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Abstract: In recent years, frequent natural disasters have greatly threatened the safe operation of distribution network.
Considering the characteristics of different distributed resources and giving full play to the complementary advantages of
distributed resources are helpful to solve the problems of partial line damage and insufficient power supply in
post-disaster distribution network and to realize the rapid recovery of power grid after disaster. Under the background of
the continuous enrichment of distributed resources in the power grid, this paper proposes a two-stage power supply re-
covery strategy for resilient distribution network based on the coordination of multiple distributed resources before and
after the disaster of typhoon. Firstly, the influence of the coupling of distribution network and transportation network is
taken into consideration, and the location model of mobile energy storage system and repair crew emergency warehouse is
established with the goal of minimizing the weighted loss of power expectation while considering the scheduling of elec-
tric vehicles in the pre-disaster stage. Secondly, according to the post-disaster response characteristics of the above three
distributed resources and flexible loads, the post-disaster stage is divided into two processes, namely, emergency power
support and rapid load recovery, and a multi-period post-disaster recovery optimization model of distribution network is
built. Then, through in-depth study of the advantages and disadvantages of various distributed resources, a two-stage
power supply recovery framework for distribution network is designed. Finally, several sets of cases are designed to veri-
fy the effectiveness and feasibility of the proposed method.
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Fig.1 Electricity-transportation integration system
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Table 1 Attributes and post-disaster typical characteristics of various distributed resources

PR A WSS W 15 WRBEE B ROUERME REEECOD, kI
g 200 o e, e oo WA
s 2000 o 7~ 50kW A 30-100kW-h 55 min Rzl #Bki, 2~6h b
S N K, 50~ K, 1000~ ZE IS 3, o ) B
B ahfiffe A, 3~15 4 500 kKW 24000 KW-h 0.5-1 h A RARE 3 K, 8~30h
LS ]]n}?{‘, K, §4¢.
RS s - R e R g messzee
0.5~1h Wz
R Hs e }I{‘, .
TS %, 500~2000 4 — ZLE; k2] B, 2~6h BOR, IR R

gt FiR AT, ATRUE W, &R B EAE
LR RE ) 7 THA e U REREG, REER—Fh sy
A A TEYR S SEI R Gt P BN R HME . T
AT 15 PR A S KA %, T B2 ORAUE AN [ B 1L Fl 5
o3 FE A A T R R AT R, SR AP IR A L
SR, DA BT B H AR R S A b
ok, M= A B R &S0 Am IR T H s AN
BERR T, A SR THIC H P BT B R B ity 2
FHIRE ST, PRSI MRBIEE SR, s
USR] o9 A7 s JRAE I 25 e B (0 AN EL5F, B KPR
JEE 5 I F Yt P KPS

R, ARSCEE T R 2 oA B IR ]
£,45 B S D 2 SCHE AN A A D Pk 52 A P PR EL P 7
WrBCpt R EAESE, R 2 . B 3 ANgERE
AR KR P R 1 R DL R 43 A At
AT HERE . RIGYKE 73 RE SN Z3 SR 4
PR PN B, IR E DR SEJZ T 2 RS K5
3 TR T 5 TR 9 B A R A7 g EELR B Al
Al MBEARIR IS JZ I ARIE % 5 2R Gt I8 N 1 A
AT BRI R AN 40T IR S AT NRHIEAF
EZSR, SEUMIhRe A, MYELZ TR %S
L

MRPER 1 & A B i, ER SN
FEM B, EV MM AT e RIS e 5, Dy 3 2247
i B L PR AG 25 T 26 54 s AE A RO P S T B
FIF MESS FH6AZ BA IS Bl 514 ST 22 Go A B2 1)
PR o TZAE S BT AL 1 90 B IR s 4
PEAECL T JLA S P R B AME F B AR 3

1) A28 P35 4E i rT LLORIIE EV. MESS 36
EBNHEAT A 2 25 A1 56 7%, 3317 2 5 FEL 0 R =i 1,
WK 2 FOQ@HTR.

2) EV Al FR4h MESS $hi/b i b7 A )
AR A B R S . VR E R RS R,

K2 HC AR B it R AR S
Fig.2 Arestoration framework of two-stage power supply in

distribution network

AR, I BV AR V2G 36 & 76 2 5t e S 1
P A K E R TR G MR SR 2

3) MESS "[2&fi EV I 2SR ST V2G Jx
TR ATALI 6] . MESS 4% 18 2 48 75 Rk
ERAET A, FUILTaiA V2G KRR BN, &
B R BRI, AR A, $E
BN far fHE FRL LA

4) PIBRE R M B A SRR AT N
PR AR ge7 0 E S FR A B M . PR A7 AT Th o
K, BLA BV 1ERJa MR, s g AT
R, RIEEBEAGANE, 1E 2 FOOHTR.

5) BB SEIL R SRR N E @ ERESR T, 7E
P ST I B S5 R TR R B g — 2B B 1R SR R

B, FTARYE bk oA SR PR A P R I RR
AR AR, B A B R S YR R S AT
R T M H )

1 RGBSR R G 2
% V2G ul fUR] R TR R K T 2 AN S 6 A S SN



100 T ERA

2024, 50(1)

BRIT IR, R G PR HEN B SN E S B

2) BBINHSHER B 1RRORE 04,
- V2G i ARG AL, 557 DI N TR K SR
i, RGEPHNZ BT RHEAT IR A, s 2

CODI7R-
3) BRI BEAER, BN AT PRE K
B

4) Fufar R K S Be: MESS A8 A5 BARR 5 1
B0 FR Ao MRS H H R AL R 2 R E
Of~. FikfE, MESS SLEIE: AN Sk Tk,
FAEBALEI TR B E .

5) FIREETENRG, ENRIERE O
SR — HIH A TR IEE . HATRERE
1255, NHEEBAA TR .

6) it B LLFlis 2] 100%, BURTA ffi
W AL, ol Pk S B Al 4Pl
LRI E IR, RELNTELBEE.

5 Eflatr

IR R FH BSG3E A TEEE 33 74 s g oL A 30 715 14
A W LR IR A R Ged AT A T . E HL I 4
55 28 30 X T R R0 RO 2R DA R T AU 2 5 Sk
(28] Pie. FL I B A2 388 X P P 285460 40 Sl Bt s A J8] AL
FE A2 R, B AL R T R4 5 A BSIL IR (E
LRFIRIISC ) LS V2G i BT £E 5 s AT RE X &)
gy . Sfe EEFRRE KRR RIS I 5 A R AL AN
* A2, Z5IAER BV S50 0 SCER[14], EV
FHATEEABE p =08, &4 V2G i bita 15
B HME, FEHRAEFRE IR N 7 kW, MESS 5
LIS A £ A3,

T 5o AT 9 R T B M B RS TR T B A
B W E R R R AR 2B R AR A
WAE IR, 192 B 2 e S AL LE T L 1 5 24 BT,
WEGEME A HAFZEIE, MR a6
WALAE LR AR, IAECEME B, DA
ERENER DA ROE: 2oNTH i 5§ € SN AU
WE RS ARG L 14-15. 8-9, 6-7. 2-19 1 28-29
IR, 5 1R AR RE R AR I S K F D 4
PONIEHE TS0 T I 30%. s T, 83 i
LR %55 N T R e 2 2 2 [ ()AL A S R
WPk A 3R A4 Fin. sk A R AS B T %%
e 28 8 BT 75 2 AR AS T (R RS B TR

51 ETZMoHRNERRNENEBERE S

Ut B S B DR N (R R R L s R 4 AN
PH AL LR AN ELEEIL S, 22 I MESS. i)
TR V2G RIS A FEGEE 3 AN B0t BL Sr i I B2 AL
B, B HRWF:

D FFE 1. NMBGEREMNE A, BiTH5E
MESS. HZIRKE V2G FHEAERA 3 For A4 X F R
ENEIESES

2) HE2: MNACEREME A, BitHER
BAREE V2G FHEAERAIFR AT BT IR B AR T 565

3) HE 3 NAGEREME A, &ilHE
MESS FAFEAE B\ 5 Fh 2 A7 2058 U5 W ) 30 B 7 585

4) FE 4: MR2CEREME B, ®iHHE
MESS. HLEIRKE V2G At E A =Fh oA 2 K
[ERE

R E R AR ZIN 00:00, EV &N 300,
MESS &30k 4. HEAEEN 3.

5.1.1 &5 RIKE AN

ANHEXS IR 4 Tl BT B, PAAM AT R
TR 2E R A [R ot 288 3 Ay QBP0 1R 2 R0 K 5200
K3, SEEXTE TR L. R 2 M5 E 3 T
WA 2R, AT73 AR E V2G fEK T =0 I %157 4%
20.84%[1 g7, T MESS 7E4fB# N LU (K i
=60 min B Z)ZHE 10.73% 1) M7, AEREH N
MESS FIHBIR 4 V2G TEBEA R ST I R T 3RS 4%
YEFW &, HAET MESS, HEHA%E V2G 50
TERX K RS2 BE K, /A3 EV BEBE R4 MESS
s A SRR ARG . AR, 3R A V2G
AL BRI GATE L, fE9 G =0 B %] S
MR, AR RGBT R ST RS

st B % B1 Mgk B2 48 H 7 0947 £
VARE S A PR B R . ST R 1 FITE 4,
Ji % A4 A e K E TR RN T 8.33%, 1A
KA TRESE AL 20 MESS FIHEAZ BA ) p o 3 R
DAL M 5 T IBE 2 6 P PR e il B 0 A 200400 J 1 i W LA
AT SRR, PR R R . Ah, A
4 TP RERTTHEEHR, HR 1 REWREBRMK
FHA 3 MR, %53 hNEIFERERD, 7
FF L E BB A2 2] 100% 7 75 I 1) e, fr Tk &2
SRR R T
512 HREIMERR

AR Z 1 & SRR S A RSk S
TEOLEAT R, I 4 v, 7E 00:00 B, FBIK



FHIR, e, FEE, 5 G RIGENEET R A A GIRFR A FE R R R R R B R KR SR 101

EREHERERRIX, FENFTIEX IR TIR
P T 4 5% MESS H 3 e R B HEE RIX
NALTFT AL 24 R L IX S — GRS kAT
fit . MESS % 5] H R . JRIE B IhRHE X
5, FECASAT BB IR, BEAAHRT sk
DAL, MESS 1] 4% B L3R 2 V2G iy th D)3 1) 40 A1
B, JEFEE RA AR T SR NALE

ik B B Bl 45 T A5 1 &G far FLE fufar
MR 2R, B T IR AR P S FH S 1 i g 5 2
XA RIS . A PR R S AR

D NI E =0 B %19 R D) A far 1
FAEBEA ST IS R IR AR FE 100%HE . FBNA
% V2G. MESS. [ 2% B 6 A1 2 1 17 ff i B AR UE T
HENAAWE, BT TR S ER R E 2R
YRS RER EEAEA .

2) 0] HI kB e LU B R R S =0 B2
18.75% 1 LG sk, 7E %< J5 /=0~15 min KA ] AP
WK ] A e D) s LR, =0 I RIIA
F| 68.71%, it ra LB Tk S I AR [E] o IX 2
R] Ay AT 03 A7 Ao 52 FH P 7 388 58 55 FH P DR 3% 119 R i
il T AT AR T AR A TR O S P S I R R v AR IR R
Gt R AT V) s

HULATEH, 51 AR A R R 6 it
HL SR A, SEEROC 5 Pk S
52 EVHESREHHITRE LR

U MESS G404 4. #EEER 3, WEA
[F] EV Bt R ¢ 35 kAR B 22 6] 18 55 7 SR R B 0k
HIFZ
52.1 BV HE % E Hm

£ 2 BT HRFELRAERZN 00:00, AWK

H7EN EV R 5 AR R T R E R
M BV HE/N T 400 1, %5 =0 h Y] g AR 5
3h BRI R HERE EV S0E 5N 8. H
M EV HUEIAE] 400 LA, E SR EAARN T

B3 4 oy SO R il 24

Fig.3 Load recovery curves of four schemes

B4 J7% 1 oA Bt LR

Fig.4 Graph of distributed resource scheduling in scheme 1

2 M EV BENEE TR EKE SR
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Table 3 Scheduling scheme and recovery effect comparison with changing the number of repair crews

HAZ K MESS A i HAZ MBS PRI O 3k iR
0 LA W2E FI3W AW WIBA F2BA HI3BL SE4BL FHSHA it l/h HLE/MW-h
2-19
28-29
1 24 24 24 7 14-15 16 2.9549
8-9
6-7
2-19 28-29
2 7 24 24 24 14-15 6-7 9.25 2.6178
— 8-9
2-19 28-29 8-9
3 7 24 24 24 7 2.6172
14-15 6-7 —
5 24 24 7 24 14-15 8-9 2-19 28-29 6-7 3.75 2.6170

3) HZNAZE V2G WLER GRS, RS

PRI J), FERCA N 48 B A NS A A
H, SRS, RIEEZEAAAEE.
Ja B FOR I — DR AR SR IR B R B AR =
T, RR G2 o)A 2B Y5 P () e 3 I Fi P R
KI5

B 55 LA 1] 9 4% Ff (http://hve.epri.sgee.com.cn) o

22 Hk References

(11 JIEALL, B, B, & R TR RENRES
Je ). PEHRLLRE2AR, 2020, 40(9): 2735-2744.

BIE Zhaohong, LIN Chaofan, LI Gengfeng, et al. Development and
prospect of resilient power system in the context of energy transi-
tion[J]. Proceedings of the CSEE, 2020, 40(9): 2735-2744.

21 HExmERZER. ERRERLZE LT AFER Tk

R R G R e LAE MRS 8 W (E R & W AR) D = 0 B0 i
[EB/OL].  (2023-04-24)[2023-05-22].  http:/www. nea.  gov.
¢n/2023-04/24/c_1310713405. htm.
Comprehensive Department of National Energy Administration. No-
tice of the General Department of the National Energy Administration
on publicly soliciting opinions on “Guiding Opinions on Strengthening
the Stability of New Power Systems(Draft)”’[EB/OL]. (2023-04-24)
[2023-05-22]. http://www.nea.gov.cn/2023-04/24/c_1310713405.htm.

[3] #dldh, FTE, I, . TH R R SR AR A S T H
SC R B LR S A T]. R LR EOR, 2023, 49(7): 2764-2774.
YANG Qiming, LI Gengfeng, BIE Zhaohong, et al. Coordinated pow-
er supply restoration method of resilient urban transmission and
distribution networks considering intermittent new energy[J]. High
Voltage Engineering, 2023, 49(7): 2764-2774.

[4] CHEN B, YE Z G, CHEN C, et al. Toward a synthetic model for dis-
tribution system restoration and crew dispatch[J]. IEEE Transactions
on Power Systems, 2019, 34(3): 2228-2239.

[51 kWesR, m K. HREMH-E B -SOE R A AR i R 2 I Bl &

LK HIE )], R HORZER, 2023, 38(12): 3306-3320.
ZHU Xiaorong, SI Yu. Multi-period dynamic power supply restoration
strategy considering physical-cyber-traffic network coupling[J].
Transactions of China Electrotechnical Society, 2023, 38(12):
3306-3320.

(6]

71

(8]

9]

[10]

(1

[12]

[13]

[14]

WL flbsk, W OH, 55 FHIEZ RBUHERED R AT 2 G Tk
SORED] ATE SR, 2022, 42(1): 72-T8.

WANG Ying, ZHU Shiyan, XU Yin, et al. Critical load restoration
method considering coordination of multiple types of energy storage[J].
Electric Power Automation Equipment, 2022, 42(1): 72-78.

KIM J, DVORKIN Y. Enhancing distribution system resilience with
mobile energy storage and microgrids[J]. IEEE Transactions on Smart
Grid, 2019, 10(5): 4996-5006.

DING T, WANG Z K, JIA W H, et al. Multiperiod distribution system
restoration with routing repair crews, mobile electric vehicles, and
soft-open-point networked microgrids[J]. IEEE Transactions on Smart
Grid, 2020, 11(6): 4795-4808.

x| g5, wk W B 75, S I 2 SRR A SRR B 32
ST S BT R 5 S SR, TR, 2023, 47(11):
4416-4427.

LIU Fang, ZHANG Hao, YANG Xiu, et al. Black start scheme and re-
al-time scheduling strategy for key nodes of the main network assisted
by multi-type distributed resources of the distribution network[J].
Power System Technology, 2023, 47(11): 4416-4427.

LIU F, CHEN C, LIN C F, et al. Utilizing aggregated distributed re-
newable energy sources with control coordination for resilient
distribution system restoration[J]. IEEE Transactions on Sustainable
Energy, 2023, 14(2): 1043-1056.

PR, RO, BEY . SRS T BRI
NRZGRIFIEARTHORD]. SREHR, 2022, 48(9): 3484-3496.
LI Yujia, YIN Wenqgian, LONG Qinfei, et al. Review on resilience en-
hancement strategies for power systems with massive resources under
multi-source uncertainties[J]. High Voltage Engineering, 2022, 48(9):
3484-3496.

frdtiEE, x 3E, RUEGER, S TH ) C H R L SR AR RS
R LSRR KSR ]. hE Ay, 2022, 55(4): 132-144.
YU Zhuofei, LIU Fei, LIU Ruihuan, et al. Resilience-oriented optimi-
zation of source-grid-load flexible resources in distribution systems:
review and prospect[J]. Electric Power, 2022, 55(4): 132-144.

LEI S B, WANG J H, CHEN C, et al. Mobile emergency generator
pre-positioning and real-time allocation for resilient response to natu-
ral disasters[J]. IEEE Transactions on Smart Grid, 2018, 9(3):
2030-2041.

i, BEE, I, & GRRE TET V2G BIEcE
PSRESRTHSRIK (D). I RGEA B, 2022, 46(12): 130-139.
YANG Qiming, LI Gengfeng, BIE Zhaohong, et al. Vehicle-to-grid



104

e L R

2024, 50(1)

[15]

[16]

[17]

[18]

[19]

[20]

21

[22]

[23]

[24]

based resilience promotion strategy for urban distribution network un-
der typhoon disaster[J]. Automation of Electric Power Systems, 2022,
46(12): 130-139.
FARL, XBOWE, £, 55 FHIES KU AR R M S ik
REMRALILE 51217 SRR ] ARG A Sk, 2022, 46(9): 42-51.
WANG Yushan, DENG Hui, WANG Xu, et al. Optimal configuration
and operation strategy of mobile energy storage in distribution network
considering spatial-temporal evolution of typhoon[J]. Automation of
Electric Power Systems, 2022, 46(9): 42-51.
ZHANG Q Z, WANG Z Y, MA S S, et al. Stochastic pre-event prepa-
ration for enhancing resilience of distribution systems[J]. Renewable
and Sustainable Energy Reviews, 2021, 152: 111636.
il AR, SkEEHL, HAER, S THI G KUK E EEIE R R K L
Z I} )RR A L SN (). R R HR, 2023, 49(4): 1724-1734.
HE Jun, ZHANG Bokai, GAN Deshu, et al. Multi-time scale defensive
scheduling strategy for high wind power penetration grids under ty-
phoon[J]. High Voltage Engineering, 2023, 49(4): 1724-1734.
JREL B, B, S R RIS 2 B
THE RARTHERAT T[], b E L TR A4, 2018, 38(2): 505-513.
ZHOU Xiaomin, GE Shaoyun, LI Teng, et al. Assessing and boosting
resilience of distribution system under extreme weather[J]. Proceed-
ings of the CSEE, 2018, 38(2): 505-513.
BTN BBURF. 58T Hm i s R =R 9 Y8 R2 0 AR 4 14t
‘] % W.[EB/OL]. (2022-01-13)[2023-07-11]. https://www.hangzhou.
gov. cn/art/2022/1/13/art_1229285513_59047978. html.
Hangzhou People's Government. Opinions on strengthening the pre-
vention and response of extreme weather risks[EB/OL]. (2022-01-13)
[2023-07-11].  https://www.hangzhou.gov.cn/art/2022/1/13/art_1229285513
59047978 .html.
VR, mOH, XMRE, & R ARG Bl W RS HL A
i AR B T L PO P SRR RS (], LR, 2019, 43(10):
3789-3799.
JIANG Zhuozhen, XIANG Yue, LIU Junyong, et al. Charging load
modeling integrated with electric vehicle whole trajectory space and
its impact on distribution network reliability[J]. Power System Tech-
nology, 2019, 43(10): 3789-3799.
NI BT AR & A TUE (S S HFERT 7 [D]. MR
W RIE TR RS, 2018,
SUN Dian. Research on typhoon disaster warning scheduling based on
public risk perception[D]. Harbin: Harbin Engineering University,
2018.
WM, FERbK, XU, 55 20N SRR IDGHE S AL H IR
ARALSRHE[T]. R ER ), 2020, 48(8): 44-50, 90.
YANG Qiming, JI Chenlin, LIU Youbo, et al. Day-rolling optimization
strategy for photovoltaic-energy storage charging station with multiple
electric bus lines[J]. Smart Power, 2020, 48(8): 44-50, 90.
RIS, XKW, SCRES?, A5 BT SR A RL JE R AN 1 iy 22
HARRALHT L], IR IIHR, 2022, 49(8): 42-49.
LIU Wenbin, LIU Yonggang, WEN Xiangyu, et al. Research on multi
objective optimization of residential flexible loads based on demand
response[J]. Shandong Electric Power, 2022, 49(8): 42-49.
R—I%, RICH, HKAAW, &5 ETRGEECHHER R E3N
HLRA Dh-To D i 2 I B ARAGIZAT[T]. T E HHL AR 244, 2014,
34(16): 2575-2583.
LIU Yibing, WU Wenchuan, ZHANG Boming, et al. A mixed integer
second-order cone programming based active and reactive power co-

ordinated multi-period optimization for active distribution network[J].

Proceedings of the CSEE, 2014, 34(16): 2575-2583.

[25] The International Council on Clean Transportation. Leading new

energy vehicle city markets in China: a 2021 update[EB/OL].
(2022-11-14)[2023-05-22].
city-markets-202 1-update-nov22/.

https://theicct.org/publication/ev-china-

[26] XkHg, TG0, MLE, L. T RFVE G T RE ) KA R

WS TTED]. mHEERA, 2021, 47(1): 73-80.

LIU Yongmei, WANG lJinli, YANG Honglei, et al. Dynamic optimal
method of distribution network in consideration of flexible load ad-
justment capability[J]. High Voltage Engineering, 2021, 47(1): 73-80.

271 Mt Bk e, L BN BRI RN T AL

FeAtEARTE )], MR, 2023, 49(4): 1591-1599.

LIN Jia, CHEN Hao, KOU Weihong, et al. Optimization and resilience
enhancement method of core backbone network framework under ex-
treme weather[J]. High Voltage Engineering, 2023, 49(4): 1591-1599.

[28] XIANG Y, JIANG Z Z, GU C H, et al. Electric vehicle charging in

smart grid: a spatial-temporal simulation method[J]. Energy, 2019, 189:
116221.

FHR
2000—, 3, -+t
FE AT A RGN 52T

E-mail: liminghao@stu.xjtu.edu.cn

LI Minghao

Ph.D. candidate

e

1999—, 5, fit/t
FEERTTINB I RGWE 1. V2G BAR KK
IV

E-mail: yangqiming13@gmail.com

YANG Qiming
FEF(HEEH)
1984—, 5, i+, #i%, W
FEPRTFARNRGRE I GFERERR
AFEPEVEAY
E-mail: gengfengli@xjtu.edu.cn

LI Gengfeng

Ph.D., Professor

Corresponding author

HEAL

1970—, %, 4, KIEFRmid, He
FEGRTTEAR N RGEWRE S BRI LI
W ARG S T

E-mail: zhbie@mail xjtu.edu.cn

BIE Zhaohong

Ph.D., Professor

Wk HH 2023-06-15 ERIHH 2023-08-21 it RV



