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ABSTRACT: [Objective] The large-scale connection of electric vehicles (EVs) and distributed power sources has
exacerbated the three-phase imbalance in distribution networks, and the market-driven orderly charging and discharging of
EVs is one of the initiatives to manage the three-phase imbalance, but the traditional management strategy does not take into
account the benefits of both operators and users. [Methods] In this regard, this paper proposes a two-stage optimization
strategy for EV charging and discharging that takes into account the benefits of both supply and demand sides and the three-
phase imbalance management of distribution networks. First, the scheduling incentive mechanism and the user response
willingness assessment method are proposed; Second, a two-stage optimization model is established for the day-ahead and
intraday stages, where the scheduling parameters are configured based on the management objectives and costs in the day-
ahead stage, and the EV charging and discharging strategy is derived by combining the users’ benefits and the actual
imbalance degree in the intraday stage; Finally, the EV charging and discharging strategy is validated based on the IEEE 13-
node arithmetic case for simulation. [Results] The results show that the proposed strategy can effectively reduce the overall
voltage imbalance of distribution networks. And compared with the single-objective strategy, in Option 2, the user charging
satisfaction indexes are improved by 24. 3% and 42. 8%, respectively, and the operator realizes arbitrage; in Option 1, the
satisfaction indexes are further improved, the operator’s revenue is increased by a factor of 3. 84, and robust is shown in

different operating scenarios. [Conclusions] The proposed strategy can meet the imbalance management needs of operators
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while taking into account the economic benefits of both the supply and demand sides, providing a flexible and efficient

imbalance management solution for distribution networks with a high EV penetration.
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Fig. 1 Overall architecture of the distribution network
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Fig. 2 Overall framework of the two-stage optimization model
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Table 1 Scheduling parameters for five scenarios

7k k e,/ (JG/kWh) D
sl
s2 800 0.71 0.6
s3 900 0.96 0.6
s4 800 0.71 0.7
S5 900 0.65 0.6
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Fig. 9 Scheduling engagement for 5 scenarios
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Fig. 10 Charging and discharging power for five scenarios
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Table 2 Total imbalance for five scenarios
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S0 22:30 0.108 7 18:00 0.1122 3.22
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Fig. 11 Imbalance for five scenarios
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Table 3 Imbalance of non-EV access nodes

A 1%
Yyt
A3 RS 158 11
s1 3593 3.655 4.029 4252
s2 2.208 2215 2.260 2.288
s3 2.245 2253 2.299 2.327
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FIXT 75 S4 TR 14. 58%
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Table 4 Charging costs for users

Yk C. /7t Vi TC 7./7C C,. /7t
S1 7533.2 12.550
S2 6109.2 361.31 96.536 7.222
S3 5314.7 1108.20 116.690 6.922
S4 6367.9 179.72 92.499 8.730
S5 6257.3 296.71 106.920 7.457
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Table 5 User charging satisfaction

Yt Cyou/TT AT /(h/%)
S2 1.129 2.827
s3 1.491 4.943
S4 1.483 2.692
S5 1.047 2.443
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Table 6 Costs and Benefits for Distribution Operators

Y5t Cpo /7T C,..JJt y/It F /G
Sl 3293.7
S2 3293.7 28253 457.85 10.560
S3 3293.7 2779.6 1224.90 ~710.840
S4 3293.7 2853.2 272.22 168.260
S5 3293.7 2839.0 403.63 51.081
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Table7 V2G parameters for different target imbalances

Ay k e,/ (O6/kWh) D
0.1122 900 0.65 0.60
0.1172 900 0.62 0.60
0.1222 900 0.60 0.60
0.127 2 900 0.59 0.60

x8 FHMEREEMMUR

Table 8 Optimization effects of the two-stage model

do do o do TR EE%
0.1122 0.113 1 0.114 3 1.8710
0.1172 0.1177 0.118 7 1.280 0
0.1222 0.1219 0.123 3 0.901 0
0.1272 0.126 6 0.127 6 0.314 4
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Table 9 Operator costs and benefits of the 4 groups
validation experiment

o C,. /ot AC, /7C Y17t F_I7G
0.1122 2 838.90 454.80 403.63 51.081
0.1172 2 854.90 438.82 343.61 95.210
0.1222 2862.93 430.77 309.06 121.64
0.1272 2848.13 445.57 279.18 166.39
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R10 4ATRTNUREE THRBMLEER

Table 10 Model optimization results under 4 sets of
different prediction biases

% do BR2E/% Y/t
10 0.1144 0.704 2 411.33
20 0.1146 0.880 1 422.83
30 0.1148 1.056 1 435.23
40 0.1151 13201 451.67
50 0.1155 1.6722 456.57
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FAl BNTEWENFE
Table A1 Fuzzy subsets of input variables

il A AR IS R S
FERL A {e,, ey eyl ey ey ey BN FR FERLAT AR AR Gl
7 L IR R AL Uk s kys Byl by kg oy 53 2R T FRLUR R ABUIR GE v
HCHL AR {eirs Caats Caiatt! € et~ Caiont ~Caiory I AR T LN AEAR S
i GiRVES {D, Dy, Dyt D, Dy Dy, 53 5 s AR TR BE R R BE T | I TR
A2 ] (T Ty Tyl T T Ty 3 R ST B3 AR S L5
RA2 WANEENEMLIES
Table A2 Fuzzification language for input variables
A BOWIE =
FERNH e AR (L) 53 H (M) 5 75 (H)
FEHLIM Rk R (L) ;38 (M) ;5 (H)
A e, (L) 5@ (M) 5 735 (H)
TR TREE D (L) 38 (M) 75 (H)
B T, R (L) ;3 (M) ;5 (H)
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FA3 F—Z MFIS #E SN
Table A3 Fuzzy rule base for layer 1 MFIS models
EHMMe  THEGIREE  FHENET, EESSEEW|] milfitte  AMBEGREE  FRERRET g 5EEW
L L IL IL H M M
M 1L I I H M M
H L L L M H M M
L M IL. I H H M H
M M I 10 1L IL H IL
H M L L M L H M
L H 1L, IL. H 1L H H
M H IL 10 1L M H M
H H L L M M H H
L L M L H M H H
M L M I 1L H H H
H L M I M H H H
L M M L H H H H
M M M M
FA4 HEZEMFISHRE R B
Table A4 Fuzzy rule base for layer 2 MFIS models
Foi I GEN i GEX (E2ES e ] FLH i GEN G {542 piizE o]
Hirtk e Mtk e, WRED FfE] 7 HIEW Wit e Hirkke,, WD A T BEw
L L L L L H H L
L. IL L, M 1L, M M IL 1L, IL
I 1L I H M M M I M H
L L M L L M M L H H
L, IL M M 1L, M M M 1L, IL
1L IL M H IL M M H H M
L L H I L H L IE L IE
L L H M L H L L M M
IL IL H H IL H IL. IL H H
I M I L I H 1L M 1L L
L M L M M H L M M M
IL. M 1L, H M H IL. M H M
I M M 1L I H 1L H 1L IL
L M H H L H L H M L
M IL 1L, IL 1L, H 1L, H H IL
M IL 1L M M H M IL IL IL
M 15 L H M H M 1T M H
M L M L L H M L H H
M IL M M M H M M IL. IL
M 1L M H M H M M M M
M L H L L H H H H H
M IL H M 1L,
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RAS BREAHEBENENREMER AL

Table AS Types and percentage of electric vehicles under the jurisdiction of each aggregator

BER (VACH R R 5 % FEM 3 %% 5 18 /% FRIL /%
1 TA 0 40 60
2 9A 30 0 70
3 9B 0 40 60
4 9C 20 20 60
5 10B 10 20 70
6 10C 30 10 60
FA6 RAPTEBITARBESH
Table A6 User charging behavior data parameters
EV Ay It W [/ T 5 I s 1] /h W6 L /% R 5% WA Lef511%
18% N(18,2%) N(8,2%) U(40,50) U(80,90) 40
3% N(18,2%) N(24,2%) U(40,50) U(80,90) 60
RAT SHFEHEBMNIE
Table A7 Time charge and discharge price JL/kWh
A Bt Ay if B FEHLMHE JCHL A A
AR B 00:00—08:00 0.34
U RS B 08:00—12:00;17:00—21:00 1.20 0.96
B 12:00—17:00;21:00—24:00 0.80 0.30
RAS REERBSH
Table A8 Parameters of the affiliation function
2 ol 280 H1E 28 K
e/ (FE/kWh) 0.292 4 k, 0.206 0 T, /h 3
el (JG/kWh) 0.392 6 k, 0.400 0 T ,/h 5
e s/ (JCWh) 0.661 1 k, 0.597 3 T /h 10
e s/ (TE/kWh) 0.888 0 k, 0.701 0 T /h 12
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