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ABSTRACT
It has become more evident that in complex problems the performance of a genetic algorithm
depends on the initial population, specially on its quality and diversity. In this paper four
strategies are presented which, used concurrently allow to find quality and diversified
topologies to set up an initial population to be used in a genetic algorithm to solve the problem
of planning and expansion of electrical energy transmission systems. Also, experimental tests
on real systems are presented to show the proposal's performance. This strategy to generate
quality and diversified initial solutions can also be used in other algorithms such as simulated
annealing, tabu search, GRASP, etc.
KEYWORDS: Planning, transmission system, hybrid model, genetic algorithm.
1. INTRODUCTION
Optimization algorithms such as simulated annealing, genetic algorithms, tabu search,
GRASP, etc. usually require a solution or a set of solutions to start the search process.
It can be shown in a theoretical analysis of these algorithms that the final solution does not
generally depend on the initial solution used to start the process. This hypotheses is
particularly useful in the theoretical form of the genetic algorithm. However, when an initial
population is generated at random, the processing effort is prohibitive especially in real
problems with a high degree of complexity.
Recent research on the application of genetic algorithms in complex problems show that an
initial population generated by using efficient strategies considerably reduces the
computational effort and improves the quality of the solutions found. It has also been verified
that the best strategy to generate good inital solutions is to employ heuristic algorithms,
usually of constructive type. One of the many reasons for this choice is that there are many
heuristic algorithms available in the specialized literature to tackle complex problems. In this
case, the proposal consists in finding a good quality and diversified population using
constructive heuristic algorithms of relaxed models to solve the planning problem in electrical
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transmission systems. The initial population found is used to start optimization using a genetic
algorithm.
Relaxed models and heuristic techniques were widely used in the planning problem since the
60s and are still used. In this case two relaxed models called transport and hybrid are analized.
With the hybrid model it is still posible to use three kinds of constructive heuristic algorithms.
In this paper, a genetic algorithm with a new proposal to generate the initial population is used
to carry out the planning of the Colombian system.

2. MATHEMATICAL FORMULATION
In the following, the static transmission expansion problem is formulated as a mixed integer
nonlinear programming problem in which the power network is represented by a DC power
flow model:
Min ν = Σ cij nij
s.a.

Sf +g=d
fij - γij (θi - θj )(nij + n°ij) = 0
| fij | ≤ fij max (nij + n°ij)
0 ≤ g ≤ gmax
0 ≤ nij ≤ nij max

(1)

nij integer , fij and θj unbounded
where cij is the cost of the addition of a circuit in branch i-j, nij is the number of the circuits
added in branch i-j , n°ij is the number of circuits in the initial system, S is the system's busbranch incidence matrix, γij is the susceptance of the new circuits, fij is the flow in the circuit
i-j, fij max is the maximum flow in the circuit i-j, d is the demand vector, g is the generation
vector, gmax is the maximum generation capacity vector.
A complication arises from the fact that the simple addition of a new circuit may not be
enough to guarantee network connectivity. The resultant network can be disconnected.
The DC model must obey Kirchhoff's two laws and the operation and investment constraints.
Thus, the first set of restrictions in (1) represents Kirchhoff's first law and the second set,
Kirchhoff's second law. The rest are operational restrictions. Problem (1) is a non-linear
programming integer mixed problem (PNLIM). It is hard to solve due to its non-convexity and
to the fact their shows the combinatorial explosion phenomenon. One of the most appropriate
ways to solve (1) is by means of a genetic algorithm.
3. RELAXED MODELS AND HEURISTIC ALGORITHMS
The DC model can be substituted by relaxed models where a set of restrictions are not taken
into account, making it possible to solve the problem more easily. The most widely used
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relaxed mathematical models are the transport models and the hybrid models. The latter can
have several forms and it can be linear or non-linear.

3.1 TRANSPORT MODELS
When the restrictions corresponding to Kirchoff's second law in the DC model are eliminated,
a relaxed model called "Transport model" is obtained. It is governed by the following
equations:
Min ν = Σ cij nij
s.a.

Sf+g=d
| fij | ≤ fij max (nij + n°ij)
0 ≤ g ≤ gmax
0 ≤ nij ≤ nij max

(2)

nij integer; fij unbounded
The transport model corresponds to a linear integer mixed problem (PLIM). It is not easy to
find the optimal solution to the transport model. However, there is a constructive heuristic
algorithm that finds a good solution to the transport model with a small computing effort. A
good solution found with the heuristic algorithm is an excellent topology to build an initial
population because it generally finds the most attractive circuits to be incorporated into the
system.
3.2 LINEAR HYBRID MODEL
This is also a relaxation of the DC model. In the linear hybrid model all existing circuits in the
base topology must fulfill both of Kirchhoff's laws and the added circuits must only comply
Kirchhoff's first law. In other words, Kirchhoff's first law must be obeyed in all the system's
buses but the second law must only be obeyed in the meshes of the already existing circuits in
the base configuration. A mathematical formulation for the linear hybrid model is:
min

ν = Σ cij nij

Sf+S°f° +g=d
f° ij - γij n°ij (θi - θj ) = 0
| f° ij | ≤ fij max n°ij
| f ij | ≤ fij max nij
0 ≤ g ≤ gmax
0 ≤ nij ≤ nij max
nij integer; f° ij , fij y θ j unbounded
s.a.

(3)

Where S° is the system's bus-branch incidence matrix conformed by the existing buses and
branches in the initial topology, f° is the power flow vector of the existing branches in the
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initial topology, f is the flow vector of the newly added circuits whose elements are the flows
fij.
3.3 HEURISTIC ALGORITHMS
Heuristic constructive algorithms exist for each of the presented models. Those algorithms
add a circuit in every step and the circuit is selected by using a sensitivity indicator. It is
important to note that if in the transport and linear hybrid models the integrality conditions are
relaxed, that is, the values nij are allowed to take non-integer values, then both models reduce
to solving a simple linear programming problem (PL). This kind of solution has no practical
value. However, it can be used as a strategy to identify the most attractive circuits, that is, it
can be used as a sensitivity indicator. Thus, for the transport and hybrid models the following
heuristic constructive method can be used:
1. Consider the initial topology as the present topology.
2. Solve the mathematical model for the present topology using a PL algorithm, relaxing the
integrality of values nij. If all values nij = 0 and ν=0 then stop the process since the system
operates adequatelly. Else, go to step 3.
3. Identify the most attractive path as the added circuit that takes the greatest power flow
(nij>0). Add this circuit to the simulated system and update the present topology.
This algorithm finds a feasible topology for the analyzed model. In large sized systems
heuristic algorithms do not find the optimal solution. Also, the found topologies, although
optimal, aren't usually feasible for the DC model.
However, the algorithm finds good solutions and, even more important, it identifies the most
attractive circuits. Therefore, the fundamental strategy consists of finding a set of topologies
using relaxed models and then employing those topologies as an initial population to find
optimal and sub-optimal solutions for the DC model combined with a specialized genetic
algorithm.
3.4 FOUR HEURISTIC ALGORITHMS
Using the already discussed proposal of a constructive heuristic algorithm it is possible to
implement an algorithm for the transport model and three algorithms for the hybrid model.
With small modifications in the basic algorithm it is possible to find a set of good quality
topologies. The figure 1 shows the solution trajectories for the hybrid and transport models.
3.4.1 GARVER'S ALGORITHM
The heuristic algorithm developed in 3.3 for the transport model is Garver's proposal [6] and it
was widely used in the past for planning. Garver's algorithm finds a feasible topology for the
transport model. However, many topologies can be found using Garver's algorithm. For
example, suppose that Garver's algorithm finds a topology where circuits where added in 40
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paths and 25 from those paths are considered important. In this context, 25 further topologies
can be found repeating Garver's algorithm and discarding in each case one of the 25 paths
considered important. This implementation can be made easily by changing the cost of each
circuit in every case.
The foregoing process can be repeated discarding several circuits in each case. It is important
to note that many good quality topologies can be found and they can be significantly different.

Figure 1. Solution trajectories of the hybrid and transport models

3.4.2

HYBRID ALGORITHM I

It is possible to employ the heuristic algorithm of 3.3 for the hybrid model where the final
topology is feasible for the hybrid model. In this case, in step 2 the hybrid model (3) is solved
applying the following changes:
1. Relation S f + S° f° + g = d (Kirchhoff's first law is substituted by relation S f + S° f° + S´
f´ + g = d, where S´ is the bus-branch incidence matrix formed by the circuits added during
the heuristic process and the terminal buses in those circuits. f´is the flow vector with elements
f ´ij which represent the circuit flow through path i - j that was added during the iterative
process.
2. The set of relations | f´ij | ≤ fijmax n´ij must be added, where nij represents the number of
circuits added during the iterative process.
It is important to note that every time that the modified problem (3) is solved, there is a flow
vector for circuits in the base topology and another flow vector for circuits added in the
iterative process and yet another flow vector for circuits with values nij ≠ 0 in the PL solution.
It is also important to note that the modified problem (3) changes little between 2 succesive
iterations since vector n´ scarcely varies with the addition of a circuit in element n´ij on the
most attractive path i-j. Matrix S´ also changes.
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3.4.3

HYBRID ALGORITHM II

It is possible to use the heuristic algorithm shown in 3.3 for the hybrid model where the final
topology has characteristics that are slightly different from those found in the last proposal. In
this proposal, every circuit added during the iterative process must show the following
behavior: (1) if it belongs to a path where a circuit already exists in the base configuration,
then the newly added circuit must obey Kirchhoff's second law together with the parallel
circuits that may have existed on that path in the base topology and (2) if it belongs to a new
path then that circuit must only obey Kirchhoff's first law. Thus, the topology found under this
proposal is different from the one found in the last proposal. Suppose for example that a
circuit exists between buses 25-32 in the base topology and during the iterative process a new
circuit on that path was added. In the hybrid algorithm I it is possible that the flow through
each of the two circuits be different (one of them fulfills only Kirchhoff's first law, the other
fulfills both laws). In the hybrid algorithm II both circuits must have equal flows since the two
must fulfill both Kirchhoff's laws.
In this case, in step 2 the hybrid model (3) is solved with the following changes (is used the
model of hybrid I) :
On each iteration it is identified if the circuit to be added belongs to a path on which at least a
circuit of the base topology exists. That being the case, element n°ij is updated adding a
circuit. Else, element n´ij is updated adding a circuit. An update of matrix S´ may also be
necessary. It is important to note that the PL structure between two successive iterations
changes little; only an element from n°ij or an element from n´ij (and also S´ ).
3.4.4

HYBRID ALGORITHM III

It is possible to use the heuristic algorithm of 3.3 for the hybrid model where the final
topology is feasible for the DC model. This proposal is known as the Villasana-Garver
algorithm. In this case, step 2 of the hybrid model (3) is solved as follows:
1. During each step, relaxed problem (3) is solved using a PL algorithm.
2. On each iteration, the most attractive path i-j must be identified and element n°ij must be
updated adding a circuit. It may also be necessary to update matrix S°.
It is important to note that on each step of the iterative process, the circuits existing in the base
topology and also those added in the iterative process obey Kirchhoff's second law. Therefore,
when the iterative process ends, the final topology found is feasible for the DC model.
3.5 GENERATION OF THE INITIAL POPULATION
The initial population, conformed by excellent-quality and diversified topologies, can be
found using the four constructive heuristic algorithms shown above. It is also observed that
constructive heuristic algorithms tend to add many irrelevant circuits in the final phase of the
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iterative process. Therefore, some topologies can be generated by stopping the process when
the investment ν found by the PL algorithm is small enough without reaching ν=0. In this
work, topologies to find an initial population were generated according to the following steps:
•

For each heuristic algorithm an additional set of new topologies can be found by repeating
the process and forbidding in each case an important circuit identified in the initial process
with no prohibitions.
• The forementioned strategy can be repeated, but the process stops when the pending
investment ν is ν ≤ νo , where νo is a value previously fixed.
With this proposal it is possible to find a high number of topologies, usually much higher than
the necessary to set up the initial population of a genetic algorithm. However, new goodquality topologies can be found by employing the recombination operator on the found
topologies.
4. GENETIC ALGORITHMS
The methodology described for a genetic algorithm is taken from reference [3]. Several
methologies of initializing algorithms are tested using the same base algorithm.
A simplified representation of a Genetic Algorithm Problem requires the following steps:
•
•
•
•
•
•

Definition of the objective function
Coding
Definition of the selection scheme
Definition of the crossover and mutation mechanisms
Definition of population size and stopping criterion
Implementation of the special features associated to the transmission planning problem

In order to develop a genetic algorithm capable of solving large-scale practical cases it is
necessary to implement the following functions: Limited selection, elitism, building blocks
and unconnected networks, see reference [3].
Control parameters: The parameters used in the analysis of the colombian electrical system
are: population size between 140-200, crossover rate between 0.7-0.9, mutation rate between
0.005-0.05. The selection type used is proportional selection with stochastic remainder.
Stop criterion: The process stops whenever the incumbent solution (least cost configuration)
does not improve after a specified number of generations (from 50 to 100 generations). The
maximum number of generations used is between 500 and 1000.
5. TEST AND RESULTS
Using the Minos program (running in a SUN ultra5 station) a genetic algorithm was
implemented, with an initial population generated with the three versions of the hybrid model
and the transport model. As test systems the Garver system (6 buses/15 branches) [6] and the
Colombian electrical system projected into year 2012 (171 buses/ 223 existing transmission
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lines and 196 candidates) were used. All the relevant data about this system are found in
reference [1].
In the Garver system [6] hybrid initializers complemented with the constructive algorithm
described in 3.3 find the optimal solution without resorting to a genetic algorithm. It was
found however that each hybrid version reaches the solution through different solution
trajectories as shown in figure 2.

Figure 2. Garver solutions using
hybrid models

Figure 3. Comparison among the best
and the hybrid solutions

The constructive heuristic techniques used in this paper allow the obtention of an optimal
solution for small systems.
For the 2012 colombian system, the obtained solutions were confronted using the constructive
heuristics described in 3.3 based on the three hybrid versions with the best solution found to
date for this system [5]. Figure 3 shows the circuits common and not common to the solutions
found with hybrid versions and the best solution in reference [5].
Based on hybrid and transport models an initial population was set up and then used with a
genetic algorithm. The following solution was obtained:
OCAN-CESA : 2,
CMA5-CHI5: 1,
GTPE-MIRF: 1,
VIRG-VIR5: 1,
NDE2-SOG2: 1.

CART-SAB2: 1,
CMA5-SJOG: 1,
JUTO-YUMB: 1,
SAB2-SAB5: 2,

CGVC-TLUA: 1,
SAB5-CHI5: 1,
YUMB-MARC: 1,
MALE-MAL5: 2,

CGVC-VIRG: 1,
CMA5-SAC5: 1,
SAC5-VIR5: 1,
MAL5-FAC5: 1,

With a total investment of US M562.3 and a loss of load of 0 MW, the same quality as that
reported in [1,5] was reached. Also, other good solutions were found, one of this with a total
investment of US M504.37 and a loss of load of 50 Mw.

6. CONCLUSIONS
In this paper, four constructive algorithms are analyzed: the transport model and 3 versions of
the hybrid model. This paper’s objective was to conform initial populations with the
forementioned algorithms and to use those populations as initializers for combinatorial
algorithms such as genetic, memetic, evolutive, tabu search, simmulated annealing and
GRASP algorithms. The population obtained was used as initializer for a genetic algorithm.
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The solution obtained was substantially better as the one achieved with the employment of
other initializers using the same genetic algorithm and was as good as that obtained using a
tabu search.
It can be shown mathematically that it is possible to find very high quality solutions in large
electrical systems, but the computational effort is prohibitive in terms of time. In practice, with
a random or some other kind of initializer, usually very poor quality solutions are obtained and
still the computational effort is high. When the methods described in this paper to find an
initial population are used, it is guaranteed that the process starts in a region that contains very
good quality solutions, among which the optimal solution may be included. The computational
effort is moderate with respect to that made under some other initializer.
7. ACKOWLEDGEMENTS
The authors wish to thank to the Universidad Tecnológica de Pereira for the support to the
electric planning work group.

8. BIBLIOGRAPHY
[1]

Da Silva E.L., Gil H.A., Areiza J.M. (2000). Transmission Network Expansion
Planning Under an Improved Genetic Algorithm, IEEE Trans. On Power Syst., 15,
1168-1175.

[2]

De Oliveira, S.A., de Almeida, C.R.T. Monticelli, A. (1998). Times assíncronos
aplicados a métodos heurísticos constructivos de planejamento da expansão da
transmissão, XII Congresso Brasileiro de Automática, 3, 1029-1034.

[3]

Gallego, R.A., Monticelli, A., Romero, R. Transmission System Expansion Planning
by extended Genetic Algorithm, IEE Proc. Part c, 145-3, 329-335.

[4]

Gallego, R.A, Monticelli, A., Romero, R. (2000). Tabu Search Algorithm for Network
Synthesis, IEEE Transactions on Power Systems, 15, 490-495.

[5]

Gallego, R.A., Romero, R.A., Escobar, A. (2000). Statical Planning of Colombia´s
Transmission System Using Genetics Algorithm, 16th International Conference on
CAD/CAM Robotic & Factories of the Future, Trinidad y Tobago.

[6]

Garver, L.L. (1970). Transmission Network Estimation Using Linear Programming.
IEEE. Transactions on Power Apparatus and Systems, 89, 1688-1697.

[7]

Michalewicz Z. (1992), Genetic Algorithms + Data Structures= Evolution Programs,
Artificial Intelligence, Springer, Berlin.

CARS & FOF 2001 – Durban, South Africa

[8]

Monticelli, A., Santos, A. Jr., Pereira,M.V.F., Cunha, S., Praça J. G., Park, B. (1982).
Interactive Transmission Network Planning Using a Least-Effort Criterion, IEEE
Transactions, 101-10, 3919-3925.

[9]

Romero, R., Mantovani, M., Gallego, R.A., Monticelli, A. (1999). Experimental
Analysis of Selection Methods in a Genetic Algorithm Applied to the Planning
Electrical Transmission. 15th International Conference on CAD/CAM Robotic &
Factories of the Future, Aguas de Lindoia, Brasil.

