RS & E

(HfSee % ) 0L 25 ¥ %6202

ISSN 1007-9904

@m@w CN 37-1258/TM

LE.& YA

SHANDONG ELECTRIC POWER

REIRBNTIFANSEI =

EMUEEBENRTIED

ISSN 1007-9904

9“771 007

$£52%

I i 2025. 10 525,




g e Y EA
SHANDONG ELECTRIC POWER
|

KRR (haeIEAL) B8 ZE 7 A

Hh BRI
AT (e ) KRR Tl

] - VT R aRAE 2 AL ;
A SRR CIFD ) e SE1F 7] B BREEVL FREME BEARE IR LA

i SCRHHE) PSR e ) O i

2% 1CI World of Journals 4k ISR A T Bl £ f£: B RUE XEMH KREH REE
SR HITTEEE ) WORTI I

E P RICGRIBUA I E 5% (DOAJ) WCSR T Z R (REERZEENF)

FKE EBSCO “EARE R T T &% T B T ¥ THEHER W

M PREE TR M REH B
LWE K B OZEN #E OF OREHY

WLt e HhEAL EEREEEER. U (I
SHANDONG DIANLI JISHU BEER: (RERENRF)
(AT T % EtW EhE E W ExiE

R U] 10 N S = o | I = ST P2

1974 4543 2025 445 10 §
o R0 BB R BRERE R BRERE

52 % (R 3351)

2025 4F 10 H 25 H B WA BEIZH
ER - PR
FEBAAG: EMILRAEHE A A PUTESH: &
FHEAT. EMILZES AT EEEE: R BEE kT Ak

AR CUARBIHAR) gl

o b FEEgTHIP IR 2000 S
HREI4RAS: 250003

B i&: (0531) 67982997

EFE#: sddljs @ sina.com

M dE: sddljs.chpt.enki.net

B Rl PrRgiR TR R F

T AHEAT AIMET AL

fir: 18.00 5T / it CN 37-1258/TM*1974*m* A4*112%zh*P* Y 18.00*8000%10%2025-10%n

T E bR L R
ISSN 1007-9904
CN 37-1258/TM

&t RE



(IRBAFEA) EHEN
AP EBE A

TR ) s I 3T 8
\«a’f"“‘?\ %) h‘,_‘* B4
o N ;
bR R s
e R SN W
& g (*} , o
\ .*:"Ei;; o Ny o
\ e TIC gy 5
\\ A = i
:«I’.us’ 7 S LA
j;‘% " < 6} (s ':1!" "v -
C Ak FEMBAZaHF T2
e b o ETAEA
P (F E R SCSEH IR BT i %
*{:.'y,i" 'J' . S ' SEVEL
::Ip’s.' y qiiﬁ:h o A
."1 v_(’ ') .L '; l‘
N "% > CERTIFICATE OF SOURCE JOURNAL =
b ;f“‘ FOR AND PATERS - fr \
% 2\ \IZREB TR St £ /
‘j,«f' . > \ -
ﬁp- )( ."l.l ]
, -~ 5.(
ety ] ” ’ \
o . B FAFRIERGELFERARATER
P . T RRRE, RRAKERS PEARECH 2
S W (P EARR AR ). 3 0
o 4R R YAE F #
Fa v # LY
Q ::1,«‘ ;( Institute of Sci ation of China J‘ 3ot @
) IEF=EMER 15 S wwwistic.ac.cn ” G
o 4 £
A 20254108
64 s
& Tl




T sREREN

ERlzif, B, NRETIAZHE. BX4ESI, \LIFAESERERKNARRIKEER
REIERERK. KEINSESSRERARNIMESEFAR, ERFEEAENNBRR. 558
&, BRBEBMBSE, &% SCHEX 40 RFE, ESIE#5|3 &, F500018X 15, {EAIE
BF&5HETERKIRER. BEXRERAAIEF 10 RIERERTE, RILAERYHE
STER. BRERRBREENERSE,

FEBA, Bt XRETAFERE, MTESID, EEEEEREHNEBERTLR
=EIFE, "BEREERN IIAESERLRESFER / SRAMEIFaZOET, TEBIR
ARZESEHNEBMROHRABREWERSEZR, (FEBA) (LFEBORA) EFRE.
FENEFEBANRG / GERERASANSIET. EURI . KAUBEMK. #egHEm
WINAREL MU IERRREEERSAEAR. KRFAIEX 40 /i, HIERKAEF 30
R, FEEREARFESEFME. IREEMARIBES 5, EREARFESXIE
BIFARERBREASRA, FHEABTHRESEWMA 10 RIL

LB, B, BREIVAZBEBHRGRRMEIMK, BIHE, ELESH, IET
Renewable Power Generation %%, EEAFRHEANEFS. MUEICHEERDRFEE
WEMETEE. EREREARFES. BERERARITIIES. ENSERFRESE 14 I
BHZIE, 3K NeurlPS B BAEARSINEE. BRIESRFERAHLS—FR, BHRHY
ISR, 2ERPREER. ItEHNFETEMICXERFRE.

A B, EBXEHID, P, A& LighRE "RReFHTI" BBRERE (7
MER) AZitk. EERARSTEAER - RERFMASEE. WEKE TEEBMNT
2FE. KRSCIHMEIBX 20 RE, EFLBHHEMAZ L. WRKFBRSIRES
MESFAREE. IAEERERKNARRERRANBSFZIME.

/

¥ ithEe 7

BERZE G AR T B A RER @G EXRM, BT, REF GDP sk R RE R FE
BT ARPHRT, "ARE—FAE T B EHFFIRB R RIEEIE, VA TIHRH T AR EE.
RETRTRRER, e, K A LERWFALZANEESRRAL, TRARIRBRIE, /2t
THRAERBIHD . BARARRA, FI W BARGXEERER, EZX—FFTF, (LABAREKR)
Hik “RTLEORRARBTRAEAERR v, AL SpBoNEL 2 S4aWREE. 2314k
ReAait LB ARAIR P 093 5 5 E P, TRARLE L FARIKT, BNALRFZARAEERS AL
HBHE RFFRBEIAT S, AREIRTAEAT LRBREA ZOAE HHE,



WL gk D HA
5552 B4 109 (REE 335 30)) SHANDONG ELECTRIC POWER 20254E£10 A 25 A iR

H &

B swsserrgsihnsst <

AERFE TS 5t T AR HoR R S R e R VAR EER K, FRE 0 FE B (1)
2 P L — SO I V26 3 35— YRS BISEME vvveenmmmmmnneennns R, HAHI, KR ZA, A #(14)

% AR RE AT A ARSI B A (AT A A ol e - F U REH RRAM, E B, E b, TIERQS)

W =:n A

ST A ) S W 2 RO oo KB ge, FI, JLLedr, B A, X Fk(34)
ST ZWE RS BA TRRC R I RE N ITTE  creeerrereeeens BEXF,F %, LEABEZTH, M #H(46)

W smzmszy A

PR PO RIS PO AR IR 370l T A aed H AT A S BB AT e x| i, B3 FRAL T ASS)
TRAA T A ] 2SR A5AE TE0E 5 LLCIEYRASARAR ooorerreemmmneeennees AEL KR A L FEEZ69)

W sewr AN
5 TE L R L R AR RE PR L - SR A i RE R LI Bl

.................................................................. WLk A ER,E AKEM, Y E. MG
=S SRR O Z R GERUZACTAL  eeeeeeeeeeees EEY AR, R R R EA, RE L1
HUBESL S T %5 B AL SR SRR AR R AV 23 6 RE DAL TR H AT Ehs s

.............................................................................. + M B, SRS R IR, A £.(102)



2025 No.10

SHANDONG ELECTRIC POWER ser.335

CONTENTS

* Key Technologies for Operation and Control of Urban Comprehensive Energy System -
Review of Virtual Power Plant Technology and Application Prospects Under the Background of Energy Transition
"""""""""""""""""""""" DENG Yue,DENG Hao,ZHENG Wu, LI Tianzhi, LIU Shiyu, XUE Yixun(1)
Secondary Frequency Control Strategy for V2G Battery Swapping Station Considering Battery Cluster Consistency
...................................................... FAN Chenchen ,HUANG Xinkai ,ZHANG Shengqi ,ZHOU Zhe( 14)
Optimal Control Strategy for Low—frequency Load Shedding Considering Energy Storage Charge State Balance
"""""""""""""""""""" LUO Kaiming,XU Yimin,ZHANG Dalin, LI Yao, YUE Shuai, YU Hailong(25)
* Distribution Network -
Multi—time Scale Optimal Dispatch of Active Distribution Network Based on Distributionally Robust Optimization
................................................ ZHANG Qiliang ,LI Kaican ,KONG Weina ,ZHOU Ke, LIU Xueqi(34)
Fault Location Method for Active Distribution System Based on Multi—source Information Fusion
...................................................... XIA Tianyu,NIU Huan, WEN Yujie, CHENG Xueying, LIU Jin(46)
* Power Grid Operation and Control *
Transient Overvoltage Assessment and Parameter Influence Analysis of Grid—following and Grid—forming
Hybrid—connected Station — cseeoeeerreereseeeeeereneieieeeee. LIU Xindi, CAO Jiawen, LI Changgang, YU Yue(55)
Variable Rectifier LLC Resonant Converter With Wide Gain Under Mixed Modulation
............................................................ ZHU Jianwen,ZHANG Jianhua, HOU Wen, LI Guoliang(69)
* Integrated Energy °
Optimal Configuration of Electric—hydrogen Hybrid Energy Storage System Considering Grid Voltage Stability
--------------------------------------- HU Wenbo, LIU Jianfei, CHEN Jie,ZHANG Tianwen, MIAO Xia, YANG Bo(81)
Bi-level Optimal Scheduling of Cloud Energy Storage and Multi—-microgrid System With Data Center
""""""""""""""""""" YUE Jiaming,ZHONG Jianwei, LIANG Huijun,ZHU Zhanchun, WEI Yunlong(91)
Consider the Day—ahead Bidding Strategy for Building Clusters With Energy Sharing
""""""""""""""""""""""" JI Yang, HE Haihang, MU Ruizhi,ZHANG Weixin, FENG Xianglong(102)

SHANDONG ELECTRICPOWER
(Monthly ,Started in 1974)
Administration State Grid Shandong Electric Power Company
Sponsor State Grid Shandong Electric Power Company
Edited by Editorial Department of Shandong Electric Power
Chief Editor WU Wenchuan MENG Yu
Address No.2000, Wangyue Road, Jinan, China 250003



L& Y EA

o 52 (R 3358) SHANDONG ELECTRIC POWER 2025 4F45 10 1)

DOI:10.20097/j.cnki.issn1007-9904.240429

BT A R R RGBT AR -
REDRAC LT 5t P HEIIR) BR8] Jg 2

oA LR ORLERELXEFET, Bz
(1P B ) TALA A A b 3t A RG] m )l AR 61002132 ARIEI K%, L KA 030024)

FEE - b A Sl T U RE VRS RSB U™ H AR A A b, oA U BE PR ML BN IR I L T AN M 4 v R R
BATHRETT . AL (virtual power plant, VPP) i 3 2% 5 43 41 2 BRI 5E 5 (distributed energy resources, DER) , A B T
Gefigp i IS AT ) RS AT AR RIS AN RE T X TS A R D RS RAA EE R L B A T R RS OF
MIIRE A BEXS HEAL R ) 4028 s HO, S T HEAUL R 0 9 R AR BOR R IR S SRS HUEOR R B 2 5 T
R AT B DETEBUR s SR, T2 20 1 DA [ A BAT AR PR B AU T T 5 338, b 1 AU ) ) = R R A
2 e, ST AU T R SR A R P R PR, S B R AL T N B R R S

SRR AR5 0 A SURB R W URR A 5 DA

hE 43S TM73/TKO1 XHEPRERD: A XEHS :1007-9904(2025)10-0001-13

Review of Virtual Power Plant Technology and Application Prospects

Under the Background of Energy Transition
DENG Yue!,DENG Hao!,ZHENG Wu!, LI Tianzhi', LIU Shiyu**, XUE Yixun?

(1.Energy Planning and Research Institute of Southwest Electric Power Design Institute Co., Ltd. of China Power
Engineering Consulting Group, Chengdu 610021, China;
2.Taiyuan University of Technology , Taiyuan 030024, China)

Abstract: In the process of promoting clean energy transition and achieving the "dual carbon" goals in China, the installed
capacity of distributed energy resources (DER) is continuously increasing, bringing pressure on grid stability due to the
uncertainty of their output. Virtual power plants (VPP) , by integrating DER , help alleviate operational pressures on the grid
and increase the capacity for new energy absorption , playing a significant role in building a new type of power system.Firstly,
the concept of VPP is introduced , followed by classification based on functionality.Then, the current research status involving
five aspects of virtual power grids is summarized , including communication technology , resource modeling and aggregation ,
prediction technology , scheduling control, and participation in the electricity market. Subsequently, four representative VPP
projects within China are briefly introduced. Following this, the three business models of VPP are analyzed. Finally, the
challenges faced during the development of VPP are examined , the prospects for the future development of VPP in China are
forecasted , and conclusions are drawn.

Keywords: virtual power plant; distributed energy resources ; resource aggregation ; coordinated control
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Secondary Frequency Control Strategy for V2G Battery Swapping

Station Considering Battery Cluster Consistency

FAN Chenchen!, HUANG Xinkai?,ZHANG Shengqi!,ZHOU Zhe'"

(1.School of Mechanical and Electrical Engineering and Automation , Shanghai University , Shanghai 200444, China;
2.School of Electrical Engineering and Automation, Hefei University of Technology , Hefei 230009, China)

Abstract: The energy storage characteristics of electric vehicle (EV ) battery swapping stations present new opportunities for
enhancing the resilience of urban distribution networks. However, vehicle—to—grid (V2G) swapping stations exhibit weak
consistency among internal battery clusters, and their power capacity is significantly affected by users’ battery swapping
behavior, making them unsuitable for direct use in distribution —side energy storage scheduling. To address this issue, a
secondary frequency regulation control strategy for V2G swapping stations that accounts for the consistency of battery clusters
is proposed. First, a user frequency regulation willingness model for EVs participating in V2G services is constructed by
quantitatively analyzing key factors such as economic incentives, time costs, and battery degradation. Then, a frequency
regulation loss function for the battery clusters of the swapping station is formulated.The active balancing of the battery energy
levels is achieved by incorporating penalty terms into the objective function.Finally, a distributed control strategy for V2G
swapping stations based on the consensus algorithm is established , aiming to minimize the total frequency regulation loss.
Through the iteration of consensus variables, the proposed strategy meets the requirements for secondary frequency regulation
of the power grid.Simulation results demonstrate that the proposed strategy satisfies the secondary frequency regulation needs
of the power grid.The strategy also optimizes the frequency regulation capabilities of the battery clusters, achieving balanced
energy levels and safe operation status of the swapping station.

Keywords:secondary frequency regulation; V2G swapping station ; user willingness ; energy balancing; distributed control
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Fig.3 Schematic diagram of the connectivity of frequency
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Optimal Control Strategy for Low-frequency Load Shedding

Considering Energy Storage Charge State Balance
LUO Kaiming', XU Yimin?,ZHANG Dalin?,LI Yao', YUE Shuai?, YU Hailong®
(1.State Grid Jiangsu Electric Power Company , Nanjing 210000, China;
2.Zhenjiang Power Supply Branch of State Grid Jiangsu Electric Power Company , Zhenjiang 212000, China;
3.School of Automation, Nanjing University of Science and Technology , Nanjing 210094, China )

Abstract: The high penetration rate of renewable energy has led to the aggravation of low—frequency faults in the power grid ,
and the traditional low—frequency load shedding strategy is difficult to meet the current stage of the power grid’s rapid
frequency regulation needs , energy storage as an important means of frequency regulation in the power grid and face the SOC
overrun problem, in order to maintain the frequency stability of the power grid and reduce the low—frequency load shedding
action, a low—frequency load shedding optimization control strategy considering the balance of the charge state of the energy
storage is proposed.Firstly, the storage energy consumption characteristic function considering the charge state is established to
quantify the storage operating cost as the control basis ; secondly, the distributed consistency algorithm is utilized to achieve
the participation of storage in the low—frequency fault power allocation with the goal of minimizing the FM (frequency
modulation ) loss ; lastly , the simulation is conducted bosed on the proposed control strategy.The simulation results show that
the consistency—based distributed control strategy can reduce the number of low—frequency load shedding actions , alleviate the
user’s bad experience of blackout and achieve the storage clusters’ of SOC equalization , and improve the stability and security
of the power grid.

Keywords:low—frequency load shedding; SOC equalization ; distributed energy storage clusters ; distributed algorithms
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Multi—-time Scale Optimal Dispatch of Active Distribution Network

Based on Distributionally Robust Optimization
ZHANG Qiliang ', LI Kaican ', KONG Weina'!,ZHOU Ke ', LIU Xueqi >
(1.State Grid Jining Power Supply Company, Jining 272000, Chinaj
2.Shandong University of Science and Technology , Qingdao 266590, China)

Abstract: In order to reduce the impact of source load uncertainty on the safe and stable operation of active distribution
networks , this paper constructs a multi-time scale optimization model of active distribution network based on distributionally
robust optimization.First, model predictive control (MPC ) is introduced into the research of distribution network optimization ,
transforming the original open—loop distribution network optimization into a closed-loop operation through online rolling
optimization and feedback adjustment.Then, in the day—ahead optimization , a scene generation method based on Copula theory
is used to describe the uncertainty of the scenery ; In the intra—day optimization , the probability fuzzy set based on Wasserstein
distance is constructed , and the limit scenario method is used to modify it, and the distributed robust optimization ( DRO)
model is established ; In the real-time optimization , the MPC model is corrected by feedback.Finally, a numerical example is
given to demonstrate the effectiveness of the model in reducing voltage violations and system operating costs.

Keywords:active distribution network ; multi time scale optimization ; distributed robust optimization ; scenario based approach
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Fault Location Method for Active Distribution System Based on

Multi-source Information Fusion
XIA Tianyu',NIU Huan!, WEN Yujie!, CHENG Xueying', LIU Jin?
(1.State Grid Qingdao Power Supply Company , Qingdao 266002, China;2.Harbin Institute of Technology , Harbin 150001, China)

Abstract: In order to solve the problem of fault location accuracy in active distribution system affected by the distortion of
fault alarm information, a fault location method for active distribution system that integrates the voltage loss alarm information
of the distribution transformer terminal unit and the over—current alarm information of the feeder terminal unit is proposed.
Firstly , a mapping relationship between alarm information and the topology structure of the distribution system is established ,
and interval functions and switch functions are constructed to obtain the expected values of fault alarm information.Then,
taking the minimum difference between actual alarm information and expected alarm information as the objective function ,
gray wolf optimization algorithm based on particle swarm optimization is used to solve the fault interval location of a single
information source , multi—source information fusion to get the final positioning result.Finally, taking the IEEE 33-bus system
with distributed generation as an example for simulation testing, the fault location results of single information source and
multi-source fusion are compared under different numbers of distortion points, verifying that the method has strong fault
tolerance , and can improve the accuracy of fault location in active distribution system, and the location timeliness can meet
the actual operation requirements of distribution system.

Keywords:fault location ; active distribution system ;fault alarm information ; grey wolf optimization algorithm ; evidence fusion
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Table 1 Location results under accurate alarm information
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1.20(0.4
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ke s wit  O0E MAWER  WEREL E
DX Ji] (a7.€1¢ (M%) (HE=) FEMH/s
L3 TTU[001000100000011100000000000000000 ] 17 27 1.3(0.85) 1.3(0.96) 3.6
FTU[111-1-1-10-1-1-10-1-1000-10-1-1-10-
10000000000 1 3 L3(0.94)
1.28(0.43)
TTU[001100000000011100000000010000000 ] T4,T28 28 13(042) L3(0.93) 3.8
FTU[111-10-10-1-1-1-1-1-1000-10-1-1-10- 530 36 L3(0.72)
10000001000 ] ’ L5(0.23)
TTU[001000000000010000001000000000000] T15,T16,T21 37 1.3(0.86) 13(0.88) 3.9
14(0.51)
FTU[1111—1—10—110—010—0106116&5000—10—1—1—10— 4.31.33 41 13(023)
1.33(0.21)
T4,T5, 1.3(0.39)
TTU[001111000000111100000000000000000 ] T6.T13 31 L13(0.36) L3(0.81) 42
FTU[111-1-1-10-1-1-1-1-1-1111-10-1-1-10- L16(0.45)
10000-100000 ] 14,15,16,28 35 13(0.37)
T9,T10,T11 13(0.29)
TTU[001000001111111100000000000000000] 2113 57 L13(0.28) 1.3(0.77) 4.5
’ 1.9(0.28)
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FTU[1111110-1-1-1-1-1-1000101110-11100000001 ] 8,33 36 125(0.41)
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1.8(0.45)
1.8(0.26)
1.25(0.31)
FTU[1111110100-1-1-1000101110~111-10000000 ] 9,10,26 37 1.8(0.29)
L10(0.28)
T13,T16 5183((062253)) L8(0.43)
TTU[000000010000100100000010111000000] e 49 : 125(0.31) 42
T23,T28 1.16(0.22) 128(020)
1.25(0.20) :
1.8(0.36)
FTU[11-111101-1-1-1-1-100010111001101100000] 3,23,27,28 46 1.28(0.32)
1.25(0.22)
1.8(0.36)
TTU[000011110000000000000000110000000 ] 15,76,T7, 59 15(0.34) L8(0.45) 5.1
T27,T28 1.25(0.34)
1.25(0.28)
L8((0.25)
11,12,13, 1.25(0.24)
FTU[11111101-1-1111000101110-11100011000] 59.30 62 113(022)
1.30(0.21)
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Transient Overvoltage Assessment and Parameter Influence Analysis of

Grid—following and Grid—forming Hybrid—connected Station
LIU Xindi, CAO Jiawen, LI Changgang”, YU Yue
(School of Electrical Engineering, Shandong University , Jinan 250061, China)

Abstract: Grid—forming (GFM) converters can support voltage, and their hybrid connection with grid—following ( GFL)
converters can effectively mitigate transient overvoltage issues in renewable energy station. However, the hybrid—connected
system’s numerous parameters and complex characteristics make the quantitative assessment of transient overvoltage
challenging. To address this, a transient overvoltage evaluation method considering grid—following phase—locked loop (PLL)
stability is proposed using the circuit superposition theorem and phasor diagrams, and key parameters affecting transient
overvoltage are analyzed. Firstly, this paper simplifies the GFL and GFM hybrid—connected station according to converter
characteristics , reducing the complexity of analysis.Secondly, the voltage dynamic process of the hybrid—connected station is
analyzed from the three stages: before, during, and after short circuit faults. And this paper derives transient overvoltage
assessment methods for the point of common coupling under different phase—locked loop stability conditions.In addition , based
on the voltage assessment process , the influence of GFL parameters, GFM parameters, and the capacity ratio of GFL to GFM
on transient overvoltage is explored. Finally, the transient overvoltage evaluation method and parameter impact analysis are
verified through simulations.

Keywords: transient overvoltage ; grid—following ; grid—forming; phase—locked loop; ratio of capacity between grid—following and

grid—forming
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Table 1 The basic parameters of station
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Ser/MVA 90
Ser/MVA 10

Xepy/pu 0.1

X /pu 0.5

F2 BRMBTRRSH
Table 2 The parameters of grid—following converters
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Table 3 The parameters of GFM converters

28 i 28 Hufig
P /MW 6 TR R K, 02
Q" cpu/Mvar 1 T ERAEELL,,, 99.99
Wik RELT 30.0 P, /MW 2
FHJE Z 5L D 5.0 U,/pu 0.9

41 AEPLLEEHEL THESTBEETMG
4.1.1  PLLAZE IS VEAS 7 ik 50 ik

WS BF R (5) W7, PLLEEE . FIH(6)
THEAHA 0, 152N E 13(a) o FIH 2.3 95 L0 EAh
A i, oAb AT 20K & R ARA R (4) BT R R
JE, 433 E13(b) .

M & 13 (a) i LA B & AR k1], 0, 583
F 6, 8 AR AR R AR, B R 6, 1M 14
R, 20, BEER G, F KPR EIRE, BRIV
T EAH S, 30iE T 20(6) .

& 13 (b) Rl IE R B AT T TR 4 R
15 Mvar, B & A= B, A8 3 7 S JC D8, i e
15 B Bk (8] TG D) D) .24 8 90 Mvar, TTHIE AR EAQ N
75 Mvar, B L= T anE 13 (e) I A L%



Xk, 25 - R o0 TR AL o TR TR 7 v 4 20 W R PA 5 2 HGE R i

40 -

——— PLLAHff
350 —— PCCHIfI P FLAE
——PCCHIA AN E

30F

25+

S ()

20

0.9 1.0 1.1 1.2 1.3
t/s

(a)48

0 L 1 1 L 1 ]
0.9 1.0 1.1 1.2 13 1.4 1.5

t/s

(b)PCC 4t zh 5 5
Lar 1.22 pu —T
1.2 . 11
1.0
= 081
&
S 0.6 |
0.4+ SBEET | Bl e | BT B
02} \ |
0 \ ‘ | ‘ .
0.9 1.0 1.1 12 13 1.4 15
t/s
(c)d &

13 PLLIZER &EXTLL
Fig.13 Comparison of quantities when PLL is stable

PCC kb () %6 % 25 B S, 300 MV A, H SCHik [ 12]
A5 F G T Sy S5 A % 2 e 1) RIS
U,=1+%=1.25pu (22)
2 (22) 45 5 8 13 (o) ik 8 375 BR B 1] U=
1.22 pu A S, KUEA SCPPAS 7 ik I IE#fME . T
FLARASA B Z o DA (B RN ATL L 2 A B AR S A
A, RIFESSAIE T A SO EE IR A o

4.1.2 PLLAFEIPEAL T 50 0F
A1, . =0.85, Sy=2.0 MW, i 15 5 (5) A5 i °7.
PLL AR . IUHH5 EAE S5 PA (IR 14 B

60r

=
b3
i

A (°)

0.9 1.0 1.1 1.2 1.3
t/s

(a)#8 /4

0.8

Ulpu

0.6

0.4r

02} — i EH
-1

0.9 1.0 1.1 1.2 1.3 1.4 15
t/s

(b)w &
B 14 PLL&RERRGTEESTEEESTE

Fig.14 Comparison between simulated and evaluated

values when PLL is unstable

1 P 14 (a) 0T & Y, PLL 2GRS o AH £ S B0
O R a3, 0 BAE S PP (A — 2 iR 22, i
PRI AT REAL 4 - 1) PLL B 2 BB AU 7 £k o — i isi A, 22
W1 H 4 T AT A R 5 2) (B s B B T R
RECh R, AW T AN AR AT R AR, H
IR RN ASFE MR A5 F R A IPAl . P T 14(b)
AL, F R VPR 5 0 FLM A AR SE , J0r0iE T PLL R
R () LS IPA 7 v A A
42 TRB|HAHBSHEIMEIE
42,1 ERMASSEE N

FESEMESB T 83 AR T L I R EOR AR 1,

63



5528 (B5E 3354)

L g ) HA

2025 45 103

i, P AR AR LR PCCHLE WA 1S TR, 7
SEULII R, S 5 AT, LA 1 AR R ) AL A
TEHL R BRI, AN G H T 1]

]

; -
=
S 061
0.4+
02} —mddmE
—— BB AT L
0 1 L 1 L L ]
0.3 0.4 0.5 0.6 0.7 0.8 0.9
1,/pu

E15 [ KW
Fig.15 The impact of /,

Wi 1, )38 K R ) T8 A 3 2 1 P R S P e ) 4
15, BT R T PC.C R HE 3, e P i B3 )5 1) B A et
R Z K. K/ LR/NSIE LG, 53
W —E

i ok AR )RR T, O B 16, AR 16
(a) AT 0 B T, B0/, 1 IO B B 3 A e, e
Uit R B b . PR, L 16 (b) AT MY, T, K
/NBENS B 4 R S O R W RS K S B 4y
Praf i —k.

422 FMISEE N

IDRUESR RV

B B8] T AN B o) s AR ES R A P TR Y e R
iR 1,=3.5 puo E AT MU BRAT L, 5 B E]
15, #E1,,<3.5 pu il , 14 W B AR 30 25 b T BRI

1.0p
0.8F

0.61

1,/pu

0.4}

021

1.1 1.2 1.3 1.4 1.5
t/s

(a)l,

64

P

= 0.8F I
& s
S V
0.6+
0.4 S
— TQ:()OS
0.2F —— T4=0.10
—— Ty=0.15
0 T

0.9 1.0 1.1 1.2 1:3 1.4 1.5
t/s

(b) &
16 T, B9850
Fig.16 The impact of T,

WK 1, BB B2 i FOTE BB A= I9E ) 9 vl e S 45 g
J7, IR Es ) B Ak i e . AR, S 1, >3.5 pu i),
g 0 B Ak T AN BR AR 2, HE v T S AR R T R B R R
{8, ANFERE 7, 38R AR . 7 BE5 R 5 B o b
—H

2) Ui 8y

300 3 A R D R T T R R A
15 FAT PCC R A5 Fi 55 5 e T B 1T O, 1 G R AN ]
18 7R o

2.0

— AR I
— IR |
154 I
\\__\\\\\J
I
2 |
= 1.0 U g
S PR A | ARG
|
0.5t l
|
|
0 : . : : | : : ;
10 15 20 25 30 35 40 45 50

Imax/pu
17 89520
Fig.17 The impact of [,

HIE 18 Al E H, b 8, B35 K, B A i AT
FIE R B Sk T RS AT E AR . (R AT
JET R R A/ 0N, 50 WS A 2 1), A ELEERE )
L, 172 38 3 52 ) PCC Y AH A1 0, 2 el 28 A8 I 24 A1



Xk, 25 - R o0 TR AL o TR TR 7 v 4 20 W R PA 5 2 HGE R i

FEL 1 ) R P, BT T2 5 M 8 25 R s 5 2) 6,0
KA o) FEINA KA, R AR SRR ENE 6,
PIE AR o e, 78 B RO R I 37 0 S PR Ay
o AURAE I K 8, AN RE R 3 MR g B R, R
REAE 4 Bl it

1.24¢
1.23

122

Ulpu

1.21}

120 1 L 1 1 L L I 1 I Il
20 21 22 23 24 25 26 27 28 29 30
om/(° )

E18 &,

Fig.18 The impact of &,

43 RN TEE &R

RGBT, 2R Sep A1 Sy 1
ZS L LG, AT AR A )AL D) 2 25 6 5 LR PCC B LR
WE 19 iR B F R 25 5 5 H T e, B R
1 PCC HL R S T, B A U R W I B AT, S5 3e
M —E

B IO R KRBT, 0 1.2 pu, FEES L
RAR 45 AR A (21) AT 7E B 80 W R
R R B 2 5 H o R T 14.4% . K3
N=14.4% W IR IR 05 531, 45 F Ik A= ™ i I i
B, U, =0 BF, 05 E A5 PCC b Ha FR AN P 20 f i, v
B %7 25 5 oL R B A T 1.3 pu, B AE T 2 (21) B IF
k.

—— W

=
&
S
0.5 /—/

0 5 lb 1|5 2|0 2|5 3|0 3‘5 4b 415 5I0
n/%
E19 #MMEAE KRN
Fig.19 The impact of ratio of grid—forming capacity

B E/pu
[T O N =T S TN

1
1
1
1
0. L
0
0
0

(())9 110 1‘.1 1.2 1.‘3 1i4 1;5
I /s

E20 HMMBR/NEESILIEIE
Fig.20 Grid—forming minimum capacity ratio verification

5 &it

B HY R 9 TR R o) 2R TR R U5 7 v 1) 2k
HLUR PRSI0k IR 0B 1R RIS 800 B 250 v T Y
S G LR S 0 XSS IR AT RAIE . 1Y
EEEHEUIT

1) F T g PRS0 B B, M) vl B 5 I A
PP 1 AR PLLASE 5 50 T Y BRI TR 375 v )
PCC A U AL 71

2) AL R IR PR 7 g ) HG ) L I AR ORI ]
CRE 73 91| PR AR T 25 i H T 8 DR /N R 5 I 1] 5 7 X4
TR ) R IAE Ao AT RSONT T 0 v s ) i MR T L B
AR 3 Al R L) A0 ) T G A i e

3)HE AR A I L TR YT B ERAL R o EE 235X
Itk — 2L A A5 B T8 S IR K S ol LR Y BR A
K A

B Hh A A o v e A Dk T T PP R
oy A TR HEK 37 v 4 7 25 0 F K, O S R R B
oy I L8 3 i Y 2 B A R L o A, 4 0
TR AN [ o) SR R DA S 2 00T 2 e v TR A R
M 45 ) RUAT ey Bt — A AT

&% 3Lk

[1] LIYT,GU Y J,GREEN T C.Revisiting grid—forming and grid-
following inverters: a duality theory [J]. IEEE Transactions on
Power Systems,2022,37(6) :4541-4554.

[2] HUANG L, WU C, ZHOU D, et al. A double-PLLs-based
impedance reshaping method for extending stability range of grid—
following inverter under weak grid[J].IEEE Transactions on Power
Electronics,2022,37(4) :4091-4104.

(3] ERWERE, B2, W5k, 45 BT 0 DL REL BT fr 4% o0 751 5 B Y
TG0 i S U R GG R B ke () ). v i i

65



%

524 (55 33540)

L g ) HA

2025 45 103

[10]

[11]

[12]

66

2024,45(1):22-32.

QIU Xiaoyan, YAN Xing, ZHOU Yi, et al. Reactive power sharing
control strategy for microgrids dominated by grid—forming and
grid—following inverters based on adaptive virtual impedance [J].
Electric Power Construction,2024,45(1) :22-32.

FRAERE, B WU, AL, S N RILE R G AR S EE S
T PR IR R B S 23R [ ], vl AL T AR 41, 2022, 42(9)
3224-3239.

DU Weizhu, LUO Yazhou, LI Yunhong, et al. Reviews of transient
overvoltage problem cause by extra reactive power in large scale
wind power systems [ ] |. Proceedings of the CSEE, 2022, 42(9) :
3224-3239.

GAO X, ZHOU D, ANVARI-MOGHADDAM A, et al. Stability
analysis of grid—following and grid —forming converters based on
state—space model [C] /2022 International Power Electronics
Conference (IPEC-Himeji 2022-ECCE Asia). IEEE, 2022:
422-428.

RATHNAYAKE D B, AKRAMI M, PHURAILATPAM C, et al.
Grid forming inverter modeling, control, and applications| J |.IEEE
Access,2021,9:114781-114807.

ROSSO R, WANG X F, LISERRE M, et al. Grid—forming
converters: control approaches, grid=synchronization, and future
trends—a review [J ].IEEE Open Journal of Industry Applications,
2021,2:93-109.

FORR L WRER b A, A5 BTSRRI TR T AR IR A P BT IR
W 1) R AT E A D], b [ L HL T RS2 4, 2024,
44(21):8378-8392.

HUANG Sen, YAO Jun, ZHONG Qinmin, et al. Transient
synchronization stability analysis of hybrid power system with grid—
following and grid—forming renewable energy generation units [J].
Proceedings of the CSEE, 2024 ,44(21) :8378-8392.

YANG C R, HUANG L B, XIN H H, et al. Placing grid—forming
converters to enhance small signal stability of PLL-integrated
power systems[ ] ].IEEE Transactions on Power Systems, 2021, 36
(4):3563-3573.

JESE S, RIS, 55 25 XN AR 1 1 KA 3l 8 il
FURBLER MY () ] FL T 3R 58 F 31k, 2020,44(11) : 197-205.

TU Jingzhe, ZHANG Jian, LIU Mingsong, et al. Mechanism
analysis of transient overvoltage with large disturbance considering
dynamic characteristics of wind generator [J]. Automation of
Electric Power Systems,2020,44(11) :197-205.

PR, @ — T B, A5 PR e 2B i 0 3 G0 25
FLUTR ) S0 S DA LD ] BB R, 2021,45(2) :526-533,

JIA Junchuan, JIN Yiding, ZHAO Bing, et al.Impact analysis and
performance optimization of LVRT control of wind turbine on
transient overvoltage of power system [J]. Power System
Technology,2021,45(2) :526-533.

BB, FEAR VP, A5 RS I H H R DXU H AL 3 B I

[13]

[15]

[20]

Bz BT BexE SR L) T ML A, 2016,40(6) : 1839-1844.

HE Jingbo, ZHUANG Wei, XU Tao, et al. Study on cascading
tripping risk of wind turbines caused by transient overvoltage and
its countermeasures [ J . Power System Technology, 2016, 40 (6) :
1839-1844.

WRISA sk, F AT, 45 L T8 BRI 22 000 2% 14 B0 VAL 358 3 3R 48
A R I ] AR, 2020, 44(8) : 2987-2999.
CHEN Houhe, ZHANG He, WANG Changjiang, et al. A method
estimating transient overvoltage of HVDC sending — end system
based on convolutional neural network [J]. Power System
Technology ,2020,44(8) :2987-2999.

BT, PR, B 55 B PR 2 A8 X U4 4 385 301 vSC
AR )] LR, 2025,49(1) :284-294.

ZHAO Boyuan, LU Chen, CHEN Lei, et al.Impact of phase-locked
loop dynamics on transient over—voltage in VSC due to switching
delays| J |.Power System Technology,2025,49(1) :284-294.
GREPRE WA BT, 45 RO SR B A5 1Y VSC BT A i i
M55 S HOE W 43 Hr [J/OL). B R & H sh ik, 1-12
[2025 - 06 — 16]. http: / kns. cnki. net / kems / detail / 32.1180.
TP.20241113.1945.006.html.

LUO Shujie, CHEN Lei, ZHAO Boyuan, et al. Analytical
calculation and parameter influence analysis of VSC transient
overvoltage considering phase — locked loop dynamics [J/ OL].
Automation of Electric Power System, 1-12.[2025-06-16 |.http: /
kns.cnki.net/kems/detail/32.1180.TP.20241113.1945.006.html.
R A VRO, A5 T R A R AR E 2 TR R 1 R Y
AR A e P TC LE 5w [0 ] WYL ), 2025, 44(1) : 76-83.

LI Qun, TANG Weijia, WANG Chenggen, et al. An optimal
allocation strategy for GFM and GFL converters considering
transient voltage stability constraints [J].Zhejiang Electric Power,
2025,44(1):76-83.

VI, XU, XU, 45 HL 7 2R G0 728 T e 0 19 4 ol 3 R 1 B R
SRS MR, 2022,46(9) :3586-3595.

XU Jieyi, LIU Wei, LIU Shu, et al.Current state and development
trends of power system converter grid—forming control technology
[J].Power System Technology ,2022,46(9) : 3586-3595.
SHARMA D, SADEQUE F, MIRAFZAL B. Synchronization of
inverters in grid forming mode[J].IEEE Access, 2022, 10:41341-
41351.

Ehf 0, B, AT R A5 R I B R AT BT RE I il 1 R
SEIBATREIIIPAG L ]. I R 48 A Bk, 2025,49(1) : 38-46.

MA Zihan, HUANG Meng, FU Xikun, et al. Stable operation
capability evaluation for renewable energy station with grid —
forming power sources [ J ]. Automation of Electric Power Systems,
2025,49(1) :38-46.

RUK KT, RSO, A R R 9 TR G R A O A
AR A3 BT R B o R R (). B EOR 5 TR, 2024, 24
(28):12177-12187.



Xk, 25 - R o0 TR AL o TR TR 7 v 4 20 W R PA 5 2 HGE R i

[21]

[22]

[23]

[24]

ZHU Bing, ZHANG Long, SI Wenjia, et al. Analysis of transient
characteristics and fault ride —through control of hybrid grid —tied
converters with grid — following and grid — forming [J]. Science
Technology and Engineering,2024,24(28) :12177-12187.

HU Q,FU L J,MA F,et al.Large signal synchronizing instability of
PLL-based VSC connected to weak AC grid[J].IEEE Transactions
on Power Systems,2019,34(4) :3220-3229.

FrAEY TR RSE A IR UL A 2 A T o X I I
FLHS 1 5 0 B A A R D). D R 58 A B ik, 2023,47(7)
105-113.

QI Jinling, LI Weixing, ZHU Meng, et al. Impact of low voltage
ride—through behavior of direct—driven wind turbine on voltage of
erid — connected point and optimal control [J]. Automation of
Electric Power Systems,2023,47(7) : 105-113.

P E TR E 2 KR AL T RGEEORHLE 5 1

Bl EJRGE : GB/T 19963.1—2021[ S 1. AL 5% « v o bt Rkt
2021.

TR -, U0, e =, 45 KU LA s A2 A H T 2 B U 45 2R 58
AL R AR LB BT (0] 8 0 R 48 A B4k, 2025,49(7)

BitSR A

[25]

[26]

modeling for repeated low voltage ride—through of wind turbine and
mechanism analysis of voltage oscillations [J]. Automation of
Electric Power Systems,2025,49(7) : 46-56.

H SRt AE 7 Ml F AR IR B AR [0 280 A R S U e B R ML - T/
CNESA 1008—2023[$].2023.

LI C G, WU Y, ZHANG H X, et al. STEPS: a portable dynamic
simulation toolkit for electrical power system studies [J]. IEEE

Transactions on Power Systems,2021,36(4) :3216-3226.

¥ B #5:2025-04-07

&

H #7:2025-06-20

EERIT

X 27 (2001) , 55, L AE 3, ERERTSE I 16 M ) R GL 2 AR

T ST 5

B30 (2001), Lo, AR B, FEEWEFETT 10 ) R G AR

SE ST S 5

ZEHNI(1984) il {5 /EH (lichgang@sdu.edu.cn) , 55, 181, #4%Z,

EEWITETT 184 B T R G e R S 5

T OHE(1998), 55, W AR, FEEMETE DT 1 ) R G E AR

SE ST HT S
Homse. (FEBE  £iEE)
LAT Qiping, SHEN Chen, YANG Yanchen, et al.Switched system WA B 255
1L PLL A P 26 A 4
i B 4] PLL BEAS R R AeE , B 0,=0,, A7 1E  [RA K (4) AT 157
U, sin( 6. + ¢ +90°) + Uy sind,,
tan 0,, = — (A1)
U, + Uncos 6, + U cos( 6 + @ +90°)
sin Gpir, U, sin(6r + ¢ +90°) + Uy sind,,
= A2
cos BrL. U, + Uycosdy + U cos(Orr + ¢ + 90°) (A2)
2E X AHFERT
sin BPLL(Ug: + Uycosby + U, cos(Brr + @ + 90°)) = cos Orir. (U, sin( 6. + ¢ + 90°) + U, sin 6y) (A3)
gl
sin OPLL(U; + Uncos 8y — U, sin( 0y, + ¢)) = cos Ori(Urcos( 6y, + ¢ ) + Unsin §y) (A4)
sin B, ( Ug, + Uncos 8y) — cosO,, Unsin 8, = cos OrirUicos( 6y, + @) + sinf, U, sin (6 + @) (A5)
A cos @=cos 0,,,cos(0,,+¢)+sin 0, sin(0,,+@) , S IF5H U, )15
(Ug' + Uy cosdy)sin B, — Uysindycos,, = U, cos ¢ (A6)
3 (A6) N Asinx—Beosx=C LR, 51 AR{E R FIFHAL 6 Al 45
R= (U, + Uycosd,) +(Unsind,)’
Unsindy, (A7)
¢ = arctan(———
U, + Uncosd
Jr R A
Rsin(6,,; — ¢ )= U, cos¢p (A8)

67



5552 3 (4 33510 LWt e e AL 2025 4E45 10 4]

FERF A8 A M, 530 2

. U, cos ¢
[sin(0, = ¢)|=| =<1 (A9)
R 2 2O A9 ) il
Uy cos @ <\JU,* +2U,U,cos 8, + U} (A10)

B U, UM UARATCAL0) AL 133O A10 A il 2511

U: id 2U, Uiy €08 Oy Ucgen

X, XX X, ) (A11)
2.PLLAZZERT 6, K i
HACATTMEL I  PLLAE ] ] ARG frAe e , 2RO A8 RYfR
- U,coso
Oy = ¢ + arcsin( )+ 2EX180° (ke Z) (A12)
B
. U cosp

Orir. = ¢ — arcsin( )+ (2k+1)x180°(ke Z) (A13)

P T e B 0 1] 5 PLL A& 2 A 0°<6,,,<90° , H. 0°<$<8,,=8,,<90° , X 1It.~90°<( 6,,, — ¢ )<90° , it L) k=0 H =,
(A3 L. KAL) FRA S AT

Uy sinéy, ] U, cos ¢
) + arcsin(

_— )
U, + Uycosdy, \/U: +2U,Uy cos by, + Uy (A14)

0y, = arctan(

68



g & ) B A

o552 (A 335 1) SHANDONG ELECTRIC POWER 20254E55 10 1)

DOI:10.20097/j.cnki.issn1007-9904.240205

0

TR VAR T iy AR i A BE S A LLC i e s
KA KRS E X FER

(MDA G o e REpEE NS, WA RE 277000)

HEE DGR I R e AT LUK S BH R o 2 AR 3 25 A A T e ZE AN R U U RE o LLC IR A8 46 e LUHAR AR 1Y ) 45
FERNES/ NI B RE T30 L Ry 2SR i TR e i o O T /8 S0 1 LLC 1 HR A8 48 & w8 vl Y IR , L R
Xof AR R A fi 14 R, e DR LA A 1 1 3L, 50— B T 3 A 5t 1) LLC IR AR 4 2 o iR B 28 R IR A5 R 1 7 76 0F
X H, S R U N F AT O, B E RS2 AN N 1 T DG H 25 55 X ) TTSC Y 2548, 78 J5 300 M0 R FH A 430 T -5 8 A 781 ol A
S50 MR G R 5 v , DN 5 A8 46 g 1) o b 5, DA TR 11 b FEAE i A S s R IR O RS E « AR S ke
Xof ARG g 08 AR TR T 43T, SR 05 X 4t 0 A8 S g 40 DAl A S TR 5 IR R TR A T B 40, R INT A5 L0 AN ) R B 5
SR 7 2T B R R £ YU R S R SRR, PRIE AR S B O OGSk o TR TR AR e e T S
J M 52 H 38 (zero voltage switching, ZVS) RN Z 4% 45 2 B I DG T (zero current switching, ZCS) . #5440
FETNZE R 400 W B SZIRFERL , DhitE— 25 00 UE BT i AR i i T A 71 o

REEIR : LLCIS YRS o s TR I 5 S8 iU IRHE 25 BTG 248X

HE 525 TM46 ERAR SR : A XEHE :1007-9904(2025)10-0069-12

Variable Rectifier LLC Resonant Converter With Wide Gain Under

Mixed Modulation

ZHU Jianwen",ZHANG Jianhua, HOU Wen, LI Guoliang
(State Grid Zaozhuang Power Supply Company , Zaozhuang 277000, China)

Abstract : The photovoltaic power generation system can convert solar energy into different forms of electrical energy through
the power converter. LLC resonant converter is widely used in such applications because of its low power loss and small
electromagnetic interference.In order to solve the problem that the voltage range of LLC resonant converter is narrow under
frequency conversion modulation , and it is difficult to cope with the wide range change of photovoltaic array output voltage , an
improved LLC resonant converter based on rectifier side is proposed. The converter adopts hybrid modulation method to
improve the topology of the secondary rectifier side of the circuit.It adds a plurality of capacitors and bidirectional switches on
the secondary side, and then adjusts the voltage gain of the converter to ensure that the output voltage remains stable under
the condition of large fluctuation of input voltage.This paper first analyzes the working principle of the converter, and then
theoretically analyzes the proposed converter topology and hybrid modulation method , and then obtains the voltage gain range
under different circuit structures and modulation methods. At the same time, through reasonable parameter design, the soft
switching conditions of the converter are guaranteed.Under this modulation method, all the secondary side switches of the
converter can realize soft switching, and realize zero voltage switching (ZVS) of the primary side switch and zero current
switching (ZCS) of the secondary side diode.The rated power of the experimental prototype is set to 400 W, which further
verifies the feasibility of the proposed converter.

Keywords: LLC resonant converter; hybrid modulation ; wide voltage gain;soft switching; multi-mode
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Bi-level Optimal Scheduling of Cloud Energy Storage and

Multi-microgrid System With Data Center
YUE Jiaming! ,ZHONG Jianwei'”, LIANG Huijun',ZHU Zhanchun?, WEI Yunlong?
(1.College of Intelligent Systems Science and Engineering , Hubei Minzu University , Enshi 445000, China;
2.State Grid Xuanen Power Supply Company , Xuanen 445500, China)

Abstract: To address the problems of high energy consumption in data centers and insufficient utilization of independent
energy storage systems , a two—layer collaborative optimization scheduling method for a multi-data—center microgrid integrated
with cloud energy storage is proposed. First, an operational model for multi—user participation in cloud energy storage is
developed based on its characteristic features. Second, data center loads are categorized according to their response
characteristics , and a spatiotemporal migration model is established.Subsequently , leveraging the integrated system architecture
of cloud energy storage and the multi-data—center microgrid , we formulate a multi—time scale two—layer optimization model.
The upper layer focuses on long—term capacity planning for cloud energy storage , while the lower layer optimizes operational
strategies for the multi-microgrid system, which includes data centers, through short—term scheduling. By applying the KKT
condition and the Big—M method , the original nonlinear two—layer model is reformulated into a single-layer linear optimization
model.Simulation results show that the proposed method can increase the additional revenue of cloud energy storage system to
5.543 million yuan, reduce the total cost of the data center microgrid system by 30.3%, improve the efficiency of resource
utilization , and effectively realize the collaborative optimization of data center’ s adjustable load space—time migration and the
cloud energy storage system.

Keywords:data center ; load migration ; cloud energy storage ; microgrid ; bi-level optimization ; KKT
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Table 2 Electricity price of cloud energy storage system

it W HL A/ (GT/MWh) - UL/ (GT/MWh)
I 08:007712:00 950 115
17:00—21:00
¥ 12:00—17:00 0 5o
21:00—24:00
4+ 00:00—08:00 200 400
®k3 RGHMSH
Table 3 Other system parameters
ZH Ky ZH ¢
8(1) J(IL/KWh) 0.05 L, /(kWh/m?) 9.7
Y 1% 8 Mer 0.3
T, /4 10 Ny 0.9
Kp /(TC/kW ) 1 000 Yer 1.47
Ky /(TC/kWh) 1897 My 0.9
M, /ot 82 M 0.8
b /myh 0.95 Mo 12
A 1(JC/m?) 22 Mee 4

42 RUERSH

R AN 4 iR STl g 2
I B RE IR S5 AH L 7 e B 0 6 1 B R AIiE
A 16.8% , 31813 490.12 T e as , B T
T ST AHRE B 2B PRI, ™ L S A A Ak ES
J5 % 3 b —25 2 B A R [R] R B ) (145 A R
3.3%, IR T = AGHE U RS 4.1% , UE IR R 1k [ 4
P AT LA e R B SRS . T 3 5 B IR s AU

98

TR 3 LI AABEAR 13.4%, IR 25 14 N 8.6% .
AR ORI 2 R s WA IR B S S B A e ik
55, A5 BCHE 0 7E A B AR 30.3% 1Y [R] B 3R A5
554.3 J3 ol £ , X 3R Wi DX BRA 07 o E R R B 42 4
ik 25 W R AL 25, A 801 AP FH B A 42 T ik e 5 )

Z3 1]

[~ 1

400F a-aa gw—ﬁ? \/
ssssss )

200 1 1 1 ]
00:00 06:00 12:00 18:00 24:00
21

B4 RMEH
Fig.4 Microgrid electricity price

=4 FRAEUER
Table 4 The optimization results of the scheme #1137 : Ji IC

ES o e RGeS B O R E AT AR
! 4615.26
2 490.12 3841.23
3 510.41 3715.78
¢ 3880.15
5 554.30 3216.84

421 BdE ORI 4E VT RE 1400
DIEZEIA 6], 7 2 5% 5 fEm 25 it
FE T 10 T A AL e R 25 S 18] 5 Firs o e b Al
S AR DX A3 o E A O I A S A s L ) T oK
i 7 AL A, B5dh v BE A R £ 3 o A < B P
1.3 7F 08:00—09: 00 1 15:00—18:00 H 4 {)i; Hv st
Bemz 5| IN-1 F1 BA-2 2t 3 5 X AT 8 s BA 25 1R
ARG HEIR F 11:00 H A (75 B BEAb #5500
Bt b 2 AR 2 T R EdE ot 3 7E 10:00 AN
19:00—20: 00 A Bt 55 A8 A1 X (441G L i 48 34 R 41 72
s B s o 1.2 9 BA B 2 W R 2 12:00
A1 21:00—22: 00 HL, A I 25 I B, G H A s B
01:00—06:00 1 2400 X iEF s A S0, 1 283 R
AR . LRI R, R A SO U7 Tk g



EAEW], 55 - ZARRES 5 X O A9 23N R GEXUZ AL

0 {0 ZE AR TR 0 B 5 T R R R A BE

40 000 - - ———————1600
ERIEBA 0 ERRIN LERATBA
S TASRTIN —— o Ly
35000} 11 400
30 000} ~
1200 :
ﬂg 25000} s
: 11 000
- 2
#Z 20 0001 iy
% oo 5
€ 15000} iy
Q =
a 1600 =
10 000}
5000F 400
0 | 200
00:00 06:00 12:00 18:00 24:00
Fisf 1]
(a)#FEP o1
40 000 1 600
TRJEBA W TEJEIN ERHIBA
BT RLHTIN —— S 3HL A
35000 11 400
30 000}
41200 ~
o B
= 25000F £
b 10005
T 20 000} o
g 1800 &
&1 15000F ﬂl
A t00 E
10 000F &
5000 1400
0 | 200
00:00 06:00 12:00 18:00 24:00
Fisf 1]
(b)# 3P o2
. . 14
0000 ST A T PR IN W EBBA |
B TREHTIN G —— A3 HL A
35000
11200
30 000} =
i =
25000 1Ho0s
% B
b L ] =
g 20 000 800 §
=
15000
g 1600 =
10000 &
1400
5000F
0 200
00:00 06:00 12:00 18:00 24:00
%]
(c)Z P 3

5 HIEHROHBMRUBEEER
Fig.5 Data center load optimization scheduling results

422 RIFfEBERD BT

T %4 MRS MAFRERL B W S iR . =ik
REAST 2 28 5 f R 70 550 P ) S5 T i B 2 75 K 49l
KIFFEAR 76% F164.12% . S5FFLH , =A% HENR 550
1A N ARG RE TR, 3 AR R G X
RE T 3R RN 25 1 1 75 0K, 3 %5088 g0 ~7 i B 6 e 3 3
(IR TUAR , K P T3 IR I

R5 EREEIELR

Table 4 Energy storage configuration results
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Consider the Day—ahead Bidding Strategy for Building Clusters

With Energy Sharing
JT Yang!',HE Haihang?, MU Ruizhi**,ZHANG Weixin!, FENG Xianglong*
(1.Marketing Service Center(Measurement Center) , State Grid Tianjin Electric Power Company , Tianjin 300220, China;
2.State Grid Tianjin Electric Power Company, Tianjin 300010, China;
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4.State Grid Chengxi Electric Power Company , Tianjin 300193, China)

Abstract: With the development of the modern electricity market , integrated energy buildings are also gradually participating in
this market.A day—ahead bidding strategy is proposed for integrated energy building clusters , taking into account electric energy
sharing via electric vehicles and incorporatingthe thermal storage characteristics of buildings. Firstly, the operation mechanism
and framework of the day—ahead market for the integrated energy building group are proposed.Energy management within each
building is coordinated by introducing agents as a third party, and a day—ahead bidding strategy for the building group is
formulated.Secondly, a model of electric vehicle (EV ) clusters is established by utilizing travel chains to cluster EVs belonging
to the integrated energy building, taking into account the characteristics of mobile energy storage..Then, combining the analysis
of building thermal storage characteristics and resource models , the agent considers the operational constraints of each building
and the revenue from the energy market to establish a day—ahead market bidding model. Finally, by solving the model, we
provide the operating plan for each building and the optimal day—ahead bidding strategy for the building cluster., Additionally,
we analyze the impact of electric vehicle (EV ) energy sharing on day—ahead bidding.The results show that leveraging the mobile
energy storage characteristics of EVs under power sharing can effectively reduce the number of power purchase bids in the
building group during periods of high electricity prices.Furthermore, it can increase the number of electricity sales bids during
these times , which can reduce the total operating cost of the agents of the integrated energy building group by 13.09%.

Keywords: electric energy sharing ; integrated energy buildings ; day—ahead bidding strategy ; electric vehicles ; mobile storage
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