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HERRAMIENTAS DE CALCULO UTILIZADAS

POWER SYSTEM SIMULATOR FOR ENGINEERING (PSS/E)

El programa utilizado para analisis de sistemas de potencia para el Plan de
Expansién del Sistema de Transmisién es el PSS/E, Power System Simulator for
Engineering. EI PSS/E es un paquete de programas desarrollado por Power
Technologies, Inc. (PTl), compafia de consultoria para el analisis de sistemas
eléctricos de potencia en las areas de generacién, transmision, distribuciéon vy
plantas 6 sistemas industriales.

DESCRIPCION FUNCIONAL DEL PSS/E

El PSS/E es un programa integrado e interactivo, que se emplea para simular,
analizar y optimizar el comportamiento de un sistema de potencia en condiciones
de estado estable y dinamicas.

Este programa consta de diferentes médulos y puede realizar los siguientes
calculos de andlisis de sistemas de potencia:

Flujo de Carga

Flujo de Carga Optimo (OPF)

Andlisis de Fallas Balanceadas y Desbalanceadas

Simulacién Dinamica

Simulacién Dinamica Extendida

Analisis de Limites de Transferencia

Reduccién de Redes

@ oa0op

El programa alcanza sus maximas capacidades por una estructura altamente
modular y, en la simulacién dinamica se pueden crear subrutinas que describan
algun problema de interés cuando los procedimientos estandares de célculo no
son apropiados.

Aplicando estas herramientas en la secuencia apropiada, se puede manejar un
amplio rango de variaciones en el tema basico de flujo de carga y estabilidad.

La version 30.2 del PSS/E con que cuenta ETESA tiene la capacidad de modelar
hasta 50,000 barras, 100,000 lineas, 20,000 transformadores y 12,000
generadores. A continuacién se presentan las tablas que muestran la cantidad
total de elementos que puede simular el PSS/E.



Table P-1. Standard Maximum PSS/E Program Capacities
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Table P-1. Standard Maximum PS5E Program Capacities (Cont)
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PROGRAMA DIGSILENT

El programa DigSILENT Power Factory (Digital SImulation and Electrical NeTwork
calculation program) es una herramienta de ingenieria asistida por computador,
disefiada como un paquete interactivo, integrado y avanzado, que se emplea para
el andlisis de sistemas eléctricos de potencia orientados a alcanzar los principales
objetivos del planeamiento y optimizacion de la operacion.

El programa permite trabajar de manera integrada con una interface grafica en
linea que posee funciones de dibujo de diagramas unifilares. Cada elemento en el
diagrama unifilar se enlaza directamente con la base de datos que almacena toda
la informacion de cada elemento que hace parte del sistema eléctrico, permitiendo
con esto la edicidbn de parametros desde el unifilar. Adicionalmente, desde la
interface gréafica se tiene acceso directo a todas las caracteristicas de calculo
relevantes tanto dinamicas como estaticas.

Cada sistema eléctrico que se quiera modelar constituye para la aplicacién un
PROYECTO, de manera que cada proyecto debe contener la topologia de la red
(GRID), los parametros técnicos de cada elemento (LIBRARY) definidos en
unidades fisicas (no en PU) y la definicion del caso de estudio en donde se
especifica qué seccion de la red quiere estudiarse (STUDY CASE). En un mismo
proyecto pueden haber tantas Grid. Libray y Case como se necesiten, lo cual
permite modelar en un mismo proyecto un sistema con varias condiciones
operativas (varias demandas, y/o varios despachos, y/o cambios topolégicos) e
incluso su evolucién en el tiempo (expansién).

Las funciones que proporciona el DigSILENT estan agrupadas por moédulos, cada
uno de los cuales puede adquirirse de manera independiente. Los principales
mddulos disponibles y sus funciones son los siguientes:



Basics

Elaboracién de diagramas unifilares interactivos con la base de datos
Calculos de flujos de carga

Célculos de cortocircuito

Célculo de parametros eléctricos de lineas de transmision a partir de su
configuracion geométrica.

Creacion de tareas automatizadas (DPL)

Acceso interactivo o en linea con sistemas SCADA.

Posibilidad de importacién o exportacién de datos en forma dinamica con
otras aplicaciones (Excel).

Stability

Simulaciones de estabilidad transitoria
Creacién de modelos de usuario (DSL)
Simulaciones de estabilidad dinamica
Analisis modal

Reduccion de redes.

Otros Modulos

Armonicos
Confiabilidad
Protecciones

Diagrama Unifilar

De acuerdo con la filosofia de la aplicacién, cada elemento en el
DIgSILENT es un objeto, y todos los objetos son almacenados en una
base de datos estructurada en arbol (similar al sistema de administracion
de archivos de Windows), la informacion grafica al interior del DIQSILENT
es conservada por medio de objetos gréaficos. Un diagrama unifilar de una
red en particular, por ejemplo, es almacenada como un objeto Single Line
Graphic.

En el DIGSILENT se tienen disponibles cuatro tipos de objetos graficos:

Diagramas unifilares que se utilizan para la definicion de las redes
eléctricas y para mostrar resultados de calculo.

Diagramas de subestaciones para mostrar la topologia de una subestacion
en particular y los resultados de célculo.

Diagramas de bloques para la creacién de circuitos l6gicos (controles) y
relés.

VIP’s que pueden emplearse para la creacion de gréaficas, por ejemplo de
resultados de simulaciones de estabilidad, célculos de armonicos, eic.

Las ventajas de esta herramienta son las siguientes:

El enlace entre la representacion grafica y los datos de objetos, sin tener
necesariamente una relacion 1:1 entre los objetos y los simbolos graficos.



¢+ Ademas de permitir dibujar objetos existentes en la base de datos, permite
crear objetos nuevos.

+ Permite ubicar y editar objetos de la base de datos mas agilmente.
¢ Los resultados se presentan de una manera mas clara para el usuario.

Flujo de Cargas

El problema del flujo de cargas consiste en el calculo de flujos de potencia
y voltaje de barras de un sistema eléctrico bajo condiciones normales de
operacion. Comunmente los sistemas de transmisiéon son balanceados, y
en estos casos es posible emplear una representacion monofésica para su
analisis. En sistemas de distribucién, en cambio, lo mas comun es que se
presenten desbalances debido a que las cargas son normalmente
desbalanceadas y, por tanto, requieren la representacion de las tres fases.
El moédulo de flujo de cargas del DIgSILENT permite ambos calculos, sin
que por ello sea necesario la informacién de las tres fases cuando los
analisis monofasicos sean suficientes.

Todas las restricciones que existen en los sistemas de potencia (tales
como limites de capacidad de generadores, limites de cambiatomas,
limites de transferencia de lineas, etc.) pueden ser o no considerados en
los célculos de flujo de carga. Asi mismo, es posible definir elementos
como maquinas asincrénicas, cargas especiales, FACTS, cambiatomas
automaticos, etc., especificando su comportamiento individual.

En el DIgSILENT la funcién de SLACK del sistema no necesariamente la
cumple una sola maquina sino que es posible definir que varias maquinas
la cumplan (SECUNDARY CONTROLS). Asi mismo es posible controlar
la tension en una barra del sistema con la participaciéon de los reactivos de
varias maquinas (STATION CONTROLS).

Los resultados de un flujo de carga pueden observase en forma tabular
(UOTPUT window), en los diagramas unifilares (GRAPHIC windows), o en
la base de datos (DATA MANAGER) y pueden imprimirse o ser guardados
en archivos de aplicaciones de office.

Las ventajas del célculo de flujos de carga con DIgSILENT son las
siguientes:

¢ La informacion de salida puede darse de varias maneras tal como tablas,
gréficos, archivos, lo cual resulta practico para la elaboracion de los
informes.

¢ Al analizar un resultado, se puede determinar con facilidad qué elementos
dentro del sistema violan valores establecidos o se encueniran en rangos
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determinados, tanto de manera tabular como grafica, lo que agiliza el
proceso de ajuste del flujo de cargas.

La alta velocidad de computo es notable para sistemas grandes.

El célculo se basa en un algoritmo Newton—Raphson no desacoplado
modificado de tal forma que siempre se garantiza la convergencia.

Cortocircuito

* & o o

El DIgSILENT ofrece los siguientes métodos de calculo de cortocircuitos:
Norma Alemana VDE 0102

Norma Americana ANSI y IEEE C37

Norma Internacional IEC 909

Método "complete”

El DIgSILENT permite calcular:

Corrientes de cortocircuito maximas, las cuales sirven para determinar la
capacidad de los equipos eléctricos a instalar

Corrientes de cortocircuito minimas, que sirven como base para el célculo
de fusibles 0 mecanismos de proteccion.

Corrientes de cortocircuito tomando como referencia el perfil de tensiones
de un flujo de carga.

El programa tiene las siguientes ventajas:

El modelamiento que se requiere para el célculo de flujos de carga permite
también el calculo de corrientes de cortocircuito trifasicas.

Para el célculo de fallas asimétricas es necesario haber definido las
impedancias de secuencia de los elementos del sistema: lineas,
transformadores y maquinas.

El programa permite calcular corrientes de cortocircuito en varias
subestaciones a la vez.

El programa permite calcular corrientes de cortocircuito para fallas
simultaneas en varias subestaciones.

¢ Para sistemas grandes es notoria la alta velocidad de calculo.
¢ Los resultados del céalculo se presentan en la ventana de salida en forma

tabular (indicando los aportes por cada elemento conectado al punto de
falla) y en los diagramas unifilares (mostrando el flujo de corrientes por
todo el sistema graficado). Estos resultados pueden imprimirse o
convertirse en archivos con formato de office.

Estabilidad

La funcién de simulacién de transitorios del DIGSILENT permite analizar la
dinamica del comportamiento de un sistema de potencia en.el dominio del
tiempo. La libreria de modelos propia del programa incluye varios
modelos de generadores, motores, controles de plantas, cargas dinamicas



y elementos pasivos de redes tales como lineas, transformadores, cargas
estaticas y compensaciones.

Los transitorios en sistemas eléctricos de potencia pueden ser divididos
principalmente en tres dominios de tiempo:

¢ Corta Duracion (transitorios electromagnéticos)
¢ Media Duracién (transitorios electromecanicos)
¢ Larga Duracion (transitorios)

DIgSILENT cubre el rango completo de los fenédmenos transitorios en
sistemas eléctricos de potencia. Consecuentemente, hay tres funciones
diferentes de simulacion disponibles:

Una funcién basica que usa un modelo de red (RMS) de estado estable
simétrico para estudio de transitorios de media y larga duracion bajo
condiciones de red balanceada.

Una funcién trifasica que usa un modelo de red (RMS) de estado estable
simétrico para estudio de transitorios de media y larga duraciéon bajo
condiciones de red balanceada y desbalanceada.

Una funcién de transitorios electromagnéticos (EMT) con modelo de red
dindmico para estudio de transitorios electromagnéticos y
electromecanicos bajo condiciones de red balanceada y desbalanceada.

Adicional al calculo de transitorios, pueden realizarse dos caélculos
adicionales:

¢ |dentificacion de Parametros
¢ Analisis Modal

Basado en la solucion de un célculo de flujo de carga, la funcién de
simulacion del DIGSILENT determina las condiciones iniciales de todos los
elementos del sistema de potencia, cumpliendo los requerimientos de que
la derivada de todas las variables de estado de cargas, maquinas,
controles, etc., sean cero.

En esta etapa del proceso de simulacion, se determina también qué tipo
de representacién de red debe ser usada, que paso de integracion, cuales
eventos simular y dénde almacenar los resultados.

ElI DIgSILENT ofrece las siguientes ventajas:

Su libreria contiene modelos detallados de maquinas sincronas .y
asincronas, con una sofisticada representacién de los sistemas de
secuencia cero y negativa, sistemas de compensacién estatica controlada
con suicheo automatico de condensadores, modelos de carga general con
dependencia de la tensidn estatica y transitoria y equipos de proteccion
(relés de frecuencia).



¢ La libreria también incluye diversos tipos de controles (velocidad, tensién,
potencia, estabilizadores, etc.) asi como de turbinas (calderas, sistemas
hidraulicas, turbinas a gas).

¢ Ademas de la disponibilidad de modelos dinamicos predisefiados, el
usuario tiene la posibilidad de definir sus propios tipos de modelos
matematicos que le permitan aproximarse mas a sus requerimientos
particulares.

¢ Durante la simulacién el valor de todas las variables monitoreadas pueden
imprimirse en la pantalla de salida. Sin embargo, estos resultados
también son almacenados en un archivo que posteriormente puede
procesarse y estudiarse mediante tablas o graficas.

¢ El proceso de simulacién puede ser interrumpido para la introducciéon de
fallas, operaciones de suicheo, impresién de resultados intermedios o el
cambio de las variables de monitoreo.

Confiabilidad
La valoracién de indices de confiabilidad basicamente comprende 5 etapas:

1. Modelamiento de fallas
Modelamiento de cargas
Generacién de estados de la red
Analisis de efecto de fallas
Analisis estadistico

o~

Los modelos de falla describen la manera en la cual las componentes del sistema
pueden fallar, qué tan a menudo pueden fallar y cuanto toma reparar las fallas.
Los modelos de carga requieren la definicibn de un modelo mas discretizado en
tiempo, comparado con otros analisis eléctricos, del comportamiento en el tiempo
de las cargas y puede basarse en prondsticos precisos de demanda y escenarios
de crecimiento de demanda. El modelo utilizado aqui es la curva de duracion de
carga anual.

La combinacién de una o mas fallas simultdneas y una condicién de carga
especifica es lo que se conoce como “estado del sistema”. ElI modelo de
generacion de estados del sistema usa los modelos de falla y de carga para
construir la lista de estados del sistema relevantes. La tarea del mddulo de
Analisis de Efecto de Falla (FEA) es analizar los estados del sistema fallado
imitando las reacciones del sistema a esas fallas, calculando la demanda de carga
atendida. La tarea basica del FEA es determinar si las fallas del sistema
ocasionaran interrupciones de carga y cuando ese sea el caso, qué cantidad de
carga y por cuanto tiempo estara interrumpida.

Los resultados del FEA son mezclados con los datos que provee el médulo de
generacion de estados del sistema para actualizar las estadisticas. Los datos de
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estado del sistema describen la expectativa de frecuencia de ocurrencia de los
estados del sistema y su duraciéon esperada. La duracién de esos estados del
sistema no debe confundirse con la duracioén de las interrupciones.

Con base en las estadisticas de falla en equipos se establecen los indices de
disponibilidad, frecuencia y duracion histoéricos de fallas que permiten implementar
un modelo de fallas para cada generador, linea y transformador de su sistema
eléctrico.

Para la evaluacién de la confiabilidad se representa en detalle todo el sistema de
generacion, transmision y distribucion dependiendo del grado de detalle con el
cual se requiera analizar la red. Las simulaciones se realizan utilizando el método
de Montecarlo disponible en el programa DIgSILENT, el cual ejecuta una
simulacion cronolégica de las fallas en el sistema, empleando para ello un
generador numérico estocastico, y determina en cada caso la energia racionada y
los indices de confiabilidad de las cargas y barras del sistema.

Se determinan los indices de confiabilidad de todos los puntos de carga,
subestaciones y el sistema global.

Los indicadores de confiabilidad que se entregan en este analisis son los mas
utilizados en los sistemas de transmisién:

Cargas
> LPIT: Tiempo de interrupcion esperado (Horas/Ano)
> LPIF: Frecuencia Anual de Interrupciones (Veces/Afo)
> AID: Duracién promedia de cada interrupcién (Horas/ano)

> LPENS: Energia no suministrada (MWh/Ano)

Barras
> AIT: Tiempo promedio de interrupcién anual (Horas/Ano)
> AIF: Frecuencia promedia de Interrupciones anual (Veces/Ano)

> ENS: Energia no suministrada (MWh/ARO)
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SAIFI:

CAIFI:

SAIDI:
CAIDI:

ASAI:
ASUI:
ENS:

AENS:

Frecuencia promedia de interrupciones en el sistema (Veces/Afno)

Frecuencia promedia de interrupciones por consumidor afectado
(Veces/Ano-Consumidor)

Duracién promedio de interrupciones en el sistema (Horas/Afo)

Duracién promedio de interrupciones por consumidor afectado
(Horas/Ano-Consumidor)

Disponibilidad promedia (%)
Indisponibilidad promedia (%)
Energia promedia no suministrada (MWh/Afo)

Energia promedio no suministrada por consumidor afectado
(MWh/Ano-Consumidor)
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STOCHASTIC DUAL DYNAMIC PROGRAMMING (SDDP)

ESTRUCTURA DEL MODELO
El modelo SDDP se compone de dos médulos principales:

1. Moddulo de Planificacién Operativa - Determina la politica operativa mas
econdémica para los embalses, teniendo en cuenta las incertidumbres en las
afluencias futuras y las restricciones en la red de transmisién; simula la
operacion del sistema a lo largo del periodo de planificacion, para distintos
escenarios de secuencias hidrolégicas; calcula indices de desempeno tales
como el promedio de los costos operativos, los costos marginales por barra y
por blogue de carga, y los intercambios éptimos entre empresas; determina
la operacion 6ptima de corto plazo

2. Moddulo Hidrolégico - Determina los parametros del modelo estocastico de

caudales.

La Figura presenta el flujo de ejecucién de los médulos, los principales datos de
entrada, y los enlaces entre los médulos de célculo de politica operativa y
simulacion.
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FLUJO DE DATOS

Los datos de entrada para el médulo de la politica operativa incluyen:

1. Datos del sistema:

e caracteristicas del sistema hidroeléctrico (topologia de los embalses,
coeficientes de produccion, limites de almacenamiento, limites de
turbinamiento etc.)

e caracteristicas de las centrales térmicas (potencia instalada, factores de
disponibilidad, costos operativos etc.)

e programa de mantenimiento de los equipos

e caracteristicas del sistema de transmision (topologia de la red, susceptancia y
limites de flujo en los circuitos)

2. Demanda para cada etapa, cada bloque y cada barra de carga

3. Parametros del modelo estocastico de caudales

Los datos de entrada para el médulo hidrolégico incluyen:

e topologia de los embalses

e datos histéricos de los caudales

PROGRAMACION DINAMICA DUAL ESTOCASTICA

La programacion dindmica dual estocastica es la que permite efectuar la
valoracion del agua en sistemas hidrotérmicos con numerosos embalses. El
concepto de valoracibn del agua almacenada permite efectuar un
desacoplamiento temporal del problema de operacion hidrotérmica. Esta
valoracion del agua hace que las plantas hidroeléctricas, para efectos de
despacho, puedan ser consideradas como plantas termoeléctricas, asignandoles
el costo correspondiente a la valoraciéon del agua. En esta forma, el despacho se
realizaria de acuerdo con el orden de mérito del conjunto de recursos térmicos e
hidroeléctricos.

La programacion dinamica dual estocastica parte de una representacion
estocastica de las series temporales hidrolégicas pertinentes. La versién del SDDP
utilizada permite representar los aportes hidrolégicos mensuales por medio de sus
medias, desviaciones tipicas, coeficientes de asimetria, estructura de correlacion
temporal dada por un modelo auto regresivo hasta de orden 6 y la estructura de la
correlacién espacial. Esta representaciéon permite utilizar los parametros para una
generacion de secuencias hidroldgicas igualmente probables, las cuales preservan
las caracteristicas de la serie original. Dichas secuencias permiten simular el
sistema hidrotérmico y observar su comportamiento para cada una de ellas. Dado
que ellas son igualmente probables, de los resultados de las simulaciones es
posible inferir acerca del comportamiento probabilistico de diversas variables
producto de la operacion del sistema.
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La programacion dindmica dual estocastica opera en dos fases: en una primera
fase el modelo halla la politica de operacién por medio de cortes de Benders, los
cuales, en la préactica, lo que permiten es valorar el agua en cada un de los
embalses del sistema como funcién del contenido de los mismos y de la historia
hidrolégica en periodos anteriores. Una vez se ha obtenido la politica operativa el
modelo efectia una simulacién para cada una de N secuencias generadas
sintéticamente.

El modelo SDDP permite efectuar una representacion bastante detallada de cada
una de las plantas del sistema, el suministro de combustible, la disponibilidad
hidrolégica, la demanda y la red de transmisién bien sea incluyendo pérdidas en el
sistema o sin incluirlas.
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MODELO DE EXPANSION AUTOMATICA DE TRANSMISION

Transmission Network Expansion Planning Under
a Tabu Search Approach

Edson Luiz da Silva, Jorge Mauricio Areiza Ortiz, Gerson Couto de Oliverra, and Silvio Binato

Abstract—This paper describes an implementation of Tabu
Search to cope with long-term transmission network expansion
planning problems. Tabu Search is a metaheuristic proposed
in 1989 to be applied to combinatorial problems. To assess the
potential of our approach we will test it with two cases of trans-
mission network expansion planning. The results obtained by our
approach let us to conclude that TS is a robust and promising
technique to be applied in this problem.

Index Terms—Integer programming, metaheuristics, optimiza-
tion, Tabu Search, transmission network expansion planning.

I INTRODUCTION

HE BASIC purpose of long-term transmission network ex-
T pansion planning (TNEP) 1s to determine when and where
to install new equipment to meet both optimal operational and
economical criteria. The main difficulty to solve this problem
1s the existence of integer mvestment variables, which requires
the use of combinatorial algorithms. Another difficulty resides
on the dynamic considerations when there 1s more than one
stage (vear) within the planning period [3]. However, this paper
addresses the static transmission network expansion planning
problem (STNEP) which consists in minimizing investment cost
in new transmission facilities subject to operational constraints
for just one year 1n the future.

One of the first approaches developed to solve STNEP was
proposed by Garver [3], who formulated the problem as a power
flow solved via a linear programming algorithm. As a result the
most direct routes from generation to loads could be 1dentified
and reinforced. Afterwards, a lot of different approaches have
been proposed; see [4] for a partial review of the literature.

The search for metaheunistic approaches such as Simulated
Annealing [11], GRASP [13] and Genetic Algorithms [12] has
been stimulated due to the fact that STINEP 1s an integer and
nonconvex problem. Classical decomposition approaches. e.g..
Benders Decomposition [6]. may fail to converge to optimal so-
lutions due to the nonconvex nature of the problem.

Tabu Search (TS) 1s a metaheuristic method proposed by
Glover i 1989 to solve combinatorial problems [10]. Bruefly,
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TS is an iterative search procedure that moving from one
solution to another looks for improvements on the best solution
visited. The basic concepts of TS are movements and memory.
A Movement is an operation to jump from one solution to
another while memory 1s used with different objectives such
as to gude the search to avoid cycles. Using the concept of
memory, specific movements are made forbidden or taboo
(Tabu Movement).

In 1997, Wen and Chang reported an application of TS to
solve the STNEP problem [14]. In our approach, the Tabu
Search concepts (short-term memory, Tabu List. Aspiration cri-
terion, etc.) are used in a different way. Furthermore, we design
intensification and diversification phases, using medium- and
long-term memory concepts.

This paper 15 organized as follows: Section II describes the
transnussion network expansion planming problem. Section II1
provides a brief description of basic concepts of Tabu Search.
Section I'V describes the application of Tabu Search to the trans-
mission network expansion problem. Section V shows the com-
putational results analyzing two cases. Section VI summarizes
the conclusions of our work.

II. TRANSMISSION NETWORK EXPANSION PLANNING PROBLEM

The STNEP problem can be formulated as an mteger-mixed
nonlinear optimization problem, as follows:

Mininuze
v =XC 4 Yoy (1)
Subject to:
Blz+"0+g+r=d (1.1
Fij = (i + i) (8 — 8;) =0 (1
[fis| = 2ig@iy™ Svgdi™ o™ = £/ (13)
D<g<g™ 0<r<d (14)
Tip =niivigs 0 ng < 'H.i-]_:z'x:.
Vi, j)ef? (1.5)
where:
Cij cost of building a new circuit in branch i—j:
i number of circuit additions to the branch i—j-
¥ penalty parameter associated with loss of load
caused by lack of transmission capacity;
r array of load curtailments:
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Susceptance matrix;

q array of bus active powers;

d array of predicted bus loads:

fi actrve power flow throngh branch 1—j;

"r:z initial susceptance in branch i—j:

Tij total new circuit susceptance added to the branch
i—:

;. #; voltage angle at bus i and j:

Yig circuit susceptance;

f'-'j-“'“ flow linut i branch i—j;

g™ maximum bus generation capacity array.

ng ™ maximum number of new circuits in branch i—j.
The set of all candidate circuits is represented by (2.

The objective function of STNEP (1) represents the invest-
ment costs 1 new transmission facilities (new transmuission
lines, new transformers etc) plus a higher penalty for load
curtailments. The penalty factor should be large encugh to
ensure that load curtailment equals zero (or near zero) at the
optumal solution. Typically, the parameter ¢ 15 determuined
from statistical studies which identify the impact caused to
consumers by shortages of electricity. This parameter expresses
to the maximum price that the consumers are willing to pay
for a continuous supplving of electricity. Remark that a zero
load curtailment corresponds to a network with no overloaded
cireumts.

The constramts (1.1) and (1.2) model the linear power net-
work—Kirchhoff's laws (KCL and KVL). Constraints (1.3) and
(1.4) state operational limits while constramnts (1.2) represent
the mtegrality of the decision variables.

Note that 1f the vector of new susceptances, a*,
1.e.. if the transmission network expansion plan is already done,
problem (1) becomes a linear programming (LP) problem:

1s known,

Minimize
u =X oy (2)

Subject to:
B(z*++")6+g+vr=d (2.1

: 0 g

fii — {fyT-J- - .LT-J-) (6; —6;,)=0 22)
[ fig] — ;3™ < ™ 2.3)
D<g<g™;  0<r<d Q4

which can be solved by a Dual Simplex algorithm [13].

One of the most successful approaches proposed to solve this
problem consists i applyving the Benders Decomposition algo-
rithm [6]. In this way, the whole problem is decomposed into
two sub-problems. The first one deals only with investment vari-
ables and proposes transmission plans. The second tests the ad-
equacy of each proposed plan and sends back new constraints
{Benders cuts) to the investment sub-problem. The main draw-
backs in applving Benders decomposition approach to solve
STNEP are two: first 1t mav converge to local optimum solu-
tions due to nonconvexities of the transmission network expan-
sion planning problem (remark that Benders cuts may cut-off the
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feasible region m this case). Second. the solution of each mvest-
ment sub-problem may require expensive computational time,
because each sub-problem is a combinatorial problem itself.
The first difficulty was handled by the hierarchical approach of
Romero and Monticelli [1], however the application of this ap-
proach to networks with a large number of candidate circuits
was limited by computational lirmtations.

This situation has stimulated several researchers toward non-
conventional algorithms like Genetic Algorithm, Simulated An-
nealing, GRASP, etc. These algorithms can be applied to large
systems and have provided solutions that compare favorably
with those obtained by traditional approaches. In this direction,
TS mav be an mteresting and promising algorithm to be used to
solve STNEP problems.

In our approach the basic TS concepts are combined with the
LP problem (2) resulting m a customized TS method capable
of solving real world transmission network expansion planning
problems.

III. BrIEF REVIEW OF TABU SEARCH

Tabu Search is a metaheuristic search that has been applied
to a large spectrum of mteger problems, ranging from graph to
mixed-integer ones. A basic algorithm of Tabu Search 1s based
on the concepts of: Movement, Tabu List, Aspiration Criterson,
Intensification and Diversification, which are seen i following.
To review the basic concepts of TS consider the following com-
binatorial problem:

Minmmze efx): o € X, (3)
where
€ is the vector of variables.
olr) 1s the objective function and

x € X are the constraints.

If = belongs to the set X it 15 a feasible solution of the problem.
A large number of combinatonal problems can be written as (3),
mcluding problem (1).

Suppose we have a feasible solution, x, at kth iteration. A
movement s from o can be defined as a mapping over the
neighbor solutions of x. X{s) in X:

s XN(s) — XL (3.1)
Thus, associated with each feasible solution, @, there 1s a set of
possible movements S{x) that consists of all movements s that
can be applied to r, 1.e.:

S(r)={s € S|z € X(s)}, (3.2)

where 5 is the set of all feasible movements belonging to .X.
We can also write X{s5) = {a € X|s € S(z}}. Remark that
the functions S{x) and X {s) are, respectively, the set of moves
from x and the set of neighbors of = [9], [10].

A natural choice for the next solution to go to 1s to select the
movement that mininizes the objective function of the problem.
However, TS does not stop if thers are no munumizimg mo
ments in the neighborhood of the |
tnues seeking by improvements all
teriorate the current solution. To preve

h solution. Thus,at-een-
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nt cycles, TSamplemernits



a short-term memory, named Tabu List (TL) that stores histor-
ical information extending up to the last ¢ iterations, where ¢ 1s
a user parameter. For example, let

TL = {s € S: s(xr) violates the last ¢ tabu conditions}.
Then, the next movement to do would be:
sz ¢ls,) = Minimum {e(s(x)): s € {S(x) — TL}},

that 1s, the best movement within the neighborhood that does
not belong to TL.

The size of TL is an important TS parameter. If it is too large.
mteresting moves may be forbidden and the power of TS would
be jeopardized, and if it 1s too small. cycles may occur. The op-
timal value for ¢ is the smallest value able to avoid cycles [9].
However. there are situations where a tabu move could be bene-
ficial and does not produce cycles. For example, suppose that a
given tabu movement (s;(x) € TL) leads to an improvement in
the incumbent solution. It 15 clear that this movement does not
cause any cycle because the new solution, s;{x ). was never vis-
ited before. In order to allow such movements. TS implements
an Aspiration criterion (AC) that consists of a set of rules to
override the tabu condition of a movement.

Two features of search methods (as TS) are infensification
and diversification. Intensification is to explore regions where
potential good solutions may exist. Diversification is to drive the
search for unexplored regions. For example, pure random search
methods are good m diversification but poor in intensification
while a pure local search method is the opposite.

IV. TABU SEARCH FOR. TRANSMISSION NETWORK EXPANSION
PLANNING

The solution for the transmission network expansion planning
problem, stated in (1), corresponds to a set of new transmission
facilities that must be built. The cost of each solution 1s equal
to the mvestment costs plus the load curtaillment costs (evalu-
ated by the LP problem (2). However, in long-term planning
studies the network is usually not totally connected because of
new generation units or new load centers. Then, the LP problem
(2) does not have a solution. This drawback 1s handled by adding
non tabu candidate cireuits (explained below) with mininmum
cost 1 order to connect the network. This procedure stops when
the network is fully connected, therefore allowing a solution for
problem (2).

A. Neighborhood

TS 1s a metaheunstic search procedure that jumps from one
solution to another. Suppose, without loss of generality, that
we have a current solution. Then, the neighborhood of the cur-
rent solution is the set of all solutions that could be obtained
by adding or removing any candidate circuit. Instead of solving
an LP problem (2) to each neighbor solution, the number of LP
could be very high, or electing just a part of the neighborhood to
explore, we use a sensitivity index to choose the next neighbor
solution to go to. This index is the sum of three different indices
obtained either from the network data or from the solution of
problem (2).
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Fig. 1. Ilustrative example.
TABLE 1
Grape Varvues Used BY TS ALGORITHEM
Grades i
Circuit Final
o Cost | Susceptance | Grade
1-2 1 1 3 5
1-3 2 | 3 1 i 6
23 3 | 2 2 | 7

The first mdex corresponds to the Lagrange multiplier of
problem (2) with respect to candidate circuits susceptance. This
mdex, expressed by,

o =(m) —7))(0; ) ¥(ijew &
estimates the impact on the objective function of problem (2) re-
garding marginal changes of candidate circuit susceptance i—j.
We rank the n best candidates in a list called ranking list (RL).
where 11 15 a user parameter, assigning a grade varying from 5
(for the best) to 1 (for the worst) to each component of the list.
The second index is the cost of each candidate circuit. In this
way, we rank all candidate circuits of the previously formed list
by decreasing costs. adding to the preview values a grade n (for
the cheapest) and so on. The third index considers susceptance
of candidate circuits. The susceptance of a circuit increases with
voltage, so high voltage circuits have a global impact in trans-
mission expansion plans. Thus, this index filters candidate cir-
cuits with good multipliers and low costs but poor global 1m-
pacts, such as lower voltage transmission lines. The classifica-
tion process 1s simular; 1.e.. the grades of the candidate circuits
are updated by new values, n (for high voltage level) and so on.
At the end, we select to add to the network the candidate circuit
not classified as tabu (explamed below) with the highest grade.
If two or more candidates have the same final grade, we select
the one with the highest loading degree (the ratio between the
power flow and the circuit capacity).

For better understanding, consider the network illustrated m
Fig 1 as the current solution. Solving problem (2) we get the fol-
lowing indices, [o1—s, 01—, o9—g] = [0.00, 0.09, 1.27]. From
these indices it 15 possible to compute the first component of the
ranking. To complete the RL it 15 necessary to include the other
mdices in order to determine the circuit to be bult. In this ex-
ample. the indices obtained are shown in Table I. Based on these
results, the candidate circurt 2-3 1s chosen to be built.

B. Tabu List and Aspiration Criterion

The concept of Tabu List 15 impleme

first to prevent cycles and, second to avoid the add:

falage

number of parallel circuits. Then whenever a new circuirt is buale




1t 15 made tabu for the next ./ iterations. 1.e.. 1t cannot be removed
(preventing cycles) and its parallel candidate circuits cannot be
built while 1t belongs to the TL, unless an Aspiration criterion
1s satisfied. The Aspiration criterion used 1s the traditional one;
i.e., whenever a tabu addition leads to improvements it can be
made, otherwise 1t 1s neglected.

C. The Expansion Phase

If we apply this procedure—add the best candidate circuit
based on the three mdices—over and over, erther we find or
we fail in finding a feasible network (eliminating all overloads).
This procedure, 1.2, the search for feasible networks, 1s called
Expansion Phase (EP). Also note that we can easily produce
different expansion plans by running the EP several times. ei-
ther starting from different initial solutions (fully connected net-
works) or considering small modifications on the movement c1i-
terion. e g, varying the cardinality of the list. Using this fact, it
1s possible to identify, through a medium-term frequency-based
memory, those candidate circuts that appear at most in different
EP solutions, independent of the starting pomt and the move-
ment criteria adopted, which make these circuits robust and con-
sistent. In case that EP fails, we do not update this frequency
mndex and re-start the expansion phase.

After executing the expansion phase 7' times, an extra EP 15
performed considering as starting point the addition of the M
most frequent candidate circuits, computed by the medmum-term
memory during the last 1" expansion phase iterations.

At the end of EP. the solution may have useless additions. An
addition is useless if it can be removed from the transmission ex-
pansion plan and the network continues feasible (without over-
loads). The procedure to remove these additions 1s simple and
direct: try to remove, one at a time, all candidate circuits previ-
ously added i reverse order of their investment costs, checking
for network feasibility. Those circuits that if removed do not
cause any overload are definitely removed from the expansion
plan. As a result of this phase we get a feasible and consistent
transmission expansion plan, which 1s the starting solution for
the intensification phase described next.

D. The Intensification Phase

During Intensification phase (IP) the concept of a movement
changes. In IP a movement consists in swapping two or more
circuits, 1.e., one candidate circuit previously built is removed
and another is added. Again, we use the same indices except the
susceptance index to select which are the candidate circuits that
must be bult.

The mntensification phase implemented 1s subdrvided into two
iterative procedures: the difference between them 1s that the first
(IP_1) allows movements only for solutions with smaller invest-
ment costs, while the second (IP_2) permuits movements to more
expensive solutions in order to bypass optimal local solutions.
Both of them do movements only within of the feasible region.

To illustrate consider. without loss of generality. that the cur-
rent solution is the one provided by the EP. At each IP 1 iter-
ation, a previously built candidate circuit 1s removed and a dif-
ferent one 15 chosen to be built if both, its addition recovers the
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Fig 2. TS algorithm for STNEP.

network feasibility that had been lost when the first circuit had
been removed and the final solution is cheaper than the previous
one.

Attheend of an IP_1 rteration, the same procedure to remove
a useless addition must be executed. Then, the solution provided
by IP_1 procedure is better or equal than the one obtained by
EP. Considering that IP_1 can be restrictive, [P_2 15 performed
from the IP_1 solution, and tries to exchange all previously bult
candidate circuits by others but mn this phase. movements for
more expensive solutions are allowed, since the final solution
15 within a pre-specified tolerance (<). Agam, the procedure to
remove a useless addition 1s executed after each IP_2 iteration.
Notice that it is not possible to ensure that the solution obtained
by IP_2 is better than the IP 1 solution.

Remark that, once [P 1 1s implemented, the procedure IP 2
can be easily obtained, just making a simple modification in
IP 1 to allow the swap between circuits even when this results
in an mcrease of investment cost below the tolerance =

E. The Diversification Phase

In order to make a more aggressive search we mtroduce a di-
versification scheme. The objective is to drive the search to un-
explored regions of the search space. The diversification phase
uses the long-term memory of TS and makes tabu the most fre-
quent candidate circuits for the next EP: e g . the o candidate
circuits that appear most often in the last iteration are made tabu
for the next expansion phase. Notice that this procedure forces
EP and IP to search for different tnial solutions for STINEP. wvis-
ting up to now unexplored regions.

The stopping criterion adopted by our Tabu Search algorithm
1s the number of diversification phases performed (/7). As
other metaheuristic procedures, it 15 not possible to guarantee
global optimality. However, for appropriate fixed choices of pa-
rameters, our method has provided optimal and near optimal so-
lutions for all case studies, showing its robustness. Fig. 2 sum-
marizes our TS approach, which has an ¢
defined by the execution of each ds
tion, the approach has mnner steratn
execution of the Expansion or Intensific

cation phases.
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volution for the first outer Tabu iteration.

V. VALIDATION TEXT SYSTEMS

We use two real-world Brazilian transmission network expan-
sion planning studies to 1llustrate our Tabu Search approach: the
first one corresponds to the 1980 Brazilian Southern system and
the second to the 2000 Southeastern system. The data used by
the model are susceptance, network topology, circuit capacities
and power injections. Further, the model requires the investment
costs of candidate circuits.

The computational environment used to process all the tests
was an Intel microcomputer. processor 80486 DX4 100 MHz
with 24 Mbytes of memory. The programming language used
was Fortran Lahey compiler with full optimization options.

Our TS approach requires setting some parameters. Next, we
describe the best results obtained over several tests. The com-
plete study of the sensitivity of tabu parameters can be found in
reference [2].

A. Brazilian Southern Case Study

This case study corresponds to a reduced configuration of the
Southern Brazilian System. The power network has 46 busses
(8 generators. 2 of which are disconnected in the initial con-
figuration) and 62 circuits. To alleviate the overloads. one may
select new circuits from a list of candidates defined by three du-
plications in each one of the 79 rights-of-way, resulting in a total
of 237 binary decision vanables. The optimal selution for this
case study was first reported by Romero and Monticelli [1] and
has investment cost equal to $154.42 mullion.

A complete tour of the first Tabu iteration (expansion, inten-
sification and diversification phases) is described as following.
The first task of each outer iteration of our Tabu Search is evalu-
ating several different feasible transmission plans i order to es-
timate the consistency of the circuit candidates circuits. Then,
T = 24 feasible configurations are produced using the sensi-
trvity mndices and the TS concepts (Tabu Lists, Aspiration crite-
rion) described earlier. Using a medinm-term memory, the 20%
most frequent additions overall the first 24 configurations are
computed. These circuits are added as the starting point of the
final iteration (1" + 1) of the expansion procedure. This is ex-
actly the pomnt illustrated as the original transmission expan-
sion plan in Fig. 3. The mtial transmission expansion plan was
not yet feasible (1t requires a load shedding of 1600 MW in
order to alleviate all overloaded circuits) and had investment
cost equal to $175 million. After 8 expansion-phase movements
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the first feasible transmission expansion plan was found, costing
5275 mullion.

The mitensification phase started from this solution applying
IP 1 procedure, so that all additions are removed, one at a time,
in order to seek for other candidates that also lead to feasibility
and, after 9 movements (swapping), resulted in a feasible solu-
tion with iwestment cost equal to $157.87 million.

The second part of intensification phase IP_2 also considers
swapping movements but allows a certain degree of deteriora-
tion in the objective function in order to explore more inten-
stvely the neighborhood of the solution provide by IP_1. Then,
we accept movements leading to solutions up to 15% more ex-
pensive than the solution provided by the IP_1 phase. In the first
iteration. the IP_2 solution 1s the optimal solution for this case
study, costing $154.42 nullion.

Fig. 3 shows the evolution of the first outer Tabu iteration (for
EP and IP). Remark that. 6 out of 16 additions of the solution
belong to the starting point of the last expansion phase, which
validates the consistency measure of the candidate circuits in the
expansion phase.

Since optimality of the TS method cannot be assured
theoretically, 10 diversification phases were processed using
a long-term Tabu List which made tabu, the most frequent
candidate circuit {d = 1) in the last intensification phase.
The most frequent candidate circuit 1s made tabu for the next
two outer Tabu iterations. In Fig 4 we illustrate the best
solutions obtained by intensification phases for all outer Tabu
iterations. For these configurations, 5 solutions were found
by IP_1 and the other 3 solutions were obtained by the IP_2.
As mentioned earlier. the best solution was found at the first
outer Tabu iteration, and required the addition of 16 circuits,
costing 5154 42 mallion. The total computational time by TS
was around 8§ minutes.

Amnother important feature of TS 1s its ability to find not only
the “optimal” solution but also a set of good feasible solutions.
This characteristic (common for almost all metaheuristic
methods) 15 a very important feature in the case of transmission
network expansion planming studies, because subsequent
studies (power flow. security analysis. etc) are needed to
validate the plan that will be selected. Only to illustrate, in this
case our approach provides two other near optimal zolutions:
the first solution costs 5157 87 nullion (12 additions—=& are
conunon with the best solution) w oy IP_Lincthe first
outer Tabu iteration. The second so

4 25 millien
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(16 additions—12 common with the best solution) was found
by IP_1 in the third outer Tabu iteration.

B. Brazilian Southeastern Case Study

The second power system corresponds to a reduced South-
eastern Brazilian network This system has 79 busses and
155 circwats. For all 143 candidates rights-of-way 3 duplica-
tions are allowed (429 binary variables).

Fig. 5 depicts the same first outer iterations illustrated for the
last case. Observe that, the evolution of the inner iterations mn
the expansion and intensification phases is quite similar to that
illustrated in Fig. 3 for the first study. Conversely, in this case
study, intensification phase IP_2 did not improve the solution
found by mtensification phase [P_1.

As before, 10 diversification phases were processed to look
for alternative solutions. Fig 6 illustrates the different solu-
tions—investment costs—obtained in all outer Tabu iterations.
For these 10 configurations. half of the solutions were found by
IP_1 and the others by [P_2.

Is this case the best solution found for the first configuration
15 also the best one, where 21 circuits were added at a cost of
5444 49 million. Nevertheless, one cannot discard the diversi-
fication phases because they are able to provide different solu-
tions and also undertake broader searches over the very large
search space. Only to 1llustrate. a near best solution was found
i outer Tabu iteration 6, costing $464.62 mullion. This last so-
lution also contains 21 additions and 14 of which are common
with the best solution. The total computational time required by
TS was 46 minutes.

Remark that in this case 18 out of 21 additions of the best so-
lution belonged to the starting point of the last expansion phase.
This result 1s more meaningful than the one obtained in the first
case and emphasizes the valid consistency measure of the can-
didate circuits computed in the expansion phase.
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VI. ConcLusIoN

This paper presents an investigation of a Tabu Search
method to cope with the transmission network expansion
planning problem. The results shown for two real-world case
studies allow us to conclude that TS 15 a feasible and powerful
technique to be applied to this problem.

Further, the CPU tume spent by TS to obtain the best known
solution in both case studies was very small, considering the
IBM PC-486 microcomputer used.

The good quality of results produced by the intensification
phase in both case studies qualify the strategy used, 1.e.. to look
for consistent candidate circuits (those that appear in different
plans) to build a consistent transmission expansion plan.

Although the diversification scheme was not effective in both
cases reported, 1t cannot be considered useless because: —it 1s
a good mechanism to execute a more effective exploration of the
search space; and i1—it 15 able to provide a set of good solutions
which is an important feature for engineenng studies.

Currently a computational model based on the algorithm pro-
posed 1n this paper has been used extensively in transmission
expansion planning for the Colombian system. Considering the
huge number of scenarios to be analyzed (there are uncertain-
ties related to load and generation), this tool has shown to be
extremely useful since computational burden 1s considerably
reduced.

The principal improvement of this approach, comparing
with classical methods of optimization, 1s related to 1ts ability
m avoiding local optimum solutions, consequently having a
greater chance to find the global optimum. Furthermore it is
important to say that the data required for the model are the
same as required for a model based on a classical optimization
algorithm. Likewise. the approach does not require greater skill
in 1ts use.

With respect to other approaches based on metaheuristics, our
experience with Genetic Algorithm [16], [17] shows that, we
can expect both of them presenting a similar performance.
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