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Fig.2 Heat map of factors influencing the probability of
charging pile failure

FBE | SR RIS AL A5 Dy vk 24 AT 4R 7o AT A il
HESR o I 3 0 3 Feb s 78 R A 7 RS 40 P 9
o ey R A0RE, 3% 77 AR iR 22 (root mean squared
error, RMSE) . #i#i°% 5 H [ K (precision and recall,
PR) . IIfi B 336 %% (critical success index, CSI) #E4T
T FEL AT AL M S S0 45 SR (g % L, B AR DR 1.

F 1 BN

Table 1 Comparison of different models
el RMSE PR/% CS1/%

HER /S ON i 0.05 131.5 97.06
HRBERBE 0.07 118.7 97.02
SRR 0.11 111.2 97.02

P 1 AT, ARSI AR i i R AR B 5 2
/IN EL 57557 38 T A 5 i DR 7 e B AR 3 o] op AL AT
BEARR 1415 2 0 B g O MEAA 3, DXL A AR SR O vy
A R AT FE ) rb S R A 0 R MR R RE 68 i T
Yy st ERE

2 HESxEEEMHMERAMLER

21 #HHE@EM MEGCHESAE

EVCN H % A I F P IRT e M L T 522,
TSI BT, T 2T I b ) S R e R
FT A AME, MEG & H i FH Y7735, ehg st
Ay R D B L T RS P RS . S T 7R S L R
H WL B I MEG e U s sh A, # sy B R R, DL
e/ IMERS Bl R B8 AL A B far kM Sk H B pR S

max Z P, <Z wW;Piy—7Y Z Z Z mq,i,y,xdq,i,y,x>
iel

yey seS qeQ i€l
(11)

W PGSty KA BIRER; Y O TR SR SR
Bt DARGET RUAED s o, N AL SURT YA 5

Bes p, WSy T A RIS y WA RS
(R G S 8 MEG 423 TAERAS 4R & 441
TR AL BRI 25 Q o AT (3 8 A 10 B 4
My S B v T MEG T (B 7R S 5 B 15 A
b B g B2 A MEG BClts d,,, 5% y B TAE
IR 5 1075 4 i AL B g ) MEG A5 3 %0 H b
ST AT IO B T

> m, <M, (12)
SES
> m, =1 (13)
q€Q
Z mq,i.v,s = 1 ( 14)
iel )

Z My ST (15)

K MO E gV %3 B MEG e R B
m, N MEG fERAS s TR HENE ¢ 8. X
(12) F/n e 7 B g% % 1) MEG S R g8 1 i
%% 1 B KB 2 (13) R — A~ MEG [R]— i [i]
HEg 3 e — et X (14) . A (15) %R MEG
HABMN— LB E RSB ) — D EE

TE#EAT MEG 8 B2 (9 1k B v, DA b 34 90 A A
MY 45 RAE N MEG W16 6 &, I8 B2 B b2 i/ b
W2 r g 2k 0 B

min Y Y wi(p;, -~ pit (16)

A pr, R AR I 2B ST R SR Ty AN
(1% BF 18] 23415 pi, D970 K i AR ¢ IS 2075 B B PR T
07 o I B I B ] BERE AR AR 1 A% Bl N W), R
INAS Bl ] 249 51

min(t+1y.; s,fmax)

Z m, < (I=my, Jmin(Z,;, tma — 1)

T=t+1

g# Lit+ 1<t (17)
Ao 1, IR s T MEG RUFET 5 i B8 g 1Y
S s aE], My, FRE s T o B2 E g AP A
FE N MEG SHG m, WRAS s T ¢ 20795 5500 4b B
AR MEG B4, # MEG 1ERa] £,,,, PB4 £
ik B HL AR TF B AR o e FEUE FT DR
a2 H I BOE, SCHICE ) 2 h, BVETTE 78 i b 4R
Rt 2 h WA E MEG WA Y51 S 2 B sl
ik
22 ZHEEEMNFERLEESEENK
Fo L U R FE A TSR S U R BV FE LR 0K
2O EV AEREG T, PR UEAE W R H R i R Y
HIHE N 4E5F EVCON BIEH 817, BV RE 1) 7 25
(] 43 L, 7 T far o BE AL AR Rl EV (Y 78 L i



77 IS S TEW] N AT R U HL SR SE L 2K B PR T

TEPEAR S . AT B ] REBR il & LAY Ty
Ry AME R AR BECRI AL F AR, ShaRi A7
EERIDIE N oI B R X N
min gze;h,,ypg +hg, (18)
K 0 HL ARG A Vo R AR P, A HLAL
BUY)#; O, WAERWHLIEINTIZE, hp AT i A
DRI NAE; by o, 71§ TCHI DA AME . AR AL
HREUTR Z00R
Bp(6,V,P,) = Py(6,V)+ Py —C,P, =0 (19)
By(6,V,Q,) = Quis(0,V)+ Q- C,0, =0 (20)

hy(0,V) = F(0, V)| = F (21)

h(6,V) = F(6, V)| = Frnax (22)
5(6,V)

F,V)= {P(H, V) (23)
16,V)

H(V)=(CWV)I (24)

0950 <6,<1.056"" (25)

Viin <V < Vi (26)

Pypin < Py < Py (27)

Qe min < Qg < Qg max (28)

K e Bo(O,V,P,) A T T3 0 T 335 Bo(0,V,0,)
T B F R T EG Po(0,V) B T
Obus (‘97V) j‘jé)%jﬁlj]ylﬁ, Py, Oq ﬁ%']j‘?ﬁﬁ EEL%%’
HAER A DI oI, C, N R LS
hy(0,V) hy 3 S B T 1 5 (0, V) SRy SR B 14 Ui
i F(0,V) 0SB E S IAE DR A DR DL
LV UL 15 F(O,V) R SR I AR TE T 3 A Zh 2
FRULR P 5 P NSRRI A DI
LA K v, i it 2 T IR B KAH s S(0,V) A AAE B 3200
it PO,V) A P2 FR s 106,V) L
H(V) h 3 B AL T 2 1o 32 I v i i 36405 € R
I3 0, R LR ARG 0 T A i FL R AR
BLZ A Vs Vein 29I LR L TR Py

Pyin 5 95 5 ML ST E TR Oy

Qpmin 75 R B BHLTEIN T F I TR, K(19), K
(20) A7 HL 7 9 45 (49 4 ) FN G By Dy 68 i 249 o5 =X
(21)—3(23) WA 52 BRI E 28 X (24)H
W 265 R 1 43 S DL AT IR, 2 BRI I 265 P 1 51 328 i
15 :K(25) . K (26) 0 S 2715 0 A 1 200K
ARG pit Hi S i 240 5, DTS AT okt 6 4 ok ) F
FEfm R s 28 (27) . 2R (28) BR | T 45 s A ThIh =
TR A AR, 0] GEbE e R Gt 2

204 [R] Sy 7 R S PR S A 2 B e B S 0T L

AE N R, 75 25 R EV R P 2o i e
A 5 i 2 HEAT FE R, 3 R TE R i R AT Y 5 3 AT
B hy sl S S H 1) A, A ST A O A 7 4
BT o b AR L de /N IE B A S0
7 (k) F AR ek KL, R R[] 28 4 ¢ iR e A
TAEAEL

min Z(k) = Zf: £ (w)dw (29)
2wl 223 ) 28 i A i RS 5 F Y O-D X 5

a B BEE R BIAE; k, A AIME o B4 R T A B
B t.(w) NENAE a T He i B GE T E A BT IR 4, K P
A ATPAT B BB AR A . X% B AR R AL, TR
BEE T 2R

> Zi=Zu (30)

acA

Z=0 (31)

K Zos Zo AR A L T S E . 3

(30) 75 3238 it & Z (14 3F L P A7 B 39 6 I

5T AR T A AR A 2 (31) 3R A8 E it

IR SRR o 3 SR A A2 3 U i R 0 PR A ]

15 B A2 40AE 2 > 78 L 3l =2 [R] i 7 o 36 1) A 3 i BH
L

Z (ki)

L=t
YA

e Z(ki ) AT 50 BT A AIE B R

T o3 BOASE T BE A T Y i A B 4er 0 I, SR
A R, A RS, W) 2 T DA DL I, oA
A7 DO 0 7 45 R TGRS, WIDHT 2% i Bz 3 [ P
JIT AT R R BRAR 5% SR FRUREEAR, R A A
WSk

A I P A R L TR R R T B AL
i A Frank-Wolf 53k BEAT MU AE -5 5K A, 38
SN ) B DL A B A ATl B B ST I

iRt B T R A SR T A R
F I A8 FWIEEAT MEG 5 EV RO 2 52 4L 1 25
WA o

3 ET CNN 5 DQON B & gt SRR

3.1 EHTF CNN BIRE AN
B HE ST AR Y T ONIN A BRI A
LT DON stk g I YRt PR A . CNN FR%
FRAIFSRBGE FE AN A 3 s o
FNLBRRS Y SRR X, X = (E,,CW K Py,
HE,. C,. K, P,k EV., FEHLuG | 323 1E
%, HL 7 R GG A R A ¢ Y AT 0 R A RRE

(32)



& AH) ALK 78

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

A .
s
G s sl |
O STimE s

_____________________

3 ET CNNHHERMTE
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Resilience enhancement sheme of electric vehicle charging networks
in extremely cold weather via intelligent navigation

WANG Han, TANG Difei, KUANG Jiaqing, ZHANG Mingxiao, WANG Peng
(School of Electrical and Automation, Nanjing Normal University, Nanjing 210046, China)

Abstract: Temperature declines are induced by cold waves, leading to reduced electric vehicle (EV) range and triggering
failures in charging infrastructure. As a result, charging demand cannot be met, and the resilience of the EV charging networks
(EVCN) is compromised. To address this issue, a resilience enhancement scheme based on intelligent navigation is proposed.
The impacts of cold waves on the EVCN are comprehensively analyzed. The failure mechanisms and cascading characteristics
of charging stations under cold wave conditions are investigated, and historical data are processed to establish a cascading
failure model. To enhance supply-side resilience, mobile emergency generators are navigated to faulty stations for power
compensation using a navigation model trained via graph reinforcement learning. In parallel, the same model is utilized to
recommend suitable charging stations and optimize routing for EVs in need of charging, thereby improving resilience from the
demand side. Through case studies, cascading load increases are identified as the primary cause of failures during cold waves.
The proposed collaborative navigation approach ensures stable power delivery and rapid recovery under fault conditions, while
reducing waiting times and fulfilling users' charging demand.

Keywords: electric vehicle (EV); charging network; mobile emergency generator (MEG); graph reinforcement learning;

intelligent navigation; resilience of charging network
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