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Research on Heterogeneous Flexible LLoad Mode Considering

Spatiotemporal Distribution Characteristics
WEN Zhipeng' ,SONG Xianjin'"", YANG Bing
(1.School of Electric Power and Architecture , Shanxi University, Taiyuan 030006, China;
2.State Grid Beijing Electric Power Company , Beijing 100031, China)

Abstract: Load prediction and modal analysis of flexible load are important contents of building a renewable energy power
system. In this paper, the load of building air conditioning and electric vehicle is taken as the research object, and a
spatiotemporal distribution prediction model of heterogeneous flexible loads considering different spatiotemporal characteristics
is proposed , and the heterogeneous flexible load mode is analyzed.Firstly , based on the operation mode of load aggregators , a
hierarchical physical architecture of a high—proportion renewable energy power system is constructed.Secondly, combined with
the concept of travel chain, the spatiotemporal states of heterogeneous flexible load is established , the heterogeneous flexible
load and its influencing factors are modeled and studied, and the load change curve is calculated by Monte Carlo method.
Finally, the transportation network diagram is established based on the actual data of a specific city , and the simulation and
calculation of heterogeneous flexible loads under different conditions are realized. The results show that the ambient
temperature has a great influence on its load mode , and the heterogeneous flexible loads in winter and summer show obvious
complementary characteristics. Heterogeneous flexible loads vary significantly across different charging areas, and electric
vehicles show much higher regulation potential than building air conditioners. Users exhibit conservative charging behavior,
which can better smooth out the fluctuation of heterogeneous flexible load charging load.

Keywords: heterogeneous flexible loads ;travel chains ; spatiotemporal distribution characteristics ;load mode ; monte carlo
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Table 6 Parameters of electric vehicles

S8 MBI AR 4Bl AL B A A A
TUE LI 2 5 /kWh 40~75 324
socC |-FR 0.8 1
SoC kR 0.3 0.3
PRI AW 60/100/120 120
15 T W 7 20
FEHLRCE 0.95 0.95
A AR AW 0.1/0.12/0.14 1
AR SOC IR 0.7~0.9 1
R 05:30—06:30
L A km 13~17

R7 EHRZTEBY
Table 7 Building air conditioning parameters

ZH S B DINN T
B/ (W) N(3,0.32)  N(3,0.3%)  N(5.1,0.5%)
PZJ/(C-m?) N(690,10%)  N(690,10%)  N(2 600,30?)
U A kW 2.2~4.5 3~5 7.1~17
S PEBOE IR/ C () 24~28 24-~28 20~23
25 PRI E IR BE/C(4) 18~24 18~22

43 HBIHRESEHRATRAREES

1) B BIR G A i

TE L SR T AR AL IS BT, AR R 2=
(14 L Bl 754 7 L B A A S AR AL R S AR 0L, LR BK 2
RBIEA TR, WA 11 R

R I PR N TR T o e B B
AT, EEEFA P, ——RRREH LT
FE T AR SR SR B) I R AT Fe L R B L Bl
2 32 7 I B] A8 1G 0 K 2 7 Ha it F A A PR B
AR 22 1) A 28 B BRAE AR BB 2 AT R S b 2
VERR R I A L AR 2 | B far (B

2) FE SR AT PR B faT RS

M T &S B, R s A ST
Ja TR R A R S R R A



5552 % (AE 33210 LWt e e AL 2025445 7 1]
12 47
3,
2 7
2 2 2
L =
1_
0 1 I n
00:00 0400 0800 1200 1600 20:00 2400 0000 Gkne 0800 1209 LoD 20:00 2500
ik 2] 2l
() AKEBHAEAH () L F 2R 1
4_
3,
> E
- (=]
2 = 27
= #
ﬁ
1,
O o0 0100 0800 1200 1600 3000 3400 00:00 0400 03:00 1200 16:00 20:00 2400
: : w1200 16 : : pops
OECEEETERY TS ()L F=HAH2
B ERFHHRE RS B
Fig.11 Load modes of electric vehicles in spring and autumn
> 10}
AT P RS nE 12 FR o o
Bl 12 (a) AP 12 (b) 2y B 22 3 4 , 7 U485 %
= L
SR, BT I A 0 A K 4t B — B P A 0 o )
{8, 23 547 T 12:00—13:00 5 18:30—19:30, [&] = /=

12(b) MHELE 12(a) T &, 75 12:00—13: 00 Ff- oK H
P rh— S XTSI A W, 32 2 R R Dy 3 AR
JE s PH e R AR . /] 12(b) i AR [
FAF I 25 W, 28 9] 15 2 b BE AN AR T 2 P et B, il
7523 VA LA 2 Ty Feazs 47 1 B ) AR e s L 4 AR S
IHREBAT . X FHOZ ML — g X N
S

[l 12(c) & gt fap , 67 ey il Sl (. — M i
PAE 07:30—08:30, F 22 I ARETTJE 25 R B[] 52
Wi o 32 T R 2 AN B I, () s 08 ) 44 R
B /N TR BERLEL , BRI R A G
25 PR B far SR T B TR 08: 00 A2 A7 I K 7L At
U

10

O " —
00:00 04:00 08:00 12:00 16:00 20:00 24:00
2]

() &F A R 47
E12 EE£FEFTFREFTERS
Fig.12 Load modes of building air conditioning in

summer and winter

PNER N AP NS el = & N ] )
NiwRAIE, HE AN AamS 2 8 h
HA S 1 HAME R
4.4 AEIRMEF T FH MG L

DA gl e i th 284k

L AR P AT BE AL S L HL S R R



MG , 55 - 2% B 28 A R ) S A A T A R S

Y

>

50% i, 7EAS 6] 2215 TAE B fomer fl 26 an i 13 fr
o EIHHERKZ H I BESE 2024 4F 10 A 15 H 00:00
210 H 22 H 00:00; 5 2= H #2024 7 H 5 H
00:00 & 7 H 12 H 00:00; 4 2= H {3 £¢ 2024 4 1
H 22 H00:00% 1H 29 H 00:00,

— AN S K R
—HHE

FEHLIIR/100KkW
= = N [N
= (9. e § W

e
n

0 12 24 36 48 60 72 84 96 108 120
M Hl/h
E13 AEI{EH TRINEFETBATE
Fig.13 Charging load of EV under different working days

M 13 FTLLE Y FE 5 R BN S5 S B
SRR AW LT R 1) 7 SR 205 8% . HL B
o I IA) B HE RS | 78 v A0 far 75 R A 25 8O . 78 AR
H2E 5 R, WA T 1) 22 5 0 s b 412% GESE T A4E
HL B PR AR T 2 R 5 SR L ) S B

R AR P P A ] 2295 R FL 30 94 70 FL A7 1 X
Lo, 4 A2 i & 2 0 e i T i SR oK, AR 2R T
K/ XIEMTHEKEREE, HP L
T I 23 TR RN A 2R AR IR B R R Al
FHBR R RERE R = K -

2)AN[FFE LR LS SR e it 4B 1k

M VR FH P ) 78 AR B AN TR B L B 9R
a7 2 2 TAE H iy o far th & an 18l 14 R, HE 2
HIZER 5K 13 —5,

o & 14 7T DVE B SR AT IR SF SR,
TAEHS 5 RIWEZFEH AN 1140.54 GW, HLFIA
EFATRENL TS T, B fe A 1 480.21 GW, K
PRSFFEH G T 29.39% ; W R I 6] Hy 1841 725 Ky
08:23 ; W {E 171 faf 11 621.42 MW B4 5] 1 826.55 MW,
HAK T 193.93%,

BT LA P B 70 F A G 2 13 728 W () i) 5 0
ot o 2 P B f [a] F 32 8 se s ), A

oG, S AT WA B ) SR £ 0 3l I A

2 — g
— kbl e

2.0
2
4
S 15
= 10
&

0.5 M

0 12 24 36 48 60 72 84 96 108 120
i Hl/h
E14 AEFEEREFTENRERERL
Fig.14 Charging load of EV under different charging
preferences

3) AR I BE DIk S SR 1 1 4y A AN ]
TR SR SR SO RO AN 8 Pk . R PER
Ja B DXRA G A B i RO T, At D) B DX Ak ) L
P ain [ L RIERS

*8 AETRRMEMATHE
Table 8 Number of heterogeneous flexible loads at
different nodes

YIfgIx W REEA AT SRS
2 20 000 800 15 000
JEERIX
5 16 000 0 18 000
Tolkx 1 0 8 000
14 0 14 000
il X
56 1000 16 000
TR ARAR IR X 4 0 0

DL ZE R 451, A [) g i DX 3 149350 4 1 o —
KIS 7 I S DL 15 B .

& 15 2 AN [R5 50T By e L B fer H S AR B, %
AN TR Ty B DXl A 1 T 7, A4S A9 S5 ) 28 1 1 A
2 B ARl 1 RE i, FE R AL S AR S 2352 H 78
SRR N O N NN 1 RSB 7 N 28 = R ) BN N 8
PRI R, BT H B 28 2 0y s L AR L A7 fr i
AP RGNS B8 2) SR FF B3l (7
H56),

L DA OUER AT, AT A ] — b X, AR AR

11



%528 (EEE 332 4)

L g ) HA

2025 455 714

SRR FEHL A 2 DX T L A P S PR s 2
S RAF A s PR RO AT I 3% DX 7 2%
WG RS FAR A, UL WL B RA R 4 HAT I o T
S PRI T

e
D

R = R
iy} I ) ]
15 RETRE AR RIER
Fig.15 Load fluctuations of different nodes
5 %it

% I8 ) S AR SR AT A B S A R AR T
— b 2 FEAN [ LIy B S Fg S P 0y T R X T R 2
ST Ty 125, FFAEA ] BT X H A A5 25 4 47 B
FE, W S L AR E AR 258

1) 38 3ok X e P A TR ) Sl 57 S ¥ R A r LAY
W) 0 F) DX A R, A R] DI RE X R 0 7y A7 A ]
22 5, HLAS N A S A e W 2 5 E S YA T I
SALEARARL, 2 ] L Sh 9% oA J i T SR S I Y
P S T RGEREAT BB R n] A X
— R, P SC TR RV ) R B s SR SRS AR
Wt Hw, S I R SRR E N

2) SRR ARG B R AR sZ A
L S R D e R S MRS, PR R i R el
1o 8 2 S B M G A g e ) 399 22, A T3 4
e B B B8 o O TR AT RE DR TE AL UG AR F
P A L2 3 2ok ) 0 i R A5 R R e P Y e
A -, 8 Bl i T PR <1 S R /N R G T A A
22, R HI AR 1P

3) K7 ALl T g I RS R O A R
SR ELANERIE o & AL T S AR A T 1
A FH FEL P ) g B T, TR AR i R R BRI ] 5 7
6]~ BR8], 3 & i 2 5 208 J1 R GEik s
S0 BT LL, L AR G IS S I G A A L e T K

12

M 17 24 T B B 5 w7 s (], 3k 3 (3t 5 - i
1 H Y o

S 3Tk

(1] MRAE 2023 4F [ 4R 30 [ Hy ) IR R5 8 34 RSP [N ] BILH T
#i2,2023-08-07(A07).

(2] oRZL. P EDCARBNBIE S 104507 | 2 FREE — [N BHE H
#i,2023-07-24(001).

(3] ARRA AN, 1555, 45 . SCHE AU H bR i 3T 50 it e & T v

JIBSARRITELS ] P 7, 2023,56(8) 1 17-25.
REN Dawei, HOU Jinming, XIAO Jinyu, et al. Research on
development potential and path of new energy storage supporting
carbon peak and carbon neutrality [J]. Electric Power, 2023, 56
(8):17-25.

(4] TRUF, T 205 1 e d SR i 1) 4377 2 5O 199 £ £k

R[] AL iy 2241, 2022,42(2) 1 92-103.
YU Fengjiao, WANG Dian, LI Runyu.Optimization strategy for grid
connection of distributed generation considering demand side
response| J ].Journal of Northeast Electric Power University , 2022,
42(2):92-103.

(5] FHECIE, A R Be e 0 T B H 1 2R e i A SR 5 i Rz
FE (] BHE YRR, 2022,20(19) :61-64.

TANG Huangzheng, ZHU Zhiwei. Research on the demand and
response of smart grid to modern power system [J]. Science &
Technology Information,2022,20(19) :61-64.

(6] VFARTE . LLIH A XUH Sy R 18 o SR 65 7 i 7 42 o) e [ D 1. b
at AR TR 2, 2020.

[7]  ALIZADEH M,SCAGLIONE A, APPLEBAUM A, et al.Reduced—
order load models for large populations of flexible appliances [J].
IEEE Transactions on Power Systems,2015,30(4) : 1758-1774.

(8] ALMALE, 2% REWE, 5 BTS20 RIK A3 i 3R %

FEHL G N [T ]. #2023, 42(4) 1 18-23.
REN Mingyuan, JIANG Mingjun, SONG Yufeng, et al. Research on
charging load forecasting of urban electric vehicle based on Monte
Carlo method [J]. Electrotechnical Application, 2023, 42 (4) :
18-23.

(9] ZEh, o BT L T AR TR S8 05 0 1) B Sl VA Al

ik e A7 A U v A L) . HBIL S 4R T, 2022, 49(12)
74-80.
LI Nan, MA Hongzhong. Research on electric vehicle ownership
and load prediction method based on comprehensive prediction
model and Monte Carlo [J]. Electric Machines & Control
Application,2022,49(12) : 74-80.

[10] JECEEHE , &7 50, P05, 55 5 18 255K 3 S sl v 2R 4
FEHL Ul Z HAR AT L)) ) R 4P 5 42, 2021,49(5)
67-80.

ZANG Haixiang, SHU Yuxin, FU Yuting, et al. Multi — objective



MG , 55 - 7% B 28 0 A R ) S A A ST R S S

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

planning of an urban electric vehicle charging station considering
multi demand scenarios [ J ].Power System Protection and Control,
2021,49(5) :67-80.

IR BRI, SR S5 L SR TS TR B SRR I I 5 vk
[J]. =ra s 1A, 2024,52(4) : 10-14.

WANG Juan, CHEN Ming, ZHI Gang, et al. Monte Carlo prediction
method for electric vehicle charging loads [J]. Yunnan Electric
Power,2024,52(4):10-14.

B A B T AT AR TR Y L S VR A T L R I s S
TRk AR S UM 2023 ,44(4) 1 62-71.

LI Jiao, YANG Wei. Spatial — temporal forecast method of electric
vehicles charging load considering decision —making of trip path
[J]. Power Capacitor & Reactive Power Compensation, 2023, 44
(4):62-71.

TR, A, E4E TR, 45 3L T MDP FEHLEE AR L 3h 7 e 7
AL ST IR A A BT ] M ) R S8 A Bl fk, 2018, 42(20)
59-66.

ZHANG Qian, WANG Zhong, TAN Weiyu, et al.Spatial —temporal
distribution prediction of charging load for electric vehicle based
on MDP random path simulation [J]. Automation of Electric Power
Systems,2018,42(20) : 59-66.

XUBT 52 , 2 TG, PG b T 2 U5 800 H 394 5 L 00 i 10
L] HUALAE S, 2023(15)  1-5.

LIU Kejia, LI Yumei, SUN Manjing. Electric vehicle charging load
forecasting based on multi—source information [J].Mechanical and
Electrical Information,2023(15) : 1-5.

FMEE A 45 ARPRAE 45 25 0B P A BRI IR (9 R 3R 4 i s
FEREAE L] T HAR A4, 2020,35(7) : 1563-1574.

WU Fuzhang, YANG Jun, LIN Yangjia, et al. Research on
spatiotemporal behavior of electric vehicles considering the users”
bounded rationality [J]. Transactions of China Electrotechnical
Society,2020,35(7):1563-1574.

ZHANG M, BAO Y Q. Voltage control strategy for distribution
network with thermostatically controlled loads equivalent energy
storage model considering minimum—on—off time [ ] ]. International
Journal of Electrical Power & Energy Systems,2021,133:107268.

SONG Y G, CHEN F J, XIA M C, et al. The interactive dispatch
strategy for thermostatically controlled loads based on the source—
load collaborative evolution [J]. Applied Energy, 2022, 309:
118395.

FAG I, FEAR, B, A5 BT SR AU IR 13 1 745 98 97 A R AU A
REBSRIAFSEL) ] FE AR 2017,41(2) :394-401.

WANG Yilan, TONG Yibin, HUANG Mei, et al. Research on
virtual energy storage model of air conditioning loads based on
demand response [J]. Power System Technology, 2017, 41 (2) :
394-401.

SRIETR , W, W15 , A5 R T vl e s 8 1 0L RE AR 1 3]

[20]

VEESREME I FEL ) ) o I TR B, 2022,24( 4 ) :42-46.

GUO Xuxin, GAO Ciwei, WANG Chaoliang , et al.Peak adjustment
strategy based on central air conditioning virtual energy storage
model[ J ].Power Demand Side Management ,2022 ,24( 4 ) :42-46.
TEA 1005 BRI 45 25 55 M SO B8 M 1) 22 1 07 A D 4
MEEPERE I | AR AR ,2021,43(9 ) :37-45.

WANG Xiyue, XU Jian, LIAO Siyang, et al. Flexible load
regulation margin evaluation method considering virtual energy
storage characteristics [ J . Huadian Technology, 2021, 43 (9) :
37-45.

FC ST S 5, AR T M S O I 1 H Bl R A AR A
AT L AR (], B ) RGP S 1], 2024,52(19)
47-59.

HUANG Bo, HU bo, XIE Kaigui, et al. Electric vehicle path
planning and charging navigation strategies considering the impact
of traffic accidents[J].Power System Protection and Control ,2024,
52(19):47-59.

A TR R R 22 D2 RIREE I AN TR il
AT PMV 1 PPD 45 4505 Jo 3 BAGET 20 1 D X AT 3 1A T 0 B
5 5 i % GB/T 18049—2017[S]. db 5t - v [ b ofi H AL
2017.

(23] 4 E 4 BBTRR EAL PR 72 0123 SR (R RN SR B F0BH
FIE PR B TT3 0775 - GBIT 20311—2021[S ] AL 5T op [ A e
AL, 2021,

[24] f5—Ht. 2R HA RCRES S5 TN HY K LA ARG o 1 i
FHZHTID ). Rifg: R K2, 2022.

(251 & SC# b T7 3 X 2 2 50 A Fl 5 AR 13 AF 9 (D 1. Ok
FH - Dk FHEE S A%, 2020.

(26] e )R E 57 A & #10 . ROF  SUA T3 R
GB 50176—2016[S].4b5%: pr [ A5 Tl th hidt:, 2017.

(27] AR, ARF, BRug . 55 . Zbm A L@ S0 s BT iR )
GB50189—2015[J]. 5 FHE ,2018(16) :39-45.

XU Wei, ZOU Yu, CHEN Xi, et al. National standard “design
standard for energy efficiency of public building” GB50189—2015
[J].Construction Science and Technology,2018(16) :39-45.

(28] i EILAE Tl AR b2 U Tl B ST R . GB
50681—2011[S]. b5t tfr -l i fiet:, 2012,

%5 B #A:2024-07-18

&[5 A #7:2024-12-20

YEHE BT

TS (1998) , 5, To2p i, =SS 05 [0 b 3 vl Jp fgep

RN H 5

K EH(1971) , BEEF (3105237094@qq.com) , B, T2 -,

R, g L T e SRR FITC S RE 14 i S TS 5

W vk(1987) U3, T2 0 T AR, AT 5 Lo 49 ] A4 g

TRE ) R GER NI AR

(wiE% . £4545)

13



WLE & YA
o552 (M 3324) SHANDONG ELECTRIC POWER 2025 4F 45 71

DOI:10.20097/j.cnki.issn1007-9904.2025.07.002

He TR EE Bt PESAIE BA E FLE ) ZADE L)
(kR VRJEE )7 ik

T ORL,AER, KA
(B R G b ARG & ARl 5N E] L #=%  222000)

FEE JKE AL X AW BT RE ™ 5 A 2O IR R L T 28R & R RRIR 45 14 i o (8 2H R 3 , e TR b ik TR S £ T
W B IR, BRSSO FARSE SR B L K SE PR TR RE K L 3w & RHOC—VE RS F T BERICR: iR A i e (i [l A,
THTE S Wb DOG-TH ) IR B G S AT/ K, 108, 4 TR IR R e 8 ) A8, e TS RE IR R e
GO & B RGBSR % S R ML IX TR SRR IR R Ge HOGIRPLE 1 ) 19 2 B A E M, @ v o -R se iRk hg
FARAH B P A s 5 O —VE R AL T RIS AT AR, DL H FI R B S A 48 R T R EE A 1 TR I AR B (deep
deterministic policy gradient, DDPG ) 3312 (¥ T B B AR A I8 B2 7 vk, LA SO0 H ) (AR A7 AR A BE AR e /N A Ak B b
Xt & A M IX OG-8 KRS LT o i 20 A OGRSl ST B R 7 RIEATE IE . Il B A R e A 320618
REAPLH, )RR IR 5 v 1 G B R RO

SRR AR B s VR G AU B SR gl s 2 OB o

HESES: TMT3 ERARAERT: A M EHS :1007-9904(2025)07-0014-13

Low-carbon Dispatching Method for Rural PV-biogas Virtual Power

Plant Based on the Deep Deterministic Policy Gradient Algorithm

WANG Chen*,SUN Zhefu,ZHANG Ziwei
(State Grid Lianyungang Power Supply Company , Lianyungang 222000, China)

Abstract : The biomass energy production and distributed photovoltaic (PV ) power generation in rural areas of China have
emerged as vital components of the rural energy structure. How to develop rural biomass resources according to local
conditions , closely fit the natural conditions , resource endowments , and actual energy needs of rural areas, and improve the
energy efficiency of rural PV—=biogas coupling utilization is an urgent problem to be solved.In this paper, firstly, the dynamic
quantitative modeling of biogas energy system is carried out, a dynamic model of biogas energy system coupled with
distributed PV power generation system is established based on improving the low—carbon economic operation demand of PV—
biogas virtual power plant in rural areas.Considering the multiple uncertainties of biogas energy system and photovoltaic unit
output in rural areas, an uncertainty set is established for PV—=biogas energy supply entities.Furthermore , considering the low—
carbon operation cost of the PV-biogas virtual power plant, based on the day—ahead scheduling, a data—driven real-time
scheduling method based on the deep deterministic policy gradient ( DDPG ) algorithm is proposed. With the minimum low—
carbon operation cost and scheduling cost of the virtual power plant as the optimization goal , the centralized and distributed
PV and biogas resources in the PV-biogas virtual power plant in rural areas are integrated. Finally, the rationality and
effectiveness of the proposed low—carbon scheduling method for PV-biogas virtual power plant are verified by the example
results.

Keywords:low carbon scheduling; PV-biogas coupling; virtual power plant; data—driven; multiple uncertainties
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Multi—-objective Demand Response Scheduling Strategy for Electric

Vehicles in V2G Mode
LIU Yang'2,YU Haidong!->*, LIU Wenbin'-2, WEN Xiangyu'-?, LIU Minglin?
(1.State Grid Shandong Electric Power Research Institute, Jinan 250003, China;
2.Shandong Smart Grid Technology Innovation Center, Jinan 250003, China;
3.State Grid Shandong Electric Power Company , Jinan 250001, China)

Abstract: China’ s electric vehicle ownership is rapidly increasing yearly , and urban distribution network operations face new
challenges and development opportunities. To give full play to the better controllability and flexible energy storage
characteristics of electric vehicles and to improve the optimization efficiency of electric vehicle-assisted distribution grid
operation , the electric vehicle—to—grid (V2G) operation taken as the research object and a multi—objective optimization
dispatch strategy under the V2G mode has been proposed. Firstly, based on the electrical operation characteristics of EVs,
energy storage devices, rooftop PVs, and equipment state constraints, the V2G optimization operation model contains multiple
operation subjects.Second , the multi-objective V2G optimization decision—making method is proposed based on the operation
mode , and the hierarchical analysis method is used to quantify the objective focus of the multi-objective optimization
scheduling to achieve the flexible balance between the different demand response objectives of “economic focus” and
“response focus.” Finally, CPLEX is used to simulate the case, and the comparison results show that the multi-objective
optimal scheduling strategy proposed in this paper can realize the multi—objective optimal scheduling of EVs and optimize the
performance of the operation area under different target—oriented scheduling modes.

Keywords:electric vehicle; V2G; demand response; multi—objective optimization
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Simulation Analysis of the Interaction of Flexible HVDC Transmission

Lines Erected on Same Tower Under Lightning Conditions
CHEN Rui!,ZHENG Shaoming?, LIU Bo'",DONG Peng?, HUANG Tianxiao'
(1.Electric Power Science Research Institute of State Grid Jibei Electric Power Co., Ltd.( North China Electric Power Research
Institute Co.,Ltd.) , Beijing 100045, China; 2.North China Branch of State Grid Corporation of China, Beijing 100053, China)

Abstract: In this paper, the interaction between the lines on the same tower and the propagation characteristics of lightning
traveling waves when they encounter the lines on the same tower are analyzed , and the lightning strike on the positive pole of
Fuyan line of Zhangbei Flexible HVDC Transmission Project is simulated. By comparing the simulation with the actual
waveform , the characteristics of the positive electrode voltage and current waveform on each side of Fuyan line and Zhongyan
line and the characteristics of lightning wave propagation are analyzed.The results showed that when the lightning current hit
the Fuyan line , the lightning wave propagates to both sides of the Fuyan line , and induced lightning wave is generated on the
Zhongyan line due to electromagnetic coupling, which propagates to both sides of the Fuyan line. Moreover, the travelling
waves of different modulus incident on both sides of the line demarcation point will cross refract at the demarcation point,
which causes the difference of induced lightning waves in two sides of the Zhongyan line.After that, both the lightning wave
and the induced lightning wave are refracted and reflected at the converter station.The combined action of the above factors
will cause the disturbance of the line voltage and current in the normal operation on the same tower, and can cause traveling
wave protection action.This research have reference significance for the prevention measures when facing lightning strike on
DC lines on the same tower and the setting of the relay protection logic of the DC line traveling wave relay protection device.

Keywords: lightning strike ; flexible high voltage direct current; transmission lines erected on same tower; traveling wave
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Seamless Switching Method Between Grid-forming and

Grid—following Control for MMC-HVDC Converter Stations

SUN Kongming'2, LI Kuan'2, FENG Yiwen?,ZHANG Yuanshi®"
(1.State Grid Shandong Electric Power Research Institute , Jinan 250003, China;
2.Shandong Smart Grid Technology Innovation Center, Jinan 250101, China;
3.Southeast University , Nanjing 210096, China )

Abstract : The establishment of the dual-carbon goal has promoted the rapid development of renewable energies.The access of
large—scale power electronic equipment makes the power grid present a low inertia characteristic. Flexible DC transmission
systems based on the modular multilevel converter (MMC) can provide inertia support for the new energy system by using
virtual synchronous generator (VSG) control to simulate the mechanical characteristics of synchronous generators in the
scenario of connecting to a weak grid.This can provide inertia support for the new energy system.To satisfy different working
conditions , the converter station needs to switch between two control modes , including grid—forming control and grid—following
control.In this paper, a seamless switching technique between grid—forming and grid—following control is proposed for MMC-
HVDC converter stations. Without modifying the inner—loop current control, a unified outer-loop reference current is
constructed for both control modes , ensuring continuity of the output voltage ’ s phase angle and amplitude during the switching
process. Simulation results show that the proposed seamless switching technique can effectively reduce the impact on the
system caused by the control switching process.

Keywords: grid—forming ; grid—following ; virtual synchronous generator; HVDC; modular multilevel converter

EETWA - [H W 1L A48 i 12w L IR AT B A AT AT H X o
HREIRIF RA9E B AR, TS SRR H (Y -2024-02) 0 38
Independent Research and Development Project of State Grid Shandong

Electric Power Research Institute “Research Project on Active Support *ﬁﬁ%’f@%@ﬂyﬁf}ﬁ%ﬁ(modular multilevel converter
Control Technology for Flexible DC Inverter Stations in Response to the ’

Grid—connection of New Energy” (ZY-2024-02). MMC )'f/ﬁy\jgﬁ%ﬁ E"J EE;jJ EE%%E s j&ﬁzﬂéﬁ_‘%—ﬁ

44



PNFLIT, 55 < T ) MMC—HVDC 4837t 3k A o0 72 A1 2 g 72042 1] JC 4% D) Fo AR

=R zEh (high voltage direct current, HVDC) &4+
B3 T M. MMC-HVDC AMUTE g 1L 5 ik
R R G e M I ) R P S TR B
I ELAE KRR AT PEAE RR UG HE A KIE if IC L 4
W SN R R R . 5%
HVDC R4 Mt ,MMC-HVDC &4 i KA R A2 R
AWl T IRBUR A , I H I A Y 3 A
A A I B G N T 22 DRV AST U L A
RIBHTRE IR A G , H D58 B AR 55, Jo % L 7%
R, BB/ X R G0 RO R S8, S R
R TR, — g T 3 A 2 0 R AH LD 6 e S5 1R A R
P10 7R G0 0 5 B B R R R TR 3 v A B A
FERETIU . SR, Z 0L A 2O I DR R R
PR b i 3 232 A0 ot A S 4t R R 3R 1 S 4
BN T I 50 . MMC-HVDC 4 it il
D] 32 B2y H ) F T AR AR ik e 2 LA R
) BV VAE = IS DA RSB R g 2 U B B i G
AR, O, MMC-HVDC 2 G0 75 0 3% 5 4%
D5 T AR o — LR O S R AR 4 22 e i P
FIT R 3, RERMERE R R RS . XFARRRE
PE T AR 5 B0 MR R, L | & ™ Y R
feel I, 7E MMC-HVDC % 48 1935 47 fk i
SRR A G S R e Y DIVAT R A B S W £
MMC-HVDC & 4 45 il 75 % 3 2% 5 T 80 36
(phase locked loop, PLL) ¥ il J5 1% o %07 il i
RAR T W AR A L, EAT AR AR AR 4, DL S XF
gt PRI P L AT K B A DD R A TC T )R 1
PEAY H B o PR, 8 37 3l ok o 52 B0 R 9 R A R
S B AL 55 H P A5 e S A AR T R A
il o A4 X TR 45 ] TSI B L DX AR R L 1 S X
A5 B R VR R4, T FLAE AC I 2R 0 e I e )
FEOLT PR A H 0 2Fe S BT FE P B e S 372
it e RGN TOU R W8 1775 2R, e b
e B A AR [0 TR ) R R Do AR 4 ) 2 TR HE AT D) 46 BR
IR 254 1) [ 250 ol BECER AN P 1 BT s o HEL R )50 55 2
S P A R e L BT AR G A S L
LT 38 A BRI B 4 T 2R G A AR A O
TE A A B AR ST 3 A v e I R X
HIR i P2 R U . SOk 21 182 T 7801
o A X v SR P SR PR AR o T A A ST a4 AR e )
KR R R Pl o SCRR[ 22 TR N T — AR ER i

A LAE AR AR A5 5 B B0 T, S BG4 Ul
SCHRL23 T 2 1 P A 2 Al A5 oA 3 A v i A o
P OR AR ) 25 LS B I ) 2 o) 320 g o0 42 il 14
U SR R AP A AR X L R AT RN 0,
SCHR[24 JHR T — % S8 5 EE PR 190 A2 8 e XU
s frail, i R I B ORI . 25 1
Jirik , AT TS 9 A R s 1 U i 3 2 X
PIC FEL O A 8 8, R DL X 6 T MMLC 2% A5 I ol 14 R
o T IR ) 2R s o 4G R 95 o

ML e LA
ok
[2E7N
EE'/‘“\'
kE H U f\)
(a) B ) A 42 4
FL T HL T GENL
i
FHAT
A .
£ F @

(b) 4 9 2 4 41
1 ER ) BY A0 A4 ) BY i ) SR 3B
Fig.1 Principles of grid—following and gird—forming control

itk LR IR, ARSCHR T — Rl MMC-HVDC
0037 vt g o TR B R TR 47 o] O S DI B, Ay
I AU 4 i) >R FH K L [R] 2P Bl (virtual synchronous
generator, VSG) Bl J7 1% o 7 A 20728 PN B0 H U 4
1 B T4 T G Aok ) A o 78 R R o 4 ) 5 — 0
HNIRZ 25 H T, PRI A i PR TR D4 R )
FA R AR Y 2L

1 MMCIE1T/RIE

MMC RN 2 s , N o TR AN %0, MMC
FI8 S P S A PAY 0 L BAE 20 R SN
L= 0y ™ iy (1)

45



5528 (B4 3324)

L g ) HA

2025 455 714

Lo, = o ; . = % + 1, (2)
A BB B TR (sub—module , SM) ¥ 5
MBS TN L 5 4, i, R A b AR FL O
Ly H MMC N BB R 5 4., 0 MMC PR 54, A 1 300

ERTTS
= [ ] T
+c[sma|  [smi],[sma]—
[ : i K4

Vo2 == 7 Nsm|  [sM] s \K} T

Vo2 == 4 [sm1] [sm1] [$m]]
| T L

ISMN| [SMN] [sMA]
| [ |

B2 MMC#H$h
Fig.2 Topology of MMC

MMC $2F ARy

Vv, di,,
2 e b

di
Ri. + L— - (3
dt + Lj+ o +vj ( )

" dl’l . di;
o e L. W —L 4 Ryinn, — Ri, — Ld—f -v, (4)

A e S ) AR 55V, A BN FE s LT R 4350 R
A2 i N F SRR L B 5 0, Ry S U L 5 L, SR PR
B R, AN B 50, Fl,, 5390 BT B
HLE, AT DA B H B 2 H F o, ARITHEXT I A A B

Vupi = SWupii * Ve upii (5)
Vlow,j = St low i Ve ow,ij (6)

- Sy, 5 F1 Sy, low,i,é}rﬂjji?ﬁf’% (IR SIPS
AR s TREHRAY LA HL TR 5 R i U AT SRS
KT 1B L A AR, PSR

B O TR P 50, FT 0,5 709000 B
THVE TR )T
dv, B )
CW = S\“j : lamp/ (7)

i COM LM LA 5 S, WBFE TRIIT SRS 5

46

Ly AL BB R L, 80, 0
K3 (3) (4 70 S H I AIAR DS, 753 21 MMC Y
B R A M AR A, =X (8) A (9) s .

=2l ””+2R (8)

V. —v,...—v, . g
de low.j up g diftj
t

di; ) ] di;
Diwj — Vupj = Lmdﬁ + R,,.1; + 2Ri; + 2LE + 2, (9)

A

HRAEZL(8) A= (9) v LUA5 21 MMC F4) PN 38 A1 b
FREERGER I, AR 3 s . Rt , MMC 3 i 4] B R
B i R T, AT LA R YT e A 3 I E S A P
CERT TR

HIM  opep, 2w  MMCHIEHE

Laitt)

(a) ALFAN 4 2 & 2%

WM 2R+Rum 2UtLum  MMCHHE LI

(b) B 2k &%
B3 MMCE3mEE
Fig.3 Equivalent circuits of MMC

2 EMESIIES

45 MMC-HVDC £ 45 (4 3 o 32 5k 3L T
SRR B A B I TR A S . BRI I A BT RE TR R
FURBLEE A TE 55 HL W RS2 4T T T s B4 i sl 0
H, X B AR F R R 48 S SR R T R 4L R 20 ML Y
D) TR 45 i) ik e R 3 — [ R A ST B
2.1 SER-FIhEH

SR E AL & LA IE 17 R, [ MMC-HVDC
FR OGP HE R RS A R FULIR) 2D ML 3 T [R5 AL



PNFLIT, 55 < T ) MMC—HVDC 4837t 3k A o0 72 A1 2 g 72042 1] JC 4% D) Fo AR

BUBRAEAE D7 R A0 R R PA 7 AR O e e Y

dw
Tm_Tc_D(w_wO) Jf

di (10)
o _
dt

e T, AU 36 5 T, O O REHE 36 5 o S [A) 25 Bl
) FA TR s w, R 3R GE I BUE FA0R 5 0 o8 [R5 ALY
MLk A B 5 J i sh it & s D e R %L, 7E VSG
L R D A RTS8, R T AT LR R S
Bt s, M DRI RGN, 5
B,

MG VSG B3z il JFHE, A SRR i 2k X0
P P

n . dw
;U_E_D(w_wO):JE (11)
K P, R FE AU A D)3 HE VSG 5 il # rh 45 &L
A NS AP, P oA R 23
VSG A FEAR BN 4 Fr s, Hodos IR 4% o
VSG L T R L % 71z sl 7 &, fl VSG AT B

UL AR H 5

4 VSGH#EHIRE
Fig.4 Principles of VSG control

FE VSG R SE Rl T, A Ty R R (1 T 1

Pl T 15
P,=P, +k (0w, - w) (12)

o ok, AR R

BOR AN DY) R0 T 4 g S s, 458
TR G0 R SRS BT YR S,
A DLSUAR 2255 00 Dy, AT IR R e i AR
¥X2)m e ARAK (D) 3]

o + . Pm
@ Pret

5 MER-FINTEHEH
Fig.5 Droop control of frequency—active power

(e el (1)
DAL, AR N il s, X (13) 5k
BT RGN E AL
2.2 HBE-ZIEH
Sk S PR AR R A B R R T AE L VSG il i #5
FA, R — TG 1) Dy 3 4 i) AR A48 ] 28 WL I Il 1 R ¢
3 P ) MMC 9 52 0 i R 45 T R e i L
FTCINTR . W ATCI S50 T E42 60
k,(Q.u— Q) (14)
Krpok, A TCTT REL Qo MMC T T 55 %
{H ; Q 2 MMC 5210 g 2y B #4685 AU, S Te B 45 il i
B,
VSG [A] i H 25 415 22 3t v 0 B R A 19 D) g
E SCHL R IR Rk, Ho g
AU, =k, (U,... - U,) (15)
KU, HHHEEIEES%E; U, A8 R
AU, by o W (B 1l ) 2
RPE(14) F (15), VSC IS HHLE N
U,=U, +AU, + AU,
=U, +k(Qu—-Q)+k (U~ U.,)
Kb U, AT FETI R U, B
VSG HL R FICE D ZE B 4548 An 18] 6 B 7, %
P FRBERE A Y R AR TC T U, XRE S S S
LM

(16)

E6 EBE-TIEH

Fig.6 Control of voltage—reactive power

3 ) FnER P 4% H R Y]

Y Y (O 25 = o2 T e 1= R o AN A 2
T A LA B H 2 R T A ) A TR AE 181 dn 1A 7
Jrs o ST M) L AR B D1 R S A TR .
P 5 MMC (068, N IR I 1942 6 5 Ap 2 5 2 S
FN , — B 0, MMC T A5 b 25 f, s 10) SF i

47



5528 (B4 3324)

L g ) HA

2025455 7 HH

— e o HE Y Y 5 3 AR A A L A ORI A
Xof IO B I SRR

A

G
IO
\

I
SRS | = | IR B

Ff e e

B7 MMCEZ&R#EH
Fig.7 Basic control of MMC

MMC 1 31 ) 2 42 i G ] 8 s, He v 7 3y g o
AT DATE e O P A Bt n e i AR
LU E P MG RS AT 193] dg Wi i i 2%
{6, 435938 3 P EE 49 B 43( proportional integral , PI)
PEH P52 dg Bl MMC 2% L, P28 0 39 Park 7%
e n] 15 MMC S 2 i s . 1,0 3 508 dg %
WLV, U, U, 53530 R dg Sl i s L1, T 5300 R dg
WS, U, AU, 505008 dg S R v, o8
Pl g RV N BRI S S (E

TG 5% U] 4 125 1 a1 9 Fir s, A4y o A 42 o ok

MMC

VSG, Horfr VSG i)t A 55 A D4 1l 45 i 3 AH £ 0
JC Yy ] e i P S (L, 30 5 T 5K eR B IS
I He , 280 WG4 PLAES ] 2 28 B dag A b5 N 1 2% 1,
Tibo T ER ) HUE ] AH AR el PLL B E , DU 6 1% A
LRI L 28 dg B4 5 856 A DS R Te 2 3
MZZE TR IR RS H R O 1 0y, 73
I31) DAy Ay o) 2R R ) A2 ) ) R AR A LT, s R T, g 73
S A R T B 1) dg 5228 B LT, R, i, 2011
R PO TR 42 ) g 275 LR

) PR 154 ] 7] 45 3] 8 I A6 92 T Bk, g o A 4
Tl A SRR A A A R P B A ) R A D S
EPRFEAAE i, Fl i, B2 (B D45 2]y B 1) 42 o
JE o 4 R AR A D) 48 0 4 ) AU 4R R, PLL I B
IR R 73 VE Ay e ) 2545 T R £ 19 00 B L T 2 1) 28
A I P PO 0 e, (LA g g ) 2524 o) e, s et (L
IS A8 0, M, 1S5 (EU) 45 3 h R o 2042 ) 1
o 1, i, S5 (K A H U N PR A% b SR TR
— AN HL R . RS 28 MMC N ER I 285
B E RV S S, 8 1 bk vk g8 BE U8 ) (pulse width
modulation , PWM )ffi &€ TF K55 .

4 {HEWIE

MMC-HVDC P 5 38 28 48 an /& 10 prs o i
sl 3 ) 3 42 T i 400 KV RS i HL I, B AR GE R
F+290 kV, ARPETIHRFE S K 10 F A~ MMC 1Y 42

- kﬁ!iﬁi{?ﬁi)ﬂﬂ% v

:

TFRAF >

UsnPeit U O
2 3
Va e Ua ¥ Uikl
> Vo —> aq U,
Ve q >
1
L, Iy abc ]'l
b —> 4
i dq ——»

Ui Pet-Uy Qret
Ui+U;

ag PWM

Ver | MMC | | ]
P M

abc

8 MMC ER [ B4z )
Fig.8 MMC grid—following control

48



FINFLBA , 25 . 181 ) MMC—HYV DC 5 37t 3 44 D) 760 R B2 o) 760 2 o) o4 D s AR

Fa AL il (VS G) xR wE
e S~ =
Udrcl‘ Id,GFM
=2 PHA i [——
abc Ui
PR dq CERAES ol
A
1,
ﬁ B PIEE ] [
; U,
EILGIEN !
PWM
| Vet MMC
B e/ \V\
Us
VaVpVe—plabC/” H-1p
' i PLL O Ocr. = /dq ﬂ» Ui Prett Uy Ores
WA 1E T T
1 Ui +Uq
livic »{abe/”
Ocr. —» /dq >

U Bk URO

Ui+U;

9 MMC T4 1#d= )
Fig.9 Seamless switching of MMC control

Ui DA IR i, A SR A2 S o e SR T RE LU L
E TC I T ApE ], A e ) SR FH R o 28 7D e ) 7 47
il MK RGNS BANER 1 Fs , LA A2 0 7
I A IR IETT 18]

e

i
ELL

MMC

10 MMC-HVDC Uit &4t
Fig.10 MMC—-HVDC test system

x®1 RESH
Table 1 Parameter of the system
ZH Bl
B 7B 50
TR 2 /mF 1
i 8% /mH 4.9
BT A D)MW 1000
HIUE — N2 L R/ V 400
AN L kY 320
WUE I/ He 50
L AUE UV +290

N5 ICEEVIARE T 7R R EE , AR I o8 D)
PR B 07 AR AN 11 BRI — T IR A7 e
SR T4 ], A5 3 s BRI U 31 b I TR e T
AR TCEE VI ez il , 28 GEAe 1 il D) R i Bk 18], A
NIIFRRMRETE , W5 DE T BRI A BEh, X 3%
S TV ) Ry o0 47 ) 0 AR B A T IS o

AL HL L/pu
= ) o ]
[T SENCN

0
-0.2 : : ‘ : ‘ : !
24 26 28 30 32 34 36 38
Fifa)/s
1.3
g_ 12
_1'4
]_E] 1.1 SN
b S
o 1.0
09 L L L L L L
2.6 2.8 3.0 32 3.4 3.6
Fifa)/s
(b) AR s E

49



2524 (R 3324)

L g ) HA

2025455 7 HH

50

2.96 2.98 3.00 3.02 3.04 3.06 3.08 3.103.12
] /s

(¢) iAW &

AL HL L/ pu

295300 305 310 315 320 325 330 335 340

1] /s
(AN
107
205
R 0

0.5
28 29 30 31 32 33 34 35 36

5 [R)/s
() A A RS %
2y ocontassARTERER
RECIEY) 3.1H¢IEJ/53.2 "33 34
(DA B iR
B
% JI(‘»I',I/I
3.0 3':1512@]/315 320 325
() B =
§12 ﬁww
w i
r wm g
H" %929 30 31 32 33 34
(h)"f‘ﬁ&%ii;%li

11 RR A MMC ER %) B -4 [ BY 1] 42 o
Fig.11 Without seamless switching from
GFL to GFM control

MMC F 37 vty DA o 784 42 o 7] 45 30 B2 14 75 47 il
AN P 12 o o Pl B Ui B 0 7E 3 s I

N 9 T4 ) 2 7l R ) 4

B 12 g Rk

A MIMLC. 488 37 30t 52 B 1 DA o0 784 1) 52 ) 54 () JC 4 )
o, AR RGE R b BRAIE T D R A 2

A2 L/ pu L HL e /pu BERIGER ot

AL L L/ pu

1.01
0.5
0 L ]
2.95 3.00 3.05
Fif ) /s
(a) AL WA
12¢
1.0
0.8 ' !
2.95 3.00 3.05
EI
(b) A e R
1
0
-1
2.95 3.00 3.05
] /s
0.5
0.5 : i
2.95 3.00 3.05
Fif ) /s
(d) A B iR
1.07
0.5
0
-0.5 !
2.95 3.00 3.05
Fif ) /s
(e)H HhAn KT o &
0.6
0.4
0.2
0
-0.2
-0.4
2.95 3.00 .0
Fif ) /s
(D R



PNFLIT, 55 < T ) MMC—HVDC 4837t 3k A o0 72 A1 2 g 72042 1] JC 4% D) Fo AR

200 ""
] \
%; / ‘ /
£, SONANNY
2.95 3.00
1) /s
() & R
21
&‘
1.0
2 | 0
09 : ;
295 3.00 3.05
M IEl/s
(h) TR & 5 -F3 v

12 MMC #3 [ 8- 5R [ B T 45 1] #6%
Fig.12 Seamless switching from GFM to GFL control

MMC 48 3t 3t DA R 19 78 7 4] 1) $66 3] g 1) 2 4
il IR an 13 s o RSB B O AE 3 s I
MCHR 1) TR o] B 7 Bk ) B ] o P13 B 4
W] MMC #8370 3t 52 B 1 DA BRI 28 3810 Ay 194 784 ) G
SEU) M, R R R IR T B R, T AR R K A

1.0
=
&
b
2 0.5
B
i
0 1 ]
295 3.00 3.05
Hifa)/s
(a) AR HIR
1.2
2
B o0
IR
ES
i
0.8 - !
2.95 3.00 3.05
Fifa)/s
(b) A w =
1
=y
&
5 0
B
S
2.95 3.00 3.05
Fifa)/s
(c) iR &

~ 05
S
b
2 0
IS
B
-0.5 ) /
2.95 3.00 3.05
/s
(d) 3R B
1.01
2 0.5
20
-0.5 . !
2.95 3.00 3.05
iEI
(e)H % Fo T3 o &
2
=
=
sr
S
3.00 3.05
1) /s
(D 2R
2 500
i \
=
i /
=
2.95
f[E)/s
() A b &

%
%%

95 3.00 3.05
i) /s

(h)FAESe o B -F ¥ b,
13 MMC BRI B -1 N B T 48 1] ik
Fig.13 Seamless switching from GFL to GFM control

5 ZEFRIE

MMC-HVDC 2 4t 75 3% 2 55 H P ), 8 >k F B
FLIR] 25 BL A ) S s, LAASE L[] 25 & e AL 1) WL R
P, DT R 8 R R R Ge e (A i S . 3 AN TR
() T, 460 i sl 5 2 ) 5 4 il AR B ) 78 92 o R
Fi S X 22 8] 3 AT D0 4 o SO R T — A )

51



%528 (EEE 332 4)

L g ) HA

2025 455 714

MMC-HVDC 46 3 st 14 44 Do) 784 55 212 Do) 754 42 1) I 4% V]
e AR T o AR LR RE P A H I g N AR Y i 4R
T, T G — AN IR S 2 I LA R 15 SE A A A
F S S L) B 1, 0 3 e 0 o 7 42 il 55 = b 4ot
Hh ) HL R I A R A i 2 M. LA R R,
JUT $ 1) TG 48 D) 44 R AR T 5 i et R 4
) it o

£ 3Tk

[1]

52

e R B AL AT SRR BT R BOR i TR R R
JEIEELI]. RS A2k, 2023,47(1) : 1-11.

RAO Hong, ZHOU Yuebin, LI Weiwei, et al. Engineering
application and development prospect of VSC=HVDC transmission
technology [J]. Automation of Electric Power Systems, 2023, 47
(1):1-11.

LT3k, g, A, A . SR B H AR T 10 R ) B A o] O
FR ST ] 1 R 5 A8k, 2023,47(3) : 1-11.

MA Xiuda, LU Yu, TIAN Jie, et al. Key technologies and
challenges of grid - forming control for flexible DC transmission
system [ J ]. Automation of Electric Power Systems, 2023, 47 (3) :
1-11.

ZHONG Q C, WEISS G. Synchronverters: inverters that mimic
synchronous generators [J]. IEEE Transactions on Industrial
Electronics,2011,58(4) : 1259-1267.

CAO Y J,WANG W Y,LI Y, et al.A virtual synchronous generator
control strategy for VSC-MTDC systems [ ] |.IEEE Transactions on
Energy Conversion,2018,33(2):750-761.

GUAN M Y, PAN W L, ZHANG ], et al. Synchronous generator
emulation control strategy for voltage source converter (VSC)
stations [ ] ]. IEEE Transactions on Power Systems, 2015, 30 (6) :
3093-3101.

LEON A E, MAURICIO J M. Virtual synchronous generator for
VSC - HVDC stations with DC voltage control [J]. IEEE
Transactions on Power Systems,2023,38(1):728-738.

WERIE A FRIH ki, 45 VSC-HIVDC Z S i 4 2 5 1 )
PEARAY VSG P M i 3 [ ] v R L TR A4, 2017,
37(2):525-534.

YAO Weizheng, YANG Meijuan, ZHANG Hailong, et al. VSG
control and its modified algorithm for VSC — HVDC inverter
participating grid” s frequency regulation [J]. Proceedings of the
CSEE,2017,37(2):525-534.

WRAEFF, 393, AR, 4 B T 0 VSG ) MMC-MTDC 2 St
ik YA s L) ] FUEAR 2020, 44(4) - 1428-1436.
CHEN Jikai, ZENG Qiang, XIN Yechun, et al.Secondary frequency

regulation control strategy of MMC — MTDC converter based on

[10]

[14]

[15]

improved VSG[J].Power System Technology ,2020,44(4) : 1428—
1436.

HUANG L B,XIN H H, YANG H, et al.Interconnecting very weak
AC systems by multiterminal VSC-HVDC links with a unified
virtual synchronous control [J]. IEEE Journal of Emerging and
Selected Topics in Power Electronics,2018,6(3) :1041-1053.
ZHANG Y S,SHOTORBANI A M, WANG L W, et al. A combined
hierarchical and autonomous DC grid control for proportional
power sharing with minimized voltage variation and transmission
loss[ J |.IEEE Transactions on Power Delivery,2022,37(4):3213-
3224.

ZHANG Y S, WANG L W, LI W.Autonomous DC line power flow
regulation using adaptive droop control in HVDC grid [J]. IEEE
Transactions on Power Delivery,2021,36(6) :3550-3560.
ZHANG Y S,MENG X K,SHOTORBANI A M, et al.Minimization
of AC-DC grid transmission loss and DC voltage deviation using
adaptive droop control and improved AC=DC power flow algorithm
[J].IEEE Transactions on Power Systems,2021,36(1) : 744-756.
ZHANG F,BIEBER L,ZHANG Y S, et al. A multi—port DC power
flow controller integrated with MMC stations for offshore meshed
multi—terminal HVDC grids[J].IEEE Transactions on Sustainable
Energy,2023,14(3):1676-1691.

ZHANG Y S, MENG X K, MALIK A, et al. The use of analytical
converter loss formula to eliminate DC slack/droop bus iteration in
sequential AC-DC power flow algorithm [ J]. International Journal
of Electrical Power & Energy Systems,2022,137:107596.

ZHANG Y S,SHOTORBANI A M, WANG L W, et al. Distributed
secondary control of a microgrid with a generalized PI finite—time
controller [J]. IEEE Open Access Journal of Power and Energy,
2021,8:57-67.

T, MR, TV, A BRI 2 3R Bk R SR TAUE/
TP WIS, ) ik, 2024, 45(2): 10-25.

YU Jing, LIN Hongfei, WANG Xiao, et al. Mechanism analysis of
near fundamental —frequency positive / negative — sequence
oscillations in MMC—-HVDC connected direct—drive wind farm[J].
Electric Power Construction, 2024, 45(2): 10-25.

ABDELWAHED M A, EL-SAADANY E F.Power sharing control
strategy of multiterminal VSC-HVDC transmission systems
utilizing adaptive voltage droop [J]. IEEE Transactions on
Sustainable Energy,2017,8(2) :605-615.

ERIKSSON R, BEERTEN J, GHANDHARI M, et al. Optimizing
DC voltage droop settings for AC/DC system interactions [ J ].IEEE
Transactions on Power Delivery,2014,29(1) :362-369.

WANG P Y,DENG N,ZHANG X P.Droop control for a multi-line
current flow controller in meshed multi-terminal HVDC grid under
large DC disturbances [J]. IEEE Power and Energy Technology
Systems Journal ,2018,5(2) :35-46.



PNFLIT, 55 < T ) MMC—HVDC 4837t 3k A o0 72 A1 2 g 72042 1] JC 4% D) Fo AR

[20] VEILLEUX E, 0Ol B T.Multiterminal HVDC with thyristor power—
flow controller[ J ].IEEE Transactions on Power Delivery,2012,27
(3):1205-1212.

[21] KHAZAEI J, MIAO Z X, PIYASINGHE L, et al. Minimizing DC
system loss in multi—terminal HVDC systems through adaptive
droop control [J]. Electric Power Systems Research, 2015, 126
78-86.

[22] WANG W Y, JIANG L, CAO Y ], et al. A parameter alternaling
VSG  controller of VSC - MTDC systems for low frequency
oscillation damping [J]. IEEE Transactions on Power Systems,
2020,35(6) :4609-4621.

[23] GANJIAN-ABOUKHEILI M, SHAHABI M, SHAFIEE Q, et al.
Seamless transition of microgrids operation from grid—connected to
islanded mode[ J |.IEEE Transactions on Smart Grid,2020,11(3):
2106-2114.

[24] PIARDI A B,GERALDI E L, GRILO A P, et al.A control structure
for smooth transfer from grid—connected to islanded operation of
distributed synchronous generators [J]. IEEE Transactions on

Power Delivery,2020,35(2) :929-936.

[25] KWON M,PARK S,0H C Y, et al.Unified control scheme of grid—
connected inverters for autonomous and smooth transfer to stand-
alone mode[ ] ].IEEE Transactions on Power Electronics, 2022, 37
(1):416-425.

[26] LI M,ZHANG X, GUO Z X, et al.Impedance adaptive dual-mode
control of grid—connected inverters with large fluctuation of SCR
and its stability analysis based on D-partition method [J]. IEEE
Transactions on Power Electronics,2021,36(12) : 14420-14435.

Y B #7:2024-07-25
&= B#A:2024-12-16
EEEA:

INFLII(1989) , 53, -1, s 4 TR, S BEMF ST 0] B ) 3R ¢
RSN TN

2 35(1988) 9, Wik, g TR, EEAFSE T N B RS
Ak g BRI AR

A23C(2001) 55, F 2B T7 0] ) RGBT SR

FRAE S (1989) , i {5 /E A (yuanshizhang@seu.edu.cn) , 9 , i+,
I, SE RS 7 1) S 38 LU IR A L I ) A 4

(WHEZR 4 FK5%)

(EEF26071)

LIU Chaobo, LI Xinli, SHI Yukai, et al. Low carbon economic
dispatching of virtual power plant considering changing heat price—
integrated demand response[ J/OL].Journal of North China Electric
Power University (Natural Science Edition) , 1-11 [2024-09-03 ].
https: /kns.cnki.net/kems/detail/13.1212.tm.20230328.1531.003.
html.

[20] JIANG T, WU C H,HUANG T, et al.Optimal market participation
of VPPs in TSO-DSO coordinated energy and flexibility markets
[J].Applied Energy,2024,360:122730.

[21] JU L W, YIN Z, YANG S B, et al. Bi-level electricity—carbon
collaborative transaction optimal model for the rural electricity
retailers integrating distributed energy resources by virtual power
plant[J ].Energy Reports,2022,8:9871-9888.

[22] ESFAHANI M, ALIZADEH A, AMJADY N, et al. A distributed
VPP—integrated co—optimization framework for energy scheduling,
frequency regulation, and voltage support using data—driven
distributionally robust optimization with Wasserstein metric [J].
Applied Energy,2024,361:122883.

[23] SREHS, INGIBE AT/, 45 B TR L AL 2 > 16tk 3 o i
o o0 4 25 R [J/OL . ) SR e B H: A g A4, 20240 1-
12 [2024 - 09 - 03]. https: / doi. org / 10.19635 / j. enki. csu —
epsa.001469.

SONG Xiaozhe , SUN Jianying, FU Xiaobiao, et al. Transient voltage
control of photovoltaic active distribution network based on deep
reinforcement learning [ J/ OL]. Proceedings of the CSU - EPSA,
2024 1-12[2024-09-03].https: /doi.org/10.19635/j.cnki. csu—
epsa.001469.

[24] LIN C R,HU B,SHAO C Z, et al. An analysis of delay—constrained
consensus—based optimal algorithms in virtual power plants [J].
ISA Transactions,2022,125:189-197.

[25] WEN G H, YU X H, LIU Z W, et al. Adaptive consensus—based
robust strategy for economic dispatch of smart grids subject to
communication uncertainties [J]. IEEE Transactions on Industrial

Informatics,2018,14(6) :2484-2496.

Y fE B H3:2024-11-21
&= H#A:2025-02-13
YEE BT

T OBH(1984), W {5MEH (xuan12cu@163.com) , 5 A+, #4% T
FET, = BLF5T J5 1) A TG R R IE A T BT RE IR L R S5

N (1991), T3 B0t , TRE0 , BF 5% 07 1 A e L R A ARz 17
HIBETR L) R4 5

gk [ A1 (1985), 5 -1, g AR, A5 18] A e L DR K]

(e Rigi%)

53



Wb & DB A

o552 (M 3324) SHANDONG ELECTRIC POWER 2025 4F 45 71
DOI:10.20097/j.cnki.issn1007-9904.2025.07.006 ‘REIEH H;Q 7 -

25 I HC PO PO i 48 g 1 St SR s P R A A RS il
BoA2", T —LRERELEAME
(LEREETEAND S AFHFHIE, LA 300384;2. 0 R EEFE AN, RHE 300010)

FEE B WIS REIR B AR AN & e, R ST im B 2R B RE R 6 . PSRt AR Um0 A R RIE R F
PR ) 2 A3 AT, % T FEL I 119 7R 2 B T 264 1Ak X B O R R0 L AT B S 1 SE R RO AR AR P Bt IR s ) =
BRI BE R AR | % SRR A 4 5 i S T 4 T B0 0 B M SRR 5 FER DAZE G BEVR R e MR IR X &, % e B A fif
AL, DATC FE P AT 240 E BB AR A W R OB S E AR BRI, AR T & L X 28 AR 384T i s Hh T FIBOR (& T A 2R
S5 P H R QR S T BRI S gk A P ot s S R I A BRI R A B A s B T TIEEE33 T s B A
LA, 56 U L P90 670 i 7R A8 ) 9 8 S PP AR B0 IE T BOR SR T, B B AT A Y r B R AR A B R R TR A )
SRR - BRI 2 T M A el AR A 5 9 DA

HPESES TM74 XERR SRS A X EHS :1007-9904(2025)07-0054-14

Calculation of the Potential for Electric Energy Substitution in the
Construction Field Considering the Carrying Capacity of the

Distribution Network
PANG Chao'",DING Yi'!,ZHAO Chenyang?, HUO Xianxu!
(1.Electric Power Research Institute, State Grid Tianjin Electric Power Company , Tianjin 300384, China;
2.State Grid Tianjin Electric Power Company , Tianjin 300010, China)

Abstract: As clean energy technologies continue to advance , various electric energy substitution solutions have emerged in the
construction sector. With the large—scale integration of electric energy substitution loads , assessing the load—carrying capacity
of the distribution network for safe operation is crucial for distribution network planning. Firstly,three typical electric energy
substitution technologies are selected in the construction sector: electric boilers, heat pumps, and air conditioners, and
constructs a full-cycle economic assessment model considering the entire lifecycle of the equipment.Next, using an integrated
energy system as the research object, the equipment and loads are modeled with the objective function of maximizing the
number of electric energy substitution devices that the distribution network can accommodate.The model takes into account
constraints related to the safe and stable operation of the distribution network , equipment output, as well as economic and
policy factors.An electric energy substitution potential calculation model is then established and subsequently reformulated as
a second—order cone programming model using second—order cone relaxation techniques.Finally, by simulating the IEEE 33—
bus test case, a quantitative evaluation of the load—carrying capacity of the distribution network is achieved , demonstrating
that, under policy support, electric energy substitution devices that consider economic factors have a broader development
potential.

Keywords:electric energy substitution ; full-cycle economic assessment; power grid load—carrying capacity ; potential calculation
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Table 1 Annual value table of investment costs for

different equipment
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Table 2 Time—of-use electricity pricing standards
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Multi—factor Collaborative Power Load Forecasting Based on

L-M Optimized BP Algorithm
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2.Key Laboratory of Smart Grid at Tianjin University , Ministry of Education, Tianjin 300072, China;
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Abstract : Power load forecasting is particularly important for the planning and operation of the power grid, as it can help
power grid companies to make reasonable scheduling of power resources , better balance power resources , and thus improve the
economy and stability of the power system.This article proposes a multi—factor collaborative power load forecasting method
based on Levenberg Marquardt (L—M) optimized backpropagation (BP) algorithm to address the shortcomings of existing
algorithm optimized BP neural networks, such as poor accuracy and low convergence.On the basis of improving the BP
algorithm , the L.—M algorithm is used to integrate the steepest descent method and Gaussian Newton method to overcome the
disadvantages of slow training, easy fall into local optima, and large prediction errors.Trainlm , Traingd , Trainrp, etc., are used
to train the L—M algorithm , considering factors that affect power loads such as temperature , air temperature , and date , and to
predict power load in conjunction with cooling and heating loads.Finally , the effectiveness of the proposed method was verified
using a residential community as an example.Compared with other methods, the L-M optimized BP algorithm for multi—factor
collaborative power load forecasting performs well in solving nonlinear and complex forecasting problems with high accuracy ,
faster calculation speed , and smaller errors.

Keywords:L-M; BP algorithm; coordination; load forecasting; error
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Table 1 Spring and winter weather treatment

RAHRSL HALfE
#E 0
RE 0.1
hE 0.2
N 0.3
MR 0.4
K 0.5
iR 0.6
JNF 0.7
FH 0.8
ESN 0.9
i 1.0

F2 EUMRRLE
Table 2 Summer and autumn weather treatment

KA HALE
B 0.1
T FET 0.2
W T 0.3
K 0.4
i 0.5
N 0.6
! 0.7
Zr 0.8
% 0.9
I 1.0
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Table 3 The relationship between various parameters

A FHy iRz HEL
13 1.64x107 9
14 1.73x10 8
15 1.81x10 6
16 1.81x10 6
18 1.81x107 5
19 1.73x107 5
20 2.17x10 5
22 1.86x10 5
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Fig.6 Comparison curve of load forecasting output
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Table 4 Percentage of prediction error for each method

Wil %

HXHIE T4 Heont HHIE T4 oot
kR K | w o b K
A BP ﬁ(ﬁ fithiL] A BP mﬁ T
s O s O

01:00 7.92 2.06 0.06 13:00 8.13 2.14 0.81
02:00 3.37 3.17 0.44 14:00 9.57 2.80 1.59
03:00 2.34 1.65 2.45 15:00 9.18 1.83 1.74
04:00 9.21 1.92 3.10 16:00 1.81 1.78 2.97
05:00 5.53 2.19 0.74 17:00 4.88 1.34 0.23
06:00 9.38 1.77 1.77 18:00 1.93 2.54 2.10
07:00 5.42 1.63 3.66 19:00 9.85 3.13 1.94
08:00 5.71 2.07 2.99 20:00 7091 4.94 1.95
09:00 5.53 3.21 1.72 21:00 3.16 3.50 2.60
10:00 9.69 1.22 2.15 22:00 5.46 2.14 2.62
11:00 1.17 1.21 1.46 23.00 9.93 3.42 1.31
12:00 2.15 1.78 1.09 24.00 7.28 2.34 2.32
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Acoustic Inversion Method for Top-oil Temperature in Transformers

Based on WOA-SVM Under Short-circuit Testing

YANG Chao!,XUE Shuai!, LI Chengzhen', GUO Haoxin?", YANG Mengjiao!
(1.State Grid Shandong Electric Extrahigh Voltage Company , Jinan 250021, China;
2.Shandong Provincial Key Laboratory of UHV Transmission Technology and Equipment, School of Electrical Engineering,
Shandong University, Jinan 250061, China )

Abstract: The top-oil temperature of transformer windings serves as a crucial health monitoring indicator, effectively
characterizing the internal state and potential defects.Leveraging the advantages of ultrasonic sensing technology , known for its
strong penetrative power and sensitivity to temperature changes, a novel inversion method combining ultrasonic sensing
technology with whale optimization algorithm—optimized support vector machine (WOA-SVM ) is proposed.This study focuses
on a 35 kV transformer, where internal temperature rise is induced through short—circuit testing, and ultrasonic signals
carrying temperature information are collected. An in—depth exploration is conducted on the characteristics of ultrasonic wave
signals inside the transformer under different temperature conditions ranging from 20 °C to 50 “C.By extracting and processing
key acoustic signal parameters , such as peak amplitude , peak—to—peak value , root mean square , waveform factor, crest factor,
and variance , accurate inversion of the top—oil temperature was successfully achieved.The research results demonstrate that
this method exhibits high accuracy (97.95% ) in the inversion of transformer top—oil temperature , providing a new technical
avenue for transformer health monitoring.

Keywords:oil-immersed power transformer; top—oil temperature ; ultrasonic testing; support vector machine
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i IR T ARG G M AR g T B T2 1) 3 R 8K (radial basis function , RBF ) i1 25 [ 2% 14 FF SC AR AQ LA A
AR MR G (7 ECAS ] o A IRBFSE T T 3G A 2 A HE PR 4E (adaptive neuro—fuzzy inference system, ANFIS) [
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Research on Switchgear Condition Monitoring Technology

Based on Digital Mapping
HUO Lingyu,SU Guoqiang, HE Jiahui*, LIU Hejin,ZHANG Linli
(State Grid Shandong Electric Power Research Institute , Jinan 250003, China )

Abstract: With the progress of power system, the requirements for grid reliability are increasing.As a key power equipment,
the discharge and overheating states of switchgear in operation often trigger multiple types of faults , thus seriously affecting the
reliability of power supply.Existing switchgear detection methods mainly focus on the analysis of two—dimensional diagrams ,
which is difficult to comprehensively reflect the multi-physics field state in three—dimensional space.Therefore, in this study, a
multi-physics field coupled finite element model is adopted to explore the temperature and electric field distribution of the
switchgear under the operating state.Besides , on the basis of the simulation results combined with the on-site operating state ,
an agent model of the switchgear based on radial basis function (RBF ) neural network is constructed , which can significantly
shorten the simulation time.In addition, a switchgear fault diagnosis algorithm based on adaptive neuro—fuzzy inference system
(ANFIS ) is also studied, and the visual presentation of switchgear state information is realised with the help of Unity , which
improves the accuracy and real-time performance of switchgear data monitoring and provides a new way of thinking for
preventive operation and maintenance of switchgear.

Keywords : switchgear; multi—physics field ; fault diagnosis ; visualization
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Research on Quantitative Evaluation Method for Galloping Risk of

Overhead Transmission Lines
HE Yongjun',SUN Guolei!,ZHANG Bin!,ZHAO Bin*", CHENG Jian'
(1.Construction Company of State Grid Shandong Electric Power Company , Jinan 250021, Chinas
2.China Electric Power Research Institute Co., Ltd., Beijing 100055, China)

Abstract ; In recent years, galloping has emerged as a significant threat to the safety of overhead transmission lines.However,
there is a dearth of effective evaluation methods for line galloping risk as well as anti—galloping devices , particularly those that
are quantitative and comprehensive.This paper, grounded in a thorough examination of triggering mechanisms , line structures ,
and meteorological factors, identifies two critical elements to focus on: ice thickness and wind speed. Utilizing statistical
weighting, a numerical quantification method for galloping risk is introduced. This method comprehensively assesses the
interrelationships among design conditions , such as galloping zones, wind zones , and icy zones, and the risk of line galloping
both before and after the installation of anti—galloping devices.The evaluation results are presented in percentage form.Using a
500 kV transmission line project as an example, the study analyzed the necessity of anti—galloping measures and the
differences before and after the installation of anti-galloping devices, quantitatively demonstrating the rationality of these
measures. The findings of this study offer a reference for optimizing the application of anti—galloping devices in anti-galloping
design work of line design , operation , maintenance , or technical upgrades.

Keywords:overhead transmission lines ; galloping; quantitative evaluation ; statistical weighting ; anti—galloping design
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