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Optimal Power Flow (OPF) is an important short term analysis tool for optimal
operation of electricity utility, to meet the system load, at the lowest possible cost and
subject to operational constraints. Many methods have been proposed for solving OPF
problem such as Genetic Algorithm (GA), Ant Colony Optimization (ACO), Tabu
Search (TS), Particle Swarm Optimization (PSO) and ect. PSO is a famous stochastic
base optimization technique that not complicated and effective, inspired by social of
behavior of birds. However, the electrical systems have been changed since the trend
of electricity production using solar energy, then the common OPF can’t represent
uncertain factor in the power system like solar energy. Moreover, the demand behavior
has been change and more difficult to forcast. Therefore, OPF problem is converted to
the Probabilisctic Optimal Power Flow (POPF) problem. In this thesis, loads and solar
energy in Thailand have been used to create POPF model, by using Monte Carlo
Simulation (MCS) and normal Distribution method. The PSO is used to solve the
proposed POPF model. The proposed method was simulated on the Radial Distribution

33 bus and IEEE 30 bus. The results are obtained in statistic form, which are mean and



variance of real power generation, total cost and total losses. Theses statistic number

help to predict uncertain factor like solar energy in the future.
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T2 0.9814 - 0.977

Ts 0.9972 - 0.942

T4 0.9513 - 0.975
Pc1 164.238 175.6915 176.601
Pc2 42.6251 48.693 48.607
Pas 20.0760 21.4494 21.483
Pcs 20.7573 22.7200 21.750
Pc11 11.4343 12.2302 12.077

Pc1s 11.20 12.00 12
A l491859
814.41 802.0136 800.985
($hr.)
Aa9U
guaes 13.96 9.3301 9.118
(MW)

d' [ 4 % o Iy Y]
f1519N 4.2 waaw‘ﬁ611awuw,u,imul,l,azagmvxlﬁmmuiw’umaau IEEE 30 ua

PRRIGENG 139U (p.U.) yula (9371)
1 1.070 0.000
2 1.050 -5.193
3 1.033 -7.413
4 1.024 -9.134
5 1.021 -13.889




ti' [ 4 [ o Iy Y] [
M1519N 4.2 waawmawummmuuaxymmlﬁmmmmumﬁau IEEE 30 ug (919)

37

AL ! 139U (p.U.) yula (9371)
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23 1.032 -16.042
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27 1.031 --16.251
28 1.022 -11.542
29 1.011 -16.551
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MunLINaana PV N1ia

MAINUGYFsVIIZUY (MW)

PV 4118 5% 193A10ud03m3 lilih

PV 2118 10% w03auaams 1

asaln lulimsAana PV
(196.25 MW) (392.5 MW)

| ] ]

2 279.2368 277.1007
3 267.8684 255.6521
4 261.8095 244.5866
5 255.7234 233.605
6 242.6722 210.4426
7 281.5877 2413444 208.3312
8 237.1119 202.1653
9 232.6841 196.5683
10 228.7174 192.0052
11 228.0663 191.3446
12 226.9733 190.363
13 223.4806 187.9346
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asain lulimsaana PV
Tlvth (196.25 MW) (392.5 MW)
14 222.4824 187.5349
15 222.0112 188.2149
16 221.7788 189.7244
17 221.9519 193.1336
18 222.4362 195.7654
19 281.5877 279.0546 277.1143
20 278.2426 278.9363
21 278.254 279.8769
22 278.6671 282.2444
23 265.526 252.1146
24 261.4145 246.2512
25 259.9155 245.5275
26 241.2816 208.3229
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MunLINaana PV N1ia

MAINUGYFsVIIZUY (MW)

Y
PV 9110 5% v99AIUADINIT

PV 2118 10% w03auaans 1

asain lulimsaana PV
Tvlith (196.25 MW) (392.5 MW)
27 239.4611 205.6167
28 232.984 196.3248
29 228.3953 190.0859
30 281.5877 226.0727 187.2643
31 223.9572 185.983
32 223.6747 186.2733
33 223.9401 187.5803
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MAINUGYFsVIIZUY (MW)

fuvisiiaaas PV ffa st liimsaass PV 9110 5% 403A21U PV 4119 10% U041
PV av11a 1 MW v v

PV foams lvlih (14.17 MW) doanms Il (28.34 MW)
1 9.1674 9.5995 10.0644
2 9.1275 9.1239 9.1306
3 9.1077 8.9109 8.7292
4 9.1048 8.7135 8.3185
5 9.0525 8.3087 7.5611
6 9.0834 8.5677 8.0118
7 9.118 9.0829 8.3847 7.6999
8 9.0948 8.5710 8.0267
9 9.0802 8.5799 8.0362
10 9.0931 8.6002 8.0818
11 9.1003 8.5765 8.0396
12 9.1049 8.7752 8.4868
13 9.0888 8.7649 8.4924
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PV foams lvlih (14.17 MW) doanms Il (28.34 MW)
14 9.0835 8.6897 8.6521
15 9.0793 8.5259 8.0897
16 9.0947 8.6818 8.4216
17 9.1002 8.5739 8.1429
18 9.118 9.0811 8.4472 8.1013
19 9.0704 8.4192 7.9961
20 9.0649 8.4464 8.0488
21 9.0865 8.4815 7.9431
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30 9.0393 &.3109 8.4011
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AT N 4.6 AaANTNFDAVDITELUNAaeD Radial Distribution 33 Uaw4 12 1oy

teq WMo AR AT eu
Pg(MW) 2947.040 263,742.000
UNIIAY ﬁwé”wmqauu?mim (MW) 188.571 1,417.970
P& (MW) 2,947.040
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oLy Wsimes Ande ANiTous
P,(MW) 3,096.12 19,799.1
AUATUT Mdnugadssin (MW) 196.476 129.339
Py (MW) 3,096.12
P,(MW) 3,030.95 186,935
TRTHY MaIUgEss I (MW) 193.719 1,077.43
Pt (MW) 3,030.95
P,(MW) 2,768.62 18,546
IS OSREN ﬁwﬁ'&mugmygﬁﬂﬁm (MW) 196.189 1,529.49
Py (MW) 2,768.62
P, (MW) 3,068.18 193,593
WHHAAY MasnUguIaesIN (MW) 196.649 1,132.95
Pt (MW) 3,068.18
P,(MW) 3,166.1 154,011
TTRTIMY MaInUgEes I (MW) 203.586 974.802
Pt (MW) 3,166.1
P, (MW) 3,192.5 237,045
NINYIAN MAaINUgIFs3 I (MW) 206.86 1,508.13
Py (MW) 3,192.5
P, (MW) 3,155.37 183,930
GALRLEY MasnUgaes I (MW) 203.499 1,158.31
Pt (MW) 3,155.37
P,(MW) 3,181.75 194,230
LR MaIUgEes I (MW) 205.649 1,241.63
Pt (MW) 3,181.75
P, (MW) 3,079.19 202,636
RGH MaIUgEes I (MW) 197.894 1,210.02
Psr (MW) 3,079.19
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1Aau Wawes Aunae AMNiToud
P,(MW) 2,943.03 222,754
WOAINEY Maugaes I (MW) 188.127 1,190.50
Pt (MW) 2,943.03
Pg(MW) 2,833.68 282,690
FUNAN MaIUgEss I (MW) 181.152 1,437.31
Pt (MW) 2,833.68
GﬂiN“ﬁ 4.7 wadninnanavedszuunaaey IEEE 30 ﬂ’aﬁgﬂ 12 AU
1Aau Wimes AR AT eu
P, (MW) 130.005 547.452
P,(MW) 37.5458 30.0022
P (MW) 17.6749 2.97837
P (MW) 10.7593 551143
unNIINY P, ,(MW) 10.0665 0.138246
P, ,(MW) 12.0032 0.00377
mlFnesm $hr) 562.049 9429.7
MaIUgEes I (MW) 5.4407 2.78382
Py (MW) 218.1532
P, (MW) 137.912 507.368
P,(MW) 39.3988 28.5846
P (MW) 18.2596 3.05267
P (MW) 11.3753 10.5343
nuALS P, (MW) 10.1523 0.335009
P, (MW) 12.0104 0.016376
ml¥9e3m $hr) 595.762 9879.44
MaUgYassIN (MW) 6.02111 2.90344
Pt (MW) 229.1089
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1Aau Wawes Aunae AMNiToud
P, (MW) 136.398 522.005
sz(MW) 39.0629 28.878
PgS(MW) 18.1627 2.92069
PgS(MW) 11.1378 8.46906
AIRGHY P, (MW) 10.1127 0.250136
P, (MW) 12.0077 0.014563
alFesu ($hr.) 588.877 9593.14
MaIUgEsIIN (MW) 5.90974 2.81835
Pt (MW) 226.8822
P, (MW) 132.609 717.943
P,(MW) 38.2498 39.4954
P (MW) 17.9167 3.95098
INEYU P (MW) 11.4588 13.5845
P, (MW) 10.196 0.70784
P, (MW) 12.0347 0.141035
a1 l¥9103591 ($hr.) 576.687 13549.2
MaUgaass I (MW) 5.69163 3.8164
P (MW) 222.4652
P, (MW) 132.609 717.943
P, (MW) 38.2498 39.4954
P (MW) 17.9167 3.95098
P (MW) 11.4588 13.5845
N ENAY P, (MW) 10.196 0.70784
P,,(MW) 12.0347 0.141035
ml¥9e391 ($hr) 576.687 13549.2
MAUGFETIN (MW) 5.69163 3.8164
Py (MW) 229.016
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Ty, W ines Mgy ANiTous
P, (MW) 137.83 508.308
P, ,(MW) 39.3994 28.4048
P, (MW) 18.2563 3.04769
P (MW) 11.3667 10.4366
gugy P, (MW) 10.1525 0.334229
P, (MW) 12.0108 0.016615
aldaresm ($hr) 595.475 9871.25
MaUgYaes (MW) 6.01567 2.90283
Py (MW) 236.3509
P, (MW) 143.173 431.994
P,(MW) 40.6424 24.8005
P (MW) 18.6736 2.62986
P (MW) 11.6754 11.918
nINYIAL P,,(MW) 10.1762 0.384346
P, ,(MW) 12.0108 0.02222
ald9esaw ($hr) 617.87 8859.05
MANUYasIIN (MW) 143.173 431.994
Pt (MW) 235.6136
P, (MW) 139.94 494.049
P,(MW) 39.8776 28.264
P (MW) 18.4191 3.04798
P (MW) 11.5853 12.2276
GRVIREHY P, (MW) 10.182 0.409711
P,,(MW) 12.0137 0.021854
ald9esa $hr) 604.755 9986.89
MAMUasIIN (MW) 6.17567 2.91743
Py (MW) 232.0174
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1Pou Wimes AN AT au
P, (MW) 141.546 508.867
P, (MW) 40.2886 28.7343
P (MW) 18.5521 3.1439
P (MW) 11.8605 14.7793
TAEHY P,,(MW) 10.2284 0.549615
P,,(MW) 12.021 0.040642
ml¥9e3591 $hr.) 612.631 10603.9
MaIUgEsIIN (MW) 6.3079 3.06435
Par (MW) 234.4965
P, (MW) 138.494 544.607
P, (MW) 39.5397 30.8068
P (MW) 18.3316 3.09089
P (MW) 11.449 11.1371
LRI P, (MW) 10.1615 0.390717
P, ,(MW) 12.0139 0.036605
A l¥910591 ($hr.) 598.693 10453.7
MaUgaass I (MW) 6.07867 3.02469
P (MW) 229.991
P, (MW) 129.388 634.123
P,(MW) 37.4177 34.4216
WO AN P (MW) 17.6511 3.38971
P (MW) 10.9383 8.13851
P, (MW) 10.108 0.305805
P,,(MW) 12.0159 0.042722
al¥9e591 $hr.) 561.006 11187.7
MAUGFETIN (MW) 5.43001 3.2309
Psr (MW) 217.5194
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P, (MW) 124.757 821.86

P, (MW) 36.4652 41.2431

P (MW) 17.4246 3.55409

PgS(MW) 10.8887 7.7223

FUAY P, (MW) 10.109 0.24431
P,,(MW) 12.0052 0.004532

M l¥1e390 $hr.) 544.33 13249.5

Maugaes (MW) 5.1619 3.68177

Py (MW) 211.6496
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M3199 N1 s doyaved Ivanvesszuy Radial Distribution 33 1

100

v i Tvan o d Tvan
P (MW, Q MVAR) P (MW, Q MVAR)
1 0 0 18 90 40
2 100 60 19 90 40
3 90 40 20 90 40
4 120 80 21 90 40
5 60 30 22 90 40
6 60 20 23 90 50
7 200 100 24 420 200
8 200 100 25 420 200
9 60 20 26 60 25
10 60 20 27 60 25
11 45 30 28 60 20
12 60 35 29 120 70
13 60 35 30 200 600
14 120 80 31 150 70
15 60 10 32 210 100
16 60 20 33 60 40
17 60 20
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M15199 N2 M GpYaveIAIeFIveeTZ U Radial Distribution 33 1id

)
ANUAIUNIY (p.u.)

)
ANUATUNIY (p.u.)

nnda | dald nnta | Devd
R X R X
1 2 0.0762 0.0388 17 18 0.605 0.4744
2 3 0.4074 0.2075 2 19 0.1355 0.1293
3 4 0.3025 0.154 19 20 1.2431 1.1202
4 5 0.315 0.1604 20 21 0.3384 0.3954
5 6 0.6769 0.5843 21 22 0.5859 0.7746
6 7 0.1547 0.5114 3 23 0.3729 0.2548
7 8 0.5879 0.1943 23 24 0.7421 0.586
8 9 0.8512 0.6116 24 25 0.7405 0.5794
9 10 0.8628 0.6116 6 26 0.1678 0.0855
10 11 0.1625 0.0537 26 27 0.2349 0.1196
11 12 0.3094 0.1023 27 28 0.8752 0.7717
12 13 1.2132 0.9545 28 29 0.6646 0.579
13 14 0.4476 0.5892 29 30 0.4194 0.2136
14 15 0.4884 0.4347 30 31 0.8053 0.7959
15 16 0.6168 0.4504 31 32 0.2566 0.2991
16 17 1.0653 1.4223 32 33 0.2818 0.4382
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in3oerudia . i
Yolad P (MW) P (MW) b, ¢
1. 50 200 2.00 0.00375
2. 20 80 1.75 0.01750
3. 15 50 1.00 0.06250
4. 10 35 3.25 0.00834
5. 10 30 3.00 0.02500
6. 12 40 3.00 0.02500
M990 N4 m3ndoyaves Inaavesszuy IEEE 30 1ia
o Tran o Tnaa
P (MW) Q (MW, P (MW) Q MW)
1 0.00 0.00 16 3.50 1.80
2 21.7 12.7 17 9.00 5.80
3 2.40 1.20 18 3.20 0.90
4 7.60 1.60 19 9.50 3.40
5 94.2 19.0 20 2.20 0.70
6 0.00 0.00 21 17.5 11.2
7 22.8 10.9 22 0.00 0.00
8 30.0 30.0 23 3.20 1.60
9 0.00 0.00 24 8.70 6.70
10 5.80 2.00 25 0.00 0.00
11 0.00 0.00 26 3.50 2.30
12 11.2 7.50 27 0.00 0.00
13 0.00 0.00 28 0.00 0.00
14 6.20 1.60 29 2.40 0.90
15 8.20 2.50 30 10.6 1.90




M3190 N5 mﬁn%y‘ammmﬂﬁwmszw IEEE 30 &

103

e | Rete AMUATUNIU (.U B2 o) Tap MVA
R X Setting | Rating
1 2 0.01920 0.05750 0.02640 1 130
1 3 0.04520 0.18520 0.02040 1 130
2 4 0.05700 0.17370 0.01840 1 65
3 4 0.01320 0.03790 0.00420 1 130
2 5 0.04720 0.19830 0.02090 1 130
2 6 0.05810 0.17630 0.01870 1 65
4 6 0.01190 0.04140 0.00450 1 90
5 7 0.04600 0.11600 0.01020 1 70
6 7 0.02670 0.08200 0.00850 1 130
6 8 0.01200 0.04200 0.00450 1 32
6 9 0.0000 0.20800 0.00000 1.0155 65
6 10 0.0000 0.55600 0.00000 | 0.9629 32
9 1 0.0000 0.20800 0.00000 1 65
9 10 0.0000 0.11000 0.00000 1 65
4 12 0.0000 0.25600 0.00000 1.0129 65
12 13 0.0000 0.14000 0.00000 1 65
12 14 0.12310 0.25590 0.00000 1 32
12 15 0.06620 0.13040 0.00000 1 32
12 16 0.09450 0.19870 0.00000 1 32
14 15 0.22100 0.19970 0.00000 1 16
16 17 0.08240 0.19320 0.00000 1 16
15 18 0.10700 0.21850 0.00000 1 16
18 19 0.06390 0.12920 0.00000 1 16
19 20 0.03400 0.06800 0.00000 1 32
10 20 0.09360 0.20900 0.00000 1 32
10 17 0.03240 0.08450 0.00000 1 32
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10 21 0.03480 0.07490 0.00000 1 32
a1319f1 05 MINdoyavesmedwwesszuy IEEE 30 17d (Ap)
v
o1t 2 o ﬂ;mmumu (p;.) B2 pu) S(-ertztii%g RI:/;;I/%
10 22 0.07270 0.14990 0.00000 1 32
21 22 0.01160 0.02360 0.00000 1 32
15 23 0.10000 0.20200 0.00000 1 16
22 24 0.11500 0.17900 0.00000 1 16
23 24 0.13200 0.2700 0.00000 1 16
24 25 0.18850 0.32920 0.00000 1 16
25 26 0.25440 0.38000 0.00000 1 16
25 27 0.10930 0.2087 0.00000 1 16
28 27 0.0000 0.36900 0.00000 0.9581 65
27 29 0.21980 0.41530 0.00000 1 16
27 30 0.32020 0.60270 0.00000 1 16
29 30 0.23990 0.45330 0.00000 1 16
8 28 0.06360 0.20000 0.02140 1 32
6 28 0.01690 0.05990 0.00650 1 32
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Abstract— This paper proposes a real and reactive
powers decomposition optimal power flow
(PQDOFF). The problem formulation was solved by
particle swarm optimization (F50). In the PQDMOFF
problem formuolation, the total cost minimization
subproblem (TCMS) and the tofal real power loss
minimization subproblem (TLMS) are solved by P50
simulated with TEEE 30 buses system. The simulation
result shown fhat the proposed alporithm cam
efficiently minimire the total operating cost with total
system loss consideration.

i i Particle & Optimsization, Cpeimal
Power Flow, Total cost mintmization, Total real power
L INTRODUCTION

Optimal power flow (OPF) is an important chort
term amalysis tool for optimal operstion of electricity
utlity, to meet the system load, at the lowest possible
cost, subject to ransmission and operational constraints.
MNow a day, the OPF problem is solved by compuaier
software with high difficolty computation

In typical, the OPF model represents the problem of
determining the best operating levels for eleciric power
plants in order o meet demsnds given throughout a
transmission network, with the objective of minimizing
operating cost. Many methods have been proposed such
a5 Gepetic Alporithm (GA) [1]. Pamicle Swarm
Optimization (P50) [2-4]. Ant Colony Cptimizstion
(ACO) [5] and Tabu Search (T5) [6] in OFF, to obtain
the power system optimal result. Among these stochastic
optimizstion metheds, P50 is 3 famons stochastic base
optimizstion techmique developed by Dr. Eberhart and
Dr. Eennedy in 1995 [7], inspired by sodial of behavior
of bird flocking or fish schooling. P50 was proven to be
one of the best stochastic optimization method for
several

Due to the weak linkage nature between real amd
reactive power in power system, in this paper, the real

iteratively. In the proposed real and reactive powers
decomposition optimal power flow (PQDOPF), the
problem formmiation is decoupled into the total cost
minimization subproblem (TCMS) and the total real
power loss minimizstion subproblem (TLMS). In the
TCMS, the total generation cost minimization problem is
solved by BS0. The optimsal real power generstion of
each bus is the ootput. Meanwhile in the TEMS, the
total real power loss minimizstion problem is determined
by P50 and the optimal generator voltage magmimdes
The TCMS snd TEMS are solved sequentially, for the
lowest tofzl peneration cost of the system The
simmlation result with IEEE 30 buses system shown that
total cost and tol real power loss, comparing to the
earlier method.

The organization of this paper is as follows. Section
II. addresses the PQDOPF problem formmlation. PSO for
solving the PQDOPF is given in Section II. The
simuplation result on the IEEE 30 bus system ame
hstrated in Section IV. Lastly, the conclusion is given
in Sectiom V.

I FQDOPF PROBLEM FORMULATION
In the PQDOPF problem formmlation, the OFF
objective function can be expressed as mmlti-cbjective
problem  which are; (1) iotal cost minimization
subproblem ('I‘EMS}an.d{u}mtalmlpnmhss
minimization subproblem (TLMS). The optimization
problem formmlation is as follow,

(1) minimize total operating cost in TCMS as,

minimize fe_$'Fep) (1)

and
(i) minimize total real power loss in TLAS as,

minmze _1-"!‘:§G.[];TJ T, sl —5)] @
ey
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subject to the power balance constraints,

B, -B, = SIF,IV, |3, |cos(8, ~5,),i=L..NB. ()
=
Q. -0, —-FIF 17, 1y, Isine, -5, Li-1..NB: )

| fE A fori=1._.NL, o)
and real power generation constraint,

pancp cpm= fori=1..NL (0]
and reactive power generation constraints,

g sg 2o fori=1,_ N M
and bus voltage limit constraint,
|E“|EF",|E|I-’,"‘|,fm:‘=I,_._M, (8)
mll_tran:fnrmta.pljmjtcmstmm,

F= =T 2T™ fori=1__NL (L]
Where,

FC is the totsl system operating cost (Rhr.),

FiPg) is the operating cost of the generator connected
at bus 7 (§hr.),

= is the limit of line flow or transformer (MWA),

i is the MVA flow of line or transformer §

(BIVA),

is the conductance of the lines betwesn bus §

and s j for j4,

is total number of penerators,

is the total momber of boses,

is the total momber of transformers,

ic total real power loss (MW,

is real power at bus ; (MW),

is the resl of power generator connected bus i

(BIW).

Pa™ s the maximum real power generation at bus i
(BIW),

Om iz the reactive power pgenerator at bus §
(MVAR),

[ is the reactive power demand at bas i (MVAR),

LA is the voltage maznitnde of bos 7 (pu),

F; is the voltage of bus 7 (pa),

vl is the mapnimde of the y, element of Fi

55 ©

FEE

(mha),

8, is the angle of the ¥, element of T, (Tadism),
and

&, is the voltaze angle difference between bus §
and j (radian)_

I P50 BASED PQDOPF

In a PSSO system, the initialized gvoup of random
particles are generated and then the objective fumction
for each particle &= computed Afterward the best
solution is obtained and then the particles are updated in
the next generation. In every iteration, each pamicle is
updated by following the best values. The first one is the
best sohition (fimess) it has achieved so far. This value is
called phast. Another vale that is tracked by the particle
swarm optimization algorithm which iz the best vale
obtained so far by any particle in the population. This
best value is a global best and called ghest. When a
particle takes part of the populsfion a= ifs topological
neighbors, the best vale is a local best and is called
gzt The PSSO computational step can be given as
follow:

Enyl;krmtmmanﬂmmn
‘population’ of agents (particles) wuniformiy
distributed over searching space. In TCMS, the
particles are P, In TLMS, the particles are |F
at the generator buses and T,

Step 2. Evsluate each particle’s position according to
the objective functon, which are Eg(l) for
TCMS and Eq.(2) for TLMS.

Siep 3. If a particle’s current position is better than its
previous best position, then update the particle.

Siep4: Determine the best particle (according to the
particle’s previous best position)).

Step 5: Update particles velocities by Eq. (10).

Step 6: Move particles to their new position by Eq.
(11).

Step 7: Evaluate each particle’s positon scconding to
the objective finction, which are TCMS or
TLMS

Siep 8: Does the objective function walue (TCMS or
TLMZE) is satisfied” or Does the ierstion reach
the maximm mumber of iterations? If yes, go to
step 9. If no, Zo to step3

Siep D Stop.

The particles welocities and updatine can be
expressed as,

W' =wv + eirpbest’ - pf) + cdghest -pf).  (10)

' =xf+w", (11
where,
w is the inertia weight factor =1,

ey - ame the acceleration constants in the range [0,2],
FLF: are the uniform random vahles in the ramge
[0.1],

is the pumber of iteration,

is the velocity of particle,

is the position of particle,

iz the best particle position,

iz the best zroup position, and

is the particle.

ﬁ??ﬂﬁn
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TABLE I THE CoWPARISON RESINL TS FoRt [EEE 30 BUsEs

| LT '_ila:.lwr'l_l.'\.-l_I|A1:M'\F1lr.|. Var — [:] F.I W
Y 050 050 050 070
| AT EE S TR T L (T T P B T . 45 45 038 e
I s L] o Lw 21
Ty 10 WL 2 IR
. ok il eaer i ?.lll.'l'h'rh'_u ELT "ﬁ_"l'ﬂl sl -‘ m ﬂ_!lﬂ -?; [E m—
(R Lo Ty - ) %1 Viy 050 05 6T 075
T, 0.978 O 013 [
Foe wehal L poTe Ko LICHILEN Fou ST ok AL 1T I ELE] 0850 0.650 [Liil
Cpie s e il o e e Sl i = gs} IMT lm o‘ﬂz
! ; ) N T, T [ 0575
s i [EE 15766 | 17600 | 176sa0
r By BD FEE4 TN FEE0T
e _ Py 5 20 1144 20453
- ! AT _:;r‘ 3 FENE ?i‘; ] .:?;
o b e e o .o — P 2 200 1203 1300
__I.r\.."l - Todal Cost
tho 00076 | Eo400 | Bonoe0 | soosss
- Temal
| ERp— lossas 18742 9542 2380 9118
— ()

Fig 1. PQDOPF Computational Procedurs

In the TCMS, the real power generation of generator
(Py) are the output solved by PSO. Meswwhile, in the
TLMS, the generator bus woltage magnimdes (| F[) and
transformer tap positions (T7) are the output obtained by
P50, The propose PS5O based PQDOFF
computationsl procedure can be illustrated as in Figl.

IV. SIMULATION RESULTS
The PODOPF has been verified on the TEEE 30
‘buses showm in Fig 2. The system line data and bus data
were obtzsined from [§]. The results of POQDOPF,
comparing to the methods in the previous works, are
showm in Table 1-3.

Fig 2. IEEE 30 Busas Tast System

TABLE LI THE OPTIMAL Bars Vol TAaE MAGHITUDE AHD ANGLE
BESULT PRl PQDOPF roR IEEE 30 BUses SySTes

Bus sumber Wi e (p.a) Fh.w-gh(ﬂegu]
1 070 0.000
2 D50 -5.183
E] 033 -1413
4 24 Sl
3 21 REE=]
(] 023 -10.E56
T 013 -12640
B 02 -1 L60
] 034 -13.534
10 04 -13.3X
1 D88
2 D6l
3 073
4 D46
3 041
[: 047
7 041
18 031
13 028
0 031
a1 1032
2 1038
13 031
24 27 -16 T
25 021 -13.5837
16 D06 -16.131
P 031 -16.231
28 =] LM
FT 11 -16.331
30 D00 -17.431

In table I, the base case power flow, the methods
propose by [8] and [1], and the PQDOPF are addressed.
The mesult shown that the PQDOPF provide the
minimmmm total cost and totzl loss among all methods,
with the total cost of 800.985 3/br. and the total loss of
0118 MW The PQDOPFF solmion for wvoltape
magnimde and angle snd the optmal real power

83
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zeneration schedule are showm in Table I and IO
loading resnlied from the PQDOPF are within limits as
addressed in Table IV. It is confirmed that the power
flow sobotion resulted by the PQDOPF is feasible and
TABLE I THE OFTIMAL REAL PoWER GRNERATION, ToTaL CosT,
AND ToTaL ERaL Powes Logs RESULTED FRos PQDOPF oF [EEE 30

BUIS SYSTEM
Fower Power Total | Toead
Cemerator MW Crenerator Cast Lass
Atbus it (MW) | (SR | (MWD
1 176601 | S0P, 300 |
$5.607 WP, =50
353 =P, | E009Es | 9.1
E 31750 GoF, 35
11 077 BF,
13 1200 e
Poarar damond = 283 4 MW
TABLE IV. THE ThANSWESs0M LINE FLOW AHD TRAKSRORMNES:
LoAninvae oF THE PQDUH SoLumion POk IFFE. 30 BUSES S¥STEM
From Bus To Bas Line Flow Line Flow Limit
VA QIVA)
3 11E010 130
3 39,138 130
3 34280 5
3 3 33068 130
5 &350 130
5 5318 &
[} [ SES o0
5 7 2604 il
[ 7 4.5660 130
& B 1386 31
[ ] 0% (5]
& 10 13.57% EF!
3 1 B9 &3
E ] 139 &3
1 3 AL 3
2 3 43m 3
K 3 2473 33
2 5 0308 31
2 5 5761 ER
4 5 L7353 §
[ 7 I5EI1 [
3 B 6267 8
E 9 TEEH 6
30 ] 32
20 [ 32
17 T ER!
21 18693 EH
7] Eo0s 31
p7] FETE] 31
3 FE] 35164 16
K i [ §
3 i 2385 [
E 3 0563 6
E 36 360 16
E 37 33350 16
E 7 17364 [
7 ] (X5
7 30 7378
o 30 3752
B 38 1576 3
[ 38 15362 ER
— — =R

V. CONCLUSION

In thizs paper, the PQDOPF is proposed amd
remlts shown that the PQDOPF can effidently solve for
the optimsl selution of the conirol varisbles which are
real power generations, woltage magmimdes, and
system operation constraimts.
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Probabilistic Optimal Power Flow Considering Load and
i G Solar Power Uncertainties Using Particle Swarm
i ol Optimization

i Kanatip Rojansworshiran and Keerati Chayakulkheerss"

Absrract— Thiz paper presents g probabiliztc aptimal power flow (POPF) considering probabiliztc load and solar
powar uncertminties. The problem formulations were solved By particle swarm optimizaton (PSGQ). In the propose
POPF problem formulations, the fotal cost minfmization subproblem and the fotal real power lozz
muimmization subproblem (TLWSE) are sohved By P30, sequentially. In the POPF model, the probabilistic photovelngic
power plant (PFPF) and load data are miesrated fnfo the POPF computation. The propose POPF model has been
tested with the IEEE 30 bus system and the probability density finction (PDF) of power system variables are real
power generator, total losz and fotal cost had been fnvestioated. The results have shown that the POPF solutions
obtaimed by P30 cam determine the probabilistic optimal condition gificiently qf power system operation. The method
can be potentially applied to the kigh peneration aff PYPP with uncertain load or other variables in the emerging

Dowar system.

Keywards— Probabilistic optimal power flow, particle swarm optimization, probabilistic density fonction, probabilistic
phoiovoliaic power plant, total cost minimiration, total lozs minimiration.

1. INTRODUCTION

Mowadays, countries around the world pay atiention on
the production electricity from solar energy becsmse it is
a renewable enerzy that inexhaustible and doesn’t pollute
to the environment. In Thailand the photovoltsic power
plant (FVPF) is slso high penetrated and trended to be
the dominant renewable enerpy in electricity peneration
Thailand is located near the equator, it receives comstant
The statistics from the frame work of Thailand power
development plan 2015-2036 (PDP2015) [1] said that the
average ammal of solar radiation in the coumtry is 182
MIm?'day or 5.5 KWh/m?/day which hizh imtensity of
sunlight compared to many comnries and satisfy for
production in elecricity inchode development, that why
solar enargy has a great influence for Thai people. Afier
facing the high oil price issue in 1973 and 1979, solar

enerpy became interested for developed countries and
begumdma]npmmmﬂy According to Anmeal
EBeport of Alternstive Devalopment
Flan Thailand 2015 (AEDP2015) [2] the remewables
enerpy targeied on 20.3 percent of total energy I 2034.
Hence, the remewable enerzy is the solution for
electricity production in the firore. The hizh potentisl
renewable resources are solar energy, wind and bio-
enerEy, the PDF2015 within 2036 has advert in Table. 1.
In the Tsble. 1, the trend of solar energy production is
increasing in the firmore.

Table 1. Alternative Energy Development Plan 2015

Type Statms on Targetinm  Targetin
Diec 2015 21 MW 20346 MW
MW
Biomass 2,726.60 3,940.65 5,570
Biogas 37251 4811 G600
Wind 23389 47573 3,002
Solar 1.419.58 290320 §,000
Enerzy

In power system operaton, the optimal power flow
(OPF) is the most important and sophisticated problems.
The objectives are minimizing total operating cost and
total losses, subjected fo power system comstraints
inclnding power balance equations, rmeal power
zeneration and other power system constraints. In the
past, many techniques have been used in OPF such as
Particle Swarm Optimizstion (PS0O) [3 -5], Ant Colony
Optimization (ACO) [6] , Genetic Algorithm (GA) [7 ]
and Tabu Search (TS) [8 ] . Amongst these stochastic
optimization methads, PSO iz a well known technigque
base optimization presented by Dr. Eberhart and Dr.
Eennedy in 1995 [9], inspired by social of behaviour of
bird PS50 was demonstrated to be the best stochastic
optimizstion methods for OPF problem.

Dme to the wesk linkape between real and reactive
power in power system rTeal snd reactive powers
decomposition optimal power flow [10] is decoupled into
the two subproblems are tofal cost minimization
subproblem (TCMS) and the totsl real power loss
minimization subproblem (TLMSE). In the TCMS, the
total peneration cost minimization problem is solved by
PS50, the optimal real power generator is the oufput.
Meanwhile, in the TLMS, the totsl real power loss

37
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minimization problem is solved by P50 and the
zenerator voltage magnitndes and transformer tapping
are the outpurs. The TCMS mnd TIMS are solved
sequentially, for the lowest total generation cost of the
system. The resalts on [EEE 30 buses system shown that
the POPF can minimize the total cost and total real
‘power loss effectively.

However, the electrical systems have been chanzed
since the trend of eleciricity production wusing solar
mgy,ﬂmﬂnmmmm{}PFm’tmmmm
factors in the power system like solsr emerpy, load
varigtion and other varisbles. 5o, the power system
shonld consider the incorporate umcertsinties im OPF
modeling. Therefore, OFF problem is conwverted to the
probabilistic optimal power flow (POPF) problem. In the
several researches, POPF has many modeling ame
presented such as [11-13] presented OFF model using
probabilistic load and high uncertain power system
mode] and show histogram of total power generation and
real power generstions obtained from Probabilistic
distribution finction (PDF). Meanwhile, [14-16]
demonsirated OPF in Distribution Metworks with hizh
penetration of photovoltaic (PV) generatiom.  [17-20]
propose  POFF  wind farm  forecasts with  the
incorporation of wind tarbines production Lastly, the
paper [21] proposed Linear programing (LF) for solving
the power generation dispatch with price-based resl-time
demand response (PRDE) represented by PDF,

In this paper, the POFF model considering uncertsin
lopad and PVPP real power pgeneration has been
presented. In the POPF model, the OFF = decomposed to
TCMS and TLMS5. The investigstion is on Monte Carlo
simmlation (MC5) [22] and Mormal PDF parameters
estimation. The Momal PDF parameters estimation, the
agpregated load and PVPP power generation PDF is
obimined by MCS5. The IEEE 30 bus system is msed to
test the proposed method

The organization of this paper is as follows, the POEF
problem  fornmlatioms explained in Sectiom 2.
Meamwhile, MCS is illustrated in Section 3. Finally, the
simmlation results and conclusion are given in Section 4
and 5 respectively.

1. PFOFPF FROBLEM FOEMULATIONS

subproblem (a) and the real power loss minimization
subproblem (b) are solved iteratively, and foromlated as,

(2) minimize probabilisic totsl operating cost
subproblem,

Ll -
FC =y FiBs) 0
]

() and minimize the real power loss subproblem,

PL= z:zp W,.V,.T,). @
Jmd

subject to the power balance constraint,

38

EP -(E ZP}+ . (E3)

B,~B, +B, =3 |V,|7, 1, leos(6, ~G,)i=1 . NB,(9)
=l

g;.‘ga+gn-'_E_l:JFrlF.lllr:l|5-l":'ﬂl_‘ia}si']:---:m:|:5:|

| flEf~i=1.,NL (@

B EP SPTfori - L. NG @
FoeR =™ fori = 1....NB ()
T; ELeT™fori = L. NT =
where,

FC the total system opersting cost ($/hr),

F{F,) the operatng cost of the pgenerator
comnected at bos § (),

£ the maxinmom line flow i (MVA),

X the line fow § (MVA),

&, the conductsnce of the lines between bus §
and bus j for j2,

NG the mumber of Zenerators,

NB the mumber of buses,

NT the mumber of transformers,

NL the mumber of wansmission line,

PL the real pomer loss (MW,

By probabilistic real powser of photoveltaic
(W)

By demand at bus i (MW,

B, probabilistic demsand (probabilistic) at bus i

(W),

B,  probabilistic demsnd (probabilistic) at bus §
(W),

B the real of power generator comnected bus §
(W),

F7®  the maximum real power generation at bus i
(MW,

2. reactive power demand at bas § (MVAR),

Jr,  probabilistic reactive power demand at bus §
(MIVAR),

FF the photovoltaic power plant (WMW).

| FE| the voltaze magnimde of bus § (P,

F the voltage of bus i (p.ac),

F the voltage of bus j (p.oc),

vl the mapmitude of the ¥y element of T
().
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a the angle of the )y element of i, (radian)

T
and

&, the woltage angle difference between bus §
and j {radiam).

3. MONTE CARLO SIMULATIONS FOR POFF

MCS is a populsr technique used to any uncertainty
problem, the MCS helps vismslize or the potenfial
consequences to have befter idea regarding the rsk of &
decision. In this paper, the MCS used in OPF with the
combined uncertain load and PVPP. The computationsl

procedures are explained as follow,

Step 1. Obtzin load PDF and FVPP power zenerstion
PDF data at the dispatch hour,

Step I Set the average total powesr generston at § =0

o zeros { P2 -0 ) and set freration =1,

Solved OFF using POPF, at iterstion §, with the

sampling load PDF and PVFP FDF.

Step 4. Fecord the solution, such as meal power
Eenerators, total cost and total loss.

Srep J: Does the iteration reach the mardnmom mumber
of iterations? If yes, go fo step 7. If no, go to
step 3

Srep . Compute the aversge total power gemeration
obtained from iterations 1 to £,

Srep T- All solutions are used to fit for PDF parameters,

Srep 8. Stop.

Srep 32

o A
Lhouaily [P
__/I' _‘\\ //\\
- . e
22X B PR AT

L. teldbrlORF .

Ml

N

,.,I _/{:\\- --

Fig 1. The POFF computation.

In this paper, 3 nommal FDF used for random of the
possible outcomes slong with their comesponding
probability warisbles. In normal FDF, the value of a

Tamalrra

pzereemiabegs b hasd and

FYFF purres Urucrailue

random varishble tends to be close o 2 cerfain walue
(mean value), the PDF is like a bell shape. In this paper
the normal PDF used for lead and FVPP PDF in POPF
solution. The combined load and PVPP power generation
PDF is obtamed by MCS explained in Fig. 1. The
computation precedure of POPF can be explained as
followr,

Step 1. Define 3 domain of input for lead and PVPP
POWET Feneration.

Generate imputs randomlby from a probability
distribution over the domain.

Solved OFF by using POFF with imputs
obtained in step 2.

Step 4:  Azzregate the results.

Stap 5. stop.

Stap 2:
Stap 3:

4. SIMULATION RESULTS

The POPF was sinmlated on IEEE 30 bus system, loads
and PVPP power generation characteristic was obtained
by the historical load of Thailand The sinmlation also
considering  optimal placement smdy for PVEP
placement snd explained in 4.1. Lastly the POFF
solution for IEEE 30 bus demonstrate in 4.2.

Urzinpezo o lwd, ez

|

Seles i ame Tovs for a2k 1000 s

!

tizke o ool muiarnization b problsn [ Lg L e eplial ma

e e R R ST ek

Ll al: pra kAL G0

Fig 1. F50 computation.
{.1. Opimal solution using F50

In the OPF problem formmlstion, the objective fonction
can be expresses as two problems which are (1) total cost
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finction and (2) total real power loss fucofion, the
procedare illastrates in Fig 2. This paper, PSO has been
used on the [EEE 30 buses featored in Fig 3. The system
line data and bus data were obtained from [23]. The
results compared to the methods in the previous works,
are shown in Table 2.

In the Table 2, the OFF resulted from the method in
[8] is shown to be the highest value of §14.41 $hr.
Meanwhile the OFF resulted from the method in [3] is
lower than [1] 802.0136 $br. However, the
OPF using PSO resulted is the lowest cost at 80985 $/4hr.
The proposed OFF is used for POPF study in 4.3,

Tahle 3. Optimal placement of FVFF in IEEE 30 bas
syshem

PV Total losses (MW)
e location No PVSthof | PV 0%
T bas S m a d | ofd o

1 9.5005 10.0644

2 21239 9.1306

3 20100 8.7202

K . 4 87135 83185

= 5 23087 7.5611

6 8.5677 8.0118

7 83847 7.6009

Fig 3. [EEE 30 Buses Test System.

g 85710 8.0267

Tahile 2 The comparison resulfs for IEEE 30 buses g 8.5709 8.0362
Varables | o T oy | o 10 2.6002 80218
() F50 (pa) 11 L5765 8.0306
4 1.1000 - L0700 12 27752 8.4268

¥ 1.0482 A 1.0500 13 27640 84074

¥ 1.0213 - 10210 14 8.6807 8.6521

¥ 1.0291 - 1.0320 15 25250 £.0807

Fir L0%51 - 1.0880 16 YR B.6818 84216
Fis 10037 - 10750 17 85730 21420

T 0.9966 - 0.9890 18 84472 £.1013

T 0.0814 - 0.9770 19 24102 7.9061

T 09972 - 0.9420 0 54464 8.0488

T 00513 - 0.9750 21 84815 7.8431
Pay 1642380 | 175.6915 | 176.60100 2 F4756 7.0625
Pas 426251 | 286030 | 486070 23 54688 £.1680
Pas 200760 | 214404 | 214830 24 23064 7.0202
Pas 207573 | 227200 | 217500 25 85286 82807
Pau 114343 | 122302 | 120770 26 87456 HA*
Pau 112000 | 12.0000 | 12.0000 27 8.5720 82129
E’;‘f“‘ 8144100 | 8020136 | s00.085 28 B5124 | 79650
9 8.5025 86334

E&t‘f‘r}m‘ 13.9600 | 03301 o118 0 23100 24011

- IFe CoMSTTain? [Fm violanen
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4.1. Optimal placement study for PVPP

The POP foruses an optimization for optimal placement
are comparative size snd location of PVPP in power
system. The objective finction is reduction totsl real
power losses, the optimal placement smdy tested by
MATLAB sofiware. The optimal placement resulis
shown in Tshle 3.

In table 3, the optimal placement stody result shown
that bus 5 provide the mininmm totsl losses smong all
bus with the total losses 7.5611 MW on installation PV
10% of demsnd It is confirmed that the optimal
placement location for PVEP is bus 5 evinced in Fig. 4 .

Fig. 4. The FVFF location.
4.3. POPF solutions for IEEE 30 bus system
In the simnlation, the dsily load profile on the peak
day of Thailand is uwsed Meanwhile the FVPP power
intensity in Makompathom The PVPP and load power
generation POF results are indicated in Fig 5. and Fig §.

Farrdy

oz (] ] 1 L D& 1 12 14
FUFF soses ge-ermion PIT Cal

Fig_ 5. Aggregated PVPF power generation PDE.

In Fig 5, the aggregated PVPP power generation PDF
obitained by MCS resulted. The Mesn is 059019 and
Variance is 0.0345775. The results represemt that the
mean value of FVEP is very close of the middle of bell
shape, that mean The FVPP power generation PDF is

Fnraly

e jLrs = indh ny nH:
Lea: 73F 1)

Fig 6. Agpregated Load PDE.

For the Fig. 6 the load profile of the peak day of
Thailand ar 2200 pm of everyday is wsed. The load
profile is transferred into the ratio of peak load, the
ageregated load PDF gave the mean is 0.864219 and the
variance i 0.0010197. The results shown that the
variance is very low, so the aggregated load PDF is
satisfied.

& x
= i

alrlma =teasr sRnerT RS

il TN R AL A MM S
B nizer of heradon

Fig 7. Comvergence of RMICS.

v aa HJn e

In Fiz 7, the MCS solution with 2,000 iteratioms,
mesnwhile the solution was cooverted at less than 1000
iteration to the mean vahne of 230 MW. For the MNormal
total losses PDF is obtained by MCS as shown in Fig. 8
and Fig 9.
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U 1Y

17 e terd (il e e mh

Tl e R

Fiz 8. Aperegated total cost FDF.

“wnr ke

q d A 3 ¢ E a
1=lal breene (RN

Fig 9. Agprezated intal loss PDE.

In Fig. 8, the mesn of total cost by MCS simmlated is
593 007 3'hr., meanwhile the warisnce is 1622.6. For the
total cost histogram, the result showm that the shape is
very flat canse high variance and bresdth of answers.

Lastly, In the Fiz. O the total loss FDF
provided mean and varisnce are 580385 mmd 0.539995

respectively. The statistical parameter by POFF revealed
in Table 4.

Table 4. The statistical parameter obtaimed from FOFF

Variable Mean Variamce
Total cost (§/hr.) 503.997 16226
Total losses (MW) 580385 0.539995
PFVEP power

. 0.59019 00345775
peneration (%4)
Load (%) 0.864210 0.0010197

5. CONCLUSION

In this paper, the POPF using mormal distibution is
proposed and investizated The totsl real power loss and
system operating cost can be minimized continuslly. The

42

remlts have shown that the POPF can solve efficiently
for the optimal solsfion. Therefore, the POPF can
successfully define the POPF outputs, using Mormal
PDF.
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