
Electrical Engineering (2018) 100:2765–2777
https://doi.org/10.1007/s00202-018-0744-2

ORIG INAL PAPER

Efficient hybrid algorithm for transmission expansion planning

E. J. De Oliveira1 · C. A. Moraes1 · L. W. Oliveira1 · L. M. Honório1 · R. P. B. Poubel2

Received: 9 May 2018 / Accepted: 19 September 2018 / Published online: 1 October 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
This work presents an efficient hybrid algorithm (EHA) that consists of a search space reducer (SSR) and a modified bat-
inspired algorithm (MBA) to solve the transmission network expansion planning (TNEP). The contribution of the proposal
is to consider, at the same time, the security constraints criterion ‘N −1’, load scenarios and network losses to give a more
comprehensive approach in an efficient manner, which allows applying the EHA to large-scale real system. Discrete variables
in the TNEP are handled by the MBA, and an optimal power flow is used to evaluate the fitness function as well as planning
options. By using the SSR to define the initial candidate set for the MBA, the solution search space is reduced improving the
computational performance of the proposed MBA. To validate the proposed method and show its efficiency in comparison
with others in the literature, tests are conducted on Garver and IEEE 24-bus test system, in addition to an equivalent Brazilian
system.

Keywords Transmission expansion cost · Modified bat algorithm · Search space reducer · Security constraints ‘N −1’ · Load
scenarios · Network losses

List of symbols

Sets and subscripts

E Set of branches with existing transmission lines
C Set of branches with candidate transmission lines
F Set of branches with fictitious transmission lines
L Set of operational conditions, including the base case

and contingencies
S Set of load scenarios
B Set of load buses
Z Set of generation buses
Rij Set of candidate reinforcements for branch ij
Eij Set of existing transmission lines of branch ij
Fij Set of fictitious transmission lines of branch ij
�Ei Set of existing lines connected to bus i
�Ci Set of candidate lines connected to bus i
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NL Number of operational conditions, including the base
case and contingencies

NS Number of load scenarios
NC Number of candidate transmission lines
Npg Number of active power generation buses
Npd Number of buses with active power deficit
NB Number of system buses
u Index for load scenario
c Index for operational condition
k Index for existing or reinforcement transmission line

Variables

pgi,u,c Active power generation at bus i (MW), load
scenario u and operation condition c

pdi,u,c Active power deficit at bus i (MW), load sce-
nario u and operation condition c

EPk,ij Expansion parameter for reinforcement k in
branch ij, which is a binary variable 0/1

θ ij,u,c Angular difference between terminal buses i
and j at scenario u and operation condition c

SI1 k , SI2k Sensitivity indices for candidate line k
fEk,u,c Active power flow (MW) of existing trans-

mission line k in branch ij, at scenario u and
operation condition c
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fCk,u,c Active power flow (MW) of candidate trans-
mission line k for branch ij, at scenario u and
condition c

fFk,u,c Active power flow (MW) of fictitious line k for
branch ij, at scenario u and condition c

Parameters

pu Probability of scenario u
dci Specific deficit generation cost at bus i

($/MW)
pci Specific generation cost at bus i ($/MW)
pgmin

i , pgmax
i Inferior and superior limits of pgi,u,c (MW),

respectively
di,u,c Demand at bus i (MW) load scenario u and

operational condition c
fEmax

k Active power flow limit of an existing trans-
mission line k (MW)

fCmax
k Active power flow limit of a candidate trans-

mission line k (MW)
cek Investment cost of a candidate transmission

line k ($)
bk Susceptance of line k
γ k Susceptance of fictitious line k, considered as

0.001 per unit (pu)
gk Conductance of line k

Parameters of MBA

in An individual or virtual bat
xin Position of each individual or virtual bat
f in Frequency of each individual or virtual bat
v Mean sound propagation speed (360 m/s)
v* Speed of the receiver (current optimal solution)
vin Speed of an individual or virtual bat
η Population size
f Din Apparent frequency with the Doppler effect of bat
t Iteration index
xt* Position of the best bat at iteration t
xCin Continuous position value of bat
Ain Sonic pulse amplitude
rin Sonic pulse rate
tmax Maximum number of iterations
xlim Boundary of the search space

1 Introduction

The goal of the transmission network expansion planning
(TNEP) is to determine the optimal number and place of
transmission reinforcements that meet the power supply to

the consumers during a given horizon, with adequate condi-
tions and at the lowest possible cost.

The classical TNEP optimization problem has the follow-
ing characteristics: (a) a nonconvex solution space, that is,
several solutions, which leads many algorithms to converge
toward a local optimal point; (b) combinatorial nature related
to the investment alternatives, resulting in a high compu-
tational effort; (c) the existence of disconnected electrical
systems and isolated buses and (d) the existence of nonlinear
constraints and integer variables. Therefore, the TNEP solu-
tion is hard and requires nonconvex mathematical models
and mixed-integer nonlinear programming (MINLP).

Thus, the use of some optimization packages such as
CPLEX (Copyright© IBM Corp.), Gurobi (Copyright©

Gurobi Optimization INC.), LINGO package (Copyright©

LINDO SYSTEMS INC.) and others is limited to small test
systems and sometimes neglects active transmission losses,
mainly due to previous items (b) and (c). This discussion is
better addressed in [1, 2].

The aforementioned features make the TNEP problem
hard to be solved, and many studies [1–4] have been per-
formed since the first work in the 70s [5].

There are different approaches for solving the TNEPprob-
lem that use linear or nonlinearmodeling.Although the linear
optimizationmethods have beenwidely used, nonlinearmod-
els have also been applied to represent aspects such as active
transmission losses [2, 6].

Analytical approaches based on Benders decomposition
allow including security constraints and representing uncer-
tainties in the TNEP and have received a lot of attention
from researchers [7–9]. A TNEP model is proposed in [7]
that considers investment and operation costs, reliability
requirements, stochastic load, hydro inflows, fuel prices and
renewable energy, but active transmission losses are ignored.
In [8], a multistage decomposition scheme based on the
Benders technique is applied to the TNEP. The optimiza-
tion models have been implemented and solved by using
MATLAB® with Gurobi [10]. However, reliability require-
ments and transmission losses are not considered.

Security constraints and operation costs are modeled in
[9] for one-stage planning problem based on the Benders
technique, which is specifically tailored to the TNEP binary
decision variables. The solver Gurobi [10] is used via the
MATLAB® interface YALMIP [11], but without including
active transmission losses and load uncertainties.

There are many works based on heuristic methods that
can find a good transmission planning with reasonable
computational effort, even for a multistage planning hori-
zon. Reference [12] shows a heuristic approach based on
Lagrange multipliers index for the multistage transmission
expansion planning. By using an expansion decision variable
incorporated into an integer, coupled and extended linear
(DC) OPF, the reference provides an example solved with
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MINLP from the LINGO package, but limited to a small
system.

Metaheuristic approaches are suitable to handle dis-
crete decision variables, but they have their performance
affected by the complexity of the solution space. In this way,
researches are looking for ways to improve the performance
of such techniques, by reducing the search space without
losing quality. For that, a constructive heuristic algorithm is
proposed in [13], based on sensitivity indices from a hyper-
bolic tangent function, to initiate a multimodal optimization
process and solve the TNEPwith suitable and reduced search
space. However, transmission power losses and reliability
requirements are neglected.

Besides the challenges, many works have been inves-
tigating the incorporation of contemporary and complex
metaheuristic features for the TNEP. In general, these meth-
ods are able to deal with nonconvex solution space having
several solutions. In [14], the performance of a metaheuris-
tic algorithm is discussed, but limited to a small system. A
genetic algorithm (GA) combined with interior point method
(IPM) is applied in [15] to simultaneously solve the TNEP
and the reactive power planning problems by using the full
nonlinear (AC) network model, but the results are also lim-
ited to small-scale system.

In [16], a particle swarmoptimization (PSO) is formulated
for the TNEP with risk analysis, without considering load
uncertainties and security constraints. The PSO is also used
in [17] to solve the multi-year transmission planning with
uncertainties over the load forecast, but the results are also for
small-scale system. Another PSO algorithm is proposed in
[18] for themultistage transmission planning in a competitive
pool-based electricity market. The algorithm includes load
scenarios, market profile, reliability, investment and operat-
ing costs for a multi-year horizon by using the AC model,
but transmission losses are neglected.

A critical review on transmission expansion planning that
focuses on its most recent developments and challenges
is presented in [19]. The review gives a classification for
different solutionmethods that have been applied to the prob-
lem.

Facing this background, it can be observed that there is
a gap in the transmission planning problem. Some works
present solutions without considering the active transmis-
sion losses and/or security constraints and load uncertainties.
Other works only use small and connected systems with-
out isolated buses. Notice that nonconnected networks are
widely found in real situations involving, for instance, iso-
lated buseswithwind generation or a newbus to be connected
to the system. Moreover, some works consider only the
heavy load condition, which leads to an excessive invest-
ment.

In this way, the present paper proposes a methodology to
solve the TNEP problem aiming at providing a comprehen-
sive algorithm. The contributions are listed hereafter:

1. A search space reducer (SSR) based on Lagrange mul-
tipliers and Benders coefficient suitable for obtaining
candidate sub-optimal planning decisions that comprise
a set of branches with candidate transmission reinforce-
ments.

2. Although the TNEP can be solved by using any meta-
heuristic algorithm, as GA or PSO, a modified bat
algorithm (MBA) is proposed aiming at computational
efficiency. In this sense, the proposed MBA needs the
specification of only one parameter, spends reasonable
computational time to converge and leads to a solution
that has been never found in the literature, as presented
and discussed in the results.

3. As the SSR and MBA form an efficient hybrid algo-
rithm (EHA), it can run many times, which is enough to
consider important issues like active transmission losses,
security constraints, load scenarios and large-scale real
systems in the TNEP problem, with reasonable compu-
tational effort. It can be stressed that the handling of the
aforementioned issues in a simultaneous way for large-
scale networks can be achieved due to the computational
efficiencyof theproposed approach. For that, theSSRand
MBA are effective, as well as the DC load flow model is
tailored to represent transmission losses. Notice that the
DCmodel can be considered suitable for the TNEP since
it consists of a long-term planning problem [4]. However,
some important issues as the network losses are neglected
in this model and for eliminating such a drawback, the
proposed approach includes the losses into the original
DC formulation, aiming at considering themwhile main-
taining the computational efficiency.

The aforementioned contribution and improvements are
better explained hereinafter. In addition, the EHA is tested
on theGarver and the IEEE24-bus test systems.As the equiv-
alent Southern Brazilian system is hard to be solved because
it presents many isolated buses, it will be used to prove the
effectiveness of the proposed approach.

2 Proposed EHA

2.1 The proposed TNEP formulation

The proposed TNEP with the representation of network
losses, security constraints criterion ‘N −1’ and load sce-
narios is a nonlinear integer program, and it can be modeled
as in (1)–(9).
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OBF �Min
∑

k∈Ri j

∑

i j∈C

(
cek · EPk,i j

)

+
∑

i∈Z

∑

u∈S

∑

c∈L

(
pci · pgi,u,c

)

+
∑

i∈B

∑

u∈S

∑

c∈L

(
dci · pu · pdi,u,c

)
(1)

Subject to:

EPk,i j ∈ [0, 1] ∀k ∈ Ri j , i j ∈ C (2)

pgi,u,c + pdi,u,c −
∑

k∈ΩEi

f Ek,u,c −
∑

k∈ΩCi

f Ck,u,c

� di,u,c ∀i ∈ Z , u ∈ S, c ∈ L (3)

pdi,u,c −
∑

k∈ΩEi

f Ek,u,c −
∑

k∈ΩCi

f Ck,u,c

� di,u,c ∀i ∈ B, u ∈ S, c ∈ L (4)
∣∣ f Ek,u,c

∣∣ ≤ f Emax
k , ∀k ∈ Ei j , i j ∈ E, u ∈ S, c ∈ L (5)

∣∣ f Ck,u,c
∣∣ ≤ f Cmax

k ∀k ∈ Ri j , i j ∈ C, u ∈ S, c ∈ L (6)

pgmin
i ≤ pgi,u,c ≤ pgmax

i ∀ i ∈ Z , u ∈ S, c ∈ L (7)

f Ek,u,c � −bk · θi j,u,c + gk

· θ2i j,u,c

2
∀k ∈ Ei j , i j ∈ E, u ∈ S, c ∈ L (8)

f Ck,u,c � EPk,i j ·
(

−bk · θi j,u,c + gk · θ2i j,u,c

2

)

∀k ∈ Ri j , i j ∈ C, u ∈ S, c ∈ L (9)

f Fk,u,c � −γk · θi j,u,c ∀k ∈ Fi j , i j ∈ F, u ∈ S, c ∈ L

(10)

γk << bk ∀k ∈ Fi j , i j ∈ F, u ∈ S, c ∈ L (11)

Equation (1) gives the objective function (OBF), where
the first term corresponds to the investment related to the
transmission system expansion, the second one is related
to the operation cost of generators and the third term is
related to the minimization of the energy deficit, which has a
high operational cost. The deficit flexibility associated with
a penalization makes the problem feasible even when the
expansions do not meet the load.

Constraint (2) shows the decision of building line k in
branch ij, which is represented by a nonzero value of EPk,ij.
On the other hand, when EPk,ij is zero, it means that line k is
not selected to be built.

The active power balance, Eqs. (3) and (4), is given by the
well-known Kirchhoff’s first law. These equations include
the network losses in an indirect way as described here-
inafter, ‘N −1’ security constraints through the inclusion of
operational conditions besides the base case (normal opera-
tion condition), as well as different load scenarios.Moreover,

positive values for fEk,u,c and fCk,u,c mean power flows from
bus i, whereas negative valuesmean flow to bus i. Constraints
(5) and (6) represent the limits of active power flow in the
existing and candidate lines, respectively, according to their
capacities. The generation limits are given by (7).

In the presented model, there are three types of lines: (a)
the existing ones in the base topology, (b) the candidate rein-
forcement lines for expansion and (c) fictitious lines that
seek to avoid mathematical issues related to unconnected
networks. Then, the power flows through the existing, can-
didate and fictitious lines are modeled by Eqs. (8), (9) and
(10), respectively, which correspond to Kirchhoff’s second
law. The second terms of (8) and (9) represent half of the
active power losses that introduce a nonlinear quadratic term.
Constraints (10) and (11) are added to mathematically avoid
problems related to unconnected networks in the OPFmodel,
as in [13], where the value adopted for γ k is 0.001 pu.
Moreover, although unconnected networks are possible to be
obtained, they imply high deficit costs, third termofEq. (1), if
load buses are isolated. Therefore, these solutions are avoided
in the OPF model.

In (9), it can be emphasized that the decision parameter
EPk,ijmultiplies the powerflowof candidate line k.Moreover,
it implies the multiplication of a discrete parameter, EPk,ij,
and the nonlinear term related to the losses.

The described features make the solution of the TEP
problem too hard to be solved by using some optimization
package. On the other hand, metaheuristic approaches have
been suitable to solve this type of problem as proposed in
the present paper. As aforementioned, the proposed approach
considers the ‘N −1’ contingency criterion to represent secu-
rity constraints in theOPF,where the power system is planned
to support single line outages with the maintenance of the
power supplying. In ‘N −1’ operation condition, an over-
load of up to 10% in each line is allowed.

Therefore, the planning must meet not only the network
requirements in normal operation condition but also under
contingencies. All these operational conditions are included
in set L, and they are considered in equations from (1) to (11).
It should be emphasized that the ‘N −1’ criterion increases
the number of equations, thus requiring high computational
effort to be solved mainly for large systems.

The representation of load scenarios provides a more real-
istic solution because the system does not always operate in
the peak loading [9]. Therefore, the third term of the OBF
(1) includes the summation for load scenarios (u) with their
respective probabilities (pu).

Considering the proposed formulation, the total number
of variables (TNV) of the proposed OPF can be calculated by
Eq. (12). The expressive number of integer and continuous
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variables within nonlinear constraints is given by the first and
second terms of (12), respectively.

TNV � NC + NL · NS · (Npg + 2 · NB) (12)

The number of variables in (12) is related to:

NC correspond to EPk,ij.
NL · NS · Npg correspond to pgi,u,c.
2 · NB correspond to θ ij,u,c and pdi,u,c.

For computational efficiency in the face of the high num-
ber of variables and the complexity of the mixed-integer
problem, the proposed approach involves its decomposition
into two parts, as follows.

2.2 The problem decomposition

In order to obtain an efficient approach for solving the TNEP
by avoiding nonlinear integer program, a decomposition
scheme is proposed by splitting the global problem (1)–(11)
into two subproblems, defined as master and slave. The mas-
ter or investment subproblem performs the lines expansion
decisions by optimizing the discrete EPk,ij variables, as in
(13).

OBF1 � Min
∑

k∈Ri j

∑

i j∈C

(
cek · EPk,i j

)
(13)

It can be emphasized that only the constraints modeled in
(2) should be included in this integer program. This paper
proposes a modified bat algorithm to solve the master sub-
problem as described hereinafter.

On the other hand, the slave or load shedding subprob-
lem is formulated with the objective function OBF2 of (14),
subject to the constraints in (3)–(11).

OBF2 �
∑

i∈Z

∑

u∈S

∑

c∈L

(
pci · pgi,u,c

)

+
∑

i∈B

∑

u∈S

∑

c∈L

(
dci · pu · pdi,u,c

)
(14)

It can be stressed that in the slave subproblem, EPk,ij is not
variable, but it is set at the corresponding value obtained in
themaster subproblem.As a consequence, the slave subprob-
lem consists of nonlinear programmingwith only continuous
variables in constraints (3)–(11).

Figure 1 presents the flowchart of the proposed method-
ology with the related subproblems. The slave subproblem
includes the base case and contingencies for all load sce-
narios, where each one is solved disconnectedly. It can be
observed that the investment decisionEPk,ij ,made in themas-
ter subproblem through the application of theMBA, gives the

Fig. 1 Flowchart of the proposed methodology

reinforcements that should be carried out, which are valid for
all condition operations. So, EPk,ij links the different condi-
tions with each other through the same decision and is sent
to the each OPF of the slave subproblems to evaluate OBF2.
Thus, the total load shedding that computes the contributions
of all operation conditions and load scenarios is returned to
the master subproblem, for a new decision-making process
until there is no load shedding with minimal transmission
investment.

It can be emphasized that the convergence of the proposed
decomposition problem is reached when the second term of
objective function (14) is close to zero. In other words, the
OBF1 added to OBF2 gives the same value of objective func-
tion OBF, Eq. (1), in the convergence.

2.3 The proposed search space reducer (SSR)

The proposed SSR seeks to obtain a good set of candidate
lines for the search process of the MBA in the master sub-
problem. As the TNEP is a nonconvex problem with many
local optimum points, the initial set has a large influence
on the quality of the final solution and can help multimodal
search processes faced by metaheuristic algorithms. There-
fore, a good initial search space is very important for the
efficiency of the proposed approach.

The SSR is composed of two steps as described in Ref.
[13]: continuous and discrete. The continuous step is per-
formed to check if there is a load shedding in the system and
consists of solving the OPF (1)–(11) for the base case and for
all single contingencies, one at a time considering only peak
load, with variables EPk,ij being handled as continuous in the
range from ‘0’ to ‘1’. It results in a series of NL nonlinear
programming problems (one base case and contingencies).
The nonlinear constraints (8) and (9) are formed by contin-
uous value of EPk,ij and the square of angular difference to
accommodate active power losses. Fortunately, the variable
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angle is too small because it is given in radians unit. Then,
these equations are well behaved, and the region considered
in power flow is convex, leading to efficient convergence of
any nonlinear package.

The application of two indexes is proposed for reducing
the search space by selecting the candidate lines in an efficient
manner. Equation (15) shows the first index that can be found
in Ref. [9].

SI1k � bk · θi j,u,c · πi j,u,c,

k ∈ Ri j , u ∈ peak load scenario, c ∈ L (15)

where π ij,u,c is the difference between Lagrange multipliers
related to constraints (3), (4) at buses i and j. The Lagrange
multipliers provide the marginal costs of a given constraint
regarding the objective function. As the angular difference
between two buses has a strong relationship with the neces-
sity of a new transmission line, the difference between two
Lagrange multipliers could also indicate the same. This rea-
soning can be extended for the angular difference between
terminal buses [13], whereas a high susceptance value favors
the power flow through the corresponding line and is also
used to suggest potential reinforcements. Therefore, the high-
est values of SI1k can indicate candidate lines in the proposed
SSR.

The SSR process flows as follows: (a) After the contin-
uous step is performed, SI1k is calculated by Eq. (15), the
candidate line with the higher SI1k value is selected to be
built, and its corresponding EPk,ij is set at ‘1’ for the remain-
der of all process. For the other lines, EPk,ij is set at ‘0’ for
the discrete step; (b) the discrete step seeks to evaluate the
system operation, based on the load shedding requirement
for all single contingencies, evaluated one at a time, with the
EPk,ij obtained in (a). If the total load shedding comprising
all the contingencies is smaller than a given tolerance (ε), the
planning is reached and the SSR process ends. Otherwise, the
process returns to step (a) to include another line.

Looking for enhancing the group of candidate reinforce-
mentswith little computational effort, another sensitive index
related to the Lagrange multipliers is used to complement
the first index and insert other possibilities of reinforcements
that may be important for the final solution. It must be high-
lighted that both indexes used are attested in the literature
with good results to solve the TNEP. Therefore, the second
index is described in [2] and presented in Eq. (16), which
evaluates the sensitivity normalized by the financial costs for
constructing a candidate line.

SI2k � ∣∣πi j,u,c
∣∣/cek

k ∈ Ri j , u ∈ peak load scenario, c ∈ L (16)

The same step-by-step process (a)–(b) described for SI1k is
used to obtain another planning by using SI2k . After that,

the search space is composed of the union of the transmis-
sion lines that appear in each planning. As aforementioned,
the reinforcements obtained by the SSR are used to define a
reduced initial set for the MBA. It can be emphasized that
the computational effort in SSR is too small because this
problem has only continuous variables.

Notice that the indexes are calculated for the base case and
the contingencies that are considered one at a time. In relation
to the load scenarios, the indexes are obtained only for the
peak load, since this extreme scenario tends to comprisemore
diverse reinforcements’ options, which contributes for the
quality of the reduced search space. For further clarification
of SSR, the case study with the well-known Garver system
[5] is used as a tutorial description.

2.4 The proposedmodified bat algorithm (MBA)

Many recent metaheuristic optimization techniques have
been inspired in nature behaviors, such as genetic algorithms
and swarm intelligence. Recently, [20] proposed a new opti-
mization algorithm inspired by the echolocation behavior of
microbats. Although the algorithm is considered a kind of
swarm intelligence, it presents some special features to com-
bine global and local search procedures. The Doppler effect
is modeled in [21] for the bat algorithm. This effect is ver-
ified in actual waves, as the electromagnetic ones, and the
phenomenon consists of changing the frequency observed
by the receiver due to the relative movement between source
and receiver.

An improvement in a Doppler effect for bat algorithm is
proposed in the present paper. Figure 2 presents the MBA
steps that consider the Doppler effect. Afterward, the steps
and the proposed improvements are described considering
each line of Fig. 2 as a step.

In step 1, the population size, which is a parameter of
the algorithm, is defined. The population is initiated at step
2 in a random way resulting in an investment cost (OBF1)
for each individual. Step 3 evaluates the objective function
(OBF2) as well as (OBF) for each individual as a fitness.
Step 4 comprises steps 5–21, and it is used to update the
population. The convergence criterion checked in step 5 is
given by a maximum number of iterations, and step 6 runs all
bats. Step 7 updates the frequency according to the Doppler
effect, as described in Eq. (17).

fDin � fin · v ± v∗
v ± vin

(17)

From the updating of f Din according to the Doppler effect,
steps 8 and 9 update vin and xCin, respectively. From step
10, it can be observed the main modification proposed in this
paper,which consists of generating randomvalues forAin and
rin in case of trapping at a local solution, whereAin and rin are
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Fig. 2 Modified bat-inspired algorithm flowchart

within [0.5, 1] and [0, 0.5], respectively. A random number
in the range [0, 1] is generated at step 11 and compared with
rin. If the random number is smaller than rin, xCin will be
updated at step 12.

If the condition of step 14 is met, the discrete position
value of bat ‘in’ is obtained and xin is included in the popu-
lation at step 15. On the other hand, xCin is also included at
step 16, which is a modification that seeks to maintain the
solution even if their conditions are not currently met. It is
based on the premise that in optimization, a solution that does
not reach the requirements in the current iteration can carry
relevant information to evolve the population at the next iter-
ations. Moreover, step 17 checks if xCin is within the search
space boundary and adjust it if required. Step 18 updates Ain

and rin as described in Eqs. (18) and (19).

At
in � αt

in · At−1
in (18)

r tin � 1 − At
in (19)

where αin is calculated according to the last movement of
bat ‘in’. As proposed in the present paper, if bat ‘in’ moves
toward the current optimal point (receiver), αin is given by
(20); otherwise (21) is used.

αt
in �

(
r t−1
in

/
2
) 1

0.25·tmax (20)

αt
in �

(
At−1
in

/
2
) 1

0.25·tmax (21)

The relative movement between bat ‘in’ and the receiver is

v in (22). A positive value of 
v means an approximation
between bat and receiver, establishing At

in and αt
in as propor-

tional to rt−1
in . Thus, the amplitude is updated with the pulse

rate indicating that the receiver is next, according to the bat
algorithm fundamentals. Otherwise, a negative value means
a movement in the opposite direction and the amplitude is
updated with its previous value, also according to the bat
principles.


v � v∗ − vin (22)

Therefore, the proposed MBA is able to obtain the approach
or removal information between bat and receiver, by adjust-
ing the updating of rates Ain and rin according to this
relative movement. To illustrate how the proposed modifi-
cation impacts the convergence of the method, Figs. 3 and 4
present the convergence paths for MBA and the original bat
algorithm with the Doppler effect (BA) from the literature
[21].

In [21], Ain and rin receive the initial values ‘1’ and ‘0’,
respectively. After that, Ain decreases and rin increases over
the iterations and they take all iterations to converge to ‘0’
and ‘1’, respectively, which consists of the premise of the
algorithm.

The major contribution of the proposed modifications is
that the MBA rates converge more quickly than the original
BA rates, configuring an advance in the research process,
as Figs. 3 and 4, which makes the MBA more attrac-
tive.

The y-axes of Figs. 3 and 4 refer to the pulse amplitude and
rate, respectively, and therefore are given in the usual units
for these quantities, i.e., meters (m) for the pulse amplitude
and cycles per second (Hz) for the pulse rate.

Despite its fast convergence, the MBA algorithm avoids
being trapped into local optimal points due to the action per-
formed in step 10, which promotes a better balance between
local and global search at steps 11 and 12, through the ran-
dom generation of Ain and rin at each iteration. As a result,
the action increases the global exploration of the search
space.

In short, the modifications proposed in this work for the
bat algorithm are the procedures of steps 10, 16 and 18, as
well as the updating of αin as in (20), (21), which impacts
the updating of Ain and rin in (18), (19). Notice that the
most important proposed improvement stems from the pre-
vious modifications and consists of reducing the number of
pre-established parameters to one; that is, only the popula-
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Fig. 3 Pulse amplitude: a MBA and b BA

Fig. 4 Pulse rate: a MBA and b BA

tion size (η) should be predefined in the MBA, which is an
advantage over several metaheuristic techniques from the lit-
erature.

3 Results

Three systems are used to assess the proposed EHA for the
TNEP: the well-known Garver system, the IEEE 24-bus test
systems and a practical large and complex equivalent system
from South Brazil. It can be highlighted that the Brazilian
system presents difficulties for solving the TNEP due to the
presence of several isolated sections. In addition, it has 479

possible reinforcement combinations.
The Garver system [5] is composed of six buses, six

existing lines in the base topology and three active power
generators. There are 15 expansion branches, a maximum of
three lines by branch and an expected load of 760 MW.

The IEEE 24-bus system [22] has 38 existing lines, 10
generators, 41 candidate branches for expansion, where each
one can receive a maximum of three reinforcements, and the
total demand is 8550 MW.

The equivalent system of South Brazil [22] is formed by
46 buses, being 11 isolated from the system, 66 existing lines
in the base topology, 12 generators, 79 candidate branches
for expansion, with a maximum of three reinforcements by
each branch, and an expected load of 6880 MW.

All single contingencies of the existing lines are con-
sidered for the tested systems. Under each contingency,
flexibility is considered for the system operation through a
permissible overload of up to 10% in each line.

Table 1 presents the load scenarios and its probability for
all systems, which were obtained by [9], as a percentage of
the corresponding peak load.

For each system, the following simulation cases (SC) are
performed.
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Table 1 Loading scenarios

% of peak
load

1 0.76 0.65 0.54

Probability 0.0138 0.2356 0.3886 0.3620

SC-A TNEP considering only transmission losses, without
contingency or load scenarios.

SC-B TNEP considering both transmission losses and con-
tingencies, but without load scenarios.

SC-C TNEP considering transmission losses, contingen-
cies and load scenarios.

SC-D TNEP without considering transmission losses, con-
tingency and load scenarios.

The proposed analyses seek to show the impacts of repre-
senting losses, security constraints and load scenarios on the
TNEP problem.

All simulations were conducted using a PC core I7
with 2.1 GHz, and all algorithms were implemented on a
MATLAB® platform. In analyses SC-A, SC-B and SC-D, a
total of 100 simulations of the proposed MBA are performed
to assess its robustness in obtaining good quality solutions,
and the population size is 100. For analysis SC-C, in turn, the
population size is 50 and the number of simulations is 30 due
to the higher computational effort required by this analysis.

For each case study, the best result obtained is presented,
together with the best ones found in the literature, except for
case SC-C, which no comparison data have been found.

It is worth mentioning that for SC-C, a smaller number
of reinforcements are expected in the optimal planning, con-
sequently implying a cost lower than in SC-A and SC-B. It
occurs because the peak loads do not operate all the time in
SC-C, since the loads are represented by scenarios and their
probabilities of occurrence.

3.1 The Garver system

The TNEP for this system has 405 variables, as given by
Eq. (12), of which 45 are integer. This TNEP can be solved
properly through the proposed EHA. To begin with, the pro-
posed SSR algorithm is applied to find a reduced search
space.

Table 2 shows the first calculation round of SI1k and SI2k
in case SC-A only for major indexes’ values. For SI1k , line
‘2–6’ has the highest value, so it is chosen as the first rein-
forcement. On the other hand, for SI2k the values of lines
‘2–6’ and ‘4–6’ are the same. In this case, the algorithm
chooses as the second reinforcement the option that is dif-
ferent from the previous one; i.e., line ‘4–6’ is the second to
be built, aiming at improving the set of obtained plans with
higher diversity.

Table 2 First calculation of the SI1 and SI2, Garver system

Branches 2–6 4–6 3–6 1–6

SI1k 975,449.92 958,706.58 646,485.97 445,091.20

SI2k 2344.73 2344.73 1457.12 1034.44

Table 3 Plans by SI1 and SI2, Garver system

Branches 2–6 4–6 2–3 3–5 Cost-
OBF
(M$)

Lines by
SI1k

2 2 0 2 160

Lines by
SI2k

1 3 1 2 180

Table 4 Reduced space search
for the Garver system

SC Branches

A 2–3; 2–6;
3–5; 4–6

D 2–6; 3–5; 4–6

Table 3 summarizes the plans obtained for each index,
Eqs. (15) and (16), in case SC-A. When SI1k is used, six
transmission lines are added, and the investment cost is equal
to 160M$, as shown in second rowofTable 3,where two lines
are added to each one of the indicated branches. Although
the plan proposed by index SI2k is more expensive than that
for SI1k , the former adds an important branch, ‘2–3’. Thus,
the two plans have interesting information able to reduce the
search space to theMBAapplication, as described as follows.

1. Reduced initial search space: It comes from the union of
the branches pointed out by SI1k and SI2k . In this case,
the union set is given by U �{branches ‘2–3’, ‘2–6’,
‘3–5’ and ‘4–6’}, as described in first row of Table 3.
Therefore, the search space is reduced from 15 options,
as in the original problem, to the four options of set U.
It should be emphasized that up to three reinforcements
can be built by branch. Table 4 also presents the reduced
search space for SC-D case. The spaces for SC-B and
SC-C are the same as for SC-A, in this system.

2. Generation of an initial population for the MBA: Each
individual has a number of expansion lines given by a
small variation around the number obtained by SI1k or
SI2k . As the solution from SI1k presents the smallest
OBF, it is chosen in this case to define the size of the
individual. So, all individuals of the MBA propose new
lines to be built ranging around six. In the present paper, a
variation of four lines is used. Thus, all individual ranges
from ‘6 − 4�2’ to ‘6+4�10’ reinforcements.
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Table 5 Best solutions obtained by EHA. Garver system

SC Branches Cost (M$) Time (min)

A 3 (4–6), 1
(2–3), 1 (3–5)

130 3.45

B 3 (4–6), 2
(2–3), 1 (3–5)

150 4.35

C 1 (2–6), 2 (3–5) 70 13.18

D 3 (4–6), 1 (3–5) 110 3.11

From the previous information provided bySSR, theMBA
is performed, and its results are presented in Table 5. For
instance, the best solution of SC-A determines three lines in
branch ‘4–6’ and one line in each one of the branches ‘2–3’
and ‘3–5’, with a total cost of 130 M$ related to the OBF in
Eq. (1). In all cases, there is no load shedding in the system.
The proposedMBA reaches the best solution for 100% of the
runs; meanwhile, the bat algorithm with the Doppler effect
from the literature [21] gives the best solution for SC-A, for
instance, in only 19% of the runs and spends around 8.5 min,
which shows the effectiveness of the modifications proposed
for the literature. The simulation times of Table 5 consist of
the mean values obtained in all runs for each case.

For SC-C, a smaller number of lines are verified in the opti-
mal planning, in relation to SC-A and SC-B, due to the aspect
previously described the peak load duration.Moreover, SC-D
also gives a relative small number of reinforcements; because
as it does not consider losses, contingency or load scenarios,
the corresponding solution is optimist and then less expen-
sive than SC-A and SC-B, but not holistic.

Other simulations were carried out considering no infor-
mation from SSR. The proposed MBA can obtain the best
solutions of Table 5 also without SSR for this system but
spends higher computational effort.

Table 6 presents the results found in the literature in
the same conditions of cases SC-A, SC-B and SC-D. From
Tables 5 and 6, it can be observed that the results from the
proposed EHA match the best solutions from the literature

Table 7 Reduced space search for the IEEE 24-bus system

SC Branches

A 1–5, 3–24, 4–9, 6–10, 7–8,
11–13, 10–12, 12–13, 14–16,
15–24, 16–17

B 1–2, 1–5, 3–24, 4–9, 2–4, 6–10,
7–8, 10–12, 12–13, 12–23,
15–21, 14–16, 15–24

for cases SC-A and SC-D. For case SC-B, in turn, the pro-
posed EHA reaches a solution better than the best one from
the literature.

3.2 The IEEE 24-bus system

The TNEP for the IEEE 24-bus system has a number of 8939
variables, given by Eq. (12), of which 123 are integer. Aim-
ing at reducing the search space, the EHA starts from the
proposed SSR, leading to the reduced set of candidate rein-
forcements shown in Table 7. For this system, the search
space for SC-D is the same as for SC-A, as well as for SC-C
and SC-B.

The best solutions obtained for the IEEE 24-bus test sys-
tem, through the proposedEHA, are presented inTable 8with
the total cost related to OBF (1), whereas Table 9 presents the
corresponding results from the literature when they are avail-
able. From the comparison between the results of Tables 8
and 9, it can be observed that the proposed approach achieves
better solutions than the literature for cases SC-A, SC-B and
SC-C, andmatches the literature for SC-D, showing the effec-
tiveness of the proposed EHA.

The best solution of SC-A was found in 7% of the bat
algorithm (BA) [21] runs and spent around 14.5min,whereas
the proposedMBA reaches its best solution in all runs, which
shows the effectiveness of the proposed improvements.

Table 6 Results from the literature for the Garver system

References SC-A SC-B SC-D

Branches Cost (M$) Branches Cost (M$) Branches Cost
(M$)

[6] 3 (4–6), 1 (2–3), 1 (3–5) 130 – – – –

[23] 2 (4–6), 2 (2–6), 1 (3–5) 140 – – – –

[24] – – 3 (4–6), 1 (2–6),
2 (3–5)

170 – –

[2] – – 2 (4–6), 1 (2–3),
2 (3–5), 2 (2–6)

180 – –

[13] – – – – 3 (4–6), 1 (3–5) 110
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3.3 The Brazilian system

For the equivalent Southern Brazilian system, the TNEP
involves 27,693 variables, given byEq. (12), ofwhich 273 are
integer. In addition, there are many disconnected buses that
bring more complexity to solve this transmission planning.
However, starting the proposed EHA with SSR, the reduced
search space is reached as presented in Table 10. SC-D has
the same candidate reinforcements of SC-A, and the same
occurs for SC-C and SC-B.

Tables 11 and 12 present the results for the Southern
Brazilian equivalent system obtained by the proposed EHA
and from the literature, respectively. Again, the proposed
approach presents better results than the literature for all
simulation cases that have reference in the literature for com-
parison. It can be highlighted that the computational time

Table 8 Best solutions obtained by EHA, IEEE 24-bus system

SC Branches Cost (M$) Time (min)

A 1 (6–10), 2 (7–8), 1
(14–16), 1 (10–12), 1
(16–17)

188 10.60

B 1 (1–5), 1 (4–9), 1 (3–24), 2
(6–10), 1 (10–12), 1
(15–24), 1 (12–13), 2
(7–8), 1 (14–16), 1
(16–17)

441 12.75

C 1 (3–24), 1 (10–12), 1
(6–10), 1 (15–24), 2
(7–8), 1 (14–23)

306 18.78

D 1 (6–10), 2 (7–8), 1
(14–16), 1 (10–12)

152 9.48

spent by the proposed algorithm is not prohibitive for the
TNEP because it consists of an offline application.

For SC-A, theBA [21] reaches the best solution in only 2%
of the runs, spending around 34.5 min, whereas the proposed
MBA reaches its best solution in 52% of the runs. Thus,
the proposed modification is also effective for this real test
system.

4 Conclusions

This work presented an efficient hybrid algorithm to solve
the TNEP problem considering transmission losses, ‘N −1’
security constraints within the optimization procedure and
probabilistic load scenarios at the same time, due to the effi-
ciency of the proposed EHA provided by the SSR andMBA.
The EHA previously reduces the space search to improve its

Table 10 Reduced search space for the Brazilian system

SC Branches

A 12–14, 13–20, 18–20, 20–23,
18–19, 20–21, 42–43, 46–10,
5–11, 4–11, 28–41, 46–6,
21–25, 31–32, 46–3, 24–25,
40–41, 5–6, 2–3

B 2–5, 12–14, 18–20, 20–23,
19–21, 18–19, 20–21, 32–43,
42–44, 42–43, 46–10, 46–3,
16–28, 5–11, 4–11, 28–41,
28–30, 46–6, 21–25, 25–32,
31–32, 46–11, 41–43, 40–45,
15–16, 24–15, 29–30, 40–41,
2–3, 5–6, 9–10

Table 9 Results from the literature for the IEEE 24-bus system

Ref. SC-A SC-B SC-D

Branches Cost
(M$)

Branches Cost
(M$)

Branches Cost
(M$)

[23] 1 (1–5), 1 (3–24), 1 (4–9), 1
(6–8), 1 (6–10), 1 (7–8),1
(9–12), 1 (10–12), 1
(12–13), 1 (12–23), 1
(14–16), 1 (15–16), 1
(15–24), 1 (16–17), 1
(17–18), 1 (18–21), 1
(19–20), 1 (20–23)

507.7 – – – –

[22] – – 1 (1–2), 1 (1–5), 1 (2–4), 1
(3–24), 2 (6–10), 3 (7–8),
1 (10–11), 1 (11–13), 1
(15–24), 1 (20–23), 1
(13–14), 1 (14–23)

554 – –

[25] – – – – 1 (6–10), 2 (7–8), 1
(10–12), 1 (14–16)

152
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Table 11 Best solutions
obtained for the Brazilian
system

SC Branches Cost (M$) Time (min)

A 1 (12–14), 1 (42–43), 1 (18–20), 1
(46–6), 1 (20–23), 2 (5–6), 3
(20–21)

89.18 26.53

B 2 (12–14), 1 (42–43), 2 (2–5), 1
(46–6), 2 (20–21), 1 (19–21), 1
(18–20), 1 (24–25), 2 (5–6), 1
(5–11), 2 (21–25)

153.10 28.36

C 1 (2–5), 1 (42–43), 3 (20–21), 1
(46–6), 1 (20–23), 3 (5–6)

82.10 102.46

D 1 (46–6), 1 (20–23), 2 (20–21), 1
(42–43), 1 (46–6), 1 (13–20), 2
(5–6)

70.289 22.17

Table 12 Results from the literature for the Brazilian system

Ref. SC-A SC-B SC-D

Branches Cost (M$) Branches Cost (M$) Branches Cost (M$)

[26] 1 (19–25), 1 (24–25), 1
(20–21), 1 (42–43), 1
(46–6), 1 (31–32), 2 (5–6)

101.69 – – – –

[22] – – 1 (12–14), 1 (2–5), 2
(20–23), 3 (31–32), 1
(32–43), 1 (42–44), 3
(5–6), 3 (42–43), 2
(46–6), 1 (19–21), 1
(24–34), 1 (44–45)

231.95 – –

[23] – – – – 1 (46–6), 1 (20–23), 2
(20–21), 1 (42–43), 1
(46–6), 1 (13–20), 2
(5–6), 2 (2–5)

72.87

efficiency byusing two sensitivity indexes based onLagrange
multipliers. After that, EHA uses an efficient modified bat
algorithm to find the optimal transmission planning. The
proposed modification in original Doppler effect of bat algo-
rithm represents a valorous contribution because it prevents
the algorithm from being trapped into local solutions, as it
was proven in the obtained results, which have quality equal
or better than those of solutions found in the literature. In
addition, the MBA requires the specification of only one
parameter, which is a good feature expected from a meta-
heuristic technique. The results also show the effectiveness
of the proposed approach even for practical systems with
many isolated buses. Therefore, the EHA has also potential
to be applied in a real system with wind generation as well
as other renewable sources.
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