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The closest representation of TNEP corresponds to a Mixed
Integer Nonlinear Programming problem that involves
nonlinear functions, as well as continuous and integer
variables. Due to its combinatorial nature, the TNEP is a
highly complex mathematical problem. Simplifications of the
TNEP problem lead to models that can be approached using
classical mathematical programming (Linear Programming,
Non-Linear
Programming,
Mixed
Integer
Linear
Programming, Quadratic Programming and Dynamic
Programming). The TNEP problem can be represented by the
transport model, DC model, hybrid model, disjunctive model
and AC model [1] - [4].

Abstract
This paper presents a mixed integer nonlinear programming
approach for solving The Transmission Network Expansion
Planning (TNEP) problem through a hybrid genetic algorithm.
The TNEP determines the set of new circuits required in an
electrical power system to attend future energy demand at a
minimum cost. In its classic version, it only considers as
candidate solutions the addition of new lines and transformers.
The main contribution of this work is the inclusion of
nonconventional candidate solutions which include are
repowering of existing circuits and shunt compensation. Also
an AC modeling of the network that allows obtaining more
realistic results has been considered. Results on the IEEE 24bus test system show the applicability and effectiveness of the
proposed approach.

The TNEP problem consists of determining the new elements
that must be added to the power system to meet the future
demand at the lowest possible cost. The classic version of the
TNEP problem only considers the addition of new circuits to
the system (lines and transformers). However, the acquisition
of right of ways or corridors for new transmission lines is
increasingly difficult and expensive, mainly due to
environmental restrictions and social problems. Within this
context, the implementation of unconventional solution
candidates to the TNEP such as circuit repowering and
capacitor placement has become attractive to power system
planners.

The solution methods applied to the TNEP problem can be
classified into three large groups: methods based on classical
mathematical programming, heuristic techniques and
metaheuristic techniques. Within the latter, the most widely
used are Genetic Algorithms (GA) [5] - [7], Taboo Search
(TS) [8], and Particle Swarm Optimization (PSO) [9].
Although a bunch of methodologies have been proposed in the
technical literature to address the TNEP problem, few studies
consider the possibility of incorporating unconventional
solution candidates. In this regard, there are studies that have
separately considered the inclusion of series compensation
[10],
shunt
compensation
[11],
repowering
and
reconfiguration of existing circuits [12] - [14], change in
voltage levels and technology of conductors in certain circuits
[15]. Furthermore, another aspect that has gained relevance in
the evolution of the models is the integration of the previously
mentioned solution techniques with new methodologies, to
consider aspects of electricity markets [16], financial and
economic evaluation [17], regulatory mechanisms [18], smart
grids [19], generation with renewable resources [20], and
demand response [21] among others.

Numerous studies have been reported in the technical
literature regarding the TNEP problem. A quick search in
databases reveals several thousand of papers published on the
subject since 1970. The main reason for this high number of
publications is due to the variations in the models and
optimization methods implemented for the TNEP solution.

In this sense, the main contribution of this work is the
modeling of unconventional solution candidates to the TNEP
problem which includes repowering of existing networks and
location of compensation elements considering an AC model
of the transmission network. The results obtained when
including this type of candidate solutions show that it is

Keywords: Black start, power systems, start-up sequence,
optimization.

I. INTRODUCTION
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The elements of vectors P(V, θ, n) and Q(V, θ, n) are given by

possible to explore a broader set of solutions and, eventually,
contribute with lower-cost expansion options for the TNEP
solution. The solution method is a hybrid GA-TS
implemented in the IEEE 24-bus test systems that proved to
be effective for solving the TNEP problem.

equations (10) and (11), respectively.
Pi (V, θ, n) = Vi ∑ Vj [Gij (n)cosθij + Bij (n)sinθij ]

(10)

j∈N

II. MATHEMATICAL MODELING
The compact mathematical formulation of the TNEP is given
by equations (1) - (9). In this case, the AC model of the
transmission network is used. A detailed description of the
model can be found in [4].

Q i (V, θ, n) = Vi ∑ Vj [Gij (n)sinθij − Bij (n)cosθij ]

(11)

j∈N

Where i, j ∈ N are indices representing the buses of the system
and N is the set of all buses; i-j represent the circuit between
bus i and j . θij = θi − θj represents the angular difference
between bus i and j. The details of obtaining elements of the
admittance matrix (G and B) can be consulted in [4].

Min v = c T n

(1)

P(V, θ, n) − PG + PD = 0

(2)

Q(V, θ, n) − Q G + Q D = 0

(3)

PG ≤ PG ≤ ̅
PG

(4)

A GA hybridized with a TS was developed to solve the TNEP
problem. The details of the proposed methodology are
presented below.

̅G
Q G ≤ QG ≤ Q

(5)

III.I Codification

̅
V≤V≤V

(6)

(N + N 0 )S from ≤ (N + N 0 )S̅

(7)

(N + N 0 )S to ≤ (N + N 0 )S̅

(8)

0 ≤ n ≤ n̅

(9)

Sujeto a:

III. METHODOLOGY

Figure 1 illustrates the 6-bus Garver system, while Figure 2
depicts a candidate solution for this power system. The
candidate solution is an array which size is the number of
corridors plus the number of buses available for compensation
and the number of reconfiguration options.

n integer and θ unbounded

Where c and n represent the vector of circuit costs that can be
added to the network and the vector of added circuits,
respectively; N and N 0 are diagonal matrices that contain the
vector n and the existing circuits in the base configuration,
respectively; v is the investment cost due to the addition of
circuits to the networks; n̅ is the vector that contains the
maximum number of circuits that can be added; θ is the vector
of the phase angle. PG and Q G are the vectors of generated
active and reactive power. PD and Q D are the vectors of the
active and reactive power demand; V is the vector of voltage
̅ G and V
̅G , Q
̅ are the maximum limits
magnitudes; P
(represented as vectors) of active and reactive power
generation as well as voltage magnitudes; similarly PG , Q G
and V represent the minimum limits of the same variables.
S from , S to and S̅ are the vectors of the apparent power flow in
the branches, in both terminals and their limits.

Figure 1. Topology of the 6-bus Garver system
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Figure 2. Illustration of a solution candidate for the 6-bus Garver system

The Garver system allows a maximum of 5 lines per corridor.
According to the aforementioned codification, Figure 2
indicates an inductive series compensation in corridor 1-2,
two new circuits for corridor 1-4, repowering of the existing
line in corridor 2- 4, a capacitive series compensation in
corridor 3-5, a new line in corridor 4-6, a 3-step capacitive
compensation at node 2, a 1-step capacitive compensation at
node 5 and the activation of reconfiguration options 2 and 3.

Rights of ways or corridors:


LNmax, indicates the maximum number of lines per
corridor in parallel.
(LNmax + 1), indicates the repowering of the
existing circuits (base topology).



(LNmax + 2), indicates
compensation location.

a

capacitive

series



(LNmax + 3),
compensation.

an

inductive

series

indicates

It is worth to mention that the objective function is the
installation costs of all the aforementioned elements in the
network.

Shunt compensation:


III.II Tabu hybridation

This section of the candidate solution comprises the
nodes available for shunt compensation. The bit
indicates the number of steps in the bank. This can
range from a negative value (inductive
compensation), to a positive value (capacitive
compensation).

A hybrid GA-Tabu Seach is proposed to find high-quality
solutions for the TNEP problem. In this case, the Tabu search
replaces the mutation state of the GA. The Tabu Search
incorporates a short-term memory, which stores neighbors of
the current candidate solution so as not to repeat them in
certain stages of the process, unless a specific aspiration
criterion is met. In this case, two Tabu Lists (TL) were used:
one for the section of the individual that corresponds to the
corridors, and another one for the compensation in derivation.

Reconfiguration options


Network reconfiguration options are located in the
last section of the candidate solution. Such options
have previously been evaluated and considered as a
possible expansion option. When the bit goes from 0
to 1, it indicates that the corresponding
reconfiguration option is active on the network.

Figure 3 illustrates how the TL for corridors is constructed. It
stores each of the bits that are visited until a MaxTL size.
When a bit is visited, it goes through all the possible values
that it can take and the one that generates the best objective
function for the individual is identified. The purpose of this
TL is to remember the bits visited and not to repeat them
while the process is complete.

Figure 3. TL for corridors.
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Figure 4. TL for shunt compensation

said individual. Then tournament selection and recombination
are performed. The best individual goes to the mutation state,
which in this case is the TS. The best individual obtained from
the TS is compared with the current incumbent and replaces it
if it is better.

The construction of the TL for shunt compensation is
illustrated in Figure 4. This shows all possible values that the
bits corresponding to the nodes established for the shunt
compensation location can take. In this case, the TL is a
binary array, as many possible values are visited the TL is
restricted to a maximum size.

After verifying the best solution, a process is added in which
the number of times that the same value of the incumbent has
been repeated “p” generations is verified. If "p" is completed,
an initial population is generated again as indicated in the
diagram. This process allows that when the algorithm detects
that its initial population is homogenizing (possibly
converging to a local optimum), the possible solutions for
TNEP are diversified through a new population.

A TL for reconfiguration was not considered. The mutation
process is randomly performed considering one of three
options: 1) new lines or corridors, 2) shunt compensation
allocation and 3) reconfiguration.
Figure 5 depicts the flowchart of the proposed methodology.
It starts with a feasible candidate solution or individual,
followed by the construction of an initial population based on

Figure 5. Flowchart of the proposed hybrid GA
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Figure 6. Result for IEEE 24-bus test system
Figure 8, at a cost of US $ 319 x 106 . Figure 8 illustrates the
solution implemented. This indicates the addition of two
circuits in corridor 6-10, and the addition of a circuit in
corridors 1-3, 3-24, 7-8, 9-11, 10-11 and 11-13.

IV. TESTS AND RESULTS
To show the applicability of the proposed approach several
tests were performed with the IEEE 24 bus test system.
Considering competitive cost for non-conventional solution
candidates as indicated in [22] the GA obtains the solution
illustrated in Figure 6, with a cost of US$ 108 x 106 .
Figure 7 illustrates the solution implemented in the IEEE 24bus test system. This indicates the repowering of the existing
circuits in corridors 7-8 and 11-13, the addition of 2 circuits in
corridor 6-10, capacitive series offsets in corridors 3-24 and 911, and the location of a capacitive shunt compensation at
node 3 of 5 steps.

Figure 8. Representation of the solution obtained considering
a high cost for unconventional solution candidates.

Figure 9 presents a possible TNEP solution that considers the
reconfiguration of existing circuits as an unconventional
expansion candidate. The cost associated with this solution is
US $ 117 x x 106 . This indicates the repowering of the
existing circuits in corridors 7-8 and 11-13, the addition of 2
circuits in corridor 6-10, capacitive series compensations in
corridors 3-24 and 9-11, the location of a compensation in
capacitive bypass in node 3 of 5 steps and finally the
reconfiguration of the existing circuit in corridor 4-9 with
node 5 (reconfiguration option 3), generating a new circuit for
corridors 4-5 and 9-5.

Figure 7. Representation of the solution obtained with the
IEEE 24-bus test system considering competitive costs of
unconventional candidate solutions.

Considering a higher price for unconventional candidates as
presented in [22], the GA obtains the solution presented in
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