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A distributionally robust optimal allocation method for distributed photovoltaic generation
stations integrated into a distribution network
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Abstract: With the increase of distributed photovoltaic (DPV) generation stations integrated into the distribution network,
the uncertain fluctuation of PV output results in frequent fluctuations of the operating states of thenetwork. Thus planning
of DPV generation stations integrated into the distribution network is important for secure operation. There is a problem
of grid-connection buses and capacity selection of DPV generation stations integrated into a network. We take the
grid-connected locations and configuration capacity as decision variables, and the uncertainty of DPV output is
considered. From this a distributionally robust optimal allocation model for the grid-connection buses and capacity
selection of DPV generation station integrated into the network is established. The daily photovoltaic output curve of unit
capacity of DPV generation station calculated by the historical data of local illumination intensity and environmental
temperature is used as data to construct an ambiguity set based on KL divergence. The uncertain fluctuation range of unit
capacity PV output is obtained by the optimal calculation of the probability distributions with maximum and minimum
expected values in the ambiguity set. Then the distributionally robust optimization model is transformed into a robust
optimization model, and the optimal allocation scheme is obtained using the Benders decomposition method to solve the
model. Finally, taking an actual 180-bus distribution network as an example, a simulation is performed and compared with
the deterministic optimization and traditional robust optimization methods. It is verified that the proposed distributionally
robust optimization method can not only ensure the secure operation of the distribution network under the uncertain
fluctuation of PV output, but also can overcome the conservatism of the robust optimization method. Hence the obtained
allocation scheme can achieve a good balance between economy and robustness.
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Fig. 4 Daily power output curve of unit capacity PV in a month

0.08

0.071

0.06

0.05F

0.02

02 03 04 05 06 07 08 09
i 7R e F/pa

B 5 BHER =12 —EAEABEIN B, MSAEE S E
Fig. 5 Frequency histogram of P, obtained from

one-year samples at time period t=12
73 ZURRI A rhonT N R 30T B8 A /N R e K AT e A8
AR P, ANHE WS 1 R BRAD PR . 2508 KL B
B A, S50 P, ANHAE N (KR PR E PRI
5, Hrhi Bet =12 7EANR) KL U BME N i 5

S5 RANEE 1 PR . AT LA ) KL HUEE BB BOR I
32N RGAR I g L BRI — SE R A i e K
5, TR - FREARE PR RME. E2,
HI T2 KL BREEEIG RS, P i 4k 54
B IR HRZE AR, RIAL S REA R ML 7 A
B R, R 2 R MR AL 48 S B L
W PRI 25 5 o RIE, R 3CH) DPV B ARG AC
BitHpisia=2.
F1 TE AL BERE A SRR =12 5, PHERIE
TBRFN LRI E LR A2
Table 1 Influence of different KL divergence thresholds A
on the calculation results of lower and upper limits of
P, uncertain fluctuations at time period t=12
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Table 2 Comparison of several operation index before and after DPV integrated into the distribution network
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Table 3 Comparison of results of different optimal
allocation methods
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Fig. 6 Voltage change of bus 11 in extreme scenario
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Table 4 Comparison of optimal allocation schemes of
different KL divergence thresholds
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Table Al Architecture of a real distribution network
FEE WAE HE/Q BHYQ O HEgYQ | TES ES BH/Q  BIvQ B4y | WAEE WAE Q. mivQ BEgiQ
179 1 0.51805 0.57265 0.00096 57 58  0.01476 0.00648 565E-06 | 120 121  0.20582 0.06294 4.45E-05
179 2 0.003985 0.004405 7.38E-06 | 58 63  0.106362 0.035765 2.64E-05| 121 122  0.03451 0.00847 5.28E-06
2 3 0.280478 0.270795 0.00044 | 58 59  0.02952 0.01296 1.13E-05| 121 123 0.068261 0.065558 9.14E-05
2 4 0534229 0.590534 0.00099 59 64  0.036975 0.009075 5.65E-06 | 123 124  0.00392 0.00208 2.01E-06
4 5  0.029091 0.032157 5.39E-05| 59 65 0.1479  0.0363 226E-05| 123 125 0.024428 0.023461 3.27E-05
5 6  0.001196 0.001322 2.21E-06 | 50 66  0.019799 0.019015 2.65E-05| 125 126  0.00684  0.0023  1.7E-06
5 7 0.103425 0.09933 0.000139 | 66 67  0.000797 0.000881 1.48E-06 | 126 127 0.059166 0.019895 1.47E-05
7 8 0.03743 0.035948 5.01E-05| 66 68  0.03152 0.030272 4.22E-05| 127 128 0.00513 0.001725 1.27E-06
8 9  0.202996 0.224391 0.000376 | 68 69  0.000797 0.000881 1.48E-06 | 120 129 0.113275 0.10879 0.000152
9 10  0.029888 0.033038 5.54E-05| 69 70  0.056047 0.053827 7.51E-05| 129 130 0.000797 0.000881 1.48E-06
10 11  0.143982 0.048415 3.57E-05| 70 71 0.029489 0.032597 5.46E-05| 129 131  0.104903 0.100749 0.000141
10 12 0.00684 0.0023 1.7E-06 71 72 011628 0.0391 288E-05| 131 132 0.000797 0.000881 1.48E-06
10 13 0.086184 0.02898 2.14E-05| 70 73 0.038256 0.042288 7.09E-05| 131 133 0.002561 0.00246 3.43E-06
10 14 0.00684 0.0023 1.7E-06 73 74 0.053978 0.051841 7.23E-05| 133 134 0.193454 0.185794 0.000259
9 15  0.064025 0.06149 858E-05| 74 75  0.05472 0.0184 1.36E-05| 134 135 0.005096 0.002704 2.61E-06
9 16  0.009564 0.010572 1.77E-05| 74 76  0.006895 0.006622 9.24E-06 | 133 136  0.04531 0.043516 6.07E-05
16 17 0.198702 0.066815 4.93E-05| 76 77 0.00855 0.002875 2.12E-06 | 136 141 0.028044 0.00943 6.96E-06
16 18  0.08379 0.028175 2.08E-05| 76 78  0.001379 0.001324 1.85E-06 | 136 137  0.11457 0.038525 2.84E-05
16 19  0.027876 0.026772 3.73E-05| 78 79 0.039893 0.038313 5.34E-05| 137 142 0.000797 0.000881 1.48E-06
19 20  0.00342 0.00115 8.48E-07| 79 82  0.000797 0.000881 1.48E-06 | 137 138 0.000797 0.000881 1.48E-06
19 21 0.029649 0.028475 3.97E-05| 82 83  0.000797 0.000881 1.48E-06 | 138 143 0.059691 0.057328 8E-05
21 22 0.007388 0.007095 9.9E-06 79 80  0.019799 0.019015 2.65E-05| 138 139 0.050728 0.048719 6.8E-05
22 23 0.007524 0.00253 1.87E-06 | 80 84  0.000797 0.000881 1.48E-06 | 139 140 0.001478 0.001419 1.98E-06
21 24 0.055357 0.053165 7.42E-05| 80 81  0.02167 0.020812 29E-05 | 131 144 0.087444 0.041746 3.85E-05
24 25 0.003448 0.003311 4.62E-06 | 81 85  0.000797 0.000881 1.48E-06 | 144 145 0.108192 0.057408 5.55E-05
4 26 0.000638 0.000705 1.18E-06 | 81 86  0.022655 0.021758 3.03E-05| 145 146 0.069972 0.037128 3.59E-05
26 27 0.156212 0.172676 0.000289 | 179 87  0.15366 0.147576 0.000206 | 146 151  0.000797 0.000881 1.48E-06
27 28 0.050211 0.055503 9.3E-05 87 88  0.054834 0.022066 1.93E-05| 146 147 0.164215 0.059522 4.83E-05
28 29 0.05985 0.020125 1.48E-05| 87 89  0.114201 0.119039 0.000186 | 147 152 0.000797 0.000881 1.48E-06
29 30  0.01026 0.00345 2.54E-06 | 89 90  0.000797 0.000881 1.48E-06 | 147 148 0.018715 0.017974 2.51E-05
28 31 012996 0.0437 3.22E-05| 89 91  0.000797 0.000881 1.48E-06 | 148 153 0.003528 0.001872 1.81E-06
28 32 0.00342 0.00115 8.48E-07| 87 92 0.043477 0.04706 7.7E-05 | 148 149 0.026595 0.025542 3.56E-05
28 33 0.051805 0.057265 9.6E-05 92 93  0.02223 0.007475 551E-06 | 149 150  0.00463 0.004446 6.2E-06
28 34 0.202122 0.067965 5.01E-05| 93 94 04617 0.5525 0.000115| 179 154 0.298158 0.329582 0.000552
34 35  0.00513 0.001725 1.27E-06 | 94 95  0.488034 0.164105 0.000121 | 154 159  0.00985 0.00946 1.32E-05
34 36 0.31293 0.105225 7.76E-05| 92 96  0.070622 0.070067 0.000103 | 154 155 0.148401 0.164042 0.000275
27 37 017784 0.0598 4.41E-05| 96 97  0.024625 0.02365 3.3E-05 | 155 156 0.000797 0.000881 1.48E-06
37 38 0.0684 0023  1.7E-05 97 98  0.027093 0.022495 3.04E-05| 156 157 0.037459 0.041407 6.94E-05
37 39  0.00513 0.001725 1.27E-06 | 98 99  0.006107 0.005865 8.18E-06 | 156 158 0.045144 0.01518 1.12E-05
39 40 010944 0.0368 2.71E-05| 97 100 0.582018 0.294613 0.000341| 179 160 0.534628 0.590975 0.00099
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27 41 0.003448 0.003311 4.62E-06 | 100 101  0.000797 0.000881 1.48E-06 | 179 161 0.012752 0.014096 2.36E-05
41 42 001197 0.004025 2.97E-06 | 100 102 0.060085 0.057706 8.05E-05| 161 162 0.003985 0.004405 7.38E-06
27 43 007866 0.02645 1.95E-05| 102 103 0.001478 0.001419 1.98E-06 | 162 163  0.01176 0.00624 6.03E-06
179 44 0.184294 0.176997 0.000247 | 96 104  0.023352 0.025813 4.33E-05| 162 164 0.047576 0.045692 6.37E-05
179 45  0.460735 0.502582 0.00083 | 104 105 0.00392 0.00208 2.01E-06 | 161 165 0.282935 0.312755 0.000524
179 46 0.212071 0.203674 0.000284 | 105 106 0.249704 0.132496 0.000128 | 165 170 0.008208 0.00276 2.04E-06
179 47 0.24986 0.276194 0.000463 | 105 107 0.390222 0.131215 9.68E-05| 165 166 0.022316 0.024668 4.13E-05
179 48 0111961 0.101467 0.000158 | 107 108  0.40185 0.135125 9.97E-05| 166 171 0.011286 0.003795 2.8E-06
48 49 0.010343 0.009933 1.39E-05| 104 109 0.178182 0.059915 4.42E-05| 166 167 0.012752 0.014096 2.36E-05
48 50  0.023426 0.013777 1.54E-05| 104 110 0.01026 0.00345 2.54E-06 | 167 172 0.009576 0.00322 2.38E-06
50 51  0.15776 0.03872 2.41E-05| 110 111  0.10431 0.035075 2.59E-05| 167 175 0.009234 0.003105 2.29E-06
51 52 0.00279 0.003084 5.17E-06 | 111 112 019152 0.0644 4.75E-05| 167 168 0.016737 0.018501 3.1E-05
51 53  0.000797 0.000881 1.48E-06 | 104 113 0.039053 0.043169 7.24E-05| 168 173  0.019494 0.006555 4.83E-06
51 54 0.000797 0.000881 1.48E-06 | 113 116  0.164922 0.04874 3.39E-05| 168 169  0.006376 0.007048 1.18E-05
50 55  0.02214 0.00972 8.48E-06 | 113 114  0.044552 0.049248 8.25E-05| 169 174  0.00855 0.002875 2.12E-06
55 60  0.000797 0.000881 1.48E-06 | 114 117 0.13851 0.046575 3.44E-05| 169 176  0.03249 0.010925 8.06E-06
55 56 0.06642 0.02916 2.54E-05| 114 118  0.045486 0.015295 1.13E-05| 169 177 0.169761 0.187653 0.000315
56 61  0.07706 0.02233 1.54E-05| 114 115 0.077455 0.075336 0.000107 | 179 178 0.184294 0.176997 0.000247
56 57  0.06642 0.02916 2.54E-05| 115 119 00684 0023 17E-05 | 180 170 0 0.166666 0
57 62 000986 0.00242 1.51E-06| 115 120 0.048265 0.046354 6.47E-05

< A2 SCPRECERMIATEY t=12 MtafrThE
Table A2 Load power of a real distribution network at #=12

FEE PLUKW QUKW [Fi55  PL/KW QUKW | 545 PL/KW QUKW || Fi4%5  PL/KW  QU/KW | 545 PL/KW QLKW
4 141787 68.39682| 38 21318 42.00016| 73  232.716 28.67968 110 1291151 1.38091 | 144 311.1702 40.41171
5  134.0118 63.18899| 39 21318 42.00016| 75 2676.209 30.79415 111 1291151 1.38091 | 145 311.1702 40.41171
6  139.089 68.69611| 40 21318  42.00016| 77 23.71704 1.55027 112 1291151 1.38091 | 148 231.1509 30.0196
7 111.8469 55.94844| 42 5655106 5.263021| 78 584.4839 9.654059 113 5906801 0.767117| 150 2947.204 382.7538
8 2065565 94.99247| 43  124.828 4541999 82 131.8287 2.690503 114 5906801 0.767117| 151 25.4266 3.302156
11  384.698 187.9947| 45  1624.029 335822 | 83 3523323 10.56342 116  13.49396 1752462 152  2.684 0.348571
12 384.698 187.9947| 46  1314.242 12.60474| 84 312.0628 10.40017 117 24.09636 3.129397| 153  3.4892 0.453143
13  325.8711 153.9531| 47  1280.854 12.79698| 85 271.8494 9.855454 118  15.01524 1.950031| 156 56.364  7.32
14 305.0431 144.6051| 49  179.2032 17.61545| 88 1554732 1.766741 119 9713557 12.61501| 157 86.62177 11.24958
15 342.8724 119.2197| 52  412.236 54.83989| 90 109.9893 11.62677 122 81.90399 12.00938| 158 45.0912  5.856
17 357.3177 129.6539| 53  64.04461 8.086875| 91 126.4245 14.73479 124 1.342 01525 | 159 870.9835 113.1147
18 186.7679 46.06538| 54  17.33386 4.00944 | 93  9.776262 1.269644 125 15.67826 1.781621| 160 722.1472 93.78535
20 16434 6.600002| 60  29.67173 6.412797| 94 9.776262 1.269644 126  15.67826 1.781621| 163 319.1127 41.44321
21 3215104 123.4045| 61 1131271 0.325538| 95 9.776262 1.269644 127 15.67826 1.781621| 164 2127.418 276.2881
23 451.0374 79.55207| 62  33.13736 6.787166| 99 18.44501 1.863133 128  15.67826 1.781621| 170 19.72696 2.561943
24 1027.774 187.0002| 63 30.184 2160213 101 46.28761 6.011378 130 125651 1.631831| 171 12.13967 1.57658
25 350.5067 153.5563| 64  161.6202 17.21069| 103 19.27708 2.696096 132 9.183416 1.192651| 172 30.34917 3.94145
26 188.3062 2.78047 | 67  227.9419 21.89277| 105 5.369819 0.697379 135 1.342  0.174286( 173 4.594558 0.596696
29 4191 134999 | 69  329.2093 33.34246| 106 5.369819 0.697379 140 125651 1.631831| 174 7.000146 0.90911
30 4191 134999 | 70  279.1536 28.80028| 107 5.369819 0.697379 141  60.45891 7.851807| 175 10.56748 1.372401
31 5478 0499625 71  401.5265 10.73172| 108 5.369819 0.697379 142 1517686 19.71021| 176 19.7566 2.565792
32 10791 12.89977| 72  243.2698 6.543936| 109 97.4548 14.06274 143 108.1089 14.04012| 178 2572.631 334.1079
33 300.652 4.680193
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