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Analysis of Unbalanced Photovoltaic Systems Generation on Four-
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Abstract: The use of distributed energy resources in power grids and in particular in the distribution system
has gained noticeable popularity and growth in recent years. Given the increasing use of solar energy resources
in low voltage grids, an appropriate strategy to coordinate and control these resources is necessary in order to
reduce annual grid energy losses and improve grid voltage profiles. In this paper, the optimization and
coordination of local photovoltaic resources in a four-wire unbalanced low voltage distribution network is
proposed and investigated for a given time horizon. The simulation is performed on a part of Shiraz low voltage
network. Two scenarios are investigated: in the first scenario balanced output of three phase energy resources
which are dispersed and uncontrolled, is considered. In the second scenario a situation is analyzed in which
the output levels of these resources are unbalanced. The effect of these two scenarios on the annual energy
losses of the network in question is thoroughly examined and discussed.

Index Terms: Four-wire unbalanced load flow, unbalanced distribution system, Photovoltaic cells.
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Fig. (1): A four-wire network consisting of three phases and a
neutral line and a ground system along with a three-phase
photovoltaic model
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Fig. (3): Daily load curve (a) administrative, (b) commercial, (c)
domestic and (d) PV production for a 24 hour period
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Table (2): Load Data
et b LI () Jsor

Table (1): Line Data
St bghas oledbl (V) Jsux

i ol o i KW, olg 0,670.95  lss ggeme S dfoes Ohmcwglie  ohmyuls),  mJsb
o 36 kW) 2--3 0.02395 0.01979 75
. b c LgTh oo oosio 1o
i gg ]8 gg g 41“9) i 17220 2 2--4 0.04184 0.03457 131
5 12 A 21 C 12 D 45 2--5 0.06899 0.05700 216
6 18 A 20 C 30 D 68 5--10 0.03194 0.02638 100
7 50 C 61 A 65 D 176 3 10--15 0.04152 0.03430 130
g 3 D 21 A 37 C 101 15--14  0.02778 0.02295 87
9 16 C 29 D 15 A 60 2--6 0.04120 0.03404 129
10 14 D 15 D 21 C 50 4 6--11 0.02874 0.02375 90
11 p) D 15 C 12 D 29 11--16 0.03353 0.02770 105
12 36 C 12 D 28 D 76 5 2--7 0.04184 0.03457 131
13 25 D 18 C 27 C 65 7--12 0.06388 0.05277 200
14 16 D 21 D 32 D 69 6 2--8 0.05589 0.04618 175
15 11 A 12 C 10 D 33
16 19 D 18 C 17 C 54
[IVEN 320 338 360 1018
Table (3): Losses in low voltage feeder (equal power in three PV phases)
(LPV 56 4w 2 10 lg5 (gglacs i) crns HLid joud Slals () Jso
Oy & olils
olesh PEvT o oo oo PEvT o
1 2 3 4 5 6

1 0.402445 0.198326 1.403524 0.505008 1.206863 0.276961

2 0.058119 0.036929 0.204496 0.049699 0.147565 0.038526

3 0.012671 0.004342 0.030931 0.016190 0.035572 0.007174

4 0.021831 0.009772 0.070768 0.022272 0.052490 0.012258

5 0.058119 0.036929 0.204496 0.049699 0.147565 0.038526

6 0.249534 0.201301 0.829935 0.206543 0.742695 0.155815

7 0.545997 0.472143 1.840940 0.470867 1.763059 0.367159

8 0.953991 0.707706 3.324729 0.794092 2.772475 0.623372

9 1.143179 0.755396 3.950321 0.921420 2.965159 0.647176

10 1.498662 0.887728 5.178167 1.223016 3.646553 0.797939

11 1.914717 0.991982 6.495583 1.636787 4.436739 0.959640

12 2.024567 1.072631 6.875477 1.710677 4.712543 1.012344

13 2.274752  1.144012 7.596308 1.967255 5.232527 1.107966

14 2.257369 1.146144 7.403232 1.936684 5.177312 1.075249

15 2.029590 1.008920 6.383435 1.757439 4.623306 0.933790

16 1.503099 0.715418 4.896112 1.342448 3.428261 0.731669

17 1.294311 0.582176 4.341856 1.239664 3.040047 0.677505

18 1.444859 0.670038 5.128727 1.526141 3.726463 0.859950

19 1.637663 0.851125 6.107804 1.899523 4.765728 1.108734

20 1.819961 0.954396 6.841437 2.098597 5.300932 1.234435

21 1.926589 0.996168 7.213374 2.271603 5.688690 1.313146

22 1.586564 0.791186 5.789912 1.944143 4.759657 1.084615

23 1.130290 0.512787 3.815151 1.556057 3.659823 0.794894

24 0.765086 0.347884 2.459200 1.161775 2.722240 0.575788

celo YE 5 JS wlils = 416.845 kWh

el AYEe s S wlas = 152,152 MWh

Ll PV (55, 0l dite oo 45 )1 ol (28 lad S S0 5o
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Fig . (4): Comparing (a) feeder losses and (b) the lowest feeder's voltage
of the three-phase PV proportional to the unbalance network (after) with
the three-phase PV with equal powers (before)
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Table (4): Harmonic data of PVs
PV Ol Sdge,la glaosls «(F) Jgux

12,13, 14, 16l 5 PV glio oS

: b la,Ib
b Solease Ieh) b Siebass Io(h)
£ 0 F %
1 3 33.33 13 27 7.69
2 5 20 14 29 6.66
3 7 14.28 15 31 5.88
4 9 11.11 16 33 5.26
5 11 9.09 17 35 4.76
6 13 7.69 18 37 4.34
7 15 6.66 19 39 4
8 17 5.88 20 41 3.70
9 19 5.26 21 43 3.44
10 21 4.76 22 45 3.22
11 23 4.34 23 47 3.03
12 25 4 24 49 2.85

a5 by ool Al ;008 5Ly 5 DAl o (slalie (F) JSis
A b cewlize a7 gloj b el Joloie PV molio 5B aws 295>
3B 2, 0l JSh cpl jo e e i 1y ail Jolal

B9 g0 oddlive o95u PV Jolatel
oleiiny o, b1 L PV 516 50 56 4 (295 Gles () S
Al lie 0 el ;2 0 PV jlcgb a b 2 ady S1as
48,0 4 5Ly g AVle clali o a8 ax Wil (g5le ad ool jo 00l

R N R LIT Y LRI ILAE Y (A) I PRSI P
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Fig. (5): The optimal output of three-phase PV power proportional to

the unbalanced network at any time of the day, (a) phase a, (b) phase b,
and (c) phase ¢

Table (5): The results of three-phase PV power proportional to the unbalanced network
Joleiab 455 b cenliia PV 5 4w g3 s :(0) Jgor

Suii> (y1g5 KW
h PV1 PV 2 Max
a b c a b c
6 0.255436 0.784653 0.159911 0.26341 0.81516 0.12143 1.2
7 1.31838 0.18792 3.29370 1.38172 2.27102 1.14726 4.8
8
9

4.28169 1.97932 5.73899  3.77614 4.85581 3.36804 12

6.03628 3.92534 6.83830 5.34808 6.32924 5.12264 16.8
10 7.16106 4.79479 7.24399  6.14672 7.08997 596324 19.2
11 791221 5.51747 6.97004 6.56306 7.35783 6.47898 20.4
12 7.85971 5.44624 7.09377  6.54220 7.39294 6.46471 204
13 7.97127 5.65787 6.77045  6.54387 7.31539 6.54053 204
14 7.83684 5.78953 6.77322  6.52737 7.27958 6.59285 204
15 7.69343 6.15381 6.55243  6.53577 7.15222 6.71185 204
16  7.87552 6.02438 6.49993  6.61345 7.15958 6.62689 204
17 7.79875 5.62188 5.77927  6.29237 6.71682 6.19076 19.2
18  7.65152 4.65180 449654 5.58614 5.91670 5.29709 16.8
19 5.93252 2.04060 1.62675 3.29634 3.49747 2.80613 9.6
20 2.00362 0.22154 0.17483 092363 1.11507 0.36128 24

Active Power in KW
h PV3 PV 4 Max
a b c a b c

6 0.698730 0.064635 0.436635 0.83574 0.22216 0.14210 1.2
7 2.14587 0.78675 1.86738  2.34803 1.34287 1.10909 4.8
8 4.55740 2.70609 473639  4.85688 3.58432 3.55878 12
9 6.06342 4.30060 6.43575  6.21125 521416 537456 16.8
10  6.77751 4.90165 7.52038  6.85946 5.95499 6.38548 19.2
11 7.00327 5.15100 8.24495 6.96966 6.30872 7.12148 20.4
12 7.05728 5.12495 8.21687 7.01776 6.30702 7.07506 20.4
13 6.97666 5.08434 8.33787  6.86432 6.29915 7.23632 204
14 6.98848 5.17760 8.23282  6.83410 6.33968 7.22601 204
15 691475 5.39109 8.09333  6.69299 6.41570 7.29114 204
16 6.82516 5.41252 8.16189  6.73316 6.38766 7.27910 20.4
17  6.25946 495189 7.98835 6.24615 593726 7.01654 19.2
18 5.22398 3.83956 7.73610  5.32024 499654 6.48314 16.8
19  2.50489 1.17367 5.92112  2.74988 247624 437381 9.6
20  0.22939 0.09957 2.07103  0.31923 0.05243 2.02833 24

YA
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Table (6): Comparing equal three phase powers with the unbalanced case
Joleel aSs b cnlizte (gL PVl 5 as lgs ol o anslie (%) Jgoo

, kW ey olals DU 5y o paS

% 2x 2yt 2 2yt e dop s ot
6 5.84458  5.67836  0.96672 0.96928 4.8
7 9.77611  9.04202 0.95000 0.95481 19.2
8 14.62781 12.55782 0.93093 0.94093 48
9 16.70956 13.74958 0.92589 0.93778 67.2
10 20.81599 16.91086 0.91548 0.92961 76.8
11 25.53108 20.75931 0.90652 0.92232 81.6
12 26.89136 21.95871 0.90359 0.91956 81.6
13 29.71891 24.43481 0.89750 0.91472 81.6
14 29.39942 24.18659 0.90115 0.91699 81.6
15 2641677 21.59797 0.90951 0.92403 81.6
16 20.36591 16.28474 0.92044 0.93466 81.6
17  18.09165 14.47168 0.92542 0.93961 76.8
18  20.53465 16.89871 0.91949 0.93497 67.2
19 23.88636 21.12105 0.91330 0.92560 38.4
20 26.29725 24.88333 0.90789 0.91876 9.6

Table (7:) Losses in the low voltage feeder, assuming the outputs of the three phases of the PV are proportional to the unbalanced
network
Joleials asis b canlicte PV 516 a4 gy (0,8 L cins JLed jous jo lals (V) Jgos
oly ol kW

g
&

PE
1 2 3 4 5 6
0.401316 0.198327 1.319105 0.490086 1.117605 0.276933
0.056517 0.036929 0.195966 0.048833 0.138423 0.038526
0.012627 0.004342 0.029814 0.015452 0.033141 0.007174
0.021755 0.009772 0.068098 0.021942 0.050421 0.012258
0.056517 0.036929 0.195966 0.048833 0.138423 0.038526
0.234639 0.201290 0.782387 0.188200 0.679823 0.155831
0.478362 0.472009 1.610840 0.393262 1.534183 0.367123
0.752455 0.707203 2.597125 0.588603 2.256744 0.623082
0.841329 0.754430 2.895376 0.620491 2.331963 0.646543
10 1.092438 0.886337 3.779413 0.814098 2.852551 0.796908
11 1.408070 0.990187 4.799346 1.111778 3.500462 0.958040
12 1.502547 1.070661 5.117503 1.172385 3.743520 1.010661
13 1.711317 1.141808 5.726541 1.376989 4.203094 1.105947
14 1.697197 1.143873 5.576258 1.351246 4.167195 1.073268
15 1.501511 1.006896 4.739014 1.202221 3.692444 0.932037
16  1.058900 0.714133 3.492161 0.872488 2.631548 0.730399
17 0904371 0.581264 3.089671 0.814259 2.314434 0.676397
18 1.070797 0.669151 3.838364 1.095733 2.945813 0.858615
19 1.392008 0.850467 5.072883 1.588620 4.067107 1.107565
20 1.742616 0954295 6.234649 1977657 4.838611 1.233949
21 1.915189 0.996292 6.761602 2.217188 5.293854 1.312834
22 1.580322 0.791259 5.431068 1.891371 4.416564 1.084312
23 1.129756 0.512827 3.576935 1.495756 3.348187 0.794614
24 0.764956 0347907 2.294167 1.105228 2.451661 0.575609
celw YF o J5 ol =363.393 kWh  celu AYSe o IS olals = 132.642 MWh
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a A 5y Jedg g SlogkeS Y 4 YA I lgs Slals ol
Iy dlie cpl oyl S5 zls cpl o550 a5 qeuiluy Cudgr e /A)

S o sl
oleid @y 4 b jad Sl Slalie 55 (V) Jou
Ol95 Egome L) plp g plp PV 5l e ol a8 (> 90 50,
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3529 (& yeS yuud el ewl Sglae L PV L aw gy oS >
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Table (8): Comparing voltages when PV outputs are equal and when they are proportional to the unbalanced network
Jobeels 4 b enlie > LPV il Glss (29,5 Sl )0 5Ll o alie <) Jsor

»lnb

2y

a b ¢
0.9999 0.9999
19 7 21
09785 0.9774
13 14 13
0.9663 0.9679
21 14 14
0.9663 0.9584
21 13 14
0.9649 0.9416
14 21 13
0.9740 0.9624
14 21 13
0.9557 0.9605
21 14 21
0.9582 0.9775
13 15 21
0.9600 0.9626
21 14 14
0.9605 0.9305
14 21 13
11 09720 0.9543
h 14 21 13
12 0.9400 0.9629
h 21 14 21
13 0.9546 0.9629
h 21 14 21
14 0.9575 009157
h 14 21 13
15  0.9575 009194
h 14 21 13
16 0.9679 0.9505
h 14 21 13

SOTOUITOITIUATATUITAEITWIIND T~

0.9999

0.9755

0.9720

0.9676

0.9444

0.9594

0.9409

0.9550

0.9697

0.9317

0.9561

0.9267

0.9654

0.9147

0.9204

0.9552

Bt
a b c
0.9999 0.9999
21 7 19
0.9779 0.9765
13 14 13
0.9657 0.9659
13 14 14
0.9667 0.9575
21 13 14
0.9639 0.9416
14 21 13
0.9723 0.9625
14 21 13
0.9533 0.9594
21 14 21
0.9576  0.9735
13 15 21
0.9600 0.9597
21 14 14
0.9594 0.9305
14 21 13
0.9696 0.9544
14 21 13
0.9334 0.9616
21 14 13
0.9525 0.9585
13 14 14
0.9562 0.9157
14 21 13
0.9563 09194
14 21 13
0.9647 0.9505
14 21 13

Table (9): Comparing current harmonic (THD%) for equal
three-phase power PV and three-phase power proportional to
unbalanced network
LPV ol 56 e ols L (THD%) (b o Seige o anslie () Jou

Joleiel aslis b cnlice 318 an g5 cdl>

2t 2y
O hour=13
a b c a b c
12 424 434 412 1143 1143 11.43
13 371 373 370 10.08 10.08 10.08
14 568 553 528 1508 1508 15.08
16 435 432 425 1154 1154 11.54

2l adbice ol 69, PV a5 ala sl 10 Sigele gl (V) Jgur
85 Sige o zlogel a5 098 oo cdmlive .ams oo Lis VY alas]
PV b aw (29,5 Oy &5 092 (28 51513 9,90 (b (THD)
ol 3B A ales Logy) 5 jslae) conily Jobatels a8 b cmwlie
W3 oo 5 (WS i Wl oo JB o ol a4y iy &Sy
PV ace 36 aw o Logy) a8 dlo b wily ails (5 %S THD o

b ple e b
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Fig. (7): Comparing the lowest voltage profiles of the buses in
(a) phase a, (b) phase b and (c) phase (c) when the outputs of

the three phase PV are equal (before) and when the three phase
power output is proportional to the unbalanced network (before)
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Fig. (6): Comparing (a) losses and (b) the minimum voltage of the
three-phase PV proportional to the unbalance network (after) with the
three-phase PV with equal powers (before)
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