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- Subtransmission substation

- Primary feeders

- Distribution substation

- Secondary feeder

- Subtransmission substation expansion planning (SSEP)

- Distribution system planning (DSP)
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-Subtransmission substation
2
-Distribution transformers
3
-Distribution substation

4 Secondary feeders
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- Optimal feeder routing
- Short-term planning

- Long-term planning
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1
- Air insulated substation (AIS)

2
- Gas-insulated substation (GIS)
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- Loading capacity of substations
2

-Thermal limits of feeders

3
- Radial network
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L Mathematical programming methods

2
- Heuristic and meta-heuristic methods
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1 . .

- Static or single-stage

- Horizon years
3 . . . .

- Pseudo-dynamic or multi-stage planing or multi-stage
4 . .

- Dyanamic planning
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- Linear programming

- Minxed-integer linear programming (MILP)

- Simplex method

-Nonlinear programming

- Kuhn-Tucker (KT)

- Mixed-integer nonlinear programming (MINLP)

- Dynamic Programming
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L. Branch and Bound
2
- Lower bound

3 .

- Network flows programming
4 , .

- Benders’ decomposition

5
- Relaxed problem

4
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- Expert system

2
- Heuristic combination optimization algorithm
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L Decomposition technique

Z Polychotomy technique

3
- Branch exchanged technique
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1
- Neighbourhood search
2
- Artificial neural network (ANN)
-Back-propagation learning rules

4
- Switch status information module.
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1
- Genetic algorithm (GA)
- Ant-colony algorithm
- Imperialist competitive algorithm (ICA)

- Partial swarm optimization (PSO)
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- Discrete model

- Continuous model
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- Linear model
- Quadratic model

- Piecewise linearization
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- Minimum spanning network
2 ) .
- A variable structure learning automata
- Crossover
- Mutation

- Transmission Substation
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- Minimum spanning tree
2 . . .
- Multiple policies based discrete model
- Multiple modules-based discrete model

4
- Multiple construction-based discrete model
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- Normal LR model
- Fuzzy traingular model
3 . ;.
- Planning under normal conditions

4

- Planning under contigency conditions
5

- Expected outage cost

6
- Expected annual non-delivered energy
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- Non-dominated solution
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- Possibilistic (fuzzy based) approach
- Probabilistic approach

- Fuzzy set theory
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- Deregulation environment
2
- Wind
- Solar photovoltaic

-Biomass
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\ 60 60 58.68 535.51 734.92 0 1270.44
\ 60 75 72.65 1967.97 1477.27 0 3445.25
¥ 60 90 73.55 2348.79 1726.35 0 4075.15
¥ 60 60 66.75 593.07 504.39 0 1097.46
o 60 90 71.45 2293.00 878.15 0 3171.14
$ 60 75 70.29 1953.88 1660.13 0 3614.01
4 60 75 59.12 1849.70 1195.62 0 3045.31
A 90 90 59.15 697.44 892.74 0 1590.18
a 60 75 68.97 1925.30 969.23 0 2894.54
Ve 60 60 72.18 630.77 1293.98 0 1924.74
A 60 75 63.56 1877.14 843.23 0 2720.37
VY 60 90 71.75 2293.82 1079.89 0 3373.71
WY 60 60 54.96 304.15 2443.16 0 2747.31
VE 60 75 61.04 1855.75 967.37 0 2823.12
Vo 60 60 70.43 610.51 602.58 0 1213.09
V¢ 60 60 45.76 487.27 4299.76 0 4787.03
1\ 60 60 69.48 602.66 600.70 0 1203.37
VA 60 75 67.58 1910.13 621.10 0 2531.24
\a 60 60 25.39 373.89 436.59 0 810.48
Y 30 60 74.05 1620.34 589.68 0 2210.02
Y\ 60 60 39.27 443.19 2398.24 0 2841.44
Y 60 60 59.94 540.99 291.03 0 832.02
YY 60 75 62.07 1863.48 662.62 0 2526.10
Yf 60 75 64.06 1888.54 1784.87 0 3673.41
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YO 90 90 72.45 828.74 507.28 0 1336.02
\t 60 60 47.10 458.64 424.80 0 883.45
Yv 60 90 73.20 2319.73 1621.23 0 3940.96
YA 60 75 63.02 1873.43 793.96 0 2667.38
¥4 60 60 70.74 611.70 1023.16 0 1634.87
¥ 60 60 64.37 569.21 950.66 0 1519.88
™ 60 60 64.36 569.80 1055.15 0 1624.95
Y 30 75 58.99 1860.16 7319.31 0 9179.47
Al 30 30 67.55 349.03 2947.55 0 3296.57
A 30 30 56.58 155.60 4502.21 0 4657.81
0 60 75 62.86 1875.53 5769.49 0 7645.02
\£g 60 60 28.75 396.57 6811.70 0 7208.27
YV 30 60 73.49 1663.45 3363.03 0 5026.48
YA 60 60 71.42 694.44 2576.60 0 3271.04
¥ 60 60 63.85 676.69 7981.16 0 8657.85
f- 90 90 73.64 859.98 1750.09 0 2610.07
) 60 90 73.78 2323.20 2150.96 0 4474.16
£y 60 90 73.40 2310.56 2101.21 0 4411.76
fr 60 75 64.38 1931.26 12325.38 0 14256.65
£f 30 60 62.20 1587.80 21696.17 0 23283.96
\ig 0 90 72.88 4681.70 5609.74 1904.76 12196.2

ook S s anse 60064.53 73572.1 1904.76 135541.39
£990,9% 5O Mo &5 (B398 Cemy Arwsd S el @l (V4-0) Jsr
oy )b Wty b yb o (Y ) a2
Sy 39290 Comt (5 ; ROLRCELSS .

Sy (MVA) (MVA) sk oy s Omo) N5 g
) 60.00 90.00 74.06 2801.52 1662.73 0.00 4464.25
\ 75.00 90.00 74.01 2794.33 2593.59 0.00 5387.92
¥ 90.00 90.00 74.06 1007.90 2567.28 0.00 3575.19
i 60.00 60.00 74.05 995.71 758.38 0.00 1754.09
5 90.00 90.00 71.62 970.04 1363.21 0.00 2333.26
$ 75.00 90.00 71.68 2775.04 2533.77 0.00 5308.82
\ 75.00 90.00 73.88 2804.74 2440.83 0.00 5245.57
A 90.00 90.00 74.16 1327.76 1366.23 0.00 2693.99
a 75.00 90.00 72.13 2763.72 1444.68 0.00 4208.41
V. 60.00 90.00 71.05 2743.35 2056.33 0.00 4799.68
A 75.00 90.00 73.02 2773.83 1229.56 0.00 4003.39
VY 90.00 90.00 73.96 1000.57 1672.00 0.00 2672.56
1\ 60.00 75.00 70.02 2331.39 4341.07 0.00 6672.46
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' 75.00 90.00 73.85 | 2797.90 1390.30 0.00 4188.20
10 60.00 90.00 73.70 | 2786.60 879.53 0.00 3666.13
\$ 60.00 75.00 59.50 | 2317.16 6892.35 0.00 9209.51
WY 60.00 75.00 71.87 | 2353.48 879.04 0.00 3232.53
\A 75.00 90.00 72.25 | 2759.06 902.57 0.00 3661.63
1 60.00 60.00 72.81 992.79 1734.97 0.00 2727.77
Y. 60.00 60.00 74.04 | 1010.60 913.31 0.00 1923.91
A 60.00 90.00 73.35 | 2833.80 3919.28 0.00 6753.09
Yy 60.00 60.00 74.09 999.74 515.20 0.00 1514.94
Yr 75.00 90.00 71.54 | 2749.69 972.36 0.00 3722.05
Ye 75.00 90.00 71.48 | 2761.02 2422.24 0.00 5183.26
Yo 90.00 90.00 73.60 | 1309.40 779.09 0.00 2088.48
2 60.00 60.00 66.56 907.84 619.49 0.00 1527.34
\ 90.00 90.00 73.01 993.24 2578.68 0.00 3571.91
YA 75.00 90.00 72.89 | 2774.01 1310.16 0.00 4084.17
¥a 60.00 75.00 73.20 | 2373.18 1633.06 0.00 4006.23
Y. 60.00 90.00 64.42 | 2645.47 1704.19 0.00 4349.67
A 60.00 90.00 72.14 | 2770.62 1883.62 0.00 4654.24
YY 75.00 75.00 72.01 984.82 9145.35 0.00 10130.18
vy 30.00 45.00 59.93 | 129735 4744.17 0.00 6041.52
Yy 30.00 45.00 66.47 | 1342.92 7065.46 0.00 8408.38
Yo 75.00 90.00 65.17 | 2655.86 7619.37 0.00 10275.23
2 60.00 60.00 33.97 630.46 8088.66 0.00 8719.13
2 60.00 60.00 65.80 906.36 4191.69 0.00 5098.05
YA 60.00 60.00 73.51 | 1054.82 4994.24 0.00 6049.06
¥4 60.00 60.00 73.19 | 1116.53 10390.41 0.00 11506.94
¥ 90.00 90.00 71.81 | 128253 2714.85 0.00 3997.38
1A 90.00 90.00 73.85 | 1005.56 3140.40 0.00 4145.96
¥Y 90.00 90.00 70.87 961.34 2960.88 0.00 3922.22
fr 75.00 90.00 63.57 | 2656.89 15230.85 0.00 17887.75
A 60.00 60.00 67.42 646.36 23110.46 0.00 23756.81
\2 90.00 90.00 65.89 | 1209.95 7531.97 0.00 8741.92
¥ 0.00 75.00 67.85 | 1124.04 5537.25 2285.71 8947
2 0.00 90.00 73.59 | s5182.11 5741.24 1523.81 12447.16
5 0.00 90.00 73.88 | 5125.94 1781.35 3047.62 9954.91
5 0.00 75.00 64.83 | 1069.19 4281.10 4761.90 10082.19
b JS s anje 95478.56 119335.59 11619.04 | 226433.1944
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\ 90 90 73.26 870.51 1906.65 0 2777.15
Y 90 90 68.09 817.50 2536.44 0 3353.94
Y 90 90 73.32 873.45 2803.94 0 3677.39
s 60 60 72.06 854.56 816.01 0 1670.56
A 90 90 72.98 865.93 1550.59 0 2416.52
4 90 90 73.25 872.30 2749.31 0 3621.61
\ 90 90 73.50 873.56 2358.83 0 3232.39
A 90 90 73.11 1144.23 1554.95 0 2699.18
h! 90 90 69.80 832.39 1671.94 0 2504.32
\e 90 90 73.35 873.71 2213.44 0 3087.16
R 90 90 70.31 836.74 1425.98 0 2262.72
VY 90 90 72.75 865.24 1912.04 0 2777.28
VY 75 90 73.47 2634.51 4926.27 0 7560.78
\Ai 90 90 73.26 869.21 1629.18 0 2498.39
V0 90 90 71.65 849.41 1017.60 0 1867.01
\# 75 90 73.50 2633.37 7954.60 0 10587.97
VY 75 90 70.86 2582.21 1021.81 0 3604.02
YA 90 90 70.63 838.56 1041.79 0 1880.34
14 60 60 73.12 872.39 1934.61 0 2806.99
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Y. 60 60 73.30 869.46 1026.47 0 1895.93
A 90 90 73.44 875.53 4306.51 0 5182.04
Yy 60 60 72.74 860.63 602.57 0 1463.20
Yr 90 90 69.78 830.06 1136.58 0 1966.64
Ye 90 90 73.20 869.73 2582.32 0 3452.04
Yo 90 90 71.34 | 1115.16 898.38 0 2013.54
2 60 60 72.02 853.58 715.17 0 1568.76
0 90 90 73.06 870.43 2614.04 0 3484.47
YA 90 90 73.24 868.23 1445.22 0 2313.45
¥a 75 90 73.49 | 262434 1773.57 0 4397.91
Y. 90 90 73.38 872.43 2206.27 0 3078.70
A 90 90 73.47 875.20 2350.04 0 3225.25
Yy 75 90 73.34 | 2629.50 10664.96 0 13294.46
vy 45 60 54.82 | 1681.01 5359.24 0 7040.24
Yy 45 45 78.11 277.72 7538.53 0 7816.25
Yo 90 90 73.49 881.99 7722.04 0 8604.04
2 60 60 37.84 575.58 8281.55 0 8857.13
vY 60 60 73.27 876.68 4274.64 0 5151.32
YA 60 60 73.37 881.97 5597.84 0 6479.81
¥a 60 60 73.08 882.85 12095.68 0 12978.53
¥ 90 90 72.79 | 1144.74 2629.71 0 3774.45
i3 90 90 72.73 869.15 3158.95 0 4028.11
¥Y 90 90 72.11 862.01 2973.06 0 3835.06
fr 90 90 72.85 877.87 16329.02 0 17206.88
A 60 60 72.38 517.66 23686.19 0 24203.85
\2 90 90 73.52 | 1157.65 7763.22 0 8920.87
¥ 75 90 73.47 | 2630.50 5572.57 0 8203.08
\ 90 90 73.38 | 1164.09 5970.78 0 7134.88
5 90 90 72.90 | 1143.10 1787.12 0 2930.21
o) 75 75 72.75 | 1146.86 4434.46 0 5581.33
¥A 0 90 73.41 | 497557 10291.56 190.48 15457.62
¥4 0 90 73.47 | 4958.32 1428.70 8571.43 14958.44
oY 0 90 72.84 | 494939 1483.51 4571.43 11004.33
oY 0 90 73.22 | 4965.14 5258.52 2857.14 13080.8
o¥ 0 90 73.09 | 494951 837.28 9142.86 14929.65
80 0 90 73.44 | 4960.50 2027.06 3238.10 10225.66
8420392 | 110147.9962 2857144 | 222923.3619
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Abstract:

The sub-transmission substation expansion planning (SSEP) is a complicated problem and
the aim of solving this problem is to determine optimal number, locations, capacities, and
associated service area of all substations considering several technical constraints (such as
voltage drop, loading capacity of substations, thermal limit of feeders, and radial network), at
the possible minimum cost. In this thesis, two novel heuristic combination methods based on
clustering technique is presented to solve the SSEP problem in two steps: (1) Optimal
substation placement, (2) Optimal substation allocation. In the first method, the k-means
algorithm is developed by setting power demand of loads in calculating the mean of each
cluster as a weight coefficient. This leads to place substations that are closer to big loads
without any predetermined candidate locations. In the next step, by using dynamic
programing (DP), optimal capacities and associated service area of substation with aim of
minimizing investment and operational costs is determined. In this regard, a new connection
cost including the cost of expansion capacity of substations is added to the costs of MV
network. So that in the new approach, the loads are connected to that substations that no need
to expand their capacities. Thus, the maximum existing network potential is used and the
asset management to be considered. The second method presents a methodology solution to
solve the SSEP for real large-scal network by the targeted decomposition of planning area
into isolated small zones. So that the optimal substation placement problem is to be solved
separately based on the geographical information system (GIS) for each zone. To do so, the
imperialist competition algorithm based on k-means clustering technique (ICA-KCT) is
employed. The discret problem of the best priority sequence of load connection is solved
using discret ICA (DICA) to find out optimal associated service area of substations. Hence,
the main ICA operators (assimilation and revolution) are utilized, so that an approximate
prioritization heuristic method is used to apply the revolution operator process, in order to
make DICA to be robust. Finally, the proposed method for solving the SSEP problem is
applied to a typical test system and sub-transmission network of Mashhad. The findings of
simulation verify the efficiency and robustness of proposed methods.

Keywords:
Imperialist Competite Algorithm, Subtransmission substation expansion planning, K-

means algorithm
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