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Abstract

Resilience, as an index to measure the system’s ability to withstand extreme disasters, is of great
significance to ensure the maximum performance of the coupling system of power network, in-
formation network and road network under the background of extreme disasters. In this paper,
based on the interaction mechanism of coupled networks, a network physical model of in-
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ter-network correlation is first established. Combined with the time undertaking of each stage in
extreme disaster environment, a multi-time scale toughness enhancement strategy corresponding
to the disaster occurrence period is proposed. Secondly, based on the non-convex and nonlinear
characteristics of the problem, a deep reinforcement learning solution framework is established.
Finally, an example of coupling system is built based on IEEE 33 node system, and the results show
that the proposed method can significantly improve the resilience of the coupling system.
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1. 518

IEAER,  BEAE HL A R B AR, SRR R R G DL T 1 2 AR e AT AR
BEZIRTHL] [2]. ERREHRMEBIMKAKIET, RGN LSS R WA WG R3] odm o FHxt T
RIZATIE R RS AR, it 2 R I ATIE R 1 BRI 3 [4] [5] [6]. fERXAFMIH ST, )
P (resilience) {F ufiiiid Z 0%+ F Pl AR AE S AR R BE 71 OBE[7], X8 ST RGN 2 4ia
THEEEX.

AT BB SO T H R A S 9 3 T AW PERG 98 A KR AR . SCTER[BIMIE 1 M R 35 2 Ak
REREEAE NI ZIRIR T 5o SCHR[ODE I 0T FiL o i 2 FL 53 49 AT G B A, F 28 TR SRS & —
I it 1075 90 A7 4 R S U AR AR s 3 Bl FRL A7 A (R v v S R SCRR[ L0175 0 K 5T N T R
JI3R B AN I DAL L B RE YR rE IR A ARG 1, DAL Ty S8 v F 0 o SR (10388 5 0o i P P R S )
BAT AT, SINCR RIEEI PR LR T . AT AR SRR T — R RS, JERIT A
R G A PRI o

SCHR[L2]H 3 v g ) = £5 J2 W LIRS 73 M TE R X ) T S8 AT . SCHR[AB] A 5 R TN 5%, %
JEFRISEPRIEOL T HL -5 520 W RS S AT BIVE 2 BT, J0FRES 6515 B, AR BERIE 2R S (K 7] 5 T 4%
SCHR[14]45 SR G REIR A SIX B, N RGHEE 2 fe R RIE DRI L 8 5OF MisT ERg . 2R
EIRBE RN RN TR FH T AR RE BT, B 5 H R A 0 2 I TR RBE AR 3T o

% AGE ISP R DU T PR — BRI VR G, 5 = S BURBR AR T AN 18
KX RG22 I (8] R, DR Oy il R i 1k Xk AR 3, ) 26 PSR 2 (R R BT S R i TR
o ASCEPXI R I R E T R TR AN - FE W - ARG G KA, SEH T 2R RUE T XA
B RGHIPINESE T HNE, FFIETIREE SR A 5] S AT AR, 6 9 T SEBRTE DL AL B 1 22 4 ia AT
BEAT B AR M

2. FIEERTHAM - EEM - BEMARSEBERSH R
2.1. FIMERENSHE
1 (resilience) 1E NHHIR R GAEZ BB R 5 BERL 47 R RISATRE JTRIMES:, |28 T B2E.
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A ARt AUR[15]. SRR, W R T AR R, KA KIS AL ) RGP
AR BRG] IR HL 5 TR it it 2 AR E AR P g i 1 ™ AN FIRE R [16], Bl dnifere & O
g, BTk A, BRI RS R SR BRI, (EAR S U A R A S SR AT IH
RA TR RSB /B, T RT, WEX MBS NE ARG H, Mo RGEHIER
FEMAFRXTARRMI R, T2 2 TR AR

Ik 2R e T A i 5 I 7 LA T A L i SR, TR RE ST, X T AR o A AR
B AR AT KPS R JE U RO BE,  DUORRF RS RERI BRI H B8 . AR KR RS9Ik
R, 0 L7 -5 S - 58 DO R £ AR SR EAT Wi sk IS T 5 R M 2 B BUs AT RS

22. BOW - FEW - MBS X RO

Wi 9 R AR, LI - A5 B - B R ER I 2 — e AR EIEUR, BN RGN E
i S e, NEERGIRMLRRFE S . MBEE B RS s i, (58 RanI @ stk
BRI — T A RE SRR, DAMEASLE i & K BBy, S THE BN B B AT ] S 5 2%
4, G0 [A] B B Y5 (uninterruptible power supply, UPS). A424%5 Bt . RS shimAL S 2 R . 728 /M
BT RZ R AEFIBATIRGSRT, A5 B4 5 H AR BRI 1E 9 Sk e N B, D@ 5 B A JE R TR 3
I AR 7K.

KERAEG, BWRGWEEDEZHE, K. FREEBHRNELN, EHEEMENE
BALEIMFR STy, B RE BARS EE tG, 0 F BRI s B R TS AL E . s
PR GG HEL AR T T K A ARG, P OHERIAAE S5 R e TR SR,
DASEIL R F R AT KA EMATRERE . BN, FEEMN. BN =R HAHRE, WIS, M
TR NI, fE RG0S A, IR A 7 U oy Bk, BRI
=S
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Figure 1. Schematic diagram of power-information-road
network coupling system
1. BAN - EEM - BWEE R G REE

23 BHOW - FEW - BMEAEREEE

B BB m AR S HOReE, F I - 5 BT AU SRR, LA S H I R B AE I LR
NEE L SCRA SR AR CUAS R [17]. Bom Rk EHW R, B W B B A BRI R,
ST, AR GE R I PTBAERIT FU L5 R T A WG, ARSTI B 3 A P I I 245 m 2 B £ i s XU RS £ S s
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JE M EHRVET 5, 45 (5 BT SEVERE RS, AR M2 OB LRI . 12 A VR GE T SEVERERG

O L=
M:{' .o (1)
1-%4, A #0

]

Fobt, Ao BRI AR BRI, A, FOTERR i) MM, A, FORSERE A IS § 478 | SUEE.
2 S FR LR R T2 PR (I 6 0S8 P SR 1,39

f, = '”(Wihlzleéj @)

Hor, & RRHRE A RIEE | MRFEE, N OB E SR G U AR bR A G T M 2% 132
A, H™ks REEIN[18]. MOifE R FHFT, Ma A RIVIQE R BRI LT etk utiats f)
REMS S Wk 755 T A IR T, AREIL S R 4% (R T
EﬁjﬂmﬂEPﬁimh?’i{ﬁﬁmﬁnmﬁ&%EPTT@%)DE’J%E, MR ) R G AR, B8 A S T
BB, 78 SOV AL T AT 40 R A Loss, S22k i iR M B i 2k S 4 Lossy 9
Loss; = w;P, 3)

Loss; = nlf w,P 4)
Horf, Ny RORERER i W TR AT A, W RORT A T AL .
58 SUEET R AU A 1 R GE AR KRR R,

R, = Zli:(/y Loss, ) ©)

Hor, 4 Rongiig |, EEmR, KR ME RETMILH fZks o .
P AT ASR HH 3T 2R | R A 0 BB RS BUR AR AS A XS S THE RAW,
R, — RS|AI

=0
RAW, =———— (6)

S

AL, RAW, BEMS EUUL S e Hh 2R L P 46 Fo T R G BUR PR T AE 77, 20T DASEMNT th JLAE Tk

PR IR A ) R
D3 5 5 R P 0 I ] 7 S v 2B P S () R G BUR TR AR
R/ = é(% Loss, ) @)
HARZRT, IS INS B R G0 AR HI X SR THE RAW,, J9:
RAW,, = RSR;R; ®)

FERR S R GE IR M 200 T A RGMNINET 5 B ZREEAEN], 015 L% He BT OC R
B LR R T8 DL A P I ERIERE TS B3k, X0 T RET R T RIMEIIRIK R REME K., A
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X
ij

Hrh, EMFORGH | MIBERBEREG W TRERIREOE LEL K& SON: of R &0 801 A
j Z R A S A P I SEBR S AT x AR, s R B s | R AL j 18] S AR S i A T AT RE
A x WLHEE, KRG KRGS 5 B .

SE ST RUR ST MBI B RE B RN f, -

fz = RAVVsys X Drisk (11)
U 35 T B i 0 A1 T A 48 5 L 2 o [ 495 1 FL 045 I R G M 5 H A R BOA -
max (k, f, +k, f,) (12)
Hrr, ko ok, AR RS
(el B 14 2R 0 7 96 J LT RGRIBAT 2, MISRIBAT 461t T
P-V, ivj (G cos s +Bysing; ) =0
= (13)

Q -V, ivj (G cosg; —Bysing; ) =0
j=1
b, B QERZRHEITI AL | MIE N RGN A DR ML DA, Vo VAT W R
W, Gy By RonWaiiy MBS, mAME, o FoRTai | FEHE,
TR PR R DS, HIBATIN 55396 L R SRR IB AT 240 R
geG (14)

Hrb, g NHEEEMDET, G NEBA ML HEIRIEIT I 4.

X TR R4, HEERERMEET RSB AN - FEEMNASGRIPMAKE, RIFE6SE BTN 5E
SRR SR B R S I, e T AT SR 5 R ) IR LR A . ARSI TR G N SR B AR AL, B TE
FIER AT 32 R - HBIKERIZNE, GRS .

B2 i B 220 % D R A T4 B v AT RS, B EN KIS RN, X TR AS HH
SRR R, s AT SR A (AR S IE BN N T AT IEAT B AR B R R K, AT IH AR B E R 24w
RIS A . AT T e b B4 R -

T, =u(k)T, (15)
o, u(k,) MR G MO S A G REGR AL, T WONBR I ERHG B RE 77, A SC e JONEMEE, JF

BT IAELPrRE S48 e AT, K AR BRI 5T (R S AR B 0 S R A F B I K e 45 S e
SR TR G BG HAREREON A

min(T, +T,,) (16)
o, T N TS s ME BRBME RSB B, AT R EER S R B, fHE

B,
3. ETRERAE IR
31 REBUFIREREN

TR EE R4k 2% > (Deep Reinforcement Learning, DRL) & VA2 454 T & G4 (agent). A3 (environment).
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2 {F (actor) R (state) 2 Jih(reword)fE P IRB R BE 5%, B HAAE T RT LUEE ISR )5 2 5 3
PHL, I BERGIE I i A E PR R IR 2% e AT S A LA ) e B AR AR i R
PGSR MR SIS SRARAFAE SN 5 3R ARUS SR B (T, T3 5 1 20 P 2 8 RE AR R J3E 5 A = ST R R U Rl
PRSI R B, o T AR GESR RIS SN T XEDLFEZOR AR I XE, 7T LUA RO il & RG0SR Tt
DAL i R o
3.2. REELE SIHRBHIRL

ARSI T SRME- 4 8 P 2% (actor-critic) M R IR BE BAL 2 I B, HR HHLERAN N : 155k, BRI T 5L
I ST B MPIRES, IR T B & B RIGENE, BUElER: T 5ns M8 7 (a,[S =, ) 2R,
RYGEET s R BCIAT AR, BRI BIE S, RS EB R p(s.,|S =5, A=a ) TERI t I 211
AESIRE G, ETERGHVIRE, [FINPAERYE 2808 R Bl E SRS R E . X TSR I 2%
A EL R 45 53 73 ¥ B AR 2 P 453 0L, DASE IS AL B e Ak o

RIS 2 FE R QA 2 P

Figure 2. Schematic diagram of deep reinforcement learning algorithm flow
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Figure 3. Neural network structure diagram
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2) Zhefk(agent): M - FEM - BIFEE S RGVE KRR, Hd i sl RPR S 2 8] Seit
PESA
3) #hfE(actor): B REMRAIZNAE 5 A S ISR (A B —— X N, L B B TIPS D P AR .
I ) 2% r R T A S SRR (R AR B TT TR 00« OB S5 BRI TR IDIRAS . BN SR B 58 R SR Bl AR AR AR S
RN R &
Actor:{k.c X, z8 r°} a7

ijrNjr e m Tp

b,k FORTAIH Bk i SR ¢ RO T, A0 R G0 B2 R BUR A BRI A IRZS . 128
RE o TN Ve o% R e U BEIEAT % FHDUAM I, ¢ Z0 0E 2 0~3, AN [w] F) it it FLoxod 1 B0 1k 41K 58 ) ) 4 T
RERANA . X FoRLRE i) RN FZITW, HRATITTaE, We=1, HPATHEME, Mce=0, z,
WA #FHe=1, WFRHFESZE m T —NZMERIREIELE, ¥c=0, WARPEERINE, rf&or
RN 7RG R BIE, #c=1, WFRREFHEATESELEBEATS, Fc=0, WFRRIRER ZFO
R, o NBHEIIEEE.
4) IRF(state): RAMIPIRES T EAEN DRL TR —, HASCY) BB o 5 W R /) D3
T AR/ DG HE A 0 LA S IERES TF ORI HE 18 DUkt o
State = {P", P}, P, | (18)

Hodr, PR I HERAN, Py R DG j M N, Py FOREBREE TR TLK R 5L

5) #Jili(reword): #~ DRL A5 i@ it & Be AN BT KK S E 2 Sm e B Y, FR28 HRAS A% iR 8L
RS, ENMRCHE, W SIRE, @A S, SRR . ISR
WL A F v B A, O R H AR

K
F:zc@gﬁ (19)
n=1

o, O RoRZRMR | REUGE o Rl i, B AR LR,

AR PR SBR[ 9% 3, X3 TAR G v 0 R0 e BT O RY,
ASCRERY R B SCPR R SC A O E R85 ) 51— B B i 35 (K 2 I BU i, AN th T05 18
B RGNS BOR SRS SERRTE T DR BRI R . HlE PR B AL 2 STRE R 5 3, A9 AR SR
RUAESC PR Bt ) 2t b R R A B B SR TSR W, B s s S s, A AR SORRE RY X ) T A% G A
HAT .

4. EEISHR

ARSCHEETFSCHR[19] 1EEE 33 1 s RGBT 1N - (5 5 - B RGBT 08T, JF45
BARSCH S R AR 2 ALE, W% O XIURAS RAE Y 15 mino 12X ¢ 35 A I 221 2 g
SRR 1 AR

AICRIERT G R, BHEE RGP % 2 fs.

AU, ST 2R SR R AR LT B R U (BB R 2k 2%, BT 1 B IS AT 4% BT XU R
FIIRTFBCAI ., RIS R G i X Ik 2k % 1-2, 9-10, 15-16, 2-19, 3-23, 5-26, 31-32 #lE
TBIT&H, MR TRALE, %% 20-21, 4-5, 5-6, 10-11, 14-15, 31-32, 29-30 JA KHUE i,
LT SRR R S AN B AR 2R G b AR 7 T R /N o AR SCOR AR I 2 7E R AR VG Rl N ) S A A, DTk 2
PRA F R RS R B e T IR 77 SRR G P O E R e i R 07 %
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Table 1. System disaster status and time
1. RERIRERASZ

R A 2R EEY 29I Zmin o . 28 %
pl 3 45 19-20
p2 1 65 21-22
p3 2 120 6-7
p4 2 175 8-9
p5 3 230 27-28
p6 2 275 30-31
p7 1 330 12-13

Table 2. Preventive toughness enhancement measures

® 2. MG RT e

PRIGS o SN

HIEIRES 20-21, 4-5, 5-6, 10-11, 14-15, 31-32, 29-30

BB 2-3, 6-7, 9-10, 12-13, 16-17, 17-18, 21-22, 23-24, 28-29, 30-31
JE o ] 3-4,7-8, 8-9, 11-12, 13-14, 19-20, 20-21, 24-25, 26-27, 27-28, 32-33
BT H 1-2, 9-10, 15-16, 2-19, 3-23, 5-26, 31-32

TR T 9 5 PR FIVREE, ASCRGI b, B R 2 0 R 1o 1 2 v 5 H 045 U2 I o P s S iep
AZH, FRERERGEAE = ARG I SN MR s, P RIKE SRR W 3 Prow, & 3 AN
Sr4h/min:

Table 3. Preventive toughness enhancement measures

F 3. BOM - EEN - BRHERELSR

IR S B IKE I A il P P 2 e PR BMASERE W& RGEHFERE
1122 1652 1476 1266 823
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fE5 % R TR R, ol IR P R T B B S A S U5 A R, 0 SEICHR A
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S BRSO S R R . IR, 2 BRI R e e R R S T, & S Al
N RTER B E FIRITUAMGR, AR T, RS . RIS S S % F 7 = i)
FOBB & Yo, T DA I B S0 T M A G 28 R B A T AR 0] At
5. B\&5

RICEE I - (SR - B =S A RENR LR, WET A REWIEA, JIET

WIVER E SCRAESE, 25 A IVE 2 I () RO RS T Sk, X AR M ARENE 1A ) SR AR 5N L 5
W2 S TREBAT R . S 45 RER
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FLIT o
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