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Fig.1 Active-reactive power output curve of

photovoltaic inverter

1.2 RREBHM RS
4 LVDN fFAE S ARG AR I B, 5 A 36 A 42 il
50, AT 3 xR 4 T B Ok o fer S A R A — e 1Y
FURAEH . B AT, W I A 3 19 7 i BB FE A
T R A Y AN BE B4 H shfe ik 2 Fp . A
T A7 LA 2 A LA B3 AR e A v s A oG
AR L X & X PN o B 32 AR e AT T sh R 3
TR RE LB F Sl A e 2 B 5 A 20 0 o 4 A 45
il 2 i e oA P A A A B ) e A S SR, T AR
B AP T 2 T B S
XFFRARBEAR RGeMT 7, HAaAH i BAR G RE N -
FER B AR TR 2 5, IR AR SR H A 5 A Y 4k i
AT SR, A R DI 2 ) — A Ik L5 TR
I 390 A 4 1l 2R 8 I T D) 48 1) D5 — AR AR 1)
A B Candn s v R B R B AL ) , I LA Ry g il
A R (3 AR g A S R AR A A S
VI i) o — A AR R] s e 4 SO TR B ZR IR SE 4
AHo B TARIE LVDN iz frfese v Al SE i, AR 48
P00 28 G 50 ) 2R ) T VR A 0 ek ] 5 4 FL 8 1) 46

FASIPERT AR A . 2 540 A0 A8 g 2 1 LI 2.

WA A%
i gy | LR o—ai
IR/ o—b#f
o—cHf

B2 RREBEEETEE
Fig.2 Schematic diagram of photovoltaic
phase selection device
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Fig.4 Active power of photovoltaic phase selection
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Fig.6 Reactive power output of photovoltaic inverter

43 fEREELE XML L RAIEN

ghEA EAT R, B E 3R LR B, 2% eIk ik
AH F i) B 396 A% 4 6 T 1 Re T B AT AR AE R R =
A AN - A R R A v A 20 CUn A G AR H T B R )
14:00) . 33X F B RN B OEIR A T Tk,
ZHCARW AR LR BRI, TCT AR, Tovk A
P I ARG AR S B0 H R T [ A8, Fr LA 14:00 B
Z Y = AR ANk B PR 1 — 28 2 R i RE E
Tk —2A AL G RE L B S BN AT Tk . ZIE S5 A
7 JEAHRERT LVDN [ HL B o 2 A 45 (1 I 483 45 SR X e
W2/, AL BB G RE S, e H I ) L
J A5 Bk — A R 3, = R AN ST R R A R 451
H T REAR , e R AN B R IR 2 2 % LAY

AR RERC B 255 N LVDN B9 = A A1 B2
Do 5t 45 SR an e 7 TR o Rl R i G A Y
HE R E L DR 25 A — AH N B A — 2 e | ()

TCHINZR / kvar

K2 EEREAZEMERLERITL
Table 2 Result comparison between considering and

without considering energy storage

L7 %§?$ﬁ E’;zj;?*ﬁ SEE A5/
AV ) % ANVHE/ % (kW-h)
= 20.9 2.3 80.7
= 13.5 1.0 79.6

10 15 20 25 30 35 40
ERENC B ¥/ (kKW-h)
E7 AEEGEEFETHHELER
Fig.7 Simulative results under different energy
storage configuration capacities

At BB A AT X458, (EE BRI A — a2 I BRI, A A
SCEAI, MAERERC B A ik 3 25 kW -h i, B REA
o Ak 25 4 ) e BE ST R RO 8 T — AP R R
32 R Sl AP R B it HARAS T bR R =
A SAUAT )P, it RE B AR LA RE et 1) A ) RS ek
HR: SR 1 DR TEAE 8 2 ) 30 P ) e s e ) A,
I — I 2] 7k 1) RE 1 75 16 05 — I 2B, X sk
SOOI MR 32 2 BRI

Al L fif RE RE B 1 25 R AL R ME R RE 4L T LVDN
FITE T R IEFE R, R AE A Rk 35 v B T T PRI )
54 5 B i AE T B 25 e K, LVDIN 18 = AHAS P15
D A5 B — 2 ol (0 = RE A — 2 R BRI
44 HREARHEELEBEIF AL RZ 0

ARSC T B GAR H 7 A s P DA X )
FIE R, 51 B AR K &R FAF LR IE B 2R
BRI RRE K 6Ok o IX ) 5 249 3R e 4 o i e
AW, AT R E G KA LA 25 SR 5
gia LR br AR EE K N H RS AEE
JCAR AR R B0 R AT 4T AT B, 25 S AN S A R AL
M A2 P . HRATH, Bl EAG KT E G R,
LR AN YA B A X 0 A B 4 3 i
WA RS, fETREE X b, BAEKEE R T X
S B 25X AR T DX ] e P AR, € R, U] X
()45 240 SR 1) 0T BB K, LR UE DB AR H T 7 T
T Z W, WA BRE BRI CIRE Fiim /.
TR IR BT HT 2R A = AH AP B kN5 671 g DT
TC R B A G, AR 7 T X = A AN P B 1) oA
IO B 2o AR Ak a3 . BRI S OB AR
Bff 2 1 i P B T P AN A S P L EL S B R A LD
FA2HEE R LI EARFEMEFEKT-EF,%E
SEARAAR S, = AHAS A8 LA R 5 {1 19X 43 #1045 3] i
— kR .



54 8

Wl , 45 - 5 JE L IR AR 13 DT AR i FE 190 = ARl @

45 MERIESLAIBHIBRS T

AR OB % AR B i AN R IR T S, F
T LVDN = AHAS -7 B AR Ak 0 J 2t 3 24 7
Fr ARG S ACAR I WA TR Ry YR A B R L PR A
A, R H] DICOPT 3K fiff #i 5K fife 15, 76 A A5 2 B AL A
B b ) H AR AL 45 1k iE — 2548 &R 1T SBB .
BARON ,BONMIN iX 3 75 3K fif #% 15 21 7155 i) (8] 4%
L FR (300 s) B AT R 3R A5 e A i o L T AR SO 4 A
#h 2 BRI 2 A A B 5 v R H SNOPT 3K i #5% Bk A
RAG A , WIETH T SRR CRAFERTE R 16 5) o

5 g

AR SCHL i R CAR AR I 42 il SO IR 2 2
T T T HE T, LA LVDN = AHAS - B o H
i, DOGARIEE A  JC T8 15 K fiff B8 b o 42 T, A s
T EOLRE R LVDN = HIA - B2 LA B8, 54
T H AN RO v 4 12 R B AT i S AL B
Fifg EEEER R

D) SR FDCARA D sl FoR DGR 0 A2 4%
TCT A AT H T LA AN B (B AT D R
TEIGAR T3 BRI AR T, i AT YR ¥ 742 4% 0
DVRAT ST RES S AR N o R FDGARGEAN S Ag
wr LA RE S )5 , Al BE— 225 LVDN R 2 4 R
T B, iF— 20 03 LVDN ) =AM

2) i BE Y BE I 25 52 RS etk mT 4R 7T LVDN 19
T RIERRE A A0k LVDN (1 f B 5T i O B AR 55
{EL P45, LA BE TC 27 1 A 35 A T LVDN = A
YA R AL AR 114 1E— 20 A (H A3 E T A7
TE—7E BIBR ] o

3) 7% BEOLARIAR Y, SRt J7 B9 A E P22 5
A L RE PR A AN E P, 5 T VT FCAR EA G,
HAR HE T A 25 B8 B AR 4 A, v BB o 4 REAS 21 A 8%
=Tt

P & LA B 25 & (http: / www.epae.cn) .
S 230k

[ 1] SRBI% XM se VAR, 55 . IR REIC s I AR AT S itk
(). %1 71,2019,32(1) - 1-12.
ZHANG Yongjun, LIU Siliang, JJANG Jinqun, et al. Research
review on low-voltage intelligent distribution network technology
[J]. Guangdong Electric Power,2019,32(1):1-12.

[2] MA K,FANG L R,KONG W W. Review of distribution

network phase unbalance:scale,causes, consequences, solutions,

and future research directions[J]. CSEE Journal of Power
and Energy Systems,2020,6(3):479-488.

SR B SN, B U I A H X = 5 ey AS S A O A A
BRI SE[ 0], aCBURHE R A4 CH A4 M) , 2015, 38(1)
59-62.

ZHANG Ming, XIE Shanshan, LUO Yunfeng. Optimization mo-

del of the three-phase load imbalance in low voltage distribu-

—
w
[

tion network[J]. Journal of Wuhan University of Science and

Technology(Natural Science Edition),2015,38(1):59-62.
PiNGEE I S P = S ¢ S A 8 R SRR IR T
R B S O oA ()], B A S i %, 2018, 38(6)
103-108.

SU Haifeng, ZHAO Kewei, LI Yan, et al. Three-phase load

balancing charging line selection device and simulation analy-

[ 4

[—

sis of large-scale electric vehicle[J]. Electric Power Automa-
tion Equipment,2018,38(6) :103-108.

[5] #RE, mAFBARIC, . FETERELANI CAY TR AC M

B XA A REOR BT ], B 5 IO
2016,37(3):78-81,87.
HAN Junyu, GAO Yuechun,ZHAO Dongyuan,et al. Study on
unbalanced load control technology at low voltage distribution
network area based on intelligent phase selection switch[]].
Power Capacitor & Reactive Power Compensation,2016,37(3):
78-81,87.

[ 6] Jrtate, B2, E4am, 55 . B & DA SR AT S 7R

LR HIIEI L], AL T AR R, 2015,35(9) - 2185-

2193.

FANG Hengfu, SHENG Wanxing, WANG Jinli, et al. Research

on the method for real-time online control of three-phase un-

balanced load in distribution areal]]. Proceedings of the

CSEE,2015,35(9):2185-2193.

CHAMANA M, CHOWDHURY B H. Optimal voltage regula-

tion of distribution networks with cascaded voltage regulators

[7

[a—

in the presence of high PV penetration[]] IEEE Transac-
tions on Sustainable Energy,2018,9(3):1427-1436.
FOTHE R BHAL, 2 N . BT Rl S B B 43 1 = AR E L )
FhEEML] B Ak, 2019,39(11):78-84.
TONG Fangge, TAN Yanghong, LUO Chunhui. Dynamic recons-

truction of three-phase distribution network based on time di-

—
oo
[i—

vision of fusion entropy[J]. Electric Power Automation Equip-
ment,2019,39(11):78-84.

Fi RS DRI, A5 25 B IS 4 JE ) S R = AR 4R 1
AN T2 S C L I L SR S s s R (D], H 0 F Bk
£,2020,40(12) : 1-12.

FU Yang, MENG Xianghao, SU Xiangjing, et al. Coordinated

charging control of PEV considering inverter’s reactive power

—
o
[a—

support and three phase switching in unbalanced active distri-
bution networks[J]. Electric Power Automation Equipment,
2020,40(12):1-12.

[10] B, X02E  MRE AR, 55 . BARDG IR B A = A0 A - TC
TSIl ]. RS A Bk, 2016,40(13) :13-18,70.
ZHAO Jinquan,LIU Xu,LIN Changnian,et al. Three-phase un-
balanced reactive power optimization for distribution systems
with a large number of single phase solar generators[J]. Au-
tomation of Electric Power Systems,2016,40(13):13-18,70.

[11] GASTALVER-RUBIO A,ROMERO-RAMOS E,MAZA-ORTEGA
J M. Improving the performance of low voltage networks by
an optimized unbalance operation of three-phase distributed
generators[ ] |. IEEE Access,2019,7:177504-177516.

[12] B FEIR TR, o A0, A5 . oA =R R0 = A P A i
WEgHRH R L] B RS A Bk, 2015,39(9) :48-53.
ZHAO Jinquan, FAN Xiaolong, GAO Zonghe, et al. Continua-
tion power flow calculation for unbalanced three-phase distri-
bution networks with distributed generators[J]. Automation of
Electric Power Systems,2015,39(9):48-53.

[13] Ridh, 2R B0, okO, 55 . e T =R U £ 1 dwe D0 091 U0 99 IR T T
HL RSB AR - RE D IR [T ], W00 558 81k, 2020,44(12)
31-40.

TANG Wei, LI Tianrui, ZHANG Lu,et al. Coordinated control

of photovoltaic and energy storage system in low-voltage dis-



@ L/ AR {7 G-

Fa02k

tribution networks based on three-phase four-wire optimal
power flow[J]. Automation of Electric Power Systems, 2020,
44(12) :31-40.

[14] SAAD 1 E S,SAAD N H, EL-KHATTAM W A S. Optimal
unbalance mitigation for three-phase distribution networks
equipped with single-phase PV systems [C] /2018 Twentieth
International Middle East Power Systems Conference. Cairo,
Egypt:IEEE,2018:980-985.

[15] SRBEZ, slehide X2, 45 . R z0b R SHffERE AN i
ARUZARILT]. ) RGO 54, 2020,48(24) :9-15.
ZHANG Yongjun, ZHANG Siheng, LIU Siliang, et al. Dual
planning of a distribution transformer considering the impact
of distributed photovoltaics and energy storage access[J]. Po-
wer System Protection and Control ,2020,48(24):9-15.

[16] wmMsfe, B85, 23, 45 TR0 S8 55 14 1C i o0 v I

il ems )], w1 A, 2019,39(4) : 190-196.
GAO Pengcheng, WANG Lei, LI Lisheng, et al. Voltage con-
trol strategy based on adjustment of PV inverters in distribu-
tion network[J]. Electric Power Automation Equipment, 2019,
39(4):190-196.

[17] S, B, 5K 45 . 5 G 2R G0 st e H ) B BE b

AW REITDALLT]. I RGP 5, 2019,47(9)
173-179.
WU Guopei, WANG Wu,ZHANG Yongjun,et al. Time decoup-
led dynamic extended reactive power optimization in incre-
mental distribution network with photovoltaic-energy storage
hybrid system[J]. Power System Protection and Control,2019,
47(9):173-179.

(18] ®h-F-F, W4, oA, 25 . 5T Gy T80 =l SIS HE s A4 55
BN TP ELT]. I RS 31k, 2020,44(20) :

71-78.

HAN Pingping, PAN Wei, ZHANG Nan, et al. Optimization
method for artificial phase sequence based on load forecas-
ting and non-dominated sorting genetic algorithm[J]. Automa-
tion of Electric Power Systems,2020,44(20):71-78.

IRPRA, XHTHE . DX ) B e v o) R G =g (0], R LA
s 5T, 1999,19(4) :3-7.

DA Qingli, LIU Xinwang. Interval number linear programming

—
—
o

[l

and its satisfactory solution[J]. Systems Engineering-Theory &
Practice, 1999,19(4):3-7.
SCHWANZ D,MOLLER F,RONNBERG S K,et al. Stochas-

tic assessment of voltage unbalance due to single-phase-

[20

-

connected solar powcr[]]. IEEE Transactions on Power Deli-

very,2017,32(2) :852-861.

&I

&
i

R RA

HRRA995—), % ,MEARAE, £
B G W AR W W R R
#) (E-mail : 1298554802@qq.com) ;

FHR(1989—), B, AT, L@
B, LM T ARG BRI K
B b, W 15 4742 6] 5 (E-mail : liginhao@scut.
edu.cn);

KB E(1973—), 7,38, AR A
FI0F M, B R @ AR Rk EL R W AR
AW ) ZG AR S B kA2 H 5 (E-mail: zhangjun@

scut.edu.cn) o

(4mi8 &)

Three-phase balance optimization of low-voltage distribution network

considering photovoltaic phase selection and switching
CHEN Jiachao,Ll Qinhao,TANG Yuan,ZHANG Yongjun
(Research Center of Smart Energy Technology,School of Electric Power,South China University of Technology,
Guangzhou 510640, China)

Abstract: The access of single-phase photovoltaic power supply usually causes the increase of unbalance
degree of LVDN (Low-Voltage Distribution Network). Aiming at the current difficulties of load commutation
and the applicability of photovoltaic coordinated control in three-phase four-wire LVDN,the three-phase balan-
ce optimization model of LVDN is proposed. Based on the node admittance matrix of three-phase four-wire
system,the power flow equation of LVDN is established with the injection current unbalance. With the objec-
tive of minimizing the three-phase unbalance degree,the three-phase balance coordinated optimization control
model is established considering the photovoltaic phase selection and switching, the reactive power regula-
tion of photovoltaic inverter and the active power regulation of energy storage. Interval constraints are used
to describe the uncertainty of photovoltaic output,and the continuous logic variables are used to reduce the
difficulty of solving the three-phase four-wire LVDN model. The general algebraic modeling system is used
for modeling, simulation and solution. The simulative results show that the proposed optimization method can
effectively reduce the three-phase unbalance degree and network loss of LVDN.

Key words: distributed photovoltaic; phase selection; three-phase unbalance;low-voltage distribution network ;

three-phase four-wire
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Table A1 Comparison of three-phase imbalance degree under different confidence levels

AR /%
: HetREE a M Jutk# b A HetREE ¢ M YR
0 38.6 36.3 452 20.9
0.2 37.7 359 43.7 20.2
0.4 37.2 34.9 42.8 19.0
0.6 36.5 34.2 41.9 18.0
0.8 36.0 34.3 41.1 18.3
1.0 35.2 34.6 40.8 18.5
® A2 AEERKFTHFEMIBR
Table A2 Equal network loss under different confidence levels
SEE M /(KW -h)
: Je R a Ml Jofk$z b A Jefk$E ¢ Al Je Rk
0 93.8 81.2 86.4 80.7
0.2 93.4 81.3 86.3 80.8
0.4 92.9 81.4 86.3 81.1
0.6 92.5 81.5 86.3 81.3
0.8 92.1 81.7 86.2 81.0
1.0 91.7 81.9 86.3 80.8




