R RIEH A
3.2 SMBIRM

SR F Tt e AR AR — i A LA T
R AL, K AR Oy

Pt 4 pRRCE = g PO

ma;

HFC,H2 HFC,H2 HFC,H2 HFC,H2
AP S P - P < AP (17)

t+ 1
PIIFC,H
'

PHFCA,E - KHFC
t

Ao PO SRR H b ¢ B 20 A R S % PR R
PRG350 Ry ¢ B 20 04 7 L T RN P IR s e A
R EL T 1) i B A Bk R s PTG R PTG A Bl Sy FH
D) BB AP Ry de RN D85 Ky BREL
L FELER L
3.3 BSmHP
BRI A] DL L SRR G BT A LR 4R

RETR I (381 T R TG, B AT

P =, P

PG < pOne < poBe (18)

CAPEIG < PO — pone < APSS
S PO SR B 1 20T e AR
B0 0 S~ BB PO 011 20 7 1A T 6
Pl PR 451K A A W APS y f
SRS,
3.4 IEEFHA

LI DL T RS R Lt

AL RO Yy

PO 4 PO Z o poi

P < pome < pos

_APIEQI;IXPA,G < PCHP,G _ P[CHP.G < APﬁiPtG (19)

PrCllP,ll

P’CIIP.E =
A PO Ry LI ML ¢ B 2 T 3R PO
PN 3550 g o 6 220 7 7 H ) S AR ) A e
Oy AR I 7 AL B BE B T 48R s P R P o)
0 23R E R R AP g d R B Y 2 8 5

CHP

62

Ko HHRHLBE P HLAT AL
35 FPRRH
15 17 9L 24 LR B AR (R I

PHLAURIR SR H Bl AR R 2 B
T TR A ST BB

PIMR.G - 77MRPIMR.H2

P'I\“/lil:,HZ < P[MR,HZ < PTI:‘{EJHZ (20)

SAPYI < P - Y < AP
e P G A 1 s
5 I R - SR R £ P 7
3 PR PUS AR PR i 1
AP RN

4 HRIThRFEMMEEA AR

ARG EAE R B B M S A BT R
AJYRRE T, DI b e K 45 2k D R Bl e/
B A IR HR 25 R DRI . AR s &N

BUY,E _ PBUY,E|
t

= ‘PL+1
min 31T (21)

=1

A TR R0 PP O o B 20 5 E 2 T
YIBRA 2 D3, B R 1235 P O i L ) 3R ) B
KiH

IFRELIFN -
PE 4 PFF 4 PP = pIV 4 pIUVE 4 pUIRE 4 pIICE (7))

MR, H2 HFC,H2 _ PEM, H2
R R (23)
PIL.,ll - Pl(;lll’,l[ + P;}B,l[ + Pl“FCJ[ (24)
P[L.(l + P’CB.(} + P[(ZHRC = P[MR,(} + PLBUYJ? (25)

A PP Ry oI 2B H B AT 5 P Sy I 22 A
YA 5 P SRy o IF 200 ) AT 5 P A o B2
BISEAR H 5 PPV Ay o Bst 220 B 4 T A< B0

BB TLR LT 2 1A 395

ARSCEET A 18] 9 Bl 245 R 37 55 1 a4
AR TN R SGAR H 7 il e AT 3 5 A ORI DR, A5
SR SGAR T B T, DT 3 A ) By
EEHLOCALETY

% M A [E1H 3l °F 1 (auto—regressive moving
average , ARMA ) BB SGAR ) (AN o 1k 3 54 ik
FrHRE AR u, By

X, =c + le,x,,, - 29]@” (26)

X I 2GR R I RRE s o R 2350 A



P, G5 B RN A B4 A TR S 1 H SR DR I B R P s - A S

[ 1 5 558 307 349 B 5 S K L B T R
50, J W 91 33 F G ¢, AR o 22
NESEL

5 S B A T 2 6 2 R A AR A
K M T 3 25 0 ] # % (dynamic time warping,
DTW ) i) K—means B 3L #1737 5 Bl 0E . DTW & i
T VR R P00 R A R 1 22 1 R U £
B SR T A B B g ) P ) B ) o
A A R 25 P B L) o 26K i3
FFL BT RAEM W EESHEE B, LR
Fy i D02 2 I T 4 30 T Ao i 30 T AR 4
e B ) — B ) B BRY I DTW K LA AR
7R 15 56 PR 14 7 28, T LS G s 30 o 2 4R
I BRRRRLE , A AASC g 3 LA 2 R ) 57 £ 1
VCL . A Ho A5 7 AR R A5 189 46 , DTW 1] LA
7 200 A T ) 7 80 i

B A BT I ] 90 A = {ay, a5, -+ a,f 7T B =
{b1b, -, bof K5 A I B HRIITCR AL T x THIRRE A
I B o X 1o A 22 T4 15 B B 4 05 42 W =
(w0, ), 5 BB A2 PR m A A A

w, (arby). FERREEAR w, T IIL

w, ={a.bpw, ={a.b,} (27)
Wyer = {217\,7)7}
0<a,-a,<1 (28)
by=b,20

a4 RS A FIB R IC R
DTW HiEg kA 0 -
wm(aT, bT) =d (a,,, b,,) +

min(D(aT_ l,bT_,),D(aT_ 19bT)aD(aTvbT— 1))

D(A,B)= /zwm(aTvbT) (30)

Ko d (+) P H Z A BRECRE 25 D () )75 Z (a1
DTW #FE ,

H T DTW-K-means 37 5% Il Jai 14§58 ) 2y 22 - 417
BEALIE AT Ry

min;ipkf(xz.k) (31)

st h(x,)<0 (32)

(29)

A e, 2R3 5 R AR i (x,,) My o B
%0 k355 F I BT R KL s p Oty S8 42 5 e R P A
Fsh(oe,) e 20 k3 5 R TR S 5 K R RS
[y BT I 5

5 HBEIHESH

AR SC A Y 38 52 MATLAB 2024b - 45 Yalmip i
BT Cplex SR A A HEATIRAL K A . 25 IEEIAN ) 2
R L iR DI RE AR TR, i A TR A 22 5 25
G 28 A 45 7 AOR A [ S Y L B9 4 T BB AR
18 ¥ o I3 S B L T A SRAS AN [ SR AL SR 4 A
PO P TE1) A P90, 5 o0 S0 B, S8 AR S UL A
RIS A TS 0L o AR SORE g gl 4 AT 2T 15
IR BTl 228, 2% RO A BEYUE , 18 5 5%
B R R AE A W) 2 B L SR 4 T RE R E 19 3
5, Nla, bR L a B b 907 Z R IE S Al .
HL SRR LS HOL 36 1, RR R IR M & 15 5 1 B S 8K
ZHECHRI3 ] SRR SECR D 1000, WIS
ML S U N 5

®1 BEBEESH
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ZH I 2 dis s I 2etighix 4
P, JkW N[4,1] N[4,1]
P, /KW N[-4,1] N[-4,1]
EJE N[0.4,0.1] N[0.3,0.1]
E; JE; N[0.7,0.1] N[0.8,0.1]
E.,../kWh N[48,4] N[48,4]
E, ./kWh 9.6 9.6

T, N[07:00,1] N[20:00,2]

T, N[20:30,2] N[08:30,1]
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Fig.8 Power scheduling results of cluster electric vehicles
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Fig.9 Electricity scheduling results of cluster electric vehicles
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Research on Key Technologies of Space—air—ground—ocean Integrated

Communication Network for Submarine Cable Operation
SUI Can,HAN Zhijun,ZHU Kunshuang, HOU Wei, GONG Zichao
(Shandong Electric Power Emergency Management Center, Jinan 250000, China)

Abstract: In modern offshore cable operations, the diversity, urgency, and location uncertainty of communications have
become increasingly prominent, and traditional communication methods can not meet these requirement anymore. The
advantages of using dual-mode satellites and wireless mesh ad hoc networks in dynamic marine environments are analyzed in
this article. Based on the analysis of the wireless communication requirements for submarine cable operations , a space—air—
ground—ocean integrated communication architecture is proposed.Through the integration of dual-mode satellite communication
and wireless mesh ad hoc networks, the resources of space-based, air—based, shore-based, and sea-based communication
platforms are coordinated across multiple domains. By optimizing the routing metric in the hybrid wireless Mesh protocol
(HWMP) and incorporating multipath routing algorithms, efficient cable operation data transmission can be achieved. This
scheme not only provides comprehensive wireless network coverage for submarine cable work sites, but also provides robust
communication support for offshore personnel , and establishes efficient and reliable wireless communication links between
work vessels and land command centers , thereby effectively improving the efficiency and safety of offshore operations.

Keywords:submarine cable operation ; satellite communication ; wireless mesh ad hoc network ; HWMP ; routing metric
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Research on High Isolation Ethernet Technology in Power Systems

Based on CBR Index and EoFgu
JIANG Song, JTA Ping*,LI Pei, WANG Dayang,ZHAO Jincheng

(Information and communication branch, State Grid Jiangsu Electric Power Co., Ltd., Nanjing 210000, China)

Abstract: To ensure the stability of the power communication system , the strategies for improving small granularity slicing and
constant bit rate (CBR) business that based on flexible Ethernet ( FlexE ) /slicing packet network (SPN) devices are proposed.
This strategy establishes a framework for slicing packet network that supports small granularity slicing together with a
protection switching approach. At the same time, in order to ensure the adaptability of high—isolation Ethernet for the power
systems , the Operation Administration and Maintenance (OAM ) configuration process for Ethernet is optimized.Furthermore ,
to address the issue of clock jitter, a clock recovery method based on the improved direct digital frequency synthesizer is
proposed. Experimental analysis shows that when the byte size is 200 B, the latency of network devices based on EoFgu-CBR
is 117 ws, which is lower than that of devices from other manufacturers. This indicates that the proposed strategy for small

granularity slicing and CBR business based on FlexE/SPN devices can effectively guarantee the real-time performance of

power system communications.

Keywords:flexible ethernet;slice grouping network ; constant bit rate ; fine—grained unit ; electric power network
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Science and Technology Project of State Grid Jiangsu Electric Power
Company “Research on FlexE Network Interconnection Scheme and Key
Technologies for Power Communication” (J2023040).
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Fig.1 The SPN architecture supporting the small

granularity technology

FH &1 AT, SPN 4L 53 D) R A 12 Y
BRIV A%%)Z o VIR o3 A2 5T S 3% 1P DA
K CBROV 55 1Y - hb 5% e Rl 0480 1 3% 4t it
L2VPN . L3VPN .CBR &L 5 ZFh0ll 55 2580, WFoEAE
J7A FlexE/SPN 4 A ) fift 13 5o )2 kAL 11, 4%
FGU 5 CBR B AR ATV FHF SPN 4444 1, #E SPN %
BB, R R E LR B R &
2o BEYE)E X5 R A $E R FF (command , CMD)
F S &R 4Y , 1% 2 R E A 30 5515 8 0 A
TEHTEE FlexE b %5 1], Y FlexE I 55 #:46 A % % )5
CMD £ [ 8l 4= AH W () FlexE—phy B &, 1M 45 2
BRZ 0 E, T B FlexE L 45 4% . 7EC B
FlexE —Group B}, i 4 1 & 48 fa s, A [a] 3 % 11
FlexkE-phy N BE W AC B AE 6] — FlexkE~Group A
W B 122 0 14 B, AR R L U7 Y FlexE—client B #
St BLAh, TS KAF FlexE B AL, BF5EH



VLW, 55 R T CBRAEELS EoFgu Y L 1 28 4t e e 5 M LK 2 AR 58

FEORAP B E O 1+1, AR (3 Ak L A A ] 2
FioR

R
JIeE4 ]

BASHiH BASHH
OAMINE | OAMIHERLI | OAMIYEL
PEM &% PR K%

APS
3L

APS
3L

B2 RipEIHALIRTTE
Fig.2 Protective reverse—switching processing process

FH P 2 AT, 25 7E FlexEE OAM (1448 iU 10 o K fiE
AR I A XS (9 OAM AR , b Al 2% 7 A4 KX 1 1Y)
W (e SPN A R I B4 5 E A Bn , ek
W AR, SRR R E B 2 il &
PR 3 4, [8) iE 2 3% A 3l O 37 8] 5 (automatic
protection switching, APS) 4t 3C 2 OAM JH B 4 B/ &
AL, I R0 1o 6 S 5 38 AR N B OR3P A o R
PPE 5 DI RE A OB 66b #E R, N 43 4 50
18, BRI IE 53 40 25 Tl 1E X 40 2% il E 2
FELIBTAIL I, FH D S SO f346e
1.2 EFTDMHLHIH FGU EMEMIZITREE

WFFER T TDM AL, [ 72 A 3% i 9 L I B e
IR B 67, 20l = T B AL, S B i 3] o A R O
[F] I, AF 530 2R FH A2 7 206 SPN i3 2 56 U1 R LA
R 3EE Sz 10GE s o DK R 42 141 A7 I B 73, 55
BT KT AL R E N R R ] . FGU SR
FINIEL 3 i

FGUAL it
FGUEEAR M FGUAEEA 20
N T A —
S S
OH OH
OH OH
Sub-slot 1 Sub-slot 24 Sub-siot 1 Sub-slot 24
Sub-slot 2 T Sub-slot 2 T
Idle Idle
SNPif#iH (5 Gbits/s)

E3 FGUEMmTEE
Fig.3 Schematic diagram of the FGU complex frame

AE 3 Frs , fE—AS FGU & it A £ 45 20 4~
FGU LA M, 54> FGU FELAS M 57 4% 24 4> 10 Mbits/s

B BiE , FOHG AT 260 S s /N UK 4 R 1) SPN AY 5 Gbits/s
38 3 4 AT 4 480 1 10 Mbits/s BFBR . 38 1 MAF5T
B /INBURL FGU i gs #4381 B .

F1 FGUIMEHEIE
Table 1 FGU Frame Structure Data

AT B fe
ESR SO+D+T7
WK (66b ) /bits 197
Vfif I BE/B 1560
F4#/B 7
SWUEE (5 G/10 G) 20/40
R BER 24
BRI B (66b ) /bits 8
i BR L4 (S G/10 G) 480/960
I B R/ (Mbits/s ) 10
i 56 R H 2R/ % 96

F 1P FGU K B A 1 560 B, FF4H5 /7 B
T WU BR AR 24, BB H % 10 Mbits/s, 47 58 F
R 96% o R RE AR B [ ) 3 3 M L 42 1 EoFgu
T %, R LUK M OAM JE4T B AR BRI SE 4 . 7
FGU Hil 12 &2 F SPN i 3 2 15 O AM AL il £ 43t i 51
Ui 14) 326 308 P A DN, = B R Sy 3 o 3 ) K 326 A i
SOOI ) 45 B 72 38 P>, FoFgu 76 F1 A SPN i
T8 2T OAM HE A 19 £ 3 b R FH i [ Bt 19 25 TR 9% D
FEREAY 55 T B & 2, DA iy S8 AL %, OAM B e
BRI 4 B

?_‘2

CLIM Bt > ol it (M)
|
FEMOAMAFA#IY |
T
o HUHTOAMAEAHIY | BREIEIHE
Wt | WA At
BAEBE ) mgoammes |

E4 OAMHKIEE LRI
Fig.4 Configuration process of OAM

81



5552 % (R 334 3))

L g ) HA

2025455 9 HH

H 4 AT AT, X T OAM i st i, Hog A 1 4k
Pt B VR PR 36, DU JFC R AT A0 A BT RO B 44
A ORI B A R R EG, U ER A 41T (command
line, CLI) ¥ 45 X J0 30F 47 76 8 L & o 76 X5 2 10
OAM U AT HAE BT, 1 Uk e B o B, I 2 g
VX R B8 . ZEMM B OAM B & I, FF A3 194 56 %k
P SPRIRIE R 00 A HRAE ML B Y 585 A SF
1A%, IR AERL
1.3 EFXit DDSHICBRAIE R GGHE

Wt Rk AR E T — A CBROLSS R4,
{3 F LLR X CBR V45 (4 BBk sl 2ok 3, i
R IRy 1k T RE 2 T BN AL, FEAIK IR
i, ST, M5 3E T DDS By BB & T
:. DDS A AR = (1) PR .

ﬁ=%i (1)
P oS, A AR 5 KR AR O B R

N A AR S i .
1T DDS 9 % 451 6 B F A0 67 I #% i {8,
SR F DDS 47 B B A7 AE — 12 25, Hii i
(R A JE RN R, S T BRI R 22 FIREAE, OF
& e i s AR Y L I R B T R A I
A s I, I /INEC 3 AR A 2 Bk o4 A
W (2) B o
P(Q-a)+(P+1)a
Q
o P IR Q N JEEEL o S A BB, IR
i Hh R AR RN (3) B
fi=fi(P+axQ-1) (3)
VLRV SE T E- R TR YR S AN s e i
ar M hE A O (4) BR o

L=%WH¢XR+M—%AR—@—%A (4)

A L RS A it bk 7 550 W ok f KL sl A
¢ Ay B Aok e 0] R L 6 114 S5 N B T 5 R Ay 2 BUE JE 5 A
H R KA E

3 bR 5T LATE FPGA rh 52 3t sk &
(HARE R RS, % S8R5 L M A e i oY
B BB T B S M- 1107 ~ 1107, @t Bk ik
RIAT S EE CBROV 55 1 BHBR K 52, 32 46 W 906 4l A
#CBRLS 255, CBRAVS RS NIK 5 in .

:P+%:P+a0" (2)

82

i &S 0l AL, CBR MK 45 2 40 1 W 45 47 a5 82 1
(network node interface, NNI) | 5% FHZ T 10 Mbits/s
TR A 1A, 2% PO AT SR A =X 43 20 3 &, a7 5 T R
R, BRI o d 5% Je AL 5 AR Sl ol 55 B
BMER A WA, IR S Ll B B L
e, 51ASE T DDS (B Bk 2 D5 k. fEIZ R
g IR R AL R 1 2% (provider edge, PE) 5 5 AL 55
AEFRFE AR - LLK M CBR # 1 Ob B He sk RJ45 %
g% ) — ¥ B2 (physical layer, PHY ) —xMII 4% [1 &b
HH—64/66b Fi i5—/ N UL L S — Nk &2 21 K
L — T2 95 A8 M AR R 0 SRR A S BN R ik 3
A —7INURE IR SR it 2 FH — /N UKL 28 S — 7N it
A2 B AUk — 3 9 32 el R 19 R R 22 S #
NNI FlexE %ij F o 1 PE 45 £ A 0lk 55 A0 R FR AN F -
NNI FlexE ¥ 1 /3245 58 b R 19 R BURL 28 S /Nt
R Ab 35 A — DR SURE i 52 FH /N J0RE — /N R A8
S—/INURE A2 FH 3 R RURE — 3 5 28 el IR 1 K
28 SUF DL CBR MY 55 Ak B AR — MK JIUR it &2
JINURE— /N JURE I B fiff I 55 —64/66b fiff i —xMIL
% 1 AE B —PHY— LA K W CBR 42 1 (D6 B 5}
RJ45 #4458 ) o [AIBF, R G009 SDT %5 2% B 3 45 =X
BRI 624 66b He 14~ IF B (S0) i B L 60
ASECHE (D) A5 B NS5 o (T7) i He ; 4 55 #2240 0
60/63~95.2% , 2% Fi 130 4~ FGU 7K % — % GE 77 9t ,
A FHAE 95 A 1 250.47 Mbits/s , K T GE 1 i 4 5%
1 250 Mbits/s'" 2 o {EA5E R A9 A2, v 1) il 55 4
TDM b B AR 283 3 LA B b 55 642 | ARAEAEBA S
JEE R GE T2 L B AR 55 70 o5 R A4 B U, b 55
i) 71 S B

2 BJ 3 FlexE/SPN W& i% &l AR

SN R CBROL 55 1 H8 T 48 R, B 5
X527 98 FlexE/SPN [ 44 3 £ il I 77 1% 2E 47 AT
GE o TESZI i TBIF 2 56 BN FlexE/SPN 35 55 M 4L
Tt P2 53 BT A, T8 A o LA K IO 4 11, 3 g X 4%
(18— NPE/PE 19 51, HLE 4% 119 Kol 55 (OAM
R4 IR 55 B (quality of service, QoS) Fl[a] 25 45 5
TET A ELE o 3 A A P LR 2 11 ) O S R
(quadrature amplitude modulation, QAM ) T RE F1 £ 4
PEREVEAT HIE SO IE , 5] 4 FlexE/SPN  FlexE/SPN F
6 p A E A LUK D B % o 18] 6 4 FlexE/SPN 53



YL, 55 BT CBRAEELYS) EoFgu FHL 1 22 50 = b B 4 DU I 2 AR R 5
100 M 1 000 M o || L | x| 64/66b || /N || 50 G/100 G/200 G
MENHAR Ryas [ PHY lmnaem[] s [ wgf [ MUX FlexEAR
IR CBRY 454k Fii AR r‘
N
ZaNE
Nk
JINRIDRE
gy | PMU || mux
E—
FGU-S-XC
Ingress PE JINIURE 28 S
[
SPN[2%
[
|
|
100M 1000M_ ek | L xvi | eas66b || e || 50 G/100 G/200 G
DR /R145 PHY Sy rabmn[ | e || ey [ PeMUX FlexEARF
PLRKCBROY 55 4b HHLAR ’_I
Kk
A&
V—I—\
/NKE || DeMU
gy | x || MUX
[E—
FGU-S-XC
Egress PE IR RE S

B5 CBRUZERS
Fig.5 CBR business system

JT T P 2542 1 (user network interface , UNT)

49 ) 2465 T 3 0 302 ]
AJ ZHSPN
SPN SPN SPN SPN
- NE2-A| [NEI-A
pE ] Fals
SPN SPN
NE3-A| | NE4-A
UNI
BJ % SPN
SPN SPN SPN SPN
NE7-B NE5-B NE2-B NEI-B UNI
NEsB|  TEA TH Bty
SPN SPN SPN SPN
NE9-B[~ |NE6-B NE3-B NE4-B

El6 UNIED R M4 EE X E W
Fig.6 Network interworking test and networking of
the UNI interface

S 6 v DL IR 3 111 T 2 4 S UNT 33 11 R 422
A 5000 IO 2 43 B AL, UNT 422 11 FH -1 FE P 0422 B8
WA B 4 2 BT AR 18 NINT 322 11 AR 3% 4% 2 1)
W RBAR R 10 o ARSI BN R 2% A3 BT A
NE1 5 NE2,NE2 5 NE3 22 [a] )3 11/ A NNI T, 8%
B 2% 43 BT A% 5 NET R NE3 (19 %} 322 171 4E 4 UNT
.

3 ¥ T EoFgu-CBRIIES
p/ NER

FEANTE 5K FlexE/SPN W 4515 £ T I, ik
HWORTR] ™ 524 77 1 I 28 B A A R vt BE o L 5 5%
2 H 1Y 3L TF EoFgu—CBR (1) FlexE/SPN W 2% 15 25 E 4T
P2, I3 FH Do) 248 3000 A SR DLl 3 1) 4% 15 5 1) 1
B TESL50 rh e BUHE PR FR AR PPAN AN [R] ) 22 0 I
28R A8 A B A X 4% v A i %) JE SR I [H], S 50 45

ER A>Tk

83



5552 % (R 334 30))

L g ) HA

2025455 9 HH

W7 R

= K]

—a—"xK2
HETEoFgu-CBRIW 4% 5 %

—— ] K3

| ]

NI
V. VA%

50[
0

10 20 40 60

80 100 120 140 160 180 200 220
/B
B7 AE]HKMEEFLERELLE
Fig.7 Comparison of latency of network devices from

different manufacturers

P17 v I 2 B 1 BN 3 A T R I 4%
WA E R R Tk Hodh 7E 200 BLI) 4 1
() B JE U 2 B I o M R/N R 10 B A, BT
EoFgu—CBR 1Y % 2% 15 £ Bof 2 £ 4, A R 59 s, M
AR TR, KT EoFgu—CBR 11 W 2515 £ 1 ] 9iE A 28
FE150 ws LA R o &) RIRE R K EARUE?2
B

F2 RWUEREZEEMLER

Table 2 Test results of bit error rate and packet loss rate

(s LES FALE/ %
&K1 4.72x107!" 0.63
K2 2.41x107 1 0.25
K3 2.92x107! 0.46
T EoFgu—CBR 1 R 254 % 1.52x10712 0.08

1 2% 2 A0, 5T EoFgu—CBR 4 9 48 15 45 1) 25
A R R A B T A ) ZK B &, (R 1.52%
102 H10.08%. AT WL, AR T HA W 45 12 2%, iR &
5 AT 3T 2ot DDS F I Pk &2 7 i, IRk H:
PRSP o, L Pl I S S O A N R
Ko AR I N 45 15 2% 1 A B (5046 5 7 i 45 27
ME 8 FrR .

84

100
90r —
80F
701 -
60
50
40
30

TP 1%

0
HERGHORE MR OB 4 DOSHH:
i e 2 A
) %1 )% ) %3 T 15T EoFgu-CBRIVIMZ %4

B8 REJ KM &L &R RIPEIHREE N
Fig.8 Protection switching ability of network equipment of

different manufacturers

TEIE 8 MR 1Y 5 AR B S BL v, R ) R 7, B
T EoFgu—CBR 1Y [ £ 15 £ 1Y P 47 48] 8 Jll Tl A8 0 ¢
S tr 5 rP P A O e 8] 46 il B 3 1Y) g e R A Ay U
AL AR HARAP 5 S A 91.3% , LU kB |
T B RS | JE 45 ) 55 (denial of service, DOS) I it 1)
) 25 5 2.3% .5.7% .5.6% 0 itk — 4 bT
BT EoFgu—CBR 175 B 25 4 LUK P AR iy Fe e
WFSERS AR T 5 W 28 B 4 W A B RS e AT 5,
FELERANE 9 R

30r -

— %l
— R
& .
20F —— H:TFEoFgu-CBRAY M4 1% %

2
i
o 10
=
=
E o

-10F

86 160 léO 140 160 léO 260 2&0
M al/s
9 AR RMKEENESEBNIK
Fig.9 Signal drift test of the network equipment of different

10 20 40 60

manufacturers

P9 Sy AN TR) T 5% 114 I 2% 158 45 A 5 TR AL DNk 45
Ho WLAE T EoFgu—CBR R 2535 4% (1) I} 8] 7]
B 1% 22 A8 1R A -4.5 ~1.2 us, HEF EoFgu—CBR M 4%



VL, 5 BT CBRAGELS EoFgu I HL ) 2 58 iy B 25 M LUK I AR BF 5T

TR G T BT i) [ I 152 2 720 i i o ] ) 348 Jin 2% i 48
I AR LR AARRFAE S s BB S8 BB, 8 T FLAth %
Fro Lh b WP ER T A Y AR T | Sh PR R 4
feh FoEBMENETARBERGT X
FlexE/SPN M 48 152 £ A 7L, 285 R 1 /R 2T EoFgu-
CBRHA 1 0 45 15 5 PERE R A

4 HRIE

3 FlexE/SPN £ TR {5 M 25 v g VR, iF
7% 3T SPN R 45 F 48, X CBR 4 A MEA7 ol ik, $2 1
EoFgu J7 8, Jf- 42 i 1 2% T 8ok DDS /) i ik &2 7
5, LABEAIR FlexE/SPN i Z A% S ihs 2, [R] A 5%
WX 2 G e B S AR I ) OAM e 8 22 f 4751
P AT TR, DAORER LUK W i gs e v . BT
XANTR ) K Y FlexE/SPN #EA7 A, 85256 45 #7 nf
T, FE R 24 A A G SE SR R R] LB R ST RN
10 BH}, 3T EoFgu—CBR fY W 4% 1% 4% B} 4iE 4 59 s,
RO . IWIEACER |, 2T EoFgu-CBR %
2R £ I SE I IR A AE 150 ps LR o fERI 8% & 15
SRS P, 55T EoFgu—CBR Y i 3 75 1 % /)N
H-4.5 ~1.2 ws, 2 L AlAL BFER R A9 3T EoFgu-
CBR L ARA F) T 1458 FlexE/SPN [ 28 1% 45 i Fa i 1k
FEARAE B, S LUK I = B B . IR RAS R 2
Sb SR AES B A BT TR R B R T S R R UL AR
S ST RN R 2 A o

S 3Tk

(1] %, 22y sk Aia], 5 FE 790 v 4041 M (SPN) AR SR T
M7 % )] B fEREE,2020,36(8) : 160-166.
CAI Qian, LI Han, ZHANG Dechao, et al. Optical layer key
technology ~ and based on SPN [J].
Telecommunications Science ,2020,36(8) : 160-166.

(2] JHLfH, AR5, ) # L 45 L THTE) 5G STN ARZL 45 FlexE U1
HARLI ] BAERRE,2021,37(7) : 126-133.
YIN Yuanyang, LIN Guidong, YANG Guangming, et al. FlexE

network to 5G [J].
Telecommunications Science,2021,37(7):126-133.

[3]  TEHHE, WL, T2, 5% B T4l 55 2 A 3 A n9 78 B 5o
00 475 ECASADLBE 46 T 2 K L ] OB LU SE Y, 2022, 38(11) -
171-173.

networking  scheme

slicing  technology for STN  bearer

Wang Xiaoxiang, Xie Cheng, Ding Jinduo, et al. Development and
application of simulation equipment for dispatching data network

based on terminal service location access [J]. Microcomputer

Applications,2022,38 (11):171-173.

hEE 0T, R, BRSO, 455G R BRI O HER R K A S [T ] AL fE
Fh2,2020,36(9) : 122-130.

MA Peiyong, WU Wei, ZHANG Wenqiang, et al. Key technologies
and development of 5G bearer network [J]. Telecommunications
Science,2020,36(9) : 122-130.

B2 TSR, I — R T A R D RO A A Y
VAR s [T ], A it SRR, 2024(4) :47-51.
ZHUO Lan, WANG Shuaibing, WANG Ting. An Ethernet network
protocol based on clock fault —tolerant synchronization and data
fault—tolerant transmission[ J ]. Automation & Instrumentation 2024
(4):47-51.

JECR AT R X A A5 T AR D0 45 1 T o 04 L
TR REAS BB R A IF S 5 S B ()] ) R AR P S AR
2021,49(19):107-114.

ZHOU Feifei, HE Yingli, ZHAO Hua, et al. Research and
realization of a traffic scheduling mechanism based on a time-
sensitive network in a smart substation [J]. Power System
Protection and Control,2021,49(19):107-114.

SRR, MR 2, 508 55— RSB IR MR G 5 B 5E T B Bl
HERZE Y ARG (1] LA A, 2020,42(5) :513-524.
ZHANG Senyan, TIAN Guohui, ZHANG Ying, et al. An
autonomous grasping strategy based on two — stage progressive
network guided by prior knowledge [J]. Robot, 2020, 42 (5) :
513-524.

SRARAR pTELET  FMEN , S5 BT I R BT SR L ) IR
PERGERTEL) ] T T, 2024,32(14) :91-94,99.
ZHANG Cuicui, LU Ruixuan, SUN Jiali, et al. Research on power
time series data compression based on time window clustering[J].
Electronic Design Engineering,2024,32(14):91-94,99.
SRR, BRAS RV, A5 BT FlexE £ AR 11 it F7 4000 8 05 1/
BURLYI R R AL BF S ()], i o0 A5 B Sl AR H AR, 2023, 21
(6):59-65.

HUA Weitao, YIN Junjie, SONG Jiang, et al. Research on fine
granularity unit slicing schedule mechanism in power data
communication network based on FlexE technology [J]. Electric
Power Information and Communication Technology, 2023,21(6) :
59-65.

BIE, TR TESETT, 55 FlexE /R A S10l 55 1 b FH AL AL 22 il
BURIELT ] A R B fE HR, 2023, 21(3) £ 53-59.

PAN Juan, WANG Zhihui, WANG Wanqiao, et al. FlexE
application architecture and test validation for power business [J].
Electric Power Information and Communication Technology , 2023,
21(3):53-59.

V6 MG WG AR, 45 55T FlexE HOR MY i 0y i i 4% 199 Py
AP HLRIIR R )] 065 B S EH0R ,2023,21(3) : 74-79.
XU Mi, MEI Zengyang, JIANG Chunxia, et al. Research on
mechanism  of electric power data

cooperative  protection

85



%

524 (5 334 10))

L g ) HA

2025455 9 HH

[12]

[13]

[14]

[15]

[16]

[17]

86

communication network based on FlexE technology [J]. Electric
Power Information and Communication Technology , 2023,21(3) :
74-79.

253, BVESHT, BREEE . 5L T FPGA 19 FlexE Shim J2 A5t 15 52
LI ML A, 2023, 12(2) :55-61.

LI Yi, LU Jianxin, CHEN Xuhui. Design and implementation of
FPGA - based FlexE shim layer [J]. Network New Media
Technology,2023,12(2) : 55-61.

TR AR BT STN Y W 2% 235 7 TR [T ). 3815 H 4L
A ,2022,39(16) : 86-89.

LI Kai, YUE Leilei.Research on STN~-based network construction
method[ J].Telecom Power Technology ,2022,39(16) : 86-89.
BN B LT MEC T 7R 4R 9 i e 5 G2 40 B [0 . B2
515 81k,2021(23):93-96.

DAI Xiaoping, HU Yu.Solution analysis of carrying network based
on MEC sinking [J]. Technology and Information, 2021 (23) :
93-96.

P4, BT IDEAR BRI, A5 BT I SR80 R 4 L 19 DDS W5
Je FPGA SEBLLY ] SN 5136, 2023,31(2) :269-276.
MIN Linghui, CAO Xiaodong, CHENG Kai, et al.Research on DDS
based on sinusoidal data compression algorithm and FPGA
implementation [ J ]. Computer Measurement & Control, 2023, 31
(2):269-276.

TROCHE , TR S, 45 . BhA 1% 4 2 DDS (YR AE 25 £ e
FIBEFLT L 1AL Tl 2 B 274, 2022,36(2) : 9-13.

ZHANG Xingwang, WANG Sishan, ZHOU Haiying, et al. Design of
intelligent  vehicle communication architecture based on
lightweight DDS [J]. Journal of Hubei University of Automotive
Technology,2022,36 (2):9-13.

S0, BT A OE R DI RERY DDS 15 5 A A g ik [J].

FilE,2023,31(13) : 84-86.

MR SR, 15 558, 45 3T OpenDDS [ ACARS R W5
SCELLT ] MR AR, 2023,42(3) . 71-78.

CHEN Ren, LU Xuanmin, JIANG Yihao, et al. Design and
implementation of ACARS system based on OpenDDS [J].
Measurement & Control Technology ,2023,42(3):71-78.

BEE 05 WK XTI T Ay 2 2 A1 B ik B 25 19 DDS 1 3
BT PPN H 5%, 2021,38(10) : 273-277.

FAN Zhiyong, TENG Da, LIU Zhexu. Dds automatic discovery

[18]

algorithm based on one hash many dimensions bloom filter [J].

Computer Applications and Software,2021,38(10) :273-277.
[20] Z=47, W KM, 224 , % 5T MATLAB Fl FPGA ) DDS & /E %

MBI 55 BEL ]A5 R 5 UK, 2021,33(2) : 80-82.

LI Qi, HUANG Dasheng, LI Qian, et al.Design and implementation

of DDS generator based on MATLAB and FPGA [J]. China

Computer & Communication,2021,33 (2) :80-82.

Y7 B H#8:2024-09-22
&[5 B #:2024-12-09
1EE A

T WA(1983), AR, g AR, I L G AE 4 O
A 2% 5 T 1A

BEOF(1982) il {5 E# (15251809098@163.com) , J , fili +-, &
TR, D=y 3 15 4 I A R 4 T 1A 5

75 i (1986) , B Wi, g TR, N L ol £ s i
B 284 2% T A

TERTPE1987) , 5 -1, i e AR, 3 o i 5 M 4% L iF
5B 2% 07 1 T A 5

XA (1990) , 95 B+, AR, A= s 065 05 W 4% 1F 558
e R 4577 1 TAE

(iR RddT)



g & ) B A

o5 52 (A 3341) SHANDONG ELECTRIC POWER 2025 4E55 9 1)
DOI:10.20097/j.cnki.issn1007-9904.2025.09.009 . gﬁg B -

T ERGAN fl BO-BiGRU [4728 H ok 25 T JF- 640
it Il S T )
IR F, 4, KL, KT, AR
(B MABE LS HARNE ZFFERBRLE,48E @0 350013)

T AL 7 RGO AR, 78 B il g TR T DG A 32 v [ g ) IR R K AU B T oy 7 A 32 W B i T4, i 2
WA R Bl sl HE Bl S, A 2 1 52080 B 0 AL L S B 0 i S UL T B AR AR BERR AR AR BE Z 25 1 R, Sy
WY, B — I T 8 e AR X AR BT BT 4% (enhanced relative generative adversarial network , ERGAN) Fl DT 3 A7 Ak X 1) A
W19 59T ( Bayesian optimization bidirectional gated recurrent unit, BO-BiGRU ) 1448 F, 3 5 He - S AR #E #5 It S B2 000
2, BT R i e T T SCAE 1) B o I IR RS I . 15 28 B X BE R AR AR BE Z 1Y [, 1507 ERGAN 4 FE Il A
A VZAEB | A 458 5% R HC 50 AR 1 00, O 607 P — 4 4 FRUZ ARG I — Ak )2 1 R A i e R I 4 L A R o T A I
A1 S5 R R P 5 FRU it DU Ok AL X BiGRU A8 1) S A i AT 3% A0S, #4 E BO-BiGRU A58 U B 5 1fi 77
(EIEATH . SRS, R AR AR HL 0 35 kV iR T ARSI B A7 05 B0 UE . (5 ELAS SRR, LISF- 2 X iR 22 1y ],
AHAS TRV R BN 3, T 5k A 0 1 BB 15 T 68.95% , oAy 785 H 3l vy I T S A 68 2% i ¥ B A ik il

SESER] AR Ll R T OCAR 5 I AR BE U s ERGAN 5 DU e A 77 12 s WU 3R T 145 ot

HESES TMT1I ERFRAERD: A X EHE :1007-9904(2025)09-0087-09

Predicting Condensation Critical Temperature of High—voltage

Switchgear in Substation Based on ERGAN and BO-BiGRU
WANG Pengfei”, CHEN Xue, LI Jiyu, CHEN Dacai, CAI Wangxin, LAI Jutian

(State Grid Fujian Economic Research Institute , Fuzhou 350013, China)

Abstract: As the core electrical equipment in the power system , the high—voltage switchgear in substations is affected by the
climate of southern China, leading to equipment malfunction or refusal to operate. The intricate mechanism of moisture
condensation poses challenges in predicting the critical temperature of condensation , resulting in low modeling accuracy and a
lack of condensation samples.To tackle these challenges, a prediction method for the critical condensation temperature of high—
voltage switchgear in substation is proposed, based on enhanced relative generative adversarial networks (ERGAN) and
Bayesian optimization bidirectional gated recurrent unit (BO—BiGRU) networks.This method aims to improve the prediction
accuracy of the condensation critical temperature of high—voltage switchgear. Firstly, to address the scarcity of condensation
samples, ERGAN is designed to expand the training samples. This model introduces a relative loss function and a gradient
penalty term, and utilizes one—dimensional convolutional layers and spectral normalization layers to reconstruct the generator
and discriminator , effectively improving the quality of generated samples and training stability.Secondly , Bayesian optimization
is employed to iteratively optimize the hyperparameters of BiIGRU model , constructing BO-BiGRU model to predict the critical
value of condensation. Finally , real-world data from 35 kV high —voltage switchgear in substation in Fujian are used for
simulation verification. Simulation results indicate that, taking the mean absolute error as an example, the prediction
performance of the proposed method is 68.95% higher than that of model-driven methods, laying a foundation for the
prevention and control of condensation in high—voltage switchgear in substations.

Keywords: high-voltage switchgear in substation; critical temperature prediction; ERGAN; Bayesian optimization method;
bidirectional gated recurrent unit
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National Key Research and Development Program of China (72401182) ; Independent Research and Development Project of State Grid Fujian Economic
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Fig.5 Absolute error curve of condensation critical
temperature prediction after sample expansion

#®3 AEY EILGITEZIRRRETNIREISR
Table 3 Prediction error indicators for condensation critical

temperature under different expansion ratios
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Research on On-site Calibration Method of GIS UHF Built—in

Sensors Based on Return Loss

ZHANG Pipei",ZHU Zhenlong?, YU Ji?, CHENG Luyu?,SONG Lei?
(1.State Grid Shandong Electric Power Research Institute , Jinan 250003, China;
2.State Grid Shandong Electric Extrahigh Voltage Company, Jinan 250118, China)

Abstract: The ultra—high frequency (UHF) built—in sensors are arranged inside the gas insulated switchgear, which can
monitor the UHF electromagnetic wave signals generated by partial discharge in real time.However, due to factors such as
equipment vibration and environmental temperature during long—term operation , the performance of the built—in sensors may
deteriorate , resulting in the inability to accurately monitor partial discharge signals.Therefore , it is necessary to study the on—
site calibration method of the built—in sensors, so as to regularly evaluate the performance of the built—in sensors during
operation.This article analyzed the physical meaning of the return loss of built—in sensors based on the structural principle of
GIS built—in sensors and the theory of multi—port networks, and confirmed that the return loss can effectively reflect the
operating status of the built—in sensors.Subsequently, based on the structural dimensions of typical GIS chambers, a three—
dimensional simulation model with an equal proportion of UHF built—in sensors was established , and the correctness of the
simulation model was verified by comparing the simulation results of the return loss curve with on—site measured data.Further,
the characteristics of return loss curves were researched by simulation for two typical defects of built—in sensor, namely
insulation degradation of the dielectric layer and poor contact of the feeder pole, which provided reference for on-site
verification and defect diagnosis of the built—in sensor during operation.

Keywords:GIS ; partial discharge ; UHF built—in sensors ; return loss ; on—site calibration
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Fig.2 Schematic diagram of built—in sensor return loss
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Fig.3 Built—in sensor return loss simulation model
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Fig.4 Simulation results of return loss curve
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Fig.5 Return loss testing instrument and wiring
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Fig.7 Return loss curve when dielectric layer

insulation decreases
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Fig.8 Return loss curve when feeder pole contact is poor
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HE . 2P RIR L% IT 4 (gas insulated switchgear, GIS) )72 N, B3R X GIS AL BE 43 A1 #E47 FiAdy , FH DL g ]
BE B R BB . A SR FHA BRIT 5, WF 98 BRI T A 252 kV 25046 21 1) GIS IR EERiE . 'K P4 iy )L
TR, FRAT = AR AR ) YL 430 TR] st 4 A T Rz (36 - 15 A AT 25 SR o P AR EE IS S 3R v )
ST T He, B2 S AR 7 48 A TR, GIS AR BE 4R 5 17 14 °C 5 1t T 3RS IR BT A 32 155 1 GIS PR3 R g gk,
HGIS AR S Bk ARk, B1HE GIS BN [FIRR BE AR B b Tt 2R SO0 GIS 35 BE 204 i ToLAs ARG I L AT 1 S
SO B PR SRS AT PR R AT 2544 T GIS TR 4370 , BEAS T0E = -5 B 4 S M RE G AR IO 15 10, W) X 48 2% -1 18
THEA —E e 5=

KGR GIS; B ;252 kV 2 X4 2 1 T B Ak

HESES TMT5 M ERFRERD: A X EHE 1 1007-9904(2025)09-0104-09

Research on Temperature Rise Characteristics and Influencing

Patterns of GIS Basin—type Insulators

LI Jie", WANG Dan,SUN Chenghai,SUN Yandi, XU Ran
(State Grid Shandong Electric Power Research Institute, Jinan 250003 )

Abstract : The widespread application of Gas Insulated Switchgear (GIS) necessilates the estimation of ils temperature
distribution to prevent potential overheating failures.This paper employs the finite element method to study the temperature
characteristics of GIS equipped with a 252 kV basin—type insulator under DC excitation.A geometric model of horizontal
installation is established to obtain the temperature distribution in a three-dimensional model , and a corresponding
experimental platform is set up to validate the simulation model.The results show that with the increase of conductor load
current , the overall temperature of GIS increases by 14 “C because joule heat is proportional to the square of load current.
Increases in ambient temperature and decreases in internal gas pressure also lead to varying degrees of temperature rise in
the GIS, as these conditions cause changes in the physical property parameters of the internal gas. Therefore , it is
necessary to pay attention to the temperature distribution of GIS under different operating conditions during actual
operations.It has guiding significance for the prediction and detection of GIS temperature distribution , which can warn the
deterioration of insulation performance caused by high temperature , and also has certain guiding significance for the design
of insulators.

Keywords:GIS ; DC ;252 kV disc—type insulator ; temperature characteristics

0 37

4 E MR 48 T 6 % & (gas insulated
switchgear, GIS) Il 4 F5F PA] A 48 2% % e 28 3% (gas

insulated transmission line, GIL) R 75 4% 5 Hi 23 [A] |
EEWA : W 1L AR5 /2w RHE T E (2023A-131)

Science and Technology Project of State Grid Shandong Electric Power
Company (2023A-131).

104

SEIRBER /N LA R AR R i K SRR AR R e
PR32 LT, A7 S A 5 R R 3T o X
B A ERRE A S E R GIS 5 GIL Yy BEZ A Ab
Fe il E I ARTE AT 21 0 R e . tedh , AR 3
o G AR MBS R 0] 20 iR A R 2 2% 1 T4l
SF 4 2% 1 MR SR 5T B ARAN R Al 73 35K
LT ARG T



PR, A GIS B 2 1 IR T HREE S HE i LA

Wil 2 1 LU B AR 1) & R RS 1 B R Y
W FH T R B GIS M GIL A3 3 1 Mok i 22 1Y 6 1
FIEN S FP U s LR PN o o 16 0 M e s SN
L, 72 AR KA A o A AR ] R e 2% 11
G A T K A AR A ) U IR A A% 32,
A R A I8 B 3 AT IS R RS A R TR 43
Mo BT EEFIAS A B D) 2 s A A R w7 i
B, S BOE P A I A G X R A Y 4 2%
PE fiE 1 BT 45 0 R e (a4 2 in Ak iR 2
), L, T B ST AL MR [ A 4 % - A
N GIS/GIL ik B 43 A, R 1) 2 78 B 28 i U K Y i
LN S DA -l RN B=- B NP N s
J&& AN IR R F A B8 5 203k 15 GIS/GIL
PN TSR B 3 A 0 R PR A W 40 A o Chakir 25
NRF GIL 7K FRIE 25 8] i i) [ SR X i AT T 4
TEAIFE, 1518 T S FIEOR 2248 X 280 30t 14032 3
FEMERISZ I o BREICK S5 NN YR T 4a 2K
IR B ARE T AT T AFFE . Niuw S8 NDESE T =4
[e] il 53 A 1%) 22 0 Tk 35 37 00 AT o IR SR ST R 2 R AR
T Y O BERE X FRAR AL HE ST Y, B H % T[]
AT RN BRELR 2Z 0] () A Gt AR . (H SE PR AR #iad #2
2 L B MAE B A ) R TR A A R R
SE R BERE NI FR AT o PR, 25 18 = 2 s ) v ) IR
Gy A AR,

ASCLL GIS HWFFEXT 4, Ny 14 252 kV #x
Y 5% 1) = el B $E 5 2 IR A
ST BRI SR GIS AL BRI B 43 A
TEA )7 BRI L R AR TR 4 2 80 ) JE il L, b iR
FEAE FTBCASEAH NS AT 00T o ARG VRN T
HETHRI &, I3 TR T8 7 5 217 7 05 5k
¥ a5 BT AL PHE T SR R i AR
A % SR 0 AN 2 TR S AR S

1 M

1.1 #HEWT&E
BRI RS R S A HL P BV A
114 R AR s A —E G AT R R

P=1IR (1)
_prl
R—S (2)

S P oy SR UL R IR T A W Tl
i SR, AR FIRRHL, Qs N PR
BHA, Q-m; S FARMIE A, m*; o FAAK B, m,

AL S A oL BEL AR AR 56, 5 e BEL R i
AL R 2

p(T)=p(T,) [1 +B(T - T)] (3)

S+ 74 AR Csp (7,) 9 T, F X B ) Y
B (7, 25 3 4 20 °C) , ASCH S IR
2.56 x 10" Q- m; By HL B AR AY I EE R AL, 1/°C, 3%
1% L LR B 3 2 R
1.2 HENER

B 307 AT =R AP BRI § HOhi
RS, BRI bt e s 0 2 A 1%

P T —>
Houhi €
st

TR 55Uk EESH shie
1 HiRShHARELEAR

Fig.1 Heat transfer mechanisms in current—carrying

conductors

AL G R A AT A i 1 HAA TR 25 B
PR Z ) S Al ) A 05 2, A Rk 0N
q, = —AVT (4)
s g, W ERALRFR AL SR B L, W/m? 5 A Ry F A
FEL, W/ (m-C); VAR ER T
I S A A LA A 32 Bl LA AE IR 2 M F
SR TR ZIA] [ PR B AL o RO IR B R A
W)
q, = hAT (5)
2 2 g, Ry BT TR XA AR B, W/m? s h R X
B R EL, W/ (- K) 5 AT RV A 2 J] 26 6315 FiE
M2EMH , Co HIMRENITTHEZ R Z R AL, [
BEAR . MR A A

105



55525 (AR 3344) LE &R A -
¢ p = 2eUAT () BRI R ) X AR K
an RSO PR L 5% T 5 B0 405 T 3
= (7) 2300 keg/m's AR R IR 5 7 2% R 1 LA
= 14 S AR ORI 25 P 0 1 90 2
h =@ (8) W 2FRE,

o GAK LGB PR RS o R iR R A A
K R0, 1K g R M B, m/s®s O RRIE A B,
m;d NG BRI, ms;m WBHFE, m/s;p R
KB  kg/m®; C R iR LEIRES )/ (kg C) se.n RTT
G T S S T IR N TR TS - P I N
SR A EUE R 0.3.,0.25, e R Bt T DI it 22
05 i 26 A B A B

TR S R A TE TR RS 8 T -273.15 CRI iR
ZIa] o AT LN B AN W A g ) g 0 R AR AT AR
S5, TR PR AT B BT, AR LA AT . I
S g IR

q; = ea (T} - T)) (9)

K g o AL TR AR S A B, W/m? s e R 1T
BRSSO AR AN 1 TR 5o NB R 258
FORC, HAA N 1.38 x 107 J/K; T, R 55 v Tk 2% 11 1) 4
PR BE K T, AR IR 2R 10 A 4 X B L K

F1 AEEMNEHE
Table 1 Emissivity at different locations

(ALK LIRS
Y257 FM 0.93
Hhseshim 0.92
HNSEN T K2 O AT 0.20

BRI A N=S J5 el ik ARz 3, 0501 o o
SPIE SRS E AR E . Bea s Aoy

V-(pu)=0 (10)
p(u-V)u=-Vp + VK +pg (11)
pCu-VT + Vg =Q (12)

A w N R, m/s s p KAARA XS SR Pas KN
SURFEVE R Ty 5K 5 Pa; Q A AUAMAIR, Wi g AR
B, W/m?,

FH T R ] (%) R A% S i A 36 B R e e K T )
A AR A 3 DR Ot TR A T A ) PR S

106

1200 1.00
—Aa— LIS
1150+ | = SHAFRH
098
S 1100 o
50 £
< 1050f 0%
& 1000t §
& 094 w&
R :
950 ;]:s;
0.92
900
850 0.90

20 40 60 80 100 120
M C
B2 BETERASH

Fig.2 Heat transfer parameters of insulators
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