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Abstract: This paper proposes an application of ant colony optimization (ACO) to solve a static transmission expansion
planning (STEP) problem based on DC power flow model. The major objective is to minfinize the investment cost of
transmission {ines that should be added to an existing network in order to supply the forecasted load as economically as
possible subject to many system constraints i.e. the power balance, the generation requirements, line connections and
thermal limits. To appraise the achievability of ACO, a traditional systems i.e. the Garver's six-bus system is applied.
The experimental results obtained by ACO are compared to those obtained by the conventional approaches i.e. Genetic
Algorithm (GA), and Tabu Search (TS) in term of solution quality and computational efficiency. The results show that the
ACO method outperforms other methods in terms of canvergence characteristic and good computation efficiency.

Keywords: Ant Colony Optimization. Genetic Algorithm, Power System Planning, Tabu Search Algorithm, And

Transmission Expansion Planning

1. INTRODUCTION

Transmission expansion planning (TEP) is an important issue of electrical power system planning. The principle of TEP
is to establish an optimal configuration to be consistent with electricity demand and a generation planning scheme,
meeting the requirement of delivering electricity sufficiently, safely and economically over the planning period. For that
reason. TEP addresses an optimization problem in the power system. The model of TEP can be categorized as static and
dynamic according to the treatment of the study period. Static planning involves a single horizontal planning and
answering the questions of what and where type of new equipment should be mstalled in an optimal way that minimizes
the installation and operational costs. Others, dynamic planning is a derived generalization that considers the separation
of planning horizon into several stages and answering the questions of what, where, and when to install the network
additions [1]. However. this paper focuses only on the static planning.
In the past decade many researchers proposed various techniques to solve both static and dynamic planning problems.
The literatures of mathematical model applied to TEP were classified exclusively by Laterre et al. [2]. Garver [3] and
Villasana et al. [4] proposed linear programming algorithms to solve the static TEP. In dynamic view, Escobar et al.[5]
proposed an efficient genetic algorithm (GA) to solve the problem of multistage and coordinated TEP. Many artificial
intelligence (AI) methods have been applied for solving TEP problems. These methods include Simulated Annealing
(SA) [6]. Genetic Algorithm GA [5] and Tabu Search (TS) [7]. Recently, a method so called Ant Colony Optimization
(ACO) has become a candidate for many potential applications. The ACO algorithm 1s inspired by the behaviors of real
ant colonies and was first introduced by Dorigo to solve the Traveling Salesman Problem (TSP) [8]. and later was
applied to the asymmetric TSP [9]. the Quadratic Assignment Problem (QAP) [10] and the Vehicle Routing Problem
(VRP) [11]. Recently, ACO has been adopted to some network problems e.g. power distribution [12] and
communication network design [14]. However, none of the literatures include the application of ACO to TEP problem
in the power transmission domain. This paper, therefore, proposes the application of ACO to the DC power flow based
model for solving the static TEP. The results obtained by ACO are compared with those obtained by the conventional
approaches i.e. GA and TS methods in term of solution quality and computational efficiency.
The remaining part of this paper is organized as follows. Section 2 gives the problem formulation of TEP problem
based on DC load flow model. Section 3 elaborates the principle of ACO algorithm. Section 4 presents the detailed
procedures of the ACO approach for solving the TEP problem. Section 5 shows a case study and gives the comparative
results with the traditional methods. Coneclusion is finally given in Section 6.

2. PROBLEM FORMULATION

2.1 Objective Function

The objective function of TEP is to minimize the investment cost of transmission lines associated with physical and
economic constraints. In this paper, the classical DC power flow model is used for static TEP, which can be formulated
as follow [3. 13].

N
minimize C; = > ¢;n, ()
J
i.jefy

where Cr is the total investment cost of constructions lines. ¢;; is the cost of a circuit which is a candidate for addition

to the right-of-way. 77 is the number of circuit added to the right-of-way. N is the total number of buses in the system,

and € is the set of all rights-of-way.
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2.2 Constraints

2.2.1 Equality constraint.

The set of equations determined by Kirchoff’s laws (KCL, KVL), the power flows in the system are expressed as:
(a) Power Balance: this constraint represents the conservation of power in each node.

S*B+P,—F;=0 2)

Based on the above assumptions, DC load flow can be obtained as following equation.

N
P =3 (B;(6,-6,) (i=123..N (3)
i=1
J=l
where 8 is the branch-node incidence transposed matrix, 7} is the real power flow injection at bus 7. F, is generation

injection of nodes (generation in bus k). P, is the load demand vector in all networks nodes.

(b) Kirchoff’s voltage law (KVL) is the conservation of energy in the equivalent DC network and the constraint
are nonlinear.

Py —by(nd +n,)(6,—0,)=0 (4)

is the power flow in branch i— j, b; is the susceptance in the right-of-way 7—j. nY is the number of

where P, i

i}

circuits in the original base system, 7 is the new number of circuits added to the right-of-way 71—, and 6, &; is the

phase angle of the terminal bus 7 and j.
2.2.2 Inequality constraint.
The inequality constraints reflect the limits on physical devices in the power system as well as the limits created to
ensure system security.

(a) Transmission capacity limit or power flow limit.
These constraints can represent the maximum power of transmission line which is capable of carrying based on thermal
and dynamic stability considerations.

= Max

where ijax is the maximum branch power flow in the right-of-way 7 — j.

(b) Power generating limit.
These constraints give the maximum and minimum generating capacities, outside of which it is not feasible to generate
due to technical or economic reasons.

P‘;ﬂlﬂ < i.Dg < P;.mx (6)

where P;mu and Pémx are the minimum and maximum active power output generated at bus £ .

(¢) Right of way limit.
For transmission planning, planners need to know the exact location and capacity of the new required lines. Therefore
this constraint has to be included to consider in the planning. Mathematically, this constraint defines the line location
and the maximum number of lines that can be installed in a specified location. It is represented as follow:

- - max
O=n; =ny; (7)
where #7™* is the maximum number of circuits that can be added in the right-of-way i— ;.
i

3. ANT COLONY OPTIMIZATION
Inspired by the collective behavior of a real ant colony, Marce Dorigo first introduced the ant system (AS) in his Ph.D.
thesis in 1992, and further published in [8, 9]. The characteristics of an artificial ant colony include positive feedback.
distributed computation, and the use of a constructive greedy heuristic. Positive feedback accounts for rapid discovery
of good solutions, distributed computation avoids premature convergence, and the greedy heuristic helps to find
acceptable solutions in the early stages of the search process. In order to demonstrate the AS approach, the authors
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apply this approach to the classical TSP, asymmetric TSP, Quadratic Assignment Problem (QAP), and Job-Shop
Scheduling problem (JSSP). The AS shows very good results in each applied area. More recently. Dorige and
Gambardella 9] have been working on extended versions of the AS paradigm. ACO is one of the extensions and has
been applied to the symmetric and asymmetric TSP with excellent results in literature. The Ant System approach has
also been applied successfully to other combinatorial optimization problems such as the vehicle routing problem.

ACO is an algorithm which was inspired by the behavior of real ants. Ethnologists have studied how blind animals such
as ants capable of finding the shortest path from food sources to the nest without using visual cues. They are also
capable of adapting themselves in the changing environment. For example, finding a new shortest path once the old one
1s no longer feasible due to a new obstacle. The studies by ethnologists reveal that such capabilities are essentially due
to communicating information among individuals regarding path to decide the direction. Ants deposit a certain amount
of pheromone while wallang. and each ant probabilistically prefers to follow a direction rich in pheromone rather than a
poorer o1ne.

© - )

Fig. 1 Behavior of ants, (a) Real ants follows a path between nest and food
source. (b) An obstacle appears on the path: ants choose whether to turn left
or right with equal probability. (¢) Pheromone is deposited more quickly on
the shorter path. (d) All ants have chosen the shorter path.

Fig.1 illustrated the searching behavior of Ant family. In Fig.1(a) ants are on a straight line that connects a food source
to their nest. An ant will deposit pheromone while walking and it probabilistically prefers to follow a direction rich in
pheromone. This behavior can be explained how ants can find the shortest path that reconnects a line broken by an
obstacle. In Fig. 1 (b). ants are obstructed and they can not continue to go. Therefore, they have to choose between
turning right or left. Half of the ants choose to turn right and the other half choose to turn left. A similar situation arises
on the other side of the obstacle shown m Fig. 1 (c). Ants choosing the shorter path will more rapidly reconstitute the
interrupted pheromone trail compared with those choosing the longer route. Thus, the shorter path will receive a greater
amount of pheromone per time unit and. in turn. lager number of ants will choose the shorter one. Due to this positive
feedback. all the ants will rapidly choose the shorter path shown in Fig. 1 (d). All ants move at approximately the same
speed and deposit a pheromone trail at approximately the same rate. The time consumed on the longer side of an
obstacle is greater than the shorter one. It thus makes the pheromone frail accumulate more quickly on the shorter side.
Ants prefer higher pheromone trail levels causing the accumulation to build up faster on the shorter route.

4. IMPLEMENTATION OF ACO FOR TEP
This section elaborates an application of ACO algorithm to solve TEP. First, the model has to be formulated as the
routes between nest and food source for ACO. For example, a power system consists of 3 buses and 3 branches. Each
branch can choose a number of possible line and the possible right-of-way as shown in Fig. 2. This network can be
graphically translated as the radial routes between nest and food source for ACO as shown in Fig. 3. This model reveals
that the transmission system topology can be constructed by randomly selecting the number of line(s) of each branch,
which is similar to the ant’s route between the nest and food source.
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Fig. 2 Example of power system 3 buses 3 branches. Fig. 3 Simulate model as the routes of ants between nest

and food source.

In general. the procedure of ACO algorithm can be described as follows: s ants are initially positioned at the nest.
Each ant will choose a possible route as a solution. In fact, each ant builds a feasible solution (called a tour) by
repeatedly applying a stochastic greedy search, called, the state transition rule. Once all ants have terminated their tours,
the following steps are performed: The amount of pheromone is modified by applying the global updating rule [8]. [9].
Ants are guided, in building their tours, by both heuristic and pheromone information. Naturally, a link with a high
amount of pheromone is a desirable choice. The pheromone updating rules are designed so that they tend to give more
pheromone to edges. which should be visited by ants. A flowchart of the proposed TEP-ACO and its algorithm is shown
in Fig. 4. The detail of ACO algorithm can be described in the following steps.

SetNC=0 /* NC: Cycle Counter */
For every combination { ?Ji )

Set an nitial value TI-I,- (0) =Tp and A T?-I, =0
Set NC=0. 7 (0) =79, Az; =0 End
Step 2. Construct feasible solutions
™~ Fork=1tom /* m: number of ants */
+ Fori=lton /* n: number of branch*/
y . Choose a level of connection with transition probability
Construct p7 feasible solutions give by Eq. (10)
End
+ Calculate  Objective Function Eq. (1) and Check
C mts Eq. (2-7
Calculate DC Power Flow s ijEfﬂ( )
+ Update the best solution.

5 2 Step 3 Global updating rule
Calculate Objective Function F Pl

For every combinarion (x’j )

+ Fork=1tom
. k .
Check constraints i e thermal limit Eiid ér’f according tokig {12)
generation limit, possible right-of- End
way etc. Update A Ty according to Eq. (11).

+ End

Update the trail values according to Eq. (10).

I Find the best solution I Update the transition probability according to Eq. (8).
+ Step 4. Next search
Set NC =NC+1
NC=NC+1 For every combination (7, j )
Az; =0
No End

Step 3. Termination

I (NC < NCax)
Vg Then
Gotostep 2, Else
Print the best feasible solution
Stop
End

End

Fig. 4 Flow chart of TEP-ACO algorithm.
Step 1. Initialization
(A) State transition rule
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The state transition rule of the ant colony is given in Eq. (8). This equation represents the probability that ant & selects a
link connects bus 7 and bus j :

[fu' (’)]a [’71';' (¢t )]ﬁ

k
P =— (®)
ot 5
Z[rfm(r)] [7?.??11 (f)]
k=1
where 7;; is the pheromone intensity and 7, is the heuristic information between node / and node j . respectively. In

addition. & 1s the relative importance of the trail and £ 1s the relative importance of the heuristic information. The

problem specific heuristic information is:

Ty =— (9

where ¢;; represents the associated cost of constructions transmission lines. Therefore, the level of line with lesser cost

has greater probability to be chosen.

(B) Global updating rule

During the solution comnstruction, it is no guarantee that an ant will construct a feasible solution, which obeys the
reliability constraint. The pheromone updating treats the unfeasible solution. The amount of pheromone, deposited by
ants, 1s set to a high value if the generated solution is feasible. On other hand, this value is set to a low value if it 1s
infeasible. Therefore, this value depends on the solution quality. Infeasibility can be handled by assigning the penalty
which proportion to the amount of reliability violations. In case of feasible solution, an additional penalty is introduced
to improve its quality.

Following the above remarks, the trail intensity is updated as follows:

() =(1-p) 73t -D+Azy (10)

p is a coefficient such that (1— p) represents the evaporation of trail and A7y is:

m
Aty =Y Atk (11
k=1

where m 1s the number of ants and Af,ff is given by:
1 if k™ ant choosespath

ArF= (12)
10 otherwise

5. NUMERICAL RESULTS

The proposed TEP-ACO method was tested on the well-known Garver’s six-bus test system [3]. The Garver system has
6 buses and 15 candidate branches. The total demand is 760 MW and maximum possible number of added lines (right
of way limit) per branch equals four. The optimal planning solution for the Garver’s system is n,6 =4, m35 =1, and
46 = 2. The simulation was made in comparison to GA and TS approaches. All methods are performed 30 trials, under
the same evaluation function and individual definition, in order to compare their solution quality, convergence
characteristic, and computation efficiency. The programs were implemented by MatLab® languages on Intel® Core2
Duo 1.66 GHz Laptop with 2 GB RAM under Windows XP. The statistic results which are performed by 30 trials, such
as the investment cost, standard deviation, computational time and percentage of approaching near optimal solution, are
shown in Table 1.

Table 1: Results of Garver's Six-Bus Test System

Investment Cost (103 Uss) %,Get i
Methods M SD Optimum Used Time
Worst Average Best Cost
GA 7 368 227 200 41.27 53.333 46.686
TS 7 244 218 200 26.56 86.776 36.983
ACO 7 200 200 200 0.00 100 17.620

SD. = Standard Derivation.
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Fig.5. shows the comparative convergence characteristic of the ACO. GA, and TS. Fig.6 shows the distribution outlines
of the best solution of each trial. Almost all investment costs obtained by the ACO method are lower. This verifies that
the ACO method has better quality of solution.

30 208— 2 = =4= =CA
500 : - : 5 ; = . . . ‘
i
450 Em el
2 40 ]
2
-
£ 350 A
%
3
§ 300 g
E
%
B
Z

250

200

150 : 1 : c L c . r .
0 5 10 15 20 25 30 a5 40 45 50

Number of lterations

Fig.5. Convergence characteristic of three methods Fig.6. Distribution of investment cost of three methods

6. CONCLUSION
This paper proposes a novel approach adopting ACO search algorithm to solve TEP problem that works corporately
with the DC power flow model. The proposed method is test with Garver’s six-bus test system which demonstrates
good performance in comparison to the conventional GA and TS methods in terms of less calculation time, quality of
solution and stable-convergence characteristic.
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Taviidumuswianuaniiny 200 10°USS uagimauiinzauiiga
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Read the system data including all the
operational constraints and
Set NC=0,740) =1, A= 0

—

| Construct m feasible solutions |

v

‘ Calculate DC power flow ‘

¥

Calculate objective function and
Check security constraints

v

‘ Find the best solution (mye.) ‘

71 ACO uaz GA.

Global updating rule

NC=NC+I

e a 2 - s
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Method
Results of static TEP

ACO GA
Best cost [ 10" USs) 200 200
Average cost ( 10° US$) 200 227
Waorst cost (10° USS) 200 368
Standard deviation 0 57
Average CPU Time (sec) 17 46
Line addition for the best result nye=dmg=ln =2

M1t 2 ramnadgauizmiinauatisuiy GA HiraAIILAa

Method
Results of static TEP

ACO GA
Best cost (<10 US$) 298 298
Average cost (<10 USS) 02 340
Worst cost (107 USS) 85 615
Standard deviation 16 90
Average CPU Time (sec) 79 132

Line addition for the best result ny =don =l =l =3

91

1a

¥

] 4o P =
3UT 3 nunsznevaailintuiaguszsaaAioniig 30 afe

6. ayl
1
;‘u '
wnamihivauemsud Tuilymminaunueszuy
dahas bihdaisnsmmimnzauigadioisgaa Tasfingan
t3 & ' Ei ¢ o
ANUIUAUeITE LY (N-D) FaflyaminisaamusimPuilandu
& oo = = @ ae - '
Tamlszaad laslFamdisuiuiimadaiugnsse nudms
Y P R = PR v ¥
udflyvideTinsiivaueiiaussousAndr faludmarmgndos
AR 190Y A ud sauuuas s unazaunasi 14 lumswaia
flanduinglszaadoniaisdauadadiodanisii Tl 1duaz i

UszdAntnmsniinin
v =3
1ONA1301984

[1] R. Romero, C. Rocha, M. Mantovani, and J. E. 5. Mantovam, "Analysis
of heunstic algonthms for the transportation medel i static and
multistage planning in network expansion systems," Proc. Inst. Elect.
Eng., Gen., Transm., Diswib., vol. 150, pp. 521-526, Sept. 2003.

[2] L. L. Garver, "Transmussion unetwerk estimation wusing linear
programuung,” JEEE Trans. Power App. Svst., vol. PAS-89, pp. 1688-
1697, Sept.-Oct. 1970.

[3] R. Romero, R. A. Gallego, and A. Monticelli, "Transmission system
expansion planning by sumulated annealing," JEEE Trans. Power Sysi.,
vol. 11, pp. 364-369, Feb 1996.

[4] R. A. Gallego, A. Monticell;, and R. Romero, "Transmission system
expansion planning by an extended genetic algorithm,” Proc. Inst. Elect.
Eng., Gen., Transm., Diswib., vol. 145, pp. 329-335, May 1998.

[5] R. A. Gallego, R. Romero, and A. J. Monticelly, "Tabu search algorthm
for network synthesis," IEEE Trans. Power Svst., vol. 15, pp. 490-495,
May 2000.

[6] M. Dorigo, V. Maniezzo, and A. Colorni, "Ant system: optimization by a
colony of cooperating agents," JEEE Trans. Syst., Man and Cvbernerics,

Parr B, vol. 26, pp. 29-41, Feb. 1996,

¥ .
msdszgnimnsmadmns sy hilih afaiaz @ECON-32) 28-30 garan 2352 uvinendeniiaa




AMARNUIN U

TayauaessuLnagaulWdifiag

92



93

L%

o

1184 6 Ud

2.1 szuunandau Wi

240

o
AINN

%

A 6 174

[

1 sxuumedan Iin



.
R38N 2.1

wanstayairzasninmia i uazinanaesszuumagayTWinnnas 6 1a

Generation (MW)

Bus Demand (MW)
Max. Level
1 150 50 80
2 - - 240
3 360 165 40
4 - - 160
5 - - 240
6 600 545 -
Total 1,110 760 760
ﬁ]’]ﬁ"]\‘lﬁl 9.2

wanstayaszuunaaayWininas 6 1a

Line . .. r X ™ Investment Cost
From-To  n, n; .
No. (p.u) (p.u)  (MW) (10" US$)
1 1-2 1 4 0.10 0.40 100 40
2 1-3 0 4 0.09 0.38 100 38
3 1-4 1 4 0.15 0.60 80 60
4 1-5 1 4 0.05 0.20 100 20
5 1-6 0 4 0.17 0.68 70 68
6 2-3 1 4 0.05 0.20 100 20
7 2-4 1 4 0.10 0.40 100 40
8 2-5 0 4 0.08 0.31 100 31
9 2-6 0 4 0.01875 0.30 100 30
10 3-4 0 4 0.15 0.59 82 59
11 3-5 1 4 0.25 0.20 100 20
12 3-6 0 4 0.12 0.48 100 48
13 4-5 0 4 0.16 0.63 75 63
14 4-6 0 4 0.0375 0.30 100 30
15 5-6 0 4 0.15 0.61 78 61
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wansdayairzasninme iuasinanvesszuumaganWinnngs 18 1ia

Generation Generation
Demand Demand
Bus (MW) Bus (Mw)
(MW) (MW)
Max. Level Max. Level
1 0 0 55 10 750 656 0
2 360 276 0 11 540 0 160
3 0 0 154 12 0 0 190
4 0 0 38 13 0 0 110
5 760 121 0 14 540 508 0
6 0 0 199 15 0 0 200
7 0 0 213 16 495 363 0
8 0 0 88 17 0 0 400
9 0 0 259 18 142 142 0
Total 3587 2066 2066
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AN9199 1.4

Line o w0 X; £ Investment Cost
From-To  n, i 3
No. (p.u) (p.u)  (MW) (10" USS$)
1 1-2 1 4 0.001 0.0176 230 1750
2 1-11 0 4 0.001 0.0102 230 1000
3 2-3 1 4 0.001 0.0384 230 3450
4 3-4 1 4 0.001 0.0404 230 3875
5 3-7 1 4 0.001 0.0325 230 3225
6 4-7 0 4 0.001 0.0501 230 5000
7 4-16 0 4 0.001 0.0501 230 5000
8 5-6 1 4 0.001 0.0267 230 2650
9 5-11 0 4 0.001 0.0153 230 1500
10 5-12 0 4 0.001 0.0102 230 1000
11 6-7 1 4 0.001 0.0126 230 1250
12 6-13 0 4 0.001 0.0126 230 1250
13 6-14 0 4 0.001 0.0554 230 5500
14 7-8 1 4 0.001 0.0151 230 1500
15 7-9 0 4 0.001 0.0318 230 3150
16 7-13 0 4 0.001 0.0126 230 1250
17 7-15 0 4 0.001 0.0448 230 4450
18 8-9 1 4 0.001 0.0102 230 1000
19 9-10 1 4 0.001 0.0501 230 5000
20 9-16 0 4 0.001 0.0501 230 5000
21 10-18 0 4 0.001 0.0255 230 2500
22 11-12 0 4 0.001 0.0126 230 1250
23 11-13 0 4 0.001 0.0255 230 2500
24 12-13 0 4 0.001 0.0153 230 1500
25 14-15 0 4 0.001 0.0428 230 4250
26 16-17 0 4 0.001 0.0153 230 1500
27 17-18 0 4 0.001 0.0140 230 1375

*Auun I UIIa s duAazI&umin 25,000 $US sia 1 km.
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wanstayairzasninme i uasinanaesszuumagayTWinnngs 46 1ia

Generation Generation
Demand Demand
Bus (MW) Bus (MW)
(MW) (Mw)
Max. Level Max. Level
1 0.00 0.00 0.00 24 0.00 0.00 478.20
2 0.00 0.00 443.10 25 0.00 0.00 0.00
3 0.00 0.00 0.00 26 0.00 0.00 231.90
4 0.00 0.00 300.70 27 220.00 54.00 0.00
5 0.00 0.00 238.00 28 800.00 730.00 0.00
6 0.00 0.00 0.00 29 0.00 0.00 0.00
7 0.00 0.00 0.00 30 0.00 0.00 0.00
8 0.00 0.00 72.20 31 700.00 310.00 0.00
9 0.00 0.00 0.00 32 500.00 450.00 0.00
10 0.00 0.00 0.00 33 0.00 0.00 229.10
11 0.00 0.00 0.00 34  748.00 221.00 0.00
12 0.00 0.00 511.90 35 0.00 0.00 216.00
13 0.00 0.00 185.80 36 0.00 0.00 90.10
14 1257.00 944.00 0.00 37 300.00 212.00 0.00
15 0.00 0.00 0.00 38 0.00 0.00 216.00
16 2000.00 1366.00 0.00 39 600.00 221.00 0.00
17 1050.00 1000.00 0.00 40 0.00 0.00 262.10
18 0.00 0.00 0.00 41 0.00 0.00 0.00
19 1670.00 773.00 0.00 42 0.00 0.00 1607.90
20 0.00 0.00 1091.20 43 0.00 0.00 0.00
21 0.00 0.00 0.00 44 0.00 0.00 79.10
22 0.00 0.00 81.90 45 0.00 0.00 86.70
23 0.00 0.00 458.10 46 700.00 599.00 0.00
Total 5977.00 4083.00 3382.90
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Line 0 o r X; ™ Investment Cost
From-To n, n, 5

No. (p.u) (p.u) (MW) (10" US$)
1 1-2 2 4 0.03882  0.1065 270 7076
2 1-7 1 4 0.02245 0.0616 270 4349
3 2-3 0 4 0.00455 0.0125 600 8178
4 2-4 0 4 0.03214  0.0882 270 5965
5 2-5 2 4 0.01181  0.0324 270 2581

6 3-46 0 4 0.00739  0.0203 1800 24319
7 4-5 2 4 0.02063  0.0566 270 4046
8 4-9 1 4 0.03368  0.0924 270 6217
9 4-11 0 4 0.08186  0.2246 240 14247
10 5-6 0 4 0.00455 0.0125 600 8178
11 5-8 1 4 0.04126  0.1132 270 7480
12 5-9 1 4 0.04275 0.1173 270 7732
13 5-11 0 4 0.03335 0.0915 270 6167
14 6-46 0 4 0.00466  0.0128 2000 16005
15 7-8 1 4 0.03728  0.1023 270 6823
16 8-13 1 4 0.04913  0.1348 240 8793
17 9-10 0 4 0.00455 0.0125 600 8178
18 9-14 2 4 0.064 0.1756 220 11267
19 10-46 0 4 0.00295  0.0081 2000 10889
20 11-46 0 4 0.00455 0.0125 600 8178
21 12-14 2 4 0.02697 0.074 270 5106
22 13-18 1 4 0.06579  0.1805 220 11570
23 13-20 1 4 0.03911  0.1073 270 7126
24 14-15 0 4 0.01363  0.0374 270 2884
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max
f

Line o o r X; i Investment Cost
From-To  n, i 5

No. (p.u) (p.u) (MW) (10" US$)
25 14-18 2 4 0.06518 0.1514 240 9803
26 14-22 1 4 0.03061 0.0840 270 5712
27 14-26 1 4 0.06883 0.1614 220 10409
28 15-16 0 4 0.00455 0.0125 600 8178
29 16-17 1 4 0.00284 0.0078 2000 10505
30 16-28 0 4 0.00809 0.0222 1800 26365
31 16-32 0 4 0.01133  0.0311 1400 36213
32 16-46 1 4 0.00739  0.0203 1800 24319
33 17-19 1 4 0.00222  0.0061 2000 8715
34 17-32 0 4 0.00845 0.0232 1700 27516
35 18-19 1 4 0.00455 0.0125 600 8178
36 18-20 1 4 0.07279  0.1997 200 12732
37 19-21 1 4 0.01013  0.0278 1500 32632
38 19-25 0 4 0.01184 0.0325 1400 37748
39 19-32 1 4 0.0071  0.0195 1800 23423
40 19-46 1 4 0.008  0.0222 1800 26365
41 20-21 1 4 0.00455 0.0125 600 8178
42 20-23 2 4 0.08397 0.0932 270 6268
43 21-25 0 4 0.00634 0.0174 2000 21121
44 22-26 1 4 0.02879 0.0790 270 5409
45 23-24 2 4 0.02821 0.0774 270 5308
46 24-25 0 4 0.00455 0.0125 600 8178
47 24-33 1 4 0.06278 0.1448 240 9399
48 24-34 1 4 0.06003 0.1647 220 10611
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Line 0 e r X; £ Investment Cost
From-To n, n; ,
No. (p.u) (p.u) (MW) (10" US$)
49 25-32 0 4 0.01162  0.0319 1400 37109
50 26-27 2 4 0.03032  0.0832 270 5662
51 26-29 0 4 0.01971  0.0541 270 3894
52 27-29 0 4 0.03637  0.0998 270 6672
53 27-36 1 4 0.03335 0.0915 270 6167
54 27-38 2 4 0.07581  0.2080 200 13237
55 28-30 0 4 0.00211  0.0058 2000 8331
56 28-31 0 4 0.00193  0.0053 2000 7819
57 28-41 0 4 0.01235 0.0339 1300 39283
58 28-43 0 4 0.01479 0.0406 1200 46701
59 29-30 0 4 0.00455 0.0125 600 8178
60 31-32 0 4 0.00167 0.0046 2000 7052
61 31-41 0 4 0.01013  0.0278 1500 32632
62 32-41 0 4 0.01126  0.0309 1400 7052
63 32-43 1 4 0.01126  0.0309 1400 35957
64 33-34 1 4 0.04611  0.1265 270 8288
65 34-35 2 4 0.01789  0.0491 270 3591
66 35-38 1 4 0.07217  0.1980 200 12631
67 36-37 1 4 0.03852  0.1057 270 7025
68 37-39 1 4 0.01031  0.0283 270 2329
69 37-40 1 4 0.04669  0.1281 270 8389
70 37-42 1 4 0.07672  0.2105 200 13388
71 38-42 3 4 0.03306  0.0907 270 6116
72 39-42 3 4 0.07399  0.2030 200 12934
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Line 0 e r X; £ Investment Cost
From-To n, n; ,

No. (p.u) (p.u) (MW) (10" US$)
73 40-41 0 4 0.00455 0.0125 600 8178

74 40-42 1 4 0.03397  0.0932 270 6268

75 40-45 0 4 0.08037  0.2205 180 13994

76 41-43 0 4 0.00506  0.0139 2000 17284

7 42-43 1 4 0.00455 0.0125 600 8178

78 42-44 1 4 0.04395  0.1206 270 7934

79 44-45 1 4 0.06794  0.1864 200 11924
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A.1 WAAINANISNARALURITEULNARAU WA NS 6 1d Lans=inAsTU 30 ASY

Trial 1 2 3 4 5 6 7
C; 200 200 200 200 200 200 200
Time (sec.) 10.547 7.031 7.734 10.000 5.859 7.125 3.719
Trial 8 9 10 11 12 13 14
C; 200 200 200 200 200 200 200
Time (sec.) 10.031 5.547 6.688 9.875 8.047 6.953 6.594
Trial 15 16 17 18 19 20 21
C,; 200 200 200 200 200 200 200
Time (sec.) 6.656 13.000 7.141 6.984 6.641 9.094 7.406
Trial 22 23 24 25 26 27 28
C; 200 200 200 200 200 200 200
Time (sec.) 7.844 8.953 9.234 4.469 9.797 7.188 3.938
Trial 29 30
C, 200 200
Time (sec.) 8.031 8.859
Best Cost (C"™") = 200 10° US$
Worst Cost (C™) = 200 10° US$
Average Cost (C{") = 200 10° US$
1 30
Standard Deviation (SD) = \/ Z( r—Cr )P = \/5;(0“ —C; )? =010°US$

1 N
Average Computational Time (t,,, —WZt,

Percentage of Getting the Near Optimum Cost =

i=1

30

Sozt = 7.699

i=1

NOC

——x100 = —x100 =100 %
N 30
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A.2 WAAINANITNARALTRITEULNARAL IWHANANAY 18 11d Lans=yinAsU 30 ASY

Trial 1 2 3 4 5 6 7

C; 40,375 40,375 40,375 40,375 40,375 40,375 40,375
Time (sec.) 73.141 50.578 64.109 72594 50.516 68.516  90.438

Trial 8 9 10 11 12 13 14

C; 40,375 40,375 40,375 40,375 40,375 40,375 40,375
Time (sec.) 49.906 47.063 42.875 65922 50.422 37.203 46.234

Trial 15 16 17 18 19 20 21

C, 40,375 41,375 40,375 40,375 41,375 40,375 40,375

Time (sec.) 39.328 180.422 47.375 92.688 183.203 39.188 49.266

Trial 22 23 24 25 26 27 28

C; 43,875 40,375 40,375 40,375 40,375 40,375 40,375
Time (sec.) 184.547 50.953 48500 60.031 39.266 140.500 59.984

Trial 29 30

C, 40,375 43,575
Time (sec.) 59.969 180.125

Best Cost (C"™") = 40,375 10° US$
Worst Cost (C*™) = 43,875 10° US$
Average Cost (C?) = 40,665 10° US$

) = )2
Standard Deviation (SD) \/ Z(C avg = \/ Z(C avg

= 870.335 10° US$

1 N 1 30
Average Computational Time (t,,, ) = —Zt, =—)> 1, =75495
N i=1 30 i=1

nNoc x100 = %xlOO 86.667 %

N

Percentage of Getting the Near Optimum Cost
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A.3 WAAINANISNARALURITEULNARAL WA 46 11d LaNs=YiNASU 30 ASY

Trial 1 2 3 4 5 6 7

C; 154,420 154,420 154,420 154,420 193,890 154,420 154,420
Time (sec.) 218.930 173.591 173.222 292.575 300.000 106.492 156.000

Trial 8 9 10 11 12 13 14

C; 154,420 154,420 154,420 154,420 154,420 197,854 154,420
Time (sec.) 245207 171.100 230.571 105.974 240.000 300.000 256.252

Trial 15 16 17 18 19 20 21

C, 154,420 154,420 154,420 154,420 173,174 154,420 154,420
Time (sec.) 183.865 237.927 251.636 105.565 300.000 211.988 144.000

Trial 22 23 24 25 26 27 28

C; 154,420 154,420 154,420 154,420 154,420 154,420 154,420
Time (sec.) 297.592 171.044 120.000 286.654 142.390 264.530 196.141

Trial 29 30

C; 200560 154,420
Time (sec.) 300.000 204.097

Best Cost (C"™") = 154,42010° US$
Worst Cost (C*™) = 200,560 10° US$

Average Cost (C?) = 159,346.600 10° US$

2
Standard Deviation (SD) = \/ Z(C avg \/ Z(C avg

= 13,386.643 10° US$

30
Average Computational Time (t,,, ) Zt = 30 Zt = 212.911 sec.
i=1

i=1

N 2
Percentage of Getting the Near Optimum Cost = % 100 3—g><1oo 86.667 %



