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Abstract

This paper presents a metaheuristic approach to solve the transmission network expansion

planning (TNEP) problem considering non-conventional solution candidates. The TNEP consists on

finding the set of new elements required in a power system to meet a given future demand at a

minimum cost. The TNEP traditionally considers as candidate solutions the addition of new lines and

transformers. The main contribution of this work is the inclusion of non-conventional solution

candidates. Such non-conventional solution candidates are namely: repowering of existing circuits

and reactive shunt compensation. Also, an AC modeling of the network that allows obtaining more

realistic results than the traditional DC model has been considered. The TNEP is represented by means

of anonlinear mixed integer programming problem which is solved through a hybrid genetic algorithm

(HGA). Several tests were performed on two benchmark power systems to show the applicability and

effectiveness of the proposed approach.

Key Words: Transmission Network Expansion Planning, Non-conventional Solution Candidates,

Genetic Algorithms, Greedy Randomized Search Procedure

1. Introduction

Transmission network expansion planning (TNEP)
consists on determining the new circuits that must be
added to a power systems in order to meet a forecasted
demand at the minimum possible cost [1,2]. In its classi-
cal version, the TNEP only considers the addition of new
lines and transformers. However, new environmental con-
straints have made more difficult and costly the acquisi-
tion of rights of ways to expand the transmission net-
work. In this context, the implementation of non-con-
ventional solution candidates to the TNEP such as re-
powering, reconfiguration and allocation of reactive power
devices has gain major attention of researchers and sys-
tem planners [3].
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The most approximate representation of the TNEP
problem corresponds to a mixed integer nonlinear pro-
gramming (MINLP) problem. Such representation in-
volves nonlinear constraints such as power flows in lines
and power balance equations, as well as a mix of integer
and real variables such as the number of lines to be added
in a corridor or the power flow on a circuit, respectively
[1]. The TNEP has proven to be a challenging problem
since it is non-convex and multi-modal (it might have
several optimal and quasi-optimal solutions); therefore,
linearized versions of the TNEP have been proposed,
turning the original MINLP into a mixed integer linear
programming (MILP) problem which can be solvable by
commercially available software [3].

Solution approaches to the TNEP problem can be
broadly classified in two groups: classical mathematical
programming, and metaheuristic techniques. The first
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group includes techniques such as linear programming
[1], mixed integer linear programming [2], dynamic pro-
graming [4], Benders decomposition [5] and branch and
cut methods [6]. Within the second group some of the
most commonly used are: genetic algorithms [7], tabu
search [8], simulated annealing [9] and differential evo-
lution [10].

The main feature of classical mathematical pro-
gramming approaches is that, under convexity condi-
tions, they are able to find global optimal solutions. Nev-
ertheless, they are usually time-consuming, especially
when addressing large-scale systems. To apply a classi-
cal mathematical programming approach to the TNEP
problem, this one has to be converted into a set of linear
equations losing information regarding the real state of
the system. As regards metaheuristic techniques, these
methods are easy to implement and do not require a
linearization of the power system model. Furthermore,
power system analysis such as power flows, optimal
power flows or stability studies can be carried out using
independent software and then be fed into the optimiza-
tion method. Nevertheless, a common critique of meta-
heuristic techniques is the fact that they do not guaran-
tee the global optimality of the solutions found, and
they also depend on the settings of several parameters.
A more detailed classification of models and solution
techniques applied to the TNEP problem can be con-
sulted in [11-13].

Although there are many studies regarding the TNEP
problem, the inclusion of non-conventional solution can-
didates has not been studied in depth. Regarding this is-
sue, only few studies have approached separately the in-
clusion of series and shunt compensation as well as re-
powering and reconfiguration of existing circuits [3]. In
this sense, the main contribution of this paper is the con-
sideration of non-conventional solution candidates to the
TNEP problem (repowering of existing circuits and opti-
mal allocation of shunt compensations), considering an
AC modeling of the transmission network. Several tests
were performed on the 6-bus Garver System and the
IEEE 24 bus power test system showing the applicability
of the proposed model and solution technique. Results
show that the inclusion of non-conventional solution can-
didates allows exploring a larger search space and find-
ing less expensive expansion plans.

2. Mathematical Modeling

A compact mathematical model of the AC TNEP is
given by (1)-(9). A detailed description of this model can
be consulted in [14]. In this case ¢ and # are the vectors of
cost and number of circuits to be added to the network,
respectively. The objective function given by (1) con-
sists on minimizing the total cost of the expansion plan
expressed as v. Equations (2) and (3) are the active and
reactive power balance constraints. P(v, 0, n) and Q(v, 6,
n) are the net active and reactive power injections, re-
spectively; where 0 and v are the set of voltage angles
and magnitudes, respectively. Pg, O, Pp, and Qp are the
active and reactive generation and demand, respectively.
Equations (4) and (5) represent the limits of active and
reactive power generation, respectively. Equation (6) re-
presents the limit of voltage magnitudes. Equations (7)
and (8) are the power flow limits on new and existing
lines; in this case N and N° are diagonal matrixes that
contain vector n (new circuits) and the existing circuits
in the base case, respectively. Finally, equation (9) stands
for the limits of new circuits to be added to the network.

Minv=C"n (1)
Subject to

P(V,0,n) - Pg+Pp=0 )
OV, 0,n)— Qg+ 0p=0 (3)
P, <P; <P, )
0, <0; <0, (5)
V<V<V (6)
(N+NS"™ <(N+N°S (7)
(N+N")S” <(N+N"S (8)
0<0<7n 9)

When using an AC representation of the network the
model given by (1)—(9) corresponds to a MINLP pro-
blem. These types of problems are better handled by
metaheuristic techniques than by conventional mathe-
matical programing [15,16]. In this case a hybrid ge-
netic algorithm (HGA) is proposed and described in the
next section.
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3. Solution Approach

The solution approach to the model given by (1)—(9),
including repowering and allocation of shunt compensa-
tion as non-conventional solution candidates, is descri-
bed in this section. In this case a HGA, that includes a
greedy randomized search procedure GRASP as a muta-
tion strategy was proposed. The mutation stage of a GA
is in charge of providing diversification and allows the
algorithm to eventually scape from local optimal solu-
tions. The proposed approach takes advantage of this
stage to introduce a local search. Along with a heuristic
to find the initial solution candidates, the GRASP muta-
tion is the distinctive feature of the proposed HGA.

3.1 Problem Codification

Figure 1 depicts the codification of a candidate solu-
tion (or individual) for the 6 bus Garver system depicted
in Figure 2. Note that an integer number is assigned in
every entry of the vector. In this case the maximum num-
ber of new transmission lines in each right of way or cor-
ridor is 5; therefore, if a given entry of the vector is 6 it

Shunt
Corridor (right of way) Compensation
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12 13 14 15 16 2-3 24 2-5 2-6 34 3-5 36 4-5 46 56 N2 N4 N5
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Figure 1. Example of solution candidate for the Garver system.
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Figure 2. Illustration of the Garver system (base case).

indicates that the corresponding line must be repowered.
Note that the individual depicted in Figure 1 indicates
repowering in corridors 1-2 and 2-4 plus the adding of 4
lines in corridor 3-5, 1 line in corridor 2-3 and 3 lines in
corridor 1-4. On the other hand, the last three elements of
the vector are associated with nodes N2, N4 and N5
where it is possible to install shunt compensation. A num-
ber different than zero in these entries, indicates a shunt
compensation. For simplicity purposes the number indi-
cates the steps of 20 Mvars compensation. In this case 60
Myvars are installed in bus N2 and 20 Mvars in bus N5.

3.2 Fitness Evaluation

Every candidate solution has an associated cost. In
the proposed HGA this cost is referred to as the fitness of
the individual (or solution candidate). Once a given num-
ber of solution candidates are proposed, their associated
costs (fitness) are evaluated. The fitness function must
also consider the cost of non-conventional solution can-
didates and the cost of non-serve demand.

3.3 Initial Population

A constructive heuristic, depicted in Figure 3, was
designed to produce the initial population. Such heuris-
tic starts introducing new elements in the allowed right
of ways to form different candidate solutions though
random movements.

3.4 Tournament Selection

The tournament selection process consists of taking
two individuals from the initial population, evaluating
their fitness function and determining which of them cor-
responds to the least expensive expansion plan. Later
this individual is admitted to a new population. The num-
ber of tournaments held is “k”. This process is illustrated

Feasible

solution Initial population

[Heuristic] > 11—

Random —> 2
Movement _|—> SIC——1
M -

n—— 1]

Figure 3. Illustration of the constructive heuristic for the ini-
tial population.
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in Figure 4. The same individual may eventually partici-
pate in more than one tournament. However, the proba-
bility of this happening is low since only two individuals
are taken per tournament, and the value of “n” (size of
the initial population) is higher respect two.

3.5 Recombination

The recombination process is carried out starting
from the new population generated in the previous step.
This one consists on generating two new individuals
from two parents as illustrated in Figure 5. In this case,
recombination is done in a single point selected at ran-
dom. Recombination is performed k/2 times, generating
anew recombined population of size k.

3.6 GRASP Mutation

In genetic algorithms, the mutation operator has the
property of making an alteration to an individual that co-
mes from the recombination process. In the proposed
HGA, the alteration made by the mutation operator is an
intensification of the search from a feasible candidate so-
lution. Such intensification is carried out through a GRASP
procedure. The mutation process consists on performing
a local search, which explores better solutions for each
generation of the HGA. In this case, the value of each
one of the bits from left to right is modified, the process
is illustrated in Figure 6, and described in detail below.

Before starting the local search, the objective func-
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Figure 4. Tournament selection.
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Figure 5. Illustration of the recombination stage.

tion (or fitness function) of the current vector (individ-
ual) is evaluated and this information is stored as a refer-
ence. Additionally, an operator “w” is defined which
takes the values w = {1, 2, 3}. The first value indicates
the reduction of a line in the corridor that is being evalu-
ated. The second value indicates the addition of a line; fi-
nally, the third value indicates the repowering the corri-
dor that is being evaluated (if there are existing circuits
in the base case). In each of the bits of the vector (except
from those corresponding to the capacitors) the operator
“w” is evaluated. In the case of shunt compensation, the
value of the bit is replaced by a random integer number
in the range between 0 and 5 (maximum steps of the ca-
pacitors bank).

3.7 General Outline of the HGA

An illustrative diagram of the HGA is presented in
Figure 7. The algorithm begins with the construction of a
feasible individual by means of a constructive heuristic
algorithm, followed by the generation of the initial popu-
lation, starting from the aforementioned individual. Then,
the selection by tournaments is made and the recombina-
tion process is executed. The best individual of the re-

mmn
1-2 13 14 15 16 2-3 2-4 25 26 34 35 3-6 45 46 56 N2 N4 N5
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Figure 6. Illustration of the GRASP stage (mutation).
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Figure 7. Flowchart of the GRASP metaheuristic.
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combined population goes to the mutation operator, where
a local search is performed (GRASP). The individual ob-
tained after the mutation process is compared with the
best solution found so far (incumbent). If the new indi-
vidual is better, the incumbent is updated.

The process executed by the HGA ends when the
number of generations that were established as an initial
parameter to the algorithm is completed. To improve the
quality of the initial population, after the mutation pro-
cess, the individual obtained is compared with those ex-
isting in the initial population and if this one improves
the population, it is replaced by the worst one.

4. Tests and Results

The proposed methodology was tested with the 6-
bus Garver system and the IEEE 24 bus test system. In
order to calibrate the settings of the HGA several runs
were made, modifying the size of the initial population,
the number of tournaments and the probability of muta-
tion. The adjusted data, through a sensitivity analysis,
that yielded the best results are presented in Table 1. In
this case, satisfactory results were found with the same
parameters for both test systems. However, it is impor-
tant to mention that the process of parametrizing meta-
heuristic techniques can vary from one system to another.
The results obtained with the HGA were contrasted and
validated with results reported in the technical literature.
The first validation case was done with the original pub-
lication of Garver [17]; the second validation case was
made with the same system, but adopting the network
modifications proposed in [18].

4.1 Results with the Garver System

Initially, to reproduce the results reported in [17],
the non-conventional solution candidates are penalized
with a high cost (see [19] for details). Figure 8 illus-
trates the best solution obtained by proposed HGA.

Table 1. Settings of the implemented HGA

Parameter Value
Initial population (n) 100
Number of tournaments (k) 100
Mutation probability 50%
Number of generations 2000

This solution coincides with the one reported in [17]. In
this case the addition of 1 line in 3-5, 4 lines in 2-6 and 2
lines in 4-6 are indicated, with a cost of US $ 200. Fig-
ure 9 depicts the power system with the implemented
solution.

In a second test, competitive costs are assumed for
non-conventional candidates (see [19] for details). The
results obtained are illustrated in Figure 10. The solution
vector indicates the repowering of the existing circuit in
3-5, the addition of 4 lines in 2-6 and 2 lines in 4-6, at a
cost of US § 190. Figure 11 illustrates the power system
with the solution implemented. It can be seen that for this
first validation case the inclusion of non-conventional
solution candidates in the TNEP problem leads to a cost
reduction of US $ 10. In this case, the solution does not
contemplate the addition of shunt capacitors.

A second validation case was carried out adjusting
system data as indicated in [18] and [20]. Initially a high
cost of non-conventional solution candidates is consid-
ered, reaching the same results reported in [18] and [20].
This solution is illustrated in Figure 12. In this case it is

1-2 13 1-4 15 16 2-3 24 25 26 3-4 35 36 45 46 56 N2 N4 N5
[1]o]«]1fofr]1]oJ4fof2]ofof2fo]of0]0]

Figure 8. Expansion plan considering high cost of non-con-
ventional solution candidates (first validation case).

240 mw

80 MW@

Figure 9. Illustration of the expansion plan considering high
cost of non-conventional solution candidates (first
validation case).
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necessary to add 2 lines in 3-5, 2 lines in 2-6 and 2 lines
in 4-6, for a cost of US $ 160. Figure 13 illustrates the
power system with the implemented solution.

Subsequently, competitive costs are considered for
non-conventional candidates (see [19] for details), ob-
taining the solution illustrated in Figure 14, which indi-
cates 1 repowered circuit in 3-5, adding 2 lines in 2-6, 1
line in 4-6, 1 bank of 2-step capacitors (40 Mvar) in node
4 and 1 bank of 1-step capacitor (20 Mvar) in node 5, for
acostof US $ 106. Figure 15 illustrates the power system
with the solution implemented. In this case, a cost reduc-
tion of US $ 54 is obtained due to the implementation of
non-conventional solution candidates.

4.2 Results with the IEEE 24-bus Test System
As previously mentioned, the data of this system can

12 1-3 1-4 1-5 1-6 2-3 2-4 2-5 2-6 3-4 3-5 3-6 4-5 4-6 5-6 N2 N4 N5
[t f[ofr[rJofr[1of4ofe[ofof2[0fofo]0]

Figure 10. Expansion plan considering competitive costs of
non-conventional solution candidates (first valida-
tion case).

240 mw

®

80 mw @

T©
160 mw

Figure 11. Illustration of the expansion plan considering com-
petitive cost of non-conventional solution candi-
dates (first validation case).

1-2 1-3 1-4 1-5 1-6 2-3 2-4 2-5 2-6 3-4 3-5 3-6 4-5 4-6 5-6 N2 N4 N5
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Figure 12. Expansion plan considering high cost of non-con-
ventional solution candidates (second validation
case).

be consulted in [3]. For the repowering of lines, a relative
cost is assumed equal to half the cost of installing new

240 mw

80MW®

—> 240mw

Figure 13. Illustration of the expansion plan considering high
cost of non-conventional solution candidates (sec-
ond validation case).

12 1-3 1-4 1-5 1-6 2-3 2-4 2-5 2-6 3-4 3-5 3-6 45 4-6 5-6 N2 N4 N5
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Figure 14. Expansion plan considering competitive cost of
non-conventional solution candidates (second vali-
dation case).

240 Mmw 80 MW @

T

20 Mvar

Figure 15. Illustration of the expansion plan considering com-
petitive cost of non-conventional solution candi-
dates (second validation case).
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circuits. Additionally, in each of the corridors a maxi-
mum of 3 lines is allowed (see [19] for details).

Initially, high costs are assumed for non-conventional
solution candidates. Figure 16 illustrates the best solu-
tion obtained. In this case, the addition of 1 line is indi-
cated in corridors 3-24, 12-13, 14-23, 15-16 and 15-24, 2
lines in corridors 6-10 and 7-8, for a total cost of US $
362 Million. The results are consistent with those re-
ported [17,18]; especially with respect to the corridors in
which the proposed HGA adds new transmission lines.
The lack of accuracy of the results obtained for this sys-
tem, with respect to the publications mentioned above, is
mainly due to differences in the AC/DC model. Figure
17 illustrates the power system with the solution imple-
mented.

Subsequently, competitive costs are assumed for non-
conventional solution candidates, obtaining the result il-
lustrated in Figure 18. This indicates the repowering of
the existing circuits in 2-4, 3-24, 7-8,9-12, 11-13, the ad-
dition of 1 line at 6-10, the location of a 5-step capacitor
bank (100 Mvar) at nodes 3 and 10, and the location a
3-step capacitor bank (60 Mvar) in node 8, at a cost of
US $ 149.5 Million. Figure 19 illustrates the power sys-
tem with the solution implemented. It can be seen that
considering non-conventional solution candidates in the
TNEP problem leads, in this case, to a cost reduction
equivalent to US $ 212.5 Million.

The summary of results obtained by the HGA for the
6-bus Garver system and the IEEE 24 bus test system are
presented in Table 2. This shows when the expansion
plan considering competitive cost of non-conventional
solution candidates, the results for TNEP problem are
better than the results obtained for the typical solutions
(addition of new lines and transformers — high cost of

non-conventional solution candidates).
5. Conclusions

This paper presented a new model and solution ap-
proach to the transmission network expansion planning
problem. The main contribution of this work is the intro-
duction of non-conventional solution candidates, namely:
repowering of existing circuits and optimal allocation of
shunt compensations. In addition, the use of an AC mo-
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Figure 17. Illustration of the expansion plan considering high
cost of non-conventional solution candidates.
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Figure 16. Expansion plan considering high cost of non-conventional solution candidates.
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Figure 18. Expansion plan considering competitive cost of non-conventional solution candidates.
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Figure 19. Illustration of the expansion plan considering com-
petitive cost of non-conventional solution candi-
dates.

Table 2. Summary of results obtained by the HGA

del to represent the network allows a closer look at real
phenomena of electric power systems.

The inclusion of non-conventional solution candi-
dates in the TNEP problem allows exploring a larger set
of possible solutions and finding new alternatives for ex-
pansion plans that involve lower costs, compared with
those obtained by considering only traditional solution
candidates (new lines and transformers). The HGA showed
satisfactory results, finding and improving the solutions
for the TNEP problem that have been previously reported
in the technical literature.

Future work will consider other aspects of the TNEP
problem, such as new non-conventional solution can-
didates, reliability, changes in voltage levels, voltage
stability, and also the use of other metaheuristic techni-
ques.
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Hybrid GA

First Validation Case — Garver System

Second Validation Case — Garver System
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conventional solution

Competitive cost of non-
conventional solution
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=4 =4 =2 =2
Nye=2 Nye=2 Nye=2 nge=1
N, =40 Mvar
N5 =20 Mvar

IEEE 24-bus System
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