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A two-stage recovery strategy for damaged distribution networks

considering cold load pick-up
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(1. College of Electrical and Information Engineering, Lanzhou University of Technology, Lanzhou 730050, China;

2. National Active Distribution Network Technology Research Center, Beijing Jiaotong University, Beijing 100044, China)

Abstract: The development of intelligent distribution networks has improved the self-healing ability and recovery speed
of the power grid. However, when the system encounters large-scale power outages, the recovery process becomes
more complex. Therefore, in response to the problem of power interruption in damaged distribution networks, this paper
proposes a two-stage recovery strategy for damaged distribution networks that takes into account cold load pick-up
(CLPU), aiming to generate a power restoration plan for distribution networks with switch control actions. The first
stage generates traditional recovery and distributed power-assisted island power supply recovery plans that support
feeder reconfiguration. In the second stage, the optimal switching operation sequence is generated and transformed into
a mixed integer linear programming (MILP) problem, which enables the damaged distribution network to quickly
recover to its final configuration. Finally, a distribution network recovery strategy is simulated in a multi-feeder 1069-
node power system for single- and multi-line faults. The results show that the proposed strategy can effectively generate
switching operation sequences, make reasonable use of all resources to quickly recover distribution networks, and
improve the recovery speed and capacity of damaged distribution networks.
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Figure 1 A two-stage recovery framework for damaged distribution networks
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Figure 2 Example of distribution system recovery scenarios
HE T Y TR R B AT R R R Ty = (0o, &), &
BT A 103 B2 7 L DG Ak F W IR 3 B A 1 43
B O A T A RE . — HIE®W B 17 & K
B, BT 4R Y DSR2 2AE IR A 18 G iR G s
T BB/ R Z R/ TR A R s AT 2R
T ARAE B b eR B K AR 7 o JFAE AT U 4
RGN EAER E L D= (0,¢), tn & 3t

R, HF T e, 0T v,
H i

0, =1,Ye€e}

0,=0,Ve€es

US(,:O,VHE(EQUEE)

o 8. =1,Ye€(&UE)
R I R AR

HRAE
3 ER MBRAEA EA AR LA
Figure 3 Reconfiguration process of distribution network

operation tree

22 RRETE

AN LT —FH) &, ] TAEDSR &
PR R E W A . TERRSE TR B,
i A AR R, DUKS B oK i — 1 o R A L B
E— DRI E TR . TESRESE 2 B B, AR 4l i —
B B 5 31 1 DR R AR 1, A R R AR 1 1 SR 971

1) BEZE M AR o B R Ok B e Sy ki
A v, ={0, 1), Hi v, =1FRAEWKE SRS
i ,v,=0RREL KRB,

2) At R BB &, B R A S E O
R AR 5 s, = {0, 1}, F7n 3% 82 3R 526 1 far 19 JF
KRS o X TR AT, s, Fl o, BBL 20 1,

3) FFORAS . hC FEL D R OGP AT O
— RGN FF TR S B, T B H R G 0
2 SRR 3% 3 M 2 B, DUAR FE IR B I 4% 1 4% ) i AT 4R
Hho BEATECE XN B R 0.} €(0,1)".
Hp o, = 1 RRELERL M LAE Mo, =
0 RN IFRATIF .

4) IF M DGR AR 5 . SR8 [ I 1] DG B
AR B R HG Al R 5 A5t R PR AR A7 40 BC R I, AR SCAE
T BB DG Z RIS T — A4 8 WL %
O, WK 2P o W& RSP E DG &AL T I
BRI EIMS MR RE. BiLMEGE,5 =
1(e=i—j), A T ML B DG TAELE IR fit i i
R TETEMNE,ZDG L F5 & SLH
FE R ] DA R A S MAE DI P+ Q.

5) Ak As A A SR A B . FERBI A RS0
H ) H R AR A% (voltage regulator, VR) Al HL %¥
#5241 (capacitor bank , CB) 3 fift tk B T 1 78 X fif o
11T JC VR K 2 6 e (19 1] R, DAL, AR SC#EE ST VR RTCB
A BCF R B VR Sk 47 BN CB R S 8 A — ik
il A% 5

RE—1 324 VRAEHBEJEFETTER R £E£10% .



540 B 2 AN 5 % SRRV T B2 45 I 9 I B A SR 153
Bea, WEHL e 9 VRIEEL . Hb ML ¢, B4 L SE R R R IE R BT T P RS

(z‘,j)ésR,aquXij?O.E)Nl.l,El]—}/FT%%VF{E%BjU
0.006 25 p.u.. #%4& A IE T 28 B ERALE E LR

oE 2R B wd, €00, 1), B ie(1, 2, -+, 32). IfRE
X b,€{0.9,0.90, 625, +-,

2T B B TR G R I JE D7 B 0 — A, b —
B IS T (uly)) =ul,,  VREE
Vi=a,V/
(1)

U,=A'U,Ye:(i,j)€Eex

it$,af:§§bﬂﬂmd§éu&f:
(HA R VP R i =M R

¥ CB By IR & o =3k R AR
ul,  €40,1},CB &M u,,,, = 1,CB = A1
Bl
A FAAT Ay o B 28 H R B SF- 7 U B pR AL, B

Gl = uly gl U (2)

23 CLPU#EZH

HL ) R G0t B F B IS, P O A T R i
2 B AR ey BG K B AE O, BR 2 S ¥ B Bk
PR TS QISR i = )1 A o 1 1

1) ffar B 0. AR A far Can s 8 kAR 55 ) 4R
AR, R iR R & TE B 5 =R 3, 80
o 2 i AR, A IS 2 2 R B R A 4 B 5 A%,
I HL 3R B a7 BN 2 Re g2 JLAS /R

2) Ml L . YR U S Bh T, LB ML AR R A Y
Ja B2 AR B R B bl HUR L X RT RE XS HE ) R AL
R — R ) g

3) Bh AR . ¥ AT B B 3l A R PR A L
PR AMHRANESIBERB L, WILTH LS
JEILXT R G RREPE S . ¥ 1A S Bl AR R R )
mE 4 s .

A
Iz """"""""""

1; U, o = A A

—IEH IR
Vo B AT HL AL

=
i
I,

v

i ]

4 AR B SR T
Figure 4 Example of CLPU model

LY, AR 4 4 b o5 A

FCARARBUE T 5N g’ A BREE

FL UL 5 AR IR 52 4k 3R VIR B 45 HL R T IR, —
PN AR R E R R AR, K, LR
FeE J M LT, I R ¥ S04 I 8l B KL, £ R 45
HL & A B 2], 1, 3 W5 |90 A F B E AT K R
I 2 2, 37 VA B Af B GR AH AT L5 R A s 2
24 CLPUTHfATfEE

R RAF TS ) 9 48— 145 FL
W] S5 2, T4 25 T RIS G A R A2 G o R
o SRR A5 L A far DR T R A T A B G D R
2 R — BL ) 5 2 48 B0 U, B 3 o el % 457 R T
1 B g5 KO X — 3 BB FR O CLPU ¢t . CLPU
W T BOG T 2 C ZREE 1 & 3R B b
BlHL RGEIS AT, WK A2 o B ik — 25 R 2
I, 76 BE B R 2 B A KA b R B — 4 %
CLPU N, 45 312 B A V8 Dy g A 10 g, 48 i 4
il

CHk[ 2245 CLPU T 9 f faf B 78 , CLPU A2
T S50 A SCik[ 24-25], CLPU HitE

D, (k)=S,+(S,—S,)ee ““ 4
S[1—ulk—1)]oulb—T) (3)

L, D, (k) K5 AR CLPU i 4 1 1 He 9]
T3S AR AE Z R BT REG S, b ZREfL T R
K5 o S A R T, R IR R (2,)5 () R &
Gk 52 B K PR AR

0 far PR S ISF 114 ¥4 A7 2800 T L 5 R L X 45
(19 CLPU Ff M iy 2k 547 73 Be e ME Al Ak B, b 46 1
7P B TR P B A b i L ) R, A A 2
Z W HL, 7 ¢, B 220 38 FRL T R BT R R ED (7))
AR E W . BT A 2R R L B
] 3 el TN S, 20 B 67 f O B SR AR 2 R OF
RIEBCTBE L 45 LS ) 2 B AR O fr R BGE ST
15 32 T 19 1 fg 7K OF Seo W {H CLPU 4k £5 B 1]
(t,— t,), ZJa i feg S R T oK 5 48 B il .

CLPU 414

I
N SR ol

A

{52 by F 2 1)
-

| NS

0 to L b
B ]

5 QAT MCE AF e A § AT RO
Figure 5 CLPU during load recovery




154 I <

15

Eid =S 3 2025 4F 3 A

MG 25 52 1) CLPU £k, w] DUTE3 s A SR b
B[] 9 £ fer 55 0K o O 7 IESE X CLPU &k A7
SRR RE — ELARfar S AR s = 1, i T i 4 1Y I
(] 25 K v SRy 97 A 405 BORFE(E o ¥ 4 22 B far 9 CLPU
2R B HCh N AN ARG R AR 22 K AD, (&) 7] 43531
AP (&) F1AQ(A)FRE , AR P 1 Qu S
ENFEARFN(f— 1) AR 24 LBl F 2 22 7] %
RN

0, k=1
AD, (k)= 4
nl ) {Dm(/e)—qu(k—l), 1< pen P
N
Pu,/:Pu(Squ,/ EAPIJ(k)Sz‘/k#»I)
- (5)

QL (SM ZAQ »,HJ

A, PLHiQuL o = A B Ay AT RR K
AP (R) FIAQL(&) W] 43 5 #I I 2 (3) L (4) 1 545
tho — B R ) 28 K o) CLPU 3R (R P,
Q... , AT o W 971 far 45 20k B B 2 8] 8 CLPU

3 Zafc M kR S R A

31 BRMmERINVER
% 8 A TR G ey B9 ACER R 2, DA B R PR RE M
1 far A B b R R,

EINDY

i€v. ¢p€la

Kb, w, Ry s AR S G50, ok BT I AR U 4 ) R 2R 4R

Gipe{a b, c) HELMAES ;s b 77 45 HUAE
It PYONTE (AR MIAE ¢ € @ BT D)D) 2T 3R

TER S 3ok B v, U048 0 DG 35 A 1 B0 S R A2

(i) 5 U0 A DG, 1 B A 5 i T P ) R R ) R A2 42

(FIANE I [| R0 N1 e e N v I A VAP A

Y #5209 U, (PR 52 1 R0 BB 65 1 3L B B A
170 i/ Me U450 v B bs e £, BI

min(;(1*5<»>+z5ﬁezf«) (7)

K, 0, 2k B sl T C SR A8 o s e R i T 3 BOIE G
Brses HE I IRESIF REA .

FIELPRIBATIB O, RG24 H R R

B 5 0 5 R S R P ko DRI K R R AR

S E SO B H AR T S A e A . i

ANME I B E BOE IR H b .l E A

[FIALH o f Fl y, IR 2 ORAIE £ 2 B AR S 2.

(6)

w,s; PY,
)

I, el T a — AN AT B K A9 (e LA & 1 SE R 2 i
KIMAL A Il p<< 1,y << 1;8RJ5 , #EAT i /M)
oA B PRI A S 9 i ik U e — X o3 BT R
IR 45 JF 5ok S B, A8 24 0 T 5 P 43 I, b 2004 JF
W BT R LR FR A m HR P a5 4 By AL B
i 2 es [ (y =20 €5 |[B) o I B H AR o8 80 AL
— A BATE A S B 0 B H AR L I AUS H bs

PRECH
maxf:aE 2 wa,»PﬁSf*
(8)
ﬁ(; 1—9.) 23)7y25
Aot a=[1 ™" "] el N DG & Y i

UK SRRV E RN e QN s S e

1) B EE LI o O B DR S Y R 2% 5 4
FIAR 1] P 52 H) 0 4% 4 41, A i e I W 2 4 40 7 T A2
PATF 3 PE 20

si<v, Vi€us
(9)
= v;, Vi€ y/vs
5, <v,0.<v;, YeCeyer (10)
0,—0, VeEer
Eé‘c<|ec|—1,V(e€ec (11)

(9~ (11, v, g B 258 L A 5 e O 0 B BE
T ARG e AR DIV LREE G, Bl s U esse. 9 TE
APPSR CN VA CEZ A UPI PN /6 g8

ZYH(9) R al I & 1 fafy 4 HALY B % 2 3
Bk 8l DG Hhad s 9 RF 2 kAl DAL R 58 £R A
A T O 57 17 44 AR A0 A L B R ORI HL o PR, A
SR AR R B 2 0 F AR R A U AT DR UE AN A I OG Y
B {3

XT%%E%@.%WE( 8.) B 25 =X (10) , 5C
Hh 2% IR Aol T ) 4 0 BB ke T R 2 R G R A
B PR Al T S 4 I 30 R IR 3 AR YRR R R
I 00 T FL 1R e A R R T % T OC R AT AR . T
TT 5% B9 5 P AT T, 552 B4 e T HL 2R 96 1908 42 1) i
o JF i 20 (L) W DR 52 0 2% 14 4% 1] 9 b
W, B A — A TF R AEAT A A8 5 = W T O
FH 5 ARG 20 T 4008 12 M2 15 R 0 2% B BT A T RE O
W EANERRE A1) . B2 i 16 25 5l b 5
2% T O KA B T B, AH X T S PR B T 2
AR E L I 246, G Tl R MR B o BT R AR, MO
¥ AT LAGE i 2 4 A7l B AR 300k 5 i, B O e X T
20 5 W9 73 TC 19 24 AL S A6 TR0 2 [ 5 9, DR I AR 28 7 ik



540 &5 2 )

SR, 4 < Y BT AN T 2 450 HE H I 1 Y B AR A SR 155

N R S A A
2) LR AW,

> P.=s5P,+ > P
z/:(l}j)ée f:(/,z')ée (12)
D> R=5Qu 1t > Q
e:(i‘j)es e:(j,i)ee
U—U=2(#P.+7.Q.),VeceleUex)
(13)

o(U —U,))=2(7P,+7.Q.), Ye€Ees
7.=Real{ad"}Qr, + I,{aa"} X x.
7, = Real{ad"} R x, + [ {ad"} X r,
X (12) (1) e W EM T EES P+ Q. N
MBI =AM E DR G s re xR e (i, j)Eeily
F BHL | H A0 AR B
Y (12) 3R — AR P ML ) R 3 T 2
HH ) RE A EM G, fEZR Y F/AET A
W12)5E LT R4 ece WA TIMITTIE R . F
FE L2 (13) 2 ST 7 AT P48 2 2 1 v, T AR T X
TRl U £ i, L R A T DG 5 I A 2 R AR 7
A (13) 2R, BB v R o R

UM< U, <o U™, Vicv (14)
(P) +(Q)<(SM)  Ve€eles  (15)
—V3(P,+5)<Q.<—V3(P.—S.)
—V3/8,< Q. <3/,
V3 (P, —S)<Q.<V3(P,+S,),Ve€e/es
(16)

o[m, M |ip, @i<o[M, M,] (D
KO~ S NIET ZAI M S, LM AL
R, S, =S J(2n/n)/sin(2n/n) ,n=6;P!+ Q!
K p€ @i IR DR PE™ 4 DG e KA D12
R Q™ A DG M R Iy R4 4 5 S0 hy
eCeMMAELIH

2 B RS T 2 b 9 G047 AN Al 0 A A
A TR 1 0 A K A A PR AR A
R E P R R (15) Fron o Wl — 2B fl
JHSCHR (23] Hh $ 1 3 T 22 58 i AL D % il
13 (16) e SO — 4 2 P 29 RO 3R (15) 47 4%
YAl o O S B 0 A% FHT IC B, 75 2E0R 9T T 9T B 0T
KAFH LR BRI 2 0 kW o 1 2R % e bR 2% 4 j i OF
KT (0,=0), MAH (1744 L (i,) LT3Rk
05T, IPRARAM =—M, MM =—M,.

3) Mg AT A . ARSCR T 30k [26 ] 42

N O N T ST N W S 1 5 R Val TR VT L U
PR A2 0] i AR 2 SR 4% 32 AT 29 SR () s e W
U2 %3 H
ik SO B 78 T big-M U7 i X S 2
WLMEAL o big-M J5 s 2 M i 40 25 AR 72 5 1) 3fe
AN S DR G o /AT N I I S D St o
x€{0, 1} 5#ELAEE y TR e =xy N ; %242
HyMAR R yel[ v, 3]0 AW z=ay ] FHFRN
ANLAMEFERAR,
TYL T ay
ytH(e—Dysz<sy+(a—1y

FR AN B R (18) R 2= 08 A5 3
=0, Kr=1RABI =y, XUEHE LK
I J 5% B0 4 A5 f T A PR 20 SR A B FR 29 o . 4
SRR LR B TR N 7E L AE B R L, O i 2 (14) 1R
WE . X TR IR — A, HLE R BR U R 1 R
U™ 4 118 (0.95) F1(1.05) "

4) DGBITA R . i DG AR HE 40030 2 3%
B T S, LU Bt AN . BRI, 0 AR
M F ALy B2 B9 B DG RS IR A DR BN Tl 55 T
DG HHE 78 i, B

>, Pi<o.pyn,

$E{abic)

32 SEVIHRIBIERIIER

55 2 By BOG U1 e sh AR 2R A7 B U HE I, LA S Bk
B 2 G 1) 55 1B Bk A5 19 d5c P00k 52 90 1 7Y 3
A% 5K 5 2 B Be o A 38 TR A 8 A2 M LA (mix
integer linear programming, MILP) £ % | DI 7E T 4~
)25 KRy B B AR g DD R O 8 (T =
{tas ton by =t })  TASIE ] 20 NSRS 1 B B rh 4R 45 19
DI SV B B B i %E o O A ROW X CLPU R R
BT PR 52 0], K CLPU T 8 B A I ] 20 K i — 25
53Ry 22 A BN DLSE B 0 e R O AR 1Y
KA Pt o FE5E 1R B, 38 2 SR A ) b P Ak 1) Rt
CEINR R/ SRR Py IO T SIS -
SCFN AT TF O W) A 4R AR T o B S 45 265 1B B
(R fff TR 5 AR 2 B B AL i — 2B AR T K
B S o 55 2 B Bery H AR )8 2 78 78 0 &
CLPU R % TF 56 #AE 1 51 A 1l 0 52 e B iy |
PR IES B3z A7 29 90 Bt S, T ik 2R 5 D 10 4 i
TFOG (ECZR T SR A T OC MR AR . (454 ik
WARGNT, B D o B2 LB BEAY WA T4 &
PLokdricd, BAR BT -

(18)

D) QI=0.Q5™, Veces (19)

$€la,b,c)



156 I <

5 H K ¥ 2025 4F 3 A

I’Iléle:ZZ 2 w, 5, Pl (20)
teTicv. pefa, b, c}
E L L
Sr’./>sf./717 VZ'G‘US, erT
—~ (21)
s.o=1,Vievs, YieT;
i1 =00 Ve€el, VIET
CE= VeCelUel, Vi€ T
Db, —0.)+ (22)
yE;
YieT
2 (é\k.l_ak,/*l)gla
4'6(;\,‘;)
é\e,fioa vee;,[:ﬂT‘
S.=1, Ve€eilUes,i=T,,
é\‘.,,:o, er{a—;‘:},tZT (23)
0., =0, Ve€|ai—el).1=T
0. =0, Ve€|e—e|, (=T

(20)~(23) 1, el el eb el il et e 4 3 9 43
B JF 5 tie IF 32 LA B DG JF 3618 47 15 51 19 i & il 5
vs AR IR 1 B 0 pe Jr 52, BV AE S — i I ]
A WO 1 R

AR A (21) ~(23) BER 78 AN I (8] 25 0 B £
S A7 7 42 3 T O 1 50 B I B B T A T RE 9 TF
Kt AR (21) B L5 1 B B3R 10 i AE B
A0 25 I A LS B L B AR a0 T 56 R U g A R

L LA BRAERA . R, 2 R0 (22) R %
25T SR AR 18] 09 il 454, O 5 ) 5 4 ik 1] 20

Y

AT — WKW, LLRE B I B3R B 5 29 o 55X (23) Aff
FT AT 43 B G R 2 0F O 78 8 4E 09 B I 1) 4 K
AbF TR IR ES s A S 5K A2 1o B0 I K O BRI R

4 E=OISH

i 2154k 1 069 B4k &R G 96 4IF 1 T 42
T AR Z WK R g 44 R3-12.47-2
PNNL 73 28 5 R 4 n >, 52 il A IR) (9 353 2, 9 7
ANBR LT e B2, 3R 19 4 2k 1 069 B2 i L &R
gr, faifb e S 6 TR o 5 2k B B f R
4 366.955 kW il 1 299.206 kVar, BRItz 4, 8%
R Gk TV AA 1 AR S 1% R S8 S I SR /N LA
JEh 259.698 V., I ARFRHL s Ry 277.1 V I, #
JINER TR B R 0.937 2 pou (B V., =0.937 2p.u.) .
1069 B2 i R e & A 1069 4> = A0 LG 2k
(3444 4B AH A4 ), 152 4 4r BETF 56, 190 7] fig
()30 %, 122 586 A IE i 17 B9 A2 W 4 b o A DR AIE
W5 B nf 1 7% B HA B R BN 1 R T R IR R, AR
SCOKs B 2 0 fr BR AR FE 7090 LN R E L B
75 A 0 45 R D E T M5 4R R 8 A 1 R T RN
HB R RS A5 6.7 MV « A% 4K & Ja] 81 9k
FR Ky —A MILP [n) @8, I fdi F Cplex 5K fif &% 217

229260 —. 4.56 MW
230 @ 243 MVar »
258 257 2518
- a8 % 215 530 o B @
Fa 1 181259 4 232\ /243 7 261 o
233 244 234 240 245 241 249 250 252 77
255 6@ 243 e T E
. 229 260 5 213MW i
: 0.72 MVar'
b 1181 259 4 230N /243 #5239 261 7 " :
S s :
233 244 236g™\ 1 240.245 241 249.250.232. .. 179> Cg7s :
x 255 262 243 : : '
1 34 229 260 i 266 i N
i poosedeeoeeend H
i 258 257 2519 564 263 o i 246 74 248
= ° 1 181259 4 237 243 9235 239 L 26 | B57®208
S
23 244, 2305 237 240 245 241 249 250 252 4
255 e B, 243 75 :
y 229 260 26 158MW |
o230 g 0.55 MVar }
258 1957 2 263 7 24674 248 i
d 1 181 259 4 23 hy3 @235 2398 @264 261 @08
(S ‘ ‘ \ . :
233 244 2360 237 240 245 241 249 250 252 774 754 | T-t---- :
25 2620 2 243 266@----- DG) ¢ o i
0.92 MVar
B6 Z4r&1069F&MmEAZAGMILEZRRE
Figure 6 Simplified single line diagram of multi-feeder 1 069-bus distribution system



5540 55 2 1)

SR, 4 < Y BT AN T 2 450 HE H I 1 Y B AR A SR 157

41 BBREHEMSIRENETEREMKE S

Ry 4 W AN TR A5t 2 e B 14 B0 A R 21 O L A4
3FNAS [ 1) 7 55 0L FH T 88 A7 A Pk R AR AR

D W5 l, ARl T F-d 4 241-159
T ASBORE B LRI OC 7241 Bk L PR R
X B, %40 B T ¢ 164-249 Wi JT, I JIF A AT 68 1Y 7
I B B BB R R AN s A LAl o 2k b vl . B S
W B g, LI ZE #) F-d 3 627.54 kW 1 61 fi
TEo B, 5 1 B B U 7 R AT IF 34 43 BT %
IR AN FERE T 56 R BB FF A R L3 1.2,

R4l A= 1 4 TF DG 50, 5 2 B B B AR I a4
7(a) fIi7s o 15 ER F-b FT it £ F-c il i3 oy 57 % LA
P E F-d i g, — BB far 7% B 52 i, Fc FlFd
Z AL FF O A, AL 3 CLPU H B, K8 F-d
M ffr B2k L2, Had A2 %G, Y
CLPU N By 171 faf 37 AR A5 2 PR, D0 25 Pk & %4 41
(9 B0 faf o A 2 e AR MR U T SRR MR 2 973.5 kW (1)
Wi HL B faf, AR B 654.04 kW Y 171 fif

B J5 % DG I AR A 1517 90 5 Ak L i) 1
SLHEAT T A RIS, ROy A 1 B T A
W7 Fi, 70 o7 B T 2 1L R OCHRAE L JFIE L 2 4> DG it
HLARE o T Fc Al F-d (9 DG 82 Y 5 far 3 B K
S B e, DURE 05 2 o A8 1 4 114 25 o 6 Bk A2 A 1
Fuofar o FAEF AN 7(b) Bt Hop 55 5 REE 114
FELBRIRIA R DG IR R EME . TRVE A DG
Ji A i 2k 58 A Ik SR A el (RLAR A R G i T O G R
VEUER, 3% 558 die R AR & 1 far £ 56 T D) e 45 4 55
A AR — 2

A S HAMAREH DG B RS R ES
JER, Hoh A [R) R BE (1 i R T B k. s
SRS AT SRR KB W e S m . IE RS
FTREST BB IRREACw i, X TH
FE R 3 5, SR N B AT A IR A A S Y
Py KA AR S LR AR AM e, LR 8(a) o 254
M, & 8(b) R T4 A DG i3 By & it o7 %8, Hirh
T A B g AR B A5 L

R1 ADGAHA L5 WAL 069 % &n X F 4l 6% B R ek
Table 1 Recovery strategy for four-feeder 1 069-bus test cases without DG participation

758 2 I FFoeBkim A AR /KW by S Y A SIBIPIE S ELiFIES FA WU A / kW
248-254 (F-a and Fd
220254 (F-d) 2 N (Fraand Fod)
©2266-252 (F-c and F-d)
1 241159(F-d)  7-241(F-d) 3627.56 164-249(F-d) @136-245 (F-b) ) ) 2973.50
@®75-252 (F-b and F-¢)
$195-256 (F¢) )
©236-256 (F-b and F-c)
@77-220 (F¢) ~ ©261-263 (F-aand F-b)
®177-240 (F-b) @248-254 (F-a and F-d)
244-257 (F-c and F-
2 181182(Fc)  2671(Fc) 436695  182250(Fc) (©195256 (Fb) O oid27(Feand Fd) oy 0n
©208-251 (F-c) ©236-256 (F-b and F-c)
¢ (25275 (F-c and F-b)
©220-254 (F-d)  1)959-966 (F-d and F-c)
193-195(Fb)  223-261(F-b) 195-256(F-b) i 245254 (F-a and Fd) i
3 onol(rdy 223961(E) DT os gy Q195296 (Fo)  @75:252 (Fband Fo) 4855.90
K Ve ®266-252 (F-c and F-d)
£2 ADGA LMWL 1069 % &l X A #6518 F ek
Table 2 Recovery strategy for four-feeder 1 069-bus test cases with DG participation
Y5t 24 % T 5 B 1] BT R / kW g 1 T X EBIES 4 WU 15 / kW
220-254 (F-d) DG-75(F-c)
22077 (F-d) DG-266(F-d)
75-252 (F-b and F¢)
15 — - — I~ — — — =~ - =4
1 241-159(F-d)  7-241(Fd) 3627.56 164-249(F-d) 136 245 (Fb) e (Fon and Fad) 2 973.50
220254 (F¢) 566955 (F-c and F-d)
195-256 (F-¢)  536-956 (F-b and F-c)
21974 (F-a) DG-248(Fb)
] pop.75 (b 2617263 (Faand Fb)
2 181-182(F<¢)  267-1(F-c) 4 366.95 182259(F¢) |00y 248254 (Faand F-d) 3985.20
‘ ( b) 236-256 (F-b and Fc)
21974 (Fb) 75-252 (F-b and F-¢)
DG-266(F-d)
193-195(F-b)  223-261(F-b) ] 195256(Fb) 223261 (F¢) 248-254 (F-a and F-d)
3 6757.82 4855.90

105-191(F-d)  223-261(F-d)

195-256(F-d)  220-254 (F-d)

75-252 (F-b and F-c)
236-256 (F-b and F-c)




158 oo B % 5 B & %

2025 4F 3 H

g i 654.04 kW ] 18 [T i ik v
16+ 1 , ]
- 5 16
= 14t 8 S 14l
& v = 14
E oyl 16.2f — ] & T bg
= 16.0l ] & 127 [DG-75(F-c)
10t : 1 £ ol ; @3
& 15.8 1 EES [DG-266(F-d)
8r 15.61 11 gl a a 1
6l CLPU R 6 ‘
t t, 51 ts 13 tsq Iss ts6 ts7 ly to L lo 63 Ly bs b L Ls Lo Lo L
T XY 2L B I U 45 2
(a) ANl DG B HF DG # A 20 B8 55 67 fif 4 Bk (b) 185 JH DG A o S $88 A1 20 B8 15 670 7y 475 Bk

B7 %% 1T eItk Bl 5 (X% F-d241-159 ¥ L ¥ )
Figure 7 Switching sequence in scenario 1 (241-159 node fault of feeder F-d)
229260

181 259 4 229 @264 @ 5 P @@y

240 245 241 249 250 252 7 77
" 266

229 260

%
& c
L]
Ay
2 4
B4 229 260
258 i9os57 :
nP Pu3 923529 e

(a) A DG

229260
230

258 257

240 245 241 249 250 252 7 77
<266

229 260

246 74 248

P e

234 1«

229 260
H '

258 1257 2519 264 263

P Moy 8235 298 e

234 266 @----oe

(b) i/ DG
B8 {&mfeR4LA DG SR
Figure 8 Recovery results with and without DG



5540 55 2 1)

SR, 4 < Y BT AN T 2 450 HE H I 1 Y B AR A SR 159

2) Y2, R EAPLT Foft4 iy 181-182
R . MR B LR IT G 267-1 Bk W B, R G
FE W XIS FT I Foc Y 182-259 1 ¢, 8 £ M 45
AT 1o B I PRI AR R A2 A R R R 2% 5 )
) Al £ R 1R 4% . R PR B R S L A Foe TR g
T T AL B FE Sl 4 366.95 kW,

PR A B 5 1 B BE - A il 5 AN 4 BEJT 6 L1 6
AN e TE G W B AE 7 81, AR T SC AR T Gn 2%
LFT7R o 55 2 B B« AR 98 58 1 B B 2B L JF G )%
G, B AR an & 9 (a) BT o B g DA IR 5% 2k
Fci R B4k Fa Fbfl Fdf@REmL, IIKE
T T . f ARE T & R KA 3 985.20 kW
8 BT AL A7, SR K R0 9 far S 381.75 kW o H AR 1T
=N O N o 2 o Ol Tl A R ol e I UL S|
CLPU I , 3 & B K W 1k &2 B W 15 26 ] LA il e
CLPU [n] i ,

TE /) — 5 PR H DG WK &R B i, 5 A
i FH DG A [ 19 52, K 52 07 48 3l 3k 9 A JF 56 38 4 ]
PRS2 AT b B AT, A TR R Fob 1 DG B2 A Ak
(4 B0 17 T IR B (4 F 30 R R T 5t 2 AR R i K 2
LUK AR U, a2 2 BT o R IR AN A
9(b) iR, 55 54 FF R HAEXT I DG i D) # . 72
A DG Ja , U5 4 o 58 a2, I BLAE VI T 56 s1

18r

381.75 kW

= 16+ 1

= ]

, 14

E

E o

4!—ﬁ
lO L : i L L Il L L
ty te g lo l3 La ls b I I L9 Lsio L

TF R D) 20 R

(a) AT DG I T 6 #4720 9 55 6 £y 4 HU L

18F 7 T T ]
— > Ll
= 161
=
',
=4
g ]
B ot '
10

fh te t fo fo fa fs fe Lo fs fo
TF K] fh 20 B
(o)l J1 DG I I S48 A5 20 B 15 1 Ay 473 iUk
9 R 2T IR BT (3 Fc181-182 F &4 FF)
Figure 9 Switching sequence in scenario 2 (181-182

node fault of feeder F-c)

Hs2 i 0] LOWZEE] CLPU RGN o 18 33 B Fc 2k
181-182 Wi Bt (4 1k 52 3 W, 36 41k JIT 2 4k 52 5 12 7 LA
PR AT 250 M K S R BT A B R R Gy T
SETETE R

3) Y3, AYsBifl T F-bBigi iy 193-195
WML F-d B4R 19 105-191 75 /510 £ s RS 175 10
5T 2 B0 AR B 2SR Y Ak Rz G DR e B
IR 25 AFET O 5 B T 75 11 3 e AR AN 26 1 R o FE R
Wi B I, WS B 4R F-b A F-d Hp 6 A DRt R R
6 757.82 kW K& 5 1 By B A= BUAT I — A B O
I 3A I 4 TF O R BRI 81, LR T G TE R
MR 2 PR, 52 B BeAe 58 1 B Be i S il 1 U0 4 o
5, Y5 dn P 10 (a) fiF 7, 6 089.04 kW ) 671 faf
MR SR

TEEH DG A 1% 30 T BERUR [F] 9 3 5 . sC B die
PERBOEINE 6 ko 7 T2k F-d 19 DG 7E £, Z1
B ATE AR & o Wk &2 & AR i fer . 5% [ DG
(R 18 0 AH L, 5 2k F-d 9 8 67 a7 11 980 AL 191.009
kW 3 /b 5] 668.78 kW 5 A/E /7 4n &l 10(b) I o
8 FH DG R S W 7E 1 IF KB4 J5 , T LLUE 3] CLPU
RN o

18+ p DU
1901.99kW [~
16 CLPU/
: i
< 141
=
\\3
= 12t
E ol
8
to t, ts1 t ts3 tsa
(a) AAHH DG B F S35 45 B 55 6 45 JC o
8 T A |
> oarw [
16}
2 S w
Z 4 — ] B
&
,d;( H
= 12F 1
J»\{
10| [DG-266(F-d)
8 L 1 i
t t, ts1 ts ts3 tsa tss ts6
SIE SIS

(b1 DG I I S48 25 BR A5 B i 473 i i
10 %% 3 T8I X B (LB F-b193-195 % &
Fo & %% F-d105-191 9 & ¥ %)
Figure 10 Switching sequence in scenario 3 (193-195 node

fault of feeder F-b and 105-191 node fault of feeder F-d)



160 I <

Eid =S 3 2025 4F 3 A

42 REGVRE R B EETEM

A FR G 3 rh R R 48 AR (system aver-
age interruption frequency index, SATFT) 1 & &t F- 3%
rf W 15 22 5 8] 35 #1 (system average interruption du-
ration index, SAIDI) , H LMY 5 Ge 1k & B (4 ] &g
P, HoE Lok

J\]mr
Foam= T (24)
dint Nint
Fsam = 2 N (25)

T YD 07 5 S N AT A 4D e i ( T)
QESAVRIE SV GRS N
T.= >t (26)

K (24)~(26) H1, N A5 28 v IR 55 14 6 17017 4505 N
Sk v W S R DK F 5 min (4 G aF 50 o v TR T 5
R FF S m B VI 18] 5 N, SR o5 KU e sh A 1 5 56 .

1E 5 SATDI AL SATFT I, 41 48 s (1) Bt o T JF
R T (FBhslam R ) o R AR SCHE S i 2k
Hh g 25 2 I A I K SRS R B A8 A ), A
PUBCBE 3 VI A . 11 R TR SRR Y
S (18 v DT AR 8 15 18] () TR BB [8] K F 5 min ) £
50 Niyo ML 10 FRmT LUE L AT IR TR ), 157
ML B 17 50 N W70l 2D, &R 48 SAIFL (H IR &

TR
Ay SAIDI it fif £ &
A =

” | - Nu=N
% Nin=Nn ! 8
ﬂz NrZ
Ry A )
:‘{K Nau
fal 7=5 min| SAIDI #:4%

No ‘ i} [8) £~5 min

ty 4 ‘ LB ty !
TF R4 20 4R

B 11 ARk Ly ey TRk
Figure 11 Reliability of the proposed method in the

Trecovery process

43 REAEMRIE

N Bt — 25 B R AR SO SR K A2 T7 5 1 T SR oy
BRI 337 5 T BB OR i ], S
I3 AT PR S ek R A N Y A 5% D) 8k B I P R T 38
gl , Sk P 4R K 52 05 1 9 T AT

A [ 55 K O 5 A R DD A T O I L R
HEEmME 12, AL £ R T, 801
A IF 2 (9755 i TR TE UE O FR(E N . R 3RRTE
B 22 5t 2 R G vh 3 AN [R] 373 5t B B30 12 HhUAT I

B o 7 iR SR AR AR 1 B B Y FERT 26.01 s, SR 56
2 By B Y FERT 273.61 s,

-~ A DG

= 0.960
]ch 0957 %, . fi H DG
2 0054 \‘,./,' ¢ . -
-ve T
(a) e 1
0.960———— .
5 | ) -~ Rl DG
0.955 .
é’l ] e ffi [ DG
@ 0950 e e et e e
0.945 : :
P Ik PP
(b) 52
0.960 E—
2 =
£ 0955 , e e
14 -+ Rl DG
0.950+ ~
m .1@}:’;} DG
0.945 : ‘ ‘
PPk P
(c) B3t 3

12 FAEPF T RERBAETGBN T S8 E
Figure 12 Instantaneous node voltages during switching

operations in different scenarios

x3 AR F TR R

Table 3 Simulation time in different scenarios

RS 1] /s

Y5t F DG A& DG
BIMB 2B BIME W2
1 37.25 410.23 10.83 320.45
2 38.73 365.56 35.25 240.56
3 9.70 261.41 24.31 43.45

4.4 FRIEE

W BT 7 ¥k 5 SCak 18] i IS il £ o0
[f] DSR 7 ik #0471 e o A SCH s fif 1 MILP A
RUBCE AR AR 0 J7 5, BE XTI 2 2R G0 Hh B A A ] 4 i
F0 e e, S 2 i AR A5 i A 0 4% G B . b Ah, BT R
(9 MILP A58 1] DUAR 28 5 ) 8 B A5 57 5 45 (DG
FIF ) o far Pk 2 04 M R O 8 1 25 5 &1 13 B
o B3 a] LLUE AR SO 15 e 6% 00 4 ik &2
Bt L R 45, O DA R U4 A S AR AN Pk 5 B K MW
M B o TSGR 18] b i A 20 220w T 45 HL S £
fuf Z2 FEVE LR G far 0809 R/ R 10981 kW, A
oA ST # J5 EAE R 8 DG IR 1) 1) 654.04 kW,
% BN Z 5 DSR K& J7 1 0 faf s K i 2
PRy SOk (1815 L T &R e 3 /E 29 3, 75 20k 20 % 41
{1 971 7 A 58 BUERAE o



5540 55 2 1)

SR, B < V8 BTN T B2 450 HE W IR 7 I B R A SR i 161

18 p— T T T T T T T y
APs=1098.1 kW_f
2 'O | oDsrUrik
E 14 A7k
:t_E, 12+
R
K 10
&
8,
6 I
to te ls I t3 la ls te Lo B I Lio L
FF ) 25 PR
E13 BF1THRELLERMT AR F i

Figure 13 Comparison between different methods for

restoring total load in scenario 1
A
5 HhiE

A SCHR S — A~ 32 0 TC F D P o B A R W,
JE 32 WL N AE CLPU 2 14 F 5 805 1y 2 4 Pt
S HE, B IE # B DG B AR S 4 i ok e K fk
P B fT o SRR AS 1B B BT R B R A
P A S B B A I 7 1 DD R I, B AR 2 B Bt
A — RGN FF Y S B AR | fiT B R G0 A % 2L D) e
BeVE R B RS L B I AR E L. 7R A
I B AT DU R M B A A CLPU $5 4%, 4 i Ar 42 5
B R AR . O PSR W AE DG AE
IR X8 A2 4 1E FL 2R 6 0 ar DK S22 ), T 8 7 9k B AR A
Jot TS () PR B0 BT A BRI AR T i IC R B8 Y B
DD BT, Az WK B2 7 SR RE WS N X 2 4 5 R I
ot 2 S, A IR A 25 o A LU A S 2 R A A R
DSR J7 1 153 2| K i 52 7, 30 0 T £ 5 ik )
M

S 3

(1] A bR D AT IR, 5 . SR I A5 M 2021 4F R4 L o

O e R g IR & R 4 AR (0. TP R P AR 2 R,
2021,41(12):4033-4043.
WANG Weisheng, LIN Weifang, HE Guogqing, et al.
Enlightenment of 2021 Texas blackout to the renewable
energy development in China[J]. Proceedings of the
CSEE,2021,41(12):4033-4043.

[2]  Z4Lr RS JA 2R, 45 L PR TC v 0 W & ) R AT

Al 04 A% B 77 1% B 5 [J]. FL I 5 3 3 BE VR, 2024,40(10):
50-58+66.
LI Jihong,ZHANG Xiaodi,ZHOU Taibin, et al. A study
on the fast assessment of the resilience of elastic
distribution systems with an analytical method[J]. Power
System and Clean Energy,2024,40(10):50-58+66.

3]  BEAUMETERE MR, . FEEZH D FE N L3 h
) 5k e K 42 9RG es [J]. v T FEL #§,2024,60(2):210-215+222.

(4]

(3]

(6]

(7]

(8]

(9]

[10]

HUANG Daixiong, WANG Zhijun,YUAN Yongbin,et al.

Fault recovery strategy considering multi-source
collaborative active distribution network[J].High Voltage
Apparatus,2024,60(2):210-215+222.

1R 5,224, 5F  HE T FDADMM S5 I 2 Tl &
1o S A DT L I R 3 L 8 ik (9. R 0,2024,52
(6):23-30.

GAO Qiang, HE Qichen, LI Yang, et al. Flexible
interaction method of multi-factor integrated high elastic
active on FDADMM
algorithm[J].Smart Power,2024,52(6):23-30.

A AR B R A AR i S 1 TG # I 3
PR A0) R A BT R s F 5 25 348 9] A ) I ,2024,45(5):
37-47.

LOU Qihe, LI Yanbin,ZHAO Yuchen,et al. A review of

distribution network based

research on resilience planning and investment strategies
for distribution networks adapted to extreme events[J].
Electric Power Construction,2024,45(5):37-47.
R, TR TR T, S L TR A R I R R Y T
L ) 7E 2R A A 23], 0 [ $7,2023,56(5):129-136.

LI Tiecheng,ZHANG Weiming,ZANG Qian,et al.Online
self-healing scheme of distribution network based on
mixed integer linear programming[J]. Electric Power,
2023,56(5):129-136.

SR ) AL H A 3T S e R s K B
5 R 2 H A [, R T H,2024,41(8):15-24+53.

RONG Xuanman,BIE Zhaohong, HUANG Yuxiong,et al.
Extreme disaster defense and recovery technologies for
urban resilient grid[J].Distribution & Utilization,2024,41
(8):15-24+53.

AT, 25 R v L AT FRAE RE R AR & B kA
1 53 A1 2 EC H 1) TR R SR W AT 5T (0], Kk HL 4R ,2024,45
(5):975-982.

WU Renbo,HUANG Yijun. Research on reconfiguration
strategy of distributed distribution network with self-
healing performance under high-proportion renewable
energy access[J]. Power Generation Technology,2024,45
(5):975-982.

pURIZ AR T - P e L = W 1 P W R YR
DL T B 2R 50 I A A 2ot el R L B R L B A (D). R D
10 32,2023,60(11):45-52.

LIU Haijin,JIN Hezhi,WANG Jinhao,et al.Fault recovery
overvoltage mechanism and its suppression in DC
distribution system with high-proportion DG penetration
[J]. Electrical Measurement & Instrumentation, 2023, 60
(11):45-52.

TR BR W RR IR AR R T OGRS R G B
Sy Bk B W [0]. L ) T REH5 R ,2024,43(4):26-35.
ZHANG Yingmin, ZHANG Wanxin, LI Baohong, et al.

Segmentation restoration strategy of power grid based



162 L - T T - 2025 4 3 A
on combined optical storage system[J]. Electric Power source cooperative restoration strategy for distribution
Engineering Technology,2024,43(4):26-35. system considering islanding integration[J]. Power

[11] 2 Bk A% 5T = -0 U R Ay B e ek System Technology,2022,46(4):1485-1495.

e Pk 2 e U R O B [J]. L R Y 5450 ,2023, [19] CHEN B,CHEN C,WANG J H,et al.Sequential service
51(19):94-103. restoration for unbalanced distribution systems and
CAI Tiantian,YAO Hao,YANG Yingjie,et al. Cloud-edge microgrids[J]. IEEE Transactions on Power Systems,
collaboration-based  supply restoration intelligent 2018,33(2):1507-1520.

decision-making method[J]. Power System Protection [20] EL-ZONKOLY A M. Power system single step
and Control,2023,51(19):94-103. restoration incorporating cold load pickup aided by

[12] JE U M By B ARG TR A B A D F R distributed  generation[J]. International Journal of
E SIS EFTE A [I]. B M $E AR ,2015,39(1):136-142. Electrical Power & Energy Systems,2012,35(1):186-193.
ZHOU Quan, XIE Huili, ZHENG Bolin, et al. Hybrid [21] WIDIPUTRA V,JUFRI F H, JUNG J. Development of
algorithm based coordination between distribution service restoration algorithm under cold load pickup
network fault reconfiguration and islanding operation[J]. condition using conservation voltage reduction and
Power System Technology,2015,39(1):136-142. particle swarm optimization[J]. International

[13] FERT 870 50 182,55 35 T et dE B LR st 14 3 ik Transactions on Electrical Energy Systems,2020,30(10):

F) TEC HL D Bl 2 il R K A SR s [, 5 X HR 7,2024,52(6): e12544.
16-22. [22] SCHNEIDER K P,SORTOMME E,VENKATA S S,et al.
WANG Keqi,ZHAO Zihan,ZHONG Jun,et al. Dynamic Evaluating the magnitude and duration of cold load pick-
fault recovery strategy for distribution network based on up on residential distribution using multi-state load
improved simulated annealing genetic algorithm[J]. models[J].IEEE Transactions on Power Systems,2016,31
Smart Power,2024,52(6):16-22. (5):3765-3774.

[14] BRM, T bk, 8 8,55 . LT WS 1k i 4 o 9 Ji5 16 P, 099 [23] EL-ZONKOLY A M. Power system single step
B - A B R R A SR MR [T, e M L R, 2021,45(5): restoration incorporating cold load pickup aided by
2009-2017. distributed generation[J]. International Journal of
CHEN Bin, YU Jilai, ZHOU Xia, et al. Power- Electrical Power & Energy Systems,2012,35(1):186-193.
communication coordination recovery strategy based on [24] MORTENSEN R E, HAGGERTY K P. A stochastic
gridding method after disasters[J]. Power System computer model for heating and cooling loads[J]. IEEE
Technology,2021,45(5):2009-2017. Transactions on Power Systems,1988,3(3):1213-1219.

[15] POUDEL S,DUBEY A. Critical load restoration using [25] ATHOW D,LAW J.Development and applications of a
distributed energy resources for resilient power random variable model for cold load pickup[J]. IEEE
distribution system[J]. IEEE Transactions on Power Transactions on Power Delivery,1994,9(3):1647-1653.
Systems,2019,34(1):52-63. [26] GAN L W,LOW S H. Convex relaxations and linear

[16] SHEN F F,WU Q W,ZHAO ], et al. Distributed risk- approximation for optimal power flow in multiphase
limiting load restoration in wunbalanced distribution radial networks[C]//2014 Power Systems Computation
systems  with  networked  microgrids[J]. IEEE Conference,Wroclaw,Poland.IEEE,2014:1-9.
Transactions on Smart Grid,2020,11(6):4574-4586. [27] CHOUHAN S, TIWARI D, INAN H, et al. DER

[17] & /D2 5k i 2 0 ik 45 2 fe i g VR R S #3520 optimization to determine optimum BESS charge/
FE, IO L 4 SR (D] fEL ) K ,2019,43(7):2306-2317. discharge schedule using Linear Programming[C]//2016
GE Shaoyun, ZHANG Chenghao, LIU Hong, et al. IEEE Power and Energy Society General Meeting
Resilience enhancement strategy for distribution (PESGM).Boston,MA,USA.IEEE,2016:1-5.
network considering supporting role of micro energy grid [28] GAO Y M, KANG B, XIAO H, et al. A model for
[J].Power System Technology,2019,43(7):2306-2317. identifying the feeder-transformer relationship in

[18] ZH: KW, 4% ZEMGMENRKERES distribution grids using a data-driven machine-learning

TS P IR 2 SR W [J]. L 2 R ,2022,46(4):1485-1495.
LUO Wei, LI Changcheng, JU Shangchun, et al. Multi-

algorithm[J]. Frontiers in Energy Research, 2023, 11:
1225407.



