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ABSTRACT: The wide application of flexible interconnection
devices brings great challenges to the planning of active
distribution network(ADN). This paper proposes a novel ADN
expansion planning method considering the integration of soft
open point(SOP), in which the investment of substation,
transmission line construction, SOP, distributed generation,
energy storage and reactive power compensation are planned
coordinately. First, an improved Gaussian mixture model
clustering method is adopted to deal with the uncertainties of
the power of distributed generation and load demand. On this
basis, an expansion planning model for ADN considering the
integration of SOP is established, whose objective function is
to minimize the annual comprehensive cost. Then, the original
non-convex and nonlinear model is transformed to a
mixed-integer second- order cone programming(MISOCP)
model by linearization and convex relaxation techniques, and a
successive contraction convex relaxation algorithm is
developed to obtain the optimal solution of the original
problem with a sufficiently small relaxation gap. Finally, the
feasibility and effectiveness of the proposed planning model

and solving strategy are verified on a 54-bus ADN.
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WS R IR A D) ST , 8 T A st T RO i 4 3 25
SEBIE N . M EH bR L )& R “ e
MRS R, DU St S 0 5 B A T AT
PEo BIEBEAPIRIT SCA .

W 1 R EIRER e AN E R
WIEAE 70 BUE REIE KA T o, HE RZE R KE
Imi TERURIAEE AL (X (49)) 1) H b R 250 75 im 78 51 20
xoF,, W R A(S3), Hh Fas(GHFR.

min F’ =F+xF, (53)
F}( = Z Du Z ( Z l{/’,u,trii + Z E,Su(,)tP,L +
uel e ije i€¥sop
2 Pl (54)

WHR 2. KRIGEBFFREY BN FIARIEA
(X(49)), BIERKE n=1.

AIR 3 EEHIFRINEGSS). (S6)FI(ST)FTR
LAEY)FTIZIR, SREFBLTY(58).

P’ + 0>
lij’u’t_ ijutn Qy,u,t,n S0 (55)

v

iut.n

PSOPL _ AiSOP \/( PP 2 +(QISS§’ ’1)2 <0 (56)

it iu,t.n

PBESS,L _ A[BESS((PBESS)z + (fo,sj)z) <0 (57)

Kb P, MO, PN n YOERE, HFtu
NI Z ¢ ST i A A ) T 2R A TG T Dy g AR
W BSOS, FIBYSS | O Sy n Ui
)5, SOP #1 BESS #E& 5t u NI 2 ¢ N 1L
BRI DR Vi NHEn KEAR
Jeis st u B2 T A R IR T B A

min F’ =F+,F,
s.t. Zo(1D)—(31), R(33)—(35), X(37)—(41), (58)
(43)—(48), :(55)—(57)

IR 4. THEEE n UORACKR AR S L EE R 0
*’A%H_JA I‘ETJ K:%I 8unt
flow SOP BESS (59)

8un =ML, 1> Gt Gt )
MRS A maxg, , <&, WIRAIBIRELH /D,

Kbk B, %y, =min{wy,, .} BEL
B3 AP 4, BRI RS IE.

4 B9

ARICKH 54 715 5 ADN VE R EA, B A5 AE
P ENLALBEES N i7-12700K, 40 3.6GHz, W
174 32GB, | P # YALMIP [ MATLAB R2020a
ik bi& ADN ¥ @RI, A GUROBI
9.1.1 HAFHL KM
41 HEEE

54 15 iU ADN [P h ety 5 g 5 42
P& ZHOE WLSCHR[25], AHOCHERI S H0 B a0 SR
J\ZE[S-‘)]o

1) AZ LS EE . R AT 1A Bk A O
SHREA N 1; A S E4F OLTC 34 9 /M
FAL, FTIVEELA 0.95pu £ 1.05pu; AR HLvE ) -
2 L X FELAS A4 0.5 T6/(kW-h).

F1 THHESBH

Table 1 Parameters for substations

ARG WIMRAER WERE BRI gAY

A MV-A) MV-A) A5 (JITL/4E)
S1 16.7 16.7 800 15
S2 16.7 133 760 15
S3 0 222 1200 2
S4 0 22.2 1200 2

2) LREEAYE: A KR AT E BT A
0.307Q/km 1 0.380Q0/km, ZEERZ BN 6.12MV-A,
L M PR A N 245210 JG/km, Fis iR AN
3000 JG/%% -

3)SOP %4k : SOP fFik e 4k kN 22-23.6-28.
30-43. 33-39. 46-47. 2-8. 10-15, HAfidE%xE
N 100kV-A, 53N 1000 JT/(kV-A), TFER
8 0.02, FBATYHEY R RECH 0.01, FKAFE
Ak RV & FIRN 5000 kV-A.

4) 545 DG ¥iE: PVG fFik 23 fl 5.
8. 10, 26. 30. 33 Ml 37, HAIFEERERAN
4300 Ju/kW, HA7HEFEIEZEHA N 0.03 J0/(kW-h);
WTG Rk 222545 N 124 144 17, 24, 39 fi147,
PR 2B R AR 5600 TT/KW, BAAT HLEE 4R R
A8 0.03 J6/kW-h; HE DG HUE A =N 100kW,
DG 1) D2 BRI T 8376 Bl i AH 0.95 22 EAH 0.95,
FENIEGIE S A N 0.35 78/(kW-h), DG i KiBiE
EHN 50%.

5) SVG ##fs: ik 222%™y s 264 32, 38 #
50, MR AEAN 100kV-A, BEHAN
7700 JT/(kV-A), TN 2R MR 2, ADN
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1 SVG A EIR A 6.

6) BESS ##5: fFi 222 N 8. 9. 13, 16,
17,32 F1 50, AL BB AAN 1000 70/(kW-h),
AT DA 1500 TT/KW, Bf 5 BAEIEAT
P AN 0.35 J6/(kW-h), ADN ' BESS M4 &
5 KN 6000kW-h, = IhZ £ KA 2000kW, —> 4L
HHZ R NYIER EIRE N 0.5, 7 BRA LRI
R HIA 1A 0.2,

7) HAhSH: RN 15 4, RN 5%,
T A EMEEZ RN 0.95~1.05pu, Hifg R H
N 0.9, TR B R A H R D) R AR

42 HBEAHSHELSER

DA TG b b DX R R o 44 g s i S, R
Gt GMM R JEHT IO H I s i . &0t
HTE, YRR FEET 8 I, BIC s/,
8 MR H Iz 1 . Ut ARSI H
SR TTENRS, U2 N k-means K
Jiik R AT A H I s, 3 B 2 fion gy
F R H I SR AN 2 B . xRS R H 37 50
LR, FET o GMM RS A H i 5K
TR R BB Z R, DG A /s
FIREAZERILVT 1S, R AR T 5

—_ AWITY =K N 7 VB
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2 £ H 1 NN
@ 0.6 & 060 g @ 06 | —1//56 / \
N —_— 1%51 N _i%§2 N / —i%ég/ \
= —iih| &, =3 AN TR
3 04 RS w 04—y 3 04 N\ N/
R = A b ;
S — i
02 — ?%6 02 i%% 02
/%57 — 758
0.0 L L I I I I I - Y \)7"8 0.0 — L L L L L L L i I 0.0 L
01:0004:00 08:00 12:00 16:00 20:00 24:00 01:0004:00 08:00 12:00 16:00 20:00 24:00 01:0004:00 08:00 12:00 16:00 20:00 24:00
e %) i % i
(a) HLfaf (b) Stk (c) AH,
BEl1 ETit GMM REM AR QI RIEER
Fig. 1 Selection results of typical days based on improved GMM clustering
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Fig.2 Selection results of typical days based on k-means clustering

*2 HABFGHIRHR
Table 2 Probability of typical day scenario

&3 FEFZET ADN ¥ RAKIZEA

Table 3 ADN expansion planning costsunder

B H 75 W= LT 375 e different methods 10°7%
1 0.0603 5 0.0986 ERRH T 1 T 11
2 0.2630 6 0.1781 FLEE A 159.27 151.28
3 0.0932 7 0.1342 LR PR B 2.18 2.70
4 0.0685 8 0.1041 7 s 5 % B 3.08 231
. SOP # % %% H 0 0.72
43 MRERE7H PVG ¥ % 7.04 7.87
VLS 2 BRI IRHEAT LA WTG B 9t 371 486
"y . SVG % % H 0.45 0
J7i% 1 AR SOP #2 A1) ADN e Lkl BESS H 7 ] 051 0.6
JiiE 1l % FE SOP 2 A1 ADN # R &I T b 2 3 136.74 129.17
TR N N NN B iE 4k T 2.19 3.01
oA, J7E T ANV T1 bk Oy 2 4% 351 S oot e T )
WK 3 Fox, FEIMERITT R IR 4, B4R Fo RIS B 0.14 0
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Table 4 ADN expansion planning schemes under different methods
AR B R BESS fi &
Kk o PVG & WTG & SOP fif SVGMEE
. TR R . . . . (B E/(kW-h),
5 HH ) AH (/W) (FF /W) (FE/(KV-A)  E/(kV-A)) )
(MV-A)) IR /KW)
14-46, 12-45, 44-45, 13(502,168),
5(1200), 8(1500),
= S1(16.7) 38-44, 33-39, 32-39, 12(0), 14(1300), 26(200), 16(820,271),
i 10(3100), 26(400),
S3(22.2) 13-43,37-43,30-43,  9-22,31-37 17(1000), 24(900), — 32(200), 38(0), 17(475,116),
I 30(2000), 33(3800),
S4(22.2) $3-28, 27-28, 26-27, 39(2000), 47(1800) 50(200) 32(893,301),
37(5000)
8-25, $3-36, 35-36, 50(815,342)
34-35,33-34, S3-41, 22-23(0),
10-31
40-41,41-42, 42-48, 6-28(500), 9(938,254),
2-8, 6-28, 26(0),
42-47, 48-49, 49-50, 5(2000), 8(3700),  12(1000), 14(1100), 30-43(2400), 13(780,271),
= S3(22.2) 10 32(0),
JiiE S4-22,22-23,23-24, 10(4700), 26(0), 30(0), 17(1000), 24(300), 33-39(2100), 17(694,310),
S4(22.2) 38(0),
S4-21, 18-21, 17-18, 1539 33(3400), 37(4600)  39(3400), 47(2200)  46-47(500), 500) 32(1000,500)50(
18-19, 19-20, S4-30, ’ 2-8(1100), 849,415)
8-27
29-30 10-15(900)

R RE 3 FE 4 froas. MNE3ATLLEH, ik
11 1% (& SOP 2 AN 13 2/ ADN ¥ B LRI T R(OT &R
IHTERESR BV TR BRI T ZROTE DAA®E
P2 eE. 7% 11 ADN E4: 4 2 M LT &
Ligb 7 799 Jiot, FEIEHN 5.01%.

YT R I, J7% 1 N2 ADN fifi# K,
FR g AR Bl S3 F1 S4 4, IBFHEXTAS L, S1
P25, MA@, BT 7% I FRE s
YRR, FTUATE BT R 2R B AR T AR FAHEE TR 1R
UL 2 A BT, H42, HJE X Hral Al SOP
AL DUET AN e B S I I B 0a 47 4 1 SR, 24Tt
LRI AT, RN BRI IAE RN, AR AR

L
P PVG

NI A 2 s N 2 o s (7N B vt — LA 2

— — — WKL B BESS q SVG W WITG

3 AEE SOP AR ADN ¥ RIXIGR
Fig. 3 ADN expansion planning results without

considering the integration of SOP
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4 E[E SOP ZEAR ADN I BHIXILR

Fig. 4 ADN expansion planning results considering
the integration of SOP
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ERWIZATI B, 75 I MEFEEL. TR I
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L L B FHAR L 7 198D 1 557 Jioc, PRIE
N A13%, 7R 1 AEREEAZ TR I T
FRFERIILG, AR 3 KT 2R
14 Jiot; H&E 1445 DSM L 317 737G, 1
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IR B o
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Fig.5 Comparison of system operating indicators under

different planning schemes

75 % 11 SOP R 8145 M 48 D 2 43 A 45 31 ek
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SEAVHAN DG /7, X2 H T SOP Redfi £k ] i1
fif, ERALZRERI] DG =N, [ SOP #2A
) ADN LRI R Ae 08 B iF 90 DG; /7% 1P
HL R A 2204 2.5 1%, FHEE T 58 1A RG] 1 i R 330,
{45 B A A A P22, 283 T ADN KR
i TR AT R TR R 54.43%%
N 36.89%, J7% I GG T S RS E A, 1R T4k
PREEALRE T, ST AT EEE RIS IR TR
HTE BARFEZ K OLTC ik 119 ki 2 Ho IR i ==,
K SBOTE | TWEAHEZ MR EA, i
J AT LGE SOP RGP, 5 7 AW
OLTC ki1 #AE, ARPHK T 1817, $8m T
ARG RE I AEATIE ST
4.4 SOP RAIT XL RIS

b Ak PR AR F T H R H B R, SOP
BN R A BT T B, TR A AR H
FERPPRNHET, U545 SOP £ ADN H 1)z
RN, TR SOP 51 B X HH i) 45 SR (5%
M, 1t 10 /> Case (Case 1 & Case 10), FH SOP
) BT 2R BB A AN 1000 TC/(KV-A)iZ D IR 2

100 Jo/(kV-A)([EFE A 100 J6/(kV-A)), HAEASHR
FEAAL, XI5 8 SOP #: A\ 1) ADN 3 J& At Rl A 7 ik
173RAE, 15 B RERI AR 2% F W 6 From .

(= e ]

O IR O R A
COPVGI %A 0 WTGH %A 3 BESS# %A
B SOP#EWESh A = ) Lm0 g

A

6 SOP B{UR SR FEMATTFLX Ak A 2% A RIS
Fig. 6 Influence of unit capacity cost of

SOP on the planning costs

M 6 BT %0: B SOP HAf7 25 5 0T A I BE
iX, FRIAN LR G 2 Bk, (HAEFE R )
BRI RN s AR AR T RANAE, Rl Bt o
RBA KA L@ THZER AR, SOP #
BE 2 F SR IG5 08, 1X 2 R Y SOP B AL 25 4% BT Rl
A KT 600 JC/(KV-A)F, SOP %4 75 - B A it
FAS B M, BORPE TR AR PRAIG, (H 22 e 25 23 n,
M5 2 G, AHAEART 600 Jo/(kV-A)Z )5,
SOP e R EAMAN, BIASZHR T A 2.3 52
Wi, 5% 2% H B AE $5 A N BRI R s PVG M
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Fig. 7 Iteration process of the algorithm
547, £HX) 4.3 471 Case 1 & Case 10, 73 5
P A SC A Y 1R 5 OOC 4  A at Bvk (BRVE DAL

HR[4]% 0oy 22 BRI B0 (B2 2) R R RIS 2 gk AT
R, XFHCEIRUZE 5 Pios. IR 5 Hl: Hik 1
XA Case #REA RORAME, T H B VEARE HEFIRL
REE R FHik 2 fEXF Case 8 F| Case 10 #E47 K i
I, FEA BRI A BLIGVEN S, X2 R R L 2
TEX) IR Case WIVKCSRGERAEFE SR —MRZER
KIVIEE AR B NANTIAT iR, IR FE iR 22
BRI, A FEEGRETIERSL,  [FRH
TZEEER — R 5 N B RN oy
KATFERLT, SRR LA SO R BRI,

x5 TRIBEERMBIRIEL

Table 5 Solution comparison between different algorithms

Case FLEAFM/(10°7T) IEARBU IR U EURER /h KA ST BR/(10 pu)
H H2 Hik 1 Hk 2 H H 2 H 2
Case 1 151.26 151.26 3 7 327 7.13 6.21 6.85
Case 2 150.88 150.88 3 7 3.21 7.38 6.34 7.04
Case3 150.13 150.13 3 7 4.11 7.52 6.82 6.87
Case4 149.79 149.79 3 8 425 8.26 6.74 6.91
Case5 149.67 149.67 4 8 481 8.35 6.81 6.84
Case6 149.58 149.58 4 8 6.34 9.12 6.79 7.01
Case7 149.45 149.45 5 10 6.38 10.53 7.14 8.37
Case8 149.31 — 5 — 6.67 — 7.09 —
Case9 149.21 — 5 — 6.83 — 7.28 —
Casel0 149.03 — 5 — 7.23 — 7.19 —
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