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Abstract This paper proposes a linear disjunctive model to
solve a multistage transmission expansion planning problem
(MTEP) considering N — 1 security constraints. The use of
a disjunctive linear model guarantees finding the optimum
solution of the problems using existing classical optimiza-
tion methods. For large-scale systems, when finding the opti-
mum or even high-quality solutions of the MTEP problem
is not possible in polynomial time, a search space reduction
methodology (SSRM) is proposed. By using SSRM, it is pos-
sible to obtain very high-quality solutions or in most cases
the optimum solution of the MTEP problem. The N — 1 secu-
rity constraint indicates that the transmission system must be
expanded in such a way that, despite the outage of a system
line (a pre-defined set of contingencies), the system contin-
ues to operate properly. The model was implemented using a
modelling language for mathematical programming (AMPL)
and solved using the CPLEX, which is a commercial solver.
The IEEE 24-bus, Colombian 93-bus, and Bolivian 57-bus
systems are used to evaluate and show the performance of the
proposed mathematical model and the search space reduction
strategy.
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List of symbols

Parameters and Variables

o Discount factor used to calculate the net present
value of the investment at stage ¢

Cij The investment cost of transmission lines in cor-
ridor ij

wijy,r  Binary variable used to model candidate line y in

corridor ij, stage ¢

Active power flow of candidate line y in corridor

ij, scenario ¢ and stage ¢

fi(;’w Active power flow of existing lines in the base
topology in corridor ij, scenario ¢ and stage ¢

fij,y,cJ

Sicit Active power generation in bus i, contingency ¢
and stage ¢

di Active power demand in bus i and stage ¢

n?j Number of existing lines in the base topology in
corridor ij

Nicj.f)cnt Elements of contingency matrix N°°1, For sce-
nario c, it is equal 1 if an outage for a line in
corridor ij occurs; if equal 0 the line is in normal
operation

Oict Voltage phase angle in bus i, scenario ¢ and
stage ¢

Xjj Reactants of transmission line in corridor ij

fi e Maximum active power flow for a line in corridor
ij and scenario ¢

M Enough large number used in disjunctive model
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8itc Maximum active power generation in bus i,
scenario ¢ and stage ¢

nij Maximum number of lines that can be added to
the corridor ij

ref Reference bus

Sets

2 Set of buses

C Set of operation scenarios, where C € C byuclu
C? contains three different scenarios: the base case
scenario (without contingency in lines) CY, the set of
contingency scenarios in existing lines C! and the set
of contingency scenarios in candidate lines C2. Note
that each scenario ¢ € C represents an operation state
of the system

T Set of stages

2 Set of corridors

Y Set of candidate transmission lines

E; Set of solutions in stage ¢

1 Introduction

The main objective of the multistage transmission expansion
planning (MTEDP) is to find the optimal expansion plan of a
transmission system, that is, to specify circuits (transmission
lines and/or transformers) that must be installed on the net-
work in order to make its operation viable for a pre-defined
planning horizon at minimum cost. The optimal expansion
plan of a transmission system should define “where,” “how
many” and “when” new circuits should be installed (Garver
1970; Haffner et al. 2001; Romero et al. 2002).

The simplified mathematical models are generally used
to represent the electric network. Generally the active power
and/or voltage angles are considered in simplified models; the
transportation model, the DC model, and hybrid linear model
are some examples that usually employed for solving this
problem. Considering the planning period, the problem can
be classified as a one stage (static) problem, or the planning
horizon can be divided in several planning stages (multistage
planning problem) (Romero et al. 2002).

The MTEP problem with security constraints is tradition-
ally solved in two phases (Monticelli et al. 1982; Seifu et al.
1989; Verma et al. 2010). In the first phase, the TEP prob-
lem without security constraints is solved, and, in the second
phase, more new circuits are added into the system in order
to make its operation viable in case of outages in any lines
belonging to a predefined list of contingencies. The advan-
tage of this strategy is that it finds an expansion plan with
a relatively low computational effort. The main disadvan-
tage is that the obtained plan is not optimal. Additionally, the
obtained plan with security constraints is highly influenced
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by the expansion plan of the first phase, especially in large
and complex systems (Silva et al. 2005).

In Oliveira et al. (2004), the MTEP with security con-
straints was solved considering multiple dispatch scenarios.
A mixed integer nonlinear programming problem was pro-
posed, and then a disjunctive formulation was used to lin-
earise the nonlinear constraints.

Finally the authors used a heuristic method to find a solu-
tion for the MTEP with security based on the solutions of
each stages.

A specialized genetic algorithm (SGA) was used in Silva
et al. (2005) to solve the TEP with security constraints.
A mixed integer nonlinear programming formulation was
employed for modelling the problem. A static multi-objective
TEP problem considering security constraints in the electric-
ity market was proposed in Maghouli et al. (2009). They used
an SGA, based on the NSGA 1I, together with a fuzzy deci-
sion analysis to solve the problem.

Lu et al. (2005) used a genetic algorithm to minimize
the investment cost and the expected energy not supplied
(EENS) in a competitive electricity market. They used the
EENS technique to ensure the reliability and security of the
system. Samarakoon et al. (2001), Xu et al. (2006, 2009),
Asadamongkol and Eua-arporn (2009), Verma et al. (2009)
proposed different heuristic algorithms for solving the trans-
mission expansion planning problem considering N — 1 secu-
rity constraints.

A disjunctive linear model for MTEP problem consider-
ing the N — 1 security constraints is proposed in this paper.
The advantage of this model is that it can be solved using
a commercial solver, without using heuristic algorithms. As
the model is mixed integer linear, the optimum solution of
the problem can be obtained, if given enough time. However,
when the size of the systems increases, the time required for
solving the problem increases exponentially, which makes
the mixed integer problem intractable by the solver. In order
to solve MTEP with N — 1 security constraints for large-scale
systems, this paper proposes a novel search space reduction
methodology (SSRM) to reduce the combinatorial search
space of the problem, which results in less computational
time. Although the access to the optimum solution may not be
guaranteed using this methodology, very high-quality solu-
tions can be obtained. This is justified by comparing the opti-
mum solution of the problems, obtained in full space, with
the solution obtained with SSRM approach.

The article (da Silva et al. 2013) presents a similar study.
But uses a very simple and an inefficient search space reduc-
tion strategy. The results are preliminary and the case studies
are limited. However, the article presented here has more
reliable results and the analyses are more rigorous.

The paper (Rahmani et al. 2013) uses a different strat-
egy to reduce the search space, and they use forward and
backward solution strategies; contingency or security is not
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addressed in this article that makes it even more different and
less efficient.

The N — 1 security criterion ensures that the transmis-
sion system must be expanded in such a way that despite a
line outage it should still operate properly. The pre-defined
set of contingencies can contain both existing lines in the
base topology and the candidate lines. The IEEE 24-buses,
Colombian 93-buses, and Bolivian 57-buses systems are used
to show the efficiency of the proposed model. In Colombian
and Bolivian systems, the search space reduction methodol-
ogy (SSRM) is used to reduce the computational effort of the
proposed model.

The paper is organized as follows: Sect. 2 presents the
mathematical modelling of the problem. In Sect. 3, the pro-
posed search space reduction strategy (SSRM) is presented.
In Sect. 4, we present a brief description of the test systems,
and then the obtained results are discussed for both planning
with and without contingencies. Finally, Sect. 5 presents the
conclusions.

2 Mathematical Modelling

The disjunctive linear model for multistage TEP problem
with N — 1 security constraints is presented in this section.
In order to model N — 1 security constraints in the MTEP
problem, the contingency matrix N is introduced. The
size of this matrix is [§2;] x |C|, and it composes of 0 and
1 elements. when N;ﬁ’?t = 1 indicates that N — 1 contin-
gency has occurred in corridor ij in scenario c; otherwise
Nf/."’gt = 0. Note that the continuous or operation variables,
Jij.v.e.ts 8ie,trBic,r»as well as network constraints depend on
the scenario c. Therefore, the number of operation variables
increases |C| times, this means that the number of operation
variables linearly increases with respect to the number of con-
tingencies |C|. However, since the investment variables are
not dependent to the contingencies scenarios, the number of
binary variables (wj;,y,,) is equal to the multistage planning
without contingencies.

minv:oq E E Cij w,‘j,y,l
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In this model, the value of M is calculated as reported in
Vinasco et al. (2011). The binary variable w;;, y , represents
a line that can be (or not) added to a corridor. That is,
w;j,y,r = 1 if the line y is added to the corridor ij and stage
t; otherwise w;; y; = 0. Note that, if line y is added to the
corridor ij in stage ¢, it should be presented in the subse-
quent stages, this condition is represented by constraint (12).
Additionally, since in the proposed model each line is mod-
elled separately, the active power flow f;; , . ; should also be
provided separately for each line y of corridor ij, scenario ¢
and stage ¢. For the base case (¢ € C?), the maximum power
flow for the corridor ij is f; j,c and the maximum generation
is g; , . in the bus i. But the maximum flow (f; .) of line y
in contingency case ¢ € C! U C? is assumed to be 10— 20 %
greater than the normal value of the system. This assumption
is usually considered for long-term transmission expansion
planing (CEIDS 2012).

Objective function (1) represents the total investment cost
of new transmission lines that will be added to the system.
Constraint (2) is the power balance equation at bus i, scenario
¢ and stage ¢. Constraints (3) and (4) calculate the active
power flow of existing lines in corridor ij for scenario ¢
and stage ¢. Note that, if a contingency happens in existing
transmission lines, which means ij‘”{}‘ = 1, an existing line
is removed from the model, or, to express it more precisely,
n?j is replaced by (n?j —1).
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Constraints (5), (6), (7), and (8) represent the active power
flow expressions and limitations of candidate lines in sce-
nario ¢ and stage 7. Note that if N7°" = 1 in constraints
(6) and (8), the first candidate line of the corridor ij is
removed from the system. Constraint (9) represents the gen-
erator active power limit for scenario ¢ in stage r. Con-
straint (10) is the new transmission lines limit that can be
installed in corridor ij in stage 7. Constraint (11) guarantees
the sequential installation of candidate lines in stage ¢. This
constraint avoids similar solutions and results in fast conver-
gence of the optimization problem. Constraint (12) defines
that, if line y is constructed in corridor ij in stage t — 1, it
continues to operate in the next stages. This means that, if
Wijyi—1 = 1 = wjjy,; = 1, and for this reason we need
to calculate the investment of this line just once; so in the
objective function (1), we have ( Z(w,-j,y,, — w,~j,y,,_1)) to

yeY
calculate the cost of new transmission lines, installed in the
current stage and not in the previous stages. It is obvious that
this rule applies for # > 1. The binary feature of investment
variables wj;, y, is defined by (13). Constraint (14) requires
that the phase angle of the reference bus i becomes equal to
zero in all of the scenarios and stages.

3 Search Space Reduction Strategy

As discussed in Sect. 2, we used a linear disjunctive model
with some modifications to model the contingencies in trans-
mission lines. The mixed integer linear formulation allows us
to solve the problem using commercial solvers and obtain the
optimum solution of the problem. But solving the proposed
model in the full search space requires a great computational
effort because of the numerous numbers of combinations
that exist in the search space. Higher number of candidate
lines, stages, and contingencies result in a higher number of
combinations and, therefore, an enormous search space and
computational effort. In cases of larger and more complex
systems such as Colombian system, the problem is compu-
tationally intractable and the access to the optimum solution
is impossible.

For this reason, we propose a heuristic algorithm that
reduces the search space of the problem. This method, which
creates a new and smaller search space, is called the search
space reduction methodology (SSRM). In this method, the
idea is to reduce the search space without changing the qual-
ity of the solution. The SSRM heuristic determines which
solutions must remain in the search space and removes other
unimportant solutions.

This section presents a new strategy to reduce combina-
torial search space of the model presented in (1-14). The
goal is to reduce the computational effort of solving large-
scale MTEP with N — 1 security constraints and facilitate the
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convergence of commercial solver CPLEX. However, in
SSRM, there is no guarantee that one obtains the optimal
solution; nevertheless, a very high-quality solution and, in
most cases, the optimal solution can be obtained for large-
scale systems.

In Vinasco et al. (2011), a heuristic algorithm is used to
reduce the search space of the problem. But, the strategy of
reducing the search space in here is different, because instead
of finding a unique solution for each stage, m solutions are
found that guarantees a larger solution space with high prob-
ability of finding optimum solution.

It is very important to note that in TEP problems the num-
ber of lines, considered for installation (the solution), is much
less than the number of candidate lines. In SSRM, the idea
is to identify the prospective lines using a very fast method,
or in another word to identify the lines that can significantly
improve system performance or remove system bottlenecks.
This fact is highlighted in multistage transmission expansion
planning where the final solution of the system contains only
a few numbers of lines.

The use of CPLEX solver in SSRM method is important
as it can generate several distinct solutions for each stage
and enables us to remove candidate lines with insignificant
effects.

In this paper, the search space of MTEP problem with
security constraints is simply reduced by re-defining the max-
imum number of transmission lines (7;) for constraint (10),
through the so-called algorithm SSRM.

The SSRM generates areduced search space for the MTEP
problem based on the solutions of a static TEP problem. The
static TEP for stage ¢ can be solved using model (1-14),
ignoring other stages and removing constraint (12). Consid-
ering T as the set of planning stages, the CPLEX solver is
used to generate a set of solutions (“pool”) for each stage. The
proposed strategy for finding a reduced combinatorial search
space is provided in Fig. 1 and has the following steps:

1. Find a set E; with m distinct solutions for each stage
t € T; each solution defines the number of transmission
lines that can be installed in each corridor. Note that, as
shown in Fig. 1, redundant solutions are removed from
the set E;.

2. Determine set E = U,cr E;. The set E contains all the
solutions produced in step 1.

3. The maximum value of the transmission lines in each
corridor in the solutions set E is considered as the upper
bound value for the number of candidate transmission
lines.

The m distinct solutions result in a diverse solution set
E, and consequently, this diverse search space guarantees
high-quality solutions. To obtain E;,Vt € T, in item (1),
CPLEX solver directives are used to generate, manage and
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Start

v =

Solve the tth
static problem

L7

Find and save
m  solutions

L7

Remove redundant
solutions and create

E

Make a union of all
solutions and
obtain the set E

2

Obtain the maximum
value of transmission
lines in each corridor

No Yes

t=t+1

Where |T]| is the last stage

Fig. 1 The SSRM approach for reducing search space of the MTEP
problem

store the solutions “pool” for the mixed integer program-
ming problem. The poolstub directive is used to gen-
erate and save/retrieve the solutions (CPLEX 2010). The
populatelim is used to limit the number of solutions
added to the solution pool by the populate algorithm.
Therefore, in SSRM methodology, we have poolstub =
m. The directive poolgap = x is used to find a solution
with a predefined “gap” of x% with respect to the optimum
solution.

The directives poolintensity = « and pool
replace = f of the CPLEX solver are used to diversify
how m solutions are selected. The value of o ranges from
0 to 4, with 0 standing for a less intense search and 4 for a
more intense search. If 8 = 0, the selected solutions are the
latest solutions added to the pool; if B = 1, solutions are
chosen according to the quality of objective function, and, if
B = 2, the solutions are selected randomly. Another direc-
tive that can be used is populate in order to generate more
solutions; for more information see CPLEX (2010).

4 Tests and Results

The IEEE 24-bus system along with two real tests systems,
Colombian 93-bus and Bolivian 57-bus systems, are used
for the case studies. Both MTEPs with and without con-
tingencies are solved for these systems. The solution of

MTEP problems for Colombian and Bolivian systems with
security constraints cannot be obtained without using the
SSRM. Also the literature does not yield report on the solu-
tion for these systems for MTEP problems with security con-
straints. Therefore, we were not able to compare all the results
of this paper with other studies in the literature.

In order to study the MTEP considering the security con-
straints, a list of transmission lines with contingencies is
required. One strategy is to identify those lines having most
frequent outages from the historical data or based on the sys-
tem operator experiences. Another strategy is to solve the
proposed model without security constraints, and, from the
solution, construct a contingency list based on the more con-
gested lines (candidate or existing) (Wood et al. 2013).

The AMPL algebraic modelling language is employed to
implement the proposed model (Fourer et al. 2003), and is
solved using the CPLEX commercial solver (CPLEX 2010).
The IEEE 24-bus, the Colombian 93-bus, and the Bolivian
57-bus systems are used to test and evaluate the mathematical
model. The discount factors, to calculate the net present value
of the investment cost, are chosen the same as the (Vinasco
et al. 2011). For each system, two tests have been carried
out: (a) MTEP without security constraints and (b) MTEP
with N — 1 security constraints. The results for the proposed
model were obtained on a computer with 4 Gb RAM memory
and Intel ®8 Core(TM) i7 processors.

4.1 IEEE 24-Bus System

The IEEE 24-bus system has 3 planning stages, 41 corri-
dors, 10 generators, 17 load buses with a total amount of
8,550 MW in the first stage, 8,988 MW in the second stage
and 9,437 MW in the third stage. A maximum of five lines can
be constructed in each corridor. The IEEE 24-bus topology
along with candidate lines is given in Fig. 2. The system’s
data and the discount factor for each stage can be found in
LAPSEE (2012).

4.1.1 IEEE 24-Bus System Without Security Constraints

For the case without contingencies, the model has 3,536 con-
straints, 1,431 operation variables, and 615 binary variables.
In the optimal solution, the lines n¢_j0 = 1, n7_g = 2,
nio—12 = 1,and n1;_13 = 1 are considered for installation
in the first stage, in the second stage no0—>3 = 1 is installed
and in the third stage n1_5 = 1, n3_24 = 1 are installed. The
total investment cost for this plan is about US$ 220.28. This
solution was found in 47.77s. This solution is also reported
in Vinasco et al. (2011). Since the problem can be easily
solved in full search space, we do not need to use the SSRM
method in this case. The use of SSRM will be presented in
more complicated problems.
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Fig. 2 The IEEE 24-bus system

4.1.2 IEEE 24-Bus System with Security Constraints

The contingency list of transmission lines prone to outage
need to be defined prior to carrying out this test. The contin-
gency list is obtained from the optimal plan of the case with-
out contingency. Hence, the lines with a power flow greater
than 80 % of their maximum capacity are included in the con-
tingency list. In this case, the contingency list is composed
of 22 transmission lines (1-5, 2-4, 3-24, 6-10, 7-8, 9-11,
9-12, 10-11, 10-12, 11-13, 12-13, 12-23, 14-16, 15-21,
15-24,16-17, 17-18, 17-22, 18-21, 19-20, 20-23, 21-22),
which represent approximately 53.65 % of the total number
of transmission lines.

Considering this contingency list, the mathematical model
has 58,799 constraint, 28,516 operation variables, and 615
binary variables. The result of the test shows that the trans-
mission lines ni—s = 1, n3—24 = 1, n4g—9 = 1, ne—10 = 2,
n7_g = 1,n10-12 = 1, n15_-24 = 1, and n14_»3 = 1 need
to be constructed in the first stage, no lines installed for the
second stage, and line n7_g = 1 is considered for the third
stage. The optimum is found in 14,768.3 s and the investment
cost for the optimal solution is equal to US$ 362.64.

Again we do not need to use the SSRM method to
reduce the search space of the problem, but we use that
to show its excellent performance in reducing the search
space of problem and lowering the computational time.
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The following CPLEX directives are used: poolstub =
solutions,populatelim = 5,poolgap = 0.05,
poolintensity = 4, poolreplace = 2 and
populate = 1. In this case, the mathematical model
has 32,022 constraints, 11,616 operation variables, and 315
binary variables. The solution obtained in this test is also opti-
mal, but the processing time is 658.38 s, which is much less
than the processing time of the previous case, showing the
efficiency of the proposed method. The tuning of the CPLEX
directives is very important in solving the problems. Several
tests, carried out by da Silva (2013), show the importance of
using adequate values for the CPLEX directives.

4.1.3 Comparison of the Results for IEEE 24-Bus System

The optimal solution for the case without contingency needs
eight new transmission lines for all three stages, while in the
case with contingency, 10 transmission lines are needed. The
investment cost of the planning with contingency is 64.63 %
greater than planning without contingency. Note that there
are six common transmission lines, (ng_19 = 1, n7_g = 2,
nio-12 = 1, ni_s = 1, n3_p4 = 1), in both planning
stages, and the transmission lines nqa—9 = 1, njs_04 = 1
and n14—»3 = 1, installed in the expansion plan with secu-
rity restrictions, do not appear in the expansion plan with-
out security constraints. Further, an extra transmission line
is installed in corridor 6-10 in planning with security con-
straints. Besides that the transmission lines n;1_13 = 1 and
ny0—23 = 1 just appear in planning without security con-
straints.

4.2 Colombian 93-Bus System

The Colombian 93-bus system has 3 stages, 155 corridors, 35
generators in the first stage, 40 generators in the second stage,
and 49 generators in the third stage. It has 55 load buses and
a total demand of 9,750 MW in the first stage, 12,162MW
in the second stage and 14,559 MW in the third stage, and
a maximum number of two lines can be installed in each
corridor. In Fig. 3, the base topology (solid lines) together
with candidate lines (dashed lines) is shown. All the data
along with the discount factor for each stage for this system
can be found in LAPSEE (2012).

4.2.1 Colombian 93-Bus Without Security Constraints

For the case without contingency, the mathematical model
has 5,519 constraints, 2,695 operation variables, and 930
binary variables. In the optimal plan, the transmission lines
ns7-g1 = 2, ns5-57 = 1, nss_¢2 = 1, ng5-g1 = 1 and
ngy—gs = 1 are considered for installation in the first stage,
transmission lines ny7_29 = 1, ngp—73 = 1, n70_73 = 1 and
n19—g>» = 1 forthe second stage and ns3_gg = 2,n15-18 = 1,
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Fig. 3 The 93-bus Colombian system

n30—65s = 1, n30-72 = 1, nss_g4 = 1, ny7_e4 = 1,
nio—g» = 1 and ngg_g¢ = 1 for the third stage. The total
investment cost is US$ 492.16, and the optimal solution
is obtained in 7,599.81s. This solution is also reported in
Vinasco et al. (2011), Rahmani et al. (2013).

In this test, we do not need to use the SSRM; however, to
show the efficiency of the SSRM method, the search space
of the problem is reduced first, and then the MILP problem is
solved. For this test the CPLEX directives are poolstub =
solutions,populatelim = 5,poolgap = 0.10,
poolintensity = 4, poolreplace = 2, and
populate = 1.In this case, the mathematical model will

have 2,125 constraints, 1,348 operation variables and 258
binary variables. The optimal solution is also obtained in this
case but with much less processing time (40.07 s), which
shows the efficiency of the SSRM method in reducing the
computational effort of the problem.

4.2.2 Colombian 93-Bus System with Security Constraints
The contingency list is created using the optimum solution of
the planning without contingency, that is, the existing lines

and candidate lines with power flow greater than 95 and 60 %
of their maximum power flow are considered. Therefore, a
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contingency list containing seven transmission lines, (43-88,
45-50, 59-67, 55-62, 29-64, 48—-63 and 62-73), has been
created, which comprise approximately 4.51 % of the total
number of transmission lines. Considering the aforemen-
tioned contingency list, the mathematical model has 36,533
constraints, 15,035 operation variables, and 930 binary vari-
ables.

Due to the complexity of the mathematical problem, the
solver cannot converge to the optimal solution, and the opti-
mal solution of this test is unknown. Therefore, the SSRM
is used, reduce the search space of the problem, with the
same directives used as in the case without contingencies.
The mathematical model has 14,314 constraints, 8,963 opera-
tion variables and 258 binary variables. The result shows that
the transmission lines ns57_g; = 2, ns5_57 = 1, ns5_gp = 1
n4s5—g1 = 1 and ngo_gs = 1 need to be installed in the
first stage, the transmission lines n3g_72 = 1, n55_¢2 = 1,
ny7-29 = 1l ngp—73 = 2,n73_73 = 1 and nj9_gp = 1 for the
second stage and nsy—gg = 1, ni5-18 = 1, n30—¢5s = 1,
nss—g4 = 1, ns9_¢7 = 1, ny7-e4 = 1, n3z—720 = 1,
np—73 = 1, ngg—ge = 1 for the third stage. The invest-
ment cost on lines is US$ 588.08, and the processing time is
57,913.4s.

4.2.3 Comparison of MTEP Planning with and without
Security Constraints for Colombian 93-Bus System

The optimal plan of the case without security constraint needs
19 new transmission lines in 16 distinct corridors; the line
19-82 is installed in the second and third stage. These lines
are constructed in the three predefined stages. When consid-
ering the security constraints, the optimal plan needs 22 new
transmission lines in 18 different corridors.

The difference between the investment costs in the cases
with and without contingency is 19.48 %. Note that in both
planning cases the transmission lines (ns7_g; =2,n55_57=1,
nss—e2 = 1, ngs_g1 = 1, ngo_g5 = 1, ny7_p9 = 1,
nea-73 = 1, np73 = 1, nig-go = 2, ni5-13 = 1,
n3o—6s = 1, n30—72 = 1, nss_g4 = 1, np7_¢4 = 1 and
neg—g6 = 1) areinstalled in 15 similar corridors. With excep-
tion of the corridor n43_gg = 2, all other branches of the first
case (without security constraints) are part of the second case
(with security constraints).

Besides that, the corridor 19—82 has two lines in the first
case and only one line in the second case. So, there are six
transmission lines (nss_¢p = 1, ngp—73 = 1, nsp_gg = 1,
ns9_g7 = 1, n33_70 = 1, and ny,_73 = 1) that are different
in both planning cases.

4.3 Bolivian 57-Bus System

The 57 bus Bolivian system has 4 stages, 92 corridors, 16 gen-
erators in the first stage, 17 generators in the second and third
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stage and 18 generators in the fourth stage, with 24 demand
buses in the first stage, 25 demand buses in the second and
third stage and 27 buses in the fourth stage. The total power
demand is 962.3 MW in the first stage, 1,029.9 MW in the
second stage, 1,229.2 MW in the third stage and 1,733.3 MW
in the fourth stage. At most, two new lines for most of the
branches can be constructed and three lines for others. In
Fig. 4, the base topology is shown with solid lines, as well
as the candidate lines with dashed lines. All the system data
and discount factors for this system can be found in LAPSEE
(2012).

This system permit installation of transmission lines with
3 different characteristics, that is, a line y installed in corridor
ij, may have k different characteristics showed by 1, 2, or
3. Therefore, in mathematical modelling, the installation of
any line in branch ij with characteristic k is considered by
nijk = L.

4.3.1 Bolivian 57-Bus System Without Security Constraints

For the case without contingency, the mathematical model
has 6,690 constraints, 2,700 operation variables, and 1,080
binary variables.

In the optimum solution, the transmission lines n13-14,1
= 1, n3¢—39,1 = 1 and n21_39,1 = 1 are considered for
installation in the first stage, n27-s0,1 = 1 and n1-39,1 = 1
for the second stage, n43_51,1 = 2 for the third stage and
ny-251 = l,n41-451 = 1, n52_531 = 2, n43-53,1 = 2,
ns3—si,1 = 1, ns1-s541 = 1, na1-s55.1 = 2, nss_20,1 = 1,
ns5-20,2 = 1, nss—321 = 3, and nss—35,1 = 2 for the fourth
stage with an investment cost of US$ 71.77. The processing
time for obtaining this solution is 8,708.38 s. This solution is
also reported in Vinasco et al. (2011).

Although we do not need to reduce the search space
using SSRM methodology, we used that to show its per-
formance. The following CPLEX directives are used in this
case: poolstub = solutions,populatelim = 5,
poolgap = 0.05, poolintensity = 4, poolre
place = 2 and populate = 1. In this case, the math-
ematical model has 3,147 constraints, 1,412 operation vari-
ables and 444 binary variables. The optimum solution is
also obtained in this test, but with much less processing
time, namely 249.29s. Therefore, the computational effort
has been reduced significantly, which once again shows the
efficiency of the SSRM method.

4.3.2 Bolivian 57-Bus System with Security Constraints

Using the optimal plan designed for the case without con-
tingency, the contingency list is obtained by the lines hav-
ing a maximum flow greater than 90 % of their maximum
limit. In this case, 11 transmission lines have been chosen to
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Fig. 4 The 57-bus Bolivian system
be included in the contingency list. This list contains eight  the first stage, the transmission lines nj3-14,; = 1 and
transmission lines in the following corridors: 13—14, 24-25, ni17—s1,1 = 1 for the second stage, and the transmission
22-39, 27-28, 21-30, 28-32, 36-39, 31-40, and three can- lines ny7-50,1 = 1 and nyj—39,;1 = 1 for the third stage
didate lines in the following corridors: 52-53, 53-51, and and the transmission lines n41—451 = 1, n4p—s51,1 = 1,

27-5. Considering this contingency list, the mathematical
model has 59,898 constraints, 20,480 operation variables,
and 1,080 binary variables.

Due to the difficulty of solving the mathematical model,
in the full space of the problem, the SSRM is used in this
case. Therefore, the mathematical model has 29,755 con-
straints, 12,012 operation variables, and 444 binary vari-
ables. The proposed strategy suggested the installation of

following transmission lines ni3_14,1 = 1, n24—251 = 1,
n-39,1 = 1, n36-39,1 = 2, na3—s1,1 = 1, ni7—s1,1 =
1, nss—202 = 1, nss—31 = 1 and nyj—391 = 1 for

na3—s1,1 = 1,nsp-531 = 2, n50-532 = 2, n4p-s531 = 1,
n43—s31 = 1,ns3-511 = 1, ns1—s41 = 1, no1-s51 = 2,
nss—20,1 = 2, nss—3 1 = 2, nss—3s1 = 2 for the fourth
stage with an investment cost of US$ 112.79. The pro-
posed method finds this solution in 174,140.18s. In this
case, there is no report studying this system, therefore,
the comparison of results is not possible. However, since
we used the best configuration of the CPLEX directives
from previous study, which was able to obtain the optimum
solution, we believe that this solution might be of a high
quality.
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Table 1 Summary of the investment cost (x 10°) and processing time

Systems Multistage transmission expansion planning

Without contingency With contingency

With SSRM Without SSRM Vinasco et al. (2011)  With SSRM Without SSRM
IEEE24 220.28 US$ (<15s) 220.28 USS$ (47.77s) 220.29 US$ (953) 362.64 US$ (658.385) 362.64 US$ (14,768.305)
Colombian  492.16 US$ (40.07s)  492.16 US$ (7,599.815s)  492.17 US$ (7205) 588.08 US$ (57,913.40s)  Solution not obtained
Bolivian 71.77US$ (249.29s)  71.77 US$ (8,708.38s)  71.78 US$ (3605s) 112.79 US$ (174,140.18s)  Solution not obtained

4.3.3 Comparisons Between Planning with and Without
Security Constraints in Bolivian System

The optimal plan for the case without contingency requires 24
new lines, while the planning considering security constraints
required 33 new transmission lines. The difference between
the investment costs in planning studies is 57.15 %.

The transmission lines ni3—141 = 1, no4—251 = 1,
n36-39,1 = 1, n21-39,1 = 2, na7-50,1 = 1, ng1-451 = 1,
n43-s51,1 = 2, nsp-s53,1 = 2, n43-53,1 = 1, ns3_s51,1 = 1,
nsi—s41 = 1, no1-551 = 2, nss_201 = 1 nss—202 = 1,
nss—32.1 = 3, and nss_35,; = 2 are common in both
cases, but the model with security constraints has some other
transmission lines, namely nij3_141 = 1, noa—39.1 = 1,

n36-39,1 = 1, n17-51,1 = 2, nap—s1,1 = 1, nsp—s32 = 2,
n42-53,1 = 1, and ns5_20,1 = 1. The corridor 43-53 is also
common in both planning phases.

4.4 Summery of Results

Table 1 shows the processing time and investment cost of all
tests studied in previous sections and subsections. Using this
table, it is possible to compare the results of the test with
and without N — 1 security constraints as well as with and
without using the SSRM.

Note that the processing times for the tests systems
reported in Table 1, without security constraints, are less
than the one reported in Vinasco et al. (2011). As shown
in this table, for IEEE 24 bus system the processing time is
less than a second while it is 9s in Vinasco. We can observe
that the solution times for Colombian and Bolivian systems
using SSRM are 679 and 110s less than the times reported
in Vinasco. These results reveal the excellent performance
of the SSRM method in reducing the processing time of the
algorithm and obtaining very high-quality solutions for the
TEP problems.

5 Conclusions

The main contribution of this paper is to present a unique
mathematical model for the multistage transmission network

@ Springer

expansion problem with N — 1 security constraints. Unlike
heuristic methods, where the security constraints are treated
in separate phases, the proposed model directly considers
the security constraints within the mathematical model. The
advantage of the proposed model is that it has the capability
of finding the optimal solution of the problem since it uses a
mixed integer programming problem model.

For large-scale systems, a strategy is proposed to com-
pute a reduced combinatorial search space for the of MTEP
considering N — 1 security constraints. This approach facil-
itates implementation of the proposed model and lowers the
computational effort of the problems.

Comparative analysis for the model with and without secu-
rity constraints is also provided. The installation of transmis-
sion lines in each planning case is studied, and a discussion
of the differences in investment cost for planning cases with
and without security constraints is provided. The discussion
showed that the inclusion of security constraints in MTEP
increases the investment cost of the expansion plan signifi-
cantly; therefore, a proper definition should be made in the
set of contingencies.

The results show excellent performance of the proposed
approaches for solving the multistage transmission expan-
sion planning with predefined contingency lines.
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